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Abstract
Due to the growing need for hydrocarbons and the limited conventional resources, paying attention to unconventional oil and 
gas resources is essential. The upper Jurassic-Lower Cretaceous in western and southwestern Iran contains the most crucial 
source rocks of the Zagros sedimentary basin. One of the richest source rocks is the shaly Garau Formation. Owing to geo-
chemical and geological characteristics, the Garau Formation, with Neocomian to Coniacian age and periodicity of radiolore 
black limestones with black pyrite bituminous shales, ammonite, and chertite shale, is the suitable potential sweet spot as oil 
shale and gas shale. In this study, a comprehensive regional study was conducted on the entire Garau Formation basin using 
Rock–Eval parameters and organic matter maturity data. In addition to investigating the hydrocarbon generation potential 
of the Garau Formation as a source rock, the prospect of this Formation as oil and gas shales in the entire Garau basin was 
investigated. For this purpose, 31 fields in 5 important sub-basins of Zagros, including East Lorestan, West Lorestan, Izeh 
zone, Dezful Embayment, and Abadan plain were investigated. The study showed that total organic carbon varies between 
0.17 and 24.6, and more than 75% of total organic carbon had values greater than 1. By examining the quantity, quality, and 
maturity parameters and considering the necessary thresholds, it was found that East Lorestan and West Lorestan have the 
conditions for oil and gas shales. The highest quantity and best quality of organic matter are related to Eastern Lorestan. By 
moving west and south of Garau Basin, the quantity and quality of organic matter decrease, and the hydrogen index proves 
the results. Vitrinite reflection studies indicated that the lowest and highest levels of organic matter maturity belong to East 
Lorestan and West Lorestan, respectively. Therefore, the northeast of Garau Basin (Eastern Lorestan) has the potential for 
oil shale, and the northwest of the Basin (Western Lorestan) has the potential for gas shale.
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Introduction

The Zagros Sedimentary Basin is one of the most petrolif-
erous zones in the world (Bordenave et  al., 2010). The 
dominant part is in Iran and extended to Iraq, Turkey, and 
Syria. In Iran, the Zagros basin is divided into several sub-
basins and hosts most of the oil and gas fields (Bordenave 
2002). A petroleum system comprises different elements, 
of which the source rock is the most critical element and 
must be adequately characterized and evaluated (Wang et al. 
2007). Various petroleum systems have been identified in 
the Zagros Sedimentary Basin. One such active petroleum 
system was developed during the Lower Cretaceous, where 
organic-rich shales of the Garau Formation served as the 
source rock. Because of its lithology, thickness, and exten-
sion over the Zagros Basin, the Garau Formation is of para-
mount importance.

 * Ehsan Hosseiny 
 Ehosseiny@yazd.ac.ir

1 Department of Mining and Metallurgical Engineering, Yazd 
University, Yazd, Iran

2 Department of Petroleum Engineering, AmirKabir University 
of Technology, Tehran, Iran

http://crossmark.crossref.org/dialog/?doi=10.1007/s13202-023-01634-1&domain=pdf


1536 Journal of Petroleum Exploration and Production Technology (2023) 13:1535–1549

1 3

Oil shale and gas shale resources in the USA and 137 
shale resources in 41 other countries are estimated to 
account for 10% of the world's crude oil and 32% of the 
world's recoverable natural gas resources (U.S. Energy Infor-
mation Administration, 2013). Shale oil is a synthetic crude 
oil produced by pyrolysis of kerogen from oil shale. Crude 
oil produced from oil shale can vary in properties and com-
position (Lee 1990).

According to the study of oil shales in the western USA, 
the two most important characteristics of oil shale are the 
high hydrogen content due primarily to the high concentra-
tion of paraffin and the high nitrogen content resulting from 
the high content of pyridines and pyrroles (Speight 2012a). 
In an oil shale, the organic carbon content and the hydrogen-
to-oxygen ratio is often high (TOC > 3.5% and HI > 250) 
(Jarvie et al. 2007), and the oil shales are rocks with a vitrin-
ite reflectance in the range of 0.41–0.6 (Hinrichs et al. 2010).

Shale gas is a natural gas and defines as one of the mul-
tiple forms of unconventional hydrocarbon resources. The 
shale gas is usually trapped inside shaly formations where 
the sediments are fine-grained or low-permeable (Linley 
2011; Mokhatab et al. 2006). The gas shales are sedimentary 
strata with particular geochemical and geological properties 
and contain present total organic carbon (TOC) at higher 
than 2%, Ro values in the range of 1.1 – 3.0 (Curtis 2002; 
Zou et al. 2013), and usually have a minimum thickness of 
20 m.

Investigating the transport properties of shales is facing 
challenges. The transport properties of gas deviate from the 
nominal values, reported without custody when confined 
inside a nano-size conduit (Alessa et al. 2021). The potential 
of shale formations has been realized, but their fundamen-
tal transport properties are not fully understood (Tran and 
Sakhaee-Pour 2018). Also, determining the effective trans-
port properties of the shale at the core scale is more complex 
than for simple geometries investigated in nanofluidics.

Critical temperature (Tc) and pressure (Pc) change trans-
port properties when the fluid is in nanosized confinement 
(Alessa et al. 2021). The critical temperature and gas pres-
sure inside the nano-size conduit differ from the nominal 
values reported at identical pressures and temperatures (Tran 
and Sakhaee-Pour 2018). Transport properties depend on 
pore size, pore geometry, and fluid–wall interaction (Peter-
son et al. 1988; Tuller et al. 1999; Deinert and Parlange 
2009; Singh and Singh 2011; Lee et al. 2020). Discriminat-
ing and appraising the two sizes are essential because the 
void space in the matrix is a nanofluidic system. Transport 
properties depend on the size of the nanofluidic system, 
which is not reported for wider conduits in porous and per-
meable media (Alessa et al. 2021). Researchers have also 
studied the fundamental challenges to understanding shale 
gas permeability (Sakhaee-Pour and Bryant 2012; Civan 
2019; Taghavinejad et al. 2020). Shale permeability has not 

yet been fully understood because of the complexities of 
modeling flow through nanoscale throats. Accurate meas-
urement of shale permeability is challenging because it is 
so tiny, about  10–21  m2 (Sakhaee-Pour and Bryant 2012). 
Another reason for this difficulty is that the shale matrix 
has a network of interconnected conduits of different shapes 
and sizes.

Sakhaee-Pour and Bryant (2012) showed that the acyclic 
pore model reasonably estimates shale permeability based 
on the mercury injection capillary pressure measurements. 
Knowing the gas composition can also help to determine the 
deviations more accurately (Alessa et al. 2021). In order to 
measure two sizes, mercury injection capillary pressure and 
nitrogen absorption isotherms are used. The first set char-
acterizes the pore-throat size distribution, and the second 
specifies the pore-body size distribution (Alessa et al. 2021).

The present study investigates the hydrocarbon genera-
tion potential of the Garau Formation at a regional scale on 
the entire Garau basin in Iran with 31 wells in 5 important 
sub-basins, while the previous ones were conducted on a 
small area and a limited number of wells. We focused on 
five sub-basins of the Zagros Sedimentary Basin, includ-
ing East Lorestan, West Lorestan, Dezful Embayment, Izeh 
Zone, and Abadan Plain, which can be seen in Fig. 1. More-
over, this research is an attempt to do a feasibility study 
on Garau Formation as an unconventional hydrocarbon 
resource in Iran from a geochemical point of view. To this 
end, Rock–Eval and vitrinite reflectance parameters were 
used. By examining the distribution of these geochemical 
parameters in the form of contour lines, the best prospect in 
terms of oil shale and gas shale is shown step by step. This 
has yet to be done in any of the reports so far.

Oil shales

By definition, oil shales refer to source rocks that are so rich 
in organic matter (OM) but have never been at the required 
burial depth for becoming mature, leaving those immature 
(Ghavidel Seyooki 2013). Various definitions have been 
proposed for oil shale, some of which are mentioned in the 
following.

Oil shale is an important raw material for producing 
synthetic crude. By heating and dry-distillation the oil 
shale, one can produce shale-derived oil, dry gas, and 
semi-coke shale (Zou 2017). Rocks with high shares of 
OM are classified under oil shales (Brendow 2003). The 
oil shale is a stratified hard sedimentary rock with an ash 
fraction beyond 33% that can produce oil upon distillation 
(Gavin 1924). Welte and Tissot (1984) believed that no 
accurate definition of oil shales encompasses all geologi-
cal and chemical aspects. However, any stratified rock with 
a shallow burial depth that can generate oil upon heating 
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to a particular commercial standard can be recognized as 
oil shale. The oil shale is a combustible OM with high ash 
content. This rock type differs from coal in that it contains 
ash at fractions beyond 40% while being different from 
carbonated shale in that it has oil at fractions higher than 
5% (Zhao et al. 1990).

Shale oil is an unconventional oil that can be produced 
through pyrolysis, hydrogenation, or thermal dissolution. 
This process artificially converts the OM content of the oil 
shale (i.e., kerogen) into oil and gas (Hinrichs et al. 2010). 
The oil shales can produce much less than the conventional 
sources, although they generate some oil upon heating up 
to 500 C. The TOC and the hydrogen-to-carbon ratio are 
often high in oil shale. Since oil shales have failed to reach 
the catagenesis stage and are still in the burial stage, the 
heat-produced oil contains not only the olefin components 
but also significant amounts of sulfur and nitrogen, which 
are typically absent in the crude oil (Hinrichs et al. 2010).

Focusing on maturity, the oil shales are rocks with a vit-
rinite reflectance (Ro) in the 0.41–0.6 (Hinrichs et al. 2010). 
Economically efficient and proven oil and gas shale depos-
its in the USA and Canada exhibit high TOC. In general, 
the immature TOC level is, on average higher than 2 wt.% 
and, in some cases, reaches 4–6 wt% (Aqrawi and Badics 
2015). For oil shales, the hydrocarbon-generating immature 

kerogen (usually producing oil) is often Type II (Jarvie et al. 
2007).

Gas shales

Shale gas is a natural gas and defines as one of the multiple 
forms of unconventional hydrocarbon sources. The shale gas 
is usually trapped inside shaly formations where the sedi-
ments are fine-grained or low permeable. In such a case, the 
shaly rock simultaneously serves as the source rock and res-
ervoir rock (Linley 2011; Rahmani et al. 2022). The natural 
gas is stored between thick layers of shale and cannot escape 
due to the low permeability of the surrounding rocks.

Numerous methods have been developed to exploit the 
gas shale. Two common and popular methods for such a 
purpose include hydraulic fracturing and horizontal drilling 
(Speight 2012b). Secondary cracking processes usually pro-
duce the gas in the gas shale on the oil (Aqrawi and Badics 
2015). Geologically speaking, these shales usually have a 
minimum thickness of 20 m, high contents of quartz and 
carbonates, and a low clay content. These are the required 
conditions for artificial fracturing (Jarvie et al. 2007).

According to the definitions, the gas shales are sedi-
mentary strata with particular geochemical and geological 

Fig. 1  Depositional environ-
ment of the Garau Formation 
and the studied fields (modified 
after Motiee, 1993)
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properties and contain present TOC higher than 2% (Curtis 
2002; Zou et al. 2013). In the meantime, some relevant stud-
ies have reported 1 wt.% as the minimum TOC for gas shales 
(Jarvie 2012). Focusing on the thermal maturity in vitrinite 
reflectance, a gas shale shall exhibit Ro values of 1.1–3.0 
(Curtis 2002; Zou et al. 2013). Overlying the evaporites of 
Gotnia and Hith, the Garau Formation is highly rich in OM 
and contains light crude and wet gas (Aqrawi and Badics 
2015).

Geological setting

Garau Formation extends from the Lorestan down to the 
Dezful Embayment, Abadan Plain, and northwest of the 
Persian Gulf, covering a significant portion of the Zagros 
Sedimentary Basin (Fig. 1). Moreover, regarding the progra-
dation and retrogradation events in the basin, it is a source 
rock for different reservoir rocks (Motiee, 1993). This high-
lights the importance of evaluating the hydrocarbon gen-
eration potential and the type and maturity of the organic 
matter content of this formation. On the other hand, given 
the conditions of the Garau depositional environment, it is 
particularly worth investigating the potential of this forma-
tion as an unconventional hydrocarbon resource (Browing 
1935; Lafferty 1935).

The Middle Jurassic-Lower Cretaceous formations in the 
north, center, and east of Iraq and the west and southwest of 
Iran in the Zagros Basin host some of the wealthiest source 
rocks in the world. These formations have developed in 
Iran's Zagros fold and thrust belt, the Mesopotamian Fore-
deep Basin, Kuwait, and Lorestan and Khuzestan provinces 
(Motiee, 1993).

These source rocks include Sargelu, Naokelekan, Naj-
mah, and Chia-Gara (Sulaiy or Garau) formations (Aqrawi 
and Badics 2015). The Chia-Gara, Balambo, and Sulaiy 
formations in Iraq are equivalent to the Garau Formation 
in western Iran (Aqrawi and Badics 2015; Bordenave and 
Hegre 2010). The shales of Garau have been named after the 
Garau Valley (i.e., Tang-a-Garau) in the Kabir-Koh region, 
Lorestan, Iran, with a type section located 10 km north-
east of the Ghale-Dareh village (Motiee, 1993). At the type 
section, the Garau Formation exhibits a thickness of 896 m 
(Fig. 2).

Lithologically speaking, the lower 387 m of the formation 
is made up of alternations of radiolaria-bearing dark clayey 
limestones with black bituminous pyritic shales. This seg-
ment is overlaid by 140 m of dark gray to dark red highly 
clayey limestones with no shale, 113 m of brown pyritic 
and silicic shales and highly clayey chert-containing strata, 
58 m of fine-grained limestone with chert nodules, 122 m of 
brown to black bituminous shales and highly clayey, bitumi-
nous, silicic, radiolaria-containing limestones, 74 m of dark 

gray glauconitic limestones containing pelagic foraminifera, 
large foraminifera, and echinoderms, and an upper 3 m layer 
of glauconitic and sandy limestones (Motiee, 1993).

The Garau Formation alternates radiolaria-containing 
highly clayey black limestones with pyritic and chert-con-
taining bituminous black shales containing ammonite and 
belemnite. In Lorestan, the Garau Formation is dominantly 
shaly while it is limier in the Dezful Embayment (Motiee, 
1993). The Garau Formation overlies the evaporites of the 
Gotnia Formation (dated back to the Upper Jurassic) or 
equivalent breccia-containing limestones in the Lorestan 
Basin and Dezful Embayment. Regarding the top of the 
Garau Formation, however, the situation is highly variable 
across the study area.

At the type section of this formation, the presence of 
glauconites and the sandy nature of the top of this formation 
indicate an erosional unconformity with the Bangestan lime-
stones. Indeed, the sandy and glauconite-containing base of 
the Bangestan marks an erosional discontinuity separating 
the Garau and Sarvak formations (Alavi 2007; Falcon 1961). 
Different formations, including Ilam and Fahliyan forma-
tions, can overlay this formation.
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In the central part of the Lorestan Basin, the Garau 
Formation is formed beneath the Surgah Formation (dated 
back to the Coniacian) (Alavi 2007). The presence of 
planktons and radiolaria in this formation characterizes a 
low-energy anoxic depositional environment. According to 
paleontological studies and given the presence of micro-
fossils, ammonites, and radiolaria, the Garau Formation 
has been dated back to the Neocomian to the Coniacian 
(Fig. 3) (Motiee, 1993). Knowing that the Garau Forma-
tion is sealed both on the top and bottom, primary migra-
tion has been impossible in the vertical direction. Rather, 
it occurred laterally, charging the Sarvak, Dariyan, and 

Fahliyan reservoirs (Ghavidel Seyooki 2013). As a result 
of this wide extension, the Garau Formation exhibits enor-
mous potential for producing gas shales.

Methodology

Going into more details about basins, we considered 
Ghali-Koh, Gashun, Girveh, Chamsangar, and Tange-Haft 
fields in the East Lorestan, Anjir, Babaghir, Kabir-Koh, 
North Shahabad, Pataq, Samand, Tang-a-Garau, Vizenan, 
Vizenhar, Ab-e-Zimkan, Bakul, Huleyan, Naft, Gawar, 
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Direh, and Dareh-Baneh fields in the West Lorestan, 
Asmari, Dehloran, Masjed-Soleiman, and Haftkel fields 
in the Dezful Embayment, Ghale-Tak Field in the Izeh 
Zone, and Azadegan, Darquian, Jufeyr, Kushk, and Yada-
varan fields in the Abadan Plain. Figure 1 shows the loca-
tion of the studied area.

In the present research, results of Rock–Eval pyrolysis 
and vitrinite reflectance measurements were used to eval-
uate the hydrocarbon generation potential of the Garau 
Formation and identify the potential areas for unconven-
tional hydrocarbon reserves. For this purpose, we used the 
values of S1, S2, S3, Tmax, total organic carbon (TOC), 
hydrogen index (HI), oxygen index (OI), migration index 
(MI), and vitrinite reflectance (Ro).

The parameters S1, S2, and S3 represent free hydro-
carbon, future potential, and CO2 content of the source 
rock, respectively. Accordingly, HI and OI are equal to 
S2/TOC*100 and S3/TOC*100, respectively. The param-
eter Tmax denotes the temperature at which the parameter 
S2 is maximal (Peters and Cassa, 1994; Dembicki 2022).

Vitrinite is a type of kerogen or maceral particle 
composed of humic gels thought to be derived from the 
lignin-cellulosic cell walls of higher plants (Teichmuller 
1989). For the first time, the increase in reflectance of 
vitrinite particles with increasing time and temperature 
was discovered in coals and used to determine the thermal 
maturity of coals. After vitrinite is recognized as part 
of the kerogen and source rock, the increase in vitrin-
ite reflectance is related to the history of hydrocarbon 
production of the sediments. It is adopted as a maturity 
indicator to evaluate the source rock (Dembicki 2022).

The MI is equal to S1/TOC; this index is used to verify 
the data and ensure the cleanness of samples. Indeed, 
the samples for which the MI was more significant than 
1.5 and the production index (PI) greater than 0.5 were 
identified as contaminated and hence eliminated from the 
analysis (Espitalie et al., 1977; Peters and Cassa, 1994; 
Hosseiny and Barati, 2020). In this research, data on a 
total of 485 geochemical samples from 31 hydrocarbon 
fields in the five Iranian sub-basins of the Zagros Sedi-
mentary Basin were used. Table 1 reports the average val-
ues of the geochemical parameters for the studied samples 
from the Garau Formation.

Results and discussion

The first step of any geochemical study on the petroleum 
systems of a particular region is to identify the OM’s 
quantity, quality, and maturity in the source rock (Espi-
talie et al., 1977).

Quantity of organic matter

A potential source rock contains competent quantities of 
organic matter to produce oil but becomes an influential 
source rock when it reaches a suitable thermal maturity level 
for oil production. TOC describes the quantity or amount 
of organic matter. This parameter equals 0–0.5, 0.5–1, 1–2, 
2–4, and more than 4 for poor, fair, good, very good, and 
excellent source rock, respectively (Peters and Cassa, 1994).

The level of TOC in the studied samples ranged from 
0.17 to 26.4 wt.%, with the lowest and highest values cor-
responding to the Anjir and Ghali-Koh fields, respectively. 
Some 75% of the samples exhibited TOC values higher than 
1 wt.%, indicating the good potential of the Garau shales in 
terms of the quantity of OM (Fig. 4). The TOC distribution 
map indicates that the Gashun and Ghali-Koh in the East 
Lorestan are the wealthiest fields in TOC, with the level of 
TOC decreasing as one moves toward the west and south-
west of the Garau basin (Fig. 5).

Figure 4 demonstrates the hydrocarbon generation poten-
tial of the Garau Formation in different sub-basins of the 
Zagros Sedimentary Basin in the form of a plot of petroleum 
potential versus TOC (Hosseiny et al. 2016). Accordingly, 
the samples from East Lorestan were generally excellent in 
TOC. The average value of TOC over East Lorestan was 
8.89 wt.%. Focusing on different fields in this sub-basin, 
the highest TOC values corresponded to Gashun and Ghali-
Koh fields (averaged at 19.15 and 16.03 wt.%, respectively), 
while the lowest TOC values were those of Girveh and 
Chamsangar fields (averaged at 2.11 and 1.19 wt.%, respec-
tively). In the West Lorestan, a decrease in the overall value 
of TOC was evident (averaged at 1.57 wt.%), characterizing 
the petroleum potential as poor to moderate.

Focusing on different fields within this sub-basin, the 
highest and lowest TOC values were those of Samand and 
Anjir fields (averaged at 3.43 and 0.17 wt.%, respectively). 
Some samples exhibited moderate to good petroleum poten-
tials in the Izeh Zone and the Dezful Embayment. In con-
trast, most of the samples from the Abadan Plain showed 
poor to moderate petroleum potentials. Considering the 
sub-basins in general, the West Lorestan, Izeh zone, Dezful 
Embayment, and Abadan Plain exhibited poor to moderate 
petroleum potential. At the same time, East Lorestan showed 
excellent levels of petroleum potential.

Quality of organic matter

The type and quantity of the hydrocarbon produced in 
a particular basin are directly associated with the type of 
contained kerogen (Hunt 1995). Considering the standards, 
oil-prone source rock with kerogen type I, HI is above 600, 
kerogen type II, HI is 300–600, mixed oil and gas prone with 
kerogen type II/III, HI is 200–300, and gas-prone source 
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rock with kerogen type III, HI is 50–200 (Peters and Cassa, 
1994).

A conventional approach to characterizing the kero-
gen is to use the plot of S2 versus TOC (Fig. 6) (Lang-
ford and Blanc-Valleron 1990). The slope of the sepa-
rating borders on this plot indicates the range of HI for 
the corresponding kerogen. In East Lorestan, the highest 

HI values correspond to Ghali-Koh and Gashun fields. 
The HI's maximum, minimum, and average values in the 
Ghali-Koh were 749.92, 54.77, and 553.44, respectively, 
while the same parameters in the Gashun were 645, 493, 
and 537.05, respectively. In the same sub-basin, the 
Chamsangar and Girveh fields show significantly lower 
HI values, following similar trends to the maturity ones. 
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Fig. 4  Plot of petroleum potential versus TOC across the Garau sedimentary basin

10
0

10
0

10
0

100

200

2 00

20
0

2 0
0

300

30
0

400

500

0.65

0.9

0 .9

0.9

0.
9

0.
9

0.9

1. 15

1 .15

1.15

1.4

1. 65

1. 5

1.5

1 .5

1.51.5

1. 5

1.5

1.
5

3

3

3

3

4.5

4 .5

6

6

7.5

910.
512

0
40
80
120
160
200
240
280
320
360
400
440
480
520
560

H
I(
m
g/
g
TO

C)

0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2
2.1
2.2

Ro
%

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

TO
C
(%

)

0 100 200
Km

Fig. 5  Distribution of TOC, HI, and Ro across the Garau sedimentary basin



1543Journal of Petroleum Exploration and Production Technology (2023) 13:1535–1549 

1 3

The maximum, minimum, and average values of the HI 
in the Chamsangar were 316.128, 26.113, and 120.46, 
respectively, while the same parameters in the Girveh 
were 30.73, 13.148, and 23.59, respectively.

Variations of this parameter can be seen as distribution 
maps in Fig. 5. As one moves toward the West Lorestan, 
the HI decreases significantly. In the Dezful Embayment, 
the maximum, minimum, and average HI records were 
413.04, 40.588, and 136.75, respectively, while Izeh Zone 
showed maximum, minimum, and average HI values of 
573.27, 60, 348.28, respectively, and the Abadan Plain 
reflected a maximum, minimum, and average HI values 
of 388.75, 42.139, and 159.644, respectively.

Trying to detect the type of kerogen from the plot of 
S2 versus TOC, the Ghali-Koh and Gashun in the East 
Lorestan and the Ghale-Tak in the Izeh Zone were found 
to contain Type-II kerogen dominantly. The Chamsangar 
and Girveh fields in the East Lorestan were identified as 
containing Type-III kerogen for the most part, where the 
maturity data confirmed the alteration of the kerogen. 
The samples taken from the Dezful Embayment exhibited 
shreds of evidence of the mixed Type-II/III kerogen. At 
the same time, the Abadan Plain was dominated by Type-
III kerogen except for the Jufeyr field, where the share of 
mixed Type-II/III kerogen was dominant.

Maturity of organic matter

An output of a Rock–Eval pyrolysis is the Tmax, which is 
usually used to evaluate the maturity of the OM (Baudin 
et al. 2015). The plot of HI versus Tmax can be used to 
identify the type and maturity of the hydrocarbon-generating 
kerogen (Espitalie, 1985). On this plot (Fig. 7), with increas-
ing OM maturity, the position of the corresponding samples 
shifts toward the right and bottom of the plot, and the level 
of HI decreases. As the OM maturity increases, the identi-
fied kerogen type changes from Type-I to Type-II, Type-III, 
and then Type-IV; this trend of change in the kerogen type 
with increasing maturity is evident in the samples from the 
Garau basin. Another critical parameter for investigating the 
maturity of the samples is the vitrinite reflectance (Ro%) 
(Dow 1977). Vitrinite reflectance refers to the percent reflec-
tion of light from a polished surface of vitrinite. According 
to Dow 1977, this parameter ranges from 0.6–1, 1–1.35, and 
1.35–3 for oil, wet gas, and dry gas production, respectively.

The Ro of the samples from Gashun and Ghali-Koh were 
averaged at about 0.57 and ranged from 0.5 to 0.68, respec-
tively, indicating the position of these fields in the early oil 
window. In the West Lorestan, Chamsangar, and Girveh 
fields exhibited a significant increase in the maturity cou-
pled with decreased quality and quantity of the OM, which 
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Fig. 6  Plot of S2 versus TOC for identifying the kerogen type in different fields across the Garau sedimentary basin
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placed the corresponding samples in the gas-generating 
zone. Indeed, the Chamsangar and Girveh showed average 
Tmax values of 454 and 503.8, respectively, which Indi-
cates the increased maturity in these two fields and their 
gas-generating nature. The decreasing trends of OM quality 
and quantity coupled with an increasing trend of maturity 
in the samples from the West Lorestan are evident (Fig. 5) 
when looking at the values of TOC, HI, and Ro.

The values of vitrinite reflectance in the West Lorestan 
averaged at 1.12. Considering the levels of maturity in the 
Dezful Embayment (average Ro% = 1.01) and the Abadan 
Plain (average Ro% = 0.94), this finding shows that the 
mentioned sub-basins have once had Type-II kerogen but 
are present in the gas-generating stage, characterizing their 
Type-II kerogen content. The Izeh Zone was found to be 
in early oil production window (i.e., early maturity stage). 
However, Ghali-Koh and Ghale-Tak showed very similar 
maturity levels, with the only difference being the higher S2 
value for the Ghali-Koh compared to the Ghale-Tak. All the 
mentioned interpretations are demonstrated on the distribu-
tion map in Fig. 5.

Depositional environment

According to Jones’ organic facies diagram (Jones 1987) 
(Fig. 8), the Zones A, AB, B, BC, C, CD, and D refer to 
the highly reductive lacustrine environment, reductive 

prograding marine environment, relatively reductive marine-
lacustrine environment, OM-bearing marine-terrestrial 
environment with a high sedimentation rate in a relatively 
oxidized environment, an environment with a moderate sedi-
mentation rate under reductive environment, deep marine 
environment adjacent to orogenic hot spots, and highly oxi-
dized terrestrial environment, respectively.

Table 2 provides detailed information on OM facies stud-
ied in this work. According to Fig. 8, the immature or early 
mature samples from East Lorestan fall in the AB and B 
zones, indicating that they had been deposited in an anoxic 
restricted environment. Given their adequate quality and 
high HI, the OM content of this sub-basin tends to generate 
oil. The samples from the Izeh Zone fall in the BC zone. 
According to reverse trends between maturity and quantity-
quality of organic matter, Garau Formation was also depos-
ited in a restricted environment with an anoxic condition in 
these zones.

Identifying optimal areas as oil shale

According to the definitions proposed for the oil shale 
(TOC > 3.5%, 0.41 < Ro% < 0.6), the samples from the 
Ghali-Koh and Gashun fields in the East Lorestan could be 
characterized as oil shales, making them sweet spot for the 
future. On average, TOC, HI, and Ro% for East Lorestan 
were equal to 8.89, 413.6, and 0.79, respectively. These 
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values are equal to 16.03, 553.44, 0.6 and 19.15, 537.05, 
and 0.57 for Ghali-Koh and Gashun, respectively, and these 
areas have the appropriate values. The areas of immense 
potential in terms of the oil shale are marked in Fig. 9. Fig-
ure 9 (a, b, & c) shows the step-by-step selection of the suit-
able range as oil shale by considering the threshold limit for 
quantity, quality, and maturity parameters. Figure 9g shows 
the selected suitable area. The critical point is that an even 

larger region can be considered to host the oil shales by 
lowering the TOC threshold.

Identifying optimal areas as gas shale

Based on the mentioned definitions and previous studies on 
the Garau Formation sediments, one can identify unconven-
tional hydrocarbon sources in the Lorestan Basin. In West 
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Fig. 8  Jones’ diagram (Jones 1987) for determining the facies of the OM of the samples from the Garau Formation

Table 2  Association of kerogen-related parameters with organic facies (adapted from (Jones 1987))

Organic facies A AB B BC C CD D

% AOM of kerogen Dominant Mod Usually low/absent
AOM matrix fluorescence Highest Mod-weak Weak Usually absent
% Prasinophytes of plankton Highest Mod Rare Usually very rare
% Phytoclasts of kerogen Low (Dilution) Mod Usually dominant
Opaque: translucent phytoclast Often high Usually low Increases
Geochemical characteristics (for immature sediment)
 Hydrogen index  ≥ 850  ≥ 650  ≥ 400  ≥ 250  ≥ 125 50–125  ≤ 50
 Kerogen type I I/II II II/III III III/IV IV
 TOC (wt%) 5–20 + 3–10 + 3–3 +  ≤ 3 < 0.5

Environmental factors
 Proximal–distal trend Distal Proximal Distal
 Oxygen regime Anoxic Anoxic-dysoxic Oxic V. Oxic
 Sediment accumulation rate Low Varies High Mod Low
 Organic facies A AB B BC C CD D
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Lorestan, the fields can be recognized as unconventional 
sources of gas shale thanks to their TOC values (> 1.5 
wt.%) and thermal maturity (Ro > 1.1). In West Lorestan, 
the average TOC, HI, and Ro% values are 1.8, 68.11, and 
1.1, respectively. These values are suitable for gas shale.

Brittleness is another crucial factor in the hydraulic frac-
turing of shale oil and gas reservoirs (Boonyasatphan 2017). 
Mineralogy is an important parameter that is vital in con-
trolling shale properties. The presence of non-clay miner-
als such as quartz effectively estimates the brittleness index 
of rock. Brittleness measures a rock’s ability to fracture, 
a function of lithology, mineral composition, toc, thermal 
maturity, and porosity (Wang and Gale 2009). Evaluating the 
mechanical properties of shale gas are a crucial parameter 
for creating fractures in the shale formation and determin-
ing the gas sweet spot. Young's modulus and Poisson's ratio 
are two controlling mechanical properties that determine the 
brittleness of shale gas layers (Rezaee 2015).

According to the study of Lotfiyar et al. (2018), to inves-
tigate the brittleness of the Garau Formation in the Lorestan 
basin, using mineralogy, the brittleness in this basin varies 
between 19–26%. The percentage of clay minerals is small 
enough to carry out Stimulation operations. Lotfiyar et al. 
(2018) also showed that the Garau Formation in Lorestan 
has a quartz content of > 20%, carbonate content of > 70%, 
and clay mineral content of > 4%. Figure 9 (d, e, & f) shows 
the step-by-step selection of the suitable range as shale gas 

by considering the threshold limit for quantity, quality, and 
maturity parameters. Figure 9g shows the selected suitable 
area. An even larger region can be considered to host the gas 
shales by lowering the TOC and Ro thresholds.

One critical parameter in choosing the sweet spot of shale 
oil and gas is the thickness of the layer. About the Garau 
Formation, there is no information related to the under-
ground contour map. Using different sections in the Zagros 
basin, Setudehnia (1978) investigated the facies changes of 
the layers and their thickness. Corresponding to Fig. 10, the 
Garau Formation is suitable for oil and gas shale in terms 
of layer thickness.

Summary and conclusions

This study used the parameters of total organic carbon, 
hydrogen index, oxygen index, vitrinite reflectance, and  Tmax 
to identify sweet spot areas as oil shale and gas shale. By 
studying the East Lorestan, West Lorestan, Izeh Zone, 
Dezful Embayment, and Abadan plain regions, our study 
showed:

• The best areas for considering oil shale and gas shale 
are East Lorestan and West Lorestan, respectively, and 
these two regions are among the conditions they need 
for oil and gas shale. According to the definitions of oil 

Fig. 9  Step-by-step selection of sweet spot for oil shale and gas shale 
using threshold limit of quantity, quality, and maturity of organic 
matter in Garau basin. a, b, and c for oil shale and d, e, and f for 

gas shale. a HI > 250, b Ro: 0.41–0.6, c TOC > 3.5, d HI: 50–250, e 
Ro > 1.1, f TOC > 1.5, and g proposed areas for the sweet spot of oil 
and shale gas
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shale and gas shale, considering the ranges of 0.41–0.6 
as maturity and quantity more significant than 3.5% for 
oil shale and maturity greater than 1.1 and organic matter 
quantity greater than 1.5% for gas shale, East Lorestan 
is the best place for oil shales. West Lorestan is the best 
place for gas shales.

• The highest total organic carbon and hydrogen index 
(average total organic carbon 8.89 and hydrogen index 
above 553) correspond to East Lorestan, and the low-
est amount of total organic carbon and hydrogen index 
(average total organic carbon 1.57 and hydrogen index 
less than 120) is for West Lorestan.

• Considering the necessary conditions for the maturation 
of organic matter in oil and gas shale, the East Lorestan 
region has a vitrinite reflectance of 0.5–0.68, and the 
average of this value for West Lorestan is higher than 
1.1, which means that East Lorestan and West Lorestan 
are suitable Oil shale and gas shale regions, respectively.

• Izeh zone has the necessary conditions to be considered 
as oil shale if the total organic carbon threshold value is 
reduced.

• Dezful Embayment and Abadan plain do not have the 
condition of total organic carbon as oil and gas shale. 
Northwest of Dezful Embayment has layer thickness, 
hydrogen index (kerogen type), and vitrinite reflectance, 
but total organic carbon is deficient. Therefore, it cannot 
be considered shale gas.

• Our research has shown that the Garau Formation in East 
Lorestan is an excellent source rock; in West Lorestan is 
poor to fair, and in the sub-basins of Dezful Embayment, 
Abadan plain, and Izeh zone is considered an adequate to 
good source.

• Quantity, quality, and maturity parameters in East 
Lorestan showed the highest quantity, best quality, and 
type-II kerogen with low maturity. In West Lorestan, the 
quantity decreases, and the maturity of organic matter 
increases, and kerogens are the constituents of type III 
and some IV. To the south of the Garau basin, quantity 
and quality decrease, maturity rises, and the constituent 
kerogen is converted to type III.
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