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Abstract The upper Cretaceous Sarvak reservoir in the

Azadegan oil field of southwest Iran has its oil–water

contact nearly horizontal from the north to the center and

dips steeply from the center to the south. The purpose of

this paper is to interpret this abnormal reservoir feature by

examining the accumulation elements, characteristics, and

evolution based on the 3D seismic, coring, and well log-

ging data. Generally, in the field, the Sarvak reservoir is

massive and vertically heterogeneous, and impermeable

interlayers are rare. The distribution of petrophysical

properties is mainly dominated by the depositional paleo-

geomorphology and degrades from north to south laterally.

The source is the lower Cretaceous Kazhdumi Formation

of the eastern Dezful sag, and the seal is the muddy dense

limestone of the Cenozoic Gurpi and Pebdeh Formations.

Combined with the trap evolution, the accumulation evo-

lution can be summarized as follows: the Sarvak play

became a paleo-anticlinal trap in the Alpine tectonic

activity after the late Cretaceous (96 Ma) and then was

relatively peaceful in the later long geologic period. The

Kazhdumi Formation entered in the oil window at the early

Miocene (12–10 Ma) and charged the Sarvak bed, thus

forming the paleo-reservoir. Impacted by the Zagros

Orogeny, the paleo-reservoir trap experienced a strong

secondary deformation in the late Pliocene (4 Ma), which

shows as the paleo-trap shrank dramatically and the pre-

low southern area uplifted and formed a new secondary

anticline trap, hence evolving to the current two structural

highs with the south point (secondary trap) higher than the

north (paleo-trap). The trap deformation broke the paleo-

reservoir kinetic equilibrium and caused the secondary

reservoir adjustment. The upper seal prevented vertical oil

dissipation, and thus, the migration is mainly in interior

Sarvak bed from northern paleo-reservoir to the southern

secondary trap. The strong reservoir heterogeneity and the

degradation trend of reservoir properties along migration

path (north to south) made the reservoir readjustment

extremely slow, plus the short and insufficient re-balance

time, making the Sarvak form an ‘‘unsteady reservoir’’

which is still in the readjustment process and has not

reached a new balance state. The current abnormal oil–

water contact versus the trap evolutionary trend indicates

the secondary readjustment is still in its early stage and has

only impacted part of paleo-reservoir. Consequently, not

all of the reservoir is dominated by the current structure,

and some parts still stay at the paleo-reservoir form. From

the overview above, we suggest the following for the future

development: In the northern structural high, the field

development should be focused on the original paleo-

reservoir zone. In the southern structural high, compared

with the secondary reservoir of the Sarvak with the tilted

oil–water contact and huge geologic uncertainty, the lower

sandstone reservoirs are more reliable and could be

developed first, and then the deployment optimized of the

upper Sarvak after obtaining sufficient geological data. By

the hints of the similar reservoir characteristics and tectonic

inheritance with Sarvak, the lower Cretaceous Fahliyan
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carbonate reservoir is also proved to be an unsteady

reservoir with a tilted oil–water contact.

Keywords Iran � Azadegan oil field � Sarvak � Oil–water
contact � Accumulation elements � Accumulation

evolution � Unsteady reservoir � Development suggestion

1 Introduction

Azadegan oil field, which lies adjacent to the Iran–Iraq

border area of Khuzestan Province in the southwest of Iran,

is currently the largest untapped oil field in the world (Liu

et al. 2013a; Du et al. 2015a, b) (Fig. 1). Four Cretaceous

reservoirs have been found: Sarvak, Kazhdumi (Burgan

sandstone), Gadwan (Zubair sandstone), and Fahliyan

(Fig. 2). The Sarvak is the main development zone, which

accounts for 91.8 % of the total reserves. Preliminary

exploration proves that the oil–water contact (OWC) of

Sarvak is nearly horizontal in the north-central zone of the

field but tilts steeply up from the center to the south along

the major axis of the structure, and the height difference

can reach over 300 m according to the drilling (Fig. 3).

Additionally, this is not the only case, and neighboring oil

fields show similar phenomenon as well. For example (oil

field locations below are shown in Fig. 1), the tilted OWC

and the 150 m height difference were discovered in the

Sarvak of the eastern Yadavaran oil field (Xu et al. 2010),

while the OWC of the upper Cretaceous Sarvak, Ilam

reservoir in the eastern Ab-e Teymur, Mansuri, Ahwaz

fields tilts from SW to NE. The different OWCs of the

Mishrif (upper Sarvak) reservoir which are 2710, 2750, and

2680 m deep, respectively, were proven in three wells of

the western Iraqi Majnoon field. The lower part of the

upper Cretaceous Yamama reservoir also has an OWC with

a height difference of nearly 150 m and a tilt angle of 3�.
The depth of the oil column in the upper Cretaceous

Yamama reservoir of the Umr Nahr field in the west is

close to 200 m. The Mishrif of Western Missan field is also

a tilted one, and the height difference is 100 m. A good

Abadan

Darquain

Yadavaran

Jufeyr

Susangerd

AB-Teymur

Mansuri Shadegan

Marun

Kupal

Ramin

Ahwaz

Shadegan

Dasht-e Mjshan

Bandar-e Karkbe

Mushtagh

 0             20km

Zubair

Rumaila
Ratawi

Nahr Umr

Naft Safid

Surface Zagros fold boundary

Persian Gulf

Dezful Embayment

Azadegan

Majnoon

N

E

IRAQ

Zagros trend

Arab trend

IRAN

Abadan Plain

Fig. 1 Regional location map of the Azadegan oil field in southwest Iran
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knowledge of these abnormal reservoir characteristics and

the genesis of the tilted OWC is closely related to the

reserve calculations, well spacing, well pattern, and well

type, with great significance for field development.

Currently, there is no certain conclusion on the cause of

such phenomenon. Some scholars once explained the

genesis of the irregular OWC and built accumulation

models such as the ‘‘differential entrapment’’ and ‘‘leak

differential entrapment’’ (Gussow 1954; Schowalter 1979).

However, it is hard to use them to interpret the Azadegan

case. We have analyzed and confirmed that faults, hydro-

dynamics, and reservoir heterogeneity are not the causes,

and propose the very late trap deformation by the Zagros

orogeny as the main reason for the tilted OWC in Azade-

gan (Du et al. 2015a). Based on the previous findings, this

paper uses the new geological data to describe the accu-

mulation factors including the reservoir, source, and seal,

and reconstructs the field paleo-structure and trap evolution

history. By analyzing the relationship between the tectonic

evolution and reservoir accumulation, the aim is to clarify

the genetic mechanism of the unsteady reservoir and then

make suggestions for the field development.

2 Tectonic features and evolution

2.1 Tectonic features

Tectonically, Azadegan oil field is situated in the south-

west of the Zagros overthrust fault zone and in the tran-

sition zone between the Zagros foreland basin and

Arabian platform (Soleimani 2013). Two different types

of traps with different forming mechanisms are confirmed

here: One type is called the Zagros Trend, located in the

foothill zone (Zagros folded zone) with an NW–SE strike,

and with similar trends as the anticlinal structure elon-

gated in the Zagros Mountain range. The Miocene Asmari

Formation, which is dominantly limestone and partially

sandstone, is the main reservoir of the Zagros Trend oil

fields (Wang et al. 2011; Zhang et al. 2012; McQuillan

1973, 1974; Bordenave and Hegre 2005). The other type,

known as the Arabian Trend—uplifting caused by base-

ment fault ‘‘resurrection’’ and salt flow, widely distributed

in a number of oil fields which are located in southeast of

Iraq, Kuwait, and northeast of Saudi Arabia, with N-S

trending anticlinal structures. In this type of oil field, the

reservoirs are mainly Cretaceous Formations, i.e., Ilam,

Sarvak in Iran and Mishrif, Rumalia in Iraq (Alsharhan

1995; Alsharhan and Nairn 1997; Beydoun 1991; Sadooni

and Aqrawi 2000; Sadooni 2005; Bordenave and Hegre

2005). As shown in Fig. 1, Majnoon, NahrUmr, West

Qurna, Rumaila, and Zubair oil fields in Iraq are classified

as the Arabian Trend, whereas the oil fields of the Ahwaz

area in the east of the Azadegan are identified as the

Zagros Trend.

It is understood that the Azadegan field is a huge long-

axis N-S trend anticline of the Arabian Trend. The for-

mation is continuous without any huge strike fault

(Fig. 4a). Two domes are situated in the north and south,

respectively, and are connected by the middle saddle area.

Related to the dome elevation, the uplift degree of the

southern dome is higher than that of the northern one

(Fig. 4b). The northern structure is an N-S trend small-size

anticline with steep limbs. The southern structure is in the

N-S trend with larger oil field area and it extends south-

westward into Iraq.

  Oil 
layer

Water 
layer

Dense 
layer Porosity 

  
 Oil-water 
  contact

N S 0 1 2km

Sar-3

Sar-6

Sar-8

Sar-10

Sar-11

Sar-12

Sar-intra

Sar-1

Sar-5

N

S
0 2 4km

–2640

Depth

–2720

–2800

–2880

–2960

–3040

–3120

–3200

Fig. 3 Reservoir section of the upper Cretaceous Sarvak Formation of the Azadegan oil field (N-S), Iran

Pet. Sci. (2016) 13:34–51 37

123



2.2 Trap evolution

The Azadegan oil field is located in a part of the Arabian

platform. During most of its geological history, it was in a

stable subsidence process except for a short period of

traceable regional instability in the upper Cretaceous

Turonian Stage (Murris 1980; Berberian and King 1981;

Koop and Kholief 1982; Alsharhan and Nairn 1997; Alavi

2004). Consequently, in this study, the seismic flattening

technique is used to reconstruct the structural trap evolu-

tion of Azadegan. According to the previous findings of

regional tectonic activities and deposition time of the

flattened formations, the genesis and stages of the trap

evolution are analyzed and determined.

The available data show that the Arabian Platform was a

part of the Gondwana super-continent during the Precam-

brian and early Paleozoic (Stöcklin 1968; Berberian and

King 1981). By the end of the Precambrian, the Arabian

Plate was characterized by the extension of a discontinuous

subsiding basin with very thick evaporite deposition. The

Hercynian Orogeny in the late Paleozoic had caused the

formation of the N-S trending horsts and grabens (Stöcklin

1968; Murris 1980). From the late Carboniferous to the

early Permian, the northeastern margin of intra-continental

rifting and seafloor spreading along the Zagros belt formed

the new Tethys Ocean and led to the separation of the

Iranian and Arabian plates (Alavi 1994; Glennie 2000;

Sherkati and Letouzeh 2004; Sepehr and Cosgrove 2004).

After entering the middle of the Cretaceous, with the

Arabian plate drifting to the north, the plate moved from

the passive continental margin into the active continental

margin development stage (Alavi 2004) and experienced

two periods of tectonic activity.

The first period is the Alpine tectonic activity of the

upper Cretaceous. From early to middle Cretaceous, the

Arabian plate subduction caused tectonic movement,

resulting in the regional sedimentary evolution with active

tectonic extrusion and Neo-Tethys contraction. This tec-

tonic change turned the area into an active and compres-

sional tectonic setting from the Cenomanian of the

Cretaceous, which caused a readjustment of the fault sys-

tem to the N-S strike during the early Hercynian and

brought an increment in salt movement, such as salt plugs,

swells, ridges, and relevant domes of the N-S Arabian

trend. Regionally, these structures are abundant in the

Persian Gulf, Saudi Arabia, Kuwait, southeast Iraq, and

southwest Iran (Murris 1980; Koop and Kholief 1982;

Glennie 2000; Sherkati and Letouzeh 2004). In the

Azadegan field, the Sarvak occurs as a result of carbonate

shelf deposition in the mid-Cretaceous (Murris 1980;

Alsharhan and Nairn 1997; Bordenave and Hegre 2005). In

the early Paleocene (65 Ma, Fig. 5a), a wide and gentle

paleo-fold has emerged in the current northern field area.

Towards the early Miocene (20 Ma, Fig. 5b), it had

evolved into the N-S strike anticline by the impact of plate

extrusion. The paleo-anticline was higher in the north and

lower in the south, which is in contrary to the current

structural feature of south higher than north.

The second period is the Zagros orogeny of the early

Miocene. Due to the second collision of the Arabian Plate

and central Iranian Plate in the Miocene, the Neo-Tethys

Ocean closed and the Zagros Fold Belt formed. This tec-

tonic activity began approximately 20–16 Ma ago, from

the Zagros Mountains piedmont region to the Dezful

Depression where the oil field is located, which contributed

to the typical Zagros anticlines manifested in the form of

large-amplitude asymmetric whaleback-shaped mountains

(Colman 1978; Berberian and King 1981; Sherkati and

Letouzeh 2004; Alavi 1982, 1994, 2004). The extension of

this NW–SE strike fold, named the Zagros Trend, has been
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formed continuously throughout time from NE to SW and

is limited by the Iranian shoreline and Iran-Iraq border in

the northwest. Besides this, due to the extrusion stress

decreasing, the folding amplitude as well as the deforma-

tion intensity decreased progressively following the same

trend (Hessami et al. 2001; Alavi 2004). The borderline

along the low-amplitude Zagros trend traps, such as Ab-e

Teymur and Mansuri (formed during 5–4 Ma) in the east of

the Azadegan oil field, is deemed as the boundary of the

surface Zagros folded zone (Hessami et al. 2001; Borde-

nave and Hegre 2005). This means that the effect of the

Zagros Trend is hardly observed on the surface outside the

line, where the buried structure zone exists (Fig. 1). In the

buried zone, it is hard to observe the fold on the surface,

but the subsurface formation is still tectonically active, and

the structural activity is trending towards the southwest

continuously. Under the control of early basement faults

like the Najad fault system, a new subsurface Zagros fold

formed and some early folds like the Arabian fold were

subdued to secondary deformation (Sepehr and Cosgrove

2004). Up to now, it is an ongoing tectonic evolution

trending to the southwest.

For the Azadegan field, since the Zagros orogeny took

place, the trap deformation accelerated significantly shown

as the trap scale shrinking dramatically and the limbs

becoming steeper. Until the late Miocene (6 Ma, Fig. 5c),

the fold have evolved from a wide and gentle anticline into

a long-narrow one. Before about 3 Ma (the latest surface

Zagros fold formed at nearly 4 Ma), the plate nappe stress

reached the Azadegan oil field and led to the deep base-

ment fault being reactivated (Sepehr and Cosgrove 2004),

causing the trap to experience strong secondary deforma-

tion. The northern paleo-trap was squeezed continuously

and evolved into the northern high of the field nowadays.

The southern paleo-low part behaves as a ‘‘teeterboard,’’

sharply uplifted and formed a new secondary trap. The top

surface of the Pliocene Aghajari Formation which was

deposited before 2 Ma is flattened (Fig. 5d), and it can be

seen that the northern paleo-trap narrowed sharply, and

formation uplifting occurred in the south, but the elevation

was still lower than north. Now the structural amplitude in

the south has surpassed that in the north, and two structural

highs were formed where the south is higher than the north

(Fig. 5e).

3 Accumulation factors

3.1 Reservoir

3.1.1 Sequence stratigraphy and reservoir characteristics

The Sarvak is a carbonate formation which deposited in a

gently sloping shallow marine environment mostly during
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the Cenomanian to early Turonian (96-92) Ma (Murris

1980; Alsharhan and Nairn 1997). According to the high-

resolution sequence stratigraphy (Xu et al. 2007), six sig-

nificant sedimentary cycles were distinguished. Moreover,

12 subzones were further distinguished based on well

logging and paleontology. The oil intervals primarily

include the Sar-8 in SEQ-4 and the Sar-3, 4, 5, 6 in SEQ-5.

Sar-1 and Sar-2 zones are the regional dense interlayers of

marl, mudstone, and shale, and the Sar-7 is mud/wacke-

stone containing poor oil (Fig. 6).

The Sarvak is mainly a pore-type reservoir without

large-scale high-angle tectonic fractures. Diagenetic micro-

fissures and stylolites can be found in the cores but only

densely distributed in a few parts. Vertically, the lithology

and physical properties of various subzones are different

and have strong heterogeneity. The lithology of the Sar-3

and Sar-8 zones is mainly characterized by rudist

grain/packstones which were deposited in high-energy sites

(Fig. 7a). Karstification and in situ solution brecciation

developed extensively during exposure of the upper

sequences (Fig. 7g), while the pore types are mainly inter-

granular dissolved pores, moldic pores, and vugs (Fig. 7b,

c). The porosity and permeability are, respectively, 15 %–

35 % and 10–150 9 10-3lm2. The Sar-3 subzone has an

average porosity of 17.7 % and permeability of

45.5 9 10-3lm2, and the average porosity and perme-

ability of the Sar-8 are 17.1 % and 11.7 9 10-3lm2,

respectively. The Sar-4, 5, 6 subzones present a similar

lithology of mainly two types: the foraminifera and mol-

lusk packstone/wackestone of moderate-energy shallow-

water deposition (Fig. 7d) with porosity and permeability

of 10 %–20 % and 1 to 10 9 10-3lm2, respectively

(Fig. 8), as well as the planktonic foraminifera, echino-

derm, and algae wackestone of low-energy deep-water

deposition (Fig. 7f), and the porosity and permeability are

5 %–15 % and 0.1–5 9 10-3lm2, respectively (Fig. 8).

Pore types are mainly isolated intra-particle, residual inter-

granular pores, lime mud matrix, and moldic pores

(Fig. 7e). The reservoir qualities of the Sar-4, 5, 6 are

controlled by the depositional environment and are poorer

than those of the Sar-3, 8, and the strong reservoir

heterogeneity also causes relatively poor oiliness (Fig. 7h).

The average porosity is 10.8 %, and the permeability is

3.8 9 10-3 lm2.

3.1.2 Reservoir distribution

The distribution of the upper Cretaceous rudist buildups in

the Iraq-Iran border area is mainly controlled by the paleo-

highs which were generated by the Alpine tectonic activity

(Alsharhan 1995; Glennie 2000; Sadooni and Aqrawi 2000;

Sadooni 2005; Du et al. 2015b). During the growth of the

rudist reef, when it reached the wave base when sea level

fell, the rudist sand was formed from the reef by strong

current erosion. After being transported and re-deposited, a

gentle hilly, paleo-high centered and continuous rudist bio-

stratum composed of rudist clastic grain/pack/wackestone

was formed (Aqrawi et al. 1998; Sadooni 2005; Du et al.

2015b). So the Sar-3 and Sar-8 rudist-bearing layers are

continuous with weak heterogeneity and thinning from

north to south controlled by the paleo-high (Fig. 9a). The

Sar-4, 5, 6 were mainly deposited in an open platform and

lagoon environment where the sediments are predomi-

nantly from in situ deposition (Ghabeishavi et al. 2010),

while the reservoir quality is mainly controlled by the

depositional site. The shallower the water environment is,

the better the reservoir quality is. According to the reser-

voir correlation, the Sar-4, 5, 6 are relatively better in the

northern paleo-high; conversely, with the deposition setting

turning deeper, in the southern paleo-low, the shale content

is increasing, and the dense limestone is thickening, and the

reservoir quality is showing a degradation trend from north

to south. In general, the Sarvak reservoir is a massive and

interconnected heterogenetic reservoir. Vertically, the

subzones with diverse lithology and properties are con-

nected to each other without clear boundaries and are

interbedded. Laterally, the reservoir quality is mainly

controlled by the paleo-geomorphology and shows the

degrading trend from north to south, and this is also shown

by the new 3D seismic interpretation (Fig. 9b).

3.2 Source

The source bed of the Sarvak reservoir in the Azadegan oil

field has not been confirmed due to the lack of regional

exploration. The regional resource studies mainly focus on

the late Jurassic and early Cretaceous beds (Bordenave and

Burwood 1990, 1995; Bordenave and Huc 1995; Borde-

nave and Hegre 2005). As for Sarvak, the potential sources

are the Cretaceous Garau and Kazhdumi Formations

(Fig. 2).

The Garau is composed of a series of thick carbonate

muds, argillaceous limestones, and organic matter formed

during the early Cretaceous Valanginian stage. It is

believed that the Garau reached the oil window at the end

of the Paleocene to early Miocene (Bordenave and Bur-

wood 1990; Bordenave and Hegre 2005) and covered the

whole Dezful Embayment in Iran. It is assumed, however,

without faults or large-scale vertical fractures, the hydro-

carbon from the Garau cannot cross the Kazhdumi dense

bed with high pore pressure, and hence, it cannot migrate to

the Sarvak (Alavi 1982; Bordenave and Hegre 2005). The

large difference of the gravity of the crude oil between the

Sarvak and lower reservoirs in Azadegan also indicates

they have a different source (Fig. 10). The Kazhdumi

Formation, deposited at the Cretaceous Albian stage,
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conformably contacts with the Sarvak (Murris 1980;

Alsharhan and Nairn 1997; Bordenave and Burwood 1995;

Bordenave and Huc 1995; Bordenave and Hegre 2005).

Deep marine still water mudstone deposited in the central

part of Dezful Embayment has an excellent hydrocarbon

generation potential and is the main source rock for the

traps in the Zagros foreland basin (Murris 1980; Bordenave

and Burwood 1990, 1995; Bordenave and Huc 1995;
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Bordenave and Hegre 2005; Zhang et al. 2012; Soleimani

2013). In the Azadegan oil field, dark brown and gray

Kazhdumi marls were deposited without hydrocarbon

potential. Regionally, the field is located in the western

Dezful Embayment and far from the hydrocarbon genera-

tion center (Fig. 11).

The Japanese company Inpex collected crude oil API�
data from fields in the Iranian Dezful Embayment and Iraqi

Mesopotamian Basin (Fig. 10, and the fields’ locations are

shown in Figs. 1 and 11). After comparing and analyzing,

it is considered that the Sarvak in Azadegan has the same

source as the eastern Ab-e Teymur oil field due to their

similar oil properties (Fig. 10). The accumulation process

is interpreted as follows: when the Kazhdumi of Ab-e

Teymur became mature at 5-1 Ma (Bordenave and Hegre

2005), the oil charged the Zagros trend traps near the
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generation center such as the Ab-e Teymur and Mansuri

fields. After that, the oil charged the Arabian trend traps in

the westwards basin margin like Azadegan by lateral

migration. However, another two doubts need to be con-

sidered. Firstly, according to the findings of Bordenave and

Burwood (1990, 1995) and Bordenave and Hegre (2005),
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most oil from Kazhdumi will first charge the nearby Zagros

trend traps in Dezful Embayment. Assuming that the long-

range lateral migration charging the Arabian trend traps

will occur later, and according to the principal that the

higher the source rock maturity is, the lower the crude oil

gravity is, so the higher API� of crude oil should be present

in Arabian trend oil fields. Nevertheless, the data show that

the crude oil gravity in both the Azadegan and the other

Arabian trend traps are lower than that in the Zagros trend

traps (Fig. 10), contrary to that assumption. Moreover, the

filling of the Sarvak reservoir in the Jufeyr field of the

eastern of Azadegan is only partial. Thus, it is hard to

explain how the oil crosses the Jufeyr during the migration

and directly infills the Azadegan (Fig. 11).

Bordenave and Hegre (2005) has discussed the relative

timing and chronology of oil expulsion from the Kazhdumi

and the formation of the Zagros trap in the Dezful

Embayment, and concluded that both hydrocarbon gener-

ation peak periods of Kazhdumi and Zagros trap formation

stage happened during the period 3–8 Ma, showing a

compatible matching relation. Therefore, close range

migration is dominant in the Dezful Embayment. However,

some studies (Bordenave and Hegre 2005) also proved that

parts of the Kazhdumi in the Dezful Embayment also

reached the oil window and the expulsion stage com-

menced before 10 Ma due to the rapid subsidence caused

by the early folding, like the Karanj and Paris oil field areas

(Fig. 11), which is earlier than the formation time of the

Zagros trend trap. Consequently, during that period, there

were only Arabian trend traps in the west of Dezful

Embayment, and the Zagros trend trap was not formed;

nevertheless, parts of Kazhdumi source bed reached the oil

window, and the low-maturity heavy crude oil was expel-

led and migrated long distances along the gently dipping

ramps or the unconformity surface towards the western

Arabian platform (Zagros Basin margin), charging the

Arabian trend traps first. Afterwards, the source bed

reached its peak time of hydrocarbon generation, while the

Zagros traps were formed simultaneously. Thereafter, a

short-range migration to the nearby Zagros trend traps took

place. That is a valid explanation why the oil properties of

Sarvak reservoir of Arabian trend traps show low API�,
while Zagros trend traps have relatively low oil gravity

with high source bed maturity.

3.3 Seal

In the Dezful Embayment of southwestern Iran, there are

two favorable seal beds in the Cretaceous to Tertiary oil

system, the Miocene Gachsaran which consists of salt and

anhydrite rock as well as the Cenozoic Gurpi and Pebdeh

consisting of marl, shale, and marly limestone (Fig. 2).

Due to the fracturing caused by the strong tectonic com-

pression, the seal efficiency of Gurpi and Pebdeh Forma-

tions in Zagros trend trap is limited and lowered, while the

Cretaceous and Miocene reservoirs are connected by high-
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angle fractures and transformed into an unified reservoir

whose main cap formation is the Gachsaran (McQuillan

1973, 1974; Alavi 1982; Wang et al. 2011; Zhang et al.

2012; Bordenave and Hegre 2005).

The Azadegan oil field is located in the transitional zone

between the Arabian platform and Zagros foreland basin,

which is relatively far away from the Zagros suture zone.

Although the Zagros orogeny caused deformation of the

subsurface layers, the shale and marl seals of Cenozoic

formation (Gurpi and Pebdeh) did not develop intense

fracturing due to the tectonic stress decreasing, yet still

play a sealing role restraining vertical oil migration and

dissipation (Bordenave and Hegre 2005). Logging inter-

pretation and testing results show that the Miocene Asmari

reservoir has good properties but only contains water,

indicating that no vertical oil migration or charging from

lower source beds occurred in the Azadegan. In addition,

the Ilam of Azadegan, unlike the adjacent oil fields, is a

dense marl and chalk limestone formation. With the Laffan

shale formation and the Cenozoic formation described

before, they all form an effective seal for Sarvak

accumulation.

4 Genesis of Sarvak unsteady reservoir

Through combining the characteristics of the reservoir,

source, seal, and the trap evolution, the Sarvak accumula-

tion genesis and evolution are discussed.

The Sarvak Formation was deposited in the middle of

the Cretaceous and evolved into the N-S Arabian trend

anticline trap under the impact of Alpine tectonic activity

and remained in a relatively stable state in the geological

history from 65 to 20 Ma (Fig. 12a, b). The Zagros oro-

geny commenced about 20 Ma, and when the Zagros trend

fold had not been completely formed (before about

20-8 Ma), parts of the Kazhdumi source bed of the Dezful

Embayment reached the oil window and expelled low-

maturity heavy crude oil. This charged the Arabian trend

trap in the western Dezful Embayment by long-range

migration and turned the Azadegan into a paleo-anticline

accumulation (Fig. 12c). At approximate 3–4 Ma, the

Zagros orogeny began impacting the Azadegan zone

(margin area of the Zagros foreland basin) and led to the

drastic secondary deformation of the paleo-trap. The paleo-

trap shrank dramatically, while the previously low southern

formation was uplifted and formed a new secondary anti-

cline trap. This evolutionary trend lasted till the present and

is now evolving into the current structures of two domes

with the south higher than the north.

Tectonic activity altered the paleo-reservoir trap shape

and broke the reservoir kinetic equilibrium. The Gurpi

and Pebdeh Formation seal beds prevented vertical

dissipation, causing intra-formational secondary re-mi-

gration and adjustment in the Sarvak. The impact factors

are as follows: (1) trap deformation and secondary

migration proceeding simultaneously; (2) a massive

reservoir with strong vertical and lateral heterogeneity; (3)

heavy crude oil of high viscosity (18–20 API�); and (4)

reservoir quality that shows a degradation trend from

north to south (along the migration path). All of these

mentioned above make the accumulation adjustment

proceeding at a very slow rate and lag behind the trap

deformation (Fig. 12d, e).

Based on the homogeneous reservoir secondary migra-

tion model (Fig. 13) and the corresponding oil/gas equi-

librium formula below (Li 2010), the time needed for

reaching the secondary reservoir equilibrium is calculated:

t ¼ /l0DL
2KDqwog sin a

ln
tan h0
tan h

� /l0DL
2KDqwog sin a

ln
h0
h
;

where l0 is the crude oil viscosity, mPa s; K is the for-

mation permeability, mD; Dqwo is the density difference of

water and oil, g/cm3; h0 is the initial dip angle of the oil–

water contact; and h is the equilibrium dip angle of the oil–

water contact.

The computed result is 1.78 Ma for the Sar-3 and

10.86 Ma for the Sar 4–6. It should be noted that this is a

rough static time length estimate based on the current

structure condition and the reservoir properties are the

average values from the core data. The calculation does not

consider impacting factors such as the geologic syn-

chronicity of the oil migration and trap deformation, and

the strong reservoir heterogeneity. Otherwise, the time

needed would be longer. The secondary trap deformation

occurred after the formation of the surface Zagros trend

fold (approx. 4 Ma), and the greater part of the re-migra-

tion occurred at an ultra-late stage. This is because the

uplift of the southern secondary trap surpassed the northern

paleo-trap at least after 2 Ma, and the higher elevation of

the secondary trap would improve the upward buoyancy of

the oil migration. The Sarvak reservoir could only expe-

rience a very short readjustment time span (perhaps only

1–2 Ma) less than the timeframe needed for the new

reservoir equilibrium.

From the oil migration theory, during the migration

process, the light component of crude oil will migrate first,

and the heavy content will remain in the reservoir (Li

2004). The PVT analysis also proved that the fluid prop-

erties are diverse in different zones in the field (Liu et al.

2013b). From north to south (paleo-trap to secondary trap),

the density is lighter and the viscosity becomes lower,

which means the fluid mobility is getting better from north

to south, and it also proves the reservoir is still in the re-

migration process from the reservoir engineering stand-

point (Fig. 14).
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To sum up, the strong reservoir heterogeneity makes the

secondary adjustment occur at a very low rate, while the

very late trap deformation does not provide the time

required, so these two main factors together caused the

Sarvak reservoir to form an unsteady reservoir which has

not reached a new equilibrium and is currently in an

unstable process of re-migration, accumulation, and

adjustment. The nearly stable horizontal OWC of the
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northern crest wells (these wells are in the paleo-reservoir

area) indicates that the current reservoir is still in the early

stage of the secondary re-migration and has no impact on

the whole paleo-reservoir (Fig. 13b). This caused the

primitive and stable horizontal OWC in the northern paleo-

reservoir and the highly tilted OWC in the southern sec-

ondary reservoir.

5 Development suggestion

The ‘‘unsteady reservoir’’ is a new type of reservoir that

was proposed by Chinese scholars based on the exploration

of an unconventional oil field in the Tarim Basin in the

west of China and defined as a dynamically balancing oil

entrapment which is still in the process of charging or

(a) The paleo-reservoir

(c) The middle stage of the secondary re-migration (d) The new steady reservoir

(b) The early stage of the secondary re-migration
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Fig. 13 A schematic figure of the secondary migration and adjustment process in the homogeneous reservoir model. This model ignores the

formation time interval of the secondary trap. Generally, the reservoir adjustment can be described as the oil column decreasing in the paleo-

reservoir and increasing in the secondary reservoir, along with a decreasing of the OWC inclination angle
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adjusting by hydrocarbon migration as well as from

structural activity and evolution, while the reservoir

adjustment follows the trap adjustment (Sun et al. 2008,

2009; Jiang et al. 2008; Xu et al. 2008; Yang et al. 2012).

According to this theory, the Sarvak reservoir of the

Azadegan oil field belongs to the ‘‘charging type unsteady

reservoir,’’ and it can be divided into the retention reservoir

which is a ‘‘paleo-reservoir’’ (the north high) and the ‘‘pre-

secondary reservoir’’ which is still in the process of

migration and accumulation in the secondary trap (the

south high) (Yang et al. 2012). It has been noted that the

Sarvak reservoir is still in the early readjustment phase, and

the paleo-reservoir did not cause the integral re-migration.

Therefore, the current northern high (the location of the

paleo-reservoir) should be in its original state and not

controlled by the current structure. Based on this, five wells

were drilled in the west flank of the northern high in the

south Azadegan field (Fig. 15). Results indicate all of these

wells show a stable horizontal OWC and thicker oil col-

umns relative to the structure position. Thereafter, the H

well located in the east flank (paleo-low) proves that the

tilted OWC also exists in the E-W trend along the minor

axis. From the above, the northern high is the most

favorable development zone due to both the good reservoir

properties of the paleo-high and the paleo-reservoir situa-

tion (Fig. 16). Additionally, contrary to the conventional

theory, the wells should not be drilled along the crest of

structure but ought to be in the paleo-reservoir trap zone in

the west flank of the current northern high (Fig. 16).

Meanwhile, oil pay thickness which could be impacted by

the tilted OWC should be considered as well in reserve

calculations.

The southern high is the secondary trap formed by the

Zagros activity in the very late stage, while the secondary

reservoir is still in the process of re-migration. Regarding

the southern reservoir, the pinching out of the reservoir

thickness of the Sar-3 and the weaker reservoir quality of

the Sar-4, 5, 6 is caused by the lower paleo-geography.

Moreover, the decreasing oil pay thickness is caused by the

higher OWC. Thus, the southern secondary reservoir is not

the priority development zone. On the contrary, the authors

have shown that the Kazhdumi (Burgan sandstone) and

Gadwan (Zubair sandstone) reservoirs have formed a

completed secondary reservoir in the new southern trap due

to the good reservoir connectivity, reservoir quality, and

low oil viscosity (Du et al. 2015c). Based on that, we can

develop the southern lower sandstone reservoir first, while

collecting more geological data of the upper Sarvak and

then optimizing the development by using the static and

dynamic data such as the 3D seismic and production

dynamic analysis of the existing wells.

The lower Cretaceous Fahliyan reservoir is a matrix

pore-type carbonate reservoir of which lithology is oolitic

limestone and the average porosity/permeability is 19.6 %/

12.7 9 10-3 lm2, similar to the Sarvak. Based on the good

tectonic inheritance of the Cretaceous formation and the

same trap evolution trend in Azadegan field, it is assumed

that the Fahliyan reservoir should possess the same

unsteady characteristics. The newly drilled wells proved

the prediction and showed a tilted OWC with around

120 m height difference north to south in the reservoir.

Hence, it is an unsteady lithological-structural reservoir

(Fig. 17). Therefore, the development method should fol-

low the Sarvak example that confirms the favorable
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development zone by analyzing the reservoir distribution

and paleo-reservoir location.

6 Conclusions

The genesis of the Sarvak unsteady reservoir in Azadegan

oil field can be generalized as follows: the paleo-trap of the

Sarvak formed at an early geological stage (after the upper

Cretaceous) and the paleo-reservoir formed at a later geo-

logical stage (after the middle Miocene). The secondary

reservoir adjustment caused by tectonic activity occurred at

an ultra-late stage (after the Pliocene). The characteristics

of the Sarvak reservoir are those of a massive carbonate

reservoir with strong heterogeneity both vertically and

laterally, and reservoir quality degrades along the sec-

ondary migration path, with a very short readjustment time

span and high-viscosity crude oil. These factors together

result in reservoir readjustment at a very slow rate and

insufficient secondary readjustment. This has ultimately

formed the unsteady reservoir with the irregular tilted

OWC.

The ‘‘unsteady reservoir’’ is a new concept proposed by

Chinese scholars in recent years. The relevant theory

concerning this kind of reservoir has been successfully

trialed in some Chinese oil fields, proving its objectivity

and validity. It is believed that in the transition zone

between the Arabian Platform and Zagros foreland basin,

there should have been a greater number of oil fields

similar to Azadegan oil field. Thorough analysis and

identification of this kind of reservoir is highly recom-

mended. It is also believed, based on this research, that the

unsteady reservoir theory with relevant development

methods has much scope for improvement and broad pro-

spects of application in the Middle East.
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