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Abstract Through the analysis of ocean organisms, the

distribution characteristics and enrichment of organic

matters in modern marine sediments and ancient marine

strata, this paper shows that the main factors influencing

the formation of excellent marine source rocks are the

paleoclimate, biologic productivity, terrestrial organic

matter, oxidation–reduction environment, sedimentation

rate, and the type of the basin. In addition to those factors,

high biologic productivity or high content of terrestrial

organic matter input is a requirement for the enrichment of

the organic matter in a marine environment. Reducing

environment was favorable for organic matter accumula-

tion and preservation in depositing and early diagenesis

stage, which is an important element for the formation of

high-quality marine source rocks. Paleoclimate also influ-

ences the marine source rocks formation, as humid sub-

tropical and tropical climates are the most favorable

regimes for the formation of marine source rocks. Wind

transports some vascular plant materials into the marine

environment. Furthermore, upwellings driven by steady

wind can cause high biologic productivity, thus forming

organic-C-rich mud. Suitable sedimentation rate is benefi-

cial for marine organic matter accumulation. Moreover, the

type of the basin also plays an important role in the

development of marine source rocks. Silled basins with a

positive water balance often act as nutrient traps, thus

enhancing both productivity and organic matter preserva-

tions, while in open oceans, organic matter enrichment in

sediments has just been found in the oxygen minimum

layers.
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1 Introduction

The formation conditions of excellent marine source rocks

depend on the living environment of the original source

organisms and the favorable preservation conditions of

organic matter, which are influenced by the paleoclimate,

biologic productivity, terrestrial organic matter input,

redox environment, sedimentation rate and the type of the

basin. The debate on whether the high organic matter

abundance in marine sedimentary stratum is dependent on

preservation conditions or production has already existed

since the 1980s. The former considered the fact that

organic matter gathers when the bottom water conditions

were anoxic, and argued that it had nothing to do with

biologic productivity (Tyson 1987a, b; Tyson and Pearson

1991). Meanwhile the latter believed that organic matter

could assemble at the water column with high biologic

productivity, and that it was the water depth rather than the

dissolved oxygen that influenced the abundance of organic

matter (Calvert and Pedersen 1992). However, attempt in
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to put separate emphasis on whether high organic matter

abundance in marine sedimentary stratum depends on

preservation conditions or high biological production can-

not objectively reveal the formation mechanism of excel-

lent marine source rocks. Besides the above two factors,

input of terrestrial higher plants is also a significant factor

to the formation of marine source rocks developed in the

continental margin basin (Li et al. 2013; Deng 2012),

where some of the world famous marine petroleum-rich

provinces have developed in geological history. This

realization, in turn, has led to the recognition that the

developmental environment and pattern of marine source

rocks in continental margin basins are still controversial or

poorly understood. This article does not focus on which

factor, preservation conditions or high biological produc-

tion, is more crucial; it aims to discuss every factor that

controls preservation conditions, production and the input

of terrestrial organic matter such as the paleoclimate, bio-

logic productivity, oxidation–reduction environment, sedi-

mentation rate, the origin of organic matter and the type of

the basin. Through the analysis of the above factors, this

article wants to reveal the enrichment regularity of organic

matter in the continental margin basins.

2 Paleoclimate

The paleoclimate change plays an important role in the for-

mation of hydrocarbon source rocks. Favorable climate con-

ditions include humid subtropical and tropical climates. The

main paleoclimate factors are temperature, rainfall and wind.

The influences of temperature and rainfall are proven by the

following facts: a large number of algae breed when the cli-

mate is warm and humid, thus promoting the primary pro-

ductivity of the ocean. At the same time, the lush vegetation on

land plays a vital role in water and soil conservation, which

reduces the clastic particle inflowing into the ocean, thus

reducing dilution of organic matter by mineral matter, there-

fore keeping high organic matter content in sediments. When

rainfall increases, the incremental air humidity promotes the

growth and reproduction of plants. Another important climate

factor, wind, functions mainly in the ocean basin. It has sig-

nificant power in forming ocean circulation, especially the

upwellings. Upwellings form when offshore wind blows

surface water away, which is significant in the formation of

excellent marine source rocks.

3 Biologic productivity

Pedersen and Calvert (1990) and Calvert et al. (1995) held the

belief that biologic productivity in the water column was the

most important factor in controlling the development of the

marine source rocks. Calvert (1987) attributed the high organic

matter abundance in marine sedimentary rocks to the high

biologic productivity rather than the anoxic environment,

which determined the distribution and accumulation of organic

matter in sediments. Furthermore, biologic productivity can

result in the creation of anoxic conditions of bottom water. This

is due to the fact that the decomposition of abundant organic

matter can deplete the dissolved oxygen in water, thus forming

the anoxic environment of the bottom water.

High biologic productivity often relates to upwelling,

which brings nutrients in the subsurface water to the sun-lit

zone. Thus, it promotes high biological productivity.

Examples are Peru–Chile (Burnett et al. 1983) and Namibia

(Calvert and Price 1971). Moreover, upwelling can cause a

high accumulation rate. In an upwelling area, 20 %–60 %

of the organic matter in the surface seawater can reach the

water depth of 100 m, while only 15 %–35 % can reach

the same water depth in non-upwelling areas (Suess and

Thiede 1983).

Many academics presented the mathematical model to

estimate paleoproductivity in a sedimentary environment.

For example, Dymond et al. (1992) and Francois et al.

(1995) proposed the formula that uses sedimentation flux of

Ba to calculate the primary productivity. Paytan et al.

(1996) used the accumulation rate of BaSO4 to qualita-

tively analyzing the paleoproductivity. In addition, Murray

and Leinen (1996) put forward the method that the Al/Ti

value could be used to analyze the primary production

qualitatively. The gradient leaching experiment tells us the

residue mineral phase has more than 95 % of Ti and about

50 % of Al combined with biogenesis, so the Al/Ti value

depends on the number of organism scavenging action,

which can reflect primary production.

In order to reveal the relationship between paleoproduc-

tivity and organic matter enrichment conditions, this article

has discussed the effect of primary production on Miocene

marine source rocks using the analyses of several exploratory

wells in the Qiongdongnan Basin of the northern South China

Sea. The Miocene source rocks developed in the open oceanic

environment in the Qiongdongnan Basin, where terrestrial

input had little impact. At that rate, the Al/Ti value can present

the efficiency of primary production. Al/Ti values of the

source rocks in Huangliu formation, Sanya formation and

Meishan formation have a good linear relation with the con-

tent of TOC (Fig. 1). The sample with a high Al/Ti value has a

high organic matter abundance, so the primary production

conditions control the quality of the marine source rocks.

4 Terrestrial organic matter

Terrestrial organic matter is an important biogenic matter

of the marine source rocks in continental margin basins.
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The continental basin, where excellent marine source rocks

formed, is mainly located below the estuary of a big river.

Rivers can bring abundant terrestrial sediments, and as the

waves and ocean currents have little destructive effect on

the sedimentary formation of Continental margin, the

delta-shore sedimentary system advances gradually into the

ocean. As a result, the delta facies in offshore area and

slope facies which are full of organic matter are considered

to be the favorable places for the formation of source rocks.

For example, take into account some of the delta basins

in the continental margin. The distribution of C27, C28 and

C29 steranes in Crude oils in Niger Delta Basin and Kutei

Basin show that most of the samples are dominated by C29

steranes (Fig. 2). This indicates that the origin of the

organic matter is mainly terrestrial organic matter. Cores in

the Zhuhai and Zhujiang formations in the Baiyun Sag of

Pearl River Mouth Basin also have a relatively high content

of C29 sterane (Fig. 2), indicating large amounts of ter-

restrial organic matter input.

Take into account another example, the Qiongdongnan

Basin where there lacks a big river or a large size delta. The

organic matter input of Oligocene source rocks is domi-

nated by the terrestrial higher plants. The high content of

oleanane that represents the terrestrial higher plants input

was detected in the transitional facies source rocks of

Yacheng Formation (Fig. 3), while the content of the semi-

enclosed marine facies source rocks of Lingshui formation

were significantly reduced. As the main origin of organic

matter in the Oligocene source rocks is terrestrial higher

plants, the amount of terrestrial organic matter determines

the quality of source rocks. This fact explains the fact that

the source rocks of Yacheng formation are the main source

rocks in the Qiongdongnan Basin well.

5 Redox conditions

The preservation of organic matter is directly related to the

oxic–anoxic conditions of deposition. In an oxygenated

environment, the organic matter is partly degraded as it

falls through the water column. An additional percentage of

the carbon is consumed by the benthic fauna on the
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Fig. 1 Graph showing the relationship between Al/Ti value and TOC

of Miocene source rocks in the Qiongdongnan Basin

Fig. 2 Ternary diagram

showing C27, C28 and C29

steranes of source rocks or

crude oils in some delta basins
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seabottom. After that, worms or other burrowing organisms

work it over in the sediments. Bioturbation caused by these

organisms introduces oxygen into the sediments resulting

in a high level of destruction of the less inert forms of

carbon. In contrast, the anoxic environment frequently has

hydrogen sulfide in the water column above the ocean

bottom, which effectively kills all benthic organisms so

that no oxidation of organic carbon occurs. Instead, bac-

terial sulfate reduction generally leads to form more

hydrocarbon-like biomasses.

Demaison and Moore(1980)believed that oxygen con-

tents of less than 0.5 ml/l of water resulted in good organic

matter preservation. Inland silled basins with a positive-

water-balance act as nutrient traps, thus enhancing the

preservation of organic matter. Examples include the Black

Sea (Degens and Ross 1974) and the Baltic Sea (Grasshoff

1975). The enrichment of organic matter in the open ocean

is often related to the anoxic environment. Organic matter

mainly gathers in the continental shelf or continental slope

where oxygen content is below the level of 0.5 ml/l, such

as at the northeastern Pacific Basin (Gross et al. 1972),

Gulf of California (Van Andel 1964),and the Indian Ocean

(Stackelberg 1972). Moreover, upwelling can form an

anoxic layer. A typical example of this is the Peru Current.

According to several drilling data from the Qiongdon-

gnan Basin of northern South China Sea, this paper uses the

trace element indexes of the U/Th and Ni/Co value put

forward by Tenger et al. (2005) to distinguish the formation

environment of Miocene marine source rocks in the basin.

The results show that the source rocks mainly developed in

an oxic environment (Fig. 4), the reason being that drilling

wells mainly distribute in shallow water areas (where the

water depth is below 100 m). Therefore the preservation

conditions of organic matter restrict the formation of

excellent marine source rocks in the Qiongdongnan Basin.

6 Sedimentation rate

Sedimentation rate is an important factor when determining

the accumulation of organic matter. International Deep Sea

Fig. 3 Mass chromatograms showing the distribution of the n-alkane series (TIC), terpenoids (m/z 191) and steroids (m/z 217)in saturated

hydrocarbons of core extracts in Oligocene source rocks in the Qiongdongnan Basin
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Fig. 4 Graph showing the relationship between U/Th value and Ni/Co

value of Miocene marine source rocks in the Qiongdongnan Basin
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Drilling Project (DSDP) of the core study found that there

existed a certain correlation between the sedimentation rate

and organic matter enrichment (Ibach 1982). Chen et al.

(2006) studied the impact of sedimentation rate on organic

matter enrichment by testing comparatively different fre-

quencies and different injected doses in the laboratory. The

results show that the organic carbon content first increases

and then decreases as the deposition rate increases. The

above phenomenon indicates that the organic matter can be

easily diluted by a mass of inorganic particles when sedi-

mentation rate is too fast, leading to the decrease of organic

matter in sediments. On the contrary, if the deposition rate

is too slow, organic matter can be gradually consumed by

the oxygen in the water column, leading to the reduction of

organic matter in sedimentary rocks. Therefore, suitable

sedimentation rate is beneficial for the formation of

organic- rich source rocks. Dilution of organic matter by

mineral matter during deposition is a factor of source-

sediment information that is related to the rate of sedi-

mentation. Rapid deposition under oxic bottom-water

generally leads to preservation of organic matter, but not to

the formation of rich source beds. On the contrary, many

ancient marine source rocks formed at regions with a low

sedimentary rate (de Graciansky et al. 1984; Tyson 1987a, b).

In other words, rich source beds seldom form where dilution

of organic matter by mineral matter is excessive, but they

commonly form where dilution of organic matter by mineral

matter is meager.

This paper uses Site 1148 of deep sea drilling in the

South China Sea Basin as an example to show the rela-

tionship between the sedimentation rate and organic mat-

ter. Site 1148 in the abyssal zone reveals low organic

matter abundance of Miocene marine source rocks, the

average TOC of which is less than 0.5 %. One of the

important reasons of this is that the deposition rate in

Miocene restricts the formation of marine source rocks.

The low deposition rate makes the organic matter deplete

in the water column rather than accumulate in the sea floor,

which is to the disadvantage of the development of the

marine source rocks (Fig. 5).

Fig. 5 Age-depth plot for site

1148 (Wang et al. 2000)
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7 The type of the basin

7.1 The silled basins

In a silled embayment, the dissolved oxygen is commonly

depleted below the sill-depth of the water column. This is

due to the fact that the sill prevents the horizontal circu-

lation of water outside the embayment from moving into

the embayment, thus enhancing water stratification. Verti-

cal currents may be prevented from moving into the bottom

water by persistent density-stratification of the water-mass,

which is apt to form an anoxic environment of the bottom

water, which is beneficial for the enrichment of the organic

matter (Fig. 6). Basins with a positive-water-balance can

act as nutrient traps, which enhance both the productivity

and preservation of organic matter. A typical example of an

anoxic landlocked basin with a positive-water-balance is

the Black Sea, the largest anoxic land-locked basin in the

world. Mediterranean Sea water of 38.5 % salinity flows

into the Black Sea, and mixes with the Black Sea water.

The mixed water, which has approximately 22 % salinity,

sinks into the deep water and becomes anoxic water mass,

so that the Black Sea contains little dissolved oxygen

below the water depth 150 m. It is therefore favorable for

the preservation of organic matter.

7.2 The open ocean

Modern source sediments are accumulating in unrestricted

basins in shelves, slopes, rises, and on abyssal plains.

Ancient source sediments of this type also formed in such

areas mentioned above, buy they also formed in epeiric

Fig. 6 The enrichment model

of organic matter of anoxic

silled basin

Fig. 7 The enrichment model

of organic matter of the open

ocean
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seas. Large volumes of anoxic water do exist in the oxygen

minimum layers of open oceans, such as the Indian Ocean.

The organic matter in open oceans commonly enriches in

the oxygen minimum layers where the water mass is

anoxic, rather than in the other zones (Fig. 7). Below the

oxygen-minimum zone of the oceans, the concentration of

dissolved oxygen increases rapidly until it approaches

saturation. This oxygenated water in the deep sea is derived

from polar seas. Therefore the oxygen-minimum zone with

anoxic environment is the best area to formation of source

sediments.

8 Conclusions

(1) Paleoclimate change plays an important role in the

formation of marine source rocks. The main paleo-

climate factors include temperature, rainfall, and

wind. The favorable climate conditions include

humid subtropical and tropical climates. Upwellings

formed by wind lead to high biological productivity

and favorable preservation conditions of organic

matter, which is significant in the formation of

marine excellent source rocks.

(2) High biologic productivity is a requirement in the

enrichment of organic matter in a marine environ-

ment. Source rocks with high organic matter abun-

dance commonly develop in the high biological

productivity zone.

(3) Terrestrial organic matter is an important origin in

continental margin basins, where high quality source

rocks often formed when there big rivers or delta

developed.

(4) An anoxic environment is favorable for organic

matter accumulation and preservation in depositing

and the early diagenesis stage, while the relative

oxygenated environment is not. As a result, the

relative anoxic environment is an important element

for the formation of excellent marine source rocks.

(5) Sedimentation rate also influences the enrichment of

organic matter. It can be easily diluted by a mass of

inorganic particles when sedimentation rate is too

fast, leading to the reduction of organic matter in

sediments. On the contrary, if the deposition rate is

too slow, organic matter can be gradually consumed

by oxygen in the water column, resulting in the

decrease of organic matter in sedimentary rocks.

Therefore, suitable sedimentation rate is beneficial

for the formation of organic-rich source rocks.

(6) The type of the basin also plays an important role in

development of marine source rocks. Silled basins

with a positive water balance often act as nutrient

traps, thus enhancing both the productivity and

preservation of organic matter, while in open oceans,

organic matter enrichment in sediments is commonly

found in the oxygen minimum layers.
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