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Abstract: Fault formation and evolution in the presence of multiple pre-existing weaknesses has not 
been investigated extensively in rift basins. The fault systems of Weixinan Sag, Beibuwan Basin of 
China, which is fully covered with high-precision 3-D seismic data and is rich in oil-gas resources, 
have been successfully reproduced by sandbox modeling in this study with inclusion of multiple pre-
existing weaknesses in the experimental model. The basic characteristics of fault formation and evolution 
revealed by sandbox modeling are as follows. 1) Weakness-reactivation faults and weakness-related 
faults are formed much earlier than the distant-weakness faults (faults far away from and with little or no 
relationship to the weakness). 2) Weakness-reactivation faults and weakness-related faults develop mainly 
along or parallel to a pre-existing weakness, while distant-weakness faults develop nearly perpendicular 

the existence of multiple pre-existing weaknesses, and the complicated fault system in the Weixinan Sag 
formed gradually in a nearly N-S direction with multiple pre-existing weaknesses. 3) The increase in the 
length and number of faults is closely tied to the nature of pre-existing weaknesses. The sandbox model 
may provide a new clue to detailed fault system research for oil and gas exploration in rift basins. 
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1 Introduction
The Weixinan Sag is a tectonic unit of the Beibuwan 

Cenozoic rift basin in the south-western continental shelf 
of the South China Sea (Fig. 1), where E1c-Q sedimentation 
developed (Table 1). Beibuwan, along with Yinggehai, 
Qiongdongnan and Zhujiangkou, are four basins developed 
in the north continental shelf of the South China Sea. 
Different from the other three basins, Beibuwan is a 
rift basin developed on the pre-Cenozoic basement. A 
continental rifting sequence (terrestrial phases) developed in 
the Paleogene, and a depression sequence (marine phases) 
developed in the Neogene and Quaternary (Table 1).

The Weixinan Sag is a petroleum-rich sag and the 
reservoirs found in the Weixinan Sag are mainly faulted-
block or fault-related reservoirs. Research on fault systems 

Beibuwan Basin and the whole South China Sea. 
The fault system in the Weixinan Sag is very complicated. 

According to previous work from 2D seismic data 
interpretation, the origin of the fault system in the Weixinan 
Sag was the superposition of three phases of deformations 

(Yan et al, 2005). However, such conclusion does not disclose 
the nature of the fault system and the level of its agreement 
with 3D seismic data is controversial. In this study, on the 
basis of systematic structural interpretation of 3D seismic 
data, and applying sandbox modeling, the fault system origin 
and fault formation and evolution were studied. 

Analogue experiments have long been accepted as 
an important means of understanding the process and 
mechanism of structural deformation (Ma, 1987; Eisenstadt 
and Sims, 2005; Patton, 2005), and the effectiveness of 
sandbox modeling for rift basins has been widely recognized 
(McClay and Ellis, 1987; McClay, 1990; McClay and White, 
1995; Acocella et al, 2000; Dooley et al, 2003; Tong, 2003; 
Tong et al, 2010; Tong and Yin, 2011; Zhou et al, 2007). On 
the basis of systematic analysis of geometric characteristics 
of fault systems, and in view of the deformation since the 
Oligocene (the major deformation stage in the Weixinan Sag), 
the fault system formation and evolution were simulated 
with sandbox experiments. The results showed that the fault 
system characteristics were successfully reproduced with near 
N-S extension and considering multiple pre-existing fabrics 
(weaknesses). The experiment results agree well with the 3D 
seismic interpretation. They indicate that the complicated 
fault system in the Weixinan Sag gradually formed in a 
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Fig. 1 Distribution of tectonic units of the Beibuwan Basin and the location of the Weixinan Sag (pink 
area). The small inset in the top left corner shows the location of the Beibuwan Basin (red area), and 
the yellow area includes three basins in the north of South China Sea: Yinggehai Basin, Qiongdongnan 
Basin and Zhujiangkou Basin

instead of multi-phase deformation superimposition, and the 
fault system has remarkable regularity. This understanding 
is valuable for 3D seismic data interpretation and oil & gas 
exploration. 

There are numerous papers on the fundamental 
characteristics of fault formation, propagation and linkage, 
and fault displacement–length relationships in rift basins 
(Barnett et al, 1987; Walsh and Watterson, 1988; Peacock 
and Sanderson, 1991; Cartwright et al, 1995; Huggins et al, 
1995; Acocella et al, 2000; Morley, 2007). However, the 
previous published information about fault formation and 
evolution is mainly for homogeneous geological bodies, 
while fault development under more complex conditions with 
multiple pre-existing weaknesses has not been extensively 
investigated.

Based on the interpretation of three dimensional seismic 
data and mechanical analysis, Morley et al (2004) proposed 
a geological model to reveal a general law of weakness 
reactivation in rift basins. Pre-existing weakness, which 
is oblique to the extension direction, is considered also in 

the oblique extension model (Withjack and Jamison, 1986; 
McClay and White, 1995; Boccaletti et al, 1998; Crider, 
2001; Morley et al, 2004; Morley, 2007; Aragón-Arreola et al, 
2005; Karlstrom and Manga, 2006). However, only boundary 
pre-existing weakness, which controls the boundary fault in 
rift basins instead of the inner basins, is considered in the 
previous model (including the oblique extension model). In 
fact, pre-existing weaknesses may exist in inner rift basins, 
particularly in China, where the basement of major rift basins 
has experienced a complicated tectonic evolution history (Tian 
and Zhang, 1996; Lu et al, 1997). In order to truly simulate 
the complex fault formation and evolution, both boundary 
and inner pre-existing weaknesses (e.g., multiple pre-existing 
weaknesses) should be considered in the model. 

This study investigated fault formation and evolution 
with multiple pre-existing weaknesses based on sandbox 
modeling of the Weixinan Sag. Considering multiple pre-
existing weaknesses in the experimental model, the structural 
characteristics of fault distribution and evolution were well 
reproduced when compared with the results of 3D seismic 
data interpretation and balanced evolution section analysis. 
So the experimental results and deformation process provided 
a good insight into the fault formation and evolution with 
multiple pre-existing weaknesses in rift basins.

2 The characteristics of the fault systems in 
the Weixinan Sag  

Because E3l
1 is the most important reservoir member of 

the Weixinan Sag, it was chosen as the simulation target of 
sandbox modeling.

Based on the systematic interpretation of 3-D seismic 
data, the fault system characteristics of E3l

1 and other Eogene 
series in the area can be summarized as follows (Figs. 2 and 
3(a)): 
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Table 1 Stratigraphic and tectonic evolution stages in the Beibuwan Basin

System Series Formation Member Age of the 
bottom, Ma

Evolution
stage

N-Q 23.3 Depression

E

E3

Weizhou (E3W)

E3W
1

Rifting

E3W
2

E3W
3 32

Liushagang (E2-3l)

E3l
1 38

E2

E2l
2

E2l
3 56.5

E1 Changliu (E1c) 65
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1) Faults No.1, No.2 and No.3 are the major faults of the 
sag, all are ENE-trending and dip southward. Fault Hai-1 is 
not a major fault, NW-trending and intersects with Fault No.3. 
Fault No.1 is located in the north of the sag, and is a boundary 
fault. Fault No.3 is the south boundary of the sag with the 
largest throw. It acts as a boundary fault of the Haizhong 
Sag. To the east, Fault No.3 terminates suddenly on the No.0 
transfer fault zone which is the major transfer fault zone in 
the sag and NNE-trending, and branches out into numerous, 
small scale, EW-trending faults in the east. Fault No.2 is a 
major fault inside the sag. It is an almost continuous, ENE-
trending fault on top of the basement (Fig. 2), and changes 
upward (above E2l

2) into a series of EW-trending en echelon 
faults (Fig. 3(a)). 

2) There are faults in four directions; most of them 
are ENE- and near EW-trending, and a few are NE- and 
NW-trending. The fault direction has systematic changes 
in different reflection layers, as shown in the following 
aspects (Fig. 4): the average fault strike is characterized by 
a clockwise rotation, that is, the average strike changes from 

Fig. 2 Fault distribution map at the bottom of the Changliu Formation in the 
Weixinan Sag from 3-D seismic data interpretation, where the red lines are 
the major faults and the blue lines are secondary faults
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3) With Fault No.4 and its southwest extension line 
as a demarcation, faults on the northwest side mostly dip 
northward, while faults on the other side dip southward, but 
the strike is almost the same. 

The quality of 3-D seismic data in the Weixinan Sag 
is excellent, and there is an extremely stable regional 

marker bed, the thick E2l
2 mudstone, in the entire sag. 

Therefore the characteristics of the fault system from 
interpretation of the 3-D seismic data should accurately 
reflect the actual geological conditions of the Weixinan 
Sag. 

To explain all these structural features, the following 
experimental model with multiple pre-existing weaknesses is 
designed for the fault modeling. 

Fig. 3 Comparison between the 3-D seismic data interpretation and sandbox modeling results. (a) Fault system distribution at the 

line) is the modeling region; (b) Plan view of sandbox modeling results and interpretation (the number is fault formation order)
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3 Experimental model
The sandbox model was used in the experiment, and the 

simulation area was a rectangular region (Fig. 3(a)), which 
covered most of the Weixinan Sag. The simulation target was 
the structural deformation of E3l

1, which is the main reservoir 
in the Weixinan Sag. Based on the results of the conceptual 
sandbox modeling study, an experimental model of oblique 
extension with multiple pre-existing weaknesses was 
designed and the structural characteristics of the Weixinan 
Sag were successfully reproduced. The experimental model 
was based on the conceptual modeling of one-side extension. 
The driving-heads stretched the inhomogeneous elastic rubber 
basement to cause extension deformation with pre-existing 
fabrics set on the basement. The design is stated as follows 
(Fig. 5). 

1) The model basement and pre-existing fabrics: The 
model basement was a combination of elastic rubber sheet and 
canvas (to simulate non-deformed uplift area in the north), 
which were connected together. The geometry of the canvas 
border was determined by the simplified plane geometry of 
Fault No.1. A block of polystyrene plastic with a dip angle 
of 60° on one side was attached to the canvas to simulate the 
pre-existing No.1 fault. Another block of polystyrene plastic 
was put on the rubber sheet in the location of the Weixinan 
Low Uplift at the hanging wall of Fault No.3 to simulate the 
pre-existing fault and the relatively rigid characteristics of the 
Weixinan Low Uplift. A small block of polystyrene was also 
put at the footwall of Fault Hai-1 to simulate the pre-existing 
fault of Hai-1 (Fig. 5(b)). A weak rubber belt was set along 
Fault No.2 to simulate the pre-existing fault. The specific 
locations of all pre-existing faults were determined according 
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Experimental results showed that, with an increase of 
extension, the cumulative length of faults increases (Fig. 
8(a)), whereas the average fault length showed non-linear 
changes (Fig. 8(b)). The increasing cumulative length of 

faults was mainly contributed by the formation of new faults 
instead of fault propagation. The average fault length showed 
a decreasing trend with an increase of extension in the 
Weixinan Sag (Fig. 8). 

Fig. 8 The relationship between accumulated fault length (a), average fault length (b) and extension amount in sandbox modeling
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Fig. 9 Rose diagram of fault strike at different deformation stages (corresponding the fault system 
in different deformation stages seen in Fig. 6) in the Weixinan sandbox modeling

5.3 Fault strike, groups and the origin of complicated 
fault system 

Experiment results showed that weakness reactivation 
fault developed mainly along pre-existing weakness and 
weakness-related faults developed parallel (or sub-parallel) 
to pre-existing weakness, while distant-weakness faults 
developed nearly perpendicular to the extension direction. 
As a result, fault strike, groups and assemblage were closely 
related to the property and distribution of pre-existing 
weakness.

At the early deformation stage, the fault strike was 
mainly controlled by the pre-existing weaknesses (Fig. 9(a)). 
From the middle to late deformation stage, the fault strike 
is controlled by pre-existing weaknesses and extension 
direction together, and the effect of extension direction 
became more important (Figs. 9(b), 9(c) and 9(d)). As the 
average strike of the pre-existing weaknesses in the Weixinan 
Sag is not perpendicular to the extension, the average fault 
strike is characterized by a clockwise rotation (Figs. 9(a), 

9(b), 9(c) and 9(d)). The distribution of fault strikes is a 
combined response of three mutually independent factors, 
i.e., the distribution of pre-existing faults, regional extension 
direction, and the progressive extension process (extension 
amount). Systematic change (difference decreasing from 
bottom to top) of the difference between the strikes of major 
fault and secondary fault in the Weixinan Sag may be related 

pre-existing weaknesses.
Each weakness, which can be reactivated during 

extension, will form at least one group of faults (weakness 
activation faults and weakness-related faults) in progressive 
extension. So, if the extension is large enough, and the pre-
existing weaknesses are not perpendicular to the extension 
direction and not parallel to each other, the number of fault 
groups (nGF) is equal to or greater than the number of pre-
existing weakness groups (nGW) plus 1 (nGF nGW + 1), a 
complicated fault system can, therefore, be formed with the 

extension direction.  

Pet.Sci.(2012)9:121-128
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6 Conclusions  
The complicated fault systems of an actual rift basin 

area can be successfully reproduced by sandbox modeling 
with multiple pre-existing weaknesses. The complicated 
fault system in the Weixinan Sag formed gradually in the 
nearly N-S extension direction with multiple pre-existing 
weaknesses.

In rift basin, weakness reactivation faults and weakness 
related faults formed much earlier than the distant-weakness 
faults. The common order of fault formation is as follows: the 

related faults, and then the distant-weakness faults. 
Weakness reactivation faults and weakness related faults 

develop mainly along or parallel to pre-existing weakness, 
while distant-weakness faults develop nearly perpendicular 
to the extension direction. At the early deformation stage, 
the fault strike is mainly controlled by the pre-existing 
weaknesses. From the middle to late deformation stage, the 
fault strike is controlled by pre-existing weaknesses and 
extension direction together, and the effect of extension 
direction becomes more important. The average strike of 
faults will change in progressive extension. A complicated 

the existence of multiple pre-existing weaknesses. 
The relationships of fault length versus displacement, and 

the fault number and length variation are closely related to 
the property and distribution of pre-existing weaknesses, but 
there is not a unique law. 
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