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PREFACE 

The South China Sea is situated at the junction of the Eurasian plate, the Pacific plate 
and the Indian plate. It is one of the marginal seas in western Pacific and adjacent to the 
southeast Asian continent. The South China Sea has complicated tectonic and sedimentation 
histories, and abundant mineral resources, especially, natural gas and oil. which are 
greatly attracting geoscientists. The South China Sea basin appears to have been formed as a 
result of the continental margin rifting and spreading, rather than by simple back- are 
spreading. The continentallithosphere here has been attenuated to the extent of spreading in
dicated by obvious magnetic pattern with approximately east-west trend. The South China 
Sea basin has developed between continental fragments (terrains) which have rifted from 
the Asian continent, and the sedimentation has also occurred between and on the sub
merged continental fragments . The South China Sea has proven to be an ideal region far the 
study of origin and evolution of marginal sea, and furthermore provides a vivid stage of 
scientific research for geoscientists from various countries to display the tremendous potential 
of cooperative spirits. 

Since 60' s, State Oceanic Administration (SOA) of China, Ministry of Geology 
and Mineral Resources (MGMR) of China, Chinese Academy of Sciences and China Na
tional Offshore Oil Corporation (CNOOC) have carried out a lot of investigations on ma
rine geology and geophysics in the South China Sea. For better awareness of geology and 
geophysics in the South China Sea several co operative investigations were carried out jointly 
by France, Germany and China. In 1985, IFREMER (French Institute of Research for 
Exploitation of Seas) and SOA have accomplished the Nanhai cruise using R / V 
Jean-Charcot. From 1987 to 1990, BGR (Federal Institute for Geosciences and Natural 
Resources) and SIO (Second Institute of Oceanography) of SOA, University of 
Hamburg and SIO, and University 01' Kiel and SOA, have implemented several cruises 
supported by BMFT (Federal Minislry for Research and Technology) of Germany, 
SO-49, SO-50, SO-57, SO-58, SO-69, SO-72 in the South China Sea, as well as in 
the East China Sea and western Pacific. 

For the sake of exchanging the scientific results and ideas, and promoting the further 
international cooperations, accarding to the discussion between France and China, and 
the agreement between SOA of China and BMFT of Germany, the Symposium on the Re
c. nt Contribution to the Geological History of the South China Sea jointly sponsored by 
IFREMER of France, BMFT of Germany and SOA of China was held in Hangzhou, 
China, October 10-13, 1990. Seventy-five scientists from Australia, China, France and 
Germany attended the Symposium, at which fifty papers were presented. All scientists parti
cipating in the Symposium, conducted active exchange of opinions and detailed discussions 
on the marine geosciences of the South China Sea (tectonics, paleoceanography, 
sedimentation, geochemistry and mineral resources), and showed their enthusiastic inter
ests in new ideas and findings. This Symposium is a contribution to developing knowledge of 
geological history in the South China Sea, and will encourage further co operative study. 

To review the progress presented at the Symposium, the Organizing Committee of th(') 
Symposium entrusted the colleagues from the Second Institute of Oceanography (SIO) of 



SOA, with technical compilation of this volume of proceedings which has been published by 
China Ocean Press. Inc1uded in the proceedings twenty-seven papers selected by the Organ
izing Committee of the Symposium are divided into three topic groups: I. Tectonics and 
Geophysics, II. Paleoceanography and Sedimentation and III . Geochemistry, Mineralogy 
and Petroleum Geology. The emphasis in this volume is placed on the new scientific achieve
ments and the new academic trend of tectonic evolution and paleoceanography in the South 
China Sea. It also deals with geophysical features and deep dynamic process, 

/ 
geochemistry, sedimentary structures and sedimentation, sea-bottom rocks, formation 
and distribution of oil-gas and solid mineral resources in the South China Sea, as weH as 
marine geology and geophysics ofits adjacent areas. 

We would like to express our great and sincere appreciation to IFREMER of France, 
BMFT of Germany, SOA of China and NSF (National Natural Science Foundation) of 
China for their financial support to publish this proceedings of the Symposium. It would be 
impossible to publish this volume ofproceedings without their kind support. 

Mr. Gao Jinyao, Gao Zhixiong and Mrs. Peng Hui are thanked for their efforts in col
lection, technical preparation and review of the manuscripts inc1uded in this proceedings for 
publication, and Mr. Jin Xiaobing for cover designing and Mr. Gao Jian for assistance in 
typing. 

Jin Xianglong (X.L. Jin) 
H.R. Kudrass 
Guy Pautot 
December 25, 1991 
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TECTOGENESIS AND ORIGIN OF NORTHERN SOUTH CHINA SEA * 

X.L JIN (1] N XIANGLONG) 

Second Institute of Oceanography, SOA, Hangzhou, China 

ABSTRACT 

The tectonic regime in the South China Sea (SCS) and the South China had been 
changed by the end of Mesozoic. The tectonic pattern is assembling of terranes before 
Cenozoic, and is separating of terranes after Cretaceous. The general tendency of tectonic 
evolution in South China including northern margin of SCS and Indo-China is the south
ward or southeastward growth of continent due to combination of terranes or marginal 
accretion before Cenozoic. After Cretaceous, several terranes such as the Xisha-Zhongsha 
Terrain, Nansha Terrain and even, probably, apart of Borneo were separated from the 
South China mainland, and the South China Sea Basin (SCB) created. 

The linear structure had been oriented along the NE direction before Cenozoic, and 
along NEE to EW direction during Cenozoic; it rotated c10ekwise from the former (NEE) 
to the latter (EW) with time. Most of fractures are compressional before Cenozoic, and 
extensional during Cenozoic. The later one made the sedimentary basin in northern margin of 
SCS, rifted the plate to make the northern Xisha Trough, and finally, with sea- floor 
spreading created the South China Sea Basin. The South China Sea Basin, and its three 
subbasins in SCB- Northwestern, Eastern and Southwestern Subbasin are all of oceanic 
crust. The magnetic lineation near E-W in the eastern SCB indicates two spreading episodes 
occurred during middle Oligocene- early Miocene, the asymmetrie spreading and the 
symmetric spreading. 

INTRODUCTION 

The South China Sea as a marginal sea in western Pacific is located at the junction of the 
Eurasian, the Pacific and the Indian plates. The South China Sea consists of a deep-sea ba
sin (SCB) and a terrain system (Fig.l). The SCB is divided into three subbasins which are 
the Northwestern Subbasin, the Eastern Subbasin and the Southwestern Subbasin. The ter
rain system is composed of the Nansha (Reed Bank and Dangerous Ground) Terrain, 
the Xisha-Zhongsha (Macc1esfield Bank and Paracel Is.) Terrain and others (lin & Ke, 
1990). 

A significant change of tectonic regime has been marked at the end of Mesozoic in the 
South China Sea and the South China. The tectonic pattern before Cenozoic is the assembling 
of terranes (gathering or accretion), and in Cenozoic after Cretaceous is the separating of 
terranes (rifting and drifting). The change of tectonic regime was demonstrated not only in 
the tee tonic pattern but also in the orientation of linear structures. It provides a guide for fur-

* Project supported by National Natural Science Foundation ofChina. 
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ther study to trace the geological evolution of South China Sea. 
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Fig.l Tectonic setting of SCS. I . Continental crust; TI. Oceanic crust: (I)Northwestern Subbasin , 

@Eastern Subbasin, @Southwestern Subbasin. 

CHANGE IN TECTONIC PROCESS 

Before the end of the Meozoic, the tectonic movement of lithosphere in South China 
Sea and Southeast China was the assembly and the accretion of plates or terrains. The small 
plates or terrains gradually integrated and merged into a unified plate (a part of the Eurasian 
Plate) (Jin & Ke, ' 1990), The proto-mainland in present area of the northern South 
China Sea and the South China mainland which had been continuously growing southward 
or southeastward before the Cenozoic comprised numerous collided and accreted terranes 
(Guo et a/" 1984), 

The basement of the South China mainland and the northern margin of South China Sea 
can be divided into several tectonic provinces, such as the Caledonian province, the 
Hercynian province, the Yanshanian (Late Mesozoic) province and others, It displays 
the configuration of terrains built up in different ages and the convergence of these terrains 
before the 'Cenozoic. 



· 5 . 

The Shangda fracture zone cutting into lithosphere is an important fault system 
(convergence boundary) between tectonic provinces (Fig.2). The Shangda fracture zone 
stretching in NE- SW direction started from Shangyu of Zhejiang in north, elongated 
southward across Zhenhe of Fujian and Dapu of Guangdong, then branched off and ex
tended southwestward along both the east and the west edges of Lianhuashan mountain 
range, through the west and the south of Hongkong, into the northern South China Sea, 
and reached to the east offshore of Wenchang in Hainan. The Shangda fracture zone divided 
the Southeast China and the northern margin of SCS into two tectonic provinces, the 
Caledonian province in west, the Hercynian province in east. The Caledonian province cov
ered the most areas of Guangdong, Guangxi and Hainan Provinces, as well as the western 
part of northern margin in South China Sea . The Hercynian province incIuded the southeast 
coastal area of Fujiang, the east Guangdong province and the eastern part of northern mar
gin in South China Sea, which consisted of Cathaysia (Huaxia old land) in basement 
overlaid by slightly metamorphic formation of late Paleozoic beneath late Jurassic voIcanic 
series. The Shangda fracture zone seems to be a major suture belt in the Southeast China. 

/ 
/ 

/ 

0
//// 11 

Wenchanl 

{) 

Fig.2 Shang-Da fracture zone. I. Caledonian province; TI. Hercynian province. 

The basic configuration in this area as the south part of the unified Eurasian plate came 
into being during the Indo-China movement of late Triassic by welding the Indo-China with 
the South China mainland along the Red River suture due to continent-continentcollision. 
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An Andean type of continent margin presumably in the late Mesozoic has been proposed 
along the margin of South China and the northern margin of SCS (Taylor and Hayes, 
1983; Holloway, 1982), however, the subduction zone parallel to the Andean margin is 
not found yet in SCS so far. Nevertheless, the tentative interpretation on existence of 
Andean margin is indicated by extensive distribution of the Late Mesozoic igneous rocks, the 
Mesozoic folding zone, and the major NE- striking compressional faults such as reverse 
faults and thrusts in South China and northern margin of SCS, which are thought to be 
made by terrain assembling or plate convergence. In fact, there is a tectonic zone of 

/ " Mesozoic in the northern margin of SCS. It is a compound zone consisting of two subzones, 
the Yanshanian igneous zone adjacent to the coast of mainland and the Yanshanian folding 
zone facing the deep sea of SCS (Fig.3). 
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Fig.3 Mesozoic tectonic zone in northern SCS. CD Yanshanian igneous zone; ® Yanshanian folding 

zone. Zhu I, Zhu II and Zhu III are depressions of Zhujiang Mouth basin formed in Cenozoic. The 

gabbro collected from KD1? is dated of 133.95± 9.58 Ma (Sm / Nd). 

The Yanshanian igneous zone consisted of the Late Mesozoic intermediate- acid 
intrusive and vo1canic rocks occurred along the axes of Paleozoic structures composed of 
slightly metamorphic rocks. Numerous Mesozoic granites are dated in range of 70. 5-130 
Ma, older in east (about 92.2 Ma) and younger in west (70.5-72.9 Ma) (Yang et al., 
1987) (Fig.3). The Yanshanian folding zone extends along the northern margin ofSCS from 
the Shenhu-Yitong uplift with crustal thickness of 30 km in west, across the Dongsha uplift 
of 29 km 'in crustal thickness, probably, to Beigang uplift in east near Taiwan. 
Dongsha- Shenhu uplift zone is composed of basic or ultrabasic rocks in its lower and 
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Mesozoic metamorphic rocks in its upper section with overlying sedimentary cover from Late 
Cretaceous to Eocene. A gabbro sampie collected from station KD17 at the foot of northern 
continental slope of SCS during the cruise Sonne 49 was determined of 133.95 ± 9.58 Ma by 
Sm / Nd method (Jin et a/" 1989) (Fig.3). The Mesozoic metamorphic strata of NE 
striking are mainly located in south of Dongsha uplift with thickness of 1.16-1.82 km. seis
mic ve10cities of 5. 5- 5. 8 km / s. which are similar to 5. 2- 5. 8 km / s of Mesozoic 
metamorphic rocks in Taiwan (Yang et al.. 1987). In drilling weH. Tongliang NO.l of 
Penghu offshore of Taiwan. the Mesozoic metamorphic sandstone was found at the depth 
of 503.5 m; in Beigang well. there was revealed the strata containing Ammonoidea and 
M ollusca fauna of early Cretaceous. They are thought as a accretional margin in Yanshanian 
period of Late Mesozoic. 

Commenced with Late Cretaceous. a drastic change in regional stress field took place in 
South China Sea and South China. where the regional stress changed from compressional 
(collision. gathering and accretion) to extensional (rifting and drifting). As mentioned 
above. the general tendency of pre-Cenozoic tectonic evolution in South China inc1uding 
northern margin of SCS and Indo-China is the southward or southeastward growth of con
tinent due to the combination ofterranes or the marginal accretion. After Cretaceous. in the 
south margin of South China and the northern margin of SCS has appeared the disintegration 
of plate due to the change of regional stress. by which the Xisha-Zhongsha Terrain and 
Nansha Terrain have been separated apart from the South China mainland and the South 
China Sea Basin has been created with time. 

CHANGE IN ORIENTATION OF LINEAR STRUCTURE 

The orientation of linear structures varies with time under different stress regimes. The 
linear structure. mainly. the fracture lineament has been oriented along the NE direction 
before Cenozoic. however. the dominant lineament in Cenozoic is NEE and EW direction 
changing from the former (NEE) to the later (EW). From view of general framework of 
linear structures. the arrangement (or configuration) of linear stiuctures shows us an im
age of c10ckwise rotation in direction of structurallineament with time (Fig.l). Most giant 
fracture and fold systems of pre-Cenozoic takes direction of NE in stretch of structure such 
as the Shangda fracture zone and others ( Fig. 2). The NEE- striking faulting made the 
sedimentary basin in front of the Pearl River Mouth Basin-Zhujiang Mouth Basin. which 
has three stages of its development. The first stage is the stage of rift-valley deve1opment. 
the basin is controlled by NEE-striking basement faults and filled with terrigenous deposits 
in the rift depressions from Late Cretaceous to Late Eocene; the second stage is the stage of 
extensional deve10pment with the expansion of rift depressions controlled still by NEE-strik
ing faults and led to the transition of sedimentation in basin from land facies to sea facies in 
Early Oligocene to Early Miocene; the third stage is the stage of subsidence. the delta and 
open sea appeared in the basin subsided steadily and received thick marine deposits (Su and 
He, 1987)." It is c1ear that the entire process of development in Pearl River Mouth Basin is 
c10sely related to the NEE-striking fault activities. 

The EW-striking faulting rifted the plate to make the northern Xisha Trough. and 
finally, with the sea-floor spreading created the South China Sea Basin in Oligocene to 
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Miocene. The magnetic lineation near E-W direction in the eastern SCB implies two episodes 
of the northward and southward spreading occurred during Early Oligocene- Early 
Miocene, the asymmetric episode of spreading indicated by NEE-striking magnetic stripes 
of anomaly number 11- 8 ( 32- 26 Ma, Early Oligocene - Late Oligocene) and the 
symmetric episode of spreading shown by EW-striking magnetic lineations of anomaly num
ber 7-5D (26-17 Ma, Late Oligocene-end of'Early Miocene). The first (asymmetric) 
episode only occurs in the northern part of eastern SCB, and the relict spreading axis of 
symmetric lineation for the second episode in eatern SCB lies along latitude 15

0 

N. TlJ.is pic
ture of variation in orientation of magnetic stripes with time indicates the same tendency of 
clockwise rotation in direction of lineament (Fig.l). 

As to the magnetic pattern of probable NE striking existed in the Southwestern 
Subbasin, it is possible to represent a NW-SE spreading and has yet to be delibrated further 
on account of insufficient investigation. They are three possible interpretations for its age de
rived from a comparison of the observed magnetic profiles with the theoretical profile from 
model computation and with the synthesized magnetic polarity scale: 1. Late 
Cretaceous - Early Tertiary (anomalies 32-27, 70-63 Ma), 2. Early Miocene (anoma
lies 6-5c, 20-16 Ma), and 3. Pliocene-Pleistocene (anomalies 5-1, 8 Ma-recent). It is 
preferred to choose the second one rather than others due to more rough relief. higher he at 
flow and thinner sedimentary cover on basaltic basement in SW Subbasin. In any case, it 
remains to be resolved the ambiguity in striking and timing of magnetic stripes in SW 
Subbasin. 

CONCLUSION 

It is shown by above-mentioned discussion that the Eurasian continent was grown and 
expanded southeastward before Cenozoic owing to the assembling of plates or terrains by co 1-
lision, welding and accretion. However, the southeast part of the Eurasian continent
proto-mainland of South China formed before Cenozoic has been collapsed, decomposed 
into several terrains scattered in SCS, and the South China Sea (deep- sea) Basin has 
been created by rifting, drifting and spreading since Late Cretaceous due to the drastic 
change in regional stress field from compressional to extensional at the end of Mesozoic. The 
elongated orientation of major structures (convergent juncture and divergent zone) has ro
tated clockwise with time. 

As described by McKenzie stretching model (1978), the geodynamic process of basin 
development in the marginal basins has been presumed to have close relation to the thermal 
event represented by the magmatic activities. The rifting and spreading are related to tbe heat
ing of lithosphere, and the subsidence is always connected with the cooling of lithosphere 
heated. It is notable the oceanward migration of magmatism or heat front with time in area 
studied. The pattern of magmatism prior to Late Cretaceous is penetrated far into the conti
nental interior of South China, and the igneous rocks dated of 120-190 Ma are widespread 
on the South China mainland. The igneous rocks of age younger than 100-l30 Ma (Late 
Yanshanian period) are almost absent inland and merely spotted along the coastal zone of 
northern South China Sea. The andesite and granite dated of 98-51 Ma (Late Cretaceous to 
Paleocene) are found in drilling weH from the Pearl River Mouth Basin on northern shelf of 
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SCS. The basalt sampies collected from seamounts of South China Sea (deep-sea) Basin 
are dated in range from Middle Miocene (14.1 Ma) to Late Pliocene (3.49 Ma) (Jin et 

al. , 1989). With relation to the migration of he at front, the age of basin becomes younger 
and younger oceanward. The sedimentary basins on landrnass of South China such as 
Sanshui Basin and others were formed during Late Cretaceous to Eocene; the Zhujiang 
Mouth (Pearl River Mouth) Basin was settled down in Late Cretaceous to Late Eocene 
and developed in Early Oligocene to Early Miocene; as to the SCB (deep-sea basin) with 
oceanic crust, it was formed in Early Oligocene to Early Miocene. 

There are two kinds of crust, continental and oceanic in South China Sea. On continen
tal margin, the Zhujiang Mouth Basin and the northern trough ofXisha were formed on the 
base of continental crust, and the trough could be a rifted channel. but failed in 
spreading, which connected with Northwestern Subbasin in east, and penetrated into con
tinental margin in west, its crust beneath could be third one, transitional. There are several 
terranes and deep-sea subbasins distributed in South China Sea. The terranes with continen
tal crust seem to be the collapsed fragments of continent in South China Sea, which are the 
Xisha- Zhongsha Terrain, the Nansha Terrain and others. The South China Sea Basin 
created by the seafloor spreading has been divided into three deep-sea subbasins
Northwestern, Eastern and Southwestern. Three subbasins in South China Sea are all 
oceanic in their nature of crust. The Northwestern Subbasin is older than the Eastern 
Subbasin, and the Southwestern Subbasin is indeterminate in age so far for now, but 
probably, younger. 
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MORPHOSTRUCTURAL ANALYSIS OF THE CENTRAL RIDGE IN 
SOUTH CHINA SEA 

GUYPAUTOT 

Ifremer Centre de Brest, Geosciences Marines, B.P. 70, 29263 Plouzane cedex, France 

/ 
INTRODUCTION 

The South China Sea (SCS) is a eomplex marginal oceanie basin ereated by rifting of 
the Chinese mainland during Paleogene time (Fig. 1). This basin is presently subducting 
eastward along the Manila Trench aetive until Late Tertiary time. To the north, the Chinese 
eontinental margin is a passive margin with a general NE-SW trend. The western limit of the 
basin is a NS straight limit along a hypothetieal fault bordering to the east the Indo-China 
peninsula. To the south, the rifted continental block whieh includes North Palawan, Reed 
Bank and Dangerous Grounds, is the foreland of an island arc terrane (Cagayan Ridge) 
and Palawan Trough is generally interpreted as a reliet subduction zone. Thus this rhombic 
shape of the basin exhibits quite different geodynamic fringes. 

All the features of the SCS basin are in direet relationship with the geological behavior of 
the eentral oeeanic ridge. We studied the erest and the flanks of this extinct ridge to under
stand the last phases of the ridge work and to obtain eonstraints to determine the 
geodynamical models of opening of this basin (Fig.l). 

DATAACQUIRED 

The Nanhai cruise was tlevoted to a study of the axial ridge of the South China Sea 
basin, between 113 0 E and 119 0 E (Fig.1). It was the first cruise in this area to record 
both multibeam (Seabeam) and continuous single channel seismic data. The simultaneous 
deployment ofthese devices permits an accurate morphostructural ana'lysis ofthe seafloor. To 
take advantage of the Seabeam' s resolution, we foeused the profiles on the central part of 
the basin, where the ridge is not buried by thiek sediments « 1000 m thiek). Off ridge, 
the sediments are thicker (1000- 2500 m), and tend to smooth the scarps, making 
morphologie analysis more difficult. A total of 74 profiles were obtained spaced along the 
1000 km long axial ridge. 

In addition to the seismic and Seabeam observations, gravity and magnetic profiles 
were also recorded , providing information on the age and evolution of the oceanic crust. 

In complement to this cruise, Seabeam data were acquired by other French eruises on 
the Manila area and Indo-Chinese margin. Some additional multibeam profiles were carried 
out by R.V.Sonne. All these data were used to establish a more sophisticated morphological 
map of the eentral part of the SCS (Fig.2). 
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Fig.l Schematic bathymetric map of the South China Sea showing, in the central part, the ship 
tracks ofthe R.V. Jean-Charcot during Nanhai cruise. 
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Fig.2 New morphological map of the central South Chi na Sca drawn from additional Seabeam data 

(R.V. Jean-Charcot and Sonne). 
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BATHYMETRY AND STRUCTURE OF THE SOUTH CHINA SEA AXI~L RIDGE 

Three distinct sections have been identified along the axis of the ses, with their own 
morphological and structural signature: SW and NE sections are simple linear features that 
bracket the complex seamount- ridden central section. After presenting the characteristics 
common to all three sections, we describe each one individually (Fig.3) . 

114' 

. _ .. - I 

116' 
-1· ···r· 118' 

16° 

14°-; 

9 

./ 
12' 

Fig.3 Structural sketch map of the South China Sea axial ridge. Strike and dip of major faults derived 

from combined analysis of Seabeam and seismic reflection records. Dotted lines are ship tracks. Boxes 

A and Bare northern and southern detailed study areas . Numbers correspond to profiles shown in 

FigA. 

Most of the normal faults near the ridge axis trend N60 0 E to N50 0 E, while off the 
axis some scarps clearly trend N80 0 E to N85 0 E. Most of these scarps are imaged on seismic 
profiles as normal faults bounding outward tilted blocks. Horst and graben structures are also 
observed (profiles 5 and 7 in Fig.4). The relict spreading center is generally characterized by 
an axial graben (profiles 5, 7 and 8 in Fig.4) locally invaded by postspreading seamounts 

(profile 3 in Fig.4). 
Sediments are irregularly distributed along the extinct spreading center. Average sedi· 

ment thickness increases from 500 m in the northeast, ne ar the ridge, to 1000-1500 m 
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toward the southwestern abyssal plain. The absence of a noticeable variation of the depth of 
the mudline with the age of the seafloor suggests that the axial ridge is buried by postspread
ing sediments. 

The S W Subbasin 

The oceanic floor shows essentially the same fabric throughout a 170 km wide axial strip. 
This observation does not support the scissor shape opening model for this basin, proposed 
Ben-Avraham and Uyeda (1973) and Bowin et al. (1978). 

The crustal continent-ocean boundary (COB) is visible on various profiles along both 
flanks of the ridge (profile 9 in Fig.4). Here the continental crust marked by elevated and 
highly sedimented tilted blocks contrasts with the bumpy, deep and moderately sedimented 
acoustic basement of the oceanic crust. The COB is also outlined by a strong contrast of the 
free-air gravity anomaly across both domains. Along this ridge section the structural fabric 
trends consistently N55 0 E. We do not observe transform faults corresponding to the sm all 
offsets in the gravity minima, probably due to the sparse Seabeam coverage. 

The NE Section 

It is dominated by a structural fabric trending N50 0 E, although some grabens trend
ing N80-85 0 E also occur along the outer flanks of the ridge. 

Subduction of the ridge was previously described by Pautot and Rangin (1989) and 
will not be described in detail he re (Fig.5). The flexure of the downgoing plate is small, and 
the size and elevation of the axial seamounts decrease toward the trench. The N-S trending 
deforming front of the accretionnary prism is vertically offset by N130 0 E trending faults, 
interpreted as former fracture zones. A large seamount on the 110rthern flank of the ridge, 
dose to the trench axis, was probably emplaced along the ridge jump boundary, as evi
denced by its NE elongation. 

The Central Section 

The Seabeam swaths in the area between 115 0 50' E and 118 0 45' E do not show the typ
ical rift structures seen in the other two seetions. The axis of the ridge is very irregular and in
vaded by large seamounts forming the Scarborough seamount chain. Most of the seamounts 
are elongated both in the direction of the ridge segments (N50 0 E) and along the trans
form faults direction ( Nl40 0 E) , suggesting that their growth was controlled by the 
preexisting fractures in the oceanic crust (Batiza and Vanko, 1983). This pattern may re
veal the presence of a large number of dosely spaced transform faults accomodating a right 
lateraloffset of the ridge axis between the NE and SW sections (Fig.3) (Pautot et al. , 

1986; Briais et al., 1989). 

CONCLUSIONS 

The Seabeam and geophysical survey conducted at the SCS ridge axis answers several 
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questions concerning the geodynamic evolution of this marginal basin. It also raises new ones. 
Among the answered questions is the structural continuity of the axial ridge throughout 

the South China Sea. The fabric of the seafloor in the 200 km wide axial region is character
ized by outward tilted bolcks, limited by normal faults trending N50-60 0 E. This structural 
continuity suggests that the oceanic basin in the SW abyssal plain may be coeval with the last 
event of spreading furt her east. A preliminary model of the magnetic anomalies suggests a 
synchronous cessation of the spreading between 113 0 and 120 0 E, just after magnetic 
anomaly 5c (16 Ma). 

The complex morph010gical pattern of the central seetion of this ridge, betweel).. n 5 0 E 
and 118 0 E, is the resu1t of the dissection of the axis by numerous N140 0 E trending trans
form faults. Numerous seamounts were injected at the end of the spreading (Scarborough 
seamount chain) preferentially along these transform faults, as evidenced by Seabeam. The 
geochemical data obtained on these seamounts support the alkalic signature of this 
postspreading volcanism previously reported by Taylor and Hayes (1983) (Hekinian et 
al., 1989). 

,?\'l>'<..0 
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Fig.7 Schematic representation ofthe South China Sea basin from our studies. 
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Another important result is the quite homogeneous structural trend (N50-N60 0 E) 
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all along the central part of the axial ridge. Additional rift structures oriented N70-N80 0 E 
were also detected along both edges of the surveyed area, suggesting a spreading 
reorganization (Fig.6). 

Difficulties arise when we try to accomodate the N50- N60 0 E trend of the axial ridge 
structures with our observations of N80 0 E structures and the E- W trending magnetic 
anomalies (Il to 6a) ofthe eastern oceanic basin (Taylor and Hayes, 1980, 1983). 

To reconcile the orientation of the magnetic lineations and the structural observations is 
to suggest that the direction of spreading rotated 20 0 or 30 0 counterclockwise, about 20 Ma 
B. P. ( Fig. 7). This is documented along the southeastern flank of the ridge where 
closely-spaced profiles show N80 0 E trending structures changing to N60 0 E toward the ax
is, and on the northern flank of the northeastern ridge section (Fig.6). The stretched conti
nental margins of the basin are affected by both E-Wand NE-SW trending normal faults. 
These two extensional directions are also inferred in the oceanic crust, with related trans
form faults. 

The interpretation implies a change in the direction of spreading, which might be relat
ed to a significant kinematic reorganization around 20 Ma. According to this hypothesis, 
the oldest oceanic crust (32- 20 Ma) is limited to the eastern part of the basin, where 
E-W mangetic anomalies are offset by probable N-S trending transform faults. lt was creat
ed during the Oligo-Miocene spreading stage in the South China Sea, related to a general 
E-W spreading event, which also occurred to the north, in the Japan Sea and the Yellow 
Sea (Jolivet, 1986). The most recent oceanic crust trends NE-SW all across the basin, 
parallel to the'Palawan Trench, and is dissected N140 0 E transform faults. 
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ABSTRACT 

Four distinct seismic sequences each having its own seismic facies characteristics have 
been recognized at the northern continental margin of the South China Sea south of Hong 
Kong. The basement sequence undergoes an abrupt change in seismic facies at the 
ocean-continent boundary. The Paleocene to Lower Oligocene syn-rift sequence is separated 

from the Oligocene to Miocene syn-drift sequence by the regionally mappable unconformity 
T6. The latter is in turn separated from the overlying post-drift sequence by the unconformity 
T:_ 

Relative sea level changes have led to a multiphase progradation and erosion al 
truncation of the shelfbreak, resulting in three distinct, seaward-tilting clinoforms. 

The continental margin may be divided into three sedimentary provinces which correlate 
with the physiographic provinces. The continental shelf and uppermost slope is characterized 
by non-deposition of erosion, the slope proper by sediment mass wasting, and the deep 

sea by pelagic or turbiditic sedimentation. 

INTRODUCTION 

The South China Sea is a Cenozoic, Atlantic-type marginal sea of the western Pacific 
(Pautot et Cl!., 1986; Taylor & Hayes, 1980, 1983). It is bordered to the north, west 

and south by passive continental margins underlain by eontinental crust and to the east by the 
eastward-dipping subduetion zone of the Manila Treneh (Katili, 1981). The abyssal cen
tral basin is over 4000 m deep and consists of oeeanic erust. 

The struetural evolution of the South China Sea has been the subject of many intensive 

studies during the past decade (Taylor & Hayes, 1980, 1983; Pautot et al., 1986; 
Fontaine & Mainguy, 1985; Guo & Lin, 1982; Hayes, 1985; Wu, 1985a & b; 

Hinz & Schluter, 1985; Ru & Pigott, 1986; Sesio, 1982-1985). Althogh other opinions 
exist, it is generally aeeepted that in the Late Mesozoic, extensive stretching and thinning 

of the continental crust under China and Borneo took plaee as a result of sustained 
subduction at the western margin of the Pacific. Arkosie, terrigenous sediments were depos-
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ited in the evolving continental basins. Crustal thinning culminated in a phase of seaflloor 
spreading from the Lower Oligocene to the Lower Miocene (magnetic anomalies 11 to 5D) 
with the' formation of the present-day South China Sea as a backarc basin (He. 1988; 

. lin. 1989; Li. 1988; op. eil.). The drift-onset event (Brice et al.. 1982) is marked by 
a regional unc~nformity (T6). During the drift phase. ' northern Palawan and 
microcontinents such as Dangerous Grounds. Reed Bank and Macclesfield Bank migrated 
away from the Chinese mainland (Holloway. 1982; Hinz & Schluter. 1985). On the con
tinental margin. organic-rich kaolinitic sediments became depostied as the Zhuhai Forma
tion (Table 1). while the overlying Zhujiang Formation consists of non-marine coastal 
mudstones and siltstiones. The dolomitic sandstone intercalations are associated with marine 

/ 

transgressions (lin et al. • 1984. 1986). Evolution of the Zhujinag delta started in the 
Lower Miocene as seafloor spre.ading terminated (regional· unconformity T2) and the 
depo-environment changed from a half-enclosed sea to open marine conditions. Sustained 
thermal subsidence led to a rapid growth of the prograding delta and the steplike continental 
margin off southern China. The Hanjinag. Yuehai and Wanshan formations comprise large
ly of coarse clastics. while reef buildups are found on distal banks. 

Table 1 The chronostratigraphy. depositional environment and major tectonic events of the Pearl 

River Mouth Basin. Compiled from and modified after Haq et al. (1987). Jin et al. (1984). Taylor 

& Hayes (1983), Holloway (1982) and Guo & Lin (1982). 

Time Age Magneti c Zhujiang Oepositional Major Tectonic 

Series (ma) Anomaly Formation Environment Events 

Quaternary Quaternary 
neritic 

1.55-
subsidence of 

Pliocene Wanshan open sea 
continental 

5.2 -
margins 

Upper Yuehai 1 ittoral 

- 10.2-

Mid-Miocene Hanjiang 
tr .. r.sitional 

- 16.2-
'-17- 50 r---T2 

Lower 5E Zhujiang half-enclos. 
6A-6C sea sea-floor 

25.2- 7-8 spreading in the 
9 Zhuhai continental South China Sea 

Oligocene 10 river-lake 
-32- 11 T6 
36-

varying rifting 
Eocene 

greatly (stretching, 
54- faulting, 

(mainly subsidence) 
Paleocene continental) 

~6.5-

Cretaceous 

131- Yenshanian 

Jurassie . Orogeny 

21G--

'--- '-- -
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During cruise 50 of the German R/ V Sonne from July to September, 1987, ab out 
86000 km2 of the shelf. slope and deep sea provinces off the mouth of the Zhujiang (Pearl 
River) was studied using geophysical, sedimentological, geochemical and hydrochemical 
means. The geophysical work consisted of 1465 km of seismic reflection profiling (Fig.1), 
whereby a Prakla Seismos VLF air gun with a maximum chamber volume of 2.51 and a Bolt 
Par 600 air gun with a volume of 0.441 were used as the sound source. The receiver was a 
Prakla Seismos streamer array with 8 active sections, each having 10 hydrophones con
nected in parallel. High resolution profiling with a hull- mounted ORE pinger transducer 
energized at a frequency of 3.5 kHz was conducted simultaneously to better define the struc
ture of the topmost several tens of meters of the sedimentary column. Navigation was carried 
out using the ship' s GPS and Magnavox satellite navigation systems. 

113
0 

22° N 
I . .•.. ., ,. . .d <u::>' 7 

1140 1150 1160 E 

21 0 

200 

190 

t----------------~I~\~\~'~--------~~-----1~------~~----~ 1r 

Fig.l Chart showing the location of the reflection seismic lines. Profiles presented in this paper are 

markedby thick lines and by the corresponding figure numbers. The isobaths are in meters. 

In this paper, we report the results of reflection seismic profiling. Three questions will 
be addressed. These are: 1. How did the northern continental margin of the South China 
Sea evolve structurally since its opening as a backarc basin? 2. How did sea level changes af-
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feet the proeesses of sedimentation at the shelfbreak? and 3. Whieh reeent sedimentation 
proeesses ean be distinguished on the eontinental shelf. the eontinental slope and in the deep 
sea? 

SEISMIC STRA TIGRAPHY 

At the deep northern eontinental margin of the South China Sea south of Hong Kong, 
four seismie sequenees eaeh having its own seismic faeies eharacteristies have been reeognized 
(Table 2). Correlations with other seismie data (e.g. Taylor & Hayes, 1980; 198}f and 
with published data on wells drilled into the Zhujiang Mouth Basin (Jin et al. , 1984, 
1986; Liang & Liu, 1990) have made possible a stratigraphie, teetonie and sedimentary 
facies interpretation of these sequenees: 

Table 2 The seismie sequenees, their seismie faeies eharaeteristies and geologieal interpretations, as 

weB as their stratigraphie eorrelations. 

Time Age Magnetic Zhujiang Seismic SeQuence; Reflection Geological 
Key Bed of Seismic 

Se r ies (ma) Anomaly Formation Reflection Configuration Interpretation 

Quaternary Quaternary 

1.55- Se;sm;c parallel, Post-Drift 
concordant, sequence; 

Pl iocene Wanshan SeQuence steep slopes- hemipelagic 
chaotic sedimentation, 

5.2 - P mass-wasting: 
slumping, 

Upper Yuehai sediment creep, 
turbidity currents, 

- 10.2- debris flow 

Mid-Miocene Hanjiang thermal 
subsidence 

- 16 . 2-
1-1 7- 50 T, 

l owar 5E Zhujiang Drift 
6A-6C 

(~. )-1 parallel, Ihyperbolic, seQuence; loceanic 
25.2- 7-6 So concordant, occurs at faults rare, crust 

9 Zhuhai high ampl. constant thermal 
01 igocene 10 depth subsidence 

1-32- 11 T. 
36-

Rift seQuence; 
Eocene Se;sm;c parallel-subparallel synsedimentary faults 

(sometimes disrupted), strata terminate 
54- SeQuence high amp 1 i tude updip-onlap at base-

ment highs, 
Paleocene R initial tectonic 

subsidence 
6.5-

Cretaceous 
Se i smic hyperbolic, during Rift-/Drift 

131 - occurs at variable stage thinned 
SeQuence depths transitional 

Jurassie (cont i nenta 1 ) 
Bt crust 

21G--

-

~cq ucllcc B ( the acoustie basement) is strongly refleeting with a hyperbolie internal 
configuration. 1t oceurs in two faeies subunits: 

( I) the subunit BI whieh is the oldest seismie sequence mapped. 1t oeeurs at varying 
depths., ranging from 80 ms two-way travel time (twt) to over 1.2 s in basins of the eon
tinental slope (Fig.2). The southernmost limit of BI is a line oriented almost east-west at 
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18 0 50' N. This line coincides with the seaward boundary of the continental slope and repre
sents thinned contiental crust. 
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Fig.2 Part of air gun profile TI / 9 and seismic sequence interpretation. See text for explanation and 

Fig.l for profile location. Identification of the unconformity T6 is based on its seismic facies and on 

correlations to published literature. This identification is tentative. 

(TI) the subunit Bo has an appearance similar to Bl , but occurs at a constant depth 
of about 700 ms twt. It is restricted to areas seaward of BL' and is the seismic expression of 
oceanic crust. 

Sequence R is the rift sequence overlying Bl on the continental slope. It is made up of 
high amplitude, parallel to subparallel reflectors which are sometimes disrupted (Figs. 2, 
3). It forms basin tills of morphologic highs of sequence BI' against which it terminates 
updip-onlap. This sequence consists of continental, fluvio-lacustrine sediments deposited 
during the rifting phase of the Paleocene to Lower Oligocene. It is traversed by many 
syn- sedimentary normal faults that characterize the fault-controlled initial subsidence of the 
rifting phase and is marked at its upper sequence boundary by the regional unconformity T6• 

Sequence D is the drift sequence that succeeds R which it overlies unconformab1y 
(Figs.2, 3). It is laid down during the seafloor spreading phase from the Lower 01igocene to 
the Lower Miocene, and consists of a transitional, continental-marine facies with a de-
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creasing continental character upsequence. lt has a high amplitud~, parallel, concordant 
internal configuration, and a sequence thickness varying from zero to over 1 s twt. Faults 
are rare in this sequence. 
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Fig.3 Part of air gun profile TI / 1 and seismic sequence interpretation. See text for explanation and 

Fig.l for profile location. Identification of the unconformity T6 is based on its seismic facies and on 

correlations to published literature. This identification is tentative. 

Sequence P is the post-drift sequence of terrigenous to fullymarine sediments and is sep
arated from the drift sequence by the regional unconformity T 2' lts intern al pattern ranges 
from parallel, concordant (in flat areas with pelagic sedimentation), to chaotic (on steep 
slopes where sediment remobilisation via mass-wasting processes such as slumping and debris 
flow dominates). 

On the continental shelf, the internal seismic reflectors are subparallel, subhorizontal 
to oblqiue, and are typically discontinuous. Lateral continuity is intermediate and erosional 
channels or paleo-channels are common. The shelf slope descends in aseries of steps. Reflec
tions frqm the falt steps are subparallel but complicated in structure. The intervening steep 
slopes represent faults and exhibit hyperbolic to chaotic echoes. 
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HOLOCENE SEDIMENTA nON AND SEDIMENT MASS TRANSPORT 

The sedimentation processes on the continental shelf and slope of the South China Sea 
have been repeatedly and decisively influenced by sea level changes. However, the regional 
relative sea level curve could deviate markedly from the global eustatic sea level curve because 
of the influence of tectonic movements. A lowering of the sea level by as much as 130 m dur
ing the last glaciation has been reported in the literature (Li & Pang, 1990). However, 
this lowering is not uniform and is a function of position. For example, paleomagnetic stud
ies, Cl4-dating as weil as micropaleontological. mineralogie and amino-acid investiga
tions in an area northwest of Hainan Island have shown that the sea level fell about 40 m dur
ing the last glacial in this vicinity, so that over large areas of the inner shelf. a terrigenous 
sediment facies developed (Chen & Fan, 1988). During such phases of low sea level 
stand, subaerial drainage systems of the Zhujiang developed on the exposed parts of the 
continental shelf. Coarse, c1astic material was transported from the hinterland to areas far 
into the outer shelf and to the continental slope. As the inland ice melted at the end of the gla
cial periods, the sea level rose and with it the effective depocener was displaced towards the 
coast. Thus, in such a shelf-slope environment, a vertical succession of sedimentary units 
developed, units which can be c1early distinguished from one another using their seismo
and lithofacies characteristics. The stratigraphie development of the passive northern margin 
of the South China Sea is therefore a function of changes in the depo-environment as a result 
of the interaction between eustatic ·sea level change, subsidence and sediment supply (Vail 
et ai., 1984; Haq et al., 1987; Galloway, 1989). 

Echo Character 

Damuth (1975, 1980a), Damuth & Hayes (1977) have shown that the sediment 
facies distribution and the sedimentation processes taking place on a continental margin may 
be mapped by using the echo-character observed on high frequency, high-resolution seis
mic profiles. For the South China Sea, they showed that by and large, these distribution 
patterns, regardless of whether the sediment is terrigenous, authigenic or bio genie, exhib
it a zonal character (Fan et al., 1987). By using the c1assification scheme of the echo-char
acter of Damuth (1980b) with slight modifications, we were able to refine this pattern in 
our study area (Fig.4). 

Table 3 shows the echo-character type distinguished, together with their interpreted 
sedimentary facies. 

Distinct Echoes (Type I) 
Type I - AI consists of strong, sharp echoes with no subbottom reflectors. It is re

stricted to and dominates the continental shelf. and represents well-consolidated, relict 
sediments in an environment of erosion or sediment resuspension. 

Type I -A2 is similar to I -Al but has distinct, discontinuous subbottom reflectors. It 
is confined to filled glacial erosional channels on the continenta1 shelf up to a maximum water 
depth of 60 m. 

Type I -B appears as sharp, distinct echoes with multiple, parallel subbottom reflec-
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tions that are fairly continuous. It is characteristic of quiet, pelagic sedimentation and is 
found in the deep basins as weH as on flat areas of the slope and rise. 

Prolonged Echoes (Type TI) 
Type TI - A is made up of high amplitude, semi- prolonged seafloor echoes with 

discontinuous subbottom reflectors. It is found on steep parts of the continental slope and is 
typical of sediment sliding or sediment creep. 

Type TI - B consists of prolonged echoes without subbottom reflectors and represents de
bris flow or smaH erosional-depositional bedforms. 1t is confined to the boundary between 
the steep continental slope and the falt deep basins, where it laps out and is termjrtäted by 
the echo type I-B. 

Hyperbolic Echoes (Type m) 

Table 3 The classification of echo- character types and their possible sedimentary facies 

interpretations. 

Ec ho - Character Acoustic Possible Sedimentary Sketch of Echo-
Type Appearance Facies Character Type 

I-A1 strong, sharp echos well-consolidated, rel ict I-Al I-A2 I-Al 
with no subbottom sediments, no re ce nt sedi-
reflectors mentation; 

erosion/resuspension = ....... -
I-A2 like I-A1 but wi th fi lled glaci al erosional 

distinct d i scont inuous channels 
subbottom ref l ec t ors 

I-B distinct, sharp, with quiet pelagic sedimen-
multiple con t inuous tation in the deep sea a nd -
subbottom ref l ec t ors on flat areas of the 

continental slope and rise 

II-A strang, prolonged turbidite on the / echos; disconti nuo us continental slope; 
subbottom reflecto rs sediment creep 

II-B prolonged echos de bri s flow, small 
l~~~~~I':I )"~~I~P~~. ~,!p! without subbottom erosional-depositional 

reflectors bedforms 

III-A large irregular slumping, basement highs 

~ hyperbolic echos with on the continental slope; 
varying vertex recent faulting 
elevati o ns; no 
subbottom reflectors 

III-B irregular hyperbolic pelagic sedimentation over 
echos; multiple rugged continental slope ~ parallel subbottom ~~ reflectors 

III-C sharp, regular, flat migrating sediment waves; 
hyperbolae; restricted to the shelf- = dipping obliquely to break -----==- ---
the seafloor 

III-O regu lar hyperbolae sedimen t waves induced by 
sli gh tly varying mas s was ti ng processes fVYYvYY' 

vertex e levatlons 

Type m -A is made up of large, irregular hyperbolic echoes with varying ver tex eleva
tions and no subbottom reflections. It is found on the continental slope and is accompanied 
by a basement high. The environment is one of slumping and / or recent faulting. 

Type m - B is characterized by irregular hyperbolae with multiple parallel subbottom re
flectors. 1t is a result of pelagic sedimentation over rugged parts of the continental slope. 
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Type III -C appears as sharp, regular, flat, hyperbolic echoes dipping obliquely to 
the seafloor. It is typical of migrating sediment waves, but occurs only in very restricted are
as near the shelfbreak (and is therefore not presented in Fig.4). 
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Fig.4 Seismic facies distribution (in accordance with the echo character types) and sedimentation 

provinces of the northern margin of the South China Sea. 

Type III - D consists of regular hyperbolic echoes with a more-or-Iess uniform ver tex el
evation and no su bbottom reflectors. It occurs within small basins of the continental rise and 
represents sediment waves induced by mass wasting processes. 
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Sedimentation Provinces 

In accordance with the decrease in depositional energy from the shelf to the deep sea, 
the northern continental margin of the South China Sea may be divided into three 
sedimentation provinces (Fig.4, Table 4). This seismic facies partition agrees weIl with the 
lithofacies distribution of the surficial sediments (Emery, 1968; Wiesner & Anton, 
1989) : 

( I) the shelf and shelfbreak province (province I, 0-600 m ): a high energy regime 
with erosion or non-deposition, distinct bottom echoes and no subbottom penetration; 

(TI) the slope province (province 2, 600-3600 m), with debris flow, slumping sed· 
iment creep, and with hemipelagic sedimentation on morphological1y flat areas; and 

,/ 

(III) the deep sea province (province 3, over 3600 m), with pelagic oF·turbiditic 
sedimentation. The transition to province 2 is typically marked by debris flows up to 35 m in 
thickness and 12.5 km in lateral extension. Thus, vast amounts of sediments are transported 
via mass-wasting processes to the deep basins, thereby removing them from biogeochemical 
cycles at the sediment surface. 

Table 4 The sedimentation provinees and their interpreted sedimentary faeies. 

Provinee 1 

Provinee 2 

Provinee 3 

Physiographie provinee 

Shelf, shelfbreak, eontinental slope 

to 600 m 

Continental slope 

600-3600 m 

Deep sea 

from 3600 m 

The Continenatl Shelf and Sheljbreak 

Sedimentary facies 

Non- sedimentation / erosion; 

sedimentation is restrieted to glaeial 

drainage ehannels; migrating sediment 

waves 

Debris flow, slumping, sediment 

ereep, hemipelagie sedimentation on 

morphologieally flat areas 

Pelagie, turbidity eurrents; boundary 

to provinee 2 is marked by a debris flow 

eomplex 

In this province, depocenters are restricted to the delta- pro delta complex of the 
Zhujiang formed on the inner shelf as a result of the post-glacial sea level rise and to the gla· 
cial drainage system developed on the outer shelf. They are exceptions in an environment of 
erosion and sediment redeposition where post-glacial currents subparallel to the co ast have 
become established. Sandwaves with amplitudes between 2.5 to 3.5 m and wavelengths of 
70-100 m at a water depth between 130 and 170 m indicate the occurrence of near-bottom 
currents, which from analyses of suspended matter near the bottom could achieve velocities 
of over 10 cm / s. The coarse clastics of the outer shelf which is texturally distinct from sedi· 
ments of the inner shelf and slope are relicts of the low sea level stand during the last glacial 
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(Emery, 1968). 
Wiesner & Anton (1989) have shown that while the fine-grained sediments of the in

ner shelf have a high TOC content, the high permeability of the coarser outer shelf relict de
posits has led to a more efficient degradation of organic material, and hence a lower TOC. 
Furthermore, they demonstrated using the composition of the organic matter within the 
fine-grained sediments that the terrestrial components have been vigorously transported and 
redeposited. 
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Fig.5 A schematic, 4- stage progradation model for the evolution of the shelfbreak south of the 

Zhujiang estuary. 
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Evolution 0/ the Sheljbreak 

Beeause of their exposed positions and the faet that they represent the transition zone be
tween shallow and deep waters, the shelfbreak and the adjaeent upper slope are sensitive 
physiographie provinees that reaet promptly to ehanging physieal parameters sueh as sea 
level. climate or eurrents (Vanney & Stanley, 1983; Vail et al., 1984; Haq et al., 
1987; Galloway, 1989). Minor ehanges are suffieient to produee a new depo-environment 
on the shelf and henee the deposition of sediment bodies with the eorresponding eharaeteristie 
seismie, organie and lithologie faeies (Vail et at.. 1984). The multiphase sea leve}rise and 
fall dedueed from our seismie profiles permit the reconstruetion of a 4-stage progr~dation of 
the shelfedge, although this reeonstruetion is admittedly somewhat speeulative (Fig.5, 6). 
1t starts with the deposition of horizontal eoneordant sedimentary layers, whieh then be
eome tilted and faulted in the eourse of subsidenee. During the subsequent high sea level 
stand, progradation of the shelfbreak oeeurred and a eomplex sigmoidal delta system eame 
into existenee. As the sea level fell, truneation of the topmost layers resulted. This is fol
lowed by renewed subsidenee, a seeond pro gradation of the shelfbreak and the formation of 
another delat-fan eomplex. The glaeially-indueed sea level fall in the Pleistoeene gave rise to 
another erosion of the subaerial eontinental shelf. After the post-glaeial sea level rise, the 
present sedimentation regime beeame established, in whieh deposition starts at about 280 m 
water depth marked by a sediment wedge terminating onlap. 
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The Continental Slope 

The northern continental slope of the South China Sea is characterized by a steplike 
morphology (Xie, 1981; 1983) with more-or-less flat steps (at basement highs) and 
seaward-dipping slopes of up to 3 0 gradient. Mass-wasting processes such as slumpig and 
debris flow as weIl as syn-sedimentary faulting domina te at the steep flanks of rotated base
ment blocks (He & Zhang, 1985; Liu et al., 1981; Fig.7), with pelagic sedimentation 
and its resultant distal turbidites taking over in the flat areas. Sediment waves created by 
turbidity currents (echo type III -D; Damuth, 1979) are typical in smaIl basins within 
the slope province. Sediment creep ofunconsolidated material (echo type TI -A) occurs on 
steep slopes near the shelfbreak in the west, where it marks the transition to the deep sea. 
The physical parameters of the sediments, in particular tbe low shear strength of the slope 
sediments (Holler, 1989), point to a high sedimentation rate. This results in a low degree 
of consolidation and to sediment instabilities when the slope is steep enough. 
0 18 measurements made on planktic foraminifera in sediment cores directly off the continen
tal shelf gave sedimentation rates of 7.5 cm / ka for the interglacial stage I (Holocene: 
Zheng, 1989, per. comm.). These are relativly high rates for the continental margin. 
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Fig.7 Sediment mass wasting at the upper continental slope of the northern margin 01' the South China 

Sea. Part of air gun profile TI /9. See Fig.l for profile location. 

The increased sedimentation rate and mass wasting processes ensure that organic matter 
in the sediments is rapidly buried and that the sediments are not exposed to the oxic water 
column for extended periods of time. Thus, high TOC contents are expected witbin the con
tinen~al slope. Measurements show that indeed the maximum in sedimentary TOC is reached 
in this sedimentation province (Wiesner & Anton, 1989). 
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The Deep Basins 

Deep basins of the northern and central South China Sea are centers of pelagic or 
turbiditic sedimentation. While the S2 kerogen peak in the Rock-Eval pyrograms of the or
ganic matter from sediments of the shelf and slope is simple, that from sediments of the cen
tral and southern abyssal areas are bimodal (Wiesner & Anton, 1989). This bimodality 
suggests that the turbidites of the deep basins of the South China Sea have a multiple source. 
Thus, these turbidites originate not only from the Chinese mainland; the Mekong River 
with its annual suspension load of 2 x 108 t (Milliman & Meade, 1983) and the continen-
tal margin off Vietnam must also play an important role. / 

.' 
Open Questions 

The present study has provided clues to the answer of a number of questions, such as 
the relationship between the distribution of seismic facies units at the seafloor and water 
depth or physiographie province. It has also given an insight into the sedimentation processes 
effective during the Quaternary which were responsible for this distribution pattern. 
However, a number of open questions remain. For example: 

How has the facies distribution pattern changed during the Quaternary? 
How and to what extent was sedimentation controlled by climatically ad tectonically-in-

duced sea level fluctuations? 
What role did regional tectonic movements play in sedimentaiton? 
Can a regional sea level curve be reconstructed for the northern South China Sea? 
In what way does this curve differ from the eustatic sea level curve? 

CONCLUSIONS 

We conclude that for the northern continental margin of the South China Sea, 
(1) the Paleocene to Lower Oligocene syn-rift sequence, the Oligocene to Miocene 

syn-drift sequence and the post-drift sequence are separated from each other by the re~ional
ly mappable unconformities T6 and T2; 

(2) the continent-ocean boundary (COB) is marked by the change in seismic facies 
from Bl to Bo ; 

(3) relative sea level changes have led to a multiple phase development of the continen
tal margin, arecord of which is most distinct at the shelfbreak; and 

(4) three recent sedimentary provinces in which distinct sedimentation processes occur 
may be recognized. The shelf province is characterized by erosion or nondeposition, the 
slope province by sediment mass wasting, and the deep sea province by pelagic or turbiditic 
sedimentation. 
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ABSTRACT ./ 

The geodynamic evolution of the South-East Asian marginal basins is discussed on the 
basis of recent results of scientific drilling (ODP) and geophysical cruises in these basins, 
as well as geologie data collected along their margins. 

The Celebes and South China Seas were rifted from the Asian continental margin during 
the Paleogene. The present completely subducted proto-South China Sea has probably the 
same origin. Opening of these basins can result partly from the Indo-Asian collision and part
ly from slab-pull forces along the Sunda Trench. 

During the Neogene, collision of the Sula Block with the southern margin of the 
Celebes Sea in Sulawesi, has forced progressive closure ofthese SE Asian basins. The proto
South China Sea was the first to subduct below the Cagayan Ridge in Early NeOgene time, 
inducing the opening of the Sulu Sea, and spreading reorganisation in the South China Sea. 
Following collision of the Cagayan Ridge with the rifted margin of the South China Sea in 
Early Miocene time, the Sulu Sea has initiated its subduction along the Sulu Archipelago, 
the Celebes Sea along the North Sulawesi Trench, while in trap la te shortening was regis
tering in northern Borneo. Incipient shortening is also recorded along the axis of the South 
China Sea. 

The Paleogene was aperiod of intense stretching of the Eurasian margin and opening of 
marginal basins, while the Neogene corresponds. to the progressive subduction of these 
oceanic basins. 

INTRODUCTION 

The western Pacific region encloses a number of marginal basins displaying a variety of 
structural styles and settings, tectonic activity, sediment thickness and proximity to active 
arcs and continental margins. 

The term "marginal basins" is generally restricted to those underlain by oceanic crust 
(Packhan and Falvey, 1971; Taylor and Karner, 1983). There are several ideas on the or
igin of marginal basins. Among the most commonly accepted is back arc spreading (Karig, 
1971), or fragmentation of the eqge of a continent by extension of aglobai rift system. Lau 
and Mariana basins are examples for the first, the Tasman Sea (Weissei and Hayes, 
1977) and the Coral Sea (Weissei and Watts, 1979) illustrate the second. A similar idea 
interprets the South China Sea as originating from the break ,up of the margin of Asia 
(Taylor and Hayes, 1980), the extrusion tectonics of the Indo-China Block pro vi ding the 
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model to explain the ensuing development ofthis basin (Tapponnier et al., 1982). 

Another concept is the trapping of a fragment of a once larger oceanic basin. At p!esent 
the only basin that is well documented as having been a trapped fragment of a larger plate is 
the Bering Sea basin (Cooper et al., 1976a, b). This has also been proposed for the West 
Philippine basin (Uyeda and Ben Abraham, 1972) and for the Banda, Sulu and Celebes 
Seas (Lee and McCabe, 1986) but recent kinematic reconstructions (Rangin et al., 

1990) and ODP drilling data do not confirm this hypothesis. 
Transtensional basin formation by the movement of a major plate past a continental 

margin may explain the Andaman Sea, the Banda Sea or the Bismark Sea. The latter is ad
jacent to the colliding Ontong Java Plateau. 

These different models have been applied to the SE Asian marginal basins. Forces which 
have induced the opening of the South China Sea are still a matter of debate, but most au
thors accept that this basin was rifted from mainland China (e.g. Holloway, 1982; Taylor 
and Hayes, 1980 and 1983). The Celebes and Sulu Seas are considerably more complex be
cause they are surrounded by active (or recently inactive) convergent zones. Another diffi
culty is provided by the large amount of Neogene Island ares developed along the margins of 
these basins making their earlier geological history unc1ear. 

We have combined here recent drilling data and results of geophysicalcruises from these 
basins with some geological data along their margins to try to unravel their origin and geolog
ical history. 

AN UPDATE OF OFFSHORE DATA IN THE CELEBES AND SULU SEAS 

Celebes Sea has a mean depth of over 5 km, a crustal thickness of 6-7 km, and an av
erage heat flow of 1. 6 HFU. The basin is bordered on the east by the Sangihe are and 
Mindanao Island, on the south by the northern arm of Sulawesi, on the west by Borneo 
and on the north by the Sulu Archipelago. Subduction zones occur on the northeastern (the 
Cotobato Trench) and southern (North Sulawesi Trench) parts of the Celebes basin. 
Magnetic anomalies 18-20 have been identified in the western part of the basin (Weissiel, 
1980), indicating aMiddie Eocene age. Skewness analysis of the anomalies indicates no sig
nificant difference in latitude of the basin between Eocene and the present (Weissel, 1980). 
Sediment thickness varies from about 500 m locally in the northern part to over 3 km in the 
southern part. Thickness in excess of 1 km are widespread throughout the basin, filling the 
North Sulawesi Trench. Hemipelagics and turbidites form the remainder. 

Resultsfrom ODP Drilling 124 

Two sites were drilled in the Celebes Sea during leg 124 of the ODP program, and are 
probably the most significant data recently collected from this basin (Rangin, Silver, von 
Breymann et a/" 1990). 

At site 767, a continuous seetion, 786 m thick, of pelagic sediments and turbidites 
was recovered before reaching a basaltic basement. Site 770 penetrated 420 m of pelagic sedi
ments and recovered 110 m of basaltic basement from a fault block which is 500 m shallower 
than in site 767 (Fig. l). The basalts from this basin are N-MORB in composition (Smith 
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and Sajona, 1991; Serri et al.). The distribution ofmajor and minor elements, rare-earth 
elements, and Sr and Nd isotope ratios shows that the rock of the Ce1ebes Sea are mantle 
derived, and they contain no subduction-re1ated components. The isotopes are consistent 
with an origin in an oceanic setting, not in a back arc setting. Smith and Sajona (1991) 
concurred with this interpretation, on the basis of major and trace-element distributions. 
Although the geochemical evidence is consistent with an Indian Ocean orgin, it does not rule 
out that the basin could have been apart of the Molucca Sea plate, or could have been de
rived from rifting: of the edge of the China continental margin. 
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Fig.l ODP sites in the Sulu and Celebes Seas. Symbols used are: (1) nannofossil marI or 

nannofossil-foraminifera mari; (2) hemipelagic sediments including clay / silt (stone); (3) 

pelagic brown claystone; (4) terrigenous turbidites; (5) quartz siltstone to sandstone; (6) 

graded carbonate turbidites; (7) fine ash / tuff; (8) pumiceous, rhyolitic to andesitic coarse 

tuff and lapillistone; (9) andesitic to basaltic coarse tuff and lapillistone; (10) pillow basalt; 

(11) basalt sheet flow; (12) brecciated massive basalt; (J 3) diabase sill. 

Radiolarian-bearing reddish brown claystone makes up the lower parts of the section at 
sites 767 and 770 (Fig. 3), with a significant carbonate component at the shallower site 770. 
Here, a radiolarian rich layer occurs 1 cm above hyaloclastites that rest on oceanic basement 
( Rangin, Silver, von Breymann et al. , 1990). These fossils pi ace the base of the 
sedimentary section in the P. chalara zone (42 Ma on the time scale of Berggren, 1985). 
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This supparts aMiddie Eacene age far the basaltic basement af the Celebes Sea. Bertrand et 
al.(1991), Nicat and Desprairies (1991) cancluded that the saurce af a significant fractian af 
the brown claystane was derived fram a cantinental saurce. This daes nat suppart an Indian 
Ocean neither a West Philippine Sea basin arigin. Na significant lithalagic change was re
carded in the basin up ta 18-19 Ma. The lack af significant change in clay mineralagy means 
that this baundary can nat be used as evidence af far-travel af the Celebes Sea. 

Paleainclinatians at site 767 shaw a wide scatter that can be interpreted either as na sig
nificant change in latitude, ar as a sudden change in latitude shartly after farmatian af the 
basement. This depends upan the interpretatian o.f the paleamagnetic data abtained an the 
basement. Silver and Rangin ( 1991) explain the discrepancy in inclinatian between the 
basement and the averlying sediments, supparting the case o.f ratatian af the basement 
black at the ridge axis. This explains the anamalausly high inclinatians relative to. the sedi
ments. This explanatian favars far the Celebes Sea, an arigin no.t far remaved fra m the pres
ent latitude. 

The Sulu Sea is surrounded by island ares and co.ntinental fragments, with the Palawan 
and Cagayan ridges an the no.rthwest, the Sulu Ridge an the sautheast, the Philippines an 
the east and Barnea (Sabah) an the sauthwest. ~ 

The Sulu Sea has been interpreted either as the result af back are spreading assaciated 
with the Cagayan ar Sulu ridges (Hallaway, 1982; Mitchell et al. , 1986; Rangin, 
1989), ar the entrapment af an ald piece af aceanic crust (Lee and McCabe, 1986). Ta re-

_ .salve this ambiguity, and trace the camplex evalutian af this small basin as weIl, variaus 
aceanagraphic cruises were recently canducted in the Sulu Sea. The Federal Institute far 
Geasciences and Natural Resaurces (BGR) in Germany, callected 10315 km af 
multichannel seismic data tagether with magnetic and gravimetrie measurements in the Sulu 
Sea an six cruises fra m 1977 ta 1987. These cruises also. included beat flaw measurements and 
dredging (Hinz and Black, 1990; Kudrass et al. , 1990; ODP). The French 
R / V l. Charcat fram France made also. a shart survey alang the Sulu and Negras trenches 
in 1985. All these recent data were used as a basis far drilling in the Sulu basin and the 
Cagayan Ridge in 1989 (Rangin, Silver, van Breymann et al., 1990). Amang the scien
tific a1;?jectives af these drillings was the determinatian af the age and nature af the crust af 
the Sulu Sea, and the recard in this basin af the camplex callisio.nal histary af this SE Asian 
area lacated at the junctian af three majar canvergent lithaspheric plates. 

One deep site was ,drilled in the Sulu basin and twa sites an the Cagayan Ridge (Fig.l). 
The tectanic abjective was ta determine the age far the cessatian af va1canic activity alang 
that ridge, in respanse ta its callisian with tbe rifted margin af China in Palawan (Reed 
Bank - Dangeraus Graunds). 

Site 768, penetrated 220 m af basaltic basement rocks, recavering pillaw- basalts, 
massive lavas, and twa diabase sills. Geachemical analyses indicate that the Sulu Sea base
ment is transitianal between MORB and island are thaleites, suggesting cantaminatian af 
primary basaltic magmas by subductian pracesses (Spadea et al., 1991). lust abo.ve base
ment, at basin site 768, lies a brawn clay layer, appraximately 40 m thick, dated Early 
Miacene (Rangin, Silver, van Breymann et al., 1990). 

The basement af the Cagayan Ridge was faund ta be a thick layer af pyraclastics blan
ketted by brawn muds af Early Mio.cene age. Basaltic and andesitic elasts recavered fram 
these pyraclastics are ca1calkaline at site 769 and island are tho.leite at site 771 (Spadea et 
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al., 1991; Smith et al., 1991). The chemical composition ofthe rocks implies continental 
crust contamination also indicated by the petrographie analysis . (Kudrass et al., 1990), 

and is consistent with eruption of the magmas trough continental rocks. This strongly sug
gests that the Cagayan vo1canic are was built on a continental basement. Radiometrie dates 
on basalts and andesites drilled on the ridge (BelIon and Rangin, 1991), show that the 
vo1canism of this ridge ranges in age from 20-14 Ma, thus inferring two distinct magmatic 
events. The younger event could be coeval with that of the pyroc1astics recovered at sites 769 
and 771. This vo1canic material is visible on seismic profiles, blanketting tilted blocks 
(Hinz and Block, 1990). Outpouring of these pyroc1astics was interpreted by Ranßin and 
Silver (1991) to be the last stage of magmatism during collision of the ridge with ·the rifted 
margin of China. 

In the Sulu basin at site 768, a 200 m thick layer of pyroc1astics rests on brown 
c1aystone deposited on the Sulu basement, but also topped by the same Early Miocene 
pelagic sediments (Fig.l). This indicates that the pyroc1atic event of the Cagayan Ridge was 
short in time and probably represents the last event of magmatic activity along that ridge. 

The South China Sea is one of the largest in the western Pacific region. It is bounded by 
the continental margins of South China, Vietnam and Borneo, and by the Manila 
Trench, where its crust is now being consumed by eastward-dipping subduction East of 
115 0 E, the magnetic anomalies 11 to 5e have been identified by Taylor and Hayes 
(1980, . 1983), and recently remodeled by Briais (985). Recent morphological studies at 
the axis of the basin were conducted by R / V J. Charcot between 113 0 and 119 0 E 
(Pautot et al., 1986). Multibeam mapping ofthe seafloor coupled with single channel seimic 
recording have documentea a change from N50 0 E to N80 0 Ein the strikes of normal faults 
100 km away from the axis. This indicates a major counterc1ockwise rotation of the spreading 
direction 20 Ma B.P. and a major kinematic change in the spreading history of this basin at 
that time. 

A Model Jor the 0 pening oJ the SE Asian Basins 

These new data allow us to choose among the various interpretations proposed for the 
opening of these marginal basins. Concerning the Celebes Sea, a split from the west 
Philippine basin is unlikely because spreading rates J re basically different between both basins 
(Silver and Rangin, 1991). Similarly an Indian Ocean origin can be disregarded because the 
spreading in this ocean reorganized at or just prior to anomaly 20 (Cande et al., 1989) 

when the southeast Indian Ridge jumped to a more southern position. Earlier, the spreading 
system could have extended east to the possible location of the Ce1ebes basin, but after the 
jump the ridge connected with spreading south of Australia, making it unlikely that the 
Celebes Sea was created from spreading in the Indian Ocean after anomaly 20. 

Alternatively an origin by rifting from the outermost part of the East China margin is the 
most acceptable hypothesis as long as open circulation was maintained and continental 
sedimentation was restricted. However, we cannot disregard comp1etely the hypo thesis that 
Celebes was formerly part of a larger basin presently subducted as the Molucca Sea (Silver 
and Rangin, 1991). If this hypothesis for a Eurasina origin of the Celebes basin is correct, 
the subducted proto-South China Sea should have also opened by rifting and spreading of 
the China continental margin. 
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The Eurasian plate margin can be interpreted as subjected to extensive internal 
deformation in Early Paleogene, in response to the collision of India with Asia (Tapponni
er et al., 1982; Rangin et al. , 1990). Thinning ofthe Eurasian margin was immediately fol
lowed in Middle Eocene and Oligoeene time by opening proeesses of oceanie floored basins 
(South China Sea, prato-South China Sea, and Celebes Sea), the southern boundary of 
the Eurasian plate being traced southward in North Sulawesi. 

THE CLOSURE OF THE SE ASIA MARGINAL BASINS 

The closure of these basins, whieh has been aetive since the beginning of Neogene 
time, ean be demonstrated on the basis of volcanie are and tectonic activity along their mar
gins, and deposition of turbidites and ash layers into the basins. 

Among the numeraus data recently collected along the margin of these basins, we shall 
focus here on Panay Island and North Sulawesi. The reason is that signifieant parts of the is
land ares fringing the Sulu and Celebes Seas are exposed in these key areas, providing an ex
cellent contral on the magmatic and tectonie activity along the margins ofthese basins. 

North Sulawesi 

Along the northern margin of the north arm of Sulawesi, seismic refleetion lines show 
inereasing width ofthe accretionary wedge toward the west (Silver et al. , 1983). The timing 
of movement along this thrust zone is not well determined, but volcanic arc aetivity can 
provide some indications. This arc volcanism is widespread along the north arm, which is 
truncated at its western end by the Palu Fault. Vo1canic aetivity decreases westwa~d and the 
roots of the island are are exposed, large granodiorites were dated Early to early Middle 
Miocene (15 to 18. 8 Ma. : Ratman et al. , 1976; and 22 to 18.5 Ma. : . Bellon and 
Rangin, 1991). This old island arc is unconformably covered by a seeond phase of arc 
voleanism dated from 7 to 4 Ma. These two phases of arc magmatism ean be interpreted as a 
shift of subduction polarity from the south to the north of the north arm of Sulawesi. 
Subduction of the Celebes Sea eould have been intiated 8 to 7 Ma. 

The Sulu and Cagayan Voleanie Ares in Panay 

Cenozoic vo1canics of the Sulu and Cagayan Ridges are covered either by 
Plio-Pleiostocene volcanism or water. However, the volcanic are sequences are known both 
to the northeast and southwest of the Sulu Sea, in southern Sabah, and Panay Island. In 
Panay Island, in the uppermost part of the Negros Treneh inner wall, the Antique Range 
is composed of distinct island arc terranes thrusted to the northwest on the North Palawan 
Block (Cuyo platform). Datings of these vo1canic arc sequenees and timing of their aeeretion 
to the rifted margin of China were diseussed by UNDP (1983) and Rangin et al. , (991). 
We have identified three distinet island are terranes in that range (Fig. 2). 
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I) The Mt. Baloy volcanic sequence was dated 15 Ma at its top (K / Ar) and is 
conformably covered by Miocene carbonates and c1astics (Mayos Fm). It can easily be con
sidered as the emergence of the Cagayan Ridge. This volcanic unit is thrusted over high grade 
metamorphics intruded by Early Miocene plutons and disconformably covered by Neogene 
carbonates and alkali basalts (Buruanga unit). 

TI) In the central part of the range, the Valderrama volcanic sequence was 
disconformably deposited on ophiolites and melanges. The volcanics and interlayered sedi
ments were dated Middle Miocene (14-10 Ma). This volcanic sequence was also found in 
the Zamboanga Peninsula where it rests disconformably on ophiolites, testifying that the 
Valderrama and Zamboanga volcanics are part ofthe same Sulu arc. 

m) In southern Panay the Valderrama volcanic arc sequence is overthrust by the 
Philippine arc, represented by the Iloilo volcanic sequence (26-21 Ma K / Ar) topped by · 
the Neogene c1astic sequence of the Iloilo basin. 

So Panay Island is located at the tectonic contact between the welded Sulu basin volcanic 
margins (Cagayan Ridge / Mt. Baloy and Sulu Ridge / Valderrama) with the Philippine 
Sea plate. 

The scenario for the evolution of the Sulu basin is summarized in the Antique Range of 
Panay (Fig.3): 
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Fig.3 Interpretative sketch diagram depicting the tectonic evolution of the Antique Range during the 

Cenozoic. 

I) the Cagayan / Mt. Baloy collided with the Palawan Block in early Middle Miocene 
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time, the age for the cessation of magmatic activity along this arc. Convergence was imme
diately accomodated along the Sulu Trench and the Sulu / Valderrama arc was rapidly devel-
oped. . 

TI) At 10 Ma, the Sulu / Valderrama arc collided with Cagayan / Mt. Baloy, and is 
also accreted to the Palawan Block. This was the time for complete closure of the Sulu basin. 
During the same event the Iloilo vocanic unit was thrust over the Valderrama sequence along 
the Pampanan thrust. 

In Sabah, on the other side of the Sulu basin, Late Oligocene - Early Neogene vol
canic arc sequences are imbricated with melanges and Mesozoic ophiolites (Rangin et a/" 
1990). Here, the converging Cagayan and Sulu vo1canic arc sequences are difficult to 
diferenciate in the field, and are both thrusted on the Crocker sedimentary sequence, the 
latter being an extension in Borneo of the Palawan accretionary wedge. / .' 
Drilling Data into the Sedimentary Pasckqe oJ the Sulu-Celebes Seas 

A second control for the closure his tory of the Sulu- Celebes basins is the arrival of 
turbidites into the basins inducing important sedimentation changes. The source of these 
quartz rich turbidites can be found in the surrounding land masses affected by intensive ero
sion resultion, from orogenic processes. Rapid cessation of turbidite deposition can be an indi
cation of incipient subduction along new trenches trapping the land-derived sediments. 

The first influence of a continental source on sedimentation at site 768 took place in the 
late early Miocene or early middle Miocene time. It is represented by very rare fine grained 
turbidite deposits with silt size quartz. The peak of turbidite deposition occurred in the late 
middle Miocene (Zone NN9) and is coeval with cessation of arc vo1canism along the Sulu 
arc in Panay and Sabah. It is also the time for the deposition ofvo1canic turbidites in the Sulu 
basin testifying for arc collision, accompanied by uplift and erosion along the margin of the 
basin. 

A Model Jor the Closure oJ the SE Asia Marginal Basins 

During the Neogene the progressive closure of the SE Asian basins was initiated follow
ing a scenario recently proposed by Rangin and Silver (1991). 

In early Miocene time, the north Sulawesi Island arc colliding with the Sula block, 
first induced subduction of the proto-South China Sea below the Cagayan Ridge (Fig. 4). 
This basin was subducted in a few million years, up to early middle Miocene when collision 
of the Cagayan arc has occurred with the Palawan block. This short timing for complete 
subduction of the proto-South China Sea suggests that this basin was smaller and narrower 
than originally proposed by Holloway (1982) and Taylor and Hayes (1983). 

Change in the direction of spreading in the South China Sea around 20 Ma. is cöeval 
with the oldest ages of vo1canic activity recorded on the Cagayan ridge. This age is also in 
agreement with the opening of the Sulu Sea and the cessation of magmatism along the north 
arm of Sulawesi (Bellon and Rangin, 1991). This early Miocene event is the time for colli
sion, in central Sulawesi, of the Australian derived Sula block with the southernmost 
fragment of the rifted margin of Eurasia. It is also the time for incipient collision of the 
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Fig.4 The closure of the proto-South China Sea. Top: Paleotectonic reconstruction at 20 Ma, Bot

tom: Paleotectonic reconstruction at 15 Ma. SL = Sula Block; PT = Palawan Trough; PFF = 

Proto Philippine Fault; MT= Manila Trench; CR= Cagayan Ridge; Sar= Sulu Archipelago; 

Sb= Sabah; Tob= Tobrian Trench; Sol = Solomon Sea; ShB= Shikoku Basin; CV= Central 

Valley; RRF= Red River Fault; PSCS= Proto-South China Sea; S= Sumba; VB= Visayan; 
SS = Sunda Shelf (for more details see Rangin et al., 1990). 
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Philippine arc (the present Philippine archipelago, but also the former Paleogene vo1canic 
arc fringing the West Philippine basin) with the South China Sea rifted margin (north 
Palawan block) (Fig.4). 

The drilling data in the Sulu Sea favour a back arc basin model for the opening of this 
basin, as originally proposed by Holloway (1982). However, we do not think the opening 
of the South China Sea was totally counterbalanced by the c10sure of the proto-South China 
Sea as discussed above. The end of the proto-South China Sea subduction and the incipient 
collision of the Cagayan vo1canic arc with the Rifted Palawan fragment of China induced a 
large outpouring of pyroc1astics, covering the whole Cagayan Ridge. This explosive 
vo1canism could be explained by the large volume of interstitial water in the proto- South 
China Sea sediments involved in the Palawan subduction zone. 

/ 
In Middle Miocene time, subduction affected successively the Sulu and Celebes·basins. 
From 15 to 10 Ma, the Sulu Sea subducted southward along the Sulu arc, vo1canism 

being active along the Sulu archipelago (southern Sabah, Zamboanga) and its probable 
extension in Panay. 

In early Late Miocene time, collision of the Sulu arc with the Cagayan Ridge in Panay 
al ready locked to Palawan, inducing complete isolation of the Sulu basin and fast decrease 
of subduction along the Sulu Trench. This arc-arc collision and locking of the Sulu basin has 
induced (or was enhanced by) a sea level drop, facilitating erosion of vo1canic and conti
nental terranes surrounding the Sulu and Celebes basins, which were then rapidly filled with 
turbidites. 

During the middle Late Miocene, major renewal of vo1canic arc activity occurred in 
North Sulawesi. This is interpreted as the incipient southward subduction of the Celebes Sea 
along the North Sulawesi Trench, along which a minimum of 150 km of oceanic crust was 
already subducted. 

At present subduction along this trench is still active and minor consumption of oceanic 
crust can be inferred along the Sulu Trench despite discrete seismicity. In the South China 
Sea, active convergence is registered along the North Borneo Trench, while intraplate 
deformation is being distributed westward along the eastern continental margin of Vietnam 
up to the presently right lateral Red River strike slip fault zone (Fig. 1). Some seimic events 
at the axis of the South China Sea also suggest this basin is presently under a compressive 
stress regime and is affected by intraplate deformation. This is independant from active 
subduction of this basin along the Manila Trench, a response to the Philippine Sea / Eurasia . 
plates convergence. Consequently the SE Asian marginal basins are in the process of being 
completely subducted as the proto-South China Sea was in the past. 

CONCLUSION 

Opening of the SE Asian marginal basins can be attributed to distinct processes such as 
fragmentation of a plate margin (Celebes and South China Seas) or back arc spreading 
(Sulu Sea). 

The timing of spreading of these basins are also distinct. The Celebes and South China 
Sea basins resulted partly from intense stretching, thinning and fragmentation of the 
Eurasian margin in response to Indo-Asian collision and trench pull forces along the Sunda 
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Trench. On the other hand, the Sulu Sea opened during closure of the proto-South China 
Sea. 

All this illustrates the complexity of the evolution of marginal basins that can be opened 
in a few million years and rapidly consumed immediately afterwards. The evolution of these 
basins is a guide for reconstructing the history ancient mountain belts with ophiolites. 
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CHRONOLOGICAL SEQUENCE OF TWO SPREADING PHASES OF THE 
SOUTH CHINA SEA BASIN 

WU JINLONG, LIU ZHONGCHEN & HAN SHUQIAO 

First Institute of Oceanography, SOA, Qingdao, China 

ABSTRACT 

The spreading ridge is oriented along the NE direction in the east of the South China Sea 
between 118 0 E and the Manila Trench. The South China Sea has gone through twp iiistinct 
phases of seafloor spreading. Seabeam maps and magneticallineations indicate that the NE 
trending ridge cut off obliquely the E-W trending one. The spreading of the E-W trending 
ridge began earlier than that of the NE trending one. The E-W trending magnetic lineations 
are 11-5D. Correspondingly, the N-S seafloor spreading occurred in mid-Oligocene and 
terminated in Early Miocene, and age of the NE trending magnetic lineations with NW-SE 
seafloor spreading is ab out 20-16 Ma B.P. (magnetic lineation 6 to SC). 

INTRODUCTION 

So far the spreading chronology of the South China Sea basin is still a problem to be de
bated. Taylor and Rayes (1980, 1983) dated the seafloor spreading from Mid-Oligocene 
to early Miocene (32-17 Ma B. P.) on the basis of magnetic lineation with the east-west 
direction in the mid-east of the basin. This suggestion has been supported by the data ob
tained afterwards and is getting more and more receivable. 

During the Sino-French co operative investigation in the South China Sea in 1985, _a 
large number of new data were eolleeted, inc1uding seabeam, gravity, magnetie, single 
ehannel seismic data and so on. Aeeording to those data the South China Sea has gone 
through two distinet phases of spreading since Mid-Oligoeene. The ehronologieal sequence 
of the two spreading phases is diseussed below. 

TOPOGRAPHIC CHARACTERISTICS OF THE CENTRAL RIDGE IN THE SOUTH CHINA 

SEA 

Similar to an oceanie basin, the South China Sea has three large structural provinees, 
i.e., the central ridge, the abyssal plain and the continental margin. The seismie profile No. 
9 in the southwest of the basin shows the features of three large structural provinces, but be
eause of its later struetural deposition, the eentral ridge has already been covered with sedi
ments about several hundreds ofmeters in thickness (Fig.1), whieh means that the spread
ing aetivities have ceased. 

By means of gravity, magnetie, seabeam and seismic reflection data, some synthetie 
geological and geophysieal profiles of the eentral ridge have been plotted. These maps provide 
some significant evidenees for researehing in structural and topographie eharacters of the een-
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Fig.l Seismic profile NO.9 shows that the central ridge in the South China Sea has already been cov

ered with sediments. S 1-Horizontal seismic sequence, S2-Transparent sequence, B-Acoustic 

basement. 

From Fig,2a and b, it can be seen that varieties of geologie and geophysic data are con
sistent with each other very well. Based on the comprehensive characteristics of geology and 
geophysics, the central ridges with two different directions in the axial region of the South 
China Sea can be distinguished. They cross each other, and form a complicated tectonic 
framework. 

The seafloor scarps recorded by seabeam, magnetic lineations and the central rift valley 
observed on gravity and seismic profiles lie in NE trending in the axial region about 150 km 
wide between 117 0 30' E and Manila Trench. It indicates that the trend of northeastern sec
tion of the central ridge is in NE direction. 

In the central part of the basin from 116 0 E to 118 0 E, the structure of mid-section 
seems to be more complex. In this area exist some structures lying not only in E-W direction 
but also in NE and NW directions. However, according to the trends of seamount chain, 
gravity anomalies, magnetic lineations, central rift valley and seafloor scarps, its main 
structure still trends nearly in E-W direction. For example, the centra1 rift valley drawn in 
Fig.2a by sawtooth 1ines with a N-S width of 90 km, the scarps and magnetic lineations 10-
ca ted north of 15 0 40'N and south of 14 0 10'N are main1y E-W direction. 

Fig.2b is a map of synthetic geo10gica1 and geophysica1 profiles of southwest seetion of 
the ridge. Compared with the E-W trending ridge, its structura1 framework is more simple. 
All kinds of geo10gica1 and geophysica1 features are ~asically in the same trend with the direc
tion of N40 0 -50 0 E and are distributed symmetrically about its axis. Its centra1 rift valley is 
about 30-40 km wide. 

CROSSING RELATION AND CHRONOLOGICAL SEQUENCE OF THE TWO RIDGES 

As mentioned above, the centra1 ridges of the South China Sea are composed of two 
ridges crisscrossing with different trends. For this reason tectonic framework seems to be 
complicated. 

According to the traditiona1 concept, their time order can be determined by the cutting 
relationship between different structura1lines. But seabeam, gravity, magnetic and seismic 
data indicate that two ridges with different trendings in the South China Sea cut each other 
off. How can their order be infered? 

Orientations of the magnetic contours are well coincident with trending of scarps. To the 
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north of 15 0 30'N, they have a N70 0 -80 0 E trend and to its south, their trend are main
ly in N40 0 -50 0 E. The two groups of the magnetic contours and scarps with different direc
tions form a triangular structure. It represents that the NE trending ridge in the southwest of 
the South China Sea is cut off by the E-W trending ridge in the middle. The two ridges are 
shaped like "T" (not simple change of direction). 
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Fig.2 Structural direction of the central ridge of the South China Sea basin inferred from geology and 

geophysics. 

The same phenomenon has been observed near 14 0 30/N, 117 0 E, where the south 
wing ofthe E-W trending ridge meets with the southeast wing ofthe NE trending ridge in the 
southwest of the South China Sea, forming the second triangular structure U T " which im
plies that the NE trending ridge cuts off the E-W trending one. Similarly, there also exist 
two triangular structures at 16 0 N , 118

0 
E and 14 0 30/N, 118 0 30/E, where the NE 

trending ridge in the northeast of surveyed area is cut off by the E-W trending ridge in the 
middle (Fig.2a). 

The typical tectonic pattern of the South China Sea discussed above is shown in Fig3, 
where the E-W trending ridges cut and cross the NE trending ones and four triangular struc
tures are formed. This geometric pattern of structure provides a valuable basis for studying 
the spreading chronological sequence of the South China Sea. 
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Fig.3 The typical situation of tri angular structures formed by interseetion between the NE trending 

ridge and the E-W trending ridge. 

The following hypotheses may be proposed: 
1. According to the results of the field investigation, it is impossible that the age of 

seafloor spreading ofNE trending ridge is earlier than that ofN-W trending ridge. 
2. If the age of seafloor spreading of W~ E trending ridge was earlier than that of NE 

trending ridge, the following two models can be discussed. 
a. The first model is shown in Fig.4. 
N-S trending seafloor spreading began in Mid-Oligocene (32 Ma B.P.) in the east of 

the South China Sea and formed the E-W trending ridge and magnetic lineations. About 20 
Ma B.P. (Early Miocene), the second spreading with NW direction started in the whole 
South China Sea because the stress orientation changed from N-S to NW and formed the NE 
trending ridge. It extended from the northeastern part to the southwestern basin of the South 
China Sea and cut obliquely the early E-W structure line. The NW trending seafloor spread· 
ing widened the new ridge axis and pushed the EW trending fabric away from the ridge axis. 
Because numerous right- lateral transform faults with N140 ° E trend were off- set 
progressively eastwards, general trend of the mid- section of the central ridge turned to 
E-W direction. 
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Fig.4 The seafloor spreading in E-W direction is earlier than that in NE direction. 
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b.The second model is shown in Fig.5. 
The earlier spreading is similar to that of the first model. The later spreading with NW 

direction began 20 Ma B.P .. Different from the first model. the spreading axis was shaped 
like an inverse "sn under the influence of original weak belts ofthe E-W trending ridge in the 
eastern part. With the continuation of the seafloor spreading. the axial region widened 
progressively to exhibit the structural framewoke observed now. 
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. Fig.5 The seafloor spreading in E-W direction is earlier than that in NE direction. 

Both models are coincident with the results of our field measurements. It has allowed us 
to identify the following chronological sequence of the two spreading phases in the South 
China Sea. The age of seafloor spreading of the E-W trending ridge is older than that of the 
NE trending one. 

MAGNETIC LINEATIONS AND SEAFLOOR SPREADING AGE 

The sefloor spreading age determined just by using magnetic lineations is often 
nonunique. especially in the ca se of a small number of magnetinc anomlies. To avoid this 
shortage. both geological and geophysical data have been used to identify the structural 
geometrie pattern and crisscrossing relationship of the central ridge in the South China Sea 
and to provide a definition of spreading age of the ridges. Then the magnetic profiles have 
been compared repeatedly and carefully with the theoretical models. The spreading ages of 
the two ridges have been dated as follows: 

l.The magnetic lineations of the E-W trend in the middle part of surveyed area are iden
tified as 5D through 6A (Fig.6) and are distributed symmetrically about the E-W trending 
seamount chain near 15 0 N. The magnetic lineations earlier than 6A. have not been co m
pared with the theoretical profile because they are located beyond the surveyed area. 

Anomaly 6A away from the ridge axis has a typical anomaly shape and keeps better 
symmetry about the spreading center and good continuity in the different profiles. However. 
it is a !ittle difficult to identify anomalies 5D through 5E. 
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Fig.6 The theoretic model ofthe E-W trending magnetic lineations 

2. The magnetic lineations with the NE trend are considered to be in the sequence of 5C 
through 6 06-20 Ma B.P., Figs. 7 and 8) and are distributed within the southwestern 
part and the areas east of 118 0 E in the South China Sea..· / 

3. The spreading in both directions has a nearly equal rate of 2.5 cm / a (half spreading 
rate). 

Fig.7 The theoretical model of the NE trending magnetic lineations (in the southwest of the South 

China Sea basin). 
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Fig.8 The theoretic model ofthe NE trending magnetic lineations (to the east of 118 0 E). 

CONCLUSIONS 

1. On the basis of the geological and geophysical da ta collected in the South China Sea, 
the topographie eharacteristics and the crisserossing patterns ofthe two ridges have been stud
ied in detail. It is possible to infer reliably the spreading chronologieal sequenee of the two 
ridges and then to determine the spreading age of the NE trending ridge in the southwestern 
basin. 

2. In order to avoid nonuniqueness of the spreading ehronology, the spreading ages of 
the two ridges are identified not only by the magnetie lineations, but also by the spreading 
ehronologieal sequenee. 

3. The crisserossing relations between the different trending struetures in the axial area 
have been explained eontentedly by the current theory of seafloor spreading. It might be diffi-
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cult to explain the phenomenon in the traditional concept. 
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ABSTRACT 
/ 

We combine the interpretation of Sea Beam bathymetric data and seismic reflection pro
files in the axial part of the South China Sea basin with an updated identification of the mag
netic anomalies, to develop a model of opening of the basin. These interpretations show that 
oceanic spreading was very asymmetrie and included at least one ridge jump. We show that 

. . 
anomalies in seafloor fabric, characterized by large differences in basement depth and 
roughness, are related to a decrease in spreading rate after the ridge jump, from about 2.5 
cm / yr to 1.5 cm / yr. Spreading most probably started in the eastern part of the basin, and 
propagated towards the southwest in two major steps, at time of anomaly 6b-7, and at 
time of anomaly 6-Se. Each step is correlative of a variation of the ridge orientation, from 
nearly E-W to NE-SW, and of a variation in the spreading rate. The spreading stopped 
synchronously along the ridge, at about 15.5 Ma. From computed fits of magnetic 
isoch rons, we ca1culate 10 finite poles of rotation at the times of magnetic anomalies 11 to 
Sc. We propose a model of opening of the basin in Oligo-Miocene time, in which oceanic 
spreading in South China Sea, as revealed by magnetic anomalies, and extension on its 
continental margins are mostly related to extrusion of the Indochina block as a consequence 
of the collision of India with Asia. 

INTRODUCTION 

In models of evolution of the basin based on structural observations on the margins and 
on directions of the magnetic anomalies in the eastern part of the sea, most of the oceanic 
crust is created with a N-S direction of spreading (Holloway, 1982; Taylor and Hayes, 
1980, 1983; Ru and Pigott, 1986). A model deduced from indentation experiments on 
plasticine invokes the opening of the basin as a terminal pull-apart at the end of the Red Riv
er Fault, then a major left-lateral strike-slip fault allowing for the extrusion of Indochina 
(Tapponnier et al., 1982; Peltzer and Tapponnier, 1988). To choose between these two 
types of model, we take yet another point of view by performing a quantitative 
reconstruction of the opening of the basin using the powerful constraint provided by magnetic 
isochrons and seafloor fabric . 

We present the interpretation of the structural data, describe our preferred identifica
tion and fit s of magnetic lineations, and analyze the evolution of the spreading in space and 
time. We investigate how extension in the basin is consistent with deformation ofthe adjacent 
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continental lithosphere. We then propose a model of opening of the basin deduced from this 
comparative analysis. The analyses and results presented here have been published or are in 
press elsewhere. 

STRUCTURAL ANALYSIS 

In 1985, Sea Beam bathymetric data and seismic reflection profiles were collected in the 
axial region of the South China Sea and on the western margin during two cruises on the 
R / V Jean Charcot. The fabric of the 150-200 km wide axial part of the basin is eharacter
ized by a blocky basement, with normal faults striking N50 0 E± 15 0 and fracture zones 
striking N140 0 E± 15 0

, eovered by sediments about 0.5 s thick (two way travel time) in 
the east (Fig. 1) (Taylor and Hayes, 1983; Pautot et al., 1986, 1990; Briais et 

al., 1989). To the southwest, the fabric is homogeneous, characterized by NE striking 
normal fault searps and NW striking searps (Pautot et al., 1986; Briais ef al., 1989). The 
average sediment thickness there is higher than in the east and reaches 1- 1. 5 seconds 
(Taylor and Hayes, 1983; Pautot et a/" 1990). The 10eation of the extinct spreading axis 
is given by a symmetry in the tilting of the blocks (Fig. 1). North and southeast of the ihfer
red relict spreading axis, the sediment thickness inereases significantly to l. 5-2 seeonds and 
the basement beeomes much smoother (Taylor and Hayes, 1983). The differenees in the 
seafloor fabric suggest that the characteristics of the spreading varied during the opening of 
the basin. The axis of the ridge between 115 0 50' E and 118 0 45' E is very irregular and in
vaded by large seamounts forming the Scarborough seamounts ehain . Most of the seamounts 
are elongated both in the direction of the ridge segments (N50 0 E) and in the direction of 
the transform faults (N140 0 E), suggesting that their growth was eontrolled by the 
preexisting fractures in the oceanie erust. The fabrie observed in the 150-200 km wide axial 
part of the basin suggests that the axial area, in the east and in the southwest, was ereated 
about a spreading axis eonsisting of segments trending NE- SW (Pautot et al., 1986) , 
probably disseeted by numerous fracture zones in order to maintain the global E- W 
orientation of the axis (Briais et al., 1989). Offaxis some scarps trending N70-80 0 E are 
observed, but the structural information about the seafloor fabrie is not as precise as in the 
axial area (Fig. 1). To the north or south, correlation of magnetic anomalies between 
c1osely-spaced profiles represents the only constraint on the evolution of the direction of ex
tension with time. 

MAGNETIC ISOCHRONS AND EVOLUTION OF THE SPREADING IN THE SOUTH CHINA 

SEA 

This seetion presents the identifieation of the magnetic anomlies and the resulting set of 
magnetic lineations, and the history of the oceanie part of the basin dedueed from the fit of 
the magnetic isochrons. The evolution of the spreading in the basin is characterized by the in
stability of the spreading center at the beginning of the history, and by the propagation of 
the oceanie spreading towards the southwest in the seeond half of the history. 
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Fig.l Structural observations in the central part of the South China Sea. Bathymetry in kilometers. 

Normal faults observed on Sea Beam swaths are located along tracks (barbed lines). Structural trends 

not interpretable as normal faults are represented by dashed segments. Dotted lines are magnetic 

anomaly lineations, and white lines the fracture zones interpreted by Taylor and Hayes (1983). From 

Briais et al., 1989. 
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Data and methods 

We compiled the magnetic data from the Charcot cruises with a map of dosely-spaced 
magnetic profiles compiled by Chen (1987), by digitizing the magnetic anomaly profiles 
from the map, to get a set of data that could be easi1y projected and processed. In addition 
to these data, we have used Conrad and Vema profiles (Tay10r and Hayes, 1980, 1983; 
Hayes et al., 1987). 

To identify the magnetic anomalies, we use a magnetic time scale which is a slightly 
modfied version of that described by Patriat ( 1983). From the interpreted magnetic 
lineations, we fit the isochrons and calcu1ate the poles and angles of rotation. A finite pole 
of rotation is obtained for each magnetic anomaly. For each stage between successive anoma
lies, we also calculated from the corresponding finite poles the rates and orientation of 
spreading for two points which now belong to the relict spreading axis. 

The Old Crust in the Eastern and Northwestern Basins: Instability 0/ the Spreading Center 
(32-25 Ma) 

Our interpretation of the longest magnetic profiles from the eastern subbasin confirms 
the Late Oligocene-Early Miocene age (Taylor and Hayes, 1980, 1983) of the sequence 
of anoma1ies. The oldest lineations which could be identified are anomaly 11 in the north and 
10 in the south (Fig.2). The beginning of the spreading in the South China Sea probab1y oc
curred ab out discontinuous spreading centers since anoma1y 11 is not uniformly observed to 
the north. lust after anomaly 10 the spreading stops in the northwestern subbasin but contin
ues in the eastern part. The isochron drawn for anomaly 10 suggests that the ridge was seg
mented and that the segments were globally disposed en echelon (Fig.2). Anomaly 8 appears 
as the most continuous isochron, and the discontinuities observed at anomalies 9 and 10 no 
longer exist. The direction of the spreading at this time is dose to N-S. 

An asymmetric distribution of the magnetic anomalies in the northern and southern off 
axis oceanic areas implies that the ridge jumped to the south just after anomaly 7 (Fig. 2). 
The magnetic interpretation also suggests a variation in half spreading rate at the time of the 
jump, from 2.4-3.0 cm / yr before the jump, to 1.9 cm / yr for the youngest ridge, which 
may be correlated to a variation in the morphology of the ridge system. Spreading at interme
diate rate created re1ative1y smooth basement, and spreading at slower rate created rougher 
basement. Such a variation of the fabric of the oceanic crust with the spreading rate has been 
observed on the Mid-Indian Ridges « 1 to 3cm / yr) (Tapscott et al. , 1980; Patriat, 
1983). 

The Axial Eastern Area and the Southwestern Basin: Propagation 0/ the Spreading Center 
(25-15.5 Ma) 

In the eastern area, after the ridge jump, the magnetic anomalies appear to be more 
and more disrupted when approaching the axis (Fig.2). For the sequence of anomalies 6b to 
6 to the east, the magnetic sequences are rather symmetrical. with a half spreading rate of 
1.8-2.0cm / yr. West of 117.30 0 E, the best fitting model invo1ves a sm all ridge jump to the 
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south at anomalies 6a-6 time, and a half spreading rate of 1.9 cm / yr. The 6b lineation is 
weil defined in the east, with the configuration inherited from the ridge jump. To the 
southwest, it only forms short segments which separates Macclesfield Bank from Reed 
Bank , corresponding 10 a firSI sler ofpropagation. 
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Fig.2 Magnetic lineations in the South China Sea. Also shown are tectonic features observed on Sea 

Beam bathymetry data, showing orientation of fault scarps in the axial area. From Briais et al., 

1991. 

In the southwestern part of the basin the major problem is the sm all width of the basin 
( < 300 km) which implies that the match with a synthetic magnetic anomaly model is not 
uniq ue. The sequences of anomalies 5c-6b , 8-l3, 13-19 and 21-26 from the reversal time 
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scale provide synthetic profiles which resemble the observed magnetic profiles. The 
reconstruction corresponding to the sequence of anomalies 8 to 13 revealed a very 
discontinuous system of ridge segments between the east and the southwest. In our preferred 
model, we chose the sequence of anomalies 5c to 6b, most often with a spreading rate of 
1. 5 cm / yr on both sides of the axis. Several profiles, however, display a prominent 
asymmetry, which we model as a small ridgejump to the south at the time ofanomaly 5d. 

The distribution of the anomalies implies that the ridge propagated towards the southw
est in two major steps, first at the time of anomalies 7-6b, then at the time of anomaly 6, 
when the ridge reached its longest extent (Fig.2) . The computed direction of spreading be
tween the ridge jump and anomaly 6 is NNW-SSE, becomes c10ser to N-S around anomaly 
6, and changes back to NW-SE after anomaly 5e. The time of anomaly 6 is also correlative 
of a reorientation of the spreading segments in the east. from N80 ° E to N60 ° E in 
average. The ridge is segmented by transform faults which appear to be more numerous to the 
east than to the southwest. In both areas, however, the Sea Beam bathymetry does not 
show as many fracture zones as suggested by the offset of the magnetic isochrons (Fig.2). 
This suggests that the spreading axis may be offset along zones of rather diffuse 
deformation, which do not c1early appear in the Sea Beam bathymetry (Pautot et al. , 
1990). 

The last episode of spreading in the very axial eastern part of the basin may only be de
duced from the model obtained for anomalies 6-5d, which suggests a cessation of spreading 
near anomaly 5c, assuming a constant spreading rate between anomaly 5d and the cessation 
of spreading. In the southwestern part, the end of the spreading is observed just after anom
aly 5c. The simplest conc1usion is thus that the cessation of spreading in the South China Sea 
was synchronous all along the ridge, just after anomaly 5c, at 15.5 Ma. I 

DISCUSSION: IMPLICATIONS OF THE RECONSTRUCTIONS OI<' THE SOUTH CHINA 

SEA FOR THE TERTIARY EVOLUTION OF SOUTHEAST ASIA 

Because of the present-day orientation of extensional troughs north and south of the ba
sin, and of the relict spreading axis, all models of opening of the South China basin agree 
on the existence of a major transcurrent system to the west of the basin. From a kinematic 
point of view, it is possible either to terminate the rift system against a right lateral 
strike- slip fault following the Vietnam margin, and to detach only small fragments of the 
Chinese continent along it (Holloway, 1982; Taylor and Hayes, 1983; Ru and Pigott, 
1986) , or to propagate left lateral strike-slip faults from the continental area into the rift 
system ( e. g. Tapponnier et al. , 1986; Peltzer and Tapponnier, 1988). These two 
hypotheses differentiate the two types of kinematic models of evolution of the basin. They 
represent two mechanisms of extension in the South China Sea involving distinct driving 
forces: the subduction of an old oceanic crust in the North Borneo Trough in the first type 
of model, and the relative motion of the Indo-China Block with respect to the South China 
one in the second type of model. Since the existence of the North Borneo subduction zone is 
questionable, and the left-lateral motion along the Red River fault has been evidenced by 
field work, we favour the second type of model. 
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Compatibility of the Oceanic Spreading with a Left Lateral Motion along the Red River Fault 

Models involving large horizontal displacements on strike-slip faults (e.g. Tapponnier 
et a/" 1986; Peltzer and Tapponnier, 1988) may be tested by estimating the relative mo
tion of the blocks on either sides of the faults, the age of movement on these faults, and the 
compatibility of extensional deformation in the basins in which the faults end. 

Field work in the region of the Ailao Shan and Dian Cang Shan along the Red River 
fault zone has recently evidenced that left lateral ductile shear along this zone caused the for
mation of a gneissic belt, characterized by vertical foliation and subhorizontal lineation. 
Radiometric dating of leucogranites in two locations along the belt yields an age of 23.0 ± 0.2 
Ma for the ductile deformation along the shear zone (Scharer et al., 1990). The k,ihematics 
and first estimates of the ages of the deformation along the Red River fault thus confirms that 
this fault system represents a major houndary between the China block and the Sunda block. 
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Fig.3 Successive positions, relative to South China, of the present-day Red River fault trace, as

sumed to be fixed to Indo-China, during seafloor spreading in the South China Sea. The positions are 

computed using the finite poles of rotation and the parameters of motion computed from the fit of the 

magnetic isochrons. Blocks south of the spreading ridge are assumed to have been part of the Sunda 

shelf at all time since 35 Ma. From Briais et al., 1991. 

We test the kin.ematic compatibility of the opening of the oceanic area with the 
movement on the Red River fault by assuming that block on the southern side of the South 
China Sea spreading ridge (Dangerous Grounds, Reed Bank) remained rigidly attached 
to Indo-China during the formation of oceanic crust in the basin. Fig. 3 represents the suc
cessive traces of the fault at the time of anomalies 11, 10, 8, 7 (ridge jump) , 6 and at 
present, considered to represent the northeastern boundary of the Indo-China Block mov
ing with respect to fixed South China. Overall, the positions of these successive traces sug-
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gest that much of the spreading of the South China Sea may be related to transcurrent 
movement on this fault. The displacement resulting from the magnetic isocnrons 
reconstruction seems fully compatib1e with the intense sinistral shear recently documented 
along the Ailao Shan and Dian Cang Shan and with the age of that shear. The total amount 
of left-Iateral motion computed from the reconstruction (560 km) is also compatible with 
that estimated from the displacement of the Jinsha-Uttaraditt suture (Tapponnier et al., 
1986), which is seen to be completely restored on Fig. 3. 

Principal Phases in the Opening 0/ the South China Basin 

Considering the compatibility of the motion along the Red River fault with the 
parameters of the spreading, we propose a model of opening of the basin in which the suc
cessive rotations of the Indochina block and its structural markers with respect to the China 
block are those computed to fit the magnetic isochrons (Fig.4). 

The Beibu Gulf (Tonkin Gulf) and Yinggehai (west of Hainan Island) troughs 
elearly appear as pull-apart basin that opened at the southern tip of the Red River fault sys
tem (Tapponnier et al., 1986). Expanding spread profiles performed on the South China 
margin reveal that the crust beneath the Xisha trough is anomalously thin, · suggesting that 
this trough is also a failed rift, where no oceanic crust was created. We infer that a system of 
basins disposed en echelon formed at the tip of the Red River fault. In the eastern most basins 
only oceanic crust was generated (Fig.4a). 

The instability of the oceanic spreading until anomaly 6 (20 Ma) may be interpreted as 
a consequence of the propagation of the Red River fault system to the south, leading to a 
more diffuse rifting between the termination of the strike-slip fault system and the spreading 
center (Fig.4). We infer that mechanical constraints, which are difficult to deduce from the 
present-day observed pattern of rifts and ridges, prevented the ridge to jump in a single step 
at the time of anomaly 10, and maintained Macelesfield Bank and Reed Bank continental 
blocks elose together during the entire period from anomaly 10 to anomaly 7. 

At anomaly 6 time an almost steady state was probably reached for the 
strike-slip-spreading system, implying that the propagation of the spreading system stops 

(Fig.4). We suggest that the cessation of spreading is related to the cessation of motion on 
the Red River fault, itself inferred to be due to the change in the stress field as the Indian in
denter bypasses the Southeast Asian continental block (Tapponnier et al. , 1986; Peltzer 
and Tapponniet, 1988). 

CONCLUSION 

Clearly, the model of opening presented here and the choice of hypotheses from which 
it derives are not unique. Nevertheless, because the Red River- Ailaoshan fault zone is a 
large Oligo-Miocene discontinuity that extends into the South China Sea, with hundreds of 
kilometers of left-lateral displacement, the positive test of compatibility between displace
ment on this fault and seafloor spreading in that sea implies that it has played a leading role in 
the formation and evolution of the sea. Moreover, in our reconstruction, the total rotation 
of the Indochina block with respect to the South China Block is about 12 0 , which is elose 
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to the rotation measured from paleomagnetic sampies (20 ± 10 0, Achache et al., 1983). 

The scenario presented here therefore accounts for most of the existing observations within 
the basin and in continental regions surrounding it to the north and west. 
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ABSTRACT 

The eastern border of the South China Sea is the Manila Treneh whieh separates it from 
the Philippine Mobile Belt. This mobile belt includes: 1) eontinental fragments dragged 
along the Eurasian margin du ring the doeking of the Philippine Are, 2) large part of the 
Philippine are earried by the Philippine plate, and 3) ophiolitie bodies originated in margi
nal basins. 

Comparative study along the western edge of the Philippine plate allows to identify and 
date the meehanisms of its aeeretion along the Eurasian margin, and to propose the south
ward migration 05 the eollision. Teetonie and stratigraphie evidenee of teetonie aetivity is of 
the late Middle Mioeene in Taiwan. Doeking of the Philippine are is of late Middle Miocene 
in Luzon, of Late Mioeene (10 My) in the Visayas (central PhilippiIies) and of 
Plioeene in Mindanao, while it is not yet eompleted in the Molueea Sea. The doeking is rap
idly followed by a renewal of subduetion along the eastern edge of the South China Sea, the 
Sulu Sea and the Celebes Sea, showing a southward progression from 11 My, in the Ma
nila Treneh to 7 My in the Negros Treneh and Late Plioeene to Pleistoeene in the Celebes Sea. 
Subduetion reversal from the western subduetion front (Manila, Negros and Sulu 
trenehes) to the Philippine Treneh, is assoeiated with the beginning of aetivity along the 
Philippine Fault S.S. and begins in late Plioeene. Deeoupling between the Philippine plate and 
the Eurasian plate presently oeeurs along the Philippine Treneh and the Philippine fault sys
tem. 

INTRODUCTION 

Most of the eireum Paeifie mountain belts have been formed by progressive aeeretion of 
mierobloeks, mainly of island are origin against eontinental margins, as a result of oblique 
eonvergenee (lones, 1982; Howell et al. , 1985). The present-day geodynamie frame
work of western Paeifie shows numerous examples of assoeiation of subduetion zone and 
strike- slip fault in oblique eonvergenee region where a meehanism of partizioning is often 
diseussed (Fiteh, 1972; Woodeoek, 1986; Aurelio et al., 1990). The motion seems to 
be absorbed by two parallel deeoupling zones; one of transeurrent faulting (eomponent 
paralei to the treneh) and one of underthrusting (eomponent normal to the treneh). The 
neotectonie evolution of Philippines and the eastern border of the South China Sea is closely 
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related to the aetivity of the Philippine Mobile Belt and is helpful model to understand the 
history of an intraoeeanie vo1canie belt, its migration and doeking against a eontinental 
margin. Therefore, our study was extended further south all the way down to Mindanao in 
the southenmost Philippines (Fig.l). 

GEOLOGICAL SETTING AND KINEMA TICS 

The' oblique eonvergenee of the Philippine plate relative to the Eurasian plate (Seno, 
1977, Cardwell et al, 1983; Seno and Maruyama, 1984) has been aeeoIl!<ldated by 
large strike- slip (Karig, 1983; Karig et al., 1986) and collision zones ·CRangin el 

al., 1985). The orogenie belt that resulted from this tectonic framework (Fig.l) extends 
from Taiwan (Stephan el al. , 1986), Luzon where both strike-silp and shortening have 
oeeurred (Bachman et al. 1983), Mindoro and Panay (Irving, 1950; Rangin et al., 

1985, M~rehadier and Rangin, 1990), to Mindanao (Hawkins et al., 1985) and the 
Molueea Sea (Moore and Silver, 1983). Evidenees of Mioeene strike- slip deformation 
were found by mieroteetonie analysis of the metamorphies rocks of the Philippine are 
(Geary and Kay, 1989) or of the basin edges in Luzon, Mindoro (Bachman, 1983; 
Maleterre el al., 1988), and Mindanao (Pubellier et al.. 1990). Among these faults, the 
Philippine Fault is a neotectonic feature (Barrier el al. , 1990; Aurelio et al., 1990), 

whose history is linked to lhe subduetion along the Philippine Treneh. However, some older 
faults crosscut the mobile belt and may be related to the collage of terranes of Philippine plate 
affinity to eontinental fragments rifted away from mainland China. They are namely from 
north to south: Vigan-Aggao Fault (Pinet and Stephan, 1990), the West Luzon Shear 
( Karig, 1983) in Luzon, the Marinduque Fault in Central Philippines and lhe 
Daguma-Cotabato fault zone in Mindanao. 

Presently, the NW- SE eonvergenee is partly absorbed by the subduetion along the 
Manila Treneh whieh eorresponds to the eastern boundary of the South China Sea (Fig.l). 
Eastward subduction along the Manila Treneh (Taylor and Hayes, 1980; Lewis and 
Hayes, 1984) is imaged by a steeply dipping Wadati- Benioff zone weIl defined by dense 
seismieity to depth ofmore than 200 km (Cardwell et al., 1980; Hamburger et al., 1983). 

This aetive margin is anehored both north in the Taiwan and south in the Mindoro eollision 
zones (Ho, 1979; Rangin et al, 1985; Marehadier and Rangin, 1990). 

In this paper, we will foeus on timing of are aetivities and tectonic events all along the 
former plate boundary, using stratigraphie, radiochronologie and struetural data 
throughout the Philippine Mobile Belt. 

GEOLOGY OF THE PHILIPPINE MOBILE BELT 

Twq major composite terranes ean be differentiated on the basis of their stratigraphie re
cord (Fig.l). An eastern one, on the margin of the Philippine plate, is dominated by an 
oeeanie and island are basement on whieh an Eoeene and Oligoeene vo1canie are is developed. 
Neogene clastie basins eontroled by N and NW faults were deposited above the are. A 
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Fig.l Overview of the plate boundary between the Philippine plate and the Eurasian plate. 1. 
Major tee tonic contact between rocks of Eurasian and Philippine affinities (terranes bound
ary). 2. Subduction zones. 3. Apex of the double verging subduction of the Molucca Sea. 4. 
Strike- slip fault. 5. Magnetic anomalies of the South China Sea. 6. Limit of continental and 
oceanic crust of the marginal basins. 7. Eurasian margin fragments . 8. Continental fragments 
dragged along the collision zone. 9. Philippine are (western edge of the Philippine plate). 10. 

Marginal or back-are basins. 
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western terrane with continental basement similar to the one on the Eurasian margin is dis
tended since the Eocene during the opening of the marginal basins (South China Sea, Sulu 
Sea, Celebes Sea) (Rangin et al., 1989 a and b; Rangin et al., 1990). 

The major part of the Philippine archipelago, the Philippine Mobile Belt (Gervasio, 
1966) shows remarkablg consistency in nature and geological history from Luzon to 
Mindanao (Fig.2). The oldest rocks are Early and Late Cretaeeous ophiolites, vo1canic are 
and plutonic sequences overlain sometimes by Eocene and more commonly by Upper 
Oligocene to Early Miocene carbonates. From Early Miocene, coarse detritals invade basins 
controled by synsedimentary normal and strike slip faults. These basins which extend from 
Luzon, to Leyte and Mindanao presently trend N-S due to Late Miocene to Present short
ening and are filled with thick conglomerates of vo1canielastic materials that grade ,upward to 
finer turbidites and marly sediments. • 

The Coastal Range 0/ Taiwan 

The coastal range of Taiwan does not exceed 12 km in width and corresponds to the 
northern extension of the Luzon vo1canic are which is presently colliding with the China mar
gin. It is only composed of a thick vo1canielastic sequence of Miocene age overlain by a 
Pliocene to Pleistocene elastic unit (Ho, 1979, Fig. 2). Whole rock (K / Ar) isotopie 
ages of the volcanic elasts engulfed in the conglomerate south of Taiwan range between 16 
and 4 My (Richard, 1986). This span of ages may reflect the activity of the northern part 
of the Manila Trench 

The major eollision event which built the present mountain range of Taiwan is of 
Pliocene age (4- 3 My). This is also the age of the emplacement of the Lichi Melange by 
gravity flow. However, in the southern part ofTaiwan, chaotic sedimentation begins in the 
Middle Miocene with conglomerates blocks engulfed in the Kenting Melange of Late 
Miocene age (Pelletier and Stephan, 1985). Coarse elastics also begin during NN6 
Nannozone in the Ssuchung Chi series and act as a marker for the ophiolitic obduction. In 
addition, microtectonic studies in the western foothills shows a shift during Late Miocene 
from extention (normal to the trend of the continental margin) to compression (Barrier, 
1985). 

Luzon (PhilippinesJ 

Luzon is composed of north trending morphostructural features which are cut obliquely 
by the Philippine Fault (Fig.1). We will examine the stratigraphie and tectonic evolution 
along two transects. A synthetic stratigraphie column is presented in Fig.2. 

In the north, the core of the Luzon Central Cordillera antielinorium exhibits magmatic 
rocks which belong to two distinct ares. 1) The early are bear ages from Lower to Upper 
Oligocene. Large coarse elastics of Oligocene-Miocene boundary (Klondyke Formation) 
come from mass wasting along the are and are covered by late Early Miocene to early Middle 
Miocene platform limes tones (Ba1ce et al. 1981). 2) The latter, whieh is still active 
(Maleterre et al., 1988), started by la te Middle Miocene and its products are elearly re
corded in sedimentary basins (Ilocos and Cagayan basins) on both sides of .the Cordillera 
(Pinet and Stephan, 1990). This second are is related to the subduction of the South 
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China Sea and strietly parallels the Manila Treneh. Other rocks present on the western eoast 
of Luzon inc1udes ultra-mafie and mafie series. They range in age from Late Cretateous in 
the northwest tip of the island, to Eoeene in the Zambales massif (Karig, 1983; 
Hawkins and Evans, 1983). A bathymetrie high along the foreare basin also bears seismie 
eharaeteristies of oeeanie material (Pautot and Rangin, 1989). Their appartenanee to a 
unique erustal fragment remains subjeet to diseussion. 

The aetive Philippine fault traverses Luzon Island from south to north where it splits into 
several splays. Stratigraphie evidenees of strike- slip motion are found within late Middle 
Mioeene rocks (Pinet and Stephan, 1990). However these faults reaetived previous strue
tures that eontrolled sedimentation during the Oligoeene. One of these, the W.e§'t Luzon 
shear zone whieh is loeated on the western flank of Zambales range, juxtaposed mieashists 
and ophiolitie rocks (Hawkins and Evans, 1983; Karig, 1983). 

In the south, both ares are separated by the Central Valley basin, the Oligoeene are 
eropping out in the Southern Sierra Madre while the Luzon are is exposed on the eastern 
flank of Zambales massif and extends southward as far as Mindoro and Marinduque. 
There, the Manila Treneh passes onshore and the oblique eonvergenee was absorbed by the 
Marinduque and Verde passage fraeture zones (M~uehadier and Rangin, 1990). 

Central Philippines 

The Visayan arehipelago in Central Philippines is eomposed by a Cretaeeous to 
Paleogene ultra- mafie, metasedimentary and Eoeene to Middle Oligoeene vo1canie and 
plutonie basement. Early Mioeene to Late Mioeene is aperiod of unstability eharaeterized by 
various deposits (terrestrial. deep and shallow w~te; c1asties) and by Middle Mioeene 
tuffs that eorrespond to the northern extention of the Sulu are (Valderrama are, Rangin et 

al. , 1989 a, b & e). The important point is the presenee of an uneonformity at the Middle 
and Late Mioeene boundary (10 My) (Rangin et al. , 198ge). This uneonformity 
(Fig.2) is typieal of the Central Philippines; it is known in Palawan (Frieaud, 1984), 
and Panay-Mindoro (Rangin et al., 1985; Marehadier and Rangin, 1990). It ~as also 
found in oil wells in the Bantayan graben NW of Cebu. 

The Negros are is weil developed from the Plioeene, but a vo1canogenie influenee is re
eorded in Bohol during Late Mioeene (Sevill Formation). The most reliable indieator far the 
beginning of aetivity along the Negros are may be reeorded within the sediments of the Sulu 
Sea whieh was drilled during ODP Leg 124, in front of the Negros Treneh. They indicate the 
sudden input oftephras 7 My aga (Figs.2 and 3, Pubellier et ai., 1991 a). 

Mindanao 

Mindanao is eomposed of the same igneous basement on whieh the Eoeene to Late 
Oligoeene Philippine are was developed. Large basins cover part of the are sequenee. The 
Agusan-Davao Basin eonsists of an elongated struetural trough, 250 km long and trending 
roughly north-south (Teves et ai., 1951; Irving, 1950; Ranneft et ai., 1960). 

The Cotabato basin separates the East and the Central Mindanao teetonostratigraphie 
terranes in a presumed suture zone whieh is believed to be related to the doeking of the east
ern oeeanie terrane (Philippine Mobile Belt-Halmahera are) against the western eontinen-
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tal terrane (Zamboanga-Daguma) in a strike-slip environment (Mitchell et al., 1986; 

Pubellier et al., 1991 b, Fig.2). The collision phase is emphasized by en echelon folds in 
Early Pliocene sandy marls which are sealed by horizontal Pleistocene (?) sediments. There
fore, the docking phase may be located in time earlier than in central and northern 
Philippine during the Pliocene (Figs.2 and 3). Volcanic series that postdate the docking are 
very young. Isotopic K / Ar datings range from l. 5 to 0.25 My in central Mindanao. Volca
noes associated withthe subduction in the Cotabato Trench are young but undated . Correla
tion with tephras drilled in the Celebes Sea would suggest an age of 2.5 My (Pubellier et 

al., 1991 b). 
Preliminary field observations and neotectonic study of the drainage pattern suggest that 

the Philippine Fault crosscuts and folds the Plio-Quarernary carbonates and is probably re
sponsible for a new pulse in the coarse detritical input in the Agusan-Davao basin (Pubellier 
et al., 1990). It is a neotectonic feature probably related to the newly born subduction along 
the Philippine Trench (Willis, 1987; Ranneft et al., 1960; Allen, 1962; Philippine 
Bureau ofMines, 1963; Bischke et al., 1990). 

South of Mindanao, in the Molucca Sea, the collision between the two facing arcs 
(Roeder, 1977; Cardwell et al., 1980; McCaffrey et al., 1980; Moore and Silver, 
1983) is not completed and the double verging subduction is still active. 

INTERPRETATIONS 

The Philippine Mobile Belt, which constitutes the major part of the Philippine archipel
ago, shows remarkable consistency in nature and geological history from Luzon to 
Mindanao (Fig.2). The oldest rocks are Early and Late Cretaceous ophiolites, volcanic arc 
and plutonic sequences overlain sometimes by Eocene and more commonly by Upper 
Oligocene to Early Miocene carbonates. During Early Miocene, coarse clastics invade ba
sins controlled by synsedimentary normal and strike slip faults. These basins which extend 
from Luzon to Bicol and Mindanao presently trend N- S due to Late Miocene to Present 
shortening and are filled with thick conglomerates of volcaniclastic materials that grade up
ward to finer turbidites and marly sedmiments. In the southern part, on Mindanao Island, 
the mobile belt series are found on both sides of the Agusan- Davao basin. In the northern 
part on Luzon the clastic sedimentation is replaced by volcanic and volcaniclastic series since 
the end of the Middle Miocene. In Taiwan, most of the interpretation agree with the exist
ence of two compressive events during the Neogene. The early one is marked the Middle 
Miocene obduction of a sliver of th~ South China Sea. However this age is coeval with the col
lision recorded in Mindoro and Panay, that is also responsible for ophiolite emplacement 
(Rangin et al., 1985), . and due to the convergence between Eurasia and Australia. We, 
therefore cannot decipher whether this event is related to the convergence between the major 
continental plates, or if we can invoke the influence of the Philippine Arc in this process. 

Southward migration of the collision (Fig.3) can thus be invoked. Major tectonic fea
tures in Taiwan and Luzon begin in latest Middle Miocene or Late Miocene, during Late 
Miocene (10 My in the Visayas (Central Philippines) and during the Pliocene in 
Mindanao, while it is not yet completed in the Molucca Sea. Similarly, docking is rapidly 
followed by a renewal of subduction along the eastern edge of the South China Sea, the Sulu 
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Sea and the Celebes Sea, showing a southward progression from 11 My in the Manila 
Treneh to 7 My in the Negros Treneh and Late Plioeene to Pleistoeene in the Celebes Sea 
(Fig.4). Subduetion reversal from the western subduetion zones to the Philippine Treneh is 
eontemporaneous with the beginning of aetivity along the Philippine Fault S.S. that initiated 
by Late Plioeene (Barrier et al., 1990). Two major kinds of strike-slip faults are observed. 
Some are related to the aeeretion proeess during the doeking of the Philippine plate (paleo 
Vigna- Aggao Fault and West Luzon Shear in Luzon, Marinduque and Sibuyan- Verde 
Passage fault in the northern Visayas, and Daguma-Cotabato fault in Mindanao) and 
others are due to the shear partizioning of the eonvergenee veetor between the Philippine and 
the Eurasian plates (Philippine Fault: Fiteh, 1972; Barrier et al. , 1~90). This 
transeurrent fault beeomes a thrust fault with aminor strike- slip eomponent in Taiwan 
(Longitudinal Valley Fault: Barrier, 1985). 

Taiwan Luzon Visayas I Mndanao 

Holocene 

I ~ Pleistocene ~ 
Pliocene . ---1 

Late 
Q) 
c: Middle Q) 
() 
0 
~ 

Early 

Fig.3 Time diagram of the major events of the Philippine Mobile Belt during Neogene. Solid lines pat

tern represents volcanic activity, and double circles occurrence of wrench faulting. Wavy !ines indi

cates major unconforrnity. 

Several types of fragments, therefore, eompose the large belt that fringes the eastern 
boundary of the South Ch~na Sea. They inc1ude eontinental fragments dragged along the 
Eurasian margin during the doeking of the Philippine Are (Zambales Mieasehists, eastern 
Mindoro and southwestern Mindanao), large part of the Philippine are earried by the 
Philippine plate (Central Cordillera and southern Sierra Madre of Luzon), and ophiolitie 
bodies probably originated in southern marginal basins like the Celebes Sea (Zambales 
Ophiolites), or possibly from seamounts of the South China Sea itself aeereted to the hang
ing wall ofthe Manila Treneh (Pautot and Rangin, 1989). 
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Fig.4 Evolution of the eastern Eurasian margin during the Miocene (A) and Plio-Pleistocene (B). 
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SPREADING AGES OF SUBBASINS IN THE SOUTH CHINA SEA AND 
THEIR RELATIONSHIP * 

LUWENZHENG 

Second Institute ojOceanography, SOA, Hangzhou, China 

ABSTRACT 

Based on reidentification of the magnetic data with other information, it is suggested 
that the history and mechanism of the formation of the central basin in the South China Sea 
are complicated and characterized by multiphase spreading. The northwestern subbasin is the 
oldest one in the South China Sea, and the southwestern subbasin the youngest while the 
spreading period of the eastern subbasin is the longest among all three subbasins. 

INTRODUCTION 

The fact that there are magnetic anomalies in the South China Sea has been generally ac
cepted, but the formative time of these magnetic anomalies and the relationship among its 
three subbasins during their evolution were still the questions under debate. 

On the basis of magnetic data of approximately 60000 km in the middle of the South 
China Sea, the author (1987) identified these magnetic lineations in the eastern and 
southwestern subbasins, and put forward a model of "three phases in two periods" . In 1987 
and 1988, the Second Institute of Oceanography, SOA of China and BGR of Germany 
jointly carried out some synthetic investigations of geology and geophysics with vessel 
"Sonne" to obtain a lot of new data. On the basis ofreidentification of magnetic lineations, 
along with seismic, seabeam and rock information, this paper tries to modify the spreading 
model of the South China Basin. 

CHARACTERISTICS OF MAGNETIC LINEATIONS OF SUBBASINS IN THE SOUTH CHINA 

SEA 

The central basin of the South China Sea is shaped like a rhombus with water depth 
more than 3500 m and covers about 350000 km2

• By the boundary of 116 0 E, it can be di
vided into three subbasins, the eastern, northwestern and southwestern subbasin (Fig.l). 

The Eastern Subbasin 

Magnetic lineations are best developed in this area and mainly located between 12 0 30' 
N and 18 0 30' N, 116 0 E and 118 0 E. A group of magnetic anomalies with three peaks lies 

* Project supported by National Natural Science Foundation ofChina. 
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symmetrically on two flanks of the seamount chain near 15 0 N . From no evident correlation 
between the magnetic anomaly and the seafloor topography, the magnetic anomaly resulted 
from the seafloor spreading. 
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The magnetic lineations lying to the north of the spreading centre are about 400 km 
wide, while to the south of the spreading centre, their width is less than 300 km. This 
asymmetry shows that there is difference of the evolution history of two flanks . 

The Northwestern Subbasin 

Magnetic lineations in the subbasin are distributed only between 114 0 30' E and 115 0 

30' E, sitting symmetrically on both sides of the zone of negative anomalies. As shown on 
the seismic profile of S049- 18, the zone of negative anomalies corresponds to seamount 
formed by the seafloor eruption apd extends westwards to connect with the Xisha Trough. 
Though no rock of the seamounts was obtained during cruise S049 and S058, the magnetic 
parameters of rocks obtained from the seamounts in the eastern subbasin by the Lamont ves
seI "Verna" are forwarded to fit in with the magnetic anomalies satisfactorily. Therefore, we 
can suppose that the seamount should result from magmatism at relic spreading centre. 

The Southwestern Subbasin 

Magnetic lineations in this area strike in the NE direction and their amplitudes are gen
erally about 200 nT and evidently less than those in the eastern subbasin. The subbasin can be 
divided into the eastern and western provinces, which is demarcated by 113 0 30 ' E. The 
eastern province is more than 200 km wide, while the western province, gradually to be 
narroweastwards, is less than 150 km wide. Seabeam and multichannel seismic demonstrate 
that a group of normal fault trending NE were developed in the area, and obviously the 
spreading centre has been offset sinistrally. 

REIDENTIFICATION OF MAGNETIC ANOMALIES 

Though there are many explanations about spreading of the eastern subbasin, Taylor 
and Hayes (1980) conc1usion of 5d through 11 magnetic lineations in the eastern subbasin 
is generally accepted. Recognition of magnetic lineations in the southwestern subbasin is 
completely different from each other. The magnetic lineations in the southwestern subbasin 
are regarded as sequence M (He et al.,), or 27-32 (Lu et al., 1987). Some people pro
posed that the southwestern subbasin formed at the same stage as the eastern subbasin did or 
even later (Pautot et al., 1986). The evolution history of the northwestern subbasin hasn ' t 
specially been discussed. By synthetically analysing new information, some recognitions 
about magnetic lineations of the three subbasins are given as follows . 

The Easlern Subbasin 

Taylor and Hayes (1980, 1983) thought that magnetic anomalies were developed 
symmetrically in both the south and north of the subbasin. Having analysed aseries of pro
files , we don' t find 9 through 11 magnetic anomalies on the north flank of the Reed Bank. 
The anomaly No. 8 is a negative one with its amplitude of the anomaly NO.9 being lower 
(Fig.2). 
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/ 
.' 

Fig.2 Correlation of the magnetic lineations in the South China Sea basin. (1) Anomaly No.; (2) 

Spreading model. 

There is a normal fault at shot No. 10000 on the profile ofS049-17, and the vertical 
displacement of basement is 600 m. On the south flank of the fault the surface of basement 
looks rough, while on the north flank it looks smooth. Features of seismic reflection are also 
different from each other. The fault is located right at the r.orth boundary of the anomaly 
No.8, and there is no evident deformation and slip of sediment cover. All above indicate 
that the fault was formed at early stage, probably being a strucmral boundary. 

Theoretical ca1culation shows that it is difficult for the displacement of 600 m to generate 
such a big magnetic anomly. Difference between basement magnetism of both sides of the 
fault may be a much more important cause. Magnetization reaches 2 A / m on the north 
flank and 8 A / mon the south flank (Fig.3). They, as we think, . were formed at different 
stages. 
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Fig.3 Correlation of magnetic lineations of S049-17 profile 
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The Northwestern Subbasin 

It is such a subbasin with thick sediment and thinned crust. The sedimental thickness 
generally is more than 2 km and its maximum is 3.5 km. Inverse computation of gravity shows 
that the crust thickness ranges from 7 to 8 km and the crust obviously is oceanic. According 
to the relationship betw~en age and depth of basement, the northwestern subbasin is the 
oldest of the central basin in the South China Sea. Compared with a theoretical model, the 
anomaly No.9 though 11 (27-32 Ma B.P.) can be identified (Fig.4). Restricted by the 
Zhongsha and Xisha massif, it spread at a low rate (1. 5 cm / a), and later stopped 
spreading and began subsiding, received thick sediment due to spreading of the 
southwestern subbasin. 
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Fig.4 Correlation ofmagnetic anomaly in the South China Sea Basin (northwest province) 

The Southwestern Subbasin 

According to the distribution of magnetic anomalies in the subbasin, we think that the 
tectonic development of the east part is different from that of the west. In the east, the mag
netic anomalies can be identified as No. 5c through 6c 06-23 Ma B.P.) In the west only 
exists the anomaly No. 5c to 6 (16-20 Ma B.P.) (Fig.5). The southwestern subbasin was 
formed over such several stages that its spreading centre gradually migrated from east to west. 

Seismic profiles of S049 show that the spreading centre is covered with very thin 
sediment, and the sediment al thickness is about 1 km on its two si des near the margin of 
continental slope. There are three groups of seismic reflection which can be traced to the east
ern subbasin. This also demonstrates that the spreading of the southwestern subbasin began 
at about the same stage as the middle of the eastern subbasin did. 
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SPREADING AGES OF SUBBASINS IN THE SOUTH CHINA SEA AND THEIR RELATION

SHIPS 

Both the complex feature of magnetic anomalies in the South China Sea and their ob
lique contact with the Manila Trench and the Philippine Island Are indicate that the 
evolutional history of the central basin of the South China Sea is complicated by polyphase 
spreading (Fig.6). lt will depend on the project of deep sea drilling to be implemented in the 
South China Sea to finaIly resolve these problems. The development of the South China Sea 
can be divided into five stages as follows. 

Paleogene 

Basement rocks drilled from Yongxing weIl No. 1 and Xicheng weH NO.2 in Xisha are 
Precambrian gneiss. The similar rock, dimicaceous has also been sampled during cruise S049 
to the north of Zhongsha. In tens of drilling weHs reached into the basement in the Zhujiang 
River Mouth Basin, there are varieties of regional metamorphie rock, migmatite and 
Cretaceous igneous rock unconformable under Tertiary of which the K -Ar age is 70-l30 Ma 
B.P .. The isotopic age of gabbro, diorite and granodiorite ranges from 70 to 133 Ma B.P., 
dragged from the north continental slope and Zhongsha during cruise S049. All above indi
ca te that the South China continent and Zhongsha, Xisha and Nansha had been a unity be
fore Paleogene, and their basemental co re is Precambrian metamorphie crystallization 
basement. From late Jurassie to Cretaceous, intensive orogenie movement (Yanshanian) 
took place with intermediate basic and intermediate acid magma intruding and erupting on a 
large scale in the region where the crust kept on uplifting in a long period. However, its 
south part had become an intraland shallow sea. 
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Paleocene-Early Oligocene 
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In this period, the regional stress field changed from compression to relaxation. Under 
the influence of tension, mantle uplifted and crust thinned, so that a system of vaIIey oc
curred in the north continental shelf and the middle of the South China Sea. The continental 
margin disintegrated by faults advanced toward the sea, and continental-crusted graben in 
the middle and the south of the South China Sea gradually changed into the tensional 
transitional-crusted one. 

The isotopic age of Cenozoic vo1canic rock and tuff widespread in the Zhujiang River 
Mouth Basin is 17.1 through 57.1 Ma B.P .. It also demonstrates that this stage was the main 
period of extension (Li et al., 1989). 

Middle Oligocene-Late Oligocene 

The embryonic basin resulting from the valley spreading rapidly in the NNW-SSN direc
tion, and was splited into the northwesten and the eastern subbasin. Restricted by the 
Zhongsha and Xisha massif. the northwestern subbasin spread slowly, and its spreading 
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rate was 1.5 cm / a and considerably less than that of the eastern subbasin (2.5-3.0 cm / a). 

Late Oligocene-Early Miocene 

The eastern subbasin went on spreading symmetrically, and its spreading direction 
orientated from NNW to nearly S-N. In this period, the mainpart of the eastern subbasin 
was formed. To the east of 118 0 E, the Philippine Island Arc drifted northwestwards with a 
countl;!rc1ockwise rotation and collided with the basin of the South China Sea to orientate re
gional structure to the NE direction. The spreading of the s~uthwestern subbasin first ap
peared in its east at the stage of anomaly NO.6c (23 Ma B.P.) At the stage of anomaly NO.6 
(20 Ma B.P.), the spreading centre migrated to west and then the magnetic an9maly NO.5c 
-6 come in the whole basin after Middle Miocene. 

After the large scale seafloor spreading stopped, there was an isostatic subsidence of 
crust with the oceanic lithosphere cooling, and the mantle substance uplifting. As a result, 
Xisha subsided isostatically for about 1000 m within 15 Ma. According to an identification of 
foraminifera and coral in reef limestone obtained at the water depth of 2800 m south of 
Zhongsha during cruise S049, Zhongsha has subsided for more than 1000 m since middle 
Miocene, and some fault-blocks even for more than 2000 m. 

On the basis of analysing fault scraps on the seabeam information, Pautot (1986) 
conc1uded that the spreading of the middle of the South China Sea Basin was in the direction 
of NW-SE, and between 116 0 E and 118 0 E, the nearly eastward spreading centre re
sulted from the dislocation of dextral faults. This viewpoint is hardly confirmed by the map of 
magnetic anomaly. 

The trough striking eastwards to the south of Zhongsha reaches a water depth of 3800 m 
and just corresponds to the west end of the relict spreading centre. This also demonstrates 
that the spreading of nearly N-S direction did exist. 

The relict spreading centre of the southwestern subbasin is offset by a group of 
NW - trending faults with evidently sinistral slip. It is untenable in geodynamics that these 
faults should be formed at the same stage as those of the east did. 

In short, the northwestern subbasin is the oldest one in the South China Sea, and the 
southwestern subbasin is the youngest. The spreading period of the eastern subbasin is longest 
of all. 
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ABSTRACT 

/ 

Nine 48-channel seismic profiles obtained from cruise Sonne-49 in 1987 have made up a 
defect in oUf understanding of the distribution of sedimentary sequences in the South China 
Sea. The seismic reflection succession in the northern shelf is suitably divided into five reflec
tion strata, the Quaternary and Pliocene series above TI' the upper Miocene series between 
TI and T2, the middle and lower Miocene series between T2 and T4, the Oligocene series 
between T4 and T6, the pre-Oligocene series between T6 and Tg, and the acoustic base
ment (the sedimentary basement) below Tg. There are differences ofreflection events among 
the Northwestern subbasin, Eastern subbasin and Southwestern subbasin. FOUf reflection 
interfaces as TI' T2 , T4 and Tg are distinguished in the Northwestern subbasin. The in
terface T 6 is found along the S049- 17, S049- 18 profiles in the section of continental 
slope. In the Eastern subbasin, the interfaces are mainly TI' T2 and Tg, and T4 is found 
locally in its margin. There are only Tl' T 2 and T g in the Southwestern subbasin, and T 2 

is in random appearance. The appearances of seismic reflections demonstrate the distribution 
of sedimentary strata in this region and its relation to formation and development of the 
basin. The process of formation of the central basin follows such a order, the Northwesten 
subbasin, the Eastern subbasin, and the Southwestern subbasin. 

INTRODUCTION 

The joint investigation of cruise Sonne-49 carried out by the SOA of China and the 
BGR of Germany in 1987 has obtained profiles of 48-channel seismic reflection in the South 
China Sea (SCS) , fOUf of which from the northern continental slope of SCS, across the 
Central Basin and the Zhongsha-Xisha terrain, reach to the northern edge of the Nansha 
terrain (Fig. 1) . These seismic profiles are highly important for us to learn the seismic 
stratigraphy and the sedimentary development of the central basin of SCS. Now there have 
still been no drilling data in the central basin , it is difficult to divide the seismic stratigraphy 
directly. But there are a lot of drilling data on the continental shelf and slope in the south and 
north of SCS, and the S049-17, 18 profiles beginning in the Zhu' er depression of the 
Pearl River Mouth basin, end almost on the northern edge of the Reed Bank. These two 
conditions above provide the possibilities of indirectly extrapolating the seismic stratigraphy 
of the central basin. 

* Project supported by National Natural Science Foundation of China. 



112' 116' 

'::5'''7' 
\()()() 

Fig.l Location of seismic profiles of cruise Sonne-49. 

UNITS OF SEISMIC REFLECTION STRATA 

'300 

o 
c 

,cF'O 

Non,ha lalond.) 

120' , 

2' 

. 93 . 

On the basis of its numerous data acquired recently, Guangzhöu Marine Geological 
Survey, the MGMR of China has determined that there are five units of seismic refle~tion 
strata in the Pearl River Mouth basin of the northern SCS. The reflecting boundaries dividing 
these five reflection strata are named Tl' T2 , T4 , T6 and Tg from upper to lower. 
Nanhai West Oil Corporation of CNOOC has classified the sequence of seismic reflection 
strata into ni ne units, among which the reflecting boundaries are Tl' T2, T3, T4, T5, 

T6 , Tg and Tg1 from upper to lower. These two divisions are very much the same, just the 
latter gives three subboundaries below the boundary T6. 

ASCOPE (1981) has marked the reflecting boundaries in the Reed Bank basin as six 
interfaces: A, B, C, D, E, G from upper to lower. Hinz (1985) has determined 
the reflecting boundaries in the northwestern Palawan Shelf as seven interfaces: A, B, 
C, D, E, F' and F from upper to lower, which are symboled by the following colours: 
yellow, pink, red, light blue, blue, green and purple, respectively. These two divi
sionson the reflecting boundaries of the southern SCS are almost the same. 
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If the geologie implications of the reflecting boundaries Tl' T2, T4, and Tg are com
pared with those of the reflecting ones A, B, D and E, the units of seismic reflection stra
ta in the northern ses are generally in correspondence with those in the southern ses as to 
their times. 

According to the phase continuity of reflecting waves of S049-17, 18 profiles, the fea
tures of reflecting boundaries in the central basin can be analogized with those in the Zhu' er 
depression. Therefore, the reflecting boundaries of the central basin are Ti' T2, T4, T6 

and Tg from upper to lower. Such a difinition can preliminarily unify the sequences of reflec
tion strata of the whole ses and promote the study of original and evolutional mechanism of 
the ses basins. 

,/ 

.' 
CHARACTERISTICS OF THE UNITS OF SEISMIC REFLECTION SEQUENCES AND THEIR 

GEOLOGICAL FEATURES 

There is Unit I of the seismic reflection sequences between the submarine surface and 
the reflecting boundary Ti' Unit TI between the reflecting boundaries TI and T2, Unit rn 
between T2 and T4, Unit IV between T4 and T6, and Unit V between T6 and Tg. The re
flecting boundary T 6 doesn' t appear in the central basin, but appears only on the continen
tal slope and the Xisha Trough, thus Unit IV is confined between the reflecting boundaries 
T4 and Tg in the central basin (Fig.2). 

Uni! I of Seismic Reflection Sequences 

The reflecting waves of Unit I has follwing characteristics, stronger power, better 
continuity of phase, denser stratigrafications, higher apparent frequency and parallel con
figuration which is like a bed-cover unfolding in the sea areas with gentle submarine and un
dulates with the relief form of seaknolls and uplifts. The interval ve10cities of reflecting waves 
are 1730-2000 m / s. The interval thicknesses are generally 300- 500 m, 400- 500 m in the 
Northwestern subbasin and can reach 600 m in few areas, but lower down to about 200 m 
ne ar seaknolls or seamounts. In the deep sea plain, the interval thickness tends to thin from 
north to south, but ne ar the northern edge of the Reed Bank basin increases to 300 m again. 
The interval thickness is usually 200- 300 m in the Southwestern subbasin. There are the 
Quaternary and Pliocene sediments with marine facies in U nit I of the reflection sequences. 

Uni! TI of Seismic Reflection Sequences 

Unit TI between the reflecting boundaries Tl and T2 is the second unit widespread in 
the abyssal plain. lts reflecting waves possess stronger power, denser stratigrafications, 
good continuity of phase, and nearly parallel configuration. From top to bottom in Unit 
TI, the phase decay is weaker and the apparent frequence is higher. The interval velocities 
are 2100-2600 m / s. The interval thicknesses are gene rally 300-500 m and change in agree
ment with that of Unit I except for the Northwestern subbasin. In the centre of the 
Southwestern subbasin, the interval thickness of the deep depression increases to 400 m, 
but is lower than 200 mon its two flanks . There is the Upper Miocene sediment with marine 
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The reflecting waves of T2 and T4 demonstrate the double-stranger phases with stabili
ty and continuity. Inside Unit rn there are also the reflecting waves of double-stronge phases 
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with smaller docay from upper to lower. They have denser stratigrafications and nearly paral
lel configuration, but manifest a little flexure at the uplift and the active provinces. Unit III 
appears in all the Northwestern subbasin and the deep depression of the Southwestern 
subbasin, and disappears in some local areas in the centre of the Eastern subbasin. The in
terval velocities increase to 3000- 3600 m / s. The interval thicknesses vary in the range of 
100- 500 m. In Unit III there are the Lower- Middle Miocene sediments with marine facies 
and marine-terrestrial intercalated facies. 

Uni! N of Seismic Reflection Sequences 
./ 

In Unit N, the reflecting wave of T4 has stronge power. Downwards the reflection 
power becomes weaker, and the reflection phase is not only obviously malformed but also 
utterly confused so that the reflection trajectory is discontinuous laterally. The reflecting 
waves appear as dispersion in so me local depressions. The reflection configuration, thick
ness and other characteristics change laterally quite a lot under the influence of undulation of 
the acoustic basement in the whole region. The interval velocities vary in the range of 
3600- 4700 m / s. The largest interval thicknes is nearly 2000 m in the centre of the 
Northwestern subbasin, and Unit N can also been seen in the north of the Eastern 
subbasin, but has never been found in its central and southern part. There isn.:..t Unit N at 
all in the Southwestern subbasin. Unit N basically belongs to the Upper Oligocene sediment 
with marine-terrestrial intercalated facies. 

SEDIMENTARY FEATURES AND TECTONIC SETTING OF THE CENTRAL BASIN 

According to the geophysical fields and the geological structures, the central basin of 
SCS can be divided into three subbasins, the Northwestern subbasin, the Eastern subbasin 
and the Southwestern subbasin. There are high values of the Bouguer gravity anomalies 
(> 200 mGal) and linear distribution of the magnetic anomalies in the Eastern subbasin and 
Southwestern subbasin, of which the crustal nature is oceanic owing to the seafloor spread
ing. The linear magnetic anomalies strike E-W and the seafloor spreading began earlier in the 
Eastern subbasin. However, the linear magnetic anomalies strike into NE and the seafloor 
spreading began later in the Southwestern subbasin. The Northwestern subbasin is a magnetic 
quiet zone or a large single area of magnetic anomalies. Its crustal nature has still given rise to 
much controversy, but a lot of scholars have regarded it as oceanic. 

Basic Features of Sedimentation in Basins 

The whole basin of SCS would be divided into 40 sedimentary basins. As to theirevolu
tions, these sedimentary basins have some distinct specialities different from the sedimentary 
basins of Mesozoic and Cenozoic around SCS. The sedimentary basins of Mesozoie and 
Cenozoic in the South China continent cannot be generally younger than Early Paleogene, 
and their depositional time in Cenozoic is shorter. Meanwhile, in the sedimentary basins of 
Mesozoic on the Indo-China Peninsula west of SCS sedimentation has already stopped due 
to uplifting in Cenozoic. However, sedimentation occurs in SCS only in Cenozoic, and on 
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its continental slope the largest thickness of depositional layer can reach over 10000 m. 
Sedimentation takes place in the central basin of SCS after Later Oligocene. 

The Northwestern subbasin.All the units of reflection sequences exist in the Northwestern 
subbasin (Fig.3). According to the core and dredge sampies of ctuise S049, in the surfacial 
layer (the upper section of Unit I) there is mainly silty clay containing a lot of 
foraminifera , which is some clastics coming from the South China continent. The analytic 
result of co re sampies from the continental edge shows that downwards the contents of heavy 
sandy minerals increaseand the accumulative horizons of turbidity current are intercalated. 
Parallel .configurations and denser stratigrafications of reflection in Units land II indicate 
that their sedimentary environments are stable and their depositional sources are very simple. 
The sedimentary environment and the depositional -texture of Units e is obviously different 
from Units I and TI because its reflection configuration slightly undulates laterally and its 
continuity of phase becomes weaker. Much more different from three units above, the 
sedimentary development of Unit IV at the beginning of the SCS spreading with the 
marine-terrestrial transition caused by the intensive movements of crust is not only controlled 
by the tectonic movements of sea-bottom basement, but also marked with the sophisticated 
components of matter consisting of slope, alluvial and silted materials of marine-terrestrial 
intercalated facies. In the Northwestern subbasin, the deposltional thicknesses are 
2500- 3500 m, there isa paraBel unconformity between Units I and TI, and between 
Units TI and m respectively, and there is a angular unconformity between Units III and IV. 
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Fig.3 The units of seismic reflection sequences of the Northwestern subbasin. 
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The Eastern subbasin. There are only Units I and TI in most areas of the Eastern 
subbasin except that there is Unit m on its southern and northern edges. The sedimentary en
vironment and the depositional texture of each unit are similar to those of the same unit in the 
Northwestern subbasin, but its vo1canic stuff is abundant. Near the Zhongsha terrain 
depositional sam pies are most composed of the semi-consolidated tuff. At the northern end 
of S049-18 profile (Fig.4), the reflection phase of Unit II seems onlap and the interval 
thickness becomes thinner from south to north. 1t can be explained with the fact that a large 
scale of voJcanic eruptions in the Reed Bank basin has produced huge amounts of pyroclastic 
grains gravity-slide-depositing on its slope. The sedimentary thickness is generally less than 
2000 m in the Eastern subbasin. 

NW SE . ' / 

Fig.4 The units of seismic ref1ection sequences oi' the nonhern end of S04lJ-l1'l prol·ik. 

The Southweslern subbasin. The S049-22, 23 profiles cross the Southwestern subbasin. 
Besides that there is Unit TI in the central depression and the deep ones ofthe basin, Unit I 
can be seen in the whole basin. In the Southwestern subbasin with a smooth seafloor, the re
flection power of the submarine surface is very strong, downwards the reflection power de
cays fast and the reflection stratigrafications aren' t deaL The acoustic basement is rugged 
and rough, and appears to be covered with sediments soon after a intensive tectonic 
movement has suddenly stopped. In the Southwestern subbasin away from substance 
sources, the depositional matter is thin and the internal strata aren' t dear, thus the reflec
tion stratigrafications aren' t distinguished ·easily. The acoustic basement, the sedimentary 
thickness and the reflection stratigrafications of Units land II show that the Southwestern 
subbasin is younger than other subbasins. 

The Regional Tectonic Environments 0/ the Central Basin. 

Several wells drilled in the Pearl River Mouth basin in early 1980' s indicate that the gran
ite is 90-70 Ma old and its covered with the Eocene, Oligocene and Lower Miocene strata 
(Jin et al., 1989). This sedimentary basin of Cenozoic has probably undergone four stages, 
the crustal extended and thinned stage (from the end of Miocene to the beginning of 
Paleogene), the rift- valley- extended and fault- depression stage (in the middle of 
Paleogene) , the fault-downwarp depression stage (from the end of Paleogene to the be
ginning of Neogene) and the downwarp depression stage (since Neogene). There are the 
marine-terrestrial intercalated facies of Paleogene sediments and the neritic facies of Neogene 
sediments in the central basin. . 
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Within the Xiyong WeH No.l at the Zhongsha-Xisha terrain in the west of the central 
basin , below the depth of 1251 m there are granite gneiss and biotite- plagioclase and 
-orthoc1ase gneiss with the isotope age 627 Ma, and above the depth of 1251 m there are 
reeflimestone and bioc1ast since Neogene. The Zhongsha-Xisha terrain always maintained in 
a uplifted state and wasn 't covered with sediments until it has just changed into a neritic envi
ronment with the crust subsiding for over 1000 m since Paleogene. 

The Sampaguita WeH No. 1 at the Reed Bank basin south of the central basin has re
vealed that the Cenozoic strata of the basin are discordant over the coal-bearing c1astic rocks 
and the pyroc1astic rocks with the marginal sea facies of Early Cretaceous, and the Reed 
Bank was a bathyal environment in Early and Middle Oligocene and has belonged to a littoral 
and neritic environment up to now. 

More than ten years ago, any scholars were sceptical about the linear magnetic anoma
lies existing in the central basin, then these suspicions have gradually been dispelled. Now 
various identifications and interpretations on the linear magnetic anomalies with nearly E-W 
trending in the Eastern subbasin are reaching the same conc1usion that these linear magnetic 
anomalies resulted from the seafloor spreading from Later Oligocene to Early Miocene. But 
there are, different identifications and interpretations on the linear magnetic anomalies in the 
Nothwestern subbasin. These different understandings in the linear magnetic anomalies are 
concerned in different conc1usions on the original mechanism of the SCS basins. Our renewed 
comparisons and analyses on the linear magnetic anomalies in the Southwestern subbasin in
dicate that the seafloor spreading took place during Early-Middle Miocene (the timescale 
No of magnetic stripes 5c-6c). It is in agreement with the geothermal result that the crustal 
age is 15 Ma, the regional geologie features and the profile data of seismic reflection in this 
area. 

The Evolutional History of the Central Basin 

The Pearl River Mouth basin is a rift-valley basin with a thinned continental crust (Jin 
et al., 1989), thus we deduce that the central basin may be a marginal sea basin originated 
from rifting- spreading at the edge of the thinned continental crust. 

From the end of Miocene to Paleocene, the Pacific Plate and the Indian Plate subduct
ed towards the Eurasian Plate from the east and north directions respectively. Thereafter, 
the South China and Indo-China continent began to rift and drift along the N-S direction 
and its marginal crust was the first to be affected. Until Eocene, the tensional faulting made 
the marginal crust of the South China continent to be stretched and thinned, and resulted in 
aseries of rift-valley fault-depressions, thus the Pearl River Mouth basin began to take 
shape. During Late Oligocene, at the thinned continental margin, the super- basic sub
stances uplifted along the NEE deep faults and the seafloor spreading began due to the inten
sive rift and drift of crust. The seafloor spreading led to the Zhongsha- Xisha terrain and the 
Nansha terrain to drift from the South China continent. During Upper and Middle Miocene 
the super- basic substances uplifted along the NE faults between the Xisha terrain and the 
Nansha terrain because of the rift- vaHey spreading, and the seafloor spreading of the 
Southwestern subbasin finaHy occurred. Since the end of Middle Miocene, the seafloor 
spreading has stopped and the central basin has subsided, and the intensive magmatism has 
brought about aseries of sea-mounts to rebuild the submarine topography. 
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THE AGE OF THE SOUTH CHINA SEA TERRAINS RIFT-DEPARTING 
FROM SOUTH CHINA CONTINENT * 

LI QUANXING & WU SHENGDI 

Second Institute o/Oceanography, SOA, Hangzhou, China 
.." 

ABSTRACT 

The terrains in the South China Sea were apart of the Southeast China continent, and 
their rift-departing process dominated the formation and evolution of the South China Sea. 
The survey results of topography and paleoenvironment of the northern South China Sea dur
ing SO-49 cruise demonstrate that the terrains rift-departed from the South China continent 
before early Eocene. 

INTRODUCTION 

Some geologists considered that the Nansha Islands were apart of the Southeast China 
continent, but they held different viewpoints about the time of the terrains rift-departing 
from the South China continent. Jin (1989) considered that the basement of the Xisha, 
Zhongsha, Nansha terrains and the South China continent all consist of the Proterozoic 
formation. In Cretaceous the Nansha terrain was connected with the South China 
continent, and the South China Sea Basin was formed with the first sea-floor spreading 
from Late Cretaceous to Eocene. 

During SO-49 cruise in 1987, topography data and manganese crust sampies had been 
obtained from the northern slope of the South China Sea. Comparison of the depth of break 
points on the slope with net subsidence curve from weHs in the Pearl River Mouth Basin and 
pa1eoenvironment information contained in manganese crust show that the terrains rift--de
parted from the South China continent be fore early Eocene. 

THE FEATURES OF THE NORTHERN SLOPE OF THE SOUTH CHINA SEA 

A topographic, ~ological and tectonic synthetical profile of the northern slope of the 
South China Sea is showrNp Fig.l. This profile is located between the continenta1 margin and 
the deep sea basin and perpendicular to isobath with the length of 198 km, height difference 
of 3555 m, average slope of 18 / 1000. 

The sea-floor relief on this profile is gent1e at upper and steep at lower and consists of 9 
steps. The data of their steps are shown in Table 1. The seismic profile shows that the 
southeastward tilting basement was rifted and slid down along the faults and aseries of skip 
basins were formed. The sediment layers in the basins slope southeastward indicate that the 

* Project supported by National Natural Science Foundation of China. 
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steps on the slope were formed by southeastward extension and depression while sediment 
was deposited. Aeeording to the paleomagnetie data, Emery (1983) eonsidered that the 
East Asia has drifted about 400 km southward sinee Paleoeene. Therefore, topographie fea
tures and teetonie struetures on the northern slope of the South China Sea resulted from ex
tension, thinning and depression of the South China eontinent indueed by its southeastward 
ereep diffusion. The break points on these steps, espeeiaHy those with larger gradient, 
maybe reeorded the erust depressional proeess. Comparing the topographie profile with the 
net subsidenee eurve from weHs in the Pearl River Mouth Basin (Ru, 1987) (Fig.2), we 
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Fig.2 Net subsidenee curve from weil in the Pearl River MOULh Basin. 

diseover that depth of turning points on the subsidenee eurve eorresponds to that of break 
points SI, S4, S7 and S8 , respeetively. In view of the weH data, these turning points in
dieate the post-rift and rift stage of the first subsidenee, the post-rift stage of the seeond 
subsidenee and the post~rift stage of the third subsidenee, respeetively. These subsidenees 
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occurred in Eocene, from Oligocene to middle Miocene and after middle Miocene. Thus 

these times are also the forming ages of the northern slope of the South Chian Sea. 

Table 1 The data of topographie profile of northern slope of the South China Sea 

Loeation Depth Distanee Depth 

Features 
range 

Gradient 
Lat. Long. (m) (km) (m) 

Shelf Break 
20 0 03.03' 114 0 02.56' 170 

Step Steep 1 5.36 250 2 0 40.35' 
20 0 00.34' 114 0 03 .69' 420 

Flat 1 15.37 5 1 0 12' 
19 0 52.62' 114 0 06.95' 425 

Step Steep 2 l3.16 100 26.12' 
19 0 46.01 ' 114 0 09.73' 525 

2 Flat 2 3.17 2 2.17' 
19 0 44.42' 114 0 10.40' 527 

Step Steep 3 4.82 183 2 0 10.46' 
19 0 43.00' 114 0 11.42' 710 

3 Flat 3 12.05 10 2.85' 
19 0 35.95' 114 0 13.97' 720 

Step Steep 4 7.37 180 1 0 10.46' 
19 0 32.25' 114 0 15.53' 900 

4 Flat4 17.12 80 1"6.06' 
19 0 23.66' 114 0 19.15' 980 

Step Steep 5 6.99 58 28.52' 
19 0 20.15' 114 0 20.62' 1038 

5 Flat 5 1.63 9 18.98' 
19 0 19.34' 114 0 20.97' 1047 

Step Steep 6 8.34 71 29.27' 
19 0 15.15' 114 0 22.73' 1118 

6 Flat 6 1.10 2 6.25' 
19 0 14.60' 114 0 22.96' 1120 

Step Steep 7 27.11 407 57.57' 
19 0 01.00' 114 0 28 .69' 1527 

7 Flat 7 1.95 5 8.81 ' 
19 0 00.02' 114 0 29.10' 1532 

Step Steep 8 4.85 288 3 0 26.02' 
18 0 57.62' 114 0 30.12' 1820 

8 F1at 8 1.56 20 44.07' 
18 0 56.84' 114 0 30.45' 1840 

Step Steep 9 51.43 1790 1 0 59.60' 
9 18 0 31.04' 114 0 41.3 1' 3630 

PALEOENVIRONMENTAL INFORMATION CONTAINED IN MANGANESE CRUST FROM 

THE LOWER SLOPE 

At the seamount located on the northern slope with a water depth of 2470 m, the man

ganese crust with thickness up to 8.5 cm was sampled. It grew on the surface of submarine 

rock. The material content variation of its every layer maybe reflects the evolution of its 

paleoenvironment. For this reason, according to its growth bedding, we divided it into 10 

layers from surface to interiority and analysed sampies from its every layer. The element con-
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tent and trace element content are shown in Table 2. 
In order to discuss the sedimentary environment, it is necessary to determine the 

growth rate of manganese crust. Because the mangane se crust has undergone such a long 
growth process, it is difficult to determine the earliest time by using direct dating methods. 
The calculated result based on the empirical formula by Huh and Ku (1984) corresponds 
to the dating da ta of manganese nodules sampled from Pacific Ocean and the South China 
Sea (Mangini and Kudrass et al., 1986). So we Calculated the growth rate of manganese 
crust using the following empirical formula by Huh and Ku (1984): 

S (mm/ma) =13.39x (Mn/Fe2
) +0.75 / .. 

and obtained the growth rate ranging from 1.5 to l.2 mm / ma. If the growth discontinuance 
can be neglected, it is possible that the earliest mangane se crust was formed 52 Ma B.P., i.e. 
early Eocene. 

In order to verify the growth age of manganese crust, we have drawn the growth rate 
and age, chlorine content, Fe3+ / Fe2+ <50 18

, P20 5 and CaO in Fig.3. 
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chlorine, Fe3+ / Fe2+ , (jOIS, P205 and CaO content in manga-

The variation of chlorine content in mangane se crust may reflect the variation of salinity 
in sea water. In early Eocene, the sea basin may be at its initial stage; and the chlorine con
tent was only 0.907%. From late Eocene to early Miocene, the chlorine content increased up 
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0 Table 2-1 The element content of manganese crust (%) .-< 

Layer Mn02 Fe203 Si02 AlP3 Ti02 CaO MgO Na20 K20 
Combus-

P20 S Ni Cu SrO 
tible L H20 CI S03 

1 25.968 25.557 10.309 2.981 0.704 1.567 1.420 2.042 0.314 0.922 0.259 0.331 0.339 27.26 99.973 12.55 1.396 0.540 
2 16.579 25.553 24.005 4.007 0.491 1.074 1.434 1.710 0.445 0.776 0.113 0.344 0.140 23.43 100.101 10.27 1.171 0.420 
3 25.367 28.403 9.605 3.041 0.574 1.337 1.200 1.857 0.290 0.753 0.074 0.084 0.152 26.57 99.307 11.33 1.194 0.385 
4 20.554 29.747 15.463 3.352 0.575 1.317 1.344 1.684 0.265 0.815 0.285 0.434 0.109 25.42 101.364 13 .1 8 1.080 0.472 
5 23.108 30.826 12.135 2.850 0.547 1.174 1.161 1.514 0.223 0.685 0.182 0.608 0.339 25.58 100.932 11.42 1.184 0.385 
6 18.992 25.109 23.354 3.608 0.505 1.315 1.269 1.849 0.313 0.596 0.258 0.090 0.292 21.72 99.270 9.22 1.1407 0.1435 
7 25.304 28.737 10.490 2.349 0.441 1.294 1.331 1.461 0.020 0.698 0.162 0.163 0.356 26.68 99.486 12.13 1.387 0.425 
8 22.988 28.362 12.813 1.932 0.401 1.281 1.320 1.629 0.214 0.664 0.179 0.216 0.409 26.03 98.438 10.73 1.119 0.437 
9 24.894 28.524 12.718 1.222 0.421 1.504 1.235 1.620 0.210 0.701 0.117 0.130 0.315 25.71 99.321 10.60 1.323 0.588 
10 23.769 24.162 8.598 2.224 0.436 1.410 1.261 1.522 0.211 0.774 0.143 0.084 0.315 25.50 100.41 10.96 0.907 0.510 

Table 2-2 The trace-element content ofmanganese crust (ppm) 

Layer Cd Sr . Bi Pb Ba Co Be Cr V B Ga In Zn Sn W As Mo Ag 
RbP 
(%) 

1 <1 1419 34 2100 1207 2500 <1 19 441 95 4 <1 132 3 52 <30 320 <1 0.0025 

2 <1 1118 24 1800 907 1500 <1 20 500 140 2 <1 185 3 44 <30 400 <1 0.0020 

3 <1 1462 30 2050 1354 1550 <1 15 519 113 <2 <1 153 3 57 <30 380 <1 0,0020 

4 <1 1376 35 2100 1251 1280 <1 15 456 126 2 <1 187 3 56 <30 360 <1 0.0025 

5 <1 1500 34 2000 1402 1400 <1 18 475 112 <2 <1 125 3 500 <30 460 <1 {).0025 

6 <1 · 1200 28 1250 1112 1100 < 1 27 429 103 4 <1 117 3 52 <30 500 <1 0.0025 

7 <1 1634 39 1700 1382 980 <1 12 472 108 4 <1 195 3 62 <30 500 <1 0.0020 

8 <1 1677 26 1650 1569 900 <1 12 551 138 3 <1 210 3 68 <30 500 <1 0.0020 

9 <1 1750 32 1700 1337 950 <1 11 573 173 4 <1 415 3 72 <30 500 <1 0.0020 

10 <1 1634 35 1700 1489 1000 <1 12 604 120 2 <1 260 3 68 <30 500 <1 0.0025 
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to 1. 407%; in middle Mioeene it was 1. 080%; after late Mioeene it inereased to 
1.217% . The variation of salinity may be related to the basin evolution. Karig (1973) eon
sidered that there was a transform fault eonneeting treneh with treneh between the Luson Are 
and Taiwan in early Tertiary when the South China Sea was opened as an extensional margi
nal sea. During 32-17 Ma B.P., the South China Sea Basin was enlarged and its salinity in
ereased with the sea-floor spreading (Taylor and Hayes, 1980). In mid-late Mioeene and 
early Plioeene, beeause the northern extended part of the Luson volcanie are coIlided with 
Taiwan, the Huo-Shao Tao island and the Babuyan ridge were fonned, which impeded 
water exchange between the Philippine Sea and the South China Sea and made the salinity 
decrease. Since Pliocene, the eentral water of the Northwest Paeifie Ocean has.ever passed 
through the Bashi Channel and filled into the bottom of the South China Sea Basin (about 
1500-4000 m deep), therefore, the ehlorine content in the manganese crust was up to 
1.396%. 

The variation of bO l8 content in the manganese crust may re fleet paleotemperature va
riation. From late Eocene to middle Miocene, an increase of bO l 8 content indicates a drop 
in water temperature. It is identical with the variation of paleotemperature in the northern 
Paeific Ocean. 

The Fe3+ / Fe2+ ratio reflects the oxidizing milieu of sea water. From late Eocene to ear
ly Miocene, Fe3+ / Fe2+ ratio was up to 91-104, indicating that the basin was opened and 
the water was renewed continuously. After middle Mioeene, the oxidizing milieu became 
weak because the Bashi Channel was fonned. However, the South China Sea Basin keeps on 
opening and is in the stronger oxidizing milieu. 

CONCLUSION 

The growth rate ealculated from the manganese crust and the paleooceanographic varia
tion eontained in the manganese crust confonns to tectonic evolution and 
paleooceanographie variation from the surrounding area, which indicates that calculated 
age is desirable. WeIl No.! in Sampaguita shows that the Read Bank was marginal sea facies 
in late Cretaeeous, deltaic facies in Paleocene, bythyal faeies in late Oligocene, bathyal 
facies in mid-Miocene and marginal facies after mid-Miocene. The eoincidence between the 
paleooceanographic variation contained in the manganese erust and the variation of sur
rounding tectonics maybe indieates the evolution between northern and southern margins of 
the South China Sea Basin has internal eonneetion. Along with evolution of slope 
topography, these conc1usions suggest that the terrains rift- departed from South China 
continent before Eocene. The paleogeographical ehart by Jin (1989) expresses the same 
opinion. 
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TECTONIC MOVEMENT OF MARIANA TRENCH- ARC- TROUGH 
SYSTEM * 

LIN CHANGSONGI) & W ANG GUANRONG2
) 

1) Second Institute ojOceanography, SOA, Hangzhou, China 
2) First Institute oj Oceanography, SOA, Qingdao, China 

ABSTRACT / 

In the West Pacific the Mariana trench-arc-trough system was cut along a long narrow 
oceanic belt which is an isostress belt. Under the combined action of both horizontal and ver
tical stresses, the Mariana trench-arc-trough system controlled by a double-subduction 
zone underwent both the differential rotation in the westward level and the 
revolving-tensional tilt toward the trench axis. Such two kinds of movement built the new 
moon-shaped trough and the island-arc bowed to the ocean. Actually, the Mariana trough 
has been apart of the Mariana island-arc system ever since its beginning of evolution. 

RESEARCH CONDITION AND PROBLEMS 

On the cruise SO-57 in 1988, scientists from China and Germany carried out ajoint in
vestigation of marine geology in the Mariana trough and its forearc, as well as the 
Philippine Sea basin. Having combined our investigation results with previous knowledge we 
put forward some new ideas on the formation and tectonization of the Mariana 
trench-arc-trough system. 

The Mariana trench-arc-trough system (Fig.l) lies in the West Pacific. The trough is 
a new moon-shaped interarc basin, on average 4000 m in water depth with thin sediment or 
exposed basalt basement. Both on its east and west flanks there are fault scarps (Fig.2). Its 
wave velocity structur~ and thickness are similar to those of the oceanic basin (Bibee et al., ' 
1980; Hussong, 1987). It was figured out that the trough began to develop about 5 Ma 
B.P. and its spreading rate was 10 cm / a (Karig, 1971), 8 cm / a (Karig et al. , 1978), 
or 3cm / a (Bibee et a/" 1980). Having analysed the magnetic anomaly profiles across the 
so-called spreading center axis, we found no anomalies of which the feature is analogous to 
that of the magnetic lineations. They vary very gently with low amplitude (Fig.3). Because of 
the complexity of tectonic movement in the trench-arc- basin: there are many geological 
factors which affect the interpretation of magnetic anomalies, so there is still a large room to 
explore on the interpretation of magnetic anomalies in the back- arc region inc1uding some 
old oceanic basins. 

The Mariana arc is a volcanic arc. It has undergone a successive volcanic action since 
Eocene (Hussong and Uyeda, 1981). Its forearc was dominated by subsidence and 

* Pro}eq, supported by National Natural Science Foundation of China. 
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Fig.3 Profiles 01' magnetic anomaly in the Mariana trough. 

destroyed obviously by normal faults and vertical movement. No phenomenon of compres
sion or accretion of the oceanic plate at the foreare has been found (Von Huene and 
Uyeda, 1981; Hussong and Uyeda, 1981). From drilling cores No. 458 and 459, it was 
.discovered that the frontal-are basement was built up with primary volcanic rocks (Uyeda 
et al., 1983). 

The West Mariana ridge comprises aseries of seamounts, looking like an are on the 
whole (Fig.4). The volcanic action on a large scale started about 9-20 Ma B.P. and ended 
with the volcanic accumulation slowing down 9 Ma B.P. (Scott and Kroenke, 1981). 

The model of island are splitting and back-are spreading (Karig, 1971, 1972 and 
1974) is so far the most typical one to explain the formation and evolution of back-are or 
interare basin, but there are still some following problems. 

( 1) In many trench- arc- basin systems, modern subduction still exists while the 
back-are basin, for instance, the Japan Sea basin and the South China Sea basin, has al
ready stopped spreading. 

(2) How could it be possible that the back-are stress deriving from the subduction of 
the oceanic plate can force the island are which is immediately against the stress from the 
spreading of the mid-oceanic ridge to move towards the mid-oceanic ridge on a large scale? 

(3) How is the subduction associated with the mechanism of back-are spreading axis 
perpendicular (or oblique) to the trench-arc systerm? 

(4) While the island are under the stress from the subduction of the oceanic plate can 
move towards ocean, why does the back-are spreading appear symmetrically? 
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Fig.4 Geological sketch of the Mariana island arc region (adapted from Fryer et al., 1985). Loca

tions of the profiles in Fig.2 are from Karig et al. (978). 

THE STRESS FIELD OF TRENCH-ARC SYSTEM AND THE FORMATION OF EARLY IS

LANDARC" 

After the Benioff zone is formed beneath whatever treneh- are systems the island- are 
system will not only be affeeted by the horizontal stress from the oeeanie plate but also be pul
led down by the oeeanie plate in the subduetion zone. But as the subduetion plate reaehes a 
eertain depth, the subduetion will produee a kind of upheaving stress, whieh results from 
the frietional heat, the mantle thermodynamie effeet and the erust-mantle density 
differenee. Only having analysed the stress fields synthetieally, we ean make out completely 
the features of both intense and eomplex movement of the trench-are system. 

At the beginning of the formation of the trench-are system, the upheaving stress pro
dueed by subduetion of the oeeanic plate within the range from 300 to 500 km ne ar the trench 
axis, would make the overlying plate in a tensionally splited state. As a result, substanee 
and energy from subduetion would be relieved, and faults, magrnation and vo1canism oc
eurred along the island are. The aeeumulation of substanee led to formation and rise of the 
early island arc. The Mariana are, including the West Mariana ridge, went through sueh a 
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proeess at its early stage from Eoeene to about 9 Ma B.P. (Fig.6-1). 
The vo1canie front of the island are system is usually 150- 300 km apart from the 

treneh, approximately eorresponding to the ground projeetion of where seismie aetivity 
stops abruptly along the Benioff zone. The projeetion distanee apart from the treneh has a di
reet bearing on the dip angle of the foeal plane. This suggests that the subduetion plate begins 
to melt here, but we think that here the foreare pulling stress is eonfronted with the 
back- are upheaving stress. After the treneh-are system was formed, these two kinds of 
stress would be eombined to drive the system to revolvinglyand tensionally tilt vertieally to
wards the treneh axis under eertain eondition. We eall the eombined stress of them the vertieal 
rotation stress. We are going to mainly diseuss the origin of the M~riana trough arid aseries 
of phenomena of the tectonic movement in the Mariana island are system. 

REVOLVING AND TENSIONAL-TILTING MOVEMENT OF THE ISLAND ARe AND THE 

FORMATION OF THE TROUGH 

At its early stage, the Mariana island are (including the west ridge) had appeared as 
a whole. Before late Mioeene (9 Ma B.P.), subduetion and tee tonic erosion were intensi
fied in the Mariana subduction zone, perhaps beeause subduction was weakened and stop
ped in the Luzon-Taiwan westward-dipping subduction zone, the subdueting angle of the 
Mariana subduetion zone was ehanged, or the Mariana are in the middle of the big Mariana 
treneh-are system (the Isu-Bonin-Mariana-Palau-Yap treneh-are system) was so far 
from both ends of the system that it only had a smaller moment of vertieal rotation. Of 
eause, the newness of the island-are system was also an important faetor. More possibly 
there are many faetors simultaneously aeting on the system. While the Mariana island are sys
tem was rising on the whole, it revolvingly and tensionally tilted towards the treeh axis un
der the influenee of the vertieal rotation stress and splitted into both the east and the west 
part, and the Mariana interare basin was formed (Fig. 6- 2). Meanwhile, the main 
magmatie aetivity region migrated from west to east so that magmatism was mueh weakened 
at the west ridge. With the enlargement of its spaee, and the eruption and intrusion of a 
large amount ofmagma, the present Mariana trough was gradually formed (Fig.6-3). 

Chemieal eomponents of the rock from drilling hole No. 453 in the trough is similar to 
that from No. 451 in the west ridge and No. 460 and 461 in the foreare (Hussong and 
Uyeda, 1981). Therefore, with the revolving and tensional-titling movement, its part of 
the early island are was splitted, and plunged into the trough. Both Fig.2 and Fig.5 have 
displayed the tensional basement with searps developed on the east and the west flanks of the 
trough and struetural regime steep in the east and gentle in the west due to the eastward re
volving and tensional-tilting movement of the whole island are system. 

Notieeably , such an enlargement of the interare basin resulted from the revolving and 
tensional-tilting eastward movement of the surfaee of the island are under the influenee of the 
vertieal rotation stress, and naturally belongs to the tensional-splitting movenent of the is
' land are, not the symmentrieal spreading one in the back-are basin on a large seale. 
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Fig,5 Profile of the composite interpretation of several airgun lines along 18 0 N (adapted from 

Londale and Hawkins, 1985) 

Subsidence and Magmatism ofthe Foreare Area 

At drilling core No.460, for instance, calcareous sediment of Eocene and Oligocene 
was located more than 6000 m under water, which was covered by sediment of Pleistocene 
(Hussong and Uyeda, 1981), and the carbonate compensation depth is about 3500 m. In 
the forearc, there are aseries of normal faults, but no evidence for the accretion of oceanic 
plate and for the compression on the west cliff of the trench. All these indicate subsidence of 
the forearc. 

Magmatism of the forearc has been one of major subjects in theoretical research of the is
land arc. Drilling cores No. 458 and 459 in the forearc demonstrate that the basement con
sists ofprimary volcanic rock relative with the island arc (Hussong, 1987; Uyeda et al., 

1983). Besides this, two volcanic seamounts lie 140 km east of the modern active volcanic 
chain, 30 to 60 km from the trench axis and less than 20 km from the Benioff zone 
(Jongma and Barber, 1981). Their origin seems unimaginable. 

The reasonable explaination, we think, is that after the island arc system was splitted 
under the influence of the vertical rotation stress, the east ridge started to rotate tensionally 
and tilt towards the trench axis; at the same time, tectonic erosion caused by subduction 
made the surface of the island arc be in the tensional state and the early island arc 
continuously move towards the trench axis, subside or partially subduct (Fig.6). It also can 
be reasonably explained in the same way that the nearer it is to the trench axis, the older the 
basement sediment is at the Mariana forearc (Hussong and Uyeda, 1981). 

Fossiles of the late Cretaceous and the late Jurassic have been found in the metamorphic 
rock from drilling cores No.460 and 461 (Hussong and Uyeda, 1981). This suggests that 
the original oceanic basement of the island arc should be formed in late Mesozoic, and in 
the developing process of the island-arc system, be completely destroyed, be deeply buried 
or be migrated towards the trench axis by intensive tectonization and magmatism, as well as 
disappear with tectonic erosion. 

Tectonization of Back-are Region 

We are mainly to discuss something about the trough and west ridge which lie behind the 
volcanic front . 
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Fig.6 Sketch of the evolution of the Mariana are and trough. (1) Island are system formed at early 

stage; (2) Trough beginning to develop in the vertieal rotation stress field; (3) Mariana are fur

ther moving to the treneh axis with the revolving and tentional- tilting movement and the trough 

formed; (4) Island are (incIuding west ridge) and trough eombined into a eontinental island are 

system in the end. 

Tectonization of the Mariana trough is intensive and its basement consists of young 
tholeiite. Such rocks were sampled during cruise SO-57. Rocks at deep sea drilling hole No. 
453 had been pyritized by hydro thermal activity which was also found at No.456 near the 
frontal- are (Jongma and Barber, 1981). During cruise SO- 57 huge number of 
hydrothermal sulfidic sediment was also discovered in the middle of the trough, overlying 
the present inactive fissure for eruption of basalt and generally being of low content of 
meta!' some even being brown or white silicide. Thus, it can be concluded that from west 
to east in the trough under the influence of the tensional stress field, there is a wide range of 
hydro thermal activity different from that of the oceanic mid-ridge. The eastward revolving 
and tensional-tilting movement of the east ridge would be beneficial to matter and energy ris
ing from the subduction plate and mantle in the back-are region. Such kind of rising is for 
magma to extrude and intrude with multi-axes and migrating pattern along faults caused by 
the revolving and tensional-tilting movement, but not along the only central ridge. There
fore, what is so-called the spreading center of the trough is nothing but a modem active 
fault zone. Of the character of magnetic anomalies, there is a sharp difference between the 
trough and the oceanic mid-ridge, which indicates that their tectonic settings are quite dif
ferent from each other. The magnetic anomalies with low amplitude and gentle variation sug
gests that the magnetism of basalt in the trough has been greatly weakened by dynamic and 
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thermal process. 
The west ridge consists of aseries of big or sm all seamounts (Fig. 4). The seamounts 

north of 19 0 N and south of 16 0 N are elongated in the NE-SW and NW-SE direction, 
respectively, and between 19 0 N and 16 0 N, they are almost interseeting and disorderly. 
They obviously eorrespond to the mark of transverse strueture in the foreare. It demonstrates 
that the influenee of horizontal stress of the subdueting plate on the foreare has extended to 
the west ridge. In the same way the strueture lines in the trough have been offset. 

HORIZONTAL TECTONIC MOVEMENT OF THE TRENCH-ARC SYSTEM 

Many models have been proposed to explain why the island ares are bowed to the oeean. 
Isaeks et a/. (1968), Toksoz and Hsui (1978) pointed out that the rising ofmagma in the 
back-are basin is the main eause of formation of the eonvex are. 

As the unequilibrium of divergenee and eonvergenee of matter and stress was intensified 
between the subduetion along the Japan- Taiwan- Philippine trench- are system and the 
spreading of the Paeifie mid-ridge, Lin (1987) thought, the oeeanie plate would be finally 
cut off along an iso stress belt and it was developed into a new site, the big Mariana 
treneh-arc system, absorbing both matter and 'stress that the old treneh-are system failed to 
absorb. This new subduction zone and the old one lying to the west eomprised a fan-like 
double-subduetion zone in a mosaie pattern. Thus a new equilibrium between subduetion 
and spreading was built up. This was the original pattern of the Mariana treneh-are system 
bowing to the ocean (indicatecl by the dotted line in Fig.7). 
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Fig.7 Sketch of the movement of the big Mariana trench-arc system in the horizontal direction (from 

Lin, 1987). 

After the double-subduetion zone was formed, the old subduetion zone still unequally 
absorbed matter and stress from the Philippine Sea, therefore, as an isostress bell, the big 
Mariana treneh-are system under the influenee of the horizontal stress from the spreading of 
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the oceanic mid-ridge must be restricted to move and would rota te differentially in the west
ward horizontal direction (Fig. 7). The Izu- Bonin trench- arc system and the Yap- Palau 
trench-arc system rotated round a fu1crum respectively, and the two flanks of the Mariana 
trench- arc system displayed the sinistral and dextral movement respectively (as showing in 
Fig.7). At the same time, the east ridge differentially, revolvingly and tentionally tilted to 
the trench axis (mentioning back). Therefore, the Mariana island-arc system has evolved in
to the present one. 

THE FORMATlON MECHANISM OF THE NEW MOON- LIKE SHAPE OF THE MARIANA 

TROUGH 
/ 

The early Mariana trough could be ever connected with the interarc basin on the 
Izu- Bonin island arc. They were separated by the westward differential rotation of the big 
Mariana trench-arc system. The rota tory movement also made the early equilibrium between 
subduction of the big Mariana trench-arc system and spreading of the oceanic mid-ridge 
broke up. The angle between the straight lines from the middle of the Mariana trench-arc sys
tem to its two flanks and the direction of spreading stress of the oceanic mid- ridge would 
co me to decrease (or increase) with the change of the Mariana trench-arc curvature, and 
it will get more and more difficult for the plate to subduct, so that the horizontal stress act
ing on the island arc becomes bigger and bigger from the middle of the system to its two 
flanks.Obviously, such changes ofboth the curvature ofthe trench-arc system and the hor
izontal stress acting on the island arc led to the eastward revolving and tensional- tilting 
movement of the island arc to decrease more and more from the middle of the system to its 
two flanks and to disappear at its two ends alm ost. 

Thus we can see that the new moon-like shape of the Mariana trough has been devel
oped in such a special tectonic setting which was controlled by the double-sudbuction zone, 
and results from the westward horizontal rotated movement and eastward revolving and 
tensional-tilting movement of the island-arc system. 

DlSCUSSION OF TECTONIC EVOLUTION OF THE ISLAND AND TROUGH 

Through research of the history of the island-arc, it has been known that the island arc 
crust generally evolves from the oceanic crust through the suboceanic crust (or subcontinental 
crust), then to the continental crust. The young Mariana island arc will certainly go through 
such a process. Under the influence of the intensive horizontal and vertical tectonic movement 
and the long period of large-scale magmatism, the island-arc crust will continuously be-

. come thick, be denuded and covered with deposits, and at last be developed into continen
tal crust. During the long geological period, the revolving and tensional-tilting movement 
of the island arc will make some old crust above the surface of water subside at the forearc re
gion with aseries of geological phenomena such as stratigraphic unconformity and strata tilt
ing or overturning at the forearc of the Japan Islands. 

However, the change of subducting angle, rate and direction, and the maturity and 
senescence of the island arc probably will retard, restrict or even stop the further develop-
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ment of the revolving and tensional-tilting movement of the island are, but make uplift, 
denudation and horizontal movement of the island are strong aeeordingly. Oseillation possi
ble happens to the vertieal movement of the foreare region. Stripping substanee of the 
subduction plate possible will aeeumulated at the Sava foreare. If the vertieal-rotating stress 
field still exists, subsidenee will dominate the foreare teetonization. 

,The Mariana trough will not be transversely enlarged on a larger seale. But as a negative 
strueture of the island are system, the trough will aet as an aetive region of tensional stress 
feild, and intensely aetive region of faulting and magmatism, a region to reeeive sediments 
from the island are within a long geologieal period. It will undergo development and evolu
tion of the multi- axes geosyncline similar to that of Hanshu, Japan (in the old mid 
tectonic period), that is, there will oeeur such a kind of tectonic movement whieh is domi
nated by a tensional stress field in the wide region of eompressional stress field. 

To sum up, the Mariana trough will at last emerge above the water to be one part of 
Mariana island are system, and the whole system will rise high in the West Paeifie 

(Fig.6-4). 
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THE EARLY MESOZOIC OROGENY IN THE NORTHERN SHELF OF 
THE SOUTH CHINA SEA AND ITS ADJACENT LANDS 

ZHOU ZUYI 

Department of Marine Geology, Tongji University, Shanghai, China 

ABSTRACT 

Paleomagnetic data showed that an early Triassic continental collision was taking place 
in southeast China as the related continents drifted northward. This collision marks the be
ginning of an early Mesozoic orogeny in the region, which has a dose genetic relationship 
with the evolution of western Fujian- eastern Guangdong foreland basin. As the orogeny 
ended in late Jurassic, Borneo began its rifting away from South China margin, creating the 
proto-South China Sea Basin. The present South China Sea has evolved following the drift
ing away from South China margin of continental fragments such as northern Palawan, 
Reed Bank, Xisha Islands, Zhongsha Islands and others. 

INTRODUCTION 

Regional studies in Southeast Asia and South China in the last decade have culminated 
in the recognition of several continental blocks which were pieced mainly from late Paleozoic 
to early Mesozoic (e.g. Sengor, 1984, and many others) . The middle and late Triassic 
collision between South China block and Indo- China block along Black River suture and 
Red River suture is well documented , yet little was discussed about the possible suture zones 
eastwards. The similarity of Cambrian sedimentary sequence, ore deposits and trilobites be
tween Hainan Island and Australia, and the discovery of late Paleozoic glacio-marine de
posit (Yang et al. , 1989) similar to those from North Tibet, West Yunnan and 
Southeast Asia suggest that Hainan Island is a fragment rifted away from Gondwana-Land 
after or at the end of Paleozoic. Wang (1986) suggested that the suture zone be located at 
the Reiqiong Strait which separates Hainan Island from mainland China. Zhu (1987) pro
posed that a pre-Cretaceous active margin, along the northern shelf of South China Sea, 
links up with Red River suture and passes through the southern part of Hainan Island. Others 
(Yan, Zhen, 1989. oral communication) argued that it is located at some places in the 
northern part of the island. The case in the eastern part of northern shelf of South China Sea 
and Southeast China continental margin is poorly known. due to the covering of sea 
water. the wide distribution of Mesozoic granites and the well-developed Jurassic and early 
Cretaceous volcanics. In this paper. the author will first put forward the paleomagnetic ob
tained from Permian-Triassic rocks in western Fujian in order to illustrate the 'position of the 
region during that time. More emphases will be then laid on the geological characteristics of 
western Fujian- eastern Guangdong Mesozoic foreland basin. Based on these information 
and other available geophysical and regional geological information. the author will discuss 
the early Mesozoic oiogeny in the region and its geological implication. including the forma-
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tion and evolution of South China Sea. 

PALEOMAGNETISM STUDY OF PERMIAN-TRIASSIC ROCKS FROM WESTERN FUJIAN 

Three formations were chosen (Fig. 1) and altogether 182 sampies were collected for 
the paleomagnetism study. After the measurement oftheir NRM. synthetic demagnetization 
have been carried out for all the samples except for those samples which exhibit tao weak an 
intensity to accomplish further measurement. Thereafter'. stereographic projections. 
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Fig.l Tectonic map of Southeast China. Dashed lines mark the boundary of western Fujian-eastern 

Guangdong foreland basin. Legend: I-Pre-Cambrian rocks; 2-Paleozoic-Mesozoic rocks; 3-

granites; 4- volcanic rocks; 5- anticlines; 6- synclines; 7- Fuan- Nanjin fracture; 8-

Zhenhe- Dapu fracture; 9- East Fujian tectonic zone; 10- continental collision zone; 11-

subduction zone; 12-paleomagnetism sampling sites. 
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normalized intensity curves, Zijderveld diagrams, principle component analysis (PCA) 
and linear spectrum analysis ( LSA) were applied in the presentation and processing of 
data. For most of the sampies, two or three components can be successfully identified. 
Based on these analysis various parameters as shown in Table I were obtained. The result 
shows that the studied region has a paleolatitude of 13-19 0 N around Permian-Triassic 
boundary. A comparison of this result with those of Yangtze block and the northern part of 
Southeast China block for the same period shows that their corresponding pole positions were 
very c10se to each other. This suggests that Yangtze block and Southeast China block (in
c1uding the studied region in this paper) had already united by the end of Permian. Both of 
them moved rapidly northward in early Triassic and had almost reached their present posi
tions by the end of Jurassic (Fig.2) . The paleolatitude and declination of different ages for 
the reference point (16 0 N, 103 0 E) for South China (inc1uding Yangtze block and 
Southeast China block) and Indo-China show that the difference of paleolatitude decreased 
from Triassic to Jurassic. This means that Indo-China had undergone a more rapid 
movement and, as a result, convergence between South China and Indo-China took place 
from Triassic to Jurassic. 

Table 1 Site-mean paleomagnetic directions from West Fujian 

Site Age 

Lantian Formation 

LTO Pu 

LTl Tl 

LT2 Tl 

LT3 Tl 

Me an 

Yanshi Formation 

YSO Pu 

Xikou Formation 

XKO 

XKl 

XK2 

XK3 

XK4 

Mean 

Tl 

Tl 

Tl 

Tl 

Tl 

N 

5 

5 

4 

7 

21 

5 

8 

10 

10 

3 

2 

33 

I D Plg Plt 

55.80 26.50 207.90 36.60 

36.80 46.( 0 193.80 57.00 

31.40 35.0 211.90 60.40 , 
44.10 31.00 209.70 48.20 

, 

42.60 35.10 206.40 50.30 

21.40 31.50 225.80 68.40 

11.30 31.10 168.00 76.00 

23.40 24.00 180.20 64.20 

12.40 26.30 163.40 73 .20 

22.10 29.20 140.10 66.90 

25.40 19.40 178.10 61.10 

A95 K 

42.60 9.46 

17.10 52.85 

4.70 24.30 

22.20 18.13 

4.10 43.40 

20.60 1.42 

17.50 3.30 

25.40 10.00 

12.00 40.00 

Dp 

25.00 

14.20 

3.10 

13.80 

9.40 

12.94 

10.90 

14.50 

7.00 

Dm 

46.10 

22.00 

5.40 

24.80 

16.30 

23.20 

19.60 

27.10 

13.00 

Lp 

19.40 

17.08 

20.10 26.30 178.30 67.60 6.70 133.33 3.90 7.30 13.90 

Note: Pu- late Permian; Tl-early Triassie; N-number of sampies averaged; D-declination 

in degrees; I-inclination in degrees; Plt, Plg-latitude and east longitude of virtual geomagnetic 

poles in degrees; A95-radius 95% confidence in degrees; K-precision parameter; Dp, Dm

semiaxes of oval o.f95% confidence about poles; Lp-paleolatitude. 
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WESTERN FUJIAN-EASTERN GUANGDONG MESOZOIC FORELAND BASIN 

The basin is usually called Y ongmei depression and is believed to be either a Hercynian 
fold zone or a Hercynian-Indosinian fold zone or even a Calidonian fold zone. The author' s 
previous study showed that it had evolved from the late Paleozoic passive continental margin 
to the early Mesozoie foreland basin , which has a elose genetic relationship with an early 
Mesozoie continental collision in the south. 

The Mesozoie sedimentary sequence of West Fujian had evolved from the early Triassie 
flysch deposits to the coal-bearing mollasse deposits of la te Triassie to late Jurassie, which 
constitute~ra typial foreland basin sedimentary sequence. This foreland basin stretched out in 
an ENE direction with its scope changing through later development. In early Triassie, the 
foredeep of the basin was in Central Fujian' s Datian county where deep water fine turbidites 
were deposited. Then, as the scope of the basin getting larger and larger, the depth of the 
water got shallower and shallower. This process culminated from late Triassie to late Jurassie 
when the extremely thick mollasse were rapidly deposited and the scope of the basin reached 
its uttermost. 

The radiometrie ages of Permian-Triassic granites in West Fujian foreland basin range 
from 201 Ma to 248 Ma. The diagenetic minerals of the granites show a preferential 
orientation and evidences of stress. Their well-documented radiometrie data show high val
ues of (Sr87

/ Sr86
) ratio. They are chemically rich in alkalis, K + / N~ ratio, Si02 and 

AIP3' and poor in Fe2+ / (Fe2+ +FeH
) . Their LREE / HREE ratio are relatively high. The 

plots of trace elements such as Rb / Zr against Si02, Nd, y , Yb against 
Si02 respectively, Nb against y, and Rb against Y + Nb suggest a syn- collision or 
post-collision origin for these granites. All the above features show that these granites corre
spond to the S-type granites of White (977). These Permian-Triassic granites may be re
lated to the partial melting of the partly subducted continental crust or voluminous sediments 
accumulated between the two continents before the final elosure of the intervening ocean. 

DISCUSSION 

From the latest Paleozoic to the earliest Mesozoic, the Cimmerian continent rifted 
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away from the northern margin of Gondwana-Land. This continent further disintegrated as 
it moved across the Tethys domain. Paleomagnetic and paleontologic evidences show the pos
sible Gondwana-Land provenance for blocks such as Yangtze, South China and Hainan Is-

. land. The early Mesozoic collision in Southeast China and the paleomagnetic results obtained 
in this paper suggest that, before the Cimmerian continent united with Eurasia from late 
Triassic to middle Jurassic, so me of the blocks had already collided as they moved north
ward. The collisions of continental blocks that constitute the Cimmerides therefore took place 
diachronically along the Tethysides of Sengor (1984) . 

The evolution of western Fujian-eastern Guangdong foreland basin has proved to be in 
dose genetic relationship with a continent-continent collision which took place to the south 
of the basin in early Triassic. This collision marks the beginning of the early Mesozoic 
orogeny in the region. The orogeny, however, did not stop as the collision ended. The con
tinuing uplift of continental blocks in the collision zone, which resulted in the deposition' of 
thick mollasse ofT3-J3 in the related froeland basin. The difficulty in identifing the evidences 
of the suture zone was to a great degree due to the massive magmatic activity from late 
Jurassic to early Cretaceous, the extremely deformed and overprinted structures and the 
covering of the sea-water of South China Sea. However, geophysical data in the region still 
exhibit some evidences of the existence of a ENE trending tectonic zone. The trend of Bougu
er anomaly gradient zone in Southeast Fujian changes from NE to ENE when it reaches the 
southern border of the foreland basin. After an upward-continuing of 30 km, the Bouguer 
anomaly in East Guangdong stretches out in E- W direction. The ENE trending 
Hongkong-Nanao tectonic zone is characterized by the relatively low aeromagnetic anomaly 
and the Bouguer anomaly gradient zone. It has a width of 60-70 km and a length of more 
than 400 km. In the eastern part of the Pearl River Mouth basin, there are three negative 
anomaly zones striking W-E, with anomaly values of -227, -150 and -200 x 10-5 m / S2 

(mgaI) , respectively. These anomaly zones can be attributed to the positive magnetization 
of deep buried basic rock. 

To the north of Zhu 3 and Zhu 2 sags in Pearl River Mouth basin, there are occurences 
of metamorphic quartz sandstone and schist, corresponding to the Paleozoic metamorphic 
rock in the continental area. In Xisha-Zhongsha area, the magnetic basement is buried at 
depth of 1.0-1.5 km, while the crust is of 24-27 km thick. From the southwest of the Pearl 
River Mouth basin to the Xis ha Islands, there is a wide and flat negative anomaly zone 
trending approximately W-E, which probably represents the granite gneiss with an isotopic 
age of 627-1465 Ma that was encountered in Xiyong I well .. This shows that the Xisha Islands 
and the Zhongsha Islands in the northern part of the central basin of South China Sea could 
enigmatically be relic continents. Southward, it is evident from geophysical data and rocks 
dr~dged from these areas that a continental fragment underlies the Dangerous Grounds and 
Reed Bank (Kudrass et al., 1986). Another continental fragment in the south indudes the 
northern Palawan Island and the southwestern Mindoro Island. The affinities of basement 
rocks in Borneo and South China made Ben-Avraham and Uyeda (1973) suggest that dur
ing the early Mesozoic, Borneo was adjacent to the China margin. That is, Borneo, 
northern Palawan, Reed Bank, Xisha Islands and Zhongsha Islands were part of South. 
China continental margin. They collaged to South China in early Triassic. The ending of dep-' 
osition of mollasse in the related western Fujian- eastern Guandong foreland basin in late 
Jurassic suggests that, the rifting of collaged continental blocks away from South China 
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margin happened after late Jurassic. This is in agreement with what Ben-Avraham (1989) 
put forward that the opening of the proto-South China Sea basin had occurred by the early 
Cretaceous, due to the rifting of Borneo and perhaps the Philippines from South China. At 
that time, the other continental fragments, inc1uding the northern ~wan, Reed 
Bank, Xisha Islands and Zhongsha Islands, were part of the South China margin of 
proto-South China Sea basin. Along with the subduction of oceanic crust of proto-South 
China Sea basin beneath Borneo, these fragments gradually rifted away from the South 
China margin to creat the present South China Sea (Fig.3). 
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Fig.3 The sehematie cross sections to show the evolution of South China and the South China Sea. 

(b) and (e) are adapted from Ben-Avraham (1989). 

CONCLUSIONS 

1. A continental collision took place in early Triassic to the south of western 
Fujian-eastern Guangdong foreland basin, which marked the beginning of early Mesozoic 
orogeny in the region. The southern continent may inc1udes fragments of Hainan, Xisha Is
lands, Zhongsha Islands, Reed Bank, northern Palawan, Borneo and others. 

2. Pa1eomagnetic results from western Fujian suggest that the collision was taking place 
as the two related continental blocks drifted northward, indicating that the collage of colli-
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sion blocks that constitute Cimmerides took place diachronically. 
3. The drifting of Bomeo from the South China margin occurred following the ending of 

the orogeny at the end of Jurassic, r<;:sulting in the formation of proto-South China Sea ba
sin. 

4. The present South China Sea was probably created by the rifting of the other continen
tal fragments away from the present South China margin. These fragments now are distrib
uted separatively in South China Sea. 
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CRUSTAL ISOSTASY AND MANTLE ANOMALY IN THE SOUTH CHINA 
SEA* 

JIANG JIAZHEN 

Second Institute of Oceanography, SOA, Hangzhou, China 

ABSTRACT 

/ 

The flexure model of the crustal isostasy contributes a major method to study the oceanic 
crustal structure with the free-air gravity anomalies. Using this technique, we have proved 
existence of the thermal mantle anomaly under the northwestern basin of the South China 
Sea. 

INTRODUCTION 

The concept of isostasy describes the manner in which topographic features on the 
earth's surface are compensated at depth. The two most commonly used models were those 
developed by Airy (1855) and Pratt (1855). In the Airy model the crust is of constant den
sity but is thicker beneath mountain ranges than lowlands. For the Pratt model the average 
crustal density is sm aller beneath mountain ranges than lowlands. These models satisfied the 
early requirements of physical geodesy but initially were only of limited interest to geologists 
and geophysicists. Subsequent seismic studies showed that the Airy model, in particular, 
satisfactorily explained variations in crustal structure associated with such features as moun
tain ranges and continental margins (Heiskanen and Vening Meinesz, 1958). 

The Airy model, however, implies a crust that cannot support vertical shear stresses 
or their equivalent gravity anomalies. Barrell (1914) argued that isostatic equilibrium in the 
form envisaged by Airy could not exist everywhere on the earth's surface because of the finite 
strength of the crust. He defined this strong rigid upper layer of the earth as the lithosphere. 

A number of studies (Vening Meinesz, 1914; Walcott, 1970; Watts et al., 1980) 

have subsequently investigated the response of the lithosphere to surface loads such as 
sesmounts and oceanic islands. These studies indicate that in a number of cases the response 
of the lithosphere to surface loads can be modeled as that of a thin elastic plate overlying a 
weak fluid . This model of isostasy, referred to as the flexure model, is similar to the Airy 
model in which surface loads are supported by crustal thickening, but differs by inc1uding 

r 
the lateral strength of the crust. A useful parameter in the flexure model, which characterizes 
the response of lithosphere to these loads, is the effective flexural rigidity of oceanic 
lithosphere which ranges from 7 x 1026 to 1 X 1031 dyn- cm and is a strong function of 
crustal age and temperature. A number ofstudies (Sleep, 1971; Watts and Ryan, 1976; 
Steckler and Watts, 1978) have shown that the post-rift tectonic subsidence of margins 
can be explained in terms of simple thermal cooling models. These observations suggest that 

* Project supported by National Natural Science Foundation ofChina. 
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the effective flexural rigidity, and therefore the state of isostasy, may vary during the evo
lution to the margin. 

The objective of this paper is to analyse information on the isostatic state in the South 
China Sea. The procedures we use are (1) to determine the relations hip between observed 
free-air gravity anomalies and topography in the South China Sea, (2) to interpret this re
lationship in terms of different models of crustal isostasy and (3) to use the preferred mod
els of isostasy to better understand the crustal character of the South China Sea. 

GEOLOGICAL SETTING 

The South China Sea basin is a small 'Atlantic-type' basin with water depths of more 
than 4000 m. It is bounded by rifted continental margins comprising some prominent subma
rine plateaus, namely, the shoaly Dangerous Grounds (Nansha Islands) and Reed 
Bank to the S0l:1th and the Paracel lslands (Xisha Islands) and Maceies Field Bank 
(Zhongsha Islands) to the north. The eastern boundary forms an active subduction zone 
west of Luzon, whereas the western boundary is presumed to be primarily a sheared, 
transform margin (Taylor & Hayes, 1980; Fig. 5). 

According to Tay10r &Hayes (1983), normal seafloorspreading processes created the 
South China Sea basin beginning about 32 Ma B. P. and terminating about 17 Ma B. P. , 
Taylor &Hayes (1983) determined half-spreading rates between 2.2 and 3.0 cm / a and a 
north-south spreading direction. The east-trending magnetic anomalies identified by them as 
anomalies No. 5d-ll are only recognizable in the eastern subbasins, i.e.. east of 115 0 E. 
The deep oceanic basin in the western half of the South China Sea is much narrower than that 
of the eastern half. On the basis of recent data Chinese researchers believe that the 
northeast-trending magnetic anomalies in the western subbasin resulted from pre-Oligocene 
seafloor spreading. The anomalies have been interp'reted as magnetic lineation No. 27- 32 
(74-63 Ma B.P.). But Taylor & Hayes (1983) assumed that the southwestern basin of the 
South China Sea as developed contemporaneously with the younger oceanic portions of the 
eastern central subbasins and thahmuch less oceanic crust was generated 'at the inferred 
southwestern spreading centre than at th~ eastern spreading centre, because the crust was 
more intensively stretched in the west than west that in the east. 

DATA REDUCTION 

In this study we have used surface-ship gravity, bathymetry and sediment profiles ob
tained from cruise So-49, 1987. Gravity measurements at sea were carried out with two sea 
gravimeters operated independently. The sea gravimeter GSS3 No. 53 served on cruise So-49 
only as a redundancy system for the new sea gravimeter KSS31 No. 22 in case of trouble. 
From the comparison between the two gravity curves one can justify if there is a bias in the 
free-air anomalies due to inaccurate Eoetvoes correction when GPS was used. The normal 
gravity was calculated according to the 1967 Geodetic Reference System Formula 
(ATG. 1967). 
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METHOD OF ANALYSIS 

It has been recognized for some time that gravity anomalies at sea mainly reflect the ef
fect of sea floor topography and the mann er in which it is compensated. Gravity and 
bathymetry gene rally correlate c\osely at short wavelengths ( less than a few tens of 
kilometers) and poorly at longer wavelengths (greater than a few hundred kilometers). The 
change is due to isostatic compensation. Thus in the absence of noise and other effects such as 
changes in the mean depth of the water, the relationship between gravity and topography as 
a function ofwavelength provides information on isostatic compensation. 

First, using the cross-spectral techniques, we obtain a transfer function of filter which 
can convert an observed bathymetry profile into aseries which resembles the obserfed gravity 
anomaly profile. In order to emphasize regional crustal character, we have subdivided a few 
long profiles into some relatively short profiles. 

Then, with different isostatic characteq (crustal thickness and effective elastic thick
ness) about the Airy model and flexure model, we obtain standard and theoretical 
admittance which can be ca\culated from theoretical formula. As pointed out by McKenzie 
and Bowin (1976), the observed filter or complex admittance can be easily compared with 
isostatic models based on different hypotheses for the manner in which sea floor topography 
is supported, and the isostatic characters (crustal thickness and effective elastic thickness) 
of different regions can be obtained. 

Thus we make the transfer function convert the observed bathymetry profile into the 
theoretical gravity anomaly profile. The observed gravity anomaly minus this gravity anomaly 
is considered as that caused from sedimentary noise and non-isostatic factor. Therefore, in 
a certain extent we can evaluate isostatic anomaly. 

This study utilizes time series techniques to analyse gravity and bathymetry as Lewis and 
Dorman (1970), Dorman and Lewis (1970), and Mckenzie and Bowin (1976). 

In the space domain the gravity anomaly consists of convolving an impulse respone (or 
Green's function) f (x) with the bathymetic profile b (x): 

g (x) = f (x) * b (x) (1) 

In the wave number domain this is equivalent to a simple multiplication: 

G (k ll ) =z (k ll ) x B (k ll ) (2) 

where Z (kn ) is similar to the form of the transfer function used by Dorman and Lewis 
(1970) and Lewis and Dorman (1970). In the presence of noise a better estimate of Z 
(kll ) is given by McKenzie and Bowin (1976): 

Z (kn) = CG (k n) xB (knrJ / CB (kn) xB (kn)*J (3) 

where * indicates the complex conjugate. In this case, the admittance is given only by using 
all complex function form for spectrum of gravity and bathymetry. 

The required filter can then be obained by using inverse Fourier transform for the 
admittance. In order to reduce the noise from sediment in the estimate of the admittance, 
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sediment density correction is required. There are most of the profiles for cruise So-49 which 
are long enough to cross the regions of various geological features. So according to crustal 
feature we have subdivided these long profiles into a number of shorter profiles. 

The basic computational steps are similar to those outlined by. McKenzie and Bowin 
(1976). After subdividing long profiles into a number of shorter profiles, the discrete Fouri
er series is obtained by using the fast Fourier transform. 

ISOSTATIC MODELS AND THEORETICAL ADMITTANCE 

The method which was developed by Dorman and Lewis (1970) is used to determine 
quantitatively thestate of isostasy for a geological feature. The free-air gravity anomalies are 
caused by topography and its compensation. 

The admittance for an Airy model of compensation is given by the sum of the Fourier 
transforms of two sinusoidal density layers, one representing the sea floor topography and 
one representing the base of the compensating mass (McKenzie and Bowin, 1976). The re
sulting admittance is 

Z (Kn )=2nG (P2 -1.03) e- Knd (1-e - knt
) (4) 

where P2 is the density of the crustallayer, dis the mean water depth and t is the average 
Airy crustal thickness. 

A similar procedure is used to determine an expression for the admittance when a plate 
model of compensation is assumed, although the computations are more involved since the 
deflection due to the load must be ca1culated as part of the computation of the gravity effect 
ofthe compensation. McKenzie and Bowin (1976) outlined a procedure for this derivation. 
The expression is improved by Cochran (1979). The resulting admittance is: 

Z (Kn ) =2nG (P2 -1.03) e - knd {1- Ce - knt2 (P3 - P2) 

+e - kntc (Pm -P3) J / C (Pm -P2) +4 (Pm -1.03) Mk'2A B - 1J } (5) 

where t2 is the thickness of layer 2; tc is the mean thickness of the upper mantle; P3 is the 
density of layer 3, taken to be 2.87 g / cm3

; Pm is the density of the upper mantle, taken 
to be 3.3 g / cm3r; M = E / 3 gh (Pm -1. 03), where Eis Young' s modulus and the plate 
thickness is 2h; k' = kh; A = [sinh (2k') i 2k']2_1 and B= [sinh (4k') / 4k'f+ 1. 

Ca1culated admittance curves for the Airy model and the plate model of compensation 
are superimposed on the observed admittance values in Fig. l. Fig.2 and Fig.3. 

RESULTS 

By applying the admittance function approach to the analysis of observed gravity anom
aly and topography profiles, it is possible to investigate isostatic mechanism. The interpreta
tion of the observed admittance function in terms of an isostatic model involves assumptions 
concerning the rheology and density structure of the margin. 
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Profiles So 17S and 18S are in the spreading centre of the eastern subbasin. Figs.l and 2 
shows Tc= 5- 25 km, Te= 1-10 km for So17S and Tc= 2.5-15 km, Te= 0.5-2.5 km for 
SoI8S. Tc is crustal thickness for the Airy model, and Te is effective elastic thickness for the 
plate model. Comparing theoretical gravity with observed gravity, we can find Tc = 10-15 
km, Te = 5 km for So 17S and Tc = 10-13 km, Te = 3-8 km for So 18S CFig.4). The above 
results are based mainly on the admittance for long wavelength, but not for uncompensated 
short wave lengths CA. < 100 km) 
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Profiles So 17N and So 18N are in the northern continental shelf and the northwestern 
subbasin of the South China Sea. Figs.l and 2 shows Tc< 5 km, Te< 1 km for So 17N and 
Tc< 10 km, Te< 2 km for So 18N. And there are stronger isostasy gravity anomalies, high 
value for the northwestern subbasin and low value for the continental shelf (Fig.6). 

Profiles S022 and S020 are in the southwestern subbasin and its edge, respectively. 
Their Tc and Te are higher, Tc = 20-40 km, Te< 25 km for S020 and Tc = 10-30 km; 
Te< 20 km for S022 (Fig.3). 
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Fig.5 Comparison of observed and computed free-air gravity anomalies of SoI7N and I8N. 

DISCUSSION 

Fig.6 shows that the elastic thickness estimates determined from different surface loads 
on the oceanic lithosphere can be reasonably weIl fitted by the 450 ± 500 °C oceanic 
isotherm, based on simple thermal models for the cooling lithosphere (Watts, 1980). But 
except profiles S020 and S022 (S3) our results (SI' S2) are obviously above 300t 
oceanic isotherm. Especially, the effective elastic thickness for profiles So 17N and So 18N 
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which cross the northern continental shelf and the northwestern subbasin, are only less than 
2 km. These values would not caused by the noise or ca1culated error. The profiles both in the 
northern continental shelf and the northwestern subbasin (Fig. 5) display the stronger 
isostasy gravityanomalies. It is convenient that there are stronger low (minus) isostasy 
gravity anomalies in the continental shelf, but stronger high isostasy anomalies and small 
Tc or Te in the northwestern subbasin. So we assurne that there are thermal mantle anoma
lies in the narthwestern basin. Just this thermal mantle anomaly has changed the oceanic 
lithosphere flexural rigidity and the effect elastic plate thickness since the floor spreading. In 
addition, Fig. 6 shows that there is a slight above 300°C oceanic isotherm for profiles (S,) 
So17S and So18S. / 

Profiles S022 and S020 are in the southwestern subbasin and its edge, respectively. 
Their Tc and Te are higher, Tc= 20-40 km, Te< 25 kmfor S020, · Tc= 10- 30 km, 
Te< 20 km for S022. Fig.6 (S3) shows that it is normal for Tc and Te to be under 300t 
oceanic isotherm for S020 and S022. So we assurne that ' the crustal structure of the 
southwestern subbasin differs from that of the eastern subbasin about the isostasy 
compensative depth or the crustal flexural rigidity. In general, as pointed out by some schol
ars, there are young tectonic activities, thinker layer 1, normallayer 2 and thinner layer 3 
in the South China Sea in comparison with normal oceanic crust. 
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Fig.6 Relationship between elastic thickness and age of oceanic lithosphere 
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EROSION AND SEDIMENTATION IN THE XISHA TROUGH AT THE 
CONTINENTAL MARGIN OF SOUTHERN CHINA 
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), H.BEIERSDORF1)& P.CEPEK1

) 

1) Federal Institutefor Geosciences and Natural Resources, Hannover, Germany 
2) Second Institute of Oceanography, SOA, Hangzhou, China 

ABSTRACT 

.The E-W trending Xisha Trough begins southeast of Hainan Island, runs parallel to 
the foot of the South China continental slope and ends in the 4400 m deep abyssal plain of the 
South China Sea. Two sections of the trough were surveyed by using multibeam 
echosounder, 3.5 kHz profiler, deep-towed side-scan sonar, TV and photocamera, 
and piston corer. 

The 7 km broad floor of the U-shaped channe1 exhibits a rough microtopography along 
horizontal sections and a smooth surface on the flat cone- shaped wedges which protrude 
onto the channe1 floor from its margins. The wedges consist of Late Pleistocene hemipelagic 
mud with intercalated sand turbidites. The horizontal areas of the channel floor are underlain 
by highly contorted stiff to firm hemipelagic mud of Late to Early Pleistocene age and are dis
sected by numerous channe1-paral1e1 furrows. Individual furrows are 100 m to 300 m broad, 
a few metres deep, and up to 5 km long. The ridges between the furrows have very steep, 
sometimes overhanging striated wal1s which are occasionally interrupted by meter- sized 
potholes. 

According to these observations, the channel has been eroded by more than 200m into 
Pleistocene and Tertiary hemipelagic sediments. Pleistocene sediments slumped in from the 
flanks and covered most parts ofthe channel floor . Turbidity currents have meandered over 
the channel floor probably forming helical flows which have eroded the furrows. 

The hemipelagic sediment exposed at a slump scarp indicates that the area was deeply 
submerged in the Middle to Late Oligocene, hence dating the failed rift of the Xisha Trough. 

lNTRODllCTION 
-' 

The continental rise of southern China is incised by a broad trough separating the conti
nental margin from the continental block of Xisha Islands. This so- cal1ed Xisha Trough 
starts with a broad depression in about 1800 m (or 1000 fm.) water depth southeast of 
Hainan. Along its transition to the 4400 m deep abyssal plain of the South China Sea the 
botton of the trough is incised by a channel (Fig. 1). We discuss the results of multibeam 
echosounding, 3.5 kHz subbottom profiling, side-scan sonar recording, bottom photog
raphy, heat flow measurements, and sediment sampling on two sections across the channe1 
obtained in 1987, 1988 during S049 / S058 cruises with R.V. Sonne. 
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Fig.l Bathymetrie map , slightly modified from Defense Mapping Ageney, Hydrographie Center, 

Washington, D.C. Map No. 93036 (1969), showing loeation of profile (S049- 25) and detailed 

surveyareas (quadrangles, see also Figs. 2 & 3), depth eontours in fathoms. 
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CHANNEL MORPHOLOGY 

The width of the channel is about 7 km at both surveyed sections. The channel floor dips 
gently eastwards from a water depth of 2765 m for 120 km to 3365 m in the eastern section 
(average dip 0.30 o. or 5 m per km). This gradient corresponds weB with the slope of other fan 
channe1s dissecting the upper continental slope (lndus Fan> 2 m / 1000 m: Kolla & 
Coumes, 1987; Congo Canyon 4 m / 1000 m: Heezen et al. , 1964; Amazonas Fan 
5-11 m / 1000 m: Damuth & Flood, 1984). 
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Fig.2 Bathymetry and sites of core sam pies ( KL) of the western channel section near profiles 

S049-23, S058-I, and S058-3. (Profile S058- l shows a more detailed morphology as data were 

plotted directly from the Seabeam track map) Co re lKL is outside of this map. For graphical reasons 

the map was not extended to its longitude. 

In general, the channel has a U-shaped cross profile with steep northern and southern 
flanks. The steepest flank with an inclination of 25 0 was observed at the southern end of the 
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S058-0FOS 9 track (Fig.3).The channel floor is mostly flat (Fig.4, proftle S049-23), 
but cone-shaped wedges extend from the southern flank (Fig.2, S058-I, 2770 m con
tour) or the northern flank (Fig.4, proftle S049-25) reducing the width of the flat part 
of the channel floor. The surface of these wedges appears to be smooth. The horizontal chan
nel floor is dissected by numerous about 10m deep furrows running parallel to the channel · 
axis (Seabeam profile S058-1 , Fig.2). 

18°20' 

18°18' 

---- .----------

18°16' 

18°14' 

:>",,, 
:'l 

,,1Q 

\'" ,,'" ;o"i 

8 HF .-

Fig.3 Bathymetry and stations of the eastern channel section, 5 KL and 6 KL are sites of piston 

cores, at site of 8 HF the in-situ heat flow was measured, S058-0FOS 9 shows the track of a 

photographic survey of the sea floor. 

A deep-towed side-scan sonar (HSES), predecessor of the SeaMark I instrument, 
was used . to obtain more information on the areal extent of such fine- scale features. The 
HSES was towed 1000 m above the sea floor and, hence was able to survey a strip of 4 km 
width. A profile was run parallel to the channel axis in the eastern survey area and then on the 
continental slope to detect possible outcrops along the channel axis (Fig.4). In the central 
part of the channel floor black and white stripes show the ridge-and-furrow morphologhy 
already detected by the Seabeam. The ridges and furrows run parallel to the channel axis and 
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individual forms can be traced over a distance of more than 5 km. Furrows and ridges seem to 
have the same cross- sectional width, being 100- 300 m broad with a height difference of 
some meters. This type of relief is mostly described from erosional areas in shallow-water en
vironments with cohesive sediment (e.g., Strait of Malacca: Kudrass & Schluter, 1983). 
From the deep-sea environment this relief is rarely known and mostly correlated with bound
ary currents (Blake Plateau: Flood, 1983; Newfoundland Rise: Cochonat et al., 
1989). 
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Fig.4 Interpreted side-scan sonar record showing stripes of high reflectivity (black), areas of diffuse 

high reflectivity (stippled) and sites of piston co ring (5KL. 6KL). 

The photographie survery in combination with a television camera revealed that the 
flanks of the ridges are dissected by smaller furrows, sm all terraces with steep, sometimes 
overhanging flanks and numerous potholes. In parts erosion seems to have been active very 
recently, as erosional surfaces are not covered by recent mud and show no signs ofboring by . . 
benthic organisms. The numerous meter-sized potholes indicate a rather fast, turbulent bot
tom water flow. 
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EVALUATION OF 3.5 KHZ PROFILES 

On both sides of the channel, the 3.5 kHz records exhibit numerous closely spaced par
allel reflectors separated by acoustically transparent layers. On the continental slope, the 
transparent layers are thicker than those on the continental block of Xisha Islands (Fig.5, 
profile S049-35) . 

The diffuse reflectivity of the horizontal channel floor indicates a rough microrelief. In 
contrast, the cone- shaped wedges show a high reflectivity with some closely spaced reflec
tors. The upper part of the wedge in profile S049-25 seems to consist of a sequence of alter
nating high- and-low reflectivity sediments, probably indicative of alternating layers of 
sand and mud. This sequence thins towards the outer and deeper part ofthe wedge. 
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Fig.5 3.5 kHz profile S049-23 (see Fig. 2 for location) and 3.5 kHz profile S049-25 (see Fig. 1 

for location). 

SEDIMENTOLOGY AND STRATIGRAPHY OF SEDIMENTS 

Seven piston cores were taken from the floor of the channel and its southern flank (Ta-
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ble 1, for location see Figs. 2 & 3). Highly bioturbated hemipelagic mud with different 
stages of consolidation was cored at the southern flank of the channel (IKL and 2KL). The 
lower part of both cores consists of very stiff, grey hemipelagic mud of early Pleistocene age 
(NNI9) containing some contorted layers or spots of very fine terrigeneous sand (Fig. 6). 
(The stratigraphic NN / NP zonation of Martini & Mueller (1986) is used). Their upper 
part is free of sand layers and slowly grades from stiff to soft hemipelagic mud. The marked 
discontinuity of consolidation in both cores indicates a hiatus within the Pleistocene. As 
Globigerinoides ruber pink is not found in the mud overlying the hiatus, the sediments of the 
"pink" -interval (400-120 ka, Thompson et al., 1979) are thought to have been lost at 
the hiatus. 

The sediments in the cores (39KL, 5KL, 6KL) from the horizontal section of the 
channel bottom consist of highly contorted hemipelagic mud. Most of the core 39KL was de
posited in the Late Pleistocene (NN20- 21) and Globigerinoides ruber pink is present up to 
the hiatus near the top of the core. The overlying 15 cm of soft mud contain no Globorotalia 

crassaformis and are of Holocene age. The hiatus therefore spans aperiod from at least 120 ka 
to 18 ka. The highly contorted very stiff mud in 5KL is of Pleistocene age. The base of this 
core belongs to the NNl9 zone, a few specimens of Globigerinoides ruber pink are present in 
two core sections. A distinct hiatus can be observed within the uppermost few centimeters of 
the core. 

Core 6KL is only 0.23 m in length and presents the top part of an approximately 6 m 
long core, whose lower part was lost during recovery of the strongly bent core barrel. The 
small penetration and the deformation of the core barrel indicate the presence of highly con
solidated sediments at this position of the channel floor. The recovered section consists of 
very stiff grey hemipelagic mud depostited during the NN19 zone, probably during its early 
time. 

Two cores (3KL, 4KL) were obtained from the eastern part of one of the cone-shaped 
wedges at the channel floor (Fig. 2). Both cores consist of Late Pleistocene or Holocene 
hemipelagic mud (no Globigerinoides ruber pink) with numerous turbidites intercalated. The 
sand fraction of the turbidites predominantly consists of tests of planktonic forarninifera indicating 
a reworking of hemipelagic sediments. In addition, some coarse-grained turbidite sections con
tain mollusc shells, benthic foraminifera and glauonitic grains, which have been derived from 
the upper continental slope or outer shelf. In 4KL Late Pleistocene mud overlies a marked 
hiatus, 'c!nderlain by brittle olive mud ofthe NN19 zone. 

In addition to these co red sediments, hemipelagic mud was accidentally caught by the 
photosledge during the photographic bottom survey OFOS 9 when it hit steep scarps at the 
southern flank of the channel. Gray hemipelagic mud yielded coccoliths of the NN 19 zone. 
Stiff olive mud, however, contained a much older assem?l~ge of the NPI6- NP25 zone 
(Middle Eocene to Late Oligocene: Cyclicargolithus floridanus (Roth· & Hay), 
Dictyococcites bisectus (Hay, Mohler & Wade)) with very few coccoliths (possible 
Discoaster cf druggii, Bramlette & Wilcoxon) indicating a Lower Miocene to lower Middle 
Miocene admixture. The foraminiferal assemblage is dominated by foraminifera of Middle 
Oligocene to lower Late Oligocene. (Globigerina angustiumbilicata (Bolli), Globigerina 

ciperoensis (Bolli), Catapsydrax dissimilis (Cushman & Bermudez), Globorotalia obesa 

(Bolli), Globortalia opima nana (Bolli), Globorotalia siakensis (Leroy), Globigerinella 

aequilateralis (Brady), Globigerinoides sacculifer (Brady), Globorotalia tosaensis 
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(Takayanagi & Saito)). Some few other foraminifera are due to contamination by Miocene or 
Plio-Pleistocene sediments. 
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~ Table 1 Coordinates, water depth, eore length, and 10eation of sampling sites. A short deseription of reeovered sediment and its maximum age is giv--
'cn. Water depth is based on eehosounding during eoring proeedure, differenee to water depths as seen in the maps (Figs. 2 and 3) are due to posi-
tioning errors. 

Station No. Coordinates Water depth Core length 
Location Sediment Age (m) (m) 

S049-39KL 
18 ° 02.10'N 

2757 5.40 
Trough wedge 

Hemipelagic mud NN20-21 Pleistocene 
112 0 46.33'E or thalweg 

S058-1KL 
18 ° 00.22 ' N 

2354 7.46 
Southern 

Hemipelagic mud NNl9 Pleistocene 
11 2 0 42.65 ' E trough wall 

S058-2KL 
18 ° 00.90 ' N 

2511 5.21 
Southern 

Hemipelagic mud NN19 Pleistocene 
112 0 49.85 ' E trough wall 

18 0 01.27'N 
2710 5.60 Trough wedge 

Hemipelagic mud with 
NN19-20 Pleistocene S058-3KL 

112 ° 49.57'E sandy turbidites 

18 ° 02.06'N 
2748 2.41 Trough wedge 

Hemipelagic mud with 
NN19 Pleistocene S058-4KL 

112 0 49.87'E sandy turbidites 

18 0 15.12'N 
3298 7.73 

Trough wedge Hemipelagic mud (dis-
NN19 Pleistocene S058-5KL 

113 0 49.85 'E or thalweg torted structure) 

18 0 14.29'N 
3296 0.23 

Trough wedge Hemipelagic mud (very 
NN19 Pleistocene S058-6KL 

113 0 50.58' E or thalweg stift) 

18 0 14.30'N 3150 Dredged Southern 
Hemipelagic mud (gray) NN19 Pleistocene S059-90FOS 

113 0 50_90 ' E sampie trough wall 

18 0 14.80 ' N 
3550 

Dredged Southern Hemipelagic mud Middle Oligocene to 
S058-90FOS 

113 0 54.70 ' E sampie trough wall (yell~'\',{ish) Late Oligocene 
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HEAT-FLOW MEASUREMENT 

Due to the stiffness of the sediments exposed in the channel in-situ he at flow could be 
measured only at postition 8 HF. The conductivity with 2.48 x 103 (cal / cm sec Oe) is rela
tively high for hemipelagic mud probably due to its high consolidation. The he at flow at the 
channel bottom of 2.23 mW / m2 is comparable to previous measurements from the neigh
bouring abyssal plain (Taylor & Hayes, 1983; Block & Steinmann, 1987). 

CONCLUSION 

Undeformed sediments are rarely found in the channel and at its flank. The recovered 
sediments mostly consist of intensively contorted, stiff to very stiff hemipelagic mud. Slump
ing has obviously caused this deformation affecting complex seetions of mud, and even de
forming barely plastic muds (5KL). The age of these allochthonous sediments ranges from 
Late Pleistocene (39KL 120-400 ka in the NN20-21 zone) to Early Pleistocene (2KL. 
base of NN 19, approximately 1. 7 ma). The hiatus found on top or ne ar the upper end of the 
cores indicates that a considerable part of Late Pleistocene sediments was removed by mass 
wasting or erosion. 

As observed in the records of the deep-towed side-scan sonar and in the photographs of 
the sea floor, the horizontal parts of channel are presently subjected to erosio~ producing a 
channel-parallel ridge- and-furrow relief. This type of erosion proven in the eastern survey 
area seems to prevail also in the western area, as indicated by the rugged topography in the 
Seabeam records. 

In contrast, cone- shaped wedges are of depositional features, their upper parts being 
composed of Late Pleistocene to Holocene hemipelagic mud with intercalated turbidites. 

Turbidity currents may have eroded the some km-Iong furrows into overconsolidated, 
highly contorted hemipelagic sediments which slumped in from the channel flanks. At the 
time of the photographie survey, erosion was not active, it rather has occurred maybe only 
some months ago, since signs of erosion look rather fresh and no boring of the sediment sur
face by animals is visible. However, the observed ridge-and-furrow relief is usually referred 
to be caused by helical flow patterns (Flood, 1983), which are not expected in case of 
turbidity currents. As similar patterns of ridge-and-furrows are observed by deep-towed 
side-scan sonar in channels attributed to turbidity currents (Malinverno et al., 1988), it 
might be necessary to modify the model of turbulent flow of turbidity currents. 

The oldest sediment was not recovered from the channel floor , as one would expect, 
but dredged from the flank of the channel, where it was exposed at a slump scarp. The Mid-. 
dIe to Late Oligocene age of this bathyal sediment proves that deep open-marine conditions 
prevailed at that time and consequently seafloor spreading or rifting in combination with sub
sidence must have started before this time. This period fits to the age interpretation of mag
netic lineations which indicate that spreading started in the central South China Sea at the be
ginning of the Late Oligocene (Taylor & Hayes, 1983). The relatively low heat flow also 
corresponds to an early opening. The failed rift of the Xisha Trough therefore documents 
some of the earliest periods of seafloor spreading in the South China Sea. 
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A PRELIMINARY STUDY OF THE ORIGIN OF TAIWAN SHOAL 

CAI AIZHI, LI YUANMI, CAI YUE' E, ZHU XIAONIN & LE YUZAN 

Xiamen University, Xiamen, China 

ABSTRACT 

A zone of underwater basalt . hills from South Fujian to Penghu Is. and the coast of 
southwest Taiwan is an important foundation for the development of the Taiwan Shoa!. The 
sediments of Taiwan Shoal are mainly made up of mid-coarse sands with 5-10% of shells 
and some grwels of basalt and beach rocks. The numerous mesobedforms such as sand waves 
(dunes) and ridges are controlled by currents and waves in the whole shoa!. At present, the 
bedforms of Taiwan Shoal are changing and migrating because of the action of wave and cur
rent; especially when the storm comes up, sands and shells on the shoal are transported 
from the north and the south to the center part of the shoa!. 

INTRODUCTION 

Taiwan Shoal is an individual unit with wonderful forms and mystical origin in marine 
geology, which has been fascinating many geologists and oceanologists. In the past, only 
foreign scholars did some normal sampling and laboratory analysis. Niino and Emery 

(1961) have proposed that the sediments of Taiwan Shoal are relict continental shelf sedi
ments. Chinese scholars in Taiwan province or in the continent have investigated the shoal for 
several times in past twenty years. Boggs, Wang and Chen (1974), Zhou (1971) had 
studied the sediments in the east ofTaiwan Shoa!. Qing and Zhen (1982), Zhang (1989) 
had studied bottom morphology, sedimentary type and mineral in the west of Taiwan 
Shoa!. This paper is based on the past work, in which some new methods is used for the 
study of change of underwater sand waves (dunes), composition and transportation of sed
iments, distribution of basalt relict hilI and beach rock in the sea bottom. We discussed the 
recent dynamics and conditions of the shoal formation by means of numerous scientific doc

uments. 

INVESTIGATING METHODS AND ANALYSIS RESULTS 

The morphological observation of sand waves on Taiwan Shoal was accomplished by us
ing Che- rn type of echosounder at the marine expeditionary vessel. "Dongfanghong" with 
satellite position system. The totallength of sounding profiles on two cruises is 650 km. The po
sition and direction of sounding lines are shown in Fig. 1. Fifteen surfacial sediment samples 
were obtained by the oceanic type of grab sampier. In stations which depth is sm aller than 80 
m, the sea bed has been observed and recorded by the Sea-Beer- I type ofunderwater TV. 
We have observed only when the ship is at anchor, because the least sailing speed is six miles 
an hour. 
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Some typical so unding profiles are selected and from a vast record of echosounding, 
length (L) and high (H) of sand wave were calculated. The results obtained by analyzing the 
above data indicate the following features (Fig.2) . 

1) L of sand waves is 0.5-2.0 km and H of sand wave is 15-22 m in the central part of 
Taiwan Shoal. On the deeper margin of the shoal L of sand waves is 100- 300 m and H is 
5-10 m (Fig. 2c, d, i). The relationship plot (Fig. 3) obtained from statistic result shows 
that the average height of sand wave minus its average depth is negative. 

2) ~he asymmetry of sand wave is caused by the combined actions of waves and cur
rents. W1ien waves and currents push the sediments on the bottom forward, the gentle front 
slope and the steep lee slope will be formed. 

3) The trends of sand wave change with the change of direction of currents and incom
ing wave. Owing to the regimes of frequent hydrodynamic change, characteristics of sand 
wave morphology such as kurtosis and asymmetry in Taiwan Shoal is highly changeable. The 
comparison of our echosounding record with those taken by Zhang (1989) in the same re
gion shows that the bipeak type of sand wave seldom appears. 

4) The regular sounding record of sand wave may disappear suddenly because of 
apperance of basalt and beach rock on the bottom. 

Grain-size analysis of sediment in Taiwan Shoal has been made. Grain-size parameters 
in Table 1 have been calculated according to C. K. Wentworth' s grain criterion system. The 
mean size of sediments is about 1 <I> in the central part of Taiwan Shoal and 1.5-2.0<1> on the 
margin of the shoal (Fig. 3). The grain particles in the middle of Taiwan Shoal are discov-
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ered by the miorotelescope to be perfectly rounded and spherical in shape, especially for 
quartz sands of diameters O. 1- 2.0 mm. This indicates that the grains have suffered wave 
abrasion in the surface for a long time, similar grains can only be found in the beaches of 
South Fujian coast, such as in Zhangpu and Dongshan beaches toward southeast. High 
content of heavy mineral is another characteristic of sand grain in Taiwan Shoa!. Results 
drawn by Sen et al. (1982) show that heavy mineral contents are usually larger than 2%, 
and up to 4% at some stations on the margin of the shoa!. 
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The underwater TV system has been used to observe the shoal reJjef which water depth is 
smaller than 80m, especially at the hydrographie survey stations, Tl03, T201, T204, 
T302, and T304. Thus, we have induced the following results. (1) Sea bed deposits are 
composed of sands, silt-sands, shells and gravels of basalt and beach rock; (2) There 
are many kinds ofmicro-bedforms such as ripples and biological burrows etc.; (3) Sand 
of different size move under the action of currents in which steady currents flow and sands 
move in straight line, and when turbulent flows exist, sands move in clouds which direc
tion and magnitude change every now and then; (4) Suspended sands obtained by the 
sand trap which was fixed in the scope ofthe television screen were 1-2.5 <P in diameter, in
cluding some shell fragments. It can be deduced that sand movement will be very strong dur
ing storms in Taiwan ShoaL When the current velocity surpassed 80 cm / s ~n Taiwan Shoa!' 
the anchored ship could be moved. Because the storm speed can reach 30-40 cm i s at this 
time, we corrected the position data by satellite. 

/ 
DISCUSSION ON THE FORMATION OF TAIWAN SHOAL 

The origin of Taiwan Shoal was seldom discussed before, only a tentative idea had been 
advanced by Zhen and Zhang (982). Far more efforts have been paid on characteristics and 
resources of its sands (Qing and Zhen, 1982; Zhang, 1989). In Penghu Islands and the 
coastal zone of Zhangpu, South Fujian, basalt rocks and volcanoes are widely 
distributed, and in the central partof the shoal around station T202, relict basalt hills and 
many basalt gravels are discovered by the underwater TV. It can be considered that a basalt 
hilI chain which is the existing fundament of the shoallies across the south of Taiwan ShoaL 
During lower sea level, there were aseries of basalt islands from Penghu Is. to South Fujian 
coast. Otherwise, when the sea level was 20-30 m in Early Holocene lower than at present, 
beach rocks were formed on this region of coastal zone. During the lower sea level, the posi-
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tion covered by the present well-rounded and mid-coarse quartz sands was coastal beach 
such as barrier or tombolo, over which basalt gravels were widely scattered, in the same as 
the present barrier beachalong Zhenhai Bay, South Fujian. Thus, it can be proved that 
Taiwan Shoalwas once a coastal sedimentary environments surrounding some islands. Under 
the present hydrodynamic conditions, sands on the south and north slope of the shoal are 
moved to the center, and this is an important process for the shoal development. Effected by 
storms and strong currents, sand waves (dunes) in different kurtosises and scales are 
formed in the shoal area (Fig. 2). According to Lin and Liao (1983), the wave height 
reaches 16 m and the period is 14 s. The storm wave length may come up to 100-110 m. In the 
central part ofthe shoall0-20 m deep and also on the margin 20-30 m deep, the wave in
fluence is very strong for stirring and transporting sediments. 

During typhoon seasons, most of the sand forms on the shoal are smoothed by violent 
waves and currents, then with the strong wave energy decreasing, the sand waves (and 
dunes) are gradually recreated. Obviously, the sand wave with double kurtosises is an "in
terim" or "temporal" state. Because the sand waves are often reformed by storms, benthos 
can' t live and propagate in this area. Nevertheless, we have collected present shells and shell 
fragments in this area. They are transported by current and wave from other places in which 
sediments must contain so me clay (15%) for shell propagation. 

Data in Table 1 show that sediments of the central part of the shoal rarely contain clay, 
so the benthos can' t live. Observation of the underwater TV and use of the sand trap col
lecting the tract load made us find that the diameter of sand transported by the current is 
about 1-2.5 <1>, and the bed- current velo city is 80 cm / s at station T202. Therefore, 
kurtosis and skewness of the sand wave are controlled not only by the current velocity and di-
rection but also by the storm intensity. 

Table 1 Grain parameters of sediment in Taiwan Shoal 

Stations Content of size groups (%) 

No. G CS MS FS 

T801 8.5 80.5 10.6 0.4 

T303 61.2 30.3 8.2 

, Tl03 18.2 77.4 4.1 0.3 

5-B 1.3 55.0 31.1 12.6 

6-B 2.8 31.1 58.8 6.6 

M-38 10.6 58.2 22.8 6.8 

M-43 18.4 65.6 13.2 1.9 

M-48 0.7 35.9 56.7 3.7 

M-51 2.6 19.2 76.7 

M-54 19.4 72.2 5.0 0.7 

M-67 1.6 46.6 45.9 4.0 

M-80 27.2 44.6 26.3 2.0 

M-84 0.5 67.6 31.2 0.7 

T 

0.3 

0.7 

1.3 

0.9 

3.0 

1.5 

2.7 

2.1 

Mean 

size 

MZ 

0.03 

0.92 

-0.27 

0.82 

1.40 

0.43 

-0.07 

1.20 

2.23 

-0.20 

1.03 

0.20 

0.73 

Standard Nameof 

diviation sediments 

0.82 CS 

0.74 MCS 

0.80 CS 

0.90 MCS 

1.05 CMS 

1.19 MCS 

1.10 CS 

0.63 CMS 

0.44 FS 

0.92 CS 

0.78 CMS 

1.53 MCS 

0.66 MCS 
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The sediments in Taiwan Shoal contain more heavy minerals, and it is another evidence 
for the present transporting and sorting of sands. The content of heavy minerals is the highest 
at a few stations on the shoal edge. So the coarse and light particles are transported to the 
central part of the shoa!' while the heavy minerals remained on the shoal edge. 

CONCLUSIONS 

The stable skeleton under the shoal is formed by a large scale of underwater relict basalt 
hills. On the seabed of the shoal area, relict basalt rocks, gravels and solid beach rocks are 
universal. Composition of sediments in the central part of the shoal is mainly coarse to me
ditnn sands with uncertain amount of shells and sheH fragments. The sphericity of sediment is 
very weH. It was considered that these materials were fully affected by the wave when the sea
level was 20-30 m lower than the present. In the normal weather, sediments are transported 
by the current in Taiwan Shoa!' and in the storm (typhoon) weather, the underwater 
sand such as sand waves, dunes and ridges are recreated violently by wave and current. 
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ABSTRACT 

Stable isotope measurements on both planktonic and benthic foraminifera in two deep 
sea sediment co res from the South China Sea aHow a detailed stratigraphy for the past 110000 
years. The isotope stratigraphy is based on the benthic foraminifera Cibicidoides 
wuellerstorJi, which reveals the more consistent and stable b I80-profile. For the last Glacial 
and Holocene, ages were deriverd by comparison with AMS- '4C-dated bl80-curves of 
other cores, with appropriate U-Th-corrections applied to the conventional 14C-dates. 
Sedimentation rates are generally higher in glacial than in interglacial time. The higher rates 
during Stages 4 and S- in the deeper core are caused by turbidites. 

The bl3C niveau< - 22%0 of total organic carbon in the sediment indicates an increased 
terrignous supply during the Interglacials, while marine organic matter> -20%0 is domi
nating during the Glacial. 

The estimated (marine carbon) paleoproductivity which is calculated by means of an 
empirical equation based on the organic carbon accumulation rates show a pronounced con
trast between the last Glacial and the penultimate and present Interglacial. with the glacial 
productivity being higher by a factor ofup to 4. 

The b13C values of the epibenthic C. wuellerstor/i in the South China Sea conforms with 
the regional decrease in the western Pacific observed from west ofNew Zealand to the Ontong 
Java Plateau. The Last Glacial b13C levels are generally 0.3%0 lighter than in the Holocene and 
indicate bottom water renewal mainly through the deep Bashi Channel (threshold at ~ 
2600 m) in the northeast. 

INTRODUCTION 

The primary productivity of the surface ocean is estimated to have been more than 3 to 4 
times the present level in the coastal and she1f regions and major upwelling areas of the oceans 
during the last Glacial (Reimers and Suess, 1983; MuHer et al. , 1983; Sarnthein et 
al., 1988; Sarnthein and Winn, 1990), leading to a drawdown of atmospheric CO2 as ev
idenced by ice core studies (Neftel et al., 1982; Barnola et al., 1987). The higher produc
tivity was accompanied by higher nitrogen / carbon ratios during the glacials . (Hartmann et 
al., 1976; MuHer et al., 1983). This implies a reconsideration of the proportion of organic 
carbon to phosphate in the Redfield ratio, enabling a much higher productivity in the tropical 
ocearis from a limited phosphate budget during the ice ages. 
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In order to estimate the extent of the fluctuations in the ocean carbon reservoir which 
constitutes about 98 % of available total carbon, and to quantify the associated changes in 
atmospheric pC02, it is necessary to determine in detail th~ paleoproductivity of the differ
ent parts of the world ' s oceans. As part of an ongoing project within the framework of the 
German national climate programme, the nutrient b~dgets of various tropical and 
subtropical regions in glacial and interglacial periods were analysed (Sarnthein and Winn, 
1990). Here, we present further results of detailed paleoproductivity studies supported by 
stable isotope stratigraphy in two deep sea sediment cores, Sonne 50-29KL (N18.4 0 , 

E115.7 0 , 3766 m) and Sonne 50-37KL (N18.9 0, E115.8 0 , 2695 m). The cores were 
raised from the continental slope off South China in the northern part of the South China 
Sea. 

METHODS 

All cores were sampled at 10 cm intervals, and after determination of the water content, 
were wet-sieved through a 100 pm mesh. The planktonic foraminifera Globigerinotdes trilobus 
sacculifer (Brady) and G. ruber (d' Orbigny) as weIl as the benthic foraminifera 
Cibicidoides wuellerstorfi (Schwager) were picked from the 315-400 J.lm size fraction for ox
ygen and carbon stable isotope measurements. The runs were made with a Finnigan 
MAT-251 mass spectrometer coupled to the automated CARBO-KIEL sampie preparation 
device. Sampies were reacted by individual acid addition. The isotope results are given on the 
usual b-scale and have a standard deviation of ± 0.07% for oxygen and ± 0.04% for the car
bon isotope ratio. Organic carbon contents (weight %) were determined with the LECO 
instrument (accuracy ± 0.5%). 

Due to the proximity of our core locations to land, the sediments may contain appre
ciable amounts of la~d derived organic matter. Therefore, we have also measured the stable 
isotope composition of the total organic matter in the sediment, a parameter which is de
pendent upon the terrigenous carbon input (Erlenkeuser, 1978). For organic carbon analy
sis CO2 gases were prepared from sediment sampies by dry combustion after carbonates were 
gently removed by warm 2% HCl. 

RESUL 18 AND DISCUSSION 

Oxygen Isotopes 

The oxygen isotope events have been identified by comparison with the standard 
reference section of the graphic correlation composite b\80 record for sediments of the 
Brunhes Chron. (Prell et a/" 1986). For the Holocene and the Last Glacial, we have con
verted to calendar dates following Bard et al. (1990) (Table 1). The older b\80 events were 
date by correlation with the high resolution chronostratigraphy of Martinson et al. (1987) . 
The stage boundaries from the plankton oxygen isotope curves do not necessarily coincide 
with those from the benthic curve. This phenomenon has been observed in a large number of 
cores from other marine regions, and may be due to species-specific fractionation as weIl as 
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to the influence of different water masses and microhabitats ("vital effects") . In addition, 
carbonate dissolution has occurred in some horizons, with the thinner shelled planktonic 
foraminifera being more affected than the thinner shelled planktonic foraminifera being more 
affected than the thieker shelled benthos. For our ehronostratigraphy, we have selrcted the 
more stable benthic bl80-eurve (Table 1, Figs.l and 2). 

Table 1 15 180 stratigraphy and chronology of cores 29KL and 37KL. 

Core 29KL Core 37KL Conventional Corrected 

c5 18O-event 

(depth, cm) 

Present 0.0 0.0 
End termination I 61.0 91.0 
Begin termination I 126.0 161.0 
c5 180-event 3 321.0 316.0 
c5 180-event 3.31 546.0 561.0 
c5 180-event 4.24 631.0 641.0 
c5 180-event 5.1 811.0 721.0 
c5 180-event 5.2 861 .0 
c5 180-event 5.31 921.0 
c5 180-event 5.33 831.0 
c5 180-event 5.4 992.5 

* Converted to 238U / 230Th age scale after Bard et al. (1990). 

* * Chronology after Martinson et al. (1987). 

14C-age age 

(in 1000 yrs) 

0.0 0.0 
9.1 9.8 * 

14.8 18.3 * 

26.0 29.3 * 
55.5 * • 

71.1 • • 
79.3 * • 

90.9 * * 
96.2 ' * 

103.3 * * 

110.8 ' * 

For the upper part of the cores which represents the time interval from the Last Glacial 
maximum to the present. the AMS-stratigraphy of the South China Sea core V3S- Sand 
the East Pacific core TR163-31 were used as guides (Broecker, 1988a, b). The chronolo
gy determined by Bard et al. (1990) applying the Uranium-Thorium method (calendar 
dates) shows significant offsets of the calendric time scale from the AMS 14C-ages, espec
ially during the Termination land the Late Glacial. Aceording to the new, but still tentative 
time scale, the bl80 Stage 2 / 3 boundary is dated at 29.3 ka, the beginning of Termina
tion I at about 18.3 ka, the Younger Dryas event between 12.8 ka and 12.2 ka, and the end 
ofTermination I at around 9.8 ka. The 2 cm thick voIcanic ash layer encountered at 302-304 
cm in core 29KL has an interpolated age of 28.3 ka. 

The planktonic and benthie bl80-records show last glacial to interglacial differences of 
1. 4-1. 6%0. In general, the oxygen isotope stratigraphy of both planktonic and benthic spe
eies show comparable results down to the base of oxygen isotope Stage 4, whieh is remarka
bly weIl pronounced in both cores. Below Stage 4, the plankton oxygen isotope curve devi
ates considerably from the benthie profile in both eores. The bl80 minima are npt identifiable 
as such but appear as rather broad plateaus. A detailed intercore comparison of the isotope 
curves of G. ruber, G. sacculifer and C. wuellerstorfi, however, suggests that only the up
per parts of Stage S (Sa, Sb) are identifiable in core 37KL. while the lowest horizon in 
core 29KL could be assigned to Stage Sc (Sd?). The bl80-values did not reach the typical 
light levels of Stage Se, and this substage is certainly not cored. The comparatively heavy 
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Fig.l bl80-records of G/obigerinoides tri/obus saccu/ifer (Brady), G.ruber (d' Orbigny) white and 

Cibicidoides wuellerstorfi (Schwager) in cres Sonne 50-29 KL and 50-37 KL, northern part of the 

South China Sea. Refer to Table 1 for depth to age conversions. 
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Fig.2 <5 13C-records of Globigerinoides trilobus sacculifer (Brady), G.ruber (d'Orbigny) white and 

Cibicidoides wuellerstorlJ (Schwager) in cores Sonne 50-29KL and 50-37 KL, northern part of the 

South China Sea. Refer to Table 1 for depth to age conversions. 

bl80 va lues towards the base of core 37 would suggest a possible discontinuity with parts of 
Stage 6 at the bottom. This remains a paradox, as this feature is not reflected in the 
planktonic bl80 values. 

The signal of the Y ounger Dryas cooling event which has been clearly identified in other 
sediment cores from the South China and the adjacent Sulu Sea (Broecker et al., 1988 a & 
b, Kudrass et al., 1991) is suppressed in both the planktonic and benthic records of our 
cores. On the other hand, the BoIling / AIlerod climatic changes and the associated 
meltwater events ( e. g. , Sarnthein et a/. , 1991) are fairly weIl recognised in the 
planktonic bl80-records of the cores. A temporary halt or slight reversion of the deglacial 
bl80 trend may either be caused by a subsequent climatic deterioration or large fluctuations in 
the fluvial discharge. In the benthic bl80 profile, the BoIling / AIlerod event is also 
recognisable, with the second phase of the termination (Termination Ib) as a weIl pro-
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nounced feature. These records of rapid climatic changes at the end of the Last Glacial were 
also reflected in the foraminiferal abundances in the South China Sea Basin (Wang et al. , 
1986; Broecker et al., 1988 a & b). 

The Cibicidoides wuellerstorfi oxygen isotope in both cores (shown on time axes for 
easy comparison; Figs. 1 & 2) reveal that the oxygen isotope profiles of the benthic C. 
wuellerstorfi are c10sely the same for the past 88 ka, signifying that both cores were in the 
same ambient water mass throughout this period. 

Sedimentation rates calculated from benthic oxygen isotope stratigraphy of C. 
wuellerstorfi show that the interglacial stages 1 and 5 normally have lower sedimentation 
rates of 4.3- 9.3 em / ka while in the colder stages, the rates are up to twiee as high 
(13.9-17.5 cm / ka). The high sedimentation rates during Stages 4 and 5 and in the upper part 
of Stage 2 in core 29KL are due to "turbidite" cyc1es (25-30 cm in thickness) with irregular 
bottom contaets observed in sediment radio-graphs. Core 37KL on the other hand, does 
not show such silty episodes, and the good correlation between the two cores signifies that 
the turbidtes in our cores are of local importanee only, and in general have not resulted in 
deep erosion of the sediment layers. Sediment physical and geoteehnical properties measured 
during the course of this study did not show any indications of major and large- sca1e 
subaqueous sediment slumps, and the studied COfes appear to lie outside the path of major 
turbidite movements (Kudrass et a/., this volume). 

Paleo Productivity and the ~I3C Record 

The new (or export) productivity of the euphotic zone, which characterizes the or
ganic matter that leaves the surface layer, sinks into the deep sea and is preserved as organic 
carbon in sediment (as opposed to the total primary productivity which inc1udes reutilized 
organic matter), has been estimated using the equation of Sarnthein et al. (1988). 

Pexp = 0.0238 x cl·6429 
X ~.8575 X DBDo.5364 X ZO·8292 X 

where 

C 
DBD 

SB 

SB-C 
Z 

= organic carbon content (weight %) of the sampie 
= dry bulk density (g / cem) (solid partic1e density x 
=.,lJulk sedimentation rate (ern / ka) 
= carbon free sedimentation rate (ern / ka) 
= water depth (m) 

s;,0.2392 
B-c 

(l-porosity / 100)) 

(1) 

The results reveal that total export productivities were generally about 2.5 times higher 
during the glacial than during the interglacials. However, these estimates incorporate not 
only the marine production, but also a possible fraction of terrigenous organic carbon. The 
primary ~13C signatures of these two organic fractions are usually weIl distinguished, 
amounting to about - 19. 5%0 (vs. PDB) for marine organic matter from equatorial 
oceans, and to about -26.5%0 for the terrigenous component (Erlenkeuser, 1978; Mul
ler et al., 1983; Westerhausen et al. , 1991). Within the bounds of these source isotope 
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composltions, a simple two source mixing model has been applied to differentiate between 
the contributions of these organic fractions. The b13C-profile and the distribution of the or· 
ganic carbon content down the core run closely in parallel and clearly show that the relative 
proportion as weH as the absolute amount of the total marine organic matter culminates in 
the glacial bl8a Stage 2, while in the interglacial Stages 1 and 5, the relative abundance of 
marine matter is on a pronouncedly lower level (Tables 2 and 3). The sampie at 940-942 cm 
in core 29KL possibly indicates that an even higher supply of terrigenous organic matter oc· 
curs in the older interglacial deposits. It thus appears that the glacial climates are not 
conductive for large belts of vegetation as found today in the neighbouring continental area. 
These results ~re in harmony with the findings of Adams et al. (1990) showing extended 
desert terresded deserts and decreased vegetation, and hence reduced terrestrial organic 
carbon production on the Chinese mainland during the Last Glacial Maximum, 18000 year 
ago. 

Table 2 o13C measurements on total organic carbon in sediment 

Core No. S050-29KL Co re No. S050-37KL 

Interval measured o13C Intel~almeasured O13C 

(ern) %ovs. PDB (ern) %ovs. PDB 
20-22 -21.23 ± 0.02 20-22 -21.21 ± 0.04 
30-32 -21.33 ± 0.04 40-42 -21.24± 0.02 
50-52 -21.54 ± 0.02 60-62 -21.21 ± 0.04 

150-152 -20.76 ± 0.03 80-82 -21.39 ± 0.04 
180-182 -20.41 ± 0.03 200-202 -20.34±0.04 
200-202 -20.28 ± 0.02 210-212 -21.48 ± 0.03 
220-222 -20.24±0.03 230-232 -24.42 ± 0.02 
250-252 -20.02 ± 0.02 250-252 -20.29 ± 0.06 
350-352 - 20.25 ± 0.02 307-309 -19.82±0.02 
400-402 -20.31 ± 0.02 347-349 -19.72 ± 0.02 
500-502 -21.12± 0.03 397-399 -20.14 ± 0.02 
620-622 -21.16± 0.04 447-449 -19.92± 0.01 
710-712 -22.90 ± 0.03 500-502 -20.64±0.02 
760-762 -21.89 ± 0.03 550-552 -20.74± 0.01 
850-852 -21.79 ± 0.03 600-602 -20.85 ± 0.01 
880-882 -22.49 ± 0.03 650-652 -21.46 ± 0.03 
920-922 -22.09 ± 0.02 710-712 -21.53 ± 0.03 
940-942 -23.54± 0.02 750-752 22.93± 0.03 
960-962 -22.1 9±0.01 800-802 -21.87 ± 0.04 

Correcting for the allochthonous contribution of organic matter from land, the 
dissimilarities between the paleoproductivities during the cold and the warm periods become 
even more accentuated. The glacial / interglacial difference for both cores increaes to a factor 
of up to 4, compared to a factor of 2.5 before correcting for the terrigenous fraction . Cor· 
recting for the terrigenous contribution could has far reaching implications for the global 
paleoproductivity and reconstructed carbon budgets, as our previous estimates (Sarnthein 
and Winn, 1990) did not adequately correct for terrestrial carbon because appropriate 
supporting data is lacking. The role of the oceans as a reservoir for carbon may have to be 
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further upgraded . The difference between the paleoproductivity during the last Interglacial 
and from Stage 4 to the lower part of Stage 3 in core 37KL is smalI, but is appreciable in the 
deeper water core 29KL (Fig. 3). This is probably an artifact of the very high sedimentation 
rates during Stage 4 in the latter core, and is due to the higher clastic flux and to the possibly 
associated amounts of allochthonou3 organic material. In both cores the paleoproductivities 
are high in Stage 2, and declined during the Holocene to present day levels. This decrease of 
productivity towards the end of the Last Glacial preceeded the <5 180 signals of both plankton 
and benthos in both cores by 800-1000 years. 

Table 3 Terrigenous fraction of total organic carbon from the carbon isotope levels 

Time period b13C (%0 vs. PDB) 
Terrigenous 

material (%)* 

Holocene -21.2 to -20.5 20-25 

b l8a Stage 2 -19.8 to -20.5 0-8 

b l8a Stage 3 -19.7 to -21.1 0-18 

b l8a Stage 4 -20.9 to -21.2 15-20 

bl8a Stage 4-5.1 -21.5 to -22.9 25-48 

b l 8a Stage 5.1-5.2 -21.8 to -21.9 30-48 

b l 8a Stage 5.3 -20.0 0-2 

bl 8a Stage 5.4 -22.2 to -23.5 37-58 

* Calculated using the end va lues of -19.5%0 for fuH marine and -26%0 for terrestrial organic material. 

1<-1 . 

The (i 13C records plotted vs. age (Fig.2) of the benthic foraminifera C. Wuellerstorfi 

in cores 29KL and 37KL. are almost identical for the past 88 ka. The response of (i13C of 
this species to the surface productivity-with the higher productivity being reflected by the 
lighter (i 13C values-is clearly seen from a glacial-interglacial difference in c5

13C of 0.45-0.5%0 . 
(Figs. 2 and 3). The (i 13C record of the planktonic species G. ruber in co re 37KL reveals a 

similar response to the high er glacial productivity, corresponing with findings in other 
oceanic regions (Sarnthein and Winn, 1990). On the other hand, the (i 13C record of G. 
tri/obus sacculifer in core 29 KL shows only a general gradual trend towards heavier (i 13C 
levels during the past 60 ka, without any distinct response to the higher glacial productivity. 
Since both cores lie in similar oceanographic and geographic settings, this phenomenon 
might be attributed to a species- specific characteristic. 

/ 

Deep Water Distribution 

The Geosecs seetions illustrating the distribution of total CO2 in the western Pacific 
(Craig et al., 1981) show a water mass spreading northward between 2000 m and 3000 m 
water depth ( Fig. 4). A transect of the Holocene (i 13C levels of the benthic species C. 
wuellerstorfi which measures the ca rb on isotope composition of the deep water mass show a 
gradual trend towards lighter values from New Zealand (cores DSDP 594 and Q208, (i13C 
between 0.94%0 and 0.47%0 ) through the Fiji Islands (0.54%0 to 0.32%0 , Winn et al., 

1990) to (i 13C ofO.32%0 to 0.25%0 on the Ontong Java Plateau (Vincent et al., 1981) and 
(i 13C levels between 0.27%0 and 0.22%0 in the South China Sea (this study). The glacial 
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Fig.3 Estimates of total export productivity and net export productivity of marine provenance (dark 

hatched area) in the South China Sea cores Sonne 50-29 KL and 50-37 KL. Note that the apparent 

high productivity around 75 ka in core S050-29 KL is an artifact of high sedimentation rates due to 

turbidites. 

transect shows a similar trend towards lighter c5 13C levels with values between 0.34%0 and 
0.19%0 off New Zealand to figures of 0.21%0 to -0.05%0 in the Fiji-Lau basins, to-0.24%0 in 
the Ontong Java region, to values of -0.19%0 to -0.23%0 in the South China Sea. For both 
time slices, however, co re V35-05 from the southern part ofthe basin (Broecker et al., 
1988 a and b) reveals much lighter values (by 0.2%0) (FigA). In general, glacial c5 13Cval
ues are about 0.3%0 lighter than in the Holocene. During the glacial. the South China Sea is 
an encIosed inland sea of limited extent having its main connection to the West Pacific 
through the Bashi Channel with a threshold depth of around 2500 m, and through the 
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Balabac and Mindoro Straits to the Sulu Sea (Wang, 1990). The regional b13C trends are 
thus in accordance with this paleogeographical setting, with major deep water 
renewal / ventilation only through the north-east sector of the basin. 
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Fig.4 J 13C transects across the western Pacific contours show total carbon dioxide insea water after 

Craig et al. (981). (a) Holocene; (b) Last Glacial. 

CONCL USIONS 

High resolution oxygen isotope stratigraphy based on planktonic and benthic 
foraminifera in two deep sea sediment cores from the northem flank of the South China basin 
show that the major global isotope signature is also weIl documented in this area. Both cores 
penetrated down to isotope Stage 5. The glacial- interglacial 15 180 shift amounts to about 
1.6%0 for the planktonic species G. tri/obus saccu/ifer and G. ruber, and is about 1.4%0 for the 
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benthic C. wuelierstorJi. Sedimentation rates were up to twice as high during the glacial 
stages than during the interglacials. Coarse turbidites were not encountered. The silty 
"turbidite" cyc1es below Stage 3 in core 29KL have only local significance. The volcanic ash 
layer in core 29 KL has an interpolated age of 28.4 ka. 

b13C values of total organic fraction indicate that the glacial sediments have organic car
bon of dominantly marine provenance. On the other hand, the interglacial deposits reveal a 
higher supply of terrigenous organic matter, thus enhancing the relative glaciall interglacial 
contrast in marine productivity. 

Export productivities were up to 400% higher during the last glacial compared to the 
penultimate and present interglacials. The carbon isotope signature of the benthic 
foraminifera C. wuelferstorJi are similar in both cores for the past 88 ka and reflect this 
productivity effect-the glacial-interglacial difference in b13C being -0.45%0 to -0.50%0. The 
(j 13C response of the planktonic foraminifera G. ruber to the high er glacial productivity is ob
served in core 37KL. 
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STRATIGRAPHY AND SEDIMENTARY EVENTS IN THE PHILIPPINE 
SEA 

WUSHlYING 

First Institute of Oceanography, SOA, Qingdao, China 

ABSTRACT 

Stratigraphical sequences, sedimentary events and history of the Mariana Trough and 
the West Philippine Basin were studied based on biostratigraphy, magnetic stratigraphy and 
isotopic stratigraphy of 5 representative sediment cores. It is thought that, the sedimentary 
hiatus from the Middle Miocene to the Early Pleistocene found in the core 77KG is the reflec
tion of the global important lacuna events. It is of great significance for aglobaI comparison 
in the studies of event sedimentology and paleooceanograhy. 

INTRODUCTION 

Problems on marine sedimentology in the studied areas were explored by Bouma 
(1975). Since DADP and ODP were carried out, Klein & Lee (1984), and Hussong & 
Uyeda (1981) have studied sediment cover deposited since the Early Tertiary. 

This study involves two box cores and three gravity cores collected in the SO-57 cruise 
and is aimed at the investigation of stratigraphy and sedimentary events. Their geographical 
positions and general characteristics are shown in Fig.1 and Table 1. 
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Table 1 Basic parameters and characteristics of five cores 

Station Station Water 

No. 

66KG 

77KG 

57KL 

61KL 

85KL 

location 

14 ° 29.89'N 

143 ° 05.l5'E 

17 ° 38 .03'N 

135 ° 01.50' E 

17 ° 54.31'N 

144 ° 44.05 'E 

12 ° 28.13'N 

144 ° 48.45 ' E 

17 ° 49.71'N 

132 0 58.46 ' E 

depth (m) 

2040 

2820 

3860 

4690 

5900 

Tectonic 

position 

West Mariana 

Ridge 

Palau-Kyushu 

Ridge 

Eastern flank of the 

small spreading 

ridge ofthe 

Mariana Trough 

South ofthe 

Mariana Trough 

Deep- sea plain of 

the West Philippine 

Basin 

Sampling 

method 

Box 

Box 

Gravity 

Gravity 

Gravity 

Co res 

length (ern) 

25 

30 

340 

430 

500 

Sediment types 

and features 

Brown ca1careous ooze mainly 

consisting of iron disseminated 

foraminiferal shells 

Foraminiferal ooze with man ga-

nese nodules of about 2 cm in di-

ameter in the surface 1ayer 

Many vo1canic ash layers con-

taining pelagic ooze 

Similar to 57KL, containing 5 

cyclothems of grain size 

Homogeneous brown pelagic clay 

with sm all amount of manganese 

nodules in the surface layer 
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DIVISION OF STRATIGRAPHIC SEQUENCES 

The five cores involved in the paper will be studied. However, because of the limitation 
in lithology and research methods, the information on stratigraphy is obtained confinedly. 

Biostraligraphy 

66KG and 77KG contain abundant planktonic foraminifera. The content of pink shells 
of Globigerinoides ruber decreases distinctly from the bottom to the top and vanishes at 6 cm 
below the surface. According to Thompson et al. (1979), who studied 11 cores from the 
Pacific to Indian ocean, the Extinct age of the pink shells of Gs. ruber is the 5e subperiod of 
oxygen isotope (about 120 Ka B.P.) . In addition, a lot of Gr. truncatulinoides occurs at 
66KG and the upper section of 77KG. But, no Gr. tosaensis is found. Such a kind of 
foraminifera is considered vanishing in Early Pleistocene. Thus, the age of this section is 
Middle-Late Pleistocene. 

There is a pronounced difference in lithology between the layers below and above 20 cm 
in core 77KG. The species of Gs. sacculifer began to appear in Early Mioceno (N6 zone), 
whereas Gs. altiapertura vanished at this time (N7 zone). The species assemblages defined 
that the age ofthis buried fauna should be the middle Early Miocene, that is, the N6 zone. 

According to the analysis of calcareous nannofossils, in the core 66KG there are 
dominantly Gephyrocapsa oceanica and Emiliania huxleyi, which should belong to NN21 in 
the fossil zonation (Martini, 1971) and are equivalent to CN15 in the zonation table of 
Okada and Bukry (1980). Thus the stratigraphie age should be middle Late Pleistocene 
(Okada et al., 1980). 

Abundant calcareous nannofossils exist also in co re 77KG. Emiliania huxleyi and 
Ceratolithus cristatus appear mainly in the layer of 0- 20 cm, which is zoned to be NN20 
-NN21 (CNI4b-CN150). Its age is also middle Late Pleistocene. Below 20 cm in the core 
77KG are mainly Biscoaster deflandrei. D. durggü and Sphenolithus belemnos. The fossil 
zonation should belong to NN3 (CN3). Its age is defined as the end of Early Miocene. The 
stratigraphy of Middle Miocene- Early Pleistocene is absent. 

Based on characteristics of diatom species, the core 61KL has been divided into 6 as
semblage .zones, in which the even zones are dominated by tropical species, whereas the 
odd zorfes are dominated by subtropical species. Thus the diatom zones can be used as an in
dicator of climatic change (Burekle, 1977). It can be seen that they are quite similar to the 
oxygen isotope curve, especially at the periods of 1, 2, 5. 

Magnetic Stratigraphy 

The results of paleomagentic dating for the 5 cores are compared with biostratigraphy. A 
magnetized layer with reversed polarity was determined at 0-6 cm in core 66KG, which was 
equivalent to the Blake event (108-144 Ka B.P.) The next magnetized layer with reversed 
polarity below 20 cm can be compared with the Biwa Lake event (198-215 Ka B.P.) 
named by Yasukawa (973). The polarity ofmagnetized layer is positive in cores 77 KG and 
57KL therefore, they have no significance in the stratigraphie discriminatiol1. 
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From the magnetic survey, it can be seen that two magnetized layers with reversed 
polarity are located at 81-95 cm and 109-127 cm in core 61KL. The magnetized layer with 
reversed polarity at 81-85 cm was temporarity named as the Gotobarg event 00.8-14.0 Ka 
B.P.) according to Morner (1977). Based on diatom data, we infered that the depth of 
near 100 cm might be the boundary between the c1imatic periods of 2 and 3, and its age 
might be about 30 Ka B.P .. Thus another magnetized layer with reversed polarity 009-127 
cm) could be compared with the Mungo event (30780± 520 a B.P.) named by McEthinny 
(1972). In addition, at 299-333 cm there is also a magnetized layer with reversed polarity, 
but it is not normalized. According to Burekle (1977), the lower limit of this layer would be 
125 Ka B.P. equivalent to the Blake event. 

85KL is monolithologie, but the paleogeomagnetic survey is encouraging. According to 
the table of geomagnetic age, two polarity periods, the Brunhes normal epoch and the 
Matuyama reversed epoch can be separated at 333 cm. In the Matuyama reversed epoch there 
is also a positive event at 400-420 cm, which is equivalent to the Jamarillo event (900-970 
KaB.P.). 

Carbon and Oxygen Stable Isotope Stratigraphy 

Carbon and oxygen isotope age was determined only in box cores 66KG and 77KG be
cause of the limitation in lithology. The determined specimens were planktonic foraminifera, 
Globigerinoides sacculifer. bI3C and 15 180 were measured on MA T251 mass spectromet~r. 

The layers containing the pink shells of Gs. ruber and the shape of oxygen isotope curve 
indicated that the oxygen isotope stages were 5e-7 in core 66KG and in the upper 20 crri in 
core 77KG. They should undergo an alternation, one cold stage (6) between two warm 
stages (Se, 7). Their ages ranged from 200 to 120 Ka B.P. (Shackleton et al., 1976). In 
the sediment layer below 20 cm in core 77KG isotope data can not be compared with others 
in the time sequence because of the long period of sediment gap. 

SEDIMENTARY EVENTS AND HISTORY 

Of the 5 sediment cores with different length, the oldest sediments occurred in the layer 
below 20 cm in core 77KG. According to the abundant data of biostratigraphy, especially 
the data of ca1careous nannofossils, the layer is dated at the end of Early Miocene. Thus the 
Middle Miocene-Early Pleitocene strata are absent (Fig. 2). 

This hiatus after Middle Miocene has been discussed by many scientists. Ujiie (1984) 
considered that the Middle Miocene hiatus in the Pacific Ocean began 13 Ma B.P. and las ted 
at least 1 Ma. The reason for this hiatus was discussed by van Gersei et al. (1981). They 
thought that because of the cooling c1imate occurred during the Middle Miocene time, the 
Antarctic ice sheet was formed, and the temperature gradient between the pole and the 
equator increased to enhance the atmospheric convection. Thus the increase of Antarctic bot
tom current not noly caused a wide bottom erosion, but also led to the increase of ocean 
currents and upwelling currents, and the turbidity current was aroused further to enlarge the 
area and the strength of submarine erosion. 
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The development of the Antarctic ice sheet leads to a globallowering of sea level at the 
end of Miocene. Thus the Japan Sea might be isolated from the Pacific and changed into a 
fresh water lake at that time (Kennett, 1982). Particularly, drying of the Mediterranean 
Sea happened at that time attracted much attention in geology (Hsu, 1982). 

As to the geodynamic reason for this important lacuna event, Keller et al. (1983), 
from the Oligocene- Pliocene hiatus in the Pacific, inferred that collision between the 
Australian plate and the Indonesian plate in Miocene might dose the channel between the Pa
cific and Indian Ocean so that the bottom currents flowed northwards round along the West 
Pacific margin. Erosion and solution of carbonate were enhanced in the West Pacific. Such a 
process cai1 be verified by the persistance of erosional surface and the solution of foraminifera 

.( 
present m the lower strata ofthe core 77KG. 

It can be seen from the above that the long depositional hiatus in 77KG located on the 
Palau- Kyushu Ridge is not an occasional event. lt is a reflection of the global important 
lacuna events after the Middle Miocene time. lt will be of significance for the global compari
son in the studies on event sedimentology and paleooceanology. 

The discussion mentioned above has, in fact, revealed the evolutional history of the 
studied areas from different points of view. The discussion below will be restricted to three 
different tectonic locations, the depressions on the small spreading ridge in the Mariana 
Trough, the relict and present oceanic ridge and the deep-sea plain. At the depressions of 
the small spreading ridge in the Mariana Trough frequent volcanic activities caused by the 
high spreading rate made the sediment cores rich in more volcanic ash layers and led to sever
al sediment cydes of turbiditic sedimentation. The sedimentary rate in such areas (2.82 
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cm / Ka) to be one order in magnitude larger than that in the normal o,ceanic areas. 
On the West Mariana Ridge, core 66KG is above the CCD so that calcareous ooze was 

deposited. There was absence of strata near the surface layer of core 66KG for about 100 Ka 
long. This was supported by the Blake event near the surface layer. In addition, the 
sedimentary rate of sequences below the Blake event is 0.31 cm / Ka, which is anormal 
sedimentary rate in ocean. 

Core 77KG located on the Palau-Kyushu Ridge is generally similar in water depth and 
tectonic setting to core 66KG. Its sediments below 20 cm belong to the Early Miocene strata 
which are slightly compaSted. After more than 10 Ma sedimentary hiatus, the Pleistocene 
strata similar to core 66KG were deposited. 

Sediment of the deep-sea plain is typically represented by core 85KL. This core 500 cm 
long is dense and homogeneous in lithology and is a typical brown pelagic c1ay. Accoding to 
the geomagnetic events revealed by paleogeomagnetic measurements, this co re is of a 
sedimentary history of more than 1150 Ka . Its sedimentary rate is 0.43 cm / Ka and agree
ment with that of deep-sea basins. 

CONCLUSIONS 

(1) The cores involved in the present study were c1assified into three types, calcareous 
ooze, brown ooze containing many volcanic ash layers and homogeneous brown pelagic 
c1ay. They are so typical that they can be used to study tectonic setting, geomorphological 
feätures and sediment types. 

( 2) The division of stratigraphical sequences was mainly based on the studies of 
biostratigraphy, magnetic stratigraphy and isotope stratigraphy. The oldest stratum in the 
areas is the Early Miocene. 

( 3) The ab,sence of Middle Miocene - Early Pleistocene strata is an ubiquitous 
phenominon in the Pacific Ocean. The sedimentary hiatus at least 10 Ma long is a reflection of 
the global important lacuna events after the Middle Miocene time. It will be of significance 
for the global comparison in the studies on event sedimentology and paleooceanology. 
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ABSTRACT 

The vo1canic glass in the ca1cium-dissolved particles with the size of larger than 0.038 
mm in total 281 sampies of three cores (S050-37KL, S050-29KL and S050-91KL) 
from northern South China Sea has been studied. The vo1canic glass can be divided into three 
basic types: the brown glass, the achromate "silk" glass and the achromate "plate" glass. 
The vo1canic glass increases in abundance from south (S050- 91KL) to north 

(S050-29KL and S050-37KL). Ifthe sediment bed containing more than 30% ofvo1canic 
glass is regarded as vo1canic ash bed, the upper, middle and lower vo1canic ash bed can be 
defined and compared with each other in the cores. The upper, middle and lower ones corre
spond to the stages 1, 3 and 5 of the oxygen isotope curves, respectively. The top boundary 
of the middle one accords with that of the stage 3, and the top boundary of the lower one is 
similar to that of the stage 5. These three beds, especially the middle one, are the good in
dex beds for a stratigraphic correlation in northern South China Sea. 

INTRODUTION 

Total 281 sampies were taken out from three cores (S050-37KL, 18 0 54.60'N, 
115 0 45.78' E, 2695 m deep, 863 cm long; S05O-29KL, 18 0 20.08' N, 115 0 59.22' E, 
3766 m, 1023 cm; and S050-91KL, 14 0 38.3' N, 115 0 07.33 ' E, 4282 m, 788 cm) 
in northern South China Sea. The sediment sampies were deca1cified with hydrochloric acid 
and sieved through 0.038 mm mesh. The particles with the size of larger than 0.038 mm were 
dried and examined under a microscope. The abundance of various vo1canic glass in the parti
eIes has been identified and counted for every sampie. The optical characters of various vol
canic glasses were examined by Dr. Wu Yunxin and Dr. Xia Anning. 

CHARACTERS OF THE VOLCANIC GLASS 

The volcanic glass has been found in most samlpes. According to the color and form, 
they can be divided into the following three basic types. 

Brown Volcanic Glass 

There are generally light brown, brown and transparent , but semitransparent in a 
minority of grains with dark brown. Their forms appear as banding fragment or irregular 
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grain, with irregular arc rims and highly concentrated, regularly arranged banding or fi
brous cracks. There are generally some elliptical gaseous inclusion (or vesicular) within 
glass grains and sometimes inclusion of small columnar crystals of apatite. The grains of glass 
are mostly possessed of isotropism and rarely devitrified between crossed polars. The relief of 
most grains is convex, and their refraction index is usually larger, but sometimes less than 
balsam. 

\ 

Aehromalie Banding ("Silk") Voleanie Glass. 

The form appears as achromatic, transparent and irregular banding or "silk" fragment. 
There are a lot of irregular arc edges and a few ground corners. There are irregular arc cracks 
within the grains. And there are also a lot of elliptical gaseous inclusions with distinct dark; .. 
margins. The index of refraction is lower than balsam, and most of them are llsually pos- . 
sessed of isotropism and a few are devitrified between crossed polars. 

Aehromatie "Plale" Voleanie Glass 

It is achromatic and transparent. Its surface is as clear and smooth as water.Such a very 
thin plate fragment belongs to irregular polygon with straight margins. There are no or fewer 
cracks. Its appearance is very similar to broken cover glass. The index of refraction is lower 
than balsam and all of the glass is possessed of isotropism between crossed polars. 

Electron microprobe analysis and refractive index measurement for the volcanic glass 
from surface sediments in the South China Sea have been done by Li Zhizhen (SOA, 1988). 
The analysing result is shown in Table I. 

Table 1 Result of electron microprobe analysis for the voIcanic glass 

Stat. Name Si02 Ti02 A120 3 Cr20 3 FeO MnO MgO CaO Nap K2O. 

8347 achro. 66.7 0.74 12.6 0.05 6.05 0.19 0.59 2.27 2.39 4.05 

8336 brown 60.7 1.11 14.6 0.00 9.27 0.26 2.32 5.37 1.92 1.88 

T~e·refractive index of brown glass is equal to 1. 5565-1. 5637, and that of achromatic 
glass is equal to 1.4980. The features of above three types of volcanic glass suggest that brown 
glass belongs to basic effusive mass with many vesiculars, achromatic banding glass belongs 
to intermediate and intermediate-acid effusive mass which has ever undergone roll and drift 
and achromatic "plate" glass belongs to intermediate-acid and acid effusive mass. 

DISTRffiUTION OF THE VOLCANIC ASH BEDS AND THEIR STRATIGRAPHIC IMPLICA

TIONS 

The distribution ofvolcanic glass in co res S050-37KL S050-29KL and S050-91KL 

is shown in Fig.l. 
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Fig. 1 Distribution of vo1canic glass. 

The Fig.l Shows that the abundanee of volcanie glass deereases distinetly from south to 
north, i.e. from S050-91KL to S050-29KL and S050-37KL. The abundanee ofvolcanie 
glass in most sampies of the eore S050-91KL is more than 20%, but in S050-29KL and 
S050-37KL it is about 10%, 

If the sediment beds with more than 30% of volcanie glass are regarded as volcanie ash 
beds, three ash beds (upper, middle and lower) ean be distinguished in all of above 
three eores. The volcanie ash bed with 4 em thiekness at the depth of 303 em in the eore SO 
50-29KL is as white as milk and eonsists of aehromatie volcanie glass dominantly and other 
erystal minerals. The composition and grain size ofthe ash bed are analyzed at Tongji Univer
sity with the powder X -ray diffraetion (Table 2). The analysis result shows that erystal min
erals make up 10. 14% of the total ash in whieh there are 5. 10% of albite (high 
temperature), 3.16% of anorthite (low temperature) and 1.93% of quartz. The probabili
ty eumulative eurve (Fig.2) does not refleet the influenee of water dynamies on the ash with 
Md = 4.22 <P, but the eurve of size distribution re fleets this influenee (Fig. 3). The grain 
size eoneentrates at about 9 <P' but weight pereentage eoneentrates at about 4 <p. 

The main eharaeters of vertieal distribution of the volcanie ash beds in three eores (Ta
ble 3) shows that the upper, middle and lower ash beds ean be eompared with eaeh other 
respeetively. 
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Fig.3 The curve of size distribution of the vol

canic ash bed at depth 303 cm from the core 

S050- 29KL. ( a) Weight percentage; 

(b) Distribution of the size; (c) Cumula-

tive frequency curve ofweight percentage; 
(d) RoundnessR = 2-J 4ns / p, s - area, 

p-perimeter. 

Table 2 Minerals in the volcanic ash beds from core S050-29KL (in order of abundance) 

Volcalllc 
ash bed 

Upper 

Middle 

Lower 

-' 

Mineral analysis 

0-15 cm: calcite, quartz, 
muscovite, pseudowollastonite; 
100-115 cm: calcite, 
~rthoferrosilite, fayalite, 
Fe-Mn-oxides 

300-3l3 cm: calcite, quartz, 
orthofe., albite, anorthose, 
muscovite, Mn-Fe-oxides 

815-965 cm: calcite, quartz, 
orthofe. , pyrochrotite, fayalite, 
albite, anorthose, 
Mn-Fe-oxides, gehlenite, 
muscovite 

X-ray diffraction analysis 

31-46 cm: calcite, quartz, 
orthofe., Mn-Fe-oxides; 
100-110 cm: calcite, quartz, 
gehlenite 

395-409 cm: calcite, quartz, 
orthofe., fayalite, muscovite, 
gehlenite, Fe-Mn-oxides 

757-800 cm: calcite, quartz, 
arthofe., fayalite, gehlenite, 
muscovite, Fe-Mn-oxides 

The upper vo1canic ash bed is domina ted by the brown glass. According to the oxygen 
isotope curves (Fig.4), the ages of bottom boundaries of the upper bed are 4.45 Ka and 
4. 57Ka in the SO 50- 37KL and SO 50- 29KL, respectively, and the average of them is 
4.5 Ka. The age of the bottom boundary of the upper ash bed is 15 Ka in S050-29 KL. 

The middle volcanic ash bed is characterized by the high abundance of volcanic glass which is 
dominated byachromatic "silk" volcanic glass, and has clear top and bottom boundaries. The ages of 
the top and bottom boundaries are 26.2 Ka and 43.6 Ka in S05G--37KL, and 26.5Ka and 42.4Ka in 
S05G--29KL, respectively. The average ages of the top and bottom boundaries of the middle volcanic 
ash beds are 26.4 Ka and 43 Ka, respectively. 



· 178 . 

Table 3 Main eharaeters ofvolcanie ash beds 

Volcanie ash Dominant Depth in eore 

bed eomposition (em) 

30-11O(37KL) 
Upper Brown glass 0-130 (29KL) 

25-150 (91KL) 
310-465 (37KL) 

Middle Aehromatie 275....:.425 (29KL) 

"silk" glass, 245-385 (91KL) 

Lower Aehromatie 645- * * (37KL) 
"silk" glass, 660- * * (29KL) 
"plate" glass 560- * * (91KL) 

* The ages are on the basis of the oxygen isotope eurves. 

* * The bottom was not drilled. 

Age (Kar 

top bottom 

11 
15 

26.2 43.6 
26.5 42.4 

64 
64.1 
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The lower volcanic ash bed is eharaeterized by the inerease of achromatie "plate" glass. 
1ts top boundary ages are 64 Ka in S050-37KL and 61.1 Ka in S050-29KL. respectively. 

All of the volcanic ash beds are the good index beds for a stratigraphie eorrelation in 
northern South China Sea. Espeeially, the middle volcanic ash bed is a very ideal index 
bed, beeause it possesses very high abundance of volcanie glass, c1ear top and bottom 
boundary as weH as exact ages. A comparison of the depth of the volcanie ash beds to the 
eurves of oxygen isotope in the eores SO 50-37KL and SO 50-29KL shows that the volcanic 
ash beds loeated in the warm stages of the oxygen isotope eurves, and the upper, middle 
and lower volcanie ash beds eorrespond to the stage 1, 3 and 5, respeetive1y. The top 
boundary of the middle volcanie ash bed accords with the top boundary of the stage 3 of the 
oxygen isotope eurves, and the top boundary of the lower volcanie ash bed is similar to the 
top boundary of the stage 5 in the above two cores. 
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SURFACE TEXTUR ES OF QUARTZ GRAINS IN CORES KL37 AND KL29 
FROM THE SOUTH CHINA SEA AND ITS SIGNIFICANCE OF 
SEDIMENTOLOGY 

HE LIANGBIAO 

First Institute of Oceanography, SOA, Qingdao, China 

ABSTRACT 

Quartz in the cores KL37 and KL29 are characterized by lower content, finer grain:size · 
(70-300 Jl), lower value ofroundness «0.7), and subangular outlines, well-develo·ped 
chemical features and common mechanical features , so that the area is a tropic and 
subtropic environment of deposition with low- middle energy and polysource of sediments 
since Middle Pleistocene. 

INTRODUCTION 

Shapes and surface textures of quartz grains can been analysed with semi-quantitative 
method owing to the following facts. (1) Quartz grains occur widespreadly in marine sedi
ments because they are separated from the rocks weathered mechanically and chemically and 
carried into sea by river, wind, glacier and others. (2) Quartz grains are so hardly bro
ken that their surfaces preserve their messages in the transportational and depositional pro
cess. (3) Scanning electron microscope with high resolution can be used to observe the sur
face features of quartz grains accurately. 

Cores KL37 and KL29 analysed in the paper were sampled from the South China Sea 
during cruise 50 of R / V Sonne, 1987. The purpose of the paper is to provide the informa
tions in the depositional environment and its change around the cores since Middle 
Pleistocene. The locations and lithology ofKL37 and KL29 are shown in Table 1. 

Table 1 Locations and lithology of KL37 and KL29 

Core Location Depth of water (m) 

18 ° 55'N, 
KL37 

115 ° 46'E 
2695 

18 ° 26'N, 
KL29 

115 ° 59 ' E 
3766 

METHODS 

Sampie Preparation 

Lithology 

Muddy silt and silty mud foraminfera and ash 

Muddy silt and silty mud, foraminifera and ash 

at its upper 

About 20 g of each sampIe was disaggregated by appropriate mechanical and chemical 
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techniques and wet-sieved to isolate coarse silt fraction (0.032-0.063 m). One split of the 
eoarse silt fraction was bathed in dilute Hel or HF for 3-10 min in order to etch or dissolve 
nonquartzose detritus. The split was finally dried. 

15 quartz grains in the dried sampie were se1ected with a binocular microscope and ob
served under a seanning electron microscope. 

Analysis of Shape of Quarts Grains 

Analysis of shape of quartz grains is a kind of c1assifieation of their c10sed form through 
the Fourier series. 200 quartz grains in each sampie were selected, and they were divided into 
23 standard shape components (harmonics 2 through 24) by a standard c10sed form with 
evenly spaced nodes at which the harmonic number iso Finally the relative contribution 
(amplitude) of each harmonie is ca1culated. This method is of effect on the study of sedi
ment sources because the grain shape and distribution in sediments vary with sediment 
sources. However, this method costs in time and effort for selection and statistics of a large 
number of sampies, and it needs a lot of sampies. For these the method was not adopted in 
the paper. 

A comparative method of Rittenhouse' s spherieity and Krumbein' s roundness was 
adopted in the paper. But this method has a lower accuracy. Fig.l (Table 2) shows the 
speetra of spherieity of quartz grains and Fig.2 (Table 3) shows the roundess of quartz 
grams. 

./ 

Table 2 S-sphericity values of quartz grains 

Code S Code S Code S 
1 0.45 10 0.63 19 0.81 
2 0.47 11 0.65 20 0.83 
3 0.49 12 0.67 21 0.85 
4 0.51 13 0.69 22 0.87 
5 0.53 14 0.71 23 0.89 
6 0.55 15 0.73 24 0.91 
7 0.57 16 0.75 25 0.93 
8 0.59 17 0.77 26 0.95 
9 0.61 18 0.79 27 0.97 

Table 3 Roundness 

Code 
1 
2 
3 
4 
5 
6 
7 
8 
9 

Roundness va1ues 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
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Fig.2 Krumbein/s roundness of quartz grains. 
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Analysis of Surface Texture of Quartz Grains 

15 grains were mounted on an aluminium plug coated with gold-palladium alloy, and 

examined under a scanning electron microscope and photographed for surface textures of 
quartz grain. 

(1) The surface textures of quartz grains were divided into 2 c1asses and 15 species (Ta

b1e 4). The surface textures in 15 grains of each sampie were sorted out. 

Table 4 Surface textures of quartz grains 

Class 

Mechanical 
features 

Chemical 
features 

Species 

Mechanical V-shaped 
Mechanical pits 
Conchoidal fractures 
Upturned plates 
Dish shaped concavities 
Straight and curved grooves 
Meandering ridges 

Etched V-shaped (oriented) 
Solution crevasses 
Solution precipitation 
Solution etching 
Adhering particles 
Flaking and scaling 
Surface cracks 
Smooth precipitation surface 

Code 

1 
2 
3 
4 
5 
6 
7 

8 
9 
10 
11 
12 
13 
14 
15 

(2) Percentage of each surface texture of quartz grains in eaeh sampie was ealculated. 

(3) The sediment environments were interpreted based on the assoeiation of surface tex

tures of quartz grains. 

The association of surfaee textures of quartz grains in some of eommon marine environ

ments is shown in Fig.3. 

SURFAc:E TEXTURES AND SHAPES OF QUARTZ GRAINS IN KL37 AND KL29 

Core KL37 

The core was divided into 5 strata based on the stratigraphie data. Charaeteristics of 

shape and surfaee texture of quartz grains in each stratum are as follows. 

Stratum I, 8.63-6.85 m. Quartz grains have size of 80-350/1, sphericity of 0.53-

0.71, roundness of 0.3-0.5. The surface of quartz grains exhibits well-developed mechanical 

pits, eonehoidal fractures and upturned plates (Plate IV, .. e). Solution erevasses and solu

tion precipitation can also be found, partieularly in the lowest part (Plate IV, d). 

Stratum II, 6.85-5.81 m. Quartz grains mostly have size of 100-160 /1, sphericity of 

0.75-0.89, and roundness ofO.5 - 0.7. Two c1asses of quartz grains were all found. One c1ass 

shows well- developed meehanical features, meandering ridges, straight and curved 
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grooves (Plate IV, b). The other shows well- developed chemical features, solution cre
vasses (Plate IV, a). 

River 

20 

10 
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i ': 11 I , I I . I . I I, I . 
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Surface textures 

Fig.3 The association of surface textures of quartz grains in different marine environments. 

Stratum m, 5.81-3.21 m. Quartz grains have size of70-100 J..l, sphericity ofO.75-0.93 
and roundness of 0.6. The suface textures of meandering ridges, mechanical pits, solution 
crevasses and solution precipitation are well developed (Plate m, d). 

Stratum IV, 3.21-1. 70 m. Quartz grains have smaller size of about 90 J..l' sphericity of 
0.69-0.83 and roundness ofO.5-0. 7. Curved grooves, conchoidal fractures, solution cre
vasses and solution precipitation were found on their surface (Plate m, c). 

Stratum V, 1.7-0.0 m. Size of quartz grains changes from 70 J..l to 900 J..l . Smaller quartz 
grains with sphericity of 0.75 and roundness of 0.5 occur in the layer of 1.70-1.00 m, and 
larger quartz grains with sphericity ofO.81-0.93 and roundness ofO.7-0.8 occur in the layer 
of 1.00-0.0 m. In the former chemical feature is weIl developed and in the latter mechanical 
feature is weIl developed (Plate m, a and b). 

Additionally, the content of quartz varies with different stratum and the content in 
stratum I, m and V is more than that in stratum TI and IV. 

Core KL29 

The co re was divided into 5 strata, too. The shapes and surface textures of quartz in 
each stratum are as follows. 

Stratum I, 10.23-7.21 m. Size of quartz grains is commonly 270 J..l. Their sphericity is 
0.65-0.79 and their roundness is 0.5-0.7. The surface textures of quartz grains are character-
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ized by well-developed mechanical features such as mechanical spits, conchoidal fractures, 
straight and curved grooves, and meandering ridges (Plate TI, d). The surface textures of 
chemical feature can also be found in the stratum (Plate TI, c and d). 

Stratum TI, 7.21-5.16 m. Quartz grains have size of 80 Il with sphericity of 0.75 and 
roundness of 0.5. Their surface textures are characterized by solution crevasses, solution 
precipitation and adhering particles of chemical features , and meandering ridges of mechan
icalfeatures (Plate TI, b). 

Stratum m, 5. 16- 2.81 m. Quartz grains have size of about 90 Il with sphericity of 
0.75-0.81 and roundness of 0.5-0.6. The surface textures of quartz grains are meandering 
ridges, curved grooves, conchoidal fractures and mechanical pits of mechanical features, 
and solution crevasses, solution precipitation and adhering particles of chemical features 
(Plate TI, a), and generally mechanical features are well developed. 

Stratum IV, 2.81-0.84 m. Quartz grains with size of 100-200 Il' sphericity ofO.75-0.85 and 
roundness of 0.5-0.7 are mostly characterized by the surface textures of chemical feature such as so
lution crevasses and etched V -shaped, and minorly by those of mechanical features such as me
andering ridges, straight and curved grooves and mechanical pits (plate I, c). 

Stratum V, 0.84-0.0 m. The stratum can be partitioned into two layers. The 10wer lay
er is characterized by such quartz grains with size of about 300 Il' sphericity of 0.75 and 
roundness of 0.6, and well-developed mechanical surface textures such as curved grooves, 
conchoidal fractures and meandering ridges (Plate I, b). The upper layer is characterized 
by such quartz grains with size of 100 Il, sphericity ofO.85-0.93 and roundness ofO.7, and 
well-developed chemical surface features such as solution crevasses and solution precipitation 
(Plate I, a). Meandering ridges ofmechanical features occur in the upper layer, too. 

The content of quartz in stratum I and V is the highest, and that in stratum m and IV 
is next and that in stratum TI is the lowest. 

The characteristics and change of shapes and surface textures of quartz grains in cores 
KL37 and KL29 are shown in FigA. 
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Fig.4 Change of shapes and surface textures of quartz grains in cores KL37 and KL29. 
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DISCUSSION 

Cores KL37 and KL29 were sampled from the north continental slope edge with water 
depth of 2695 m and the abyssal plain with water depth of 3766 m. The cores consist of grey 
muddy silt and silty mud rich in foraminifera and ash, so that they are bathyal sediments 
with polysourcesconsisting ofmainly terrigenous material. 

Selection of quartz grains from the sampIes is difficult because sediments in the cores 
consist of about 50% clays, 50% fine silt and few fractions of 0.063 mm. Therefore, though 
the fractions of 0.032 mm in the sampIes were used, few sampIes were satisfactory to our 
demand (select 15 quartz grains in each sampIe). It is an important character for the sedi
ments in the cores that the content of quartz is less and the grain size of quartz is finer 
(about 70- 300 J1), and this character is controlled by the geological occurrences of the 
cores. However, the shapes. sizes and surface textures of quartz grains in the cores vary 
with different layers (Fig.4). The details of the cores are described as follows. 

Change of Shapes of Quartz Grains 

As it is seen from Fig. 4, the quartz grains in stratum I of KL37 have size of 
80-300 J1, roundness of 0.3-0.5 and subangular outlines; those in stratum TI have size of 
100-160 J1, roundness of 0.5-0.7 and rounded outlines; those in stratum ill have size of 
70-100 J1; those in stratum IV are 900 J1 with rounded outlines and roundness of 0.6. Stra
tum V was divided into two layers and the lower one containing 70 J1 quartz grains with 
rounded or sub angular outlines and the upper one containing 900 J1 quartz grains with 
roundness ofO.8 and rounded outlines (Plate ill, a and b). 

Core KL29 is similar to core KL37 in the change law of shapes of quartz grains, but in 
its stratum V the lower layer contains coarser quartz grains (300 J1) with roundness of 0.7 
and the upper layer contains finer quartz grains (100 J1) with roundness of O. 5- O. 6. 
Additionally, the fact that quartz grains (80- 300 J1) in core KL29 are finer than those 
(70-900 J1) in core KL37 reflects a difference between the abyssal plain and the continental 
slope (Plate land ill). 

Generally , shapes of quartz grains are related to the transport distance of sediments 
and the dynamics of sea-water in the studied area. Relatively, rounded grains result from 
Ion ger distanceof transportation and stronger dynamics of sea-water. On the contrary. an
gular grains result from shorter distance of transportation and weaker dynamics of sea-water. 
The grain size of quartz varies with the distance of sediment source and the depth of water in 
depositional area, so that in the continental slope occur coarser quartz grains owing to near
er distance from the source and shallower water depth and in the abyssal plain occur finer 
quartz grains owing to longer distance from the source and deeper water depth. 

Therefore, _the changes of shapes and sizes of quartz grain in cores KL37 and KL29 im
plicate the changes of dynamics and depth of sea water since middle Pleistocene in the area. 

Change of Surface Textures of Quartz Grain 

Core KL37 was taken as example. In stratum I the quartz grains with well-developed 
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mechanical features were more than those with well-developed chemical featues; in stratum 
TI the quartz grains with chemical features were more than those with mechanical 
features; in stratum m the quartz grains with mechanical features were as many as those 
with chemical features; in stratum IV the quartz grains with chemical features were more 
than those with mechanical features; in stratum V the quartz grains of its lower layer have 
well-developed chemical features and those of its upper layer have well-developed mechani
cal features (Plate m, a and b). 

The change law of surface textures of quartz grains in co re KL29 is nearly similar to that 
in KL37, except for its stratum V. The lower layer of stratum V contains quartz grains with 
well-developed mechanical features and the upper layer contains quartz grains with weIl-de- \ 
ve10ped chemical features (Plate I, a and b). 

Surface textures of quartz grains are controIled by sources of sediments, dynamics of 
sea water and geochemical environments of deposition in the studied area . The mechanical 
features are related to stronger dynamics of sea water, and the chemical features are related 
to weaker dynamics of sea water and environments with higher temperature and salinity. The 
changes of surface textures of quartz grains in cores KL37 and KL29 should indicate that 
depositional dynamics and geochemical environments in the studied area have changed dur
ing their depositional process. 

1) The dynamics of water in the area has undergone the changes of stronger
weaker-stronger-weaker-stronger since middle Pleistocene. Stratum I, m, V in cores 
KL37 and KL29 is rich in volcanic ash and stratum TI, IV is poor in ash, so that the con
tent change of volcanic ash in the cores shows a law of rich-poor-rich-poor-rich through ' 
stratum I - V, and the change of the dynamics of water in the area could be intluenced by 
oceanic volcanic activity. 

2) Compared with shallow water area, the surface textures of quartz grains in the area 
are characterized by well-developed chemical features (Fig. 3 and 4). It is consistent with a 
lower- energy, bathyal, tropical and subtropical (higher temperature), and higher 
salinity environment. Therefore, the spectrum of surface textures of quartz in a bathyal area 
could be set up (Fig.5). 

3) Quartz grains with different surface textures, different shapes and different sizes 
could be found in the same layer and could be supposed to come from polysource of sedi
ments in the area. Both mechanical features and chemical features are found on the same 
quartz gpa:in and can be regarded as a result of retransportation and redeposition of sediments 
in the area. 

There are two problems to need to be put forward as follows. 
In the bottom ofthe cores (stratum I), quartz grains with lower roundness (0.3-0.5), 

have varieties of shape, size and surface feature. Do these result from turbidity current? Is 
stratum I a turbidite? 

In stratum V of co re KL37, quartz grains with well-developed mechanical features 
and rounded outline are large (900 jJ.). It indicates there is astronger dynamics of sea water 
in the area recently. But in stratum V of core KL29, quartz grains of its lower layer are simi
lar to those in core KL37, and those of its upper layer are different from those in core KL37. 
That is, stratum V of core Kl 29 mainly has well-developed chemical features. Could core 
KL37 be incomplete in the upper Holocene? 
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Fig.5 The spectrum of surface textureS of quartz grainsin a bathyal area. 

CONCLUSIONS 

Based on analysis of shapes and surface textures of quartz grains in cores KL37 and 
KL29, we come to following conc1usions of the sediment environments and their changes on 

. the aby~sal plain. and the continental slope in the middle South China Sea since middle 
Pleistöc~ne . :- · . .. . 

. 1) Content of quartz grains in sediments is lower, and quartz grains (> 0.063 mm) 
in each fresh sample weighing 20 gare less than 15 or nothing. Sizes of quartz grain are mostly 
less than 200 IJ., and in a few layers are more than 300 IJ.. Roundness of quartz with 
sub angular outline is less than 0.7. All these indicate a sediment environment with a 
low-middle energy, bathyal sea in the area. 
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2) Surface textures of quartz grains are characterized by well-developed chemical fea
tures, such as very common and typical solution crevasses and solution precipitation, re
lated with a sediment environment of tropical and subtropical area. 

3) In a few layers in the cores two types of quartz grains with well-developed mechani
cal features and well-developed chemical features occur simultaneously, and quartz grains 
with different shapes and differnet sizes occur in the same layer simultaneously. These could 
be interpreted by the polysource of sediments in the area. 

4) According to the changes of shapes and surface textures of quartz grains in the 
cores, the dynamics of water has undergone stronger-weaker-stronger-weaker-stronger 
change in the area since Middle Pleistocene, and it could reflect the laws of tectonic 
movement and vo1canic activity in the bottom of the area. 
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DEPOSITION PROCESS AND CHARACTER OF THE DEEP- WATER 
SEDIMENT IN THE NORTHERN SOUTH CHINA SEA 

ZHOU FUGEN, YUN ZHIQIANG, FENG CUIYING & GUO LIQUN 

Tongji University, Shanghai, China 

ABSTRACT 

From the continental slope and rise to the abyssal plain in the northern South China 
Sea, grains ofthe sediment (mainly composed ofsilly c1ay) become finer and finer, and 
their roundness also better and better because the terrigenous sediment was diffusively trans
ported and suspendedly deposited in the form of turbidity current with low density. The min
eral and chemical composition of sediment has shown that, besides the terrigenous matter, 
there are some biotic and volcanic substances. The c1ay and tephra contents increase and the 
carbonate content decreases with the thickened sediment layer toward the abyssal plain. This 
sedimentary model is different from the normal sedimentary one of silty c1ay and carbonate 
with the shallow-deep sea transition. 

INTRODUCTION 

In cruise 50 of R / V Sonne, both Chinese and German scientists have obtained four 
cores (Fig. l), 29KL Oength: 990 cm, water depth: 3766 m) on the abyssal plain, 
37KL (830 cm, 2695 m) on the continental rise, 33KG (33 cm, 3240 m) on the ba
sin edge and 8KL (993 cm, 1040 m) on the upper continental slope offthe Zhujiang River 
Mouth. We have analysed grain size and mineral, chemical composition of sediments in 
these four cores, and discussed sediment characteristics, sedimentary processes and set
tings in the northern South China Sea. The surface sediments around 29KL. 33KG and 
37KL are composed of foram-radiolarian silty c1ay, and the surface sediments around 8KL 
of foram silty c1ay (Luo et al., 1985). In our cores these is no c1ear bedding construction 
and biotic trace. The floating mud exists from surface to the depth of 5 cm. Between the 
depths of 5 cm and 20 cm there is 'a yellow oxidation layer. Again downwards there is grey 
and dark grey c1ay in which some layers contain higher content of organic matter. 

GRAIN SIZE OF SEDIMENT 

The grain size of sediment is judged by an equivalent diameter measured by the micro
scope-image processor which can also measure the roundness 2-./ 4ns / p, (s - area, p 
- perimeter). The measured result can reduce the disturbance of thin piece of mineral to the 
relationship between grain size and hydrodynamics (Table 1). The grains of sediment which 
are fine and less varied (average grain size: 6-9 <1>, Md = 6-8 <1» seem nearly to be silty 
c1ay in wh ich so me sampies are calcareous ooze. The distribution curve of grain size of sedi-
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ment is a positive deviation with a single peak. The probability curves consisting of two sec
tions of straight line (Fig.2a, b) are arranged in order of water depth. The angle between 
these two lines is increased both from the abyssal plain to the continental slope and from the 
lower section of cores to the upper section of cores. The sediments of four cores belong to the 
same kind of transportation-deposition system of turbidity current with low density. 
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Fig,l The map of sampled station. 

Table 1 Grain size of deep-water sediment 
• 

Sediment Core SampIe Mean 

name No. size (<I» 
29KL 22 8.0-8.5 

33KG 14 8.0-8.5 
Mud 

37KL 23 6.0-6.8 

8KL 25 6.0-6.8 

Volcanic 

ash 
29KL 7.9 

Suspended 

29-33-37 9 8.0-9.0 

matter 

--~ ~ 

Md 

(<I» 
7-8 

7-8 

6-7 

6-7 

5.6 

7-8 

",'" .. '" 

Mean size 
(wt%) 

6.0-7.6 

6.0-7.6 

4.8-6.5 

4.5-6.0 

5.2 

7.4-7.6 

Roundness 

6<1> 9<1> 
0.46-0.67 0.80-0.84 

0.55-0.68 0.79-0.83 

0.52-0.68 0.70-0.82 

0.62-0.68 0.70-0.80 

0.49 0.64 

0.65-0.68 0.80-0.84 
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Fig.2 The probability curves of grain size of sediment. 

Sediment in 8KL is characterized by turbidite sedimentation and other three cores have 
grain features of terrigenous and biotic matter. The C-M points of sediment in each core are 
concentratedly projected on a certain small area which envelope ring is changed from ellipse 
to circ1e with the increase of water depth (Fig. 3). Sediment in 8KL core is identified as a 
deep-water rollingly- suspended deposition. Sediments in 37KL and 33KG as a deep-water 
uniformly- suspended deposition resulted from the contour current. The velo city of the con
tour current is higher in 37KL than in 33KG and 29KL that belongs to a deep- water 
stillingly-suspended deposition. Their enve10pe rings generally shaped like a long strip paral
lel to C-M indicates that the grain size of sediment is successively reduced offshore due to the 
turbidity current with low density. Because of the variation of sea level sediments at the upper 
section of cores are coarser than those at the lower (below about 5 m). There is a thin layer 
of volcanic ash at 3.3 m in 29KL which grains are coarser than those of other sediments. The 
roundness of sediments becomes better with the fineness of grains on R = 0.70-0.84 (94)), 
but otherwise on R = 0.46-0.68 (6 4». The sediments are basically subround while the vol
canic ash is subhorned. 

Sediments in these four cores are mainly composed of biotic bodies and fragments, 
terrigenous debris, volcanic ash, c1ay mineral and Fe-Mn oxide. Foram, volcanic glass, 
Fe-Mn oxide and few quartz grains are coarse while clay and coccolith are fine. 

MINERAL COMPOSITlON 

.' 
The complicated compositions of mineral are mainly calcite, quartz, c1ay, a little 

plagioc1ase, albite (high temperature), anorthite, muscovite orthoferrosilite, 
hyptesthene, fayalite. forsterite. tschermakite. pyrochroite, natrophosphate, 
jacobsite etc. and are indicated by the X -ray diffractogram. Basic minerals in the upper are 
more than those in the lower. but light-colored minerals are on the contrary. 
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Fig.3 C-M photo of sediment. 

Quartz 

Quartz grains are usually fine, and even some sizes are less than 2 11. Quartz amounts to 
about 20 percent of sediment (Fig.4a). Its content being less in 37KL than 8KL 33KG and 
29KL (Table 2) reveals that the quartz came from terrigenous and volcanic matter. The 
distribution of quartz in co res can be compared to each other. The correlation of distribution 
between quartz and calcite tends to decrease from the continental slope to the abyssal plain. 
Some large grains of the quartz have Fe-oxide film on their surface or gloomy edge, re
sulting from atolian deposit and volcanic eruption. 

Table 2 Average content of quartz and calcite of sediment in cores (%) 

Core Quartz Calcite 

8KL (25) 23 .37 24.36 

37KL (23) 16.19 22.90 

(33KG) (14) (19.11) (20.67) 
/ 
29KL (22) 19.33 7.38 

Highmagnesian 

2.90 

1.34 

(0.53) 

0.82 

Carbonate is mainly composed of low- magnesian calcite and little high- magnesian 
calcite « 3% , Table 2) which are a kind of calcite containing different 90ntent of 
M'gC03. The average content ofca1cite in cores are reduced (24.36-7.58 %, Table 2) 
from the upper slope to the abyssal plain. The calcite basically consists of foram and coccolith 
(Fig.4a), and its content is higher about at 1 m, 5 m and 8 m layers in cores and coincident 
with the changing tendency of bl80 of foram (Fig. 4b). The pulsation of terrigenous 
supplies, thus, shows that CCD is located at the depth of 3500 m. The average rate of dep
osition in 8KL 37KL and 29KL is 5.57 cm / ka, 7.68 cm / ka and 9.62 cm / ka, 
respectively, that is, the depositional rate and thickness increase from the continental slope 
to the abyssal plain. 
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Fig.4 The distribution of quartz and calcite of sediment in cores. 

Volcanic Ash 

There is a thin layer of volcanic ash at 3.3 m in 29KL, but in other cores volcanic ash is 
seattered onlyat 1 m, 4 m and 8 m (Fig.4c). In 29KL the white and grey volcanic ash is 
mainly composed of volcanic glass, with a little albite (high temperature), plagioclase, 
anorthite, quartz etc .. In 8KL, 37KL and 33KG there is mainly brown volcanic glass at 
the upper and white volcanic glass at the lower, with a little olivine, pyroxene, 
amphibole, quartz, feldspar, mica ete .. 

The volcanic ejecta may be originated from the Taiwan Island and the Philippine Islands. 
According to the distribution of carbonate and the bl80 curve, the volcanic ejecta not only 
affected the transportation and deposition of terrigenous matter, but also affected the 
reproductivity and deposition of biotic matter. 

Clay Mineral 

Grains of size less than 2 J.I. occupy about 30% of sediments in the studied cores. Besides 
clay mineral, there are quartz, carbonate (mainly coccolith) and organism. In order of 
their relative percents, the clay mineral consists of illite, chlorite, smectite and kaolinite. 
With the increase of water depth in each core, there is much illite but less chlorite. The con
tents of smectite and kaolinite are the highest in 37KL (Table 3). From the continental shelf 
to the abyssal plain the content of illite increases a little, and the content of smectite in
creases little; kaolinite decreases a little and chlorite doesn ' t change obviously. The distribu
tion change of clay mineral shows that the contents of illite and smectite change less than that 
of chlorite and kaolinite. Smectite is mainly 21. 5 nm crystalline grain, and montmorilJonite 
(17.5 nm grain, treated by ethylene glyeol) is less, and is usually mixed with chlorite and 
doesn ' t change into illite obviously. The change of contents of clay minerals is concerned with 
composition, transporting distance and depositional rate of terrigenous matter. 
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CHEMICAL COMPOSITION 

Chemical compositions of the sediments are analysed by using ICP etc. (Table 4). The 
complexity of chemical compositions is connected with mineral compositions which are dif
ferent from normal mudrock, calcareous ooze and deep-sea red c1ay . The content of Si02 

(containing biotic silicon) is the highest, and the content of Alz0 3, CaO, KzO , 
MgO, Fez0 3, Ti, P and Sr is higher. The content of Si02 is the higher in 29KL than in 
37KL, but Ca and Sr are contrary to it. The content of Mn varies somewhat great in the sed
iments, and at the surface is five times higher than at the lower. The content of Mn is also 
higher in the mesopore water. Thus, the Fe-Mn oxides are easily formed in the sediments. If 
the sedimentional rate had been lower, the Fe-Mn nodules would have been easily formed. 
In 37KL the content ofBa, Ce, Cr, La, Nb, Pb, Sc, y, Zn, CaO, and Al

2
0

3 
high

er, but in 29KL the content of Cu, Ga, Li, Mn, Ni, Ti, V, Zr is higher. 
Therefore, in 37KL the sediment is characterized by carbonate and in 29KL by volcanic ash. 
The basic character to be terrigenous va ries with the water depth. 

Table 3 Average content of clay mineral in cores (in relative percent) 

Station Illite Chlorite Smectite 

8KL (25) 60.76 25.27 8.22 

37KL (23) 60.78 15.63 15.47 

(33KG) (14) (61.02) (19.96) (14.53) 

29KL (22) "' 61.62 18.54 14.06 

Shelf 49.70 20.70 12.20 

Table 4 The chemical composition of sediment in 37KL and 29KL 

Station 
Sampie The content of elements (%) 

No. SiOz AlZ0 3 FeZ0 3 CaO MgO 

37KL 23 40.7 13.45 5.73 11.53 2.38 

29KL 23 51.53 12.58 5.87 4.44 2.88 

(ppm) 

Ba Be Ce Co Cr Cu 
/ 944 3 63 21 142 59 

736 2 53 20 110 61 

Li Mn Nb Ni P Pb 

66 1756 12 59 501 80 

69 1809 11 63 487 49 

Th Ti V Y Yb Zn 

13 3327 120 19 4 640 -

14 3425 124 15 4 582 

CONCLUSIONS 

Kaolinite 

5.75 

8.12 
(4.17) 

5.78 

17.40 

NazÜ 
3.03 

2.45 

Ga La 

29 31 

34 24 

Sc Sr 

15 453 

13 215 

Zr 

78: 

92 

To sum up, the grains of sediment of the four dee~-water cores from the northern 
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South China Sea are somewhat fine and less varied, and belong to silty c1ay of which part 
has become calcareous ooze. The grain size of sediment becomes less and its roundness be
comes better toward the deep sea. Probably due to the change of see level, the grains of sed
iment in co res are bigger at the upper than at the lower. Both the probability curves and the 
C-M pictures reveal the change of suspended deposition of seaward diffusive matter: the 
rollingly-suspended deposition at 8KL on the upper slope, the uniformly-suspended depo
sition at 37KL and 33KG on the continental rise and the basin edge where the contour cur
rent existed, and the deep-water stillingly-suspended deposition at 29KL on the abyssal 
pain. The probability curves of the cores except 8KL are characterized by the terrigenous and 
biotic matter. Their envelope rings shaped like a long strip parallel to C-M can be attributed 
to the long-period sedimentation of the same transporting and depositional system (turbidity 
current with low density). 

The mineral and chemical compositions of sediment are mainly calcite, quartz, c1ay 
and volcanic ash. The contents of quartz in 8KL 29KL and 33KG are higher than that in 
37KL. Clay mineral is mainly composed of illite, chlorite, smectite and kaolinite. Illite in
creases and chlorite decreases toward the deep-sea. The contents of smectite and kaolinite, 
basically similar to the distributional change of quartz, are higher in 37KL. 

The content ofkaolinite changes more obviously than other c1ay minerals in these four cores. 
Smectite is mainly 21. 5 nm c1ay mineral, and less montmorillonite only mixed with chlorite 
doesn' t change into illite. The clay mineral came from terrigenous matter and volcanic ejecta. 
Carbonate is mainly biotic sediment, that is, foram and coccolith. The mineral compounds of 
carbonate are mainly calcite and little high-magnesian calcite which are controlled obviously by 
CCD (about 3500 m of water depth). Judging from <5 180, the sedimentation rate increased 

(5.57-9.62 cm / ka) from the continental slope to the abyssal plain. The contents of clay and 
volcanic ash increase and the contents of terrigenous matter and carbonate (calcite) decrease 
with the thickening of sediment layer toward the abyssal plain. 
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ABSTRACT 

Offshore Sabah (East Malaysia) methane is the dominant component in all gases of 
the surface sediments. Ethane and propane are present only in sm all amounts. Gas ratios and 
isotopic composition point to a bacterial origin of methane which is produced from the reduc
tion of carbon dioxide. These gases are related to arecent 'in situ' production of bacterial 
hydrocarbons as high methane concentrations coincide with low sulfate concentrations. It was 
also observed that a rapid concentration decrease of methane in the sulfate zone with de
creasing sediment depth is acompanied by a decrease of the light carbon isotope of methane. 
This points to a secondary oxidation of methane under anaerobic conditions. Although deep
er sediments of the accretion are thermally mature, no thermogenic hydrocarbons were de
tected ifrthe surface sediments. This might be due to the migration barrier of the hydrates. 

On the continental shelf of the South China gases consist of hydrocarbons methane to 
butanes. Molecular composition and carbon isotope ratios of methane point to a thermogenic 
origin. Two groups of genetically different gases . can be distinguished. Sampies from the 
northern region of the shelf are likely to be related to source rocks of organic maturities corre
sponding io the end of oil-window. The sediments of the two locations above a sedimentary 
basin elose to the slope of the Xisha Trough contain gases which show a molecular composi
tion and isotope ratios which are typical for light hydrocarbons generated from an organic 
source of a lower maturation level. Maturities predicted from the hydrocarbon gases on the 
continental shelf correspond to the calculated maturities of the seismic reflector which stands 
for the upp~.r boundary of the organic rich Oligocene sequence drilled in other areas. 

/ 

INTRODUCTION 

The purpose of our geochemical investigations on surface sediments is to obtain informa
tion on the nature and origin of gaseous hydrocarbons absorbed in these sediments. From this 
information we try to estimate the hydrocarbon potential of the specific area. This type of sur
face prospecting for hydrocarbons has been applied by the BGR geochemistry group for more 
than a decade. A data base of more than 30 case studies has been established from offshore 
and onshore surveys all around the world. 

In the present study two areas (Fig. I) with different structural settings will be co m
pared. During two cruises ofthe German vessel R.V. ' Sonne' (SO-49 and SO-58) in the 
South China Sea off Sabah (East Malaysia) and off South China in 1987 and 1988 piston 
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cores of surface sediments have been sampled for geochemical purposes. 
On the outer accretionary zone offshore Sabah we tested the effect of hydrates on 

hydrocarbon migration. For this purpose sampling of sediments was carried out in an area 
where seismic profiles show bottom simulating reflectors ( BSR) which trace ' the lower 
boundary of gas hydrates. 

On the continental shelf of South China we intented to obtain information on the 
hydrocarbon potential of three rift basins which have been identified on the seismic record. 

In our studies molecular composition, gas concentrations and stable isotope analysis, 
induding both carbon and hydrogen measurements, are used to characterize light 
hydrocarbons in marine surface sediments. 

GEOLOGICAL SETTING 

O//shore Sabah 

The Palawan Trough, the 2800 m deep depression bordering the western continental 
slope of Sabah, is underlain by subsided continental crust, which dips towards the east and 
disappears below the accretionary wedge forming the continental margin (Fig. 2). The seis
mic data indicate that the system of imbricate thrust-sheets forming the outer accretionary 
wedge, is still active and that the surface of the down-going continental plate forms a major 
detachment plane. . 

The morphology of the westernmost part of the accretion is characterized by a ridge and 
swale topography, which is created by deformation along imbricate thrust sheets. 

Bottom simulating reflectors occur in the accretionary wedge at water depths be.tween 
1500 rri and 2800 m. The reflectors which are only recognizable below the ridges (Fig. 2) 
range from 0.3 to 0.6 sec below the sea floor, corresponding to a subbottom depth of 300 to 
600m. 

The BSR is a strong indication that ice- like structures of gas hydrates (for detailed in
formation see Hedberg, 1980) occur in the subsurface (Hinz el a/" 1987). The bottom 
simulating reflectors indicate the lower boundary of the hydrate zone. The interface between 
hydrates a1}d the free gas below provide a velocity contrast responsible for the BSR. After our 
calculatielIls (based on heatflow and temperature measurements in this area) the upper 
boundary of the temperature and pressure field for hydrates reaches to the sea floor. AI
though, ' BSR' s are only detectable below the ridges, hydrates can occur in the whole area 
of investigation. The large amounts of methane required for the formation of gas hydrates are 
normally provided through bacterial decay and thermal alteration of organic matter (Brooks 
el al., 1986). 

The coastal area of Sabah is known for its hydrocarbon occurrences, either oil or gas. 
Maturity calculations using the model of Houbolt and Wells (1980) in combination with 
the time independant maturity model of Price (1989) show that not only in the shelf area 
dose to the coast mature sediments occur but also in the area where BSR' s have been de
tected and also below the abyssal plain in front of the accretion. 
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Fig,2 Interpreted seismic section offshore Sabah. Superimposed are calculated present-day maturities 

(vitrinite reflectance equivalent: Ro) of organic matter. Bottom simulating reflectors (BSR) occur 

below the ridges. 

Offshore China 

Distinctively planated basement blocks, split by aseries of half-grabens, underlie the 
Chinese outer shelf and slope (Fig. 3). The sedimentary troughs have a characteristic 
V-shape configuration. The transition to the adjacent Xisha Trough is narrow and fault-con
trolled. 

According to the seismic stratigraphy of Gaedicke (this volume) a seismic reflector T6 
can be identified in all half-grabens on the Chinese shelf. The reflector T6 most likely repre
sents the upper boundary of Oligocene sediments containing organic-rich source rocks of 
mostly terrestrial origin. These sediments have been drilled in adjacent areas. 

A model of the vertical maturity distribution along the seismic profile is based on 
heatflow measurements in combination with the time independent ma,turity model of Price 
(1989).- According to this model the presumed Oligocene source rocks are well within the ma
ture zone ofthe "oi! and gas window" (Fig.3). 
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METHODS 

Cores of surface sediments have been sampled using piston corers. Up to five sediment 
sampies of about 300 gr each were taken from each core. 

The redox potential W~lS measured 'in situ' using a calibrated Eh probe and is gived in 
mV. 

The sampies were subsequently degassed on board in a blender apparatus by a 
vacuum-acid treatment described by Faber and Stahl (983). Desorbed hydrocarbon gases 
for isotopic analysis at the BGR laboratory were expanded into glass bulbs. 
Gaschromatographic Flame- Ionization- detector (FID) analyses were carried out on 
board using a Packard 430 gaschromatograph provided with a 2 m long steel column filled 
with Porapak- Q. The gases were injected with a syringe of 1000 111 volume. For the 
calibration of the measurements a Matheson standard gas was used containing hydrocarbon 
compon.~tits methane through pentane. Gas concentrations are given in ngr gas per gr wet 
sediment (ppb). 

At the BGR laboratory a selection of gas samples from both areas was analysed for their 
carbon and hydrogen isotope ratios. The individual gas components were separated 
chromatographically and subsequently combusted to CO2 and H20 using the preparation 
line described by Dumke et al. (1989). The combustion product H20 is reduced to H2 by 
reaction with zinc in sealed glass tubes at 450°C. 

The stable isotope measurements on the combustion product CO2 were carried on a 
Finnigan MAT 250 mass spectrometer. For the D / H analysis a Finnigan Delta mass 
spectrometer was used. Isotope ratios are reported in the usual d- notation relative to the 
PDB (Pee Dee Belemnite) standard for carbon and SMOW (Standard Mean Ocean Wat
er) standard for hydrogen: 
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dr = [ (Ra / Rb)sample / (Ra / Rb)standard-1] X 1000 (%0) 

where Ra / Rb is l3C / 12C and D / H respectively. 
Interstitial waters were squeezed out of the sediments aboard using a sediment press of 

the University ofKiel. FRG, applying pressures of 5 to 8 bars. For the subsequent fixation 
of dissociated sulfur ions, Zn-acetate was added. The analysis of the sulfate content of the 
pore waters were carried out at thc BGR laboratory usirig standard titration methods. 

RESUL TS AND DISCUSSION 

Offshare Sabah (East Malaysia) 

ltighly variable methane concentrations from over 15000 to 4 ngr / gr were observed in 
the cores from offshore Sabah. Hydr.:>carbons ethane and propane are only present in small 
amounts and do not exceed background concentrations (Table 1). 

Methane shows systematic variations from low concentrations in the upper parts of the 
cores to high concentrations in the sulfate free zone. The observation that sulfate concentra
tions (Table 1) decrease from 28 mM / L (sea water concentration) in the upper part of 
the cores to 0 mM / L in the methane zone indicates bacterial sulfate reduction and decompo
sition of organic matter which leads to formation of H2S and CO2• This process causes the 
changes of the negative redox potential values. The Eh changes with depth from values 
around -100 mV in the upper part to values of lower than - 300 mV in the zone where free 
hydrogen sulfide is present (detected by smell). In the bottom part of the cores, where no 
free H2S was observed, Eh- values rise again to about -200 mV. These systematic changes of 
methane, sulfate and hydrogen sulfite concentrations in combination with the changes of Eh 
point to a bacterial origin ofthe methane (Claypool and Kvenvoledn, 1983). 

The bacterial origin of methane is confirmed by carbon and hydrogen isotopic composi
tions which show (Table 1) that the gases were genera ted through bacterial CO2 reduction 
typical for a marine environment (Whiticar et al., 1986). Carbon isotope ratios and molec
ular composition (Table 1) also classify the gases as bacterial hydrocarbons. It is observed 
that with decreasing methane concentrations the light carbon isotope content decreases. This 
can be explained by methane migration from the methane generation zone into the sulfate 
zone and a subsequent bacterial methane consumption via sulfate reduction (Whiticar and 
Faber, 1986) . The methane oxidation causes an isotope fractionation by which the heavy 
carbon isotopes become enriched in the residual methane. The fractionation factor for the 
oxidation process offshore Sabah is ac = 1. 003 (calculated after Whiticar and Faber, 
1986) which is close to the fractionation factor ac = 1.004 postulated by Whiticar and Faber 
(1986) for the residual methane model for methane oxidation. 

Only small amounts of ethane and propane were detected in the surface sediments. The 
low concentrations of these components can be generated through bacterial decay 
(Oremland et al., 1988). 

There is no evidence in this area that thermal hydrocarbons migrated from deeply buried 
rocks, although deeper sediments of the accretion are thermally mature (compare Fig. 2). 
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Table 1 Redox potential, sulfate eoneentrations, gas yields, earbon and hydrogen isotope ratios of 

methane in shallow sediment eores offshore Sabah (EastMalaysia). The ratio Cl / (C2+C
3

) is ealcu-

lated from vol.-% ofindividual eomponents. 

SampIe Sed. Eh SO~ CH4 C2H6 C3Hg Cl c5 l3C I c5D 
depth C2 + C3 

S058- (ern) (mV) (mM / L) (ppb) (ppb) (ppb) (%0) (%0) 

Aeeretion 

KLll0-1 1185 -197 0.0 15284 6.8 0.0 4999.0 -95.5 -230 
KLllO-2 1075 -340 0.2 8342 5.1 0.0 3332.3 -97.2 -208 
KLlI0-3 985 -374 0.2 3424 4.2 0.0 1427.6 -98.9 -193 
KLllO-4 885 -374 2.5 103 1.2 0.0 160.3 -88.0 
KLllO-5 785 - 327 7.0 n.a. 
KLlI0-6 685 -152 12.3 n.a. 
KLllO-11 185 -149 8 0.0 0.0 n.a. 

KLlI4-l 1295 -137 0.6 7671 1.4 0.7 9999.0 -100.0 -213 
KLl14-2 1195 -348 0.0 4602 0.8 0.0 9999.0 -100.8 -199 
KL114-3 1095 -363 . 1.6 195 0.7 0.4 356.1 -96.7 
KLl14-5 895 -132 13.0 12 0.0 0.0 n.a. 
KLl14-12 195 -119 23.5 5 0.0 0.0 n.a. 

A byssal plain 

KLI09-1 1190 -200 0.3 15824 0.0 0.0 n.a. -91.3 -207 
KLl09-2 1105 -168 0.2 10087 0.0 0.0 n.a. -92.9 -204 
KLl09- 3 980 -200 1.4 5380 0.0 0.0 n.a. -97.6 -207 
KLl09-4 900 -479 0.9 2529 0.0 0.0 n.a -101.7 -208 
KLl09-5 775 -318 2.5 31 0.3 0.0 168.5 :-90.0 
KLl09-6 700 -285 5.6 14 0.6 0.5 12.7 
KLl09-12 75 -108 23.2 4 0.0 0.0 n.a. 

KLl19-1 1185 -179 0.4 . 6603 0.0 0.0 n.a. -89.6 -204 

KLI~""'2 990 -346 0.2 7637 0.0 0.0 n.a. -98.4 -209 
KLI 9-3 690 -378 12.7 55 1.0 0.8 69.4 -83.3 
KLl19-4 460 -323 24.2 10 0.4 0.2 35.0 
KLl19-5 330 -152 26.4 10 0.6 0.5 19.6 

KL120-1 1090 -176 0.3 7174 0.8 0.8 9999.0 -87.1 -206 
KLl20-2 990 -210 0.7 6719 1.9 1.9 4998.5 94.2 
KLl20-3 690 -392 8.2 297 1.3 1.6 414.9 -95.7 
KLl20-4 490 -343 20.1 21 0.6 0.3 48.5 -71.4 
KLl20-6 390 -246 25 .9 9 0.4 0.0 48.3 

KLl22-1 1155 -190 0.0 7911- 2.0 2.0 4999.0 -88.6 
KLl22-2 955 -396 0.4 11236 2.5 2.5 4999.0 -95.1 -210 
KLl22-3 725 -396 11.5 584 0.8 0.0 1249.0 -93.6 -198 
KLl22-4 530 -340 23.2 39 0.6 0.5 75.9 -81.3 
KLl22-5 320 -110 26.2 9 0.4 0.0 45.7 
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This observation can be explained in terms of amigration barrier formed by the hydrates. 

Continental She!f of China 

In contrast to the observations offshore Sabah, gases from the continental shelf of 
China contain components: methane, ethane, propane and butanes (Table 2). 
Furthermore, all gases: components exceed background concentrations. Gases concentra
tions in cores KLl. SL2, SL3, SL5, SL6, KL8, SL9 and SLIl (shelf) differ from 
those in corse KLl2 and KLl3 (transition). 

Table 2 Gas yields, carbon isotope ratios of methane and redox potential of shallow sediment cores 

from the continental shelf of China. The ratio Cl / (C2+C3) is calculated from vol. -% of individual 

components. 

SampIe 

S049-

KLl-l 
KLl-3 

SL2-1 
SL2-2 

SL3-1 
SL3-3 

SL5-1 
SLS-3 

SL6-1 

KL8-1 
KL8-7 

SL9-1 

SLll-1 

KLl2-1 
KLl2-4 

KLl3-1 
KLl3-2 
KLl3-3 

Sed. 

depth 

(cm) 

410 
210 

115 
50 

350 
150 

387 
187 

233 

950 
350 

250 

207 

894 
294 

1000 
920 
700 

CH4 

(ppb) 

94.6 
145.7 

59.8 
90.1 

90.1 
72.0 

136.6 
177.1 

121.5 

96.0 
144.3 

80.7 

70.3 

70.6 
92.0 

100.2 
80.5 
100.1 

C2H6 

(ppb) 

5.0 
7.7 

4.0 
5.9 

4.9 
3.6 

7.3 
8.7 

6.6 

5.6 
8.1 

4.0 

3.6 

9.7 
14.6 

16.6 
38.4 
13.8 

C3Hg 

(ppb) 

2.3 
3.8 

2.1 
2.5 

2.1 
1.4 

3.5 
3.6 

3.0 

3.2 
4.2 

2.1 

1.8 

5.8 
9.5 

10.0 
23.8 
8.2 

iso

C4H lO 

(ppb) 

0.0 
1.2 

1.0 
1.3 

0.8 
0.3 

1.2 
1.2 

1.1 

1.2 
1.4 

0.7 

0.6 

3.3 
5.5 

6.1 
20.1 
4.2 

n- CI b l3C I 

C4H lO C2 + C3 

(ppb) (%0) 

0.0 26.97 -25.2 
1.4 26.52 

0.9 
1.1 

0.8 
0.4 

1.3 
1.4 

1.1 

1.2 
2.2 

0.5 

0.9 

2.8 
3.8 

20.59 
22.04 

26.60 -31.5 
29.54 

26.37 -33.7 
29.80 

26.37 -35.5 

23.18 -34.4 
24.72 

27.99 -35.8 

27.42 

9.71 
8.20 

-33.7 

3.4 · 8.03 -37.1 
8.9 2.76 
3.0 10.62 

Eh 

(mV) 

-90 
-10 

-20 
-90 

-100 

-70 
-20 

-30 

-100 
-70 

-40 

-10 

-30 
-10 

An obviously good correlation of gas concentrations is observed in cores KLl to SLl1. 
This indicates a single origin of all components. Although there are remarkable variations of 
gas concentrations within each core (Table 1), the gas ratios remain the same in all 
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sampies. Methane dominates ove~ the other components on average by a factor of about 25. 
For gases from cores KLl2 and KLl3 a good correlation of concentrations is observed 

for ethane, propane and butanes. Again this indicates a single origin of these components. 
The concentration ratios are similar in all sampies. Methane dominates over the other com
ponents by a factor of about 8 only. Generally, concentrations of ethane to butanes from 
cores KL 12 and KL 13 are higher than in cores KL 1 to SL 11. 

Thermal Origin 

Based on carbon isotope and molecular ratios all gases offshore China are of thermal or
igin (Fig. 4). Gases from cores SL3 to SLlI seem to be derived from a source of a higher 
thermal maturity (about l.2% Ro, vitrinite reflectance equivalent) than gases from cores 
KLl2 and KLl3 (0.5% Ro). This is also supported by the butane ratios as gases from KLl2 
and KLl3 have higher ratios than the others. The thermal stability of isobutane is lower than 
that of normal butane. The result of an increasing maturity is a decrease of the 
i-butane / n-butane ratio. The ratio i-butane / n-butane, although maturation dependent, is 
also used as an indicator for the type of source rock by Leythaeuser et al. (1979). He postu
lates that ratios below 0.5 are related to marine organic matter, whereas ratios above 0.5 
stand for a predominace of a humic source. This is in good accordance with the classification 
by gas ratios and carbon isotope values. After this classification the gases are likely derived 
from organic matter that contains a mixture of marine and terrestrial particles with the excep
tion of gases from core KLl where carbon isotopes point to a terrestrial soucre. The source 
rock maturity of gases fromKLl is estimated to be about 0.7 to 0.8% Ro (Fig.4). 
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Fig. 4 Carbon isotope ratios of methane and molecular ratios point to athermal origin of gases 

offshore China (light squares: KLl to SLll ; dark squares: KLl2 and KLl3; diagram modified 

after Berner, 1989). 
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A comparison between the gas maturities (Fig. 4) and ca1culated maturities ftom 
heatflow measurements (Fig. 3) shows that maturities of the presumed source rock (re
flector T6; Gaedicke, this volume) is in very good accordance with the gas maturities. Al
so the predicted source rock type (marine / terrestrial from the gas data) fits to the drilling 
results in adjacent areas for sediments resembled by reflector T6. Only at the northern most 
locations KL 1 and SL2 the reflector T6 could not be identified. 

Bacterial Methane Generation and Oxidation 

A contrasting interpretation to the above would be the assumption that methane 
offshore China is generated by bacterial CO2 reduction and subsequently oxidized in the 

. sulfate zone by methane consuming bacteria under anaerobic conditions. To test this hypoth
esis, we ca1culated a model for methane generation and oxidation assuming ideal conditions 
for methane production (validity of stoichiometric relations between sulfate, carbon 
dioxide and methane concentrations). 

The negative redox potential c1early shows the reducing conditions in the sediments 
collcted. In addition pyrite was found in several sediment sampies and a slight smell of H2S 
was detected. This indicates that sampIes have been collected from the sulfate reduction zone 
where anaerobic methane oxidation could oq:.:ur. 

Methane Generation 

In this zone 28 mM / L of sulfate (sea water concentration) can be used up (see also 
Fig. 5a-f) for the bacterial generation of 55 mM / L dissolved CO2 (Whiticar et al., 

1989) which is obtained from the oxidation of the sedimentary organic matter. These 55 
mM / L CO2 are available for the formation of CH4 at the top of the methane generation 
zone if carbonate precipitation is exc1uded. The amount of CO2 (f in %) which is used 
up in the initial stage of bacterial methane generation can be ca1culated from the carbon 
isotope fractionation between CO2 and methane (Berner, 1989): 

f = (1- (<5 CH4 / 1000+1) / (D C02 / 1000+1) tXc exp (1 / tXc-1)) 100 (%) 

In natural marine environments methane isotope va1ues (DCH4) vary from -100 to -90 
(%) at the top ofthe methane generation zone (Whiticar and Faber, 1986; Berner et 

al. , 1990). At the boundary between sulfate and methane zones carbon isotope va lues ofC02 

(DC02 ) occur from -25 to - 20 (exc1uding extremely low values of -42 %0 in cases of exten
sive CH4 oxidation; von Breymann et al., in press). The average fractionation factor for 
the isotope fractionation between CO2 and methane for bacterial methane formation from 
CO2 reduction is tXc = 1.075 (Whiticar et al., 1986). Based on these values, approximately 
7.2 % of theC02 theoretically.converted into methane at the top of the methane zone which 
agrees with observations by Whiticar et al., (1989). This corresponds to the generation of 4 
mM / L of methane: 
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Methane Oxidation 

A carbon isotope fractionation factor of 1. 004 is postulated by Whiticar and Faber 
(1986) for the residual methane model of anaerobic methane oxidation in natural marine 
environments. But also higher fractionation factors are reported in the literature which, 
however, are still weIl below 1.009 (Whiticar and Faber, 1986 and authors cited therein). 
From the data avai1able (Whiticar et al., 1986; Berner et al., 1990; gases offshore 
Sabah, this paper) an average carbon isotope fractionation factor of 1.007 is obtained. On-
1y laboratory experiments with bacterial aerobic oxidation of methane show fractionation fac
tors ofup to 1.03 (Whiticar and Faber, 1986). 

Two models for the carbon isotope fractionation of methane through anaerobic 
oxidation are compared to the gas data offshore China. These models are based on the equa
tions given in Whiticar and Faber (1986) and an average fractionation factor of 1. 007 

(see above). The initial carbon isotope ratios are. -90 and -100 %0 and the initial methane 
concentration is 4 mM / L (see above) which corresponds to 64000 mgr / gr. The two 
models deviate from each other through ethane and propane concentrations which are de
duced from the average concentrations in gases from KLl to SLll (C2+C3 = 10 mgr / gr, 
model I) andKLl2andKLl3 (C2+C3 =26mgr /gr, model TI). Theconcentrations ·of 
these two components remain unaffected through sulfate reduction (Whiticar and Faber, 
1986). 

Obviously, the gas data offshore China cannot be explained in terms of methane 
oxidation as the model curves deviate significantly from the measured data. Only carbon 
isotope fractionation factors of more than 1.009 wou1d explain the gas data. Based on obser
vations in natural systems this seems to be unrealistic. Furthermore, the methane concentra
tion of 4 mM / L resembles the upper concentration boundary. Ifwe take also carbonate pre
clpltation into account, carbon dioxid is removed from the system which results in a lower 
initial methane concentration at the boundary of sulfate to methane zones. In this case an 
even higher carbon isotope fractionation factor must be considered as the ratio Cl / C2+C3 

decreases. This makes the hypothesis of methane oxidation even more unrealistic. 

CONCLY5IONS 

The geochemical survey offshore Sabah shows that the gases (mainly methane) found 
in near surface sediments over the hydrate zone are of a bacterial origin. They were produced 
from the reduction of carbon dioxide typical for the methanogens of a marine environment. 
Oxidation of migrated methane in the sulfate zone is indicated by a decrease of the methane 
concentration accompanied by an increase of the heavy carbon isotope concentration. The 
carbon isotope fractionation factor (Xc for this process is 1.003. Based on maturity ca1cula
tions a thermogenic hydrocarbon generation below the hydrate zone is likely, a1though no 
thermogenic gases were detected in the surface sediments. This might be due to the migration 
barrier of the gas hydrates. 

Mo1cular composition and carbon isotope ratios of methane offshore China point to a 
thermogenic origin. Groups of genetically different gases can be distinguished. Sampies from 
the northern region of the shelf are 1ikely to be related to source rocks of organic maturities 
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corresponding to the end of the oil-window. The sediments of two cores above a sedimentary 

basin elose to the slope of the Xisha Trough contain gases which show a molecular composi

tion and isotope ratios which are typical for light hydrocarbons generated from an organic 

source of a lower maturation level. Maturities predicted from the hydrocarbon gases in the 

surface sediments of the continental shelf correspond to the calculated maturities of the seis

mic reflector T6 which stands for the organic rich Tertiary sequence drilled in other areas. 

Based on model calculations, methane oxidation under anaerobic conditions in the sufate 

zone cannot explain gas data offshore China. 
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GENERATION AND MIGRATION OF HYDROCARBONS OF NEOGENE 
IN YINGGEHAI AND QIONGDONGNAN BASINS 

ZHANG QIMING, ZHANG QUANXING, HU ZHONGLIANG & WANG ZHENFENG 

Scientific Research Institute, Nanhai West Oil Corp., Zhangjiang, Guangdong, China 

ABSTRACT 

In the Yinggehai and Qiongdongnan Basins, there exists thick marine source rock of 
Neogene with rich submicroscopic resinite. It can be c1assified as good to excellent source 
rock. The rapid thermal subsidence and sedimentation created special mechanisms for 
generation and migration of hydrocarbons. The Yacheng gasfield and the Ledong 30- 1 
geopressured gas are believed to be stemmed from the Neogene. 

GEOLOGICAL SETTING 

The Yinggehai andQiongdongnan Basins (Ying-Qiong Basins) are located in the sea 
area to the southesast and southwest of the Hainan Island (Fig.l) , from 107 0 10' E to 
112 0 50 ' E and from 15 0 34' N to' 19 0 03' N geographically, with an area of about 95000 
km2

• There is Fault No. 1, a regional boundary fault, to the east of which is the 
northeastward Qiongdongnan Basin, to the west of which is the northwestward Yinggehai 
Basin in the shape of long and narrow stripe. They were separatedy from each other in 
Paleogene, and subsided as a whole in Neogene when they received thick marine sediment. 
In Neogene, the Yinggehai Basin was characterized by rapid subsidence, high 
temperature, high pressure and well-developed mud diapirs (Zhang et al., 1987). 

SOURCEROCK 

In .Neogene, the development of the Ying-Qiong Basins came into a depression stage 
after a rift splitting stage. According to seismic interpretation, the Neogene sediment of neritic 
to bathyal was deposited with about 5000-8000 m in thickness. The sediment contains rich 
organic matter. 

Thick Mudstone 

In the central part of the Yinggehai Basin, the thickness of the Yinggehai and Huangliu 
Formations (Ying-Huang Formations) is 3200- 4300 m, and that ofMeishan Formation 
is more than 2300 m. The latter is confirmed by Ledong 30-1-1A well (Fig. 2). The maximum 
thickness of Neogene and Quaternary surpasses 10000 m with 80% of mudstone on an aver
age. 



loe· 

\ 
@ 

f2l~ca 
~.ult MI>d dioplt SondsIOno bocIr 

ca 
Woler L~a~ El. 

'0" s .. 
loeo 

Fig.l Map ofYinggehai Basin. 

Terrestrial Organic Matter with Resinite 

109· 

Hainan Island 

• 
.~ 
. ~ 

Yol4 
o 

Ä 

o ~ ~M 
I I , I 

A 
109· 

. 213 . 

19" 

18" 

.,.. 

The Neogene and Quaternary sediments are neritic to bathyal. The kerogen microscopic 
examination showed that vitrinite is dominant, with the H / e ratio less than 0.9 and the 
hydrogen index less than 150 mg/ g. The kerogen is c1assified as Type m. TOe is in the range 
of 0.4-2.0% , mostly 0.4-0.6%. Only below the depth of 4500 rri at Ledong 30-l-lA, 
TOe is higher, with an average value of 1.17%. Insoluble organic matter is dominated by 
terrestrial vitrinite, but the soluble part of organic matter is rich in resinite. The resinite 
compounds of conifer is rich in Ying-Huang Formations and that of dipterocarpaceae is rich 
in Meishan Formation. The resinite compounds are not originated from thermal cracking of 
kerogen, but from the evolution of organic matter directly. The resinite compounds of 
Meishan Formation make up 90% of saturated hydrocarbons, which are the important or
ganic matter. Hydrocarbon yie1d of Neogene varies in the range of 50-120 mg He / g Toe. 
According to the Powell' s standard (PoweIl, 1978), the source rock belongs to good to 
excellent. 
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Through steranes and triterpanes the oil-source rock correlation can be established be
tween Meishan Formation and condensate pool of Yacheng gasfield (Fig.3), and between 
Ying- Huang Formations and gas seepages at Yinggehai Village, also geopressured gas of 
Ledong 30-1 sandbody. 

Evolution of Organic Malter 

According to vitrinite reflectance (Ro), drilling gas chromatography, clay mineral 
diagenesis and sterane structural features, it is determined that the threshold of hydrocarbon 
generation is at the depth of about 2800 m where Ro is 0.7% and formation temperature is 
149t, that the top limit for wet gas is at about 3800 m where Ro is 1.3% and formation 
temperature reaches to 195°C, and that the stage for dry gas is at 4600 m where Ro is 2.0% 
and formation temperature is 232°C. 
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Fig.3 Condensate-source rock correlation between the Yacheng condensate and the Meishan FM. W 

and T are resinous compounds, OL is oleanane, C29 and C30 are hopanes. 

Because in Neogene the Yinggehai Basin experienced rapid subsidence ( O. 7- O. 86 
mm / yr) and high temperature, its organic matter passed through a whole course of evo
lution from immature to highly mature stages in a short period of2.0-3.5 Ma (Zhang and 
Huang, 1990). The mature rate of organic matter is so high that hydrocarbons generated 
earlier were overburied and thermally cracked into natural gas. That is why gas is primary but 
oil i~ secondary here. , 

OCCURRENCEOFHYDROCARBONS 
/ 

Seepages at Yinggehai Village 

Oil and gas seepages along the coast of Yinggehai Village have been noticed for more 
than one hundred years. As many as 32 seepages were located by the recent surveys (Fig.l). 
Some oil and gas s~mples were coHected from shallow weHs near to the seepages (Zhang and 
Zhang, 1987). 

Geopressured Gas of Ledong 30-] Sandbody 

The Ledong 30-1 turbidite sandbody in Ying-Huang Formations, " which is located in 
~he southeastern part qf the Yinggehai Basin, ·1 Is the biggest reservoir sandstone found in this 
area so far, with an area of 468 km2

, a maximum thickness of 260 m and a top burial depth 
range of 3110-3990 m. According to the wireline log interpretation and the conventional core 
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analysis, the reservoir quality of the sandstone is good with porosity of 17- 23% and 
permeability of 5-20 x 10-3 )1m2

. Overpressure was eneountered below a depth of 3000 m in 
Ledong 30-i-1A weIl, with apressure gradient of 18-22 kpa / m. The average thermal 
gradient of Ledong 30-1-1A well is 4.56°C / 100 m whieh is the highest in this area. High gas 
readings were logged even though heavy mud (1.83-2.25 g / em3) was used (Fig.2). 

The Yacheng Gasfield 

The Yaeheng gasfield, at the upthrown block of Fault NO.1 on the eastern margin of 
the Yinggehai Basin, is the largest one found in China so far. Its gas is dominated by 
methane (CH4) with a Cl / "LCn ratio of 0.93-0.99. The benzene and toluene in ligtlt 
hydroearbons of C7- are abundant. It is one of the most rem ar kable eharaeteristies of the , 
gas. 

The gasfield eatehes readily the hydroearbons from the Yinggehai Basin beeause of its 
suitable loeation, By the analyses of thermal history and fluid pressure system, Fault NO.l is 
believed to be a passway for both heat flow and high pressure of the Yinggehai Basin (Zhang 
and Zhang, 1990). Huge potential energy from high temperature and pressure drives 
hydroearbons and fluids from the deep to the shaIlow and from the west to the east, through 
Fault No.1 and into the Yaeheng strueture to form the gas reservoir (Fig.4). This is the ease 
of aqueous migration of hydroearbons as diseribed by Priee (19,87). 
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CONCLUSIONS 

The characteristics of thick Neogene marine source rock in the Ying-Qiong Basins are: 
(a) high percentage of mudstone lithologically dominated by terrestrial organic matter with 
submicroscopic resinites, and (b) high hydrocarbon yield of about 50-120 mg / g. The 
geological setting of rapid thermal subsidence and deposition and high temperature and pres
sure created a special environment for mechanisms of generation, migration and accumula
tion of hydrocarbons and resulted in hydrocarbon distribution dominated by gas reservoir. As 
a result, the geopressured gas of Ledong 30-1 sandbody exists in the center of the basins, 
' I nd the natural gas of the Yacheng gasfield and seepages are found on the margin of the ba
S111S. 
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Ministry of Geological and Mineral Resources, Guangzhou, China 

ABSTRACT 

South China Sea had basically undergone four evolving stages: (1) Andean-type 
continental margin, (2) shearing tensile margin, (3) little Atlantic sea and (4) is-
land arc marginal sea. During Cenozoic, four margins with different characters, eastern, 
southern, western and notthem ones, were formed there, and then five types and ten 
categories of basin, such as divergent, convergent, shearing, gravity settling and com
plex basin were generated. The evolution of those basins is obviously controlled by the re
gional tectonic background. So far, 16 Cenozoic hydrocarbon-bearing basins and 226 oil 
and gas fields or oil- and gas-bearing structures have been found in South China Sea. The 
generation and distribution of hydrocarbon are related to subsidence scale and sedimentation 
rate, sedimentary cyc1es and facies, geothermal gradient and source rock characters, 
types and formation time of traps, separated nature and uplift-depression structure of ba
sins, etc. Finally the forming features of oil and gas field in different types of basin are also 
described in this paper. 

INTRODUCTION 

South China Sea has increasingly become the focus of the world attention for its impor
tant geographic and tectonic location as weIl as its abundant resources of hydrocarbon. As for 
the formation and evolution of South China Sea, there are some different views, but it is 
generally acknowledged that South China Sea was rifted under the action of extensive stress 
field (Taylor and Hayes, 1980 and 1983). According to the latest information from the 
Zhujiang Mouth and Zengmu basins, the authors revised some details of the Taylor and 
Hayes' scheme and elucidated the law of distribution and accumulation of hydrocarbon in 
South China Sea. 

TECTONIC EVOLUTION OF SOUTH CHINA SEA 

. South China: Sea is the most complex margin-sea in western Pacific tectonicaIly. Near 
the tripIe junction of Eurasia, Pacific and India-Australia plates" there has been its com
plex features in geological structure due to the interaction among these plates. As shown in 
Fig.l, the structural framework of South China Sea and its adjacent sea area are composed 
of three landmasses of South China, Indo- Sino and Burma- Thai- Malay and each 
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landrnass of many small blocks. Therefore, the tectonic evolution of South China Sea is es
sentially the history of separation and convergence of these continental fragments. 
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Fig.l Tectonic map of South China Sea and neighbouring areas. I. Active / Inactive subduction 

zone; 2~ Active / Inactive spreading center; 3. Himalayan / Yanshanian / Indosinian stages 
/ 

sutures; 4. oceanic crust; 5. Pre- Cambrian landmass: Y z- YangzL Kt- Kuntum, Hx-

Huaxia, Xs- Xisha, Nv- North Vietnam; 6. Fault / Strike-slip fault; 7. Tectonic element 

boundary; Other continental crust block: S-Shan, WB-West Borneo, Zm-Zengmu, NP

North Palawan, Ns-Nansha, Ly-Liyue. 

The Formation 0/ Andean-type Continental Margin 0/ East Asia 

Before Jurassic Indosinian landrnass and Burma-Thai-Malay landrnass were sutured up 
first, then South China landrnass came into collision with Indosinian one (Hayashi, 
1988). The strong Indosinian movement led to extensive magmatic activity and fold 
thickened, and the uni ted continent was formed by gradual cratonization in Southeast Asia. 

In Jurassic- Cretaceous, the continent of Southeast Asia had two following distinct 
characteristics. The first is that the East Asia volcanic- arc caused by the successive 
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submergence of Kula plate had stretched southwards from the eastern part of Zhujiang 
Mouth Basin, Xisha- Zhongsha Islands, right up to Natuna Island and western 
KalimanUm Island. The data of drillirig in Zhujiang Mouth Basin supported this pattern. The 
isotopic ages of the intermediate- acid intrusive and vo1canic rocks are generally 70- 130 
Ma, and the ages of similar rocks surrounding Naturn Island are 80-129 Ma. The arc ex
tends about several thousand kilometers, and forms a splendid Andean-type continental 
margin. The second is that the Red River suture probably stretched southeastwards and di
vided Nankang Block (or Zengmu, Miri and Luconia Block) from Nansha Block. 
The researches on the geology of Nansha archipelago pointed out that the Tinjar Fault in 
Kalimantan Island probably extended northwestwards through between Nankang Shoal and 
Beikang Shoal, right up to between Wanan Bank and Xiwei Bank. The anomalies of gravity 
and magnetic on b?th sides of this fault are different in their directions. Red River Fault was 
possibly joined with Tinjor Fault at that time. 

Continental Marginal Rift of East Asia 

In Eogene, because of the decrease of northwards movement velocity of Pacific plate or 
the extension derived by compression of Indo-Australia plate to Eurasia plate (Wan et al., 

1989), the structural environment was transfered from compression to extension on East 
Asia continental margin, and aseries of terrestrial facies were deposited in the NE-trending 
basins of Late Cretaceous-Eogene whose feature belongs to intracontinental rift. The depos
its of red bed and salt bed were found in Long Bawan and Kelalan formation in the eastern of 
Miri Block (or Nankang Block), and they can be contrasted with the stratum of Khorat 
basin in Indosinian landmass. To the east of Penghu-Natuna Island there was the marginal 
part of Pacific Ocean (Wu, 1988), or the so-called "Ancient South China Sea" with its 
deposits that were exposed from Sampaguita weIl in Reed Bank. 50 0 counterc1ockwise rota
tion of west Borneo Block was started by the push of Indo- Australia plate, so part of 
oceanic crust of "Ancient South China Sea" was subducted passively beneath the west Borneo 
Block. The Lubok Antu ophiolite zone on Kalimantan Island can be considered as the evi
dence of this event. 

Formation of Oceanic Crust of South China Sea 

After the movement direction of Pacific plate was transfered from NNW to NWW 40 
Ma B.P., nearly NS spreading of South China landrnass started 32 Ma B.P.: According to 
EEN 11-5D aIignment magnetic lineations in the central basin of South China Sea, we can 
be sure that the spreading process las ted right up to early Miocene (17 Ma B. P.). This 
spreading process and the spread of the southwest basin ( Fig. 2) which was developed 
along the early NE rifting direction 15 Ma B.P., impelled Zengmu block and Nansha block 
successively to drift southwards. Zengmu block collided with Sibu accretionary prism to cause 
the rising of fold of early Miocene in Balingian area of south margin of Zengmu basin, and 
in late early-Miocene, Nansha block moved southwards and collided.with Zengmu block to 
cause the rising ofthe eastern of Zengmu basin, and the forming ofNankang platform. 
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Fig.2 Sketch map of evolutional history of south China Sea. X- Xisha, Z-Zhongsha, L-Liyue, 

N-Nankang, SP-South Palawan, NP-North Palawan, B-Borneo. 

Formation ofMarginal Sea 

In late period of early Miocene - early period of middle Miocene, the spreading of sea 
floor was ceased, and a large scale of transgression occurred in South China Sea. Then 
Sabah arc upthrusted northwards to the Nansha block and Philippine arc upthrusted west
wards to the oceanic crust of South China Sea possibly under the influence of the northwards 
movement of Australia plate. Meanwhile, lndo-China and South China landrnass were 
continuously squeezed out southeastwards under the compression of lndia (Tapponnier et 
al., 1982), to cause the rises and folds ofmiddle-Iate Miocene in South China Sea. Because 
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South China Sea was surrounded by Philippine are, its "marginal sea" was finally formed. 
According to the aforementioned pattern of teetonie evolution of South China Sea, 5 

types and 10 eategories ofbasin ean be divided based on their generation (Fig.3). 
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Divergent basins with bilayer strueture llS on the margin of extensional eontinental erust 
of northern South China Sea. In this kind of basin, normal faults were developed and two 
eategories were formed. ( I) Intraeontinental faul ted sag basins were loeated in the interior 
of landrnass with a large thiekness of erust (30 km). These basins were developed in the rift
ed phase of Paleogene, therefore, lower struetural layer has a big thiekness, e. g. 
Beibuwan basin. (2) Continental marginal extensional basins lie on the margin of 
landrnass, with a thinner thiekness of erust, about 14-26 km. These basins were developed 
mainly in the faulted and subsided phase of late Cenozoie, therefore, upper strueturallayer 
has a big thiekness, e.g. Zhujiang Mouth basin, Qiongdongnan basin (Table 1). 

Table 1 The thicknesss change of Cenozoic structural layers on the northem continental margin of 

South China Sea 

Intraland fault Continental marginal 

Thickness depression extensional basin 

(m) 
Leidong 

Beibu Zhujiang Mouth Qiong-
Taixinan 

Gulf Zhu3 Zhu 1 Zhu2 dongnan 

Upper structural layer 1800 3000 3500 5000 6000 8000 9000 

Lower structurallayer 2900 6000 6000 2000 3000 3000 0-2500 
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Convergent basins lie on the southern and eastern margin of South China Sea. Lower 
structurallayer has been foldedand metamorphosed, and is apart of the basment of basin. 
This kind of basins can be divided into three categories based on their structural location. 
Those located on the continent- continent colliding zone are called peripheral foreland 
basin, and they lie on the subducted plate, e. g. Zengmu basin. Those located on the 
are-continent colliding zone are called backarc foreland basin, e.g. Nansha Trough Basin 
and eastern Taixinan basin. Those located between ocean-arc are called forearc basin, e.g. 
Luzon central valley basin and Sabah-Brunei basin. Shearing basin is controlled by slip faults 
and has obvious shearing cyc1e of extension be fore compression, e. g. Malay basin and 
Yinggehai basin. The other is called extensional shearing basin, with unobvious shearing 
compression of last stage, e.g. Pattani basin. 

Gravity settling basins can be divided into two categories. Those lying directly on oceanic 
crust are called deep- sea accumulational basin, e. g. Bijianan basin. The other lying on 
fragment landrnass which moved along with oceanic crust, is called rifted block basin, e.g. 
Liyue basin. 

Taixinan Basin is a typical complex basin. Its western part belongs to the continental 
marginal rifted basin. But the eastern part has undergone violent depression after Miocene, 
with the character of backarc- foreland basin. Therefore, this type of basin can be called 
continental marginal extension-backarc foreland basin. 

Fig. 4 shows the distribution of different type of basins in South China Sea. 

DISTRffiUTION LA W OF HYDROCARBON IN SOUTH CHINA SEA AND ITS CONTROL 

FACTORS 

There are statistically about 16 Cenozoic hydrocarbon-bearing basins and 226 oil and 
gas fields (or oil- and gas-bearing structures) in South China Sea, half of them are oil 
fields and half are gas fields (Table 2). They had certain differentiation on the spatial or 
temporal distribution and were obviously controlled by the types ofbasin. 

Supply 0/ Material 

It ~ 'mainly controlled by the supplied quantity of terrigenous materials. Those basins 
further away from the land have thinner sediments with less organic content due to less 
terrigenous c1astics, therefore, there are little potential. 

Rate 0/ Deposit 

The sedimentation rate depends on the tectonic setting and the type of basin. Zengmu 
basin, Zhuji<l:ng Mouth basin, Qiongdongnan basin, Beibu Gulf basin, Taixinan basin 
and Yinggehai basin in South China Sea have a higher sedimentary rate than the same type of 
basin in the world, so their potential is better. The rate of deposit in Liyue basin and North 
Palawan basin is lower, however, their hydrocarbon potential is proven to be less by the re
sult of exploration at present. The sedimentary rate is high up to 400 m / Ma in Luzon central 
valley basin, but only little hydrocarbon has been found so far because of piling of much 
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vo1canic debris, reduction of organic content and low thermal flow. 
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Fig.4 Distribution of Cenozoic sedimentary basins in South China Sea. 1. Intraland fault depression 

basin; 2. Continental marginal extensional basin; 3. Extensional shear basin; 4. Shearing 

extensional basin; 5. Rifted block basin ; 6. Deep sea accumulational basin; 7. Peripheral foreland 

basin; 8. Retroarc basin; 9. Forearc basin; 10. Interarc basin. 

The Type of Organic Malter and the Degree of Thermal Evolution 

In the present 16 basins, the natural gas fields are relatively concentrated in four 
areas, Taiwan- Luzon Islands, Yinggehai-Qiongdongnan and NO.3 Zhu depression, 
Gulf of Thailand and Nansha Ialands, becaus,e those areas have a high or low degree of 
thermal evolution of source rock abundant in type m kerogen. But the area with amiddie de
gree of thermal evolution is dominated by type I - TI kerogen and has mainly produced oil, 
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only accompanied by little natural gas, e.g., Beibuwan basin, No.1 Zhu depression of 
Zhujiang Mouth basin. 

Table 2 Statistical table of oil and gas fields (oil- and gas-bearing structures) of Cenozoic basin in 

South China Sea 

Basins 

Pattani 
Chumphon 

Malay 
W. Natuna 

Mekong 

Wanan 
Zengmu 
Sabah-Brunei 

Liyue 

Centeral valley 
N.Palawan 

Taixinan 
Zhujiang Mouth 

Qiongdongnan 

Beibu Gulf 
Yinggehai 

Total 

Number of oil and 

gas fields / structures 

10 

45 
9 
2 
4 
53 
38 

9 

18 
19 
5 
8 

3 
226 

Sedimentary Cycle and Facies 

Number of oil 

fields / structures 

19 
5 
2 
2 
17 
30 

7 

18 
4 
8 

113 

. Number of gas 

fields / structures 

10 

26 
4 

2 
36 
8 

1 
2 
18 

3 
113 

Generally speaking, source rock is in the middle of sedimentary cyc1e, but reservoir 
rock is in the beginning or end of sedimentary cyc1e. Because paludal coal-bearing series were 
the important gas source rock in South China Sea, the beginning and end of the sedimentary 
cyc1e were also the developed phase of gas source rock. According to the transgressive direc
tion in South China Sea, the age of source and reservoir beds tends to new from west to east 
and fro~ north to south. The basins with multi-cyc1e may have many suites of source and 
reservior bed for oil and gas, for example, the Mesozoic, Eogene and 
Neogene-Quaternary ofTaixinan basin. 

Turbidite fan, delta, litt oral sandstones and reef carbonate rock are the most impor
tant facies of reservior in South China Sea, and lacustrine of marine facies mudstones are 
the most important facies of cap bed. In case other conditions are similar, the profit 
reservior and good cover has determined the formation and preservation of oil and gas 
fields, for example, Qiongdongnan basin and Zhujiang Mouth basin. 

Time of Formation of Trap 

Except east and south margin of South China Sea, the structural activity is weak in 
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most area, and so far it is still situated in the subsiding setting, therefore, there is good 
preservation but undeveloped structural condition. The hydrocarbon traps found by now are 
still domina ted by structural traps and reef traps with certain dimensions. According to the ' 
characteristics of the type of basin in South China Sea, traps in most basins are related to 
the up / down of basement block faults and the factors of lithology-strata, for instance, 
syndepositional anticline, rolled anticline, drape anticline, faulted anticline, fault block 
and reef rock etc .. Their forming time is generally earlier than the time of hydrocarbon ex
haustion of source rock, and is beneflted to accumulate oil and gas. Minority of basins and 
areas that are not ideal in exploration so far, are related to the late formation of structure. 

Trend 0/ Migration 

The sedimentary basins of South China Sea possessed the structure of uplift alternate 
with depression. Because there are well-developed strata in the low uplift or the depression 
edge, they have good reservoir facies and cap bed conditions, and are the good zones for 

'\, 

migration of hydrocarbon, so oil and gas fields can be formed by accumulating the gener-
ated hydrocarbon in adjacent depression. On the contrary, there may be a vain exploration 
in some higher uplift zones for lack of certain conditions for field formation. 

Hydrocarbon Pool-Forming Model 

Thus it can be seen that different types of basin have their own characteristics of oil and 
gas fields. Intracontinental faul ted- sag basins are predominated by self- generation and 
self- reservoir, new- generation and old- reservoir of Paleogene. There are strongly sepa
rating natures of basins, and a lot of changes in facies of terrestrial strata. The migration 
distanc of oil and gas is short, and hydrocarbon distributed around the oil-producing de
pressions mainly become middle-small oil and gas fields. 

Continental marginal rifted basins are characterized by Paleogene terrestrial 
hydrocarbon source rock, middle Tertiary transitional facies reservoirs and Miocene marine 
facies covers. The widely distributed reserviors have good physical property and can provide a 
distant migration of oil and gas. they distributed mainly in the slope of depression or the mar
gin ofuplift. They may form large-middle oil and gas fields. 

Shearing extensional basins unobviously separated have a high geothermal gradient, 
and Miocene is the hydrocarbon- producing rock and reservoir. Cover structures are 
irrelevant to the undulation of basement but are formed by shearing wrench. Oi! and gas 
fields mainly distributed in the centre of depression. 

There is a high geothermal gradient in foreland basins. Oligocene-Miocene marine facies 
is the main source rock with wide distribution and big thickness. Miocene reef buildup is the 
main reservoirs and traps and provides oil and gas a quite long migration. In platforms or on 
the margin ofuplifts, large-middle oil and gas fields may be formed. 

CONCLUSIONS 

The evolution of South China Sea is in fact a history of the dispersion and convergence 
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between continental fragments, or between continental fragment and accretion zone. It had 
undergone four stages: (1) Andean-type continental margin, (2) shearing tensile 
margin, (3) little " Atlantic sea" , (4) island arc marginal sea. 

According to the moving character among continental and oceanic blocks, 5 types and 
10 categories of Cenozoic sedimentary basins can be divided in South China Sea. 

The hydrocarbon distribution on the space and the time were obviously controlled by the 
structural setting and the types of sedimentary basin, which appear as supply of source ma
terial, sedimentation rate, sedimentary cyc1e and facies, type of organic matter and de
gree of thermal evolution, time of formation of trap, trend of migration, and 
hydrocarbon pool-forming model. 
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ABSTRACT 

From September 1987 to October 1988 a sediment trap system was moored in the north
ern South China Sea at 18 0 28' N, 116 0 01' E to sampie partic1e flux. Total flux varied be
tween 12 and 181 mg m-2d- 1 in the shallow trap and between 19 and 122 mg m-2d- 1 in the 
deep trap. Flux patterns ofboth traps do not show significant corretions. 

Biological activity in surface water enhanced by monsoon winds seems to be the domi
nant source of material collected in the shallow trap. Surface currents strongly affected by 
monsoon winds from the SW during summer and from the NE during winter probably carry 
suspended matter from the East China Sea and the western Pacific. Input of the major rivers 
discharging into the South China Sea seems to be of less inportance for recent sedimentation 
in the investigation area. Geochemical parameters indicate that parts of the particulate matter 
input in the deep trap originate from lateral advection. Deep water from the western Pacific 
enters the South China Sea through the more than 2000 m deep Bashi Channe!' the only 
deep connection of the northern South China Sea to the Pacific Ocean. 

INTRODUCTION 

Vertical flux üf particulate matter is one of the most important processes in 
biogeochemical cyc1es in the ocean. At least in the open ocean it is the major contributor to 
marine sedimentation. Rapidly sinking partic1es are responsible for the ' chemical 
differentiation between the warm surface water and deep water. Water depth, settling veloci
ty and composition of the settling partieles as weIl as the chemistry of the water column and 
biological activity 'are responsible for the amount of sinking particulate matte that finally 
reaches the bottom. Average productivity of the oceans amounts to 100 g C m-2 or 36x lO '5g 
C a- I from which only 0.2%, to 0.3% or 0.p95 x 1015 g C will finally accumulate in the sedi
ment (Mopper & Degens, 1977). 

The results of numerous sediment trap studies suggest that vertical flux is highly variable 
both in total amounts and composition of the sinking particulate matter ( e. g. Deuser & 
Ross, 1980; Honjo & Roman, 1978; Honjo et al., 1982; Honjo et al., 1987; 
Ittekkot et al. , 1984a, 1984b; Kempe & Jennerjahn, 1988). Furthermore, it shows 
large interannual fluctuation. Another important result is that fast deposition of lithogenic 
matter derived from the continents results from the formation of macroflocs glued together by 
organics of planktonic origin ( McCave, 1975; Shanks & Trent, 1980; Silver & 
Alldredge, 1981) or is due to incorporation into fecal pellets produced by zooplankton 
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(Deuser et al., 1983). More recent investigations indicate that only 5% of vertical particle 
flux is connected with fecal pellets (Pilskaln & Ronjo, 1987), whereas macroflocs or ma
rine snow appear to be the chief contributors. 

The South China Sea is one of the largest marginal seas in the world. Studies of 
particulate matter input and recent sedimentation processes are of great interest in this 
region, as South Asian rivers and larger islands of the Pacific and the Indian Oceans are re
sponsible for about 70% of the annual riverine input of suspended sediments into the world' s 
oceans estimated at 13.5 x 109 tons (Milliman & Meade, 1983). Annually about 13.5 x 
109 tons of suspended sediments are delivered into the oceans by world' s rivers. Bedload and 
flood discharges may account for another 1-2 x 109 tons (Milliman & Meade, 1983). 
The Mekong, Hq.ngho and Zhujiang, three of the 20 major rivers of the world as far as 
their sediment load is concerned (Milliman & Meade, 1983), discharge into the South 
China Sea. 

Another important factor raising interest in studies of particulate matter transport and 
sedimentation in the South China Sea is the influence of monsoons. These seasonal winds 
strongly influence biological activity in SE Asian waters (Lafond, 1966; Nair et al. , 

1989). Mixed layer deepening by strong monsoon winds causes nutrient injection into the 
euphotic zone and hence §timulates primary productivity. Enhanced primary productivity 
leads to an increased formation of rapidly sinking particles and thus raises flux rates. 

MATERIALS AND METHODS 

A sediment trap system consisting of two time-series Benthos Mark VI sediment traps 
(Ronjo & Doherty, 1988) was moored from September 10, 1987 until March 8, 1988 
(SCS-I) and from April 13 until October 7, 1988 (SCS- TI) in the South China Sea at 
18 0 28' N and 116 0 01 ' E. The traps sampled vertical partical flux in preprogrammed time in
tervals of 15 (SCS- I ), and 14.75 days (SCS- TI ). respectively. Total water depth 
amounted to 3766 m, whereas trap depths were 1000 and 3350 m, respectively. The re
ceiving cups were fi1led with a saturated NaCI-solution and poisoned with RgCl2 at a final 
concentration of200 mg dm-3

. 

Cup waters were analyzed for inorganic nu trients according to Grasshoff et al. 
(1983), ./ ·örganic phosphorus and organic carbon. Dissolved organic carbon (DOC) was 
determined by high temperature wet oxidation with a Carlo Erba Total Carbon Monitor 
model 400 / P. Dissolved organic phosphorus was calculated as the difference between total 
dissolved phosphorus determined by alka~ne peroxodisulfate oxidation and inorganic phos
phate. 

Sampies were passed through a 1 mm sieve and the < 1 mrn fractio"n was split in four 
aliquots with a rotating splitter. Two aliquots were combined and filtered through 0.45 J.lm 

Nuclepore polycarbonate filters. After washingand drying at 40t these were used for deter
mination of total fluxes. The fractions more than 1 mm were washed and dried at 40t in 
Petri dishes. 

The dried fractions more than 1 mm were hogogenized in an agate morta and pestle. Or
ganic carbon was determined by tc::mperature controlled pyrolysis (Oil Show Analyzer, 
Delsi Instruments, Paris; Liebezeit & Wiesner, 1989). Total phosphorus was analyzed 
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photometrically as phosphomolybdato comlex after combustion (550'C, 1 h) and subse
quent extraction with 1 mol HC1 for 14 h. Biogenic opal was determined photometrically as 
silicomolybdato comp1ex after alkaline hydrolysis (7 % Na2C03, 85t, 5 h). Total car
bon and total nitrogen were determined by high temperature oxidation with a Carlo Erba Ni
trogen Analyzer NA 1500. All other data were calculated from the measured parameters. To
tal flux rate results from fluxes of the residual material and the additional dissolved material 
after subtraction of ambient seawater concentrations. 

From these data the material is subdivided into four main fractions: CaC03 (calcu-
lated from Cinorg)' organic matter (calculated from Corg by assuming that the average 
composition is CH20, i.e. carbohydrates), biogenic opal (from silica measurement) and 
lithogenic matter (as difference between the above fractions and total weight). 

R:ESULTS AND mSCUSSION 

High amounts of DOC, dissolved organic phosphorus and inorganic nu trients were 
measured in the supernatants of the receiving cups. Ambient seawater concentrations were 
less than 5 % of the concentrations measured in cup waters. These high values appear to be 
the !'esult of autolytic processes which is supported by extremely low nitrite values (Liebezeit 
&Kempe, 1989). 

Due to technical problems dissolved inorganic carbon (DIC) could not be measured. 
Although only sm all amounts of DIC are to be expected regarding Liebezeit & Kempe' s 
(1989) findings, CaC03 fluxes given in this paper can only be minimum values. 

A veraged fluxes of the dissolved fractions of organic carbon, total phosphorus and to
tal nitrogen were higher in the shallow trap. Percentages of dissolved organic carbon and 
phosphorus of total organic carbon and total phosphorus were similar in the deep trap 
whereas that of phosphorus was twice as high in the shallow trap (Table 1). A distinct 
fractionation of C / P and C / N ratios between the dissolved and the residual phase of the 
collected material indicates preferential release of P- containing organic molecules versus 
proteinaceous material (Fig.la). C / P ratios were lower in the dissolved than in the residual 
fraction, whereas an opposite behavour was observed for the C / N ratios. 

In general TOC / TP ratios of the deep trap are higher (Table 1), but do not show 
such a distinct fractionation (FigJ b). C j N ratios show a fractionation with higher ratios in 
the dissolved phase. These facts indicate that the organic material collected in the deep trap 
appeaars to be more refractory than that collected in the shallow trap. 

Lowest TOC / TP and TOC / TN ratios in the shallow trap occurred during low flux pe
riods. Material collected during these times consists almost exc1usively of biogenic material. 
During NE monsoon TOC / TP ratios increase to values around 100. This could be the result 
of higher input of lithogenic material via (1) surface current transport from the East China 
Sea and the western Pacific and (2) eolian transport from the Asian landrnass. The mean 
TOC / TP ratio of 86 is somewhat sm aller than the ratio typical for marine plankton (106, 
Redfield et al., 1963; 122, Takahashi et al.. 1985). However, the recent findings of 
Liebezeit (1991) caution against usage of TOC / TP as source indicator as about 50 to 60 
%of TP appear to be of an inorganic although not necessarily abiogenic nature. 
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Fig.l Molar C I P ratios of the dissovled (squares) and the residual fractions (triangles) and the 

total material (circles) of particle flux in the northern South China Sea ta: 1000 m water depth, 

b: 3350 m water depth). 

Table 1 Mean fluxes of dissolved (DOC) and total organic carbon (TOC), dissolved (DOpal) 

and total biogenic opal ( TOpal), dissolved ( DP) and total phosphorus (TP), dissolved 

(DN) and total nitrogen (TN) and mean molar C I P and C I N ratios 

DOC (mg m- 2 d- I) 

TOC (mg m-2 d- I) 

DOC ofTOC (%) 

DOpal (mg m- 2 d- I) 

TOpal (mg m-2 d- I) 

DOpalofTOpal (%) 

DP (J.lg m-2 d-I) 

TP (J.lg m- 2 d- I) 

DPofTP (%) 

DN (J.lg m-2 d-I) 

TN (J.lg m-2 d- I
) 

DN ofTN (%) 

DOC/DOP 

C I P res. Il).at. 

TOC / TP 

DOC / DNtot 

C I N res. mat. 

TOC / TN 

SCS- I-S 

1.6 

5.6 

29.3 

0.4 

1.8 

22.7 

92.0 

157.2 

58.5 

63.7 

636.1 

10.0 

103.5 

143.2 

86.2 

28.6 

7.4 

9.5 

SCS- I-D 

0 .. 5 

2.7 

18.6 

0.1 

1.2 

11.0 

10.0 

52.6 

19.7 

23.7 

358.9 

6.6 

420.1 

133.1 

132.3 

25.5 

7.6 

8.8 

* Only particulate organic carbon, no analysis of dissolved fraction. 

SCS- TI-D 

1.9 ' 

0.4 

1.5 

25.5 

17.6 

57.6 

30.6 

18.8 

338.1 

5.6 

120.3 

6.8 

Partic1e flux rates vary by one order of magnitude (Fig.2) ranging from 12 (SCS- I 
-S4) to 181 mg m2d- 1 (SCS- I -S9) in the shallow trap and from 19 (SCS- TI -DI3) 
to 122 mg m-2d-1 (SCS- TI -D5) in the deep trap. Mean flux rates are 90 mg m-2d-1 (SCS
I -S) in the shallow trap and 78 (SCS- I '-D) and 70 mg m-2d- 1 (SCS- TI -D) in the 

deep trap (Table 2). Minimum flux rates in the shallow trap in September and October 1987 
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(SCS- I -SI to -S4) were followed by a high flux period from November to February with 
peak fluxes in November (SCS- I -S5) and January (SCS- I -S9). In March partic1e 
flux decreased rapidly (SCS- I -S13). 

The flux pattern in the deep trap shows less variability. High flux periods occurred in Oc
tober and November (SCS- I -D4, D5), February (SCS- I -Dll, D12) and from 
April to-July (SC_S- TI -Dl to D7). Minimum fluxes were observed in September (SCS- I 
-Dl), December (SCS- I -D8), March (SCS- I -D13) and from the end of July un
tilOctober (SCS- TI -D8 to -DI3). 

TabLe 2 A veraged fluxes of the four main fractions CaC03, organic matter (CH2O), biogenic 

opal and lithogenic material in mg m-2d- land percentage of total flux 

SCS- I-S SCS- I-D SCS- I1-D 

CaC0 3 
(mg m- 2 d-I) 42.9' 34.7 ' 30.6 ' 

(%) 51.0 ' 46.3 ' 48.5 • 

CH20 (mgm-2 d- l ) 12.9 6.7 4.7 

(%) 17.4 9.0 6.6 

Opal (mg m-2 d- I) 1.8 1.2 1.5 

(%) 2.0 1.5 2.2 

Lith. mal. (mg m-2 d- I) 32.4 35.3 32.9 

(%) 29.8 42.8 42.2 

Total flux 
(mg m-2 d- I) 90.0 78.3 69.9 

* Only particulate CaC03, no analysis of dissolved fraction. 

The distinct seasonal variability of partic1e flux in the shallow trap is caused mainly by 
biological activity. This is indicated by the geochemical parameters discussed above and . 
plankton, carbohydrate and amino acid analyses (Chen & Xu, 1990). Biological activity 
in south Asian waters is strongly influenced by monsoons. Monthly averaged wind speed and 
direction data (Fig.2a; Royal Observatory, Hong Kong, 1989) suggest two monsoon 
and two short intermonsoon phases: NE monsoon lasting from October to April, SW 
monsoon lasting from June to August and intermonsoon phases in May and September. Dur
ing winter cooler surface water enters the South China Sea through the Taiwan and Bashi 
Straits coming from the East China Sea and the western Pacific (Lafond, 1966). These 
water masses induce a counterc1ockwise surface current pattern (Wyrtki, 1961). The in
coming cool and nutrient-rich water masses enhance primary productivity. 

Similary increased wind speeds during NE monsoon in November and December (Fig. 
2a) stiIpulate biological activity. Highest fluxes in the shallow trap are correlated with high
est wind speeds (Fig.2). In the Arabian Sea (Nair et al. , 1989) wind-induced deepening 
of the mixed layer and associated input of nutrients into the euphotic zone lead to higher pri
mary productivity. Another important factor stimulating bio10gical productivity might be en
hanced introduction of essential trace elements associated with atmospheric dust fallout Ce.g. 
iron: Martin & Fitzwater, 1988). During NE monsoon a high flux period was observed in 
the shallow trap from November 1987 to February 1988 with distinct maxima in November 
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Fig.2 Wind speed data (a) and particle flux rates in the northern South China Sea subdivided into 

the four main fractions (from bottom to top: CaC03, CH20, bio genie opal, lithogenie.matter) 

in (b) 1000 and (e) 3350 m water depth, respeetively , in winter 1987 / 1988. 

Flux pattern of the deep trap shows less variability than that of the shallow trap and can 
hardly be correlated with monsoon phases. Considerable compositional changes of the mate
rial (Fig.3) show that particle flux in 3350 m water depth is affected by primary productivi
ty in the upper water column, too. The missing correlation of flux patterns, however, de
lineates that processes different from biologically controlled vertical particle flux also may ac
count for deposition of suspended matter in the deep trap. 

-' 

~ 

1987 a 1986 1987 b 1988 

Fig.3 Relative portions of the four main fraetions (from bottom to top: CaCo3, CH20, biogenie 

opal, lithogenie matter) ofparticJe flux in the northern South China Sea in (a) 1000 and (b) 

3350 m water depth, respeetively, in winter 1987 / 1988 and summer 1988. 
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The relative proportions of CaC03 and bio genie opal of the deep trap nearly equal that 
of the shallow trap. CaC03 fluxes of the shallow trap seem to be dominated by gastropoda 
and pteropoda, whereas those of the deep trap seem to be dominated by foraminifera 
(Chen & Xu, 1990). Organie matter eontent of the shallow trap was twiee as high as that of 
the deep trap whereas lithogenie matter eontent was higher in the deep trap. 

CONCLUSIONS 

Vertieal particle flux in the northern South China Sea is highly seasonal and eontrolled 
by biologieal aetivity in the upper water eolumn. Fluxes are dominated by ealcareous 
plankton, whereas silieeous plankton plays a minor role. High wind speeds during monsoon 
periods are eorrelated with highest particle flux rates in the shallow trap. No eorrelation was. 
observed between monsoon winds and high flux periods in the deep trap. 

The good eorrelation of particle flux rates with monsoon winds in the shallow trap and 
the surfaee eurrent pattern of the South China Sea lead to the eonclusion that riverine input 
of suspended matter apppears to be of less importanee for particle flux in the investigation 
area. 

Less dissolution of organie earbon, phosphorus and nitrogen, higher TOC / TP ratios 
and higher minimum flux rates indieate that at least part of the material eolleeted in the deep 
trap was derived from lateral adveetion. Probably deep water entering the South China Sea 
through the Bashi Channel earries partieulate matter from the western Paeifie. The more than 
2000 m deep Bashi Channel is the only region where deep water ean enter the northern part of 
the South China Sea. 
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OF FERROMANGANESE NODULES AND CRUSTS FROM THE SOUTH 
CHINASEA 

BAO GENDE & LI QUANXING 

Second Institute of Oceanography , SOA, Haizgzhou, China 

ABSTRACT 

Based on the X-ray fluorescence spectrum analysis of 15 rare earth elements in 6 
ferromanganese nodu1es and 5 ferro mangane se crusts from the South China Sea, their 
abundances, distribution patterns, sources and relationships with associated elements are 
discussed in detail in this paper. The results show that: 1) The average abundance of rare 
earth elements in ferromanganese nodu1es and crusts is 1. 625 g / kg and 2. 167 g / kg 
respectively, which is 1- 2 tim es , 5- 6 times and 15- 20 times higher than that in the 
Pacific, in the sediments of the North Pacific and the South China Sea, respectively; 2) 
The distribution patterns of rare earth elements standardized by the globular aerolite in 
ferro mangane se nodules and crusts are basically similar, that is, Ce is positively abnormal 
and Eu is in deficit slightly; 3) The relationships between rare earth elements and associ
ated elements, sediments and rocks show that the source of rare earth elements in 
ferromanganese nodules and crusts have mainly come from slow deposition caused by weath
ering and leaching of medium acidic rock of the South China Sea. 

INTRODUCTION 

It is weil known that the rare earth element of sediment, rock or ferromanganese 
nodule in oceanic floor can provide a lot of geological information. So such researches on 
source of sediment and formative mechanism of ferro mangane se nodule are made by Wang et 

al. ( 1982, 1984), Gu et al. ( 1989), Zhao et al. · (1990), Courtois and Claver 
(1980), Goldberg et al. (1963) and Piper (1974). 

In order to study the geochemistry, formative mechanism and environment of 
ferromanganese nodules and crusts of the South China Sea, 15 rare earth elements out of 
the sampies from 11 stations are identified by X - ray fluorescence spectral analysis. Mean
while a comparison between the ferro mangane se nodules, sediments of the South China Sea 
and the North Pacific has been made, and a formative mechanism of ferromanganese 
nodules and crusts has been raised. The sampies were collected by Dreget Dregehammer and 
Piper Drege during 1987 cruise. Sampling stations and some parameters of ferromanganese 
nodules and crusts are provided by SIO, SOA (989). 

CHARACTERISTICS OF CONCENTRATION AND DISTRffiUTION 

It can be seen from Table 1 that LREE (rare earth elements) in ferromanganese nodules is 
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higher than that in ernsts in the South China Sea, and its LREE in ferromanganese nodules of 
the North Paeifie, over 5 times higher than that in sediments of the North Paeifie and over 10 
times higher than that in sediments of the South China Sea, respeetively. So rare earth elements 
of ferromanganese nodules and ernsts from the South China Sea may be one of the potential re
sourees of rare earth elements. As for the eomparison between ferromanganese nodules and 
ernsts, obviously, their eommon eharaeteristie is that LCe Light REE is higher than that L 

Heavy REE. This is in agreement with that of rare earth elements of ferromanganese nodules, 
sediments of the North Paeifie and sediments and rock of the South China Sea. lt is typical rare 
earth element of eontinental ernst. However, the difference between nodules and ernsts is that 
concentrating degree of LREE in nodules is higher than that in ernsts and its L Ce / LY is elose to 
that of granite and far from that of sediments in the South China Sea. The result hints that there 
may be a relationship between rare earth elements in ferromanganese nodules (ernsts) and me
dium aeidie rock in the South China Sea. 

Table 2 shows that: 1) LCe is obviously rieher than LY in both KD 17 ferromanganese 
erust and KD35 ferro mangane se nodule of every layer; 2) In KD 17 ferromanganese 
ernst, LREE is higher on surfaee than in deep layer, while the situation in KD35 
ferromanganese nodule is on the eontrary, and so are LCe, LY, and LCe / LY as weIL 
LCe is approximately 4 times of LY whieh is elose to the ratio of rare earth elements in sedi
ments of China continental shelf (Zhou et a/., 1990); 3) The relative differenee between 
the highest and lowest coneentration of LREE is over one third in both ferro mangane se 
nodules and crusts, that is, the eoneentration range in nodules is from 1880.2 to 
2526.3 mg / kg, and in ernsts from 1583.5 to 2566.5 mg / kg. In their forming and growing 
processes, ferro mangane se ernsts and nodules may be eaused either by environ mental varia
tion or by the coneentration change of elastie rock eontained in nodules and ernsts. 

DISTRIBUTION PATTERNS OF RARE EARTH ELEMENTS OF FERROMANGANESE 

NODULES AND CRUSTS 

The distribution patterns of rare earth elements of ferromanganese nodules and erusts 
(Fig.l) are most similar, both of whieh are of negative slopes that is light REE is relatively 
coneentrated. 

Ce iS .in positive abnormality, and Eu in more or less defieit. The distribution pattern is 
obviousrY gentle and different from ferromanganese nodules of the North Paeifie (Fig.le) 
and sediments ofthe South China Sea and the North Pacifie (Fig.1d). 

As is weH known, rare earth elements possess very similar ehemical nature, but with 
the inerease of atomieity, they ean be separated from eaeh other by variation of physical and 
chemieal environments, of whieh the most obvious separation is that of LREE from HREE 
and of variable elements Ce (Ce3+, Ce4+) from Eu (Eu2+, Eu3+). Thus, the affeetion of 
sea water on ferromanganese nodules and erusts of the South China Sea is larger than that in 
the North Pacifie and sediments of the South China Sea. On the eontrary, the affeetion of 
early diagenesis of sediments on ferro mangane se nodules of the North Paeific is larger than 
that of the South China Sea (Elderfield et a/., 1981). It also indieates that souree of rare 
earth elements of ferromanganese nodules and erusts of the South China Sea may be different 
from the ferromanganese nodules of the N orth Pacifie and sediments of the South China Sea. 



Table 1 Concentration of rare earth elements in ferromanganese nodule (crust), sediment and·rock of the South China Sea . ,/mg / kg) 

SampIes 

Ferromanganese 

crusts of the South 

China Sea 

Ferromanganese 

nodules of the South 

China Sea 

Ferromanganese 

nodu1es of the N orth 

Pacific 

Sediments of the 

North Pacific 

Sediments of the 

South China Sea 

Granite of the South 

China Sea 

Gabbro of the South 

China Sea 

/ 

No. La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y ~REE ~Ce ~Y 
~Ce 
~Y Source 
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Table 2 Concentration of rare earth elements in different layer of ferromanganese nodules' and crusts from the South China Sea (mg ; kg) 

Stations .... Stations 
:EREE :ECe :EY :ECe / :EY :EREE :ECe :EY :ECe / ~Y 

and layers and layers 

KD17-1 2444.30 1986.00 458.30 4.33 KD35-1 1583.50 1257.50 326.00 3.86 

KD17-2 1986.90 1553.60 433.30 3.59 KD35-2 1681.90 1385.00 296.90 4.66 

KD17-3 2055.10 1625.50 428.60 3.79 KD35-3 2187.80 1789.00 378.80 4.64 

KD17-4 1987.30 1536.00 451.30 3.40 KD35-4 2119.10 1672.00 447.10 3.74 

. \ .-
: . , , .. 

KD17-5 2026.20 1562.00 464.20 3.36 KD35-5 2130.90 171Loo ' 419.90 4.07 
. ,. 

-
KD17-6 1880.20 1520.50 359.70 4.23 KD35-6 2566.50 2225.90 341.50 6.52 

KD17-7 2316.20 1890.00 426.20 . 4.43 KD35-7 2440.60 2096.00 344.60 6.08 

.. 
KD17-8 2298.70 1847.00 451.70 4.09 KD35-8 2199.70 1716.00 483.70 3.55 

KD17-9 2526.30 2040.00 486.30 4.19 KD35-9 1780.00 1411.40 
\ 

368.60 3.83 

KD17-lO 2480.10 2013.00 467.10 4.31 KD35-1O 2369.70 2036.80 331.70 6.14 

Note: KD17, crust; KD35, nodule. 
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Fig.l Distribution patterns of rare earth elements of ferromanganese nodules and crusts. 1-La; 2-

Ce; 3-Pr; 4-Nd; 6-Sm; 7-Eu; 8-Gd; 9-Tb; lO-Dy; ll-Ho; 12-Er; 13-

Tm; 14-Yb; 15-Lu. 

The distribution patterns of rare earth elements standardized by globular aerolite in dif
ferent layers of KD17 ferro mangane se crust and KD35 nodule (SIO, SOA, 1989) show 
that the distribution patterns of rare earth elements of ferromanganese crust of different layer 
are basically the same. Ce is obviously in positive abnormality and Eu in more or less deficit. 
This shows that source of rare earth elements may be basically the same during the forming 
and growing processes of ferromanganese crusts, though L:REE of every layer is different. 
The distribution patterns of rare earth elements from 1-5 layer of ferromanganese nodules are 
similar to those of crusts. Yet, they are obviously different in 6-10 layers. It is necessary fur
ther to study whether they are caused by clastic rock, nuc1ear or the variation of environ
ment of the South China Sea and material source. A lot of investigation information has con
firmed that the distribution pattern of rare earth elements can differ with the different materi-

. al in the nuc1ear and on the surface of ferromanganese nodules and crusts. Yet. chemical 
analysis information had shown that the concentration of rare earth elements in c1astic rock is 
less than 2000 mg / kg (Tables 1 and 2) (Goldberg et al, 1963, Wildman and Haskin, 
1965). Perhaps, the variation of material source of rare earth elements is caused by the varia
tion of sedimentary environment. 

SOURCE OF RARE EARTH ELEMENTS OF FERROMANGANESE NODULES AND CRUSTS 

Experiment of Absorption REE 

KD17 ferromanganese crust and KD35 nodule were soaked by NaCl and (NH4)2S04' 
respectively. The result of chemical analysis indicates that REE in absorption state occupies 
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0.096% and is similar to absorption REE ore of South China granit Cindustrial grade is 
0.1%). Because sample may change during preparing processes which may cause the de
creasing of REE in ion absorption, the absorption REE in ferromanganese nodules and 
crusts of the South China Sea is over 0.096%. It shows that the rare earth elements, in 
ferromanganese nodules and crusts have existed mainly in ion state instead of in crystal of 
clay as isomorphism, and are obviously different from the rare earth elements of sediments 
of the North Pacific, the South China Sea and the China Sea continental shelf (Gu et al., 
1989; Zhao et al., 1990). The rare earth elements of ferromanganese and crusts of the 
South China Sea may mainly absorbed from sea water by the nucleus material. 

Relationship between Rare Earth Elements and Associated Elements 
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Fig.2 Relationship between REE and Fe, Mn in ferromanganese nodules (crusts). 

Fig.2 shows that there is an obvious positive correlation between REE and Fe, 
neither LY nor LCe. This indicates that sources of rare earth elements and Fe, 

Mn, 
Mn in 

ferromanganese nodules and crusts are basically similar. The study of element geochemistry 
of ferro mangane se nodules and crusts has confirmed that Fe, Mn in ferromanganese 
nodules and crusts are mainly from deposition of overlying water, that is, they come from 
deposition of hydrous oxides of soluble Fe, Mn (Courtois and Claver, 1980; Bao, 
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1991; Carinneko, 1981). So rare earth elements offerromanganese nodules and crusts of 
the South China Sea have mainly come from slow deposition of overlying water. Geochemical 
experiments have confirmed that Fe, Mn metal ion formed by weathering and leaching of 
vo1canic material can be oxidated by reaction of its solution with fresh sea water before slowly 
depositing as the nucleus of ferromanganese nodule. Its solution is in the state of colloid and 
then makes the nodules into ringlike structure. While, deposition of Fe, Mn oxides has ac
celerated hydro lysis of rare earth elements, that is, Ce3+ can be transformed into Ce++- by 
Mn02 (Wang et a/., 1984). Since Ce4+ is easy to deposite, Ce is in obvious positive ab
normality (Fig. la, b). Therefore, there is an obvious positive correlation between Fe, 
Mn and LREE, LCe, LY in ferromanganese nodules and crusts caused by hydrous oxides 
of Fe, Mn which acts both as a catalytic agent of hydro lysis of rare earth elements and as a 
carrier during the deposition processes of rare earth elements. And also ferromanganese 
nodules and crusts of the South China Sea are mainly composed of [)-Mn02 consisting of 
2.45 nm and l.42 nm hydrous oxides of Fe, Mn and ferro mangane se nodules of the North 
Pacific mainly of 10 nm todorokite (Bao, 1991). As a result, concentration of rare earth 
elements of ferromanganese nodules and crusts of the South China Sea is much higher than 
that of the North Pacific (Table 1). . 

The least square correlation between rare earth elements and associated elements of 
ferro mangane se nodules and crusts also illustrates that rare earth elements in ferromanganese 
nodules and crusts have mainly co me from slow deposition of overlying water. For the ele
mental geochemical nature, aluminium is an inert element in the natural environment, and 
in general, mainly exists in clastic rock (Zhao, 1985). The study of elemental 
geochemistry has indicated that aluminium in ferro mangane se nodules and crusts of the 
South China Sea come mainly from the inside dastic rock and has a negative correlation with 
rare earth elements (r=-0.54). Co in oceanic environment, however, is more stable than 
Mn2+ in sea water, because ofhigher oxidation-reduction potential (Co3+ / C02+= l.84) 
and can be deposited by absorption of carrier, so there is an obvious positive correlation be
tween rare earth elements. 

Relationship between Rare Earth Elements and Rocks, Sediments 

Like those in marine sediments, elements in sea water do not exist in an isolated state. 
Moreover, there is a certain relation between them. In order to research into source of ele
ments in sea water of the South China Sea, the relationships are figured out between rare 
earth elements of ferromanganese nodules (crusts) and rocks, sediments of the South 
China Sea and nodules of the North Pacific (Figs.3 and 4). 

LCe / LY in ferromanganese nodules and crusts of the South China Sea is much than 
that of nodules of the North Pacific (Fig. 3), although ferromanganese nodules and crusts 
of the South China Sea and nodules of the North Pacific are all in the areas rich in Ce and 
poor in Eu (Eu/ LREE% < l.00). The former is larger than 4.50, which is in the same 
range as granite, and the latter is 1ess than 3.00, and dose to that of sediments of the South 
China Sea and the North Pacific. The result further indicates that source of rare earth ele
ments differs from that of sediments in the South China Sea, and at the same time, they 
may be formed by weathering and leaching of medium acidic rocks. 
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Fig.3 Correlation between 1:Ce / 1:Y and Eu / 1:REE% in nodules. crusts. sediments and rocks. 1. 

Ferromanganese nodule of the South China Sea; 2. Ferromanganese crust of the South China Sea; 3. 

Granite of the South China Sea; 4. Ferromanganese nodule of the North Pacific; 5. Sediment of the 

South China Sea; 6. Gabbro ofthe South China Sea; 7. Sediment ofthe North Pacific.· 

The distribution patterns of individual / total of oxidates of rare earth elements in 
ferromanganese nodules and crusts from the South China Sea are basically similar to those of 
vo1canicrocks from Jiangxi (Fig.4). 
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Fig.4 Distribution patterns of rare earth elements of the South China Sea and volcanic rocks of 

Jiangxi. l-La203; 2-Ce02; 3-Pr60 4; 4-Nd'203; 5-SmP3; 6-EuP3; 7-Gd20 3; 8-

Tb40 7; lü-HoP3; ll-ErP3; 12-Tm20 3; 13-Yb20 3; 14-Lu20 s; 15-Y20 3· 

The result further indicates that rare earth elements of ferromanganese nodules and 
crusts in the South China Sea are mainly from weathering and leaching of vo1canic material. 
It is in agreement with chemical analysis of the ferromanganese nodules and crusts. that iso 
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K / Rb of the ferromanganese nodules and crusts is low and ranges from 10 to 223, and 
most of them are approximately 100. It is also in agreement with the negative correlation be· 
tween Ni, V and Si02 (SIO, SOA, 1989). Meanwhile, it can be confirmed that the 
areas rich in ferromanganese nodules and crusts are mainly located in large fault zones such as 
the lower continental slop of the South China Sea, the surroundings of Zhongsha and the 
area between Zhongsha and Xisha. 

CONCLUSIONS 

1. Concentration of rare earth elements of ferro mangane se nodules and crusts from the 
South China Sea is over one time higher than that in nodules of the North Pacific, and over 
five times higher than that of sediments of the North Pacific. Ion absorption rare earth ele
ments occupy approximate1y 0.1 %, which is a resource of potential rare earth ore. 

2. Distribution patterns of rare earth elements of ferro mangane se nodules and crusts 
from the South China Sea are basically similar. Ce is in obvious positive abnormality with a 
negative slope rich in LREE, and Eu deficis in more or less degree. It is typical of rare earth 
elements of continental crust. 

3. The source of rare earth elements of ferromanganese nodules and crusts of the South 
China Sea may be supposed as the following. A large amount of gas formed during the vol
canic eruption reacts on sea water, forming the acidic reducible solution, which carries 
some Fe, Mn and rare earth elements from the lava during its flowing back through the 
lava. Wiht the consumption of vo1canic gases, the acidity of sea water drops and the concen
tration of oxygen in sea water increases. Owing to the above factors, the hydrous oxides of 
iron and manganese (FeOOH, MnOOH) accelerates hydrolysis of rare earth elements in 
sea water and at the same time, absorbs Mn2+ in sea water with such a cyc1e, the 
authigenic chemical depositions result in the growth and formation of ferro mangane se 
nodules and crusts of the South China Sea. 
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ABSTRACT 

Hydrothermal silicic chimneys of the Mariana Trough are chiefly composed of amor
phous silica (opal) and pyrite with a small amount ofmarcasite, barite and quartz. 

Based on the mineral association and distribution, it was speculated that the silicic 
chimneys might be formed by hydro thermal fluid with an initial temperature below 300'C , 
and that the amorphous silica which comprises the main body of the chimneys mightbe pre
cipitated when the temperature of the hydrothermal fluid dropped down below 140'C due to 
conductive cooling or a combination of conductive cooling and seawater / hydro thermal fluid 
mixmg. 

INTRODUCTION 

Since the end of 1970 ' s when high flows (2w / m2
) were discovered in the spreading 

center ofthe Mariana Trough (Anderson et a/., 1981), the trough has become an impor
tant area for investigation of submarine hydrothermalism in the off- ridge area. In recent 
years, hydrothermal methane plumes with a core concentration of 74 x 10-6 cm3

/ kg and a 
temperature anomaly ranging from 0.01-0.02°C were found on some of the sm all ridge crests 
in this area (Horibe et al., 1986). Active hydro thermal ventings were first observed in the 
spreading center of the Mariana Trough by the American scientists in «Alvin" submersible in 
1987. All these have confirmed the presence ofhydrothermal activity in the Mariana back-arc 
basin. 

In order to understand more about the hydro thermal activity and to collect more 
hydrothermal products, a joint investigation, the "Sonne" Cruise 57, was carried out in 
the Mariana Trough by the scientists both from Germany and China in 1988. In this cruise a 
number of dead hydrothermal chimneys were observed and sampled respectively by using 
OFOS (ocean floor observation system) and GTV (TV-monitored grab) on its small 
ridge crests with the water depths of 3600- 3700 m (Fig. 1). These chimneys are mostly 
tree-trunk-shaped and generally 2 m in height and 50-80 cm in diameter. The purpose of the 
paper is to describe their mineral and chemical compositions, and then to speculate on their 
formation. 
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Fig.l Locations of the hydro thermal silicic chimneys sampled in the Mariana Trough. 

METHODS 

Sampies were taken every 10 cm on the largest cross section ofthe chimneys, and were 
washed by distilled water to remove some soluble salts. Afterwards, they were dried under 
lOst overnight and then were powdered by griding. 

The sampies were analysed on a Philip X-ray diffractometer with a graphite monochro
mator and, Co radiation. The relative content of each mineral was semiquantitatively esti
mated by measuring the height of its major reflection peak. Some of the sampies were pol
ished, and were examined by scanning electron microscope along with other mineral grains. 
Chemical compositions of the chimneys were determined mainly by means of X- ray 
fluorescence and electron probe. 

RESULTS 

Mineralogy 

(1) The outwall of the silicic chimneys. As shown in Fig.2a, the outwall of the chim
neys gives a broad, but distinct peak centered at about 4.00 A, which is proper to amor
phous silica (opal-A; Si02, nH20) according to the nomenclature given by Jones and 
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Segnit (1971). On the broad peak of amorphous silica there are two small distinct peaks at 
4.25 A and 3.35 Ä, and several very weak peaks at 2.45 A, 2.27 A and 1.818Ä, 
respectively, indicating the presence of quartz (Fig.2a). Except for these, no other peaks 
were recognizable. Thus the outwall of the chimneys is chiefly composed of amorphous silica 
with a small amout of quartz. It should be noted that on the outwall of some of the chimneys 
are scattered several yellowish green c1ay blocks, which were identified with nontronite. A 
detailed study of these c\ays will be expo unded somewhere else. 

jP a 
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py 

M 

b 
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Fig.2 X -ray powder diffractograms of the silicic chimney (31 GTV) in the Mariana Trough . a -

The outwall of the chimney; b-The inside of the chimney; Q -Quartz; OP-Amorphous silica 

(Opal-A); PY - Pyrite; M -Marcasite; Ba-Barite. 

(2) The inside of the silicic chimneys. X-ray powder diffractin analysis revealed that 
the inside of the chimney is not only composed of amorphous si li ca and quartz, but also of 
Fe sulfides and sulphate mineral (Fig. 2b ). Fe sulfides consist of pyrite and small amount of 
marcasite. Barite is the only su1phate mineral. Semiquantitative estimation indicated that 
amorphous silica is no longer the most abundant phase in the inner part of the chimney; in
stead, pyrite becomes more abundant. Scanning electron microscope showed that the pyrite 
has various morphology (e.g. cubic, spheric, strawberry-like and gel-like), and that 
the barite is mainly tabular in shape. 

(3) Mineral distribution in the silicic chimneys. As shown in Fig. 3, the amorphous 
silica is dominant (> 90%) in the outwall ofthe chimney. However, towards the inside 
of the chimney. its content decreases apparently, being 1ess than 35% in the center of the 
chimney. On the contrary, no Fe sulfides were identified in the center of the chimney, but 
about 60% of Fe sulfides mainly represented by pyrite were recognized in the center of the 
chimney. As to the distributions of quartz and barite, no distinct patterns were observed. 
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Fig.3 Distribution patterns of amorphous silica and Fe sulfides in the silicic chimneys of the Mariana 

Trough. This profile was selected on the largest cross section (60 cm in diameter) of chimney 

3IGTV. 

Chemistry 

(1) Major elements. Chemical analysis revealed that the contents of Si02 and Fe20 3 

in the chimneys vary greatly from the outwall to the inside. As listed in Table 1, the outwall 
of the chimneys is almost composed of pure Si02, only with little Fe20 3 whereas towards 
the inside the content of Si02 decreases, and the content of Fe20 2 increases apparently 
(Table 1 ). For other major elements, no significant changes in their contents were observed 
from the outwall to the inside in most of the chimneys. Such a pattern corresponds well to the 
mineral distributions mentioned above. However, it should be noted that the chemical co m
positions m~y not always the same among the chimneys found in the Mariana Trough. For 
example, -' hoth brownish yellow materials from the outwalls of chimney 25GTV and 31GTV 
have similar compositions (Table I), but black-coloured massive blocks from the inside of 
the chimney 25GTV have lower conte nt of Si02 and higher contents of Fe20 3 and other 
major compounds than that from the inside ofthe chimney 31GTV (Table 1). This suggests 
that composition. physicochemical condition and the hydrothermal fluids by which the 
chimneys wen~ formed. and the hydrothermal differentiation might be different at different 
place in the Mariana Trough. 

As to Fe and S contents in pyrite. no significant differences were observed between 
chimneys 31GTV and 19GTV (Table 1). 

(2) Trace elements. Unfortunately, trace elements were analyzed only for chimney 
25GTV. As shown in Table 1, the conterits oftrace elements in the brownish yellow material 
are generally lower than those in the black massive blocks. On the contrary. the contents of 
Cu, Zn and Ni are relatively high in the black massive blocks. However. no Cu- and 
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Zn-sulfides were identified by X-ray diffraction analysis (Fig.2). These results suggest that 
the contents of trace elements might be relative1y higher in the inside than in the outwall of the 
chimneys. 

Table 1 Chemical analysis of the silicic chimneys in the Mariana Trough' 
, 

Chimneys 3lGTV (%) 25GTV (%) 19GTV 

Compo- Outwall Inside Pyrite Black massive Brownish yellow Pyrite 

sition (%) (%) (%) blocks (%) material (%) (%) 

Si02 94.77 85.30 64.44 91.06 

Al20 3 0.13 0.40 0.62 0.62 

Fe203 3.32 13.20 16.l6 3.79 

MnO n.d. n.d. 0.57 0.01 

CaO 0.03 0.04 0.73 0.24 

MgO 0.01 0.02 1.10 0.15 

KP 0.03 0.04 0.38 0.08 

Na20 0.04 0.09 2.66 0.34 

Ti02 0.01 0.01 0.06 0.01 

P20 5 0.03 0.02 

Ba 0.815 0.348 

Fe 48.43 45.82 

S 51.51 54.17 

Total 99.09 99.95 99.99 86.72 96.30 99.99 

ppm 

Cu 72 2.5 

Zn 77 2.0 

Ni 34 <1 

Zr 30 29 

Cr < 10 < 10 
y 7 3 

* The results ofthe outwall and the inside ofchimney 31GTV are averages of6 sampies. 

n.d.-not determined 

THE FORMATION OF THE SILICIC CHIMNEYS OF THE MARIANA TROUGH 

Hydrothermal chimneys on the ocean floor are formed by submarine hydrothermal activ
ities with ehanges in the physieoehemieal eonditions when the hydro thermal fluids with high 
temperature under the oeean floor erupt along the ventings or cracks of basaltic rocks. There
fore, mineral and ehemieal eompositions of the ehimneys must be c10sely related to eompo
sitions of the hydro thermal fluids and to the physicoehemieal eonditions of hydro thermal flu
id / seawater system. 

The eompositions of hydro thermal fluids are directly related to temperature. The 
high-temperature hydrothermal fluids are eommonly rieh in multiple metals, whereas the 
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low-temperature ones are mainly rich in silica (Haymon & l(astner, 1981; Herzig et 
al.. 1988). That iso the high-temperature hydro thermal fluids are usually so acidic that 
their ability to leach metals from the subsurface rocks is strong. whereas the ones with low 
temperature are mainly so alkaline that their ability to leach Si is strong (Janecky & 
Seyfride 1984; Spiess et al.. 1980). As a result. the high-temperature hydrothermal fluids 
(normally > 350t) usually produce "Black Chimney" that is dominated by Cu-Zn-Fe 
sulfides (Haymon & Kastner. 1981; Janecky & Seyfride. 1984). On the contrary. the 
moderate- or low- temperature hydrothermal fluids « 300 ·e) tend to form "White 
Chimney" or "Silica Chimney" that are dominated by amorphous silica (Haymon & Kastn
er. 1981; Herzig et al.. 1988). 

The physicochemical conditions of hydro thermal fluid / seawater system playa very im
portant role in the formation of various chimneys. During the hydro thermal fluids upwelling 
or erupting and mixing with seawater. not only temperature and pressure must be 
changed, but other conditions such as concentration. pH and Eh must be changed as weil. 
As we know. the formations of all minerals are mainly controlled by the physicochemical 
conditions of the environments. Thus. even if the hydro thermal fluids are cognate. they 
will produce various chimneys with different mineral and chemical compositions due to varia
tions in physicochemical conditions (Haymon & Kastner. 1981; Herzig et al.. 1988). 

As mentioned above. the chimneys of the Mariana Trough are mainly composed of 
amorphous silica and pyrite with a small amount of marcasite. barite and quartz. No Cu
and Zn-sulfides were recognized. Such a mineral association differs distinctly either from 
the "White Chimney" discovered on the East Pacific Rise (EPR). which contains a sm all 
amount of Zn sulfides such as sphalerite or wurtzite (Haymon & Kastner. 1981). or 
from the " Silica Chimney" found in the Galapagos spreading center. which contains no 
sulfides (Herzig et al.. 1988). and even from the " Black Chimney ". This suggests that 
the silicic chimneys of the Mariana Trough might be formed by a kind of hydro thermal fluid 
with an initial temperature between those of the hydrothermal fluids by which the "White 
Chimney" and the "Silica Chimney" are formed. 

Recent studies on the active ventings found on the EPR have revealed that the active 
"black smoking" has a temperature as high as 350·e and the active "white smoking" has a 
temperature of300t (Haymon & Kastner. 1981; Janecky & Seyfride. 1984; Spiess et 
al. • 1980). As to the "Silica Chimney". the initial fluid temperature was supposed to be 
about 175t~. according to the oxygen isotope determination and the relation between temper
ature and-Si02 solubility (Herzig et al.. 1988). It iso therefore. reasonable that the ini
tial fluid temperature of the silicic chimneys of the Mariana Trough might be lower than 
300t. Taking the formation temperature of pyrite (about 280-290·e) into account ( 
Janecky & Seyfride. 1984). the temperature supposed above could be possible. 

As to the lack of Cu. Zn sulfides in the chimneys of the Mariana Trough. there may 
be two possibilities: ( 1) the initial 'fluid temperature could have been too low to leach 
enough Cu and Zn metals from the subsurface rocks; (2) the initial fluid temperature 
may be very high. but it had been greatly lowered before reaching the ocean floor. thus 
leading to an early subsurface precipitation of Cu. Zn sulfides. 

Amorphous silica is the major component of the silicic chimneys of the Mariana Trough. 
It iso therefore. necessary to learn its formation before explaining the formation of the 
chimneys. It is generally thought that the formation of amorphous silica is closely related to 
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Si02 solubility, which in turn depends on temperature and pressure (Herzig et al., 

1988; Janecky & Seyfride, 1984). So far as the water depth (3600-3700 m) of the small 
ridge crests is concerned in the spreading center of the Mariana Trough, the pressure can be 
regarded as a constant. Thus, Si02 solubility is mainly related to temperature. Generally , 
Si02 become insoluble with decrease in temperature (Janecky & Seyfride, 1984). Accord
ing to previous studies on Si02 solubility-temperature relations (Herzig et al., 1988; 

Walther & Helgeson, 1977; Von Damm & Bischoff, 1987), hydrothermal fluid satu
rated with quartz at 300t and 500 bars will be saturated with amorphous silica at about 
140°C and 260 bars. As above-mentioned, the initial fluid temperature of the silicic chim
neys of the Mariana Trough was supposed to be lower than 300t . If it were so, the forma
tion temperature of the amorphous silica would be less than 140t . The way of temperature 
decrease, however, may affect the precipitation of amorphous silica. 

The simple mixing between normal seawater and hydro thermal fluid with initial tempera
tures between 175°C and 350t can not cause supersaturation and precipitation of amorphous 
silica. But, conductive cooling or combination of conductive cooling and seawater / 
hydro thermal fluid mixing can lead to supersaturation and precipitation of amorphous silica 
at any temperatures between 40°C and 193°C . The supposed temperature for the silicic chim
neys of the Mariana Trough possibly occurs under the condition of pure conductive cooling 
and may be the highest one in precipitation of amorphous silia. If the combination of 
conductive cooling and seawater / hydro thermal fluid mixing is taken into account, forma
tion temperature ofthe amorphous silica will be much lower than 140°C. 

The distribution pattern of the amorphous silica mentioned above may suggest that the 
formation of this silicate phase probably follows a model shown in Fig.4. This model can be 
explained as the followings. 

Hydrothermal fluids 

Sea water 

Fig.4 A possible model for the formation of amorphous silica in the silicic chimneys of the Mariana 

Trough. 

When rising along the tubes of chimney, hydrothermal fluid with an initial temperature 
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of about 300°C percolates sluggishly through the porous wall of the chimney from the inside 
to the outside. Meanwhile, the seawater normally with 2t percolates from the outside to 
the inside. Thus a mixture of seawater / hydro thermal fluid is form~d . Because the fluid teIV
perature of the inside of the chimney is always higher than that of the outside of the 
chimney, heat diffusion or so-called conductive cooling must occur, resulting in he at loss 
gradually from the inside toward the outside of the chimneys. When reaching the 
out-most-side of the chimney the heat is considerably lost due to hot solution. Therefore, it 
is most likely that supersaturation and precipitation of amorphous silica OCCur at the outwall 
of the chimney. Some of the amorphous silica may recrystallized into quartz due to the con
tinuous reaction of hydro thermal fluid. 

Pyrite is generally considered to be precipitated from the hydro thermal fluid with high 
concentration of HzS, slightly high value of Eh and a temperature of 280- 290°C (Janecky 
&Seyfride, 1984). If the fluid temperature is higher than 400t , pyrite will not be formed 
due to the dissociation of HzS: 

400°C 
2HzS(gasj 2HZ(gas)+SZ(gas) 

When the fluid temperature decreases, however, H2S begins to dissolve into the hot solu
tion and to ionize: 

H2S H+ + (SHrl (1) 

(SHr l H++ S2- (2) 

With continuous decrease of fluid temperature, the number of Sz- anions will increases 
gradually as the concentration of H2S increases. If a large amount of Fe is present, pyrite 
will be formed: 

Fe2++2H2S Pyrite + 2H++H2 

The formation of pyrite also indicates that the initial fluid temperature of the silicic chimneys 
ofthe MaJ;iana Trough may be less than 300t. 

Barrte is usually fo~med in an oxido-environment and under the condition 01' low tem
perature, and commonly associated with amorphous silica in hydro thermal chimneys 
(Haymon & Kastner, 1981). The presence of barite and its distribution feature in the si licic 
chimneys of the Mariana Trough suggest that it might be a post-product formed after the 
formation 01' the chimney. 

CONCLUSIONS 

The hydro thermal chimneys 01' the Mariana Trough are silicic ones distinct1y different ei
ther from the "Black Chimney" and "White Chimney" discovered on the EPR, or from the 
"Silica Chimney" found in the Gapalagos spreading center both in mineralogy and chemistry. 
Mineralogically, these chimneys mainly consist of amorphous silica (opal), even with a 
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large amount of pyrite and a small amount of marcasite, barite and quartz. Chemically, 
they are domina ted by Si02, followed by Fe20 3 and minor amount of other chemical ele
ments. From the outwall to the inside of the chimneys, the amorphous silica tends to de
crease (with almost pure silica in the outwall and less than 35% in the inside), whereas the 
Fe sulfides mainly represented by pyrite tend to increase (with no Fe sulfides in the outwall 
and about 60% in the inside ). The distribution patterns of Si02 and Fe20 3 correspond weIl 
to those of amorphous silica and Fe sulfides. 

Although the formation of the silicic chimneys of the Mariana Trough have been dis
cussed, no precise conc1usions are drawn due to the lack of some necessary evidences. But, 
based on their mineral associations and distribution patterns, it was speculated that initial 
fluid temperature of the silicic chimneys of the Mariana Trough might be less than 300t and 
the formation temperature of the amorphous silica would be much lower than 140t . Moreo
ver, the precipitation of amorphous silica is mainly due to the heat loss caused either by 
conductive cooling or by a combination of conductive cooling and seawater / hydro thermal 
fluid mixing during the sluggish percolation of the seawater / hydrothermal fluid mixture 
through the porous wall of thc chimneys. 
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ABSTRACT 

Core 37KL contains 2-methylalkane (iso), 3-methylalkane (anteiso), as weH as 
methy, n- dodecane cyc1ohexane, 4-methyl, 5-methyl and 6-methyl compounds. The 
content of compounds of the phenanthrene series is more than 50% of the total amount of 
polycyclic aromatic hydrocarbons. The isomerie end points of 5a(H), 14a(H), 
17a(H)-cholestane and 5a(H), 14ß(H), 17 ß(H)-isocholestane are 1.4-2.3 : 1. The ratio of 
20R- cholestane to 20S- cholestane is 1ess than 1. The epimeric value of C31 hopane 
22S / 22S+22R has not yet reached its equilibrium value. 

INTRODUCTION 

Various organic compounds such as n-alkanes, isoprenoids, steranes and terpanes 
provide important information as the source and diagenesis of sedimentary organic matter 
and on the depositional environment. For example, organic geochemistry at the molecular 
level offers new possibilities in the reconstruction of past depositional environments . Also the 
use of biological markers in the assessment of the maturity of sediments is firmly established 
(Mackenzi~ et al., 1980; Mackenzie, 1984). In recent years, the distribution of aromatic 
compounds in crude oil and in the organic extracts of sedimentary rocks and coa1s are being 
increasingly applied to study on thermal maturation . 

The aim of study is to characterize the n-alkane. sterane and terpane compounds in 
core sampies from the South China Sea. In addition, iso-alkanes and polycyc1ic aromatic 
hydrocarbons have also been studied. 

METHODS 

Sampie Collection and Preparation 

The sampies were coHected during cruise 50 of the R / V Sonne in July- September, 
1987, in the South China Sea by means of a K~sten corer (15 x 15 x 575-1150 cm). The 
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samp1ing stations were: 29KL -18 ° 26.08' N, 115 ° 59.22' E, core 1ength 993 cm, wat
er depth 3766 m; 37KL -18 ° 54.60' N, 115 ° 45.78' E, co re 1ength 833 cm, water depth 
2695m;91KL-14 ° 38.3'N, 115 ° 7.32'E, corelength770cm, waterdepth4282m. 

The sediment sampies were freeze- dried and crushed, 1: 1 methylene chloride and 
methanol mixture are used. The extraction took place in a soxlet extractor. They were then 
treated with copper pellets to remove sulfur. The alkane fracti0ns were separated by thin-Iay
er and then analyzed using gas chromatography and gas chromatography- mass 
spectrometry. 

Another extract of the mixture was separated by column chromatography using silica 
gel, the aromatic fraction was eluted with benzene and then analyzed using high perform
ance liquid chromatography. -

Analysis 

Gas chromatography is performed by using a Varian 3700 instrument equipped with a 
FID detector and a quartz spring OV-1 column. lt was the carrier gas. 

Gas chromatography- mass spectrometry was carried out with a Finnigan- MAT in
strument, the column was fitted with a quartz spring SE 54 column. Electron impact was at 
70 eV. The mass spectral data were acquired and processed using an INCOS data system at 2 
seconds intervals. 

High performance liquid chromatography was performed in the reverse phase mode us
ing a Varian 5060 type MCH-5 ODS. Detection was accomplished with a UV-I00 ultraviolet 
detector. Data was collected and processed by a 3390A data system. 

RESUL TS AND DISCUSSIONS 

N-Alkanes and lsoprenoids 

The n-alkanes ranged from C I4 to C33 , main peaks occurred at C17 , CZ5 ' C27 and 
C29 . In addition, aseries of iso compounds were present: i- Ci6' i- C18 , i- C19 and 
i- C20 . The carbon preference index ( CP!) ranged from 1. 34- 2. 49 for core 29KL and 
1. 70-2.28 for co re 91KL respectively. The ratio of light to heavy hydrocarbons (I CZ1 / I 
C~Z) was 0.26-1.51 (29KL) and 0.25-0.47 (91KL), for the two sections 372-400 cm 
and 772-800 cm of core 29KL these ratios were particularly high, viz. 1.06 and 1.51. As a 
who1e, the distribution preference of low molecu1ar weight alkanes was lower than that of 
high molecular weight alkanes. The lower molecular weight compounds are derived primarily 
from marine organisms, while the high molecular weight compounds come from terrestrial 
vascu1ar plants or other continental organic matter. 

The South China Sea has semipelagic sediments, the terrestria1 particu1ate matter which 
is in part transported by turbidity current (Li, 1987). The c1ay mineral assemblage has both 
a terrigenous component and a component dominated by vo1canic activity and insular influ
ence. The former component iso rich in illite, followed by chlorite, montomorillonite and 
kaolinite. The latter is dominant in illite, with montomorillonite, chlorite and kaolinite as 
subsidiary minerals. The fact that illite is particularly abundant in all sampies suggest that the 
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clay minerals of the South China Sea are derived largely from the Asian continent. Core 
29KL is more abundant in spore pollen than 91KL. The spore pollens are made up of both 
arbor and non-arbor assemblage. This could be due to the fact that station 91KL was far 
away from land and was affected by tidal currents and turbidity currents. 

From Table 1 it can be seen that the ratios of light to heavy hydrocarbons in the two 
cores are low, suggesting that the lower molecular weight alkanes may easily undergo 
biodegradation. Wehner et al. (1986) suggested that n-alkanes are selectively utilized by 
microorganisms under condition of limited oxygen and nitrogen. Two sections in the 29KL 
core have high ratios of light to heavy hydrocarbons. From nutrient salt studies of interestrial 
water, the atomic ratios of N / P (N is the total nitrogen including nitrates, nitrites and 
ammonium salts) ranges from 2 to 10 from surface to 307.5 cm, while at 357.5 cm depth 
(372 cm near station 29KL), it reaches an abnormally high value of 20. This may imply 
deposition by turbidity currents. In addition, at a depth of 807.5 cm (800 cm near station 
29KL), the N / P ratio was 18, these characteristically high N / P ratios may be related to 
plankton growth, for which nitrate salts are necessary. The oxiadtive decomposition of 
plankton remains regenerated nitrogen in the order ofNHt, NO;- and NO)", with nitrate 
as the end product. The chemical species composition of nitrogen is determined mainly by the 
type of marine organisms and the oxidative decomposition of organic matter. 

Table 1 Analysis of n-alkanes 

Depth Pr I Ph Pr I nC I7 Ph I nC'8 Main peak L *main peak CPI I Cl, IIq-2 
(ern) L* H* • H * • main peak 

29KL 

22-50 1.56 0.76 0.62 17 25 0.90 1.42 0.66 

175-200 1.64 0.69 0.69 17 31 0.40 2.44 0.36 

372-400 1.73 0.74 0.65 17 25 l.l9 1.99 1.06 

572-600 1.41 0.82 0.68 17 25 0.76 2.36 0.67 

772-800 1.38 0.58 0.84 17 25 1.92 1.34 1.51 

972-993 1.32 0.40 0.52 17 31 0.30 2.49 0.26 

91KL 
... 

0-100 1.13 0.87 0.62 19 27 0.62 1.70 0.47 

100-194 1.02 0.84 0.87 21 27 0.54 2.28 0.35 

194-294 0.91 0.80 0.78 19 23 0.62 1.98 0.4 

294-394.- 1.40 0.81 0.69 18 23 0.46 2.25 0.43 
394"":4§4 0.76 0.88 0.88 21 23 0.43 1.95 0.25 

494-594 0.98 0.74 0.65 21 23 0.50 1.75 0.42 

594-694 0.99 0.88 0.79 21 27 0.35 1.79 0.33 

694-770 1.01 1.06 0.75 22 25 0.35 1.59 0.34 

* Low moleeular weight hydroearbons 

* * High moleeular weight hydroearbons 

Pristane ( 2, 6, 10, 14- tetramethylphentadecane) and phytane (2, 6, 10, 

14-tetramethylhexadecane) are the products of phytanol (from chlorophyll) under dif-

ferent Eh condition: pristane is formed in an oxidizing environment, while phytane is 
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fonned by hydrogenation and dehydration under reducing conditions. Thus their relative con
tents may be used as an indicator of the depositional environment. The Pr / Ph 
(pristane / phytane) ratio of 29KL is greater than I. This reflected the fact that pristane 
comes directly from biological molecules prior to phytane. The total organic carbon content 
of 29KL lies in the range 0.29-0.94 %. This suggests that the decomposition of organic matter 
takes place under oxidizing conditions. The Eh, pH and Fe+++ / Fe++ ratio in the central 
part of the South China Sea indicate that the sediment has inherited the oxidizing properties 
of the deep water mass of the South China Sea. In these areas the sediment has stronger oxi
dizing properties. 

Fig. land Table 2 gives the distribution of iso alkane compounds in the core 37KL. the 
biosynthetic isocompounds (2-methyl) and anteiso compounds (3-methyl) lie in the 
ranges 32-40% and 33- 37% respectively. The distribution of carbon number is from C'6 to 
C2,. Anteiso compounds are abundant especially in the two layers 0-22 cm and 22-50 cm, 
but 7- methyl heptadecane and 8- methyl heptadecane which are present in fresh water 
plankton are absent. 2-methyl and 3-methyl carboxylic acids are widespread in lipids of bac
teria. Isoalkanes may come from hydroxylation of brtanched chain unsaturated the 
hydrocarbons, or the decarboxylation and dehydroxylation of carboxylic acid or fatty alco
hol which contain side chains (Kaneda, 1977). Although the study of iso-alkanes is inferior 
to that of n- alkanes, it provides valuable information on the palaeoehvironment and an 
interpretable record ofthe biochemistry ofthe primiti\'e lire [onm (Summons, 1987). 

I 

, Pn 

Pr 

~ ,~lllll r IIW'1 . ~JLß,L jr'~ , 
Fig.l Gas ehromatogram ofiso-alkanes (37KL). 

Table 2 2-methyl and 3-methyl eompounds in the 37KL sediment 

Depth of C l6 C17 C I8 C I9 C20 C21 

sampie (ern) I A I A I A I A I A I A 
0-22 1.1 0.5 1.0 1.7 6.4 5.9 11.6 lO.21 0:9 15.6 8.1 8.6 

22-50 0.6 0.5 1.2 1.9 4.5 4.2 7.5 6.8 8.9 13.4 8.4 9.7 

172-200 1.6 1.0 3.9 5.3 7.6 6.9 7.4 5.8 6.6 9.6 5.7 6.8 

372-400 0.9 0.4 3.3 3.9 6.7 5.4 7.8 6.5 7.6 9.5 7.0 7.0 

572-600 1.3 0.9 2.9 3.5 8.0 5.7 9.1 6.4 9.7 11.7 8.6 8.2 
772-800 1.1 0.4 4.5 7.0 9.0 6.8 9.0 7.7 4.5 lO.1 4.3 5.1 

I: 2-methyl (iso) alkane; A: 3-methyl (anteiso) alkane 
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Polycyc/ic Aromatic Hydrocarbons 

Polyeyclic aromatic hydrocarbons are widespread in nature. They are produeed from 
incomplete eombustion of fossil fuels such as coal and petroleum, and from spill of petrol
eum and its products. They also occur in nature as aromatic derivatives of natural preeursors 
originating from bacteriallipids (hopane series), or from terrestrial higher plant terpenoids 
(amyrin series) (Garrigues et al., 1986). The main route whereby polycyclie aromatic 
hydrocarbons are transported into the ocean is through the atmosphere followed by rain 
scavenging and settling. They ean also be delivered to the ocean by runoff. 

Chrysene and benzo(a)pyrene of polycyelie aromatic hydrocarbons are careinogenic 
(Pruell & Quinn, 1985).The Ames assay indieates a significant mutagenic activity in the frac
tion which contains polyeyclic aromatic hydrocarbons with 4-6 aromatic rings. The majority 
of this activity is found in the fraction composed of 5-ring eompounds (West et al., 1986). 
Perlyene is present in terrestrial matter and characterizes the original reducing depositional 
environment of rapid transportation. In addition, it can be derived from pigments üf marine 
biomass (perihydroxy pery lenequimone), Perlyene is a palaeoenvironmental indicator of 
an early depositional anoxie environment (Didyk et aL 1978; Tan & Reit, 1981). The 
components of polycyclic aromatie hydrocarbons in the 37 KL sampies are listed in Table 3, 
4, and gas chromatograms are shown in Fig. 2. 
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Fig.2 Gas ehromatogram of polyeyclie aromatie hydroearbons (37KL). 

Table 3 The distribution of the methyl phenanthrene eomponents in eore 37KL 

Depth 3-methyl 2-methyl 9-methyl 

(ern) phen-anthrene phen-anthrene phen-anthrene 

I-methyl 

phen-anthrene 

22-50 19.1 27.5 31.4 

372-400 19.4 30.3 30.5 

22.0 

19.7 
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The phenanthrene series is made up of phenanthrene, methyl phenanthrene, dimethyl 
phenanthrene trimethyl phenanthrene, tetramethyl phenanthrene, ethyl phenanthrene, 
diethyl phenanthrene, methyl acenaphthene phenanthrene, dimethyl acenaphthene 
phenanthrene, methyl benzene phenanthrene and benzene phenanthrene. Due to the differ
ent positions of the alkyl substituting group of the phenanthrene ring, their stabilities are 
distinct. The methyl group of 3- methylphenanthrene and 2- methyl phenanthrene of the 
isomerie compounds of methyl phenanthrene is situated at the ß position, which are stable. 
On the other hand, I-methyl phenanthrene and 4-methyl phenanthrene are reactive, and 
9-methyl phenanthrene ((X position) is even more reactive. During thermal evolution, 
there is a transformation from the medium or (X position to the ß position. 

The total amount of 2-methyl phenanthrene and 3-methyl phenanthrene in core 37KL 
are about 47 and 50% respectively, while that of I-methyl phenanthrene at the (X position 
are 20 and 22%, 4-methyl phenanthrene is absent. Because of the efficient hindrance effect 
of the methyl group with carbon at the fourth position and hydrogen at the fifth position, it 
is difficult to methylate at these positions. Thus, the content of 4-methyl phenanthrene is 
very low to vanishing (Garrigues, 1983). 

The isomerized compounds of dimethyl phenanthrene, viz. 3, 6- dimethyl 
phenanthrene and 2, 7-dimethyl phenanthrene are of the stable ßß type; 1. 6-dimethyl 
phenanthrene and 1, 7-dimethyl phenanthrene of types (Xß; 3, 7-dimethyl phenanthrene 
and 2, 6-dimethyl phenanthrene also of type ßß; and I, 8-dimethyl phenanthrene is of type 
(X(X. The order of evolution of dimethyl phenanthrene is: type (X(X-type (Xß-type ßß. 

Table 4 The eornponents of dirn ethyl phenanthrene(%) in eore 37KL 

Depth a.a. a.ß ßß MPI-l MPI-2 DPI 

(ern) type type type 

22-50 47.9 30.3 21.9 1.01 . 1.19 1.35 

372-400 61.3 19.0 19.7 0.81 0.99 1.12 

Radke et al. , (1982) suggested that the index of methyl phenanthrene (MPI-I and 
MPI-2) and dimethyl phenanthrene (DPI) may be the indicators of the maturity of or
ganic matter. As organic matter matures, the indices of methyl phenanthrene-l and -2 and 
dimethyl phenanthrene increase gradually, the maximum values being 1.5, 1.75 and 1.8~ 
(R adke et al., 1982). Thus, our results suggest that the degree of maturity of the matter of 
37 KL is low. 

The three fluorene series of polycyclic aromatic hydrocarbons co me possibly from the 
same precursors (Table 5); their basic structure is a five ring. In a slightly oxidizing or slight
ly reducing environment, furan dominates. Under normal reducing conditions, the (X-car
bon atom is saturated by hydrogen and fluorene is abundant; in a strongly reducing envi
ronment, it will be reduced to thiophene, so that thiophene compounds are enriched (Lin 
et al., 1987). 



· 261 . 

Table 5 The main eomponents of polyeyclie aromatie hydroearbons% from eore 37KL, as weIl as 
from East China Sea 

Depth Phen- Chry- Py- Fluo- Fu- Thio- Fluo- Constituents of 
(em) anth- sene rene rene ran phene anth- the fluo series 

rene rene Fluo- Fu- Thio-
22-50 69.31 1.85 5.86 1.40 0.91 4.75 1.75 19.8 12.9 67.3 

372-400 53.23 1.55 2.85 2.00 1.00 5.54 0.87 23.4 11.7 64.9 
E-l 29.98 15.74 3.22 4.53 0.00 3.55 17.68 56.l 0.0 43.9 
E-2 11.31 27.00 16.08 4.65 0.00 4.22 13.01 52.4 0.0 47.6 

Fluo: Fluorene; Fu: Furan; Thio: Thiophene; E-l: East China Sea-l; E-2: East China 

Sea-2. 

Table 6 The eompounds of polyeyclie aromatie hydroearbons (x 10-9
) 

Depth Phen- Benzo(e)- Benzo(a)- 1,2,3,4-diben-

(em) anthrene 
Perlyene 

pyrene pyrene zopyrene 

0-22 14.1 26.4 27.7 37.5 12.2 

22-50 . 27.7 40.1 28.7 40.0 12.0 

175-200 41.7 49.0 49.8 136.2 26.6 

372-400 40.1 42.1 56.8 60.2 14.2 

572-600 26.8 39.5 40.3 54.0 9.8 

772-800 26.5 25.l 5.6 76.9 14.1 

Perlyene compound and other compound have been detected in 37KL using HPLC in
strument. They amount to 54-l36 x 10- 9 in perlyene compound (Table 6). Perlyenes are 
found not only in the Amazon River and basin, but also in sediments of the open ocean far 
away from any continent. Likewise, cores from the Gulf of Mexico and the western Atlantic 
contain perlyene compounds, suggesting that they are derived from the continent via 
turbidity,.t1ows. Perlyene has also been found in the west of the Antarctic Peninsula (Tang et 

al., 1989). The bottom morphology in the vicinity of station 37KL is particularly favorable 
for the transport of terrigenous material through the continental slope to the deep basin. At 
the center of this basin are seamounts. Around the seamounts, the sediment thickness is less 
than 1000 m except in the northern and southern parts of the basin, where it reaches 2-3 km 
because of the more abundant detrital input (Jin, 1989). 

Steranes and Terpanes 

Core sampies contain cholestane ( C27 H48), ergostane ( C28 H so) and sitostane 
(C29 H S2 ); with sitostane as the dominant nomolog in the series. They are abundant in the 
non-biological configuration (C29 1XIX1X20S / 20R), which has values of > 0.8. At the depth 
range 394-494 cm of core 91 KL it even reached the abnormally high value of 3.04. In addi
tion, the ratio of C29 isositostane to sitostane (C29 rxßß / rxrxrx) is also over 0.6. This shows 
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that the aaa-R configuration has been converted to aaa-S, aßß-Rand the aßß-S configu
rations, namelya biological to geological conversion. On the whole, the va lues of aaa-20S 
(C27 or C28 or C29 ) are less than the content of 20R+20S for the corresponding carbon 
number. For example, the 20S / 20S+20R of C29 aaa sterane ratio has not reached the end 
value of SO-SS% (Mackenzie, 1984). 

The amount of C27 cholestane is 23- 28 % , and that of C28 ergostane and C29 

sitostane 26-31 % and 43-49% respectively. The abundance of C28 sterane at the depth in
terval 394-494 cm of core 91KL is up to 41 %. Other parameters such as C29 aaaS / R, 
aaaC28 regular sterane / C29 regular sterane and aaaC27 regular sterane / C29 regular 
sterane also exhibit high values. In general, the precursors of the three steranes mentioned 
above are believed to reflect autochthonous or allochthonous input. A high proportion of 
C29 steranes indicate a significant input of terrigenous organic matter, since the precursor 
C29 sterols such as 24-ethy1cholest- S-en-3ß-ol is abundant in vascular plants. Although 
Volkman (1986) suggests that marine organisms can be a major source of 
24-ethy1cholest-S-en-3ß-ol and other sterols presently used as bio markers for terrigenous 
organic matter, there is consensus that C29 sterane is attributable to terrestrial higher 
plants. 

The spore and pollen assemblage results show that co re 29KL is [icher in spore and pol
len than co re 91 KL. In particular, very meagre assemblages are found in the interval 
280-4S0 cm of core 91KL. There is only a slight increase in scattered growth of pine and 
herbs at 4S0-600 cm. Because station 91KL is far away from land and the tidal current and 
turbidity current are effective, few spore and pollen are expected. 

In general, the isomerized end point of Sa(H), 14a(H), 17a(H)- cholestane and 
Sa(H), 14ß(H), 17ß(H)-isocholestane is 1 : 3. The 20S : 20R of cholestane is 1 : 1. The 
isomerized end point of the cores 29KL and 91KL lies within the range 1.4-2.3 : 1, and the 
ratio of20S : 20R in cholestane is less than 1 (except for the section 394-494 cm of91KL, 
which has the value of 1.8. Thus, sediments at these stations have not yet reached the 
isomerized end point. (Sa, 14ß, 17ß- 20S+ Sa, 14ß, 17ß- 20R) / (Sa, 14a, 
17a-20S+Sa, 14a, 17a-20R) + (Sa, 14ß, 17ß-20S+Sa, 14ß, 17ß-20R) is an indicator 
of the maturity of organic matter, the isomerized end point of C27 ßß / aa+ßß being 75%. 
But for the cores 29KL and 91KL, the values are 31-38% and 32-41 %. The isomerized end 
point of C29 20S / 20S+20R is SO-5S% (Mackenzie, 1984), but for core 29KL, it is 
42-S0% and for core 91KL, it is 43-48%. Thus, sediments from the two cores studied 
have by and large not yet attained maturity. 

Pentacyc1ic triterpanes exist in nature as three series of compounds: sedimentary 
hopanes which are derived from the defunctionalization and configurational isomerization of 
a bacterial 17 ß(H), 21 ß(H)- hopanetetrol (Ourisson e tal., 1979); 17 ß(H), 
21a(H)-hopanoids and 17a(H), 21ß(H)-hopanoids which have been found in recent sedi
ments (Dastillung et al. , 1980). Biologically synthesized hopanes generally have the 
17 ß(H), 21ß(H) configuration which is thermodynamically less stable than the 17a(H), 
21ß(H) configuration. The relative amounts of hopanes vary with maturity. As the degree of 
maturity increase, the 17ß(H), 21ß(H)- hopanes and moretane decrease, 17a(H) , 
21ß(H)-hopane becomes predominant (Seifert & Moldowan, 1980; Mackenzie, 1984). 
The pentacyc1ic triterpanes of the two cores 29 and 91KL contain all of the three series of 
compounds mentioned above. In particular, the presence of 17ß(H), 21ß(H) suggest that 
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the sediments are relatively immature. In addition, the ratio of homohopane (C
3J 

22S I 22R+22S) is less than the equilibrium value for complete maturity (approximately 
0.6) (Mackenzie, 1984). The C27 17ß(H) , 21a(H) compounds near the 17a(H)-22, 29, 
30-trisnorhopane except 17a(H), 21ß(H) compound are found in all the sediment sampies. 
Furthermore, C29 , C30 and C31 17 ß(H), 21a(H) compounds were also present. The 22S 
concentration OfC31 17a(H), 21ß(H)-30-22S and 17a-(H), 21ß(H)-:-30-22R at the depth 
interval 770-800 cm of co re 29KL sampie is slightly higher than that for the 22R configura
tion. For other depth intervals, 22R is enriched relative to 22S. 

17a(H)-22, 29, 30-trisnorhopane (Tm) and 18a(H)-22, 29, 30-trisnorneohopane 
(Ts) are used as sensitive indicators of oil in sediments. The Tm I Ts ratio in the two cores 
ranges from 1.05 to 1.61, the actual value being a function of the depositional environment 
and the distribution of organic matter. From the relative amounts of C27 ' C28 and C29 

steranes (Table 7), it is clear that they are derived mostly from terrigenous higher plants, 
which, however, are both quaiitatively and quantitatively different for the two core Ioca
tion. Core 29KL has both ar bor and non-arbor spore assemblages, the arbor pollen being 
dominated by ofneedle pi ne (56%), and the non-arbor pollen by the grass family (68%). 
The pteridophyte spores are represented chiefly by golden locks and spinulose tree fern. The 
arbor pollen of core 91KL contains mainly pine with quercus, castanopsis and needle pi ne 
occurring secondarily. The Tm I Ts ratio of the two cores is over 1, indicating low maturi
ties. The epimerized value of C3J hopane 22S/ 22S+22R is 39-46% . (as high as 55% for 
co re 29KL 772-800 cm). These values are not near the stable state value of 60%. The C20 

side chain epimerized amount (C29 SI S + R) of C29 sterane 5ct(H), 14ct(H), 17ct(H) is 
43-56% (except that co re 91KL 394-494 cm, it is 74%). This is ne ar equilibrium end point 
of 55%. The nuclei isomerization 20RI 20S 14ct(H), 17ct(H) ~ 20RI 20S 14ß(H), 
17 ß(H), the sterane ratio ß ß I ctct is only 31- 41 % , the equilibrium end point is, 
however, 75% (Seifert & Moldowan, 1981), implying that isomerization has not 
reached its end point. 

CONCLUSIONS 

1. 'Jhe distribution of carbon number in the organic matter of sediments from the South 
China Sea ranges from C16 to C33 • The ratio of pristane to phytane suggested that the 
depositional environment at station 29KL was slightly more reducing than that at station 
91KL. 

2. The iso-alkane compounds contained some substituting alkyl groups in addition to 
the 2-methyl (iso-) and 3-methyl (anteiso-) compounds. 

3. The presence of perlyene, the low ratio of light to heavy hydrocarbons and the pre
dominance of C29 sterane demonstrated that terrestrial higher plants were the major source 
of organic matter, although there are also marine inputs. 

4. The low maturity of the sedimentary organic matter from the South China Sea is 
demonstrated by the fact that: . (1) the aJ;l1ount of C27 or C28 9r C29ctctct-S is lower than 
the total amount of ctctct-R+S; (2) the isomerized end point of 5ct(H), 14ct(H) , 17ct(H) 
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Table 7 Geochemical parameters of the sterane compounds in the co re 29 and 91 KL 

Depth 

(cm) 

29Kl 

aaa + aßß * 

C27C28C29 

22-50 27.1 28.7 44.2 

175-200 27.5 27.5 45.0 

372-400 25.6 27.0 47.4 

572-60.0 23.2 29.4 47.4 

772-800 28 .1 28.5 43.4 

972-993 22.5 28.2 49.3 

91KL 

0-100 25.1 30.0 45.9 

100-194 25.5 27.6 46.9 

194-294 25.3 29.0 45.7 

294- 394 23.0 28.2 48 .8 

394-494 23.9 ' 40.9 35.2 

494-594 27.5 26.2 46.3 

594-694 23.1 28.6 48.3 

694-770 25.7 31.2 43.1 

~ 
20S 

20S + 20R 

0.45 

0.45 

0.48 

0.52 

0.56 

0.45 

0.45 

0.45 

0.47 

0.43 

0.74 

0.49 

0.44 

0.49 

~ 
aaa SIR 

0.82 

0.82 

0.93 

1.10 

1.30 

0.81 

0.81 

0.83 

0.88 

0.77 

3.04 

0.80 

0.75 

0.84 

~ 
aßß 
aaa 

0.86 

0.75 

0.67 

0.60 

0.68 

0.70 

.0.72 

0.67 

0.74 

0.80 

1.04 

0.71 

0.73 

0.80 

Cu ~ 
13ß17a 13ß17a 
reg.st. reg.st. 

0.10 

0.11 

0.11 

0.13 

0.09 

0.10 

0.06 

0.11 

0.12 

0.11 

0.30 

0.1 5 

0.10 

0.14 

0.11 

0.12 

0.09 

0.10 

0.10 

0.09 

0.06 

0.09 

0.11 

0.11 

0.17 

0.09 

0.09 

0.14 

aaa 

C 28 st. 
C 29 st. 

0.65 

0.62 

0.50 

0.61 

0.62 

0.58 

0.67 

0.54 

0.67 

0.59 

1.25 

0.64 

0.57 

0.75 

aaa 

C 27 st. 
C 29 st. 

1.05 

1.03 

0.84 

0.70 

1.06 

0.69 

0.89 

0.86 

0.86 

0.73 

1.28 

0.87 

0.78 

0.94 

chole

stane(%) 

51.2 

53.1 

53.0 

53.4 

55.1 

55.6 

55.5 

52.8 

51.6 

49.9 

43.6 

50.1 

52.9 

48.1 

Isocho

lestane 

(%) 

38.0 

34.7 

35.6 

34.7 

34.5 

33 .9 

37.6 

36.6 

36.5 

29.3 

35.9 

38.0 

36.8 

38.3 

~ * Distribution of carbon number (%). st.: sterane; reg. st.: regular sterane; me. st.: methyl sterane; rear: rearrangement. 

Rear. 4 - me.st. 
st.(%) C 29 reg.st. 

10.8 

12.2 

11.4 

11.9 

10.4 

10.5 

6.9 

10.6 

11.9 

20.8 

20.5 

11.9 

10.3 

13.6 

0.08 

0.04 

0.04 

0.03 

0.03 

0.03 

0.02 

0.04 

0.05 

0.04 

0.05 

0.05 

0.06 

0.05 

~31 
Ißa 

Iaß 

0.26 

0.35 

0.34 

0.35 

0.45 

0.38 

0.44 

0.52 

Ö.35 

0.40 

0.41 

0.47 

0.38 
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cholestane and 5a(H), 14ß(H), 17 ß(H) isocholestane have not yet reached their equilibri
um values; (3) the occurrence of 17ß(H), 21ß(H) and the relative proportions of 
17a(H), 21ß(H), and 17ß(H), 21a(H), and the ratio of 17a(H)- 22, 29, 
30-trisnorhopane (Tm) to 18a(H)-22, 29, 30-trisnorneohopane (Ts). All point to 
immaturity; and (4) the indices of methyl phenanthrene and dimethyl phenanthrene are 
low. 
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