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ABSTRACT: Withdrawal of oil and gas from reservoirs causes a decrease in pore pressure 

and an increase in effective stress which results to a reservoir compaction. Reservoir 

compaction will result in surface subsidence through the elastic response of the subsurface. 

Usually in order to determine the subsidence above a hydrocarbon field, the reservoir 

compaction must be first calculated and then the effect of this compaction on the surface 

should be modeled. The use of the uniaxial compaction theory is more prevalent and an 

accepted method for determining the amount of reservoir compaction. But despite of the 

reservoir compaction calculation method, there are many methods with different 

advantages and shortcomings for modeling of surface subsidence. In this study, a simple 

analytical method and semi¬-analytical methods (AEsubs software) were used for 

modeling of the surface subsidence of the South Pars gas field at the end of the production 

period. 
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INTRODUCTION 

 

Withdrawal of subsurface fluids such as 

groundwater, oil, and gas is a major cause 

for ground subsidence in the recent decades. 

Although, subsidence caused by oil and gas 

withdrawal is very limited compared to 

groundwater extraction, due to the 

economical importance of oil and gas fields 

and the great effects of subsidence on 

exploitation operations of fields, evaluation 

of this phenomenon is highly recommended. 

Reservoir compaction will reduce porosity 

and permeability of reservoir rock which 

will decrease the flow of hydrocarbon fluid 

towards production wells and can also cause 

casing collapse. Subsidence may cause 

operational problems such as overwhelm of 

platform in offshore production. On land, 

subsidence may significantly increase the 

risk of damage to buildings and 

infrastructure (Fokker et al., 2007). 

Therefore, prediction of surface subsidence 

in the South Pars gas field that is a shared 

field between Iran and Qatar is very 

important.  The Ekofisk field is one of the 

well-known examples of the subsided 

hydrocarbon fields. In 1984, the seabed 

under the operational platform had subsided 

over 3 m, and the remediation operation cost 

approached one billion dollars (Sulak, 1991). 

At the end of 2000, the subsidence of the 
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Ekofisk reached to 6.7 m and was 

continuously subsiding at a fairly constant 

rate (Hermansen et al., 2000), at about 0.4 

m/year. The other well-known example of 

subsided oil field is the Wilmington oil field 

in California, which has experienced 9 

meters of subsidence (Mayuga and Allen, 

1969). The annual rate of surface subsidence 

in the Wilmington field was up to 70 cm 

(Gurevich and Chilingarian, 1995). Oil fields 

in the east coast of Maracaibo Lake in 

Venezuela experience significant subsidence 

between 1926 and 2004. The subsidence in 

these fields exceeded 5 m in 1988, and 

resulted in severe flooding of more than 450 

𝑘𝑚2 of land near the coast of Lake 

Maracaibo (Atefi Monfared 2009). Reservoir 

compaction and field surface subsidence also 

can cause formation and expansion of 

fractures in the caprock. This may impair the 

caprock's reliability and provide some paths 

for the leakage of gas (Gurevich and 

Chilingarian, 1995).  
The South Pars/North Dome gas field in 

the Persian Gulf is the largest offshore gas 

field in the world and is located at 105 Km 

southwest of the Asalouyeh port of Iran at 

E52˚ to 52.5˚ and N26.5 to 27. According to 

the International Energy Agency (IEA), the 

field holds an estimated 51 trillion cubic 

meters of in-situ natural gas and a 7.9 billion 

cubic meters of natural gas condensates. The 

area of this field is 9700 Km
2
, in which 

South Pars, belonging to Iran, is 3700 Km
2
 

and the rest, North Dome, belongs to Qatar 

(Figure 1).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1. Geographical location of the South Pars/North Dome gas field. 
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The South Pars/North Dome gas field is a 

part of the huge NNE–SSW trend of Qatar 

Arch structural feature. The Kangan 

Formation and the Upper Dalan Member 

with a Permian–Triassic age collectively 

formed the South Pars reservoir (Figure 2). 

The Kangan and Dalan Formations together 

are equivalent to the Khuff Formation in the 

Arabian nomenclature. The Kangan and 

Dalan Formations are separated by an 

impermeable layer. Each formation is 

divided into two different reservoir layers 

that are separated by impermeable barriers. 

Therefore, as it is shown in Figure 2, the 

field consists of four independent reservoir 

layers: K1, K2, K3, and K4 (Rahimpour-

Bonab, 2007). The rocks of the reservoir are 

mainly carbonates e.g. dolomite, limestone, 

recrystallized limestone, and replacive 

dolomite. Vuggy porosity is the dominant 

porosity type in this reservoir (Pars Oil & 

Gas Company, 2003-4). The carbonate rocks 

of the reservoir, based on Dunham (1962) 

classification, can be classified as mudstone, 

grainstone and packstone can be classified as 

mudstone, grainstone and packstone, and 

based on their allochem size can be 

classified as fine grained and coarse grained. 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 2. Stratigraphic chart of the South Pars gas field and its main reservoir members (Rahimpour-Bonab, 2007). 
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MATERIALS AND METHODS 

 

As mentioned above, the first step for 

determination of surface subsidence in oil 

and gas field is calculation of the reservoir 

compaction. Vertical deformation of 

reservoir rock by using Hooke’s law in terms 

of changes of major stress to original state of 

stress (before extraction) can be expressed 

as:   

 

 )(
1

HhiV

i

V
Eh

h
 


  (1) 

 

where ∆h is the change of reservoir 

thickness, in other words, the amount of 

reservoir compaction, h is initial reservoir 

thickness, Ei is Young’s modulus of frame 

reservoir rock, νi is the Poisson’s ratio of 

reservoir rock and V  , H   and h   are 

the changes in three effective major vertical 

and horizontal stresses, respectively. For 

simplification, Geertsma (1973) assumed 

that the stress arching does not occur and 

therefore the entire overburden load is 

imposed over reservoir rock during 

extraction and the vertical stress stays 

constant. Since the overburden load is 

constant, any change in the effective vertical 

stress will be due to a reduction of the 

reservoir pressure and can be calculated as 

follows: 

 

PPVV  
 

(2) 

 

The change in effective horizontal stress 

(assuming they are equal) due to changes of 

the effective vertical stress by using 

horizontal stress path coefficient (K) can be 

expressed as: 

 

VhH K  
 

(3) 

 

Hence, by inserting changes in the three 

major stresses into Eq. (1), the following 

equation can be obtained as: 
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(4) 

 

where Cm is the uniaxial compressive 

coefficient. The compressibility of the 

reservoir has a reverse relation with K. The 

coefficient of horizontal stress path can be 

calculated by either equations presented by 

Terzaghi and Richart (1952) (Eq. (5)) for 

sound reservoir rock or Addis (1997) (Eq. 

(6)) for fractured reservoir rock. 
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where φ is the angle of internal friction of 

reservoir rock. 

The South Pars reservoir cannot be 

considered as either jointed or sound 

reservoir, because the present joints are 

usually classified as micro fractures and the 

dominant porosity of the reservoir is a 

Vuggy type of porosity. Thus, it is difficult 

to define the reservoir’s stress path. In order 

to determine the stress path, the calculated 

results from Eqs. (5) and (6) were compared 

with the results of breakout analysis 

performed in the field. The comparison 

indicates that the South Pars reservoir will 

probably experience the stress path 

coefficient that was calculated by equation 

described by Addis (1997) during field 

extraction. 

Six main reservoir rock types with 

different elastic properties were identified in 

the South Pars reservoir. Some mechanical 

properties of these rock layers such as the 

uniaxial compaction coefficient (Cm) and 
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predicted change of thickness of each layer 

at the end of the extraction period are 

presented in Table 1. The initial reservoir 

pressure is about 36.5 MPa that will reduce 

to 6.2 MPa at the end of the extraction 

period.  

 
Table 1. Characteristics of reservoir rock mass and 

the thickness change predicted at the end of 

extraction. 

Reservoir 

Layers 

Biot 

Coefficient 

(α) 

K 
Cm 

(MPa
-1

) 

∆h 

(m) 

L1 0.89 0.11 0.000124 0.05 

L2 0.83 0.22 0.000023 0.08 

L3 0.82 0.23 0.000035 0.05 

L4 0.85 0.42 0.00011 0.17 

L5 0.93 0.32 0.000076 0.10 

L6 0.87 0.4 0.000025 0.02 

 

According to Table 1 the total 

compaction (∆h) of the South Pars reservoir 

will reach to about 0.48 m at the end of the 

extraction period.  

According to Geertsma (1973) if the 

predicted reservoir compaction is lower than 

10 cm, there is little need to follow the 

matter further. On the other hand, if larger 

values are obtained, field surface subsidence 

can be problematic. Hence, with respect to 

the value of the South Pars reservoir 

compaction, there is a probability of 

problematic surface subsidence in this field 

that needs further studies to accurately 

assess the resulted surface subsidence. 

The next step indetermination of the field 

surface subsidence is modeling the effect of 

the reservoir compaction on the surface. 

Sroka and Hejmanowski (2006) proposed 

that the compacting reservoir can be divided 

into cubic elements (Figure 3) and the 

subsidence caused by compaction of each 

cubic element can be obtained as: 

 

VKS Z   (7) 

 

where ∆S is subsidence, KZ is the influence 

function, and ∆V is volume reduction of the 

reservoir element that is equal to the element 

surface area multiplied by the element 

compaction (∆h).   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Dividing of reservoir into the cubic shape elements (Sroka and Hejmanowski, 2006). 
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For determination of the whole reservoir 

compaction effect on the field surface Eq. 

(7) can be used as: 

 


A

Z daKhdS  (8) 

 

where A is the total surface area of the 

reservoir. 

 Bals (1932) presented the influence 

function for the first time for estimation of 

surface deformation. Since then, many 

researchers have conducted studies on this 

subject. One of the most common and 

applicable influence functions for prediction 

of subsidence in oil and gas field is the 

Geertsma (1973) proposed function, which 

was presented as below: 
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where D is reservoir depth and r is the 

horizontal distance of the calculating point 

from the compacted reservoir element. 

The above equation is applicable for a 

reservoir with a well-defined geometry. 

Reddish et al. (1994) presented a method for 

predicting subsidence above a reservoir with 

complex geometry. They used a network of 

several series of concentric circle bands with 

equal widths, equally divided by radius lines 

(Figure 4).  

The influence of each one of the circular 

band on the central point of the network can 

be calculated by substituting Geertsma’s 

influence function with Eq. (8) and 

integrating over the band surface as follows: 
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The divided zones in each ring, with 

respect to their equal distances from the 

center of network, have equal influence 

factors, which can be calculated as: 
 

Zi

Z

ziZ
N

iK
K

)(
)(
  (11) 

 

where Nzi is the number of zones in the ring 

i. 

Ultimately, the subsidence of the field 

caused by the whole reservoir compaction 

can be calculated by the following equation: 

 

)()( iziZ NKhS    (12) 

 

where N(i) shows the number of covered 

zones of ring i by the reservoir. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 4. The network with circular zones that equally divided by radial lines (Raddish et al., 1994). 
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RESULTS AND DISCUSSION 

 

In this study, we used a network with 20 

rings that all of them, except the first ring, 

were divided into 64 zones. The first ring, 

due to the high density of the radial lines, 

was divided into 16 zones. Figure 5 shows 

that the South Pars reservoir is compatible 

with the network and the influence 

coefficient of each ring of the network. 

To determine the subsidence profile along 

two lines of A_A' and B_B', the center of the 

network is put on different points on the 

lines and the number of matched zones of 

each ring with the reservoir is counted. 

In addition to the presented analytical 

method, the semi-analytical method 

presented by Fokker and Orlic (2006), 

implemented in the AEsubs software was 

used for subsidence modeling. The method 

used combinations of analytical solutions for 

solving the visco-elastic equations in such a 

way that the boundary conditions at layer 

interfaces and the ground surface are 

approximated. The solution obtained by this 

method yields an influence function in 

conjunction with the reservoir and 

subsurface layers properties. This influence 

function is used in a similar way to the Sroka 

and Hejmanowski (2006) approach for 

determination of the subsidence bowl that 

was caused by the whole reservoir 

compaction. The main advantage of the 

semi-analytical method is its higher accuracy 

and flexibility for complex conditions of 

reservoir and overburden. As mentioned 

above, the application of analytical methods 

is limited to homogeneous reservoir and 

adjacent environment, but in semi-analytical 

methods, there is the possibility for 

modeling of the environment with several 

layers that have different characteristics. 

This method is much simpler and needs less 

time than numerical methods.  

The subsidence bowls predicted by the 

analytical and the semi-analytical methods 

are shown in Figures 6 and 7.  
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Fig. 5. Plan of the South Pars reservoir matched with the influence network. 
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Fig. 6. Cross section of the subsidence bowl along A- A' line calculated by the analytical and the semi-analytical 

methods. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 7. Cross section of the subsidence bowl along B-B' line calculated by the analytical and the semi-analytical 

methods. 

 

As shown in the Figures 6 and 7, the 

maximum subsidence predicted using both 

methods are approximately equal, but there 

are significant differences between modeled 

subsidence bowls at the reservoir edges. One 

reason for the observed differences in the 

subsidence bowl shapes is due to the 

inability of the analytical method for 

modeling of multi layers subsurface and 

treating the layered subsurface as a 

homogeneous media. Also in the Geertsma’s 

influence function (Eq. (9)) Poisson’s ratio 

for determining the effect of reservoir 

compaction on the field surface is only used. 

But in the semi-analytical methods, in 

addition to Poisson’s ratio, Young’s 

modulus and other (visco-) elastic properties 

of subsurface layers are used. Modeling of 

surface subsidence using the AEsubs 

software indicated that the Young’s modulus 

of the overburden rock layers have great 

effects on the predicted subsidence bowl 

shape. According to these modeling results, 

increase of Young’s modulus will decrease 

the volume of subsidence bowl (depth and 

width).  

The plan of the subsidence bowl 

calculated by the AEsubs software is 

presented in Figure 8. 

The important point about the results of 

modeling is that the amount of predicted 

subsidence is larger than the reservoir 

compaction. According to Geertsma (1973) 

this matter can be caused by downward 
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displacement of the reservoir bottom. The 

modeling of displacement around 

compacting reservoir that was carried out by 

Fjær et al. (2008) indicated that, the upper 

part of the disk shape reservoir with radius 

equal to the depth is displaced downward. 

The bottom of the reservoir is displaced 

upward which results in lowering of field 

surface subsidence compare to compaction 

of the reservoir. On the other hand, both 

upper and bottom parts of wide reservoir 

(with a radius three times higher than its 

depth) are displaced downward in which the 

resulting subsidence is more than the 

compaction of the reservoir. By using the 

AEsubs software, vertical displacements of 

bottom part of the reservoir is modeled and 

presented in Figure 9. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Fig. 8. Plan of subsidence bowl modeled by the AEsubs software. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 
 

Fig. 9. Vertical displacement of the reservoir bottom predicted by the AEsubs software. 
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CONCLUSIONS 

 

The amount of the reservoir compaction at 

the end of exploitation of the South Pars gas 

field was calculated to be about 0.48 m. 

Both the analytical and the semi-analytical 

methods used for subsidence modeling of 

the South Pars/North Dome field showed 

almost similar results. According to both 

modeling methods, the maximum surface 

subsidence of field is predicted to be about 

0.6 m. The results indicated that, due to 

downward displacement of the reservoir 

bottom, the amount of predicted subsidence 

is higher than the calculated reservoir 

compaction. According to modeling by the 

AEsubs software the bottom of the reservoir 

has about 0.18 m downward displacement. 

The ratio of the subsidence to the reservoir 

compaction of South Pars/North Dome field 

is about 1.3. With respect to the reservoir 

radius it is much larger than the reservoir 

depth, this phenomenon is predictable. 

According to Fjær et al. (2008) in very wide 

reservoirs, the ratio of the subsidence to the 

reservoir compaction approaches 1.5.  
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