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ARTICLE INFO ABSTRACT
Article history: Diagenetic processes in carbonate rocks can be considered as one of the most important factors
Received: 2023 July 29 influencing the inherent characteristics of this type of reservoir on a small as well as large scale.
Accepted: 2023 March 17 Considering the importance of knowing the mechanical characteristics of reservoir rocks in
Available online: 2023 December 22 geomechanical modeling and its application in the exploitation and development of hydrocarbon
fields, it is necessary to find out how lithological characteristics affect its rock mechanical behavior.
Keywords: In this study, the impact of two diagenetic processes (Dolomitization and Anhydrite cement) on the
Kangan Formation physical and mechanical characteristics (such as Uniaxial Compressive Strength, Young’s modulus,
Carbonate reservoirs Cohesion, and Internal friction angle) of carbonate reservoirs of the Kangan Formation, are addressed.
Diagenesis The evaluations have been done in two phases: i.e., lithological studies and rock mechanical tests. The
Dolomitization results show that changes in mechanical properties are strongly influenced by diagenetic processes.
Mechanical characterization The two main influential features on mechanical characteristics are dolomitization and anhydrite

cementation, which strongly affect porosity, dominant pore type, and mineralogy. The results show
that dolomitization in the studied samples has caused an increase in porosity and a decrease in
strength and elasticity. While the presence of anhydrite has caused an improvement in the resistance

characteristics with an opposite effect.

1. Introduction

Carbonate rocks are one of the most important hydrocarbon hosts characteristics and reservoir quality and help to better estimate the
in the world. Therefore, a comprehensive study of its sedimentary mechanical behavior of these reservoir rocks. Diagenetic processes
characteristics and diagenesis history of this type of reservoirs is can be considered as one of the most important factors controlling
crucial. These studies lead to a better understanding of the physical porosity and permeability, which are very important in recognizing
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the type, size and distribution of pores. Diagenetic processes can
strongly affect pore networks, petrophysical properties, reservoir
quality, and elastic properties, especially in carbonate rocks (Eberli
et al., 2003; Baechle et al., 2008; Fournier and Borgomano, 2009;
Fournier et al., 2011; Zhao et al., 2013; Makhloufi et al., 2013;
Saneifar et al., 2015; Wang et al., 2015; Janjuhah et al., 2019).
Considering the heterogeneity affected by diagenesis processes in
carbonate rocks, estimating the mechanical properties in this type
of reservoirs is much more difficult than in sandstone reservoirs.

A comprehensive understanding of mechanical characteristics
of reservoir rocks is important and necessary in all stages of
exploration, drilling, production and development (Edimann
et al., 1998; Mateus et al., 2007; Garcia et al., 2008; Abdideh
and Ghasemi, 2014). The strength and elastic characteristics of
reservoirs are widely used in hydraulic fracturing designs and
geomechanical modeling of reservoirs (Eshkalak et al., 2014). To
this purpose, it is very important to know the type and degree of the
diagenesis alteration in this type of reservoirs.

The Early Triassic Kangan Formation carbonates are one of the
most important hydrocarbon reservoirs in the Persian Gulf and Iran
(Insalaco et al., 2006). The diagenetic processes of this formation
have been studied by numerous researchers (Esrafili-Dizaji and
Rahimpour-Bonab, 2009; Rahimpour-Bonab et al., 2010; Tavakoli
etal.,2011; Mehrabi et al., 2015; Abdolmaleki et al., 2016; Enayati-
Bidgoli and Rahimpour-Bonab, 2016; Tavakoli and Jamalian, 2019;
Sharifi-Yazdi et al., 2020). However, the effect of diagenesis on the
mechanical properties of this carbonate formation have not yet been
addressed.

In this study, first, the sedimentary facies and the most
influential diagenesis processes were identified by using the thin
section petrography. Subsequently the effects of diagenesis on the
mechanical behavior of these rocks were addressed by examining the
physical and mechanical characteristics of the selected samples. It is
hoped that the results of this study can contribute to a better and more
optimal exploitation of the Kangan Formation in the studied field.

The studied well is located in South Pars offshore gas field.
The Upper Permian and Lower Triassic successions are the main
gas reservoirs in this field. From stratigraphic point of view, the
Kangan Formation disconformably overlies the Dalan Formation.
This contact corresponds to the Permian-Triassic boundary (Kashfi,
1992; Rahimpour-Bonab et al., 2009; Tavakoli, 2015). The Kangan
Formation is covered by the Dashtak Formation that acts as a cap
rock (Poppelreiter et al., 2011). The thickness of the formation
varies from 140m to 180m in the central Persian Gulf (Enayati-
Bidgoli and Rahimpour-Bonab, 2016). In the studied well, it is
about 175 meter thick. From a reservoir point of view the Kangan
Formation comprises two reservoir units: i.e., the K2 or basal

unit, made up of limestones and dolostones, while K1 consists of

dolostones and anhydrite-bearing dolostones. K2 starts with early
Triassic thrombolites (Insalaco et al., 2006) and is followed by
oncoid-ooid shoal facies (Enayati-Bidgoli et al., 2014). It is the
most porous part of the Kangan Formation. K1 is mainly composed
of non-reservoir lagoonal facies along with some intercalations of

good reservoir potential shoal facies.

2. Research methodology

This study is based on 175 meters of core, 580 thin sections (used
in the sedimentology and rock mechanical study) and 46 cylindrical
samples selected for mechanical tests in one of the wells of the
South Pars gas field. Thin sections were studied under a polarizing
light microscope. To define microfacies and depositional textures,
the Dunham (1962) and Fliigel (2013) classification schemes
for carbonate rocks were used. All thin sections were stained
with alizarin red solution (Dickson, 1965) for differentiating
dolomite from calcite. 15 samples with different textural, facies
and mineralogical characteristics have been examined and studied
with a Zeiss SIGMA/VP electron microscope equipped with X-Ray
detector. 15 and 46 samples were analyzed in terms of major and
minor elements and mineralogy, respectively, based on XRF and
XRD at Tarbiat Modares and KU Leuven universities. Physical
and mechanical tests, including porosity measurement, density
measurement, Uniaxial and Triaxial compressive strength under
ambient temperature conditions, have been performed using
standards (ASTM, 2004; Hudson and Ulusay, 2007). The multistage
triaxial test was performed under three confining pressures of 20,
30 and 40 MPa.

3. Results and Discussions
Key petrographical features in this study were skeletal and non-
skeletal allochems, sedimentary texture, and diagenetic features.
They allowed to identify nine depositional and one fully crystalline
diagenetic facies. Main sedimentological features of the identified
microfacies in the studied samples are summarized in Table 1.

Generally, the Permian-Triassic carbonate successions in the
Persian Gulf have been affected by several diagenetic processes.
Detailed thin sections studies showed that micritization,
cementation, dolomitization, recrystallization, chemical
and physical compaction, dissolution and different forms of
anhydrite cementation/replacements have been the main and
influential diagenesis processes in the studied interval. However,
dolomitization and anhydrite cementation are the most important
and influential diagenesis processes in the 46 samples selected for
rock mechanical tests.

According to the main goal of this study, the samples have
been classified into four dolomite groups based on crystal size and

degree of dolomitization development. The first group dsiplays
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small crystals that are scattered. Microscopic observations and
image processing show the less than 10% dolomite occur in the
samples of this group. In the second group, the crystals are slightly
larger and in the form of sugar crystals that are affected by the
texture (the size of the crystals is smaller than 20 microns. They
occur in different parts of the samples. The third group includes
samples that developed dolomitization that affected all samples.
The size of the crystals in these samples varies between 20 and 100
microns. In the samples of group four, the crystals are well shaped
and larger than 100 microns. In this group the original rock texture
is completely destroyed and the development of dolomitization has
reached its maximum value. The results of this research show that
the porosity increases by increasing intensity and development of
dolomitization. However, the effect of dolomitization on increasing
or decreasing porosity is still debated in different studies.

As figures 6 to 9 show, the mechanical properties decrease
with increasing development of dolomitization, although in this
study, the presence of anhydrite in the second group of samples
caused a significant increase in mechanical strength. The dispersion
of the mechanical properties in group one is more than in the
other groups. In this dolomite group, the diversity in texture and
mineralogy is more than in the other groups, these variations can
be considered as the main reason for this dispersion. The samples
of the second group can be considered the most resistant samples
studied. Their crystalline skeleton created by anhydrite cementation
is the main reason for it. In the samples of the third and fourth
groups, despite the wide range of porosity values, the mechanical
properties are moderate and weak, respectively. Dolomitization in
the third and especially the fourth group have a very clear effect
on the physical and resistance characteristics of the rocks. In these
groups, the process of dolomitization has led to the emergence
and development of semi- to well-developed crystals that have
completely obliterated or destroyed the primary textures. These
samples are often characterized by high values of porosity and low
mechanical resistance. Pervasive dolomitization results in porosity
values above 20% and a significant reduction in mechanical

properties.
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Anhydrite cement was observed as cavity filler, intergranular
space filler and poikilotopic cement in the studied samples.
Regarding to the time of formation of this cement, it happened after
dissolution and dolomitization or developed simultaneously with
dolomitization. This type of cementation has led to the closure of
dissolution holes. Anhydrite cement caused a significant decrease
in porosity by partially or completely filling the intergranular space.

Consequently, anhydrite cementation is another major diagenetic
process that affects mineralogy, pore system characteristics, and
consequently porosity, as well as mechanical properties. In some
samples, this diagenetic process reduces the porosity to almost zero
by filling most of the pore space. Anhydrite cementation makes
the rock more cohesive and gives it a more brittle behavior. It also

increases its elastic properties.

4. Conclusion

In this study, the Kangan carbonates were evaluated in one of
the wells of South Pars gas field. The results of the microscopic
study of thin sections led to the identification of nine microfacies
reflecting tidal-flat, lagoon, and shoal environments. Several
diagenesis processes affected the studied sequence, among which
dolomitization and anhydrite cementation were given special
attention. These have significant impact on porosity as most
important factors affecting mechanical properties. In order to better
understand the impact of these diagenetic processes, four dolomite
groups were differentiated according to the size of the crystals
and the degree of development of dolomitization. The evaluation
of mechanical characteristics in each of the groups showed that
dolomitization in the studied sequence generally caused an increase
in porosity, a decrease in mechanical strength and modulus of
elasticity. However, the effect of anhydrite is completely reversed
and its presence in the samples of the second dolomite group (with
an average of 25%) compared to the fully dolomitized samples
(fourth group) increased the mechanical strength results by 2 to 4
times. The dispersion of mechanical properties in the first group
of dolomites justified by the difference in other properties such as

texture.
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packstone/ grainstone; g) FG7: Oncoid intraclast packstone/Grainstone; h) FG8: Ooid grainstone; i) FG9: Microbioclast
mudstone/Wackestone; k) FG10: Crystalline carbonate. All photos are in XPL.

sk

AF



GE=AL (E) P Fo b guoj pgle/l ) g Gilobw (o b/ ... Gyl Glosw g g3 Goglgs (5 j 51> Sl 48 95 Gkl awy g

Sl g sl Lol byl 5 ol é> g5 Dl glld s ehs @
Oldles (Melim, 1996; Whitaker et al., 1999; Melim et al., 2001)
3315 G5 Gl 3 Ik i el 15 5 0B L3l 0> 2
Sosline ol 55 &S W o O ol 5 e Js (ST gladsls
Alsharhan, 2006; Insalaco et al.,) .Llesls 13 56 o 1) Ll o)
2006; Ehrenberg et al., 2007; Tavakoli et al., 2011; Enayati-Bidgoli
and Rahimpour—Bonab, 2016; Jafarian et al., 2017, 2018; Tavakoli and
wols 5 5 cdan i p bl p ol 56 4 4 g L .(Jamalian, 2019
olie s Sns pon Eus Sl s B4 Sie CiS
IS & ols Ol S5 bl B> ey Bl S S Sl
Ol 5 (2105 Slomwpd Olarw 0515 &) (S OUS Slow pl5i1 (045
Gloosk Jols ok JS& 5 5D Db e dss plpl (B ks
o b s Lol ssktes s L SEas 5 S
Il (K5 5 obacd o515 ls Lo ((Glagy |3 5 Shes) s
Bl )‘fﬁﬂ; 5 el @5k laanl il ods m,ul Ssline JS
o Olamw 5 0 (2a s Jl pl b kiles sy adllles 3550 sl I8
bl @l ekd sl 655 F8 55 HIE S0 655k eyl R
SR E g 50 nl s 4 e i o & sl Sl 4 (S GG
ol ot wtls y LT ()18 50 0 g

SF3k> sl p o (Ksdssy dalsd cpmmer 5 Slallae as bl
Wlokd S5 23 5 S cmbd S35k 5l b L w3 ediol
Gblia e 55 3l cpl gy o b Sladllas s 53 55 01 Ktmgs bl (Y JS2)
Ehrenberg et al., 2007;) Jile3 sai o il Lo aw 55 (55505 slacsl b LS
Tavakoli et al., 2011; Enayati-Bidgoli et al., 2014; Abdolmaleki et al., 2016;
Mehrabi et al., 2016; Jafarian et al., 2017, 2018; Tavakoli and Jamalian,
. (2019

(5530 sl 3 398 6] go8 i) (oo iyt —1 =Y~
Azs (s 5B o SON03 e iasls allles sy gl JIg 53 by ol
Koehrer et al., 2010, 2012; Peyravi et) Llous <ol 08 L8 sla JSK& « 5
sy Slolesy 5 Lol b Ll )3 Cuylil s> (al, 2010, 2015
ol S 505 alpr 5 ST Ll ph bodkd 3 gdoes ame S5 SSLES el
syse G g 5o Ll sy oS ij = (Marenco et al., 2008)
(Warren, 2006) Sl 03 5 adsl 5563 Lo,lee cpl b S 0diSJ S andllas
Sloylusy bas,le ol @\ﬂ,&,@téu&f@w &b Jds 4
Ol G gy L Obojar Sypo 4 LOT LK oo Oloj gk s ) o o
250t
ax,;ﬁjzjéld\:oﬁLgLééaA;fﬁcaJé’oMﬂQ)yy@JJ:slow
o i oSy 5l Olesw (S5 s otalie aslllae 5550 sl JI5 5o
sdalin 2yt 4 sams Slaeslasty 53 5 bl IBil 1 56 Sl i s
O n 9 5 IDowl 51 g aOlers ol it (JSC5 O3 i 51500
O s 4 O Glaw £ 58 ol .l 0315 (595 OLd o dgs b Obojan b
G113 0y (6Ldd 03,87 5 b (3 5l Olos priomad ol adalasl ol ) i
ol Ol ol o Jinlind ;K 58l o JalST L 2w S0
5 s sLab 53 Sy slay gk g 4 Sy SAS g b0k s
S5 shabsd 565 (26 Olam cpl S5 2 53 r ootalin 6 D i
Lucia and Major,) ol oy 5 6 5 5 jsbes (6, ladoses 5 oYL
(1994

AY

:(FG6:Bioclast ooid packstone/grainstone)@m”,glg—‘ss\g“(_, ) G 55— (g ganSy —
B IS 5 5 ] agS T 3103 28 il 5 sloslosts 05,8 ol
35 Lanis P ks ol s S5 (055 8 b 0 5280) 0 4l
b oy o8 6K 4 (nslss ST 5 (SaT Con s ST (gl (slao oo
Sl bl o s (65 e odias0ls o)l (la S5 5Bl 0 (5o 68
ol Sl ke 5 550 Lame 55 515 Jol aails £ 5 0 4l
old axfllae (Slad s 55 .l 0k &ils o 5 )3 Ol i &S ol s Ud
olastl 35 4 1y aiges g game 51 do)s A S5 gloslus o35 ol
L3 e Gloslasty 038 ol ohisa 5 Jsb (5550, dama ol o3l
Can‘aa\éual..a:a'-‘:}SQN%;)}adﬁ\i&):h,ﬂ;wtﬂmié|)(~J~¢)JF/\)

(- S8)

FG7: Oncoid intraclast packstone/) Guwd 9597 - (G5 i &y giwnsd 35 — (3 gy —
oot ol 0dd Labude o 4ils 3L L loslusty 05,5 oyl ¢ (Grainstone
5 oSzl Caladls g 55 i (Sl glaes S L es 8 ol sl
ol T sl g0 5 ol 53 pgr Sadls s 5 sl i 5 4 Loty SOT

(=) JSK8) Al p 05 Lo o Glaze 05 5

o o 4ils C3L L (glo L ejjf ) :(FG8: Ooid grainstone) ‘su\gii O G 5 —
ML@Q}?&@%W@};J‘@\aMWQM;C};J‘}
(1) JS8) ol Kt oty ol Gl d sas (S 45 Syl gl

FGY: Microbioclast mudstone/) 3, SLowAS gl Gal> Hows g —(gmwdlo —
Sl s 5y 6‘&"" Oolabad g0, Jf e})f ol 3L ((Wackestone
e 0 &S S st o311 s 4 Sl (gl ) e sledia OT Coanll
o 0> 35 o3 0 8 ol 53 amenl b g gy il .l et L
Sy G S Ky b (ST Cnglys b ST wlsean g lis glao jae
o2 35 S e (K1) SuST Gl S 3 Sy il s aets BB o5 b
5o J8S SOl e I BL e Fhs el Sl 0d3 218 o5l
S ok 4oy s 43 (Sloslest 05,8l o)y (Foi S Sla 03 5 5 o
g 5oy B 3sde loslust 058 o odd andllae i 5 5 e o3l

(i) S8 el onls olazstl 555 4 1) e el

OAs e lgs dul b Juols 05,5 :pl :(Crystalline carbonate) ¢yt yot @it ¥ —
oyl ol ol Gadeis B adgl Cob s ylge S 534S Sl sdaes kS
OSTS E YCVER VN PREPYCHN N AT W CIPA PRI - O-C5 JP35 (P
s Sn il 5 fed U8B (65505 o slusty ol 358 s aalie OT 53 55
odaline s JSiaas 5 K55 Sojgo o lusty opl e dss slaysh .l
sdal ol S 155 o5l ol (Folk, 1962) ST oty pomadi 53 o5 o8
5o 2l 5 2RO gy ams 2 53 50 68 00l 55 250 o
3,8 o o3 lme 058 55 i ol 3l sl s ol Lases 4 1y LOT
(k=) JSK8) S0 8 ol slate anlllas 3 50 (Slaks go JS 3 o y5 ¥ 550
sl oSS a5 0T sl S s eyl sy Caliies STl 3 4 am 5 L
S o3Il 5 gt & 4503 7 N5l 53 STy laeslast sy ) ki
Lk Sl SSK gl Sy pK LT

SP3Ls st p —Y—F
(S kS it 0o S e 5o sH5ks slanlp B



GE=AT () P o b g pole/l )0 g ilobw (/... i3l Glosan 9 (3 ia09)93 (6 5L il 48 95 iy Gy g

| Stages > Early Diagenesis
Time Permian-Triassic Recent | Porosity
evalution
Marine and Meteori Burial
| Environment=>| \orecand 5 | Sty DeeplLom i

I

: '

I

'

Events

Ladsl 3 50 9 3 5 G ¢ obyd Lasee aw 53 655U Soglaze lau) b s 55Ls Mg —YL}Q

Rahimpour-Bonab et al., 2009, 2010; Tavakoli et al.,) b 5= e I 55 Joedss Ol5e
.(2011; Tavakoli and Jamalian, 2019

Figure 2. Permian—Triassic diagenetic sequences of the South Pars field
(Rahimpour-Bonab et al., 2009, 2010; Tavakoli et al., 2011; Tavakoli and

Jamalian, 2019).
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Figure 4. Dolomite groups; a) Grope 1; b) Grope 2; ¢) Grope 3; d) Grope 4.
All photos are in XPL.
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Table 1. Physical and mineralogical properties.
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Figure 5. SEM images and EDX results.
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Figure 7. Young’s modulus within dolomite groups.
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Figure 9. Internal friction angle within dolomite groups.
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Figure 6. Uniaxial compressive strength within dolomite groups.
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Figure 8. Cohesion within dolomite groups.
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