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Abstract: The aim of this paper is to review the major points of contention concerning secondary 
petroleum migration, to discuss the nature and primary controls of the positions of petroleum migration 
pathways in sedimentary basins, and to illustrate the importance of preferential petroleum migration 
pathways for the formation of large oil/gas fi elds away from generative kitchens. There is competition 
between the driving force (buoyancy) and the restraining force (capillary pressure controlled largely by 
permeability contrast) in controlling the positions of petroleum migration pathways in heterogeneous 
carrier beds. At a large scale, there is a critical angle of dip of the carrier beds which determines the 
relative importance of structural morphology or permeability contrasts in controlling the positions 
of petroleum migration pathways in heterogeneous carrier beds. Maximum-driving-force–controlled 
migration pathways occur in carrier beds with an angle of dip greater than the critical dip and the 
positions of petroleum migration pathways are controlled mainly by the morphology of the sealing 
surfaces. Minimum-restraining-force–determined migration pathways occur in carrier beds with an angle 
of dip smaller than the critical angle where permeability contrasts would exert a more important infl uence 
on the positions of petroleum migration pathways. Preferential petroleum migration pathways (PPMP), 
defi ned as very restricted portions of carrier-beds that focus or concentrate petroleum from a large area 
of the generative kitchen, determine the distribution of oil and gas in sedimentary basins. The focusing 
of petroleum originating from a large area of the generative kitchens into restricted channels seems to be 
essential not only for long-range petroleum migration in hydrostatic conditions, but also for the formation 
of large oil or gas fi elds. Regions may miss out on petroleum migration because of its three-dimensional 
behavior, and two-dimensional migration modeling may be misleading in predicting petroleum 
occurrences in certain circumstances.
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is capillary pressure which increases with decreasing pore-
throat size, increasing interfacial tension and wettability. 
Petroleum migration pathways control the distribution of 
oil and gas in sedimentary basins (Demaison and Huizinga, 
1991; Pratsch, 1994; Hindle, 1997; Bekele et al, 2002), and 
can be understood as invisible bridges between source rocks 
and traps (Hao et al, 2009a). Tracing secondary petroleum 
migration pathways has been confirmed very useful for 
optimizing petroleum exploration. In this paper, we review the 
major points of contention concerning secondary petroleum 
migration, discuss the nature and primary controls of the 
positions of petroleum migration pathways in sedimentary 
basins, and demonstrate the importance of preferential 
petroleum migration pathways for the formation of large oil/
gas fi elds.

Preferential petroleum migration pathways 
and prediction of petroleum occurrence in 
sedimentary basins: A review

1 Introduction
The process of petroleum expulsion from source rocks 

into reservoirs or carrier beds is called primary migration, 
and the process of petroleum migration within the carrier 
beds is called secondary petroleum migration (Tissot and 
Welte, 1984; England et al, 1987; England, 1994; Hunt, 
1996). The physical mechanics of oil and gas migration in 
carrier beds (secondary migration) have been well established 
(Schowalter, 1979; England et al, 1987; England, 1994). 
The driving forces for secondary petroleum migration are 
buoyancy and groundwater flow, and the restraining force 
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2 Major disputes concerning secondary 
petroleum migration

Although the physical mechanics of secondary petroleum 
migration have been well established (Schowalter, 1979; 
England et al, 1987; England, 1994), major disputes exist 
concerning the styles and pathways of petroleum migration 
and their major controls in sedimentary basins. 

(1) The nature and primary controls of petroleum 
migration pathways. There are two distinct schools of thought 
on the nature and primary controls of petroleum migration 
pathways in sedimentary basins (Hao et al, 2009c). The 
“restraining-force school” considers migration as a sheet-
like migrating petroleum front (Rhea et al, 1994), and 
believes that the positions of petroleum migration pathways 
are largely controlled by permeability heterogeneity of the 
carrier beds (e.g., Rhea et al, 1994; Bekele et al, 1999; 2002) 
and are therefore difficult to predict effectively because of 
complications in characterizing permeability heterogeneity 
related to the extent of fracture permeability and permeability 
alteration due to diagenesis (Bekele et al, 2002). In contrast, 
the “driving-force school” views petroleum migration 
pathways as very restricted rivers or streams (Gussow, 
1954; 1968; Dembicki and Anderson, 1989; Hindle, 1989; 
Catalan et al, 1992; Thomas and Clouse, 1995; Hindle, 
1997). This school believes that the positions of petroleum 
migration pathways in sedimentary basins are controlled 
largely by structural morphology (Gussow, 1968; Pratsch, 
1983; Momper and Williams, 1984; Pratsch, 1986; 1988; 
1994; Hindle, 1997; Welte et al, 2000), and that modeling 
of petroleum migration pathways can be a powerful tool to 
reduce exploration risk (Sylta, 1991; Hermans et al, 1992; 
Hindle, 1997; 1999).

(2) The role of groundwater flow for long-distance 
petroleum migration. Toth (1987) and Roberts (1993a; 
1993b) believe that petroleum is dissolved in the water phase 
during transport and water flow is a primary control on the 
distribution of petroleum in a sedimentary basin. Although 
Bekele et al (1999; 2002) believe that petroleum migrates 
in a separate hydrocarbon phase, they consider water flow 
to be an essential control on migration pathways and for 
long-range petroleum migration. Hindle (1997) believes that 
groundwater fl ow is of minor importance in most situations, 
and is important only if a basin is sub-aerially exposed.

3 Major controls of migration pathways in 
heterogeneous carrier beds

As discussed above, confl icting opinions exist about the 
nature and primary controls of petroleum migration pathways 
in sedimentary basins. These arise from confl icting evidence. 

3.1 Evidence supporting permeability-controlled 
migration pathways

In the published literature, evidence supporting the 
opinion that the position of petroleum migration pathways 
in heterogeneous carrier beds is primarily controlled by 
permeability contrast include three aspects.

(1) Simulation experiments. In the past 20 years, a number 

of experiments have been conducted (e.g., Dembicki and 
Anderson, 1989; Catalan et al, 1992; Thomas and Clouse, 
1995; Zeng and Jin, 2003). The results of these experiments 
have greatly improved our understanding of the processes 
of secondary petroleum migration and entrapment. Most 
experiments suggest that the positions of petroleum migration 
pathways in heterogeneous carrier beds are controlled 
primarily by the porosity and permeability contrasts or by 
wettability of the carrier beds. For example, the simulation 
experiments by Zeng and Jin (2003) show that oil migrates 
preferentially through sand layers with high porosity and 
permeability. The results of these experiments suggest that at 
a small scale, the positions of petroleum migration pathways 
in heterogeneous carrier beds are primarily controlled by 
permeability contrasts, which means that the restraining force 
plays a determining role.

(2) Variation in oil saturation. Variations in oil saturation 
within a single field appear to indicate that the positions of 
petroleum migration pathways in heterogeneous carriers are 
controlled by permeability contrasts at an oil accumulation 
scale. For example, in oil reservoirs in which re-migration 
of accumulated oil does not occur, oil saturation increases 
with increasing porosity and permeability. The positive 
correlation of oil saturation and permeability suggests that oil 
preferentially migrates through and accumulates in reservoir 
portions with relatively high porosity and permeability.

(3) Compositional heterogeneities within oil reservoirs. 
Compositional heterogeneities within an oil field also 
suggest that the positions of petroleum migration pathways 
in heterogeneous carriers are controlled by permeability 
contrasts at an oil accumulation scale. Leythaeuser and 
Rückheim (1989) observed in a small oil reservoir in 
Germany that oil in sandstones with high porosity displayed 
relatively low contents of nitrogen, sulfur and oxygen (NSO) 
containing compounds and relatively high thermal maturity 
refl ected by relatively high triaromatic steroids/monoaromatic 
steroids ratios (Fig. 1), whereas oil in sandstones with low 
porosity had higher contents of NSO compounds and lower 
thermal maturity. As porosity of the reservoir sandstones 
increases, the contents of NSO compounds decrease. The 
compositional heterogeneities refl ect oil accumulation history 
(e.g., England et al, 1987; 1991; Leythaeuser and Rückheim, 
1989; England, 1990; 2007; Horstad et al, 1995; Horstad 
and Larter, 1997; Hao et al, 1998b; 2000; Peters and Fowler, 
2002). It can be inferred that oil reaching the trap earlier that 
had relatively low maturity with relatively high contents of 
NSO compounds accumulated preferentially in reservoir 
portions with high porosity and permeability. As the maturity 
of the source rock increased, oil reaching the trap later had 
relatively high maturity with low concentrations of NSO 
compounds. Such oil migrated into reservoir portions with 
relatively high porosity that had already been occupied by 
oil with relatively low maturity, and expelled the formerly 
accumulated oil into nearby reservoir portions with relatively 
low porosity. The compositional heterogeneities within the 
small oil reservoir (Fig. 1) implied that at the reservoir scale, 
oil preferentially migrates through or accumulates in reservoir 
portions with relatively high porosity and permeability, which 
means that the positions of petroleum migration pathways 

Pet.Sci.(2010)7:2-9



4

in heterogeneous carrier beds are primarily controlled by 
permeability contrasts.

sandstones in the Miocene Zhuhai and Zhujiang formations 
were set as migration conduits, and the bottom of the shale-
dominated Hanjiang Formation (shale content is up to 75% 
and the thickness of shales varies between 200 to 750 m) 
directly overlying the Zhujiang Formation was set as the 
sealing surface. The modeling results (Fig. 2(a)) suggest that 
the asymmetric structural confi guration of the Eastern PRM 
Basin leads to preferred petroleum migration to the southern 
and southeastern parts of the sub-basin. Yu et al (2009) used 
a parameter called migration predictive index (MPI) to assess 
the accuracy of the model prediction, and defined MPI as 
MPI = [prediction of discoveries (%) + prediction of dry 
holes (%)]/2. In the Eastern PRM Basin, the modeling results 
give an MPI1 (prediction of discoveries) of 97% (37 drilled 
structural traps), and an MPI2 (prediction of dry holes) of 
78.8% (18 drilled structural traps), with an overall MPI of 
87.9% (Yu et al, 2009).

Hao et al (2007) conducted three-dimensional petroleum 
migration pathway modeling in the Bozhong sub-basin 
using the PATHWAYSTM model. In the modeling, areas 
where the Eocene Shahejie Formation or the third member 
of the Oligocene Dongying Formation had TOC contents 
greater than 2.0% and thermal maturity higher than 0.7% 
Ro were defined as generative kitchens, sandstones in the 
Guantao Formation were set as migration conduits, and the 
top of the Guantao Formation was set as the sealing surface. 
Faults inherited from the initial rift system cut through the 
source rocks and acted as vertical conduits bringing fluids 
expelled from the source rocks into the sandstones in the 
Guantao Formation (Gong, 1997; 2004; Hao, 2005). The 
modeling results (Fig. 2(b)) show that almost all commercial 
accumulations so far found in the Bozhong sub-basin have 
been successively predicted by the modeling. In terms of MPI, 
the modeling results give an MPI1 (prediction of discoveries) 
of 78%, and an MPI2 (prediction of dry holes) of 100%, with 
an overall MPI of 89%. In addition, the predicted migration 
pathways have been supported by independent petroleum 
geochemical observations. For example, the modeling 
results predict three charging directions for the PL19-3 
oilfield, the largest offshore oilfield in China. The PL19-3 
field displayed considerable compositional heterogeneity, 
which suggested that the PL19-3 field was charged in the 
north by oil generated from the Dongying Formation in the 
eastern Bozhong Depression and Bodong Depression, in the 
southeast by oil generated from the Shahejie Formation in 
the Miaoxi Depression, and in the northwest by oil generated 
from the Shahejie Formation in the central Bozhong 
Depression (Hao et al, 2009b). Hao et al (2009c) carried 
out modeling of secondary migration pathways of both the 
high wax oil and the normal oil in the Damintun Depression 
using the PATHWAYSTM model (Fig. 2(c)). In the Damintun 
Depression, the modeling results give an MPI1 (prediction of 
discoveries) of 91.3%, and an MPI2 (prediction of dry holes) 
of 90.4%, with an overall MPI of 90.85% for the normal oil.

In all the three cases studied, the carrier beds show 
considerable heterogeneities, as suggested by the wide 
variation of measured porosities and permeabilities. However, 
the petroleum occurrences in all the three studied cases 
seem to have been effectively predicted (Fig. 2) by the 
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Fig. 1 Variation of the concentration of NSO compounds (a) and 
aromatic steroid parameter (b) with porosity for oil and sandstone extracts 
from an oilfi eld in Germany (data from Leythaeuser and Rückheim, 1989)
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3.2 Evidence supporting morphology-controlled 
migration pathways

In recent years, several investigators have studied 
petroleum migration pathways and the distribution of oil and 
gas at a depression or sub-basin scale (e.g., Hindle, 1997; 
Bekele et al, 2002; Terken and Frewin, 2000; Terken et al, 
2001; Luo et al, 2007; Hao et al, 2007; 2009c; Yu et al, 2009). 
These case studies provide evidence concerning the major 
controls of the petroleum migration pathways on a large scale.

Yu et al (2009) modeled secondary petroleum migration 
pathways in the Eastern Pearl River Mouth Basin (PRM 
Basin) using the PATHWAYSTM model (Hindle, 1997), 
and calibrated the results of migration pathway modeling 
with all oil holes and dry wells. The PATHWAYSTM model 
is a simple, three-dimensional model which assumes that 
petroleum expelled from the source rocks migrates vertically 
until it encounters a sealing horizon, after which it moves 
in the direction of the most structurally elevated position 
below this sealing surface until it reaches the edge of the seal 
(Hindle, 1997). In other words, the PATHWAYSTM model 
assumes that the positions of petroleum migration pathways 
are controlled by the morphology of the sealing surface 
without taking into consideration of the infl uence of porosity 
and permeability heterogeneity of the carrier beds. In their 
modeling, areas where the Eocene Wenchang Formation 
had TOC contents greater than 2.0% and thermal maturity 
higher than 0.7% Ro were defined as generative kitchens, 
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mainly by the complex morphology of the sealing surfaces 
(top surfaces of the carrier beds). In the lacustrine fault basins 
in China, the sealing surfaces (the bases of the regional cap 
rocks or the tops of the major carrier beds) usually have 
irregular, complex morphology usually with relatively large 
angle of dip because of intensive faulting, the existence of 
uplifts in the syn-rifting evolution stage, and the variation in 
subsidence/sedimentation rates in both syn-rifting and post-
rifting stages. This is perhaps one of the major reasons why 
the simple, morphology-controlled migration pathway model 
has predicted the petroleum occurrences in the lacustrine 
fault basins in China more accurately than it has in the Paris 
Basin (Hindle, 1997). By contrast, in carrier beds with angle 
of dip smaller than the critical angle of dip and with simple, 
regular structural morphology, the variation of the buoyancy 
in different potential migration directions is relatively small 
compared with carrier beds with complicated morphology and 
high angle of dip, and the permeability contrasts would exert 
a more important influence on the positions of petroleum 
migration pathways. This is perhaps the most important 
reason why petroleum migration pathways, and therefore the 
occurrences of most petroleum accumulations in the Ordos 
Basin could not be predicted without taking into consideration 
of the permeability variation (Luo et al, 2007).

4 Preferential petroleum migration pathways 
(PPMP) and mechanisms for the formation of 
large oil/gas fi elds away from source kitchens

In many basins, the largest oil fields are not within the 
generative kitchens, but are found in traps away from the 
generative kitchens. For instance, the LH11-1 oilfield, the 
largest oilfi eld so far found in the Pearl River Mouth Basin 
(oil reserve 2.4×108 ton), is 80 to 100 km away from the 
hydrocarbon generation area (Fig. 2(a)), and is among the 
oilfi elds that have the longest petroleum migration distances 
in sedimentary basins in China. The PL19-3 oilfield, the 
largest oilfield so far found in the Bohai Basin, is about 30 
km away from the Bozhong generative kitchen (Fig. 2(b)). 
Therefore, it is of great signifi cance for petroleum exploration 
to understand the mechanisms for the formation of large oil/
gas fi elds away from generative kitchens.

All case studies (Fig. 2) show that close to the generative 
kitchens, there are numerous “small petroleum streams”, 
which seems to suggest that the so-called sheet-like migration 
may occur in carrier beds close to the generative kitchens. 
Away from the generative kitchens, these “small petroleum 
streams” focus into discrete “petroleum mainstreams”. Hao 
et al (2007) call these “petroleum mainstreams” preferential 
petroleum migration pathways (PPMP) and defi ne a PPMP as 
very restricted carrier-bed portion that focuses or concentrates 
petroleum from a large area of generative kitchen and is 
formed by focusing of numerous “small petroleum streams”. 
As shown in Fig. 2, almost all commercial oil fi elds are on the 
predicted preferential petroleum migration pathways (PPMP), 
suggesting that PPMP controls petroleum distribution in 
sedimentary basins. What is more important is that, almost all 
large oilfi elds (oil reserves greater than 1×108 ton) are at the 

merging points of several preferential petroleum migration 
pathways and therefore have more than one preferential 
migration pathway to convey petroleum to the traps. Each 
preferential petroleum migration pathway is the result 
of the focusing of numerous “small petroleum streams”. 
The merging of different preferential petroleum migration 
pathways focuses petroleum originating from a large area 
of the generative kitchens into one trap. This indicates that 
focusing of petroleum generated from a large area of kitchen 
is a prerequisite for the formation of large oil/gas fi elds away 
from source kitchens.

Petroleum that accumulated in traps away from generative 
kitchens must have experienced relatively long-distance 
lateral migration. The role of groundwater flow in long-
range petroleum migration is one of the principal points of 
contention in petroleum migration. Garven (1989) believed 
that groundwater flow was a key to the formation of the 
giant oil sands deposits of the Western Canada Sedimentary 
Basin, and Bekele et al (2002) stated that oil could not have 
experienced long-range migration to form the distant oil fi elds 
in the Viking Formation in the Alberta Basin. In the Eastern 
PRM Basin, oil originating from the southern limit of the 
generative kitchen must have migrated more than 80 km to fi ll 
the LH11-1 fi eld (Yu et al, 2009, Fig. 2(a)), and oil originating 
from the kitchen center must have migrated a much longer 
distance. The filling of the LH11-1 field (oil reserve of 
about 2.4×108 ton) and the predicted migration pathways 
suggest that petroleum could migrate over a long distance in 
hydrostatic conditions (without hydrodynamics) to form a 
large oilfi eld. It is noticeable that in the Eastern PRM Basin, 
oil originating from a large portion of the generative kitchen 
focuses through “small streams” into discrete “mainstreams” 
or preferential petroleum migration pathways (PPMP), and 
these discrete “petroleum mainstreams” merge further to 
form “channels” to convey oil into the LH11-1 structure (Yu 
et al, 2009, Fig. 2(a)). The focusing of oil originating from 
a large area of the generative kitchen, and the migration 
of oil through very restricted channels will ensure the 
petroleum fi laments high enough to have effi cient buoyancy 
to overcome capillary pressure to experience long-range 
migration in hydrostatic conditions (without the driving force 
of groundwater fl ow). It appears, therefore, that the existence 
of laterally-connective carrier beds, the concentration of 
petroleum originating from a large area of the generative 
kitchens, and the focusing of migrating petroleum into 
very restricted channels are the basic mechanisms for the 
formation of large distant oil/gas fi elds.

5 Three-dimensional behaviors of petroleum 
migration and locating of  petroleum 
accumulations

The complexity of the sealing surface morphology, 
and the primary control of sealing surface morphology on 
the positions of migration pathways determine the three-
dimensional behavior of secondary petroleum migration. 
Two-dimensional petroleum migration modeling may provide 
misleading indications of potential petroleum accumulations 
in certain circumstances. Hao et al (2009a) conducted 
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on source rock geochemical parameters, and the modeled 
petroleum migration pathways will be considerably changed. 
In extreme case, the source rocks in the entire kitchen area 
are overlain by thick shales, and faults that cut through the 
source rocks (especially the graben-boundary faults) become 
the only conduits for petroleum charging into the carrier bed 
(inset in Fig. 3(c)). In such a case, the effective “kitchen” 
for the carrier bed is the faults, and the modeled petroleum 
migration pathways will be greatly changed (Fig. 3(c)). For 
the sake of predicting petroleum occurrences and reducing 
exploration risks, it is necessary to define accurately the 
preferential expulsion directions of the source rocks (so as to 
correctly select the carrier bed, Mackenzie and Quigley, 1988) 
and the effective kitchen for the selected carrier bed after the 
generative kitchens have been defi ned by detailed source rock 
geochemical studies. 

7 Conclusions
The primary control of the position of petroleum 

migration pathways in heterogeneous carrier beds and the 
role of groundwater flow are the main points of contention 
for secondary petroleum migration. Evidence from both 
simulation experiments and geological observation indicate 
that the position of petroleum migration pathways in 
heterogeneous carrier beds could be primarily controlled either 
by permeability contrast (the minimum-restraining-force–
determined migration pathways) or by structural morphology 
(the maximum-driving-force–controlled migration pathways), 
depending on the geological configuration especially the 
angle of dip of the carrier beds. Although groundwater flow 
may be essential for secondary petroleum migration in basins 
with intensive water recharge, petroleum can migrate over 
a long distance to form a large oilfield without driving force 
from groundwater flow where there are laterally-connective 
carrier beds and petroleum originating from a large area of the 
generative kitchens focuses into very restricted channels.

Preferential petroleum migration pathways are invisible 
bridges between source rocks and traps and directly control 
petroleum occurrences in sedimentary basins. Secondary 
petroleum migration is a three-dimensional behavior, and 
two-dimensional migration modeling may be misleading in 
predicting petroleum occurrences. Effectively characterizing 
the conduit systems and defi ning the “effective kitchen” for 
a specific carrier bed are essential for predicting petroleum 
distribution by three-dimensional migration modeling.
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