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Abstract. Carbonates and evaporites in the Butmah Formation (Lower Jurassic) were 

deposited in restricted marine (inner ramp) environments in north-western Iraq. The 

carbonates are composed of ooidal, peloidal and fossiliferous limestone in shoal and lagoon 

facies, while syndepositional dolomite with early anhydrite cement is found in tidal flat facies. 

Study of anhydrite intervals shows different structures represented by bedded, massive, 

chicken-wire and nodular structures which consist petrographically of fibrous, equant, felted, 

spare crystal, needle and lath shape textures. Two phases of anhydrite cementation were 

recognised in this study: Phase I is represented by syndepositional anhydrite cement that 

affected the reservoir quality of the tidal flat facies, and Phase II as late anhydrite cement 

that affected the reservoir quality of the lagoon and shoal facies. Extensive petrophysical 

measurements were carried out and have shown that differences in lithology, anhydrite 

cement type, and the degree of anhydritisation control the reservoir quality of the Butmah 

Formation. The Butmah Formation was divided into three rock types according to differences 

in their petrophysical properties and the anhydrite cement fraction. Quantitative and 

qualitative observations combine to indicate that post-depositional uplift may have affected 

the study area during the Middle-Late Jurassic and tended to dissolve some of the anhydrite 

cement in the tidal flat facies, creating sulfate-rich brines, and then movement of those brines 

toward the lagoon and shoal facies led to saturation and deposition as late anhydrite 

cementation (Phase II). This mechanism has affected the reservoir quality of the Butmah 

Formation considerably, altering its petrophysical properties. 



Keywords: Anhydritisation, reservoir quality, anhydrite textures, Butmah Formation, inner 

platform, porosity, permeability, cementation exponent 

1. INTRODUCTION  

Anhydrite plays an active role in many recently discovered hydrocarbon prospects, which 

generally consist of anhydrite-rich carbonate successions, and where anhydrite also acts as 

trap seals which are controlled by the stratigraphic distribution of anhydrite-carbonate facies 

(Sarg, 2001; El-Tabakh et al., 2004; Warren, 2010; Esrafili-Dizaji and Rahimpour-Bonab, 

2009; Rahimpour-Bonab et al., 2010; Tavakoli et al., 2011;  Aleali et al., 2013; Amel et al., 

2015).    

Anhydrite usually occurs interbedded with carbonates, and is an indicator of dry periods and 

shallow depositional environments (Warren, 2010). There are many such formations in the 

Middle East, such as the Dalan and Kangan formations in Iran and the Khuff Formation in 

Oman (Alsharhan, 2006; Maurer et al., 2009; Esrafili-Dizaji and Rahimpour-Bonab, 2009; 

Koehrer et al., 2010; Rahimpour-Bonab et al., 2010; Tavakoli et al., 2011; Aleali et al., 2013; 

Amel et al., 2015). The Butmah Formation (Lower Jurassic), studied in this paper, represents 

one of the best examples of anhydritised carbonate in Iraq (Aqrawi et al., 2010). 

Anhydrite fabrics, including structures, depositional textures, and diagenetic features, have 

affected widely the reservoir quality of the Butmah Formation (Aqrawi et al., 2010). Usually, 

anhydrite cement has a negative influence on reservoir quality by occluding pores and 

fractures (Mohammed Sajed and Glover, 2020). However, a few studies have reported that 

anhydrite components can be present in significant amounts while not affecting the overall 

reservoir quality, and in some cases even improve reservoir quality if the formation has been 

subjected to uplift or late dissolution (Lucia and Ruppel, 1996; Lucia, 1999; Lucia, 2004).  

The influence of anhydrite on the reservoir quality of carbonate rocks has been studied in a 

number of major Middle-Eastern hydrocarbon reservoirs, such as the early Triassic Kangan 

Formation (Esrafili-Dizaji and Rahimpour-Bonab, 2009; Rahimpour-Bonab et al., 2010; 



Tavakoli et al., 2011; Aleali et al., 2013), the Permian Khuff and Dalan formations (Alsharhan, 

2006; Ehrenberg, 2006; Ehrenberg et al., 2007; Maurer et al., 2009; Esrafili-Dizaji and 

Rahimpour-Bonab, 2009; Koehrer et al., 2010; Rahimpour-Bonab et al., 2010; Tavakoli et al., 

2011; Amel et al., 2015), and the Jurassic Butmah Formation (Mohammed Sajed and Glover, 

2020; Mohammed Sajed et al., 2021). However, little research has addressed the control 

exhibited by different degrees and styles of anhydritisation on porosity-permeability 

relationships (Warren, 2006; Lucia et al., 2004). Moreover, only a few studies have 

characterised the Butmah Formation in Iraq (Bellen et al., 1959; Ahmad, 1997; Jassim et al., 

2006; Aqrawi et al., 2010).  

Consequently, this paper represents the first study to examine the anhydrite fabrics of the 

Butmah Formation divides the formation into three rock types according to anhydrite fabric 

and petrophysical properties. This paper also attempts to identify relationships between 

anhydrite fabrics and a range of petrophysical properties (e.g., porosity, permeability, and pore 

throat size) so that such relationships can be compared with those from other carbonate 

successions or used as a reference. 

This paper has three aims. The first is to provide enhanced data, analysis and discussion 

concerning the carbonate lithofacies of the Butmah formation. The second aim is to examine 

the positive and negative effects of the amount and texture of anhydrite fabrics on the reservoir 

quality of the Butmah Formation, with a view to understanding the diagenetic effect and 

tectonic mechanism that created the final shape of the pore network. The last aim is to 

understand the control that anhydrite has on the porosity-hydraulic permeability (poroperm) 

and porosity-electrical connectedness (poroconn) relationships, and through them, on the 

reservoir quality of the formation. 

 

 

 



2. THE BUTMAH FORMATION  

2.1. Geological setting 

The study area is located in north-western Iraq, where the Butmah Formation occurs within 

the Ain Zalah and Butmah anticlines. The Ain Zalah anticline is a doubly plunging anticline, 

located within the Zagros foothills zone, about 60 km northwest of Mosul city in northern Iraq 

(Dunnington, 1958; Foad, 2015; Mohammed Sajed and Glover, 2020). It is about 20 km long 

by 5 km wide and has an elevation of 457 m above sea level (Dunnington, 1958; Hart and 

Hay, 1974).  

The Butmah anticline is located about 10 km south-east of and parallel to the Ain Zalah 

anticline in northern Iraq (Figure 1A). It is an asymmetrical anticline consisting of two domes, 

eastern and western, and is about 12 km long and 6 km wide. The main oil-producing 

formations are the fractured limestones of the Shiranish Formation (Campanian- Lower 

Maastrichtian) and the dolomitised carbonates of the Mauddud Formation (Albian) in both 

anticlines. There is also minor oil production in some wells from the Butmah Formation (Lower 

Jurassic) and Kurrachine Formation (Upper Triassic) (Aqrawi et al., 2010; Mohammed Sajed 

et al., 2021).  

There is no outcrop of the Butmah Formation in Iraq. However, it is penetrated by wells with a 

thickness of 162-500 m in north-western Iraq (Bellen et al., 1959; Jasim et al., 2006). The type 

section of the Butmah Formation was described by Dunnington in 1953 (Bellen et al., 1959) 

from the well ‘Butmah-2’ in the Low Folded Zone of northern Iraq as a 500 m thick 

heterogeneous carbonate unit.  

The thickness of the formation in the wells within the study area is constrained by the wells 

‘Butmah-15’ (402 m) and ‘Ain Zalah-29’ (473m), the latter of which represents the greatest 

logged thickness of the formation in north-western Iraq (Mohammed Sajed and Glover 2020). 

Figure 1 shows the position of the Butmah Formation within north-western Iraq and a summary 

of the main stratigraphic units based on a log from well Bm-15. 



2.2. Stratigraphy 

The type section of the Butmah Formation in the well ‘Butmah-2’ is divided into three parts 

(Figure 1B). The lower part, approximately 120 m thick, consists of limestone interbedded with 

anhydrite. This is overlain by about 180 m of oolitic and pseudo-oolitic, argillaceous and 

dolomitic limestone, with sandstone and shale beds. The upper part is about 200 m thick and 

is composed of oolitic, pseudo-oolitic and detrital limestones with argillaceous limestone, shale 

and anhydrite (Jasim et al., 2006).  

Mohammed Sajed and Glover (2020) and Mohammed Sajed et al. (2021) characterised the 

Butmah Formation at the Ain Zalah and Butmah oilfields by three main lithofacies:  

1. Lithofacies-1 consists of microcrystalline limestone, with or without anhydrite nodules, 

and is repeated three times as units 1, 3, and 5.  

2. Lithofacies-2 is composed of dolomite interbedded with shale and some anhydrite 

nodules. It is represented as Unit 2 of the Butmah Formation in well Bm-15, and 

represents about 17.8% of the total thickness at this location.  

3. Lithofacies-3 is composed of dolomite with anhydrite nodules and is interbedded with 

anhydrite layers. It is found in Unit 4, and is the most common lithofacies in the studied 

well (Bm-15), representing 53.4% of the gross thickness of the Butmah Formation at 

that location.  

Figure 1B shows the stratigraphy in well Bm-15 as defined by Mohammed Sajed and Glover 

(2020) and Mohammed Sajed and Glover (2021) with the relationships between the units and 

lithofacies and the gamma ray log. 

  



 

Figure 1. (A) The location of the Ain Zalah and Butmah oilfield in north-western Iraq with the 

tectonic division of Iraq (after Fouad, 2015); (B) Stratigraphic units of the Butmah Formation 

at well Bm-15. The term ‘lithofacies’ was used to identify the lithology, whereas ‘stratigraphic 
unit (unit)’ was used to characterise the vertical distribution of the lithofacies in succession 

(after Mohammed Sajed and Glover, 2020; Mohammed Sajed et al., 2021); (C) The location 

of the Ain-Zalah and Butmah oilfields in north-western Iraq concerning the palaeography of 

the late Liassic (after Jassim et al., 2006). 

 

 



2.3. Tectonism and Palaeogeography  

The Butmah Formation was deposited during the Liassic sequence (Lower Jurassic) of the 

late Permian-Liassic megasequence (AP6) of Sharland et al. (2001). Tectonically, the study 

area suffered from extension at the northern and eastern margins of the Arabian plate in the 

Middle-Late Triassic, which caused rifting followed by slow thermal subsidence in the Norian- 

Liassic (Lower Jurassic) sequence. As a result, the Mesopotamian Basin post-rift infill was 

composed of uniform marginal marine clastics, evaporites and shallow lagoonal carbonates. 

The Middle-Late Jurassic sequence in northern Iraq was deposited at the time of the 

separation of the Mesopotamian Intra-shelf Basin from the Neo-Tethyan Ocean, which can 

probably be attributed to the renewed rifting along the north-east margin of the Arabian Plate 

(Jasim and Goff, 2006; Aqrawi et al., 2010). 

The Liassic sequence is composed of nine formations, as shown in Figure 1C. The clastic 

carbonate inner shelf in western Iraq is represented by the Ubaid, Hussainiyat and Amij 

formations, while the Butmah, Adaiyah, Alan and Mus formations make up the carbonate-

evaporite inner shelf in central Iraq and the Low Folded Zone. The Sarki and Sehkaniyan 

Formations comprise restricted lagoonal carbonates in the High Folded and Balambo-Tanjero 

Zones in northern and northeastern Iraq (Jasim et al., 2006). 

 

3. METHODOLOGY  

3.1   Pore and grain structure micrography 

A total of 652 thin section slides from cores and chippings from the Butmah Formation in wells 

Bm-15, and Az-29 have been studied. All the thin section slides were prepared using a blue-

dyed epoxy so that the pore spaces were easier to identify, classify and measure. Dickson’s 

(1965) staining technique was used to differentiate between calcite, ferroan calcite, and 

dolomite minerals. This technique employs a mixture of hydrochloric acid (HCl), alizarin red 

(1,2-dihydroxyanthraquinone; C14H8O4) and potassium ferricyanide (K3[Fe(CN)6]). 



In addition, a subset of 16 samples were chosen for identifying pores at nanometric scale 

using scanning electron microscopy (SEM). Examples from both limestone and dolomite units 

were selected according to their limestone/dolomite texture, the type and amount of different 

anhydrite fabrics, and their porosity-permeability (poroperm) relationship. Each sample took 

the form of an approximate cuboid with a nominal side length of 7 mm, and both broken and 

polished surfaces. The samples were glued onto aluminium stubs and then coated with a 

conducting carbon film to be ready for digital recording of the SEM images (Erdman and Bell, 

2015). The samples were imaged using magnifications of 1:500 to 1:10,000 in both back-

scattered and secondary electron imaging modes. ImageJ® software (ver. 1.53e) was used 

for analysing the captured images.  

3.2   Porosity and permeability  

A set of 67 core plug samples was provided by the North Oil Company from the core intervals 

within the studied wells. Each of these cylindrical core plugs was nominally 1.5 inches in 

diameter and 2 inches in length. They were cleaned using Soxhlet extraction and dried in a 

temperature controlled oven at 60°C for 48 h. The porosity of the dried samples was 

measured using helium pycnometry at a pressure ≤15 psig (Spain, 1992; McPhee et al., 

2015). The measurements were carried out using the apparatus and protocols of the Wolfson 

laboratory at the University of Leeds. The porosity measurement for each core plug sample 

was repeated three times, with arithmetic mean values and range given in this paper.  

Klinkenberg permeability was measured with a pulse-decay permeameter (k ≤ 1 mD) (Jones, 

1997; Jannot et al., 2007; Zhang et al., 2000; Tiab and Donaldson, 2012; McPhee et al., 2015) 

using helium gas with confining pressure of 4500 psig, in the Wolfson laboratory at the 

University of Leeds. The measured samples were tested at effective stresses of 900 psig and 

at pore fluid pressures of 750, 600, 450, and 300 psig. The raw experimental measurements 

were corrected for so-called gas ‘slippage’ which occurs when the requirement for continuity 

in the gas breaks down (Klinkenberg, 1941; Rushing et al., 2004; Haines et al., 2016). It is 

extremely important to make this correction for tight rocks because the small size of the pore 



and pore-throat microstructure exacerbates the problem of gas slippage (Rashid et al., 2017; 

Mohammed Sajed and Glover, 2020). 

3.3   Pore throat measurements 

Mercury injection capillary pressure (MICP) tests were used in this study to derive pore-throat 

size distributions (Jennings, 1987; Kopaska-Merkel and Amthor, 1988; Katz and Thompson, 

1987; Glover et al., 2006) using the Young-Laplace equation (Washburn, 1921). Eight samples 

were selected for MICP testing according to their lithology, porosity, and permeability. The 

samples were cut to dimensions of approximately 15 mm to 10 mm, cleaned, and evacuated. 

Mercury intrusion data were obtained using a Micromeritics Autopore IV 9250 apparatus and 

pressure up to 60,000 psig (Giesche, 2006). Pore size distributions were obtained from the 

pore-throat size distributions using the Glover and Dery (2010) method, and the Glover and 

Walker (2009) method was then used to derive the grain/crystal size distributions. 

3.4   Electrical resistivity and cementation exponent  

Electrical resistivity measurements were carried out on the same 67 core plugs as had been 

previously measured for porosity and permeability. They were prepared by placing them in a 

vacuum desiccator, followed by full saturation with the synthetic formation water for 24 hours. 

The samples were then loaded into a high-pressure saturation core holder filled with the same 

synthetic formation brine and left for 48 hours under a pressure of 100 psig. The synthetic 

formation brine was prepared based on the composition of the formation brine in the final well 

report of the studied wells. It is composed of 0.602 (g/dm3) Ca(HCO3)2, 37.50 (g/dm3) CaCl2, 

7.29 (g/dm3) MgCl2, and 94.982 (g/dm3) NaCl. This synthetic brine has a NaCl equivalent 

salinity of 151.69 g/dm3, which is highly saline. The brine has a theoretical electrical 

conductivity of 16.75 S/m at 25oC according to the method of Sen and Goode (1992a; b). 

The conductivity of the formation brine was measured at the Wolfson laboratory temperature, 

and found to be 0.02±0.01 S/m at 22.3oC. The brine conductivity was then converted to 

resistivity and corrected to reservoir temperature using Arp’s formula (Asquith and Krygowski, 



2004). The formation factor of each sample was calculated from the measured electrical 

resistivity, and the cementation exponent for each sample was calculated using standard 

equations linking the cementation exponent, formation factor and porosity (Glover, 2015). 

 

4. ANHYDRITE FABRICS  

The term ‘fabric’ is used to describe qualitatively the complete spatial arrangement of all 

components in a rock including both texture and structure (Passchier and Throuw, 2005). The 

interpretation of geological, geophysical and geochemical processes leading to different 

anhydrite fabrics (including sedimentary structures and petrographic textures) provides a key 

to unlocking the palaeoenvironment and palaeoclimate mystery which ultimately provides vital 

information about the sea-level fluctuations, salinity, depth, and temperature (Kendall, 1984; 

Tucker, 1991; Warren, 2006). According to the Mohammed Sajed and Glover (2020) and 

Mohammed Sajed et al. (2021), the Butmah Formation consists of three main lithofacies 

(Figure 1b) and these lithofacies contain different types of anhydrite fabrics (structures and 

textures). In this section we review the structures and textures observed in the characterised 

lithofacies of the Butmah Formation. 

4.1 Anhydrite structures  

At least five different kinds of anhydrite structure at core-scale have been recognised in the 

Butmah Formation, as summarised below.  

4.1.1 Nodular anhydrite and chicken-wire structures 

Anhydrite nodules are characterised by irregularly shaped lumps (oval, spherical and 

lenticular) of anhydrite with a diameter range of 0.4 mm - 5 cm, white to milky in colour, and 

distributed in both limestone and dolomite lithofacies of the studied formation. In most cases, 

these nodules are aggregated to form irregular anhydrite layers separated by very thin films 

of mudstone and dolomudstone remnants, creating a chicken-wire texture, which can be seen 



in Figure 2. Under microscopic study these structures appear to consist of mosaic to fibrous 

and/or equant anhydrite crystals. 

4.1.2 Bedded or laminated anhydrite structures  

Bedded or laminated anhydrite structures consist of sub-horizontal layers or beds of dense 

crystalline anhydrite a few millimetres to a few centimetres in thickness, with the term ‘bedded’ 

applying to the thicker layers, and with the term ‘laminated’ referring to successions of finer 

layers. Beds or layers are white to grey in colour and may have a planar or irregular 

morphology (Figure 2).  

4.1.3 Massive anhydrite structures   

Massive anhydrite is composed of white to brown crystalline anhydrite with a thickness from 

a few centimetres to 0.5 m, as shown in Figure 2. In thin section, massive anhydrite shows a 

variety of textures including equant, felted, fibrous and bladed. In the Butmah Formation 

massive anhydrite structures are less common than the other types of structure.  

4.2 Petrographic anhydrite textures 

Six types of small-scale anhydrite textures were observed in the Butmah Formation using 

various types of micrography, and these are summarised below.  

4.2.1 Aphanitic and felted textures 

When viewed in thin section under crossed polarisers, the aphanitic texture consists of very 

fine crystals (less than 5 m) which exhibit random orientations that may be locally aligned, 

leading to random or locally patchy birefringence that gives the texture a colourful aspect, as 

shown in Figure 3A. By contrast, the felted texture (Figure 3B) is composed of larger (between 

5-100 m long and 5-20 m wide),  closely packed and well aligned crystals, and sometimes 

shows minor folding due to diagenetic effects associated with compaction.  

 



 

 

 

Figure 2. The anhydrite structures of the Butmah Formation: N= nodular, C= chicken-wire, L= 

laminated, B= bedded, M= massive. 



4.2.2  Sparse and isolated crystal textures  

This texture consists of sub-spherical, lozenge, oval, or fibrous crystals within a dolomicrite 

groundmass, as shown in Figure 3C. The size of the crystals is from 0.1 to 1 mm.  

4.2.3  Acicular and fibrous textures  

These textures (Figure 3D and 3E) are composed of acicular or fibrous crystals depending on 

the ratio of length to width. In each case, the arrangement of crystals varies from location to 

location, and can be characterised as parallel, sub-parallel, massive or layered. The fibrous 

crystals have needle-shaped crystals that range in size from 1 mm to 1 m. This texture is 

common in all the anhydrite structures discussed in Sub-section 4.1 above. 

4.2.4 Equant/mosaic texture 

The crystals of this texture are subhedral to anhedral, ranging in size from 0.1 to 1 mm (Figure 

3F). This texture is common in the bedded or laminated anhydrite structures. 

4.2.5 Lath-shaped texture 

This texture consists of elongate subhedral to euhedral crystals. The texture can be subdivided 

into a variety of sub-textures according to the length/width ratio of the crystals. In this study, 

the crystals were characterised as bladed (Figure 3G), bacillary (Figure 3H), tabular, and 

prismatic, with different dimensions ranging from small to very big (0.02-0.2 mm wide and 0.2-

1.5 mm long).  

4.2.6 Composite texture 

This term is used to recognise the presence of two or more associated textures that may be 

present in different amounts and/or represent a gradational replacement of one style of texture 

with another. Figure 3I shows a gradual replacement of aphanitic and mosaic textures in the 

centre of the image with equant and lath shape textures on the edges of the image.  



 

Figure 3. The anhydrite textures of the Butmah Formation. (A) Aphanitic texture; (B) Felted 

anhydrite texture; (C) Sparse and isolated crystals in dolomudstone; (D) Acicular anhydrite 

texture; (E) Fibrous anhydrite texture; (F) Equant/mosaic anhydrite texture; (G) Bladed lath-

shaped anhydrite texture; (H) Bacillary lath-shaped anhydrite texture; (I) Composite anhydrite 

texture. 

 

5. DEPOSITIONAL ENVIRONMENT OF THE BUTMAH FORMATION 

The microfacies summarise all the sedimentological and palaeontological criteria that can be 

studied in thin sections (Flϋgel, 2010). The depositional system controls the vertical and lateral 

microfacies distribution by sea-level change, salinity, temperature, light penetration, water 

depth, energy, and turbidity (Miall, 1984). In this work, microfacies were characterised by 

microscopical study of thin section slides of the cored intervals and of cuttings samples from 

the studied wells. Eight microfacies were identified based on sedimentological, petrographic 

and palaeontological investigations in the carbonates and anhydrites of the Butmah Formation 

and are summarised in Table 1 and Figure 4.  



 

Figure 4. The eight microfacies recognised in the Butmah Formation. (A) Crystalline anhydrite 

microfacies (granular texture), Bm-15, (2340 m); (B) Nodular dolomudstone microfacies, Bm-

15, (2500 m); (C) Dolomudstone with sparse anhydrite microfacies, Bm-15, (2350 m); (D)  

Stromatolite boundstone, Bm-15, (2378 m); (E) Fossiliferous packestone microfacies showing 

Foraminifera (Miliolids & Textularia), Bm-15, (2280 m); (F) Peloidal wackstone/packstone, Bm-

15, (2541 m); (G) Peliodal-ooid packstone showing different kinds of ooids, Bm-15, (2627 m); 

(H) Ooid grainstone, Az-29, (2370 m).  

 

Three major sub-environments are recognised in the Butmah Formation. These are (i) tidal 

flat (Sabkha, intertidal), (ii) back shoal (Lagoonal), and (iii) shoal sub-environments, all of 

which are represented in Figure 5.  

The tidal flat environment consists of three microfacies, including crystalline anhydrite (B.1), 

nodular dolomudstone (B.2), and dolomudstone with sparse anhydrite crystals (B.3). The 

calcareous or dolomitic mudstones include nodular, wavy or coarse crystalline anhydrite with 

few indigenous biota except for cyanobacteria, ostracods, and those molluscs which are 

adapted to high salinities. The lagoon environment is represented by four microfacies: 



dolomudstone with sparse anhydrite crystals (B.3), stromatolite boundstone (B.4), fossiliferous 

packstone (B.5), and peloidal wackestone/packstone (B.6). The common biota includes large 

bivalves, gastropods, and miliolids. The shoal environment is represented by peloidal-ooid 

packstones (B.7) and ooid grainstones (B.8). This environment consists of peloids and/or 

ooides with some bioclasts such as gastropod and miliolids, and has been interpreted as 

medium to high energy (Flϋgel, 2010). Microfacies B.4 and B.7 occur at the interface between 

the tidal flat and lagoon environments and between the lagoon and shoal environments, 

respectively, and may be treated as indicating transitional deposition. 

 

Figure 5. The depositional model with facies distribution of the Butmah Formation (after 

Jafarian et al., 2018). 



Table 1. Summary of the identified microfacies types and depositional environment of the Butmah Formation.  

Microfacies Description Interpretation 
Depositional 
environment 

B.1:  Crystalline anhydrite 
This microfacies is represented by thin beds of anhydrite which is observed under the 
microscope as equant, fibrous, felted, and bladed. 

It is typical of evaporative low-layers coastline. Supratidal 

B.2:  Nodular 
dolomudstone 

This microfacies is composed of laminar or massive dolomudstone and includes 
differently sized isolated and combined nodules of anhydrite. 

It implies tidal flat position, but with fluctuating 
evaporation rate with shallow depth 
environment. 

Intertidal 

B.3:  Dolomite with sparse 
anhydrite 

This microfacies is similar to the previous microfacies but with a lesser anhydrite 
component which is represented as random crystals of anhydrite within a 
dolomudstone groundmass.  

It indicates tidal flat position of carbonate 
platform with deeper environment than 
microfacies B.2. 

Intertidal 

B.4:  Stromatolite 
boundstone 

This microfacies is characterised by stromatolite layers which appear under the 
microscope as frequent dark (micrite) and light (dolospar) algal laminae. 

It is typical of a carbonate platform in intertidal 
and lagoon position. 

Transitional 
Intertidal/Lagoonal 

B.5:  Fossiliferous 
packstone 

This microfacies consists mainly of miliolid, Textularia, gastropods, echinoderms, 
green algae and peloids.  

The common biota of this microfacies indicates 
lagoon environment (inner platform).  

Lagoonal 

B.6:  Peloidal wackestone 
/packstone 

This microfacies consists of peloids as the main non-skeletal grain associated with 
some fossils and lithoclasts.  

It implies a restricted low energy environment. Lagoonal 

B.7:  Peloidal-ooid 
packstone 

This microfacies principally consists of micritic, fibrous ooids and peloids. In addition, 
intraclasts, shell fragments, benthic foraminifera, and red algae occur. 

It implies medium to high energy deposition 
due to the presence of bioclasts. 

Transitional 
Lagoonal/Shoal 

B.8:  Ooid grainstone 
This microfacies consists mainly of superficial and normal ooids. Furthermore, some 
peloids, shell fragments, and benthic foraminifera occur within sparry calcite or 
anhydrite cement. 

It is a typical indication for high energy 
condition with middle platform position. 

Shoal 

 

 



6. PETROPHYSICAL PROPERTIES 

This section contains a detailed report of the pore and pore-throat microstructure of the 

anhydritised carbonate of the Butmah Formation, together with porosity, permeability and 

other petrophysical parameters related to the reservoir quality of the formation rocks.  

6.1 Porosity 

Effective porosity values from 67 anydritised samples of limestone and dolomite rocks from 

units U.4 and U.5 are presented in Table 2 and Figure 6. Overall, the highest porosity in U.4 

of the Butmah Formation was 8.6%, and the lowest 0.72%, with an arithmetic mean of 4.62%, 

a modal value of 3.5%, and a standard deviation of 4.64%. Compared to the Unit U.4 

measurements, samples from Unit U.5 showed lower porosities, with a maximum of 6.91%, 

a minimum of 0.19%, an arithmetic mean of 2.72%, a modal value of 1.5%, and a standard 

deviation of 3.38%. 

Figure 6A shows that the aggregated porosity distribution of the Butmah Formation for units 

U.4 and U.5 is approximately unimodal, with an arithmetic mean value of 3.67% and a 

standard deviation of 3.77% overall.  

It would be tempting to take the apparent unimodality of the overall distribution at face value. 

However, when the dataset is separated into limestones and dolomites, as in Figure 6B, it is 

clear that the overall behaviour is composed of a unimodal distribution for each rock type, 

with the dolomite samples displaying a higher porosity. The porosity of the limestone samples 

varies from 0.19% to 6.91%, with an arithmetic mean value of 2.72% and a modal value of 

1.5%, while the porosity of the dolomite samples varies from 0.72% to 8.6%, with an arithmetic 

mean value of 4.62% and a modal value of 3.5%. The dip in the peak of the overall distribution 

in the range 2%-3% is caused by the addition of the separate distributions for limestone and 

dolomite. 

 



Table 2. Statistical analysis of the effective porosity of the U.4 and U.5 of the Butmah 

Formation. 

Stratigraphic 

units 

Lithofacies and 

lithology 

Number of 

samples 

Effective porosity (%) 

Min Max Mean Mode Std Dev 

U.4 L.3 (dolomite) 36 0.72 8.6 4.62 3.5 4.64 

U.5 L.1 (limestone) 31 0.19 6.91 2.72 1.5 3.38 

Overall Overall 67 0.19 8.6 3.67 3.5 3.77 

 

 

Figure 6. (A) The overall effective porosity of the Butmah Formation; (B) The effective porosity 

of the Butmah Formation separated into the contributions from the dolomite and limestone 

lithofacies. 



6.2 Pore throat size measurements 

The pore-throat size distributions of eight samples of limestone and dolomite from the Butmah 

Formation were measured using mercury injection capillary pressure analysis, from which the 

associated pore and grain distributions were also calculated. The measurements show 

differences in both the pore throat size and pore size distributions between the limestone and 

dolomite units of the Butmah formation. These differences in the pore microstructure are 

governed by the dolomite recrystallisation, anhydrite occurrences and subsequent diagenesis 

(Mohammed Sajed and Glover, 2020). Examples of the measured capillary pressure curves 

for four samples are given in parts A, C, E and G of Figure 7, while the derived pore throat 

size distributions are shown in parts B, D, F and H of Figure 7. 

The limestone samples exhibit a single peak in the pore throat size distributions, which are 

shown here as graphs of incremental intrusion as a function of pore throat diameter. The two 

samples shown in Figure 7 exhibit similar morphology - both of them show moderate pore 

sorting, with a displacement pressure of 6000 psi in Figure 7A and Figure 7C, respectively, 

whereas the associated pore throat size distributions shown in Figure 7B and Figure 7D show 

single peaks at 0.007 µm and 0.03 µm.  

By contrast, the dolomite samples exhibit a wide range of pore throat sizes, with displacement 

pressures of 50 and 80 psi in the two examples shown here (Figure 7E and Figure 7G), and 

a significant pore volume associate with pore throats from 2 nm to 10 µm, in both cases. 

These samples both exhibit poor pore throat size sorting, which may be unimodal or 

multimodal. The pore throat distributions of the two dolomite examples shown in Figure 7F 

and Figure 7H are clearly different, with one showing significant incremental intrusion 

between about 0.03 µm and 2 µm, with no clearly dominant peaks, while the other has a 

single broader peak at approximately 0.8 µm. Clearly, dolomitisation and anhydrite 

cementation/dissolution have left different parts of this formation with significantly different 

pore textures based on assessment by pore throat diameter. 

 



 

Figure 7. Pore throat distributions for four samples subjected to MICP measurements. Top 

two rows (blue dots) from the limestone lithofacies (U.5, L.1) of the Butmah Formation, and 

bottom two rows (red dots) from the dolomite lithofacies (U.4, L.3) of the Butmah Formation. 



6.3 Grain/crystal size and pore distributions 

In order to get a good description of the pore network of any rock, grain/crystal size, pore size 

and pore-throat distributions should be identified correctly (Mohammed Sajed and Glover, 

2020).  

The use of grain/crystal size scales allows more extensive differentiation of limestone and 

dolomite fabrics. In this study, we used the Folk (1962) classification scheme, as summarised 

in Table 3. 

Table 3. Grain/crystal classification terms according to Folk (1980) 

Grain/crystal size classification 

Diameter 

(µm) 
4 - 16 16 - 62 62 - 250 250 - 1000 1000 - 4000 

Grain name 

Calcilutite Calcarenite Calcirudite 

VF, F  M, C  VF, F  M, C  F calcirudite 

Crystal name VF crystalline F crystalline M crystalline C crystalline VC crystalline 

Note: F = fine, VF = very fine, M = medium, and C = coarse, VC = very coarse 

 

Figure 8. Histogram of grain/crystal size distribution of the limestone and dolomite units of the 

Butmah Formation using grain and crystal size bins defined by the Folk (1962) classification. 

 



Figure 8 shows grain/crystal size distributions within the Butmah Formation. Wide crystal size 

distributions were recorded as unimodal histograms for both limestone and dolomite units, 

ranging from less than 16 μm to more than 1000 μm, with a modal value peaking at 36% in 

the range 250-1000 μm in the limestones and at 32% in the range 62-250 μm in the dolomites. 

However, it is clear that the distribution of grain/crystal sizes is approximately the same for 

the limestone and dolomite-based rock samples studied in this work. 

 

Figure 9. Histogram of the pore size distribution within the Butmah Formation using pore size 

bins defined by the Luo and Machel (1995) classification.  

 

In this study pore size was also classified using the Luo and Machel (1995) classification. The 

classification ranges widely from very large pores that can be characterised by the naked eye, 

and small pores that are measured using polarising microscope, to the very small pores that 

can be measured by scanning electron microscopy (SEM) and mercury injection capillary 

pressure (MICP). Figure 9 shows the resulting classified pore size distribution within the 

Butmah Formation. Overall, it is clear that the smaller sized pores dominate in both the 

limestones and dolomites. The histogram for the limestone units shows a unimodal pore size 

distribution ranging from <0.2 to 1000 μm, with a modal pore size of less than 0.2 μm (44% 

peak value). Whereas the histogram of the dolomite units of the Butmah Formation shows a 



pore size distribution range between <0.2 and 4000 μm, exhibiting a modal value in the pore 

size range of 0.2-1 μm (33% and 34%, respectively).  

6.4 Pore network distribution 

The pore types occurring in the Butmah formation in this study have been described and 

classified according to the classification schemes of Choquette and Pray (1970) and Lucia 

(1983; 1995). In addition, the Ahr (2008) classification has been used to characterise the final 

shape of the pore network and pore system of the Butmah Formation. 

A combination of the previously described petrophysical measurement data and qualitative 

micrography using both polarising microscopes and SEM has allowed us to characterise the 

pore network of the studied formation (Table 4). 

Table 4: The pore system of the Butmah Formation according to pore type, pore size and 
grain/crystal size. 

Units 
Lithofacies & 

lithology 
   Grain/crystal size      Pore type         Pore size       Pore system 

             (m)                     (m)           

U.4 L.3 (Dolomite)       <16 - >1000           Vg, Inc, Mf         <0.2 – 4000      D & H (d-f) 

U.5 L.1 (Limestone)         16 - >1000          Vg, Ing,M, Mf      <0.2 – 1000         H (d-f) 

Notes: Vg=vugs, Inc=intercrystalline, Mf= microfractures, Ing= intergranular, M= moldic , D=diagenetic 
system, H (d-f)=hybrid (diagenetic-fracturing) system. 

 

The limestone units of the Butmah Formation (units 1, 3 and 5) consist of vugs (Vg), 

intergranular (Ing), moldic (M), and microfractures (Mf) (Figure 10A-C). Generally, there are 

fewer and smaller pores in these limestones compared to the nearby dolomites (units 1, 3 

and 5). Most of the pores are micropores (<2 𝜇m - 62.5 𝜇m). The smaller pores are 

represented by intergrain spaces, which are mostly isolated pores (Figure 10A). On the other 

hand, the largest pores are in the form of vugs and molds that are occasionally connected by 

microfractures or stylolites (Figure 10B), shown by the blue-dyed epoxy with which they are 

injected, and as partly or totally anhydrite filled pores that can be recognised as white, 

uniformly-filled patches on the micrographs. 



 

Figure 10. (A) intraparticle and interparticle porosity within limestone facies, U.5, Bm-15; (B) 

Vuggy porosity associated with stylolite in limestone lithofacies, U.5, Bm-15; (C) Fracture 

porosity within limestone lithofacies, U.5, Bm-15; (D) Intercrystalline porosity within dolomite 

lithofacies, U.4, Bm-15; (E) Fracture and isolated vugs in dolomite lithofacies, U.4; (F) 

intercrystalline porosity with mega vugs within dolomite lithofacies, U.4, Bm-15; (G) SEM 

image showing intercrystalline porosity partly occluded by anhydrite cement, U.4, Bm-15; (H) 

SEM image of isolated vugs partly filled by anhydrite cement U.4, Az-29; (I) SEM image of 

intercrystalline porosity with fractures occluded by anhydrite cement, U.4, Az-29. 

 

By contrast, the dolomite units of the Butmah Formation (units 2 and 4) consist of vugs (Vg), 

intercrystalline (Inc), and microfractures (Mf) (Figure 10E, F, G). These pores depend on 

dolomite crystallisation and occurrence of anhydrite cement between the dolomite crystals. 

This lithofacies has a good porosity when the anhydrite cement is diagenetically dissolved, 

exhibiting a variety of pore sizes from large mesopores (62.5 𝜇m – 1 mm) to small micropores 

(<2 𝜇m). The smaller pores are in the form of intercrystalline spaces, which are generally well-



connected (Figure 10D, G). By contrast, the larger ones are often in the form of isolated vugs 

that may occasionally be connected (Figure 10E, H). Some of these vugs are larger than 0.5 

mm, and can be seen as open macropores in Figure 10F. 

The fracture intensity in the stratigraphic units of the Butmah Formation is generally high, but 

most of the fractures have been entirely or partially occluded by anhydrite cement and 

sometimes by calcite cement. In spite of that, some open fractures were observed, especially 

in Unit 4 (Figure 10C, E, I). 

 

6.5 Permeability 

In general, permeability measurements obtained by core analysis usually represent the lower 

limit of permeability, especially in fractured units, because core plugs are always chosen from 

non fractured well-indurated rocks to obtain a whole sample and this leads to a systematic 

underestimation of permeability (Mohammed Sajed and Glover, 2020).  

In this study, permeability measurements were carried out by a pulse-decay method using 

helium gas permeametery. Summary results are given in Table 5 and Figure 11. 

Table 5. Permeability measurements of the studied formations. 

Units 
Lithofacies & 

lithology 
Number of 

samples measured 

Matrix permeability (mD) 

Min Max Mean Mode 

U.4 L.3 (dolomite) 36 5.4110-5  6.1010-2 7.0710-3 5.010-4 

U.5 L.1 (limestone) 31 1.3010-6 7.6910-3 4.6810-4 5.010-5 

 

The permeability measurements of the anhydrite-containing dolomite rocks composing U.4 of 

the Butmah Formation show a unimodal distribution, with the lowest permeability being 

5.4110-5 mD (5.3410-20 m2) and the highest being 6.1010-2 mD (6.0210-17 m2), with an 

arithmetic mean of 7.0710-3 mD (6.9810-18 m2), and a modal value of 5.010-4 mD (4.9310-

19 m2). By contrast, the anhydritised limestone rocks of U.5 show lower permeabilities. They 

exhibit an unimodal distribution over the range 1.3010-6 mD (1.2810-21 m2) to 7.6910-3  mD 



(7.5910-18 m2), with an arithmetic mean of  4.6810-4  mD (4.6210-19 m2), and a modal value 

of 5.010-5 mD (4.9310-20 m2).  

Figure 11 shows the permeability distribution on a decadal scale. The permeability of the 

anhydrite-containing dolomite rocks composing Unit U.4 of the Butmah Formation is 

distributed predominantly between 0.1 mD and 10-5 mD (9.8710-17 m2 and 9.8710-21 m2), 

with the highest occurrence (33.3% of the measurements) in the range 10-3 mD – 10-4 mD 

(9.8710-19 m2 and 9.8710-20 m2). By contrast, the permeability measurements of the 

anhydritised limestones of Unit U.5 have a tighter unimodal distribution, with the modal value 

(48.4% of the measurements) occurring in the range 10-4 mD – 10-5 mD (9.8710-20 m2 and 

9.8710-21 m2).  

 

Figure 11. Permeability histogram of the Butmah Formation at well Bm-15. 

 

7. DISCUSSION 

Evaporites are usually associated with carbonate dolomitisation as products of the 

evaporation of seawater or due to the dissolution of sulfate (Melim and Scholle, 2002; Qing et 

al., 2001). One of the two main mechanisms of dolomitisation, which significantly control the 

reservoir quality of carbonate rocks in the inner platform environments, is generically related 



to saline formation fluids during the precipitation or dissolution of evaporates (Gill et al., 1995; 

Meyers et al., 1997; Feng and Meyers, 1998; El-Tabakh et al., 2004; Mohammed Sajed and 

Glover, 2020). Evaluation of the effects of anhydrite fabrics on reservoir quality is very 

important and complex (Aleali et al., 2013). Consequently, the discussion in this paper 

emphasises the relationship between the anhydrite fabrics, anhydrite diagenesis, and the 

reservoir quality of the Butmah Formation. 

 

7.1 Paragenesis of anhydrite 

Many factors control the sequence of diagenesis in carbonate rocks, such as mineralogy, grain 

size, texture, nature of pore fluid and climate (Tucker and Wright, 1990; Tucker, 1993; Ahr, 

2008; Flϋgel, 2010). The effect of anhydritisation on reservoir quality varies according to 

whether they are early or late anhydrite fabrics during the diagenetic history (Mohammed 

Sajed and Glover, 2020). Consequently, this section aims to determine the timing of the 

development of anhydrite structures, textures, and anhydrite diagenesis, and their effects on 

the reservoir quality of the Butmah Formation. 

7.1.1 Anhydrite structures 

Starting with anhydrite structures, the nodular to chicken-wire anhydrite structures were 

deposited under syndepositional supratidal (sabkha) conditions (Kasprzyk, 2005). The nodular 

anhydrite was formed as very early diagenetic displacement and/or replacement processes 

(Figure 12). The intensity and shape of anhydrite nodules can vary as a result of water salinity 

of the depositional environment and the later compaction during burial diagenesis (Shearman, 

1966; Warren and Kendall 1985; Machel and Burton, 1991; Tucker, 2001; Warren, 2006; 

Lucia, 2007). The nodular anhydrite is more common with the dolomite lithology in the tidal flat 

facies and its presence gives the measured samples moderate to low petrophysical properties 

(porosity and permeability) and has a reverse relationship with the reservoir quality of the 

Butmah Formation. 



The chicken-wire anhydrite structure was formed due to merged nodules pushing aside and 

displacing the sediments around them to increase the size of the merged nodules and leading 

to diffused growth. These structures with the laminated/layered (bedded) structures have been 

characterised as syndepositional anhydrite textures (Warren and Kendall, 1985; Tucker, 2001; 

Warren, 2006; Lucia, 2007). Bedded anhydrite may be deposited directly as gypsum from 

brines and changed diagenetically to anhydrite (Kasprzyk and Orti, 1998; Warren, 2006). The 

chicken-wire and laminated/layered structures show in general low porosity and permeability 

which reflected negatively on the reservoir quality of the Butmah Formation.  

 

Figure 12. Anhydrite paragenesis of the Butmah Formation. 

 

By contrast, the massive anhydrite structures may belong to the gypsum crystals that formed 

under subaqueous conditions, then by dehydration (transformation to anhydrite) under deep 

burial conditions (Logan, 1987; Smoot and Lowenstein, 1991; Warren, 1999). The bedded and 



massive structures show very low porosity and permeability and were represented as non-

reservoir intervals within the Butmah Formation.   

7.1.2 Anhydrite textures 

The early anhydrite textures are associated with early dolomitisation and formed in subaerial 

evaporative conditions or throughout the early diagenetic alteration of the rock (Warren and 

Kendall, 1984; Kasprzyk, 2003). Under the polarised microscope the early anhydrite structure 

may exhibit any of the types of anhydrite texture that were described earlier, in Section 4. 

These textures, which include sparse, aphanitic, felted, acicular, fibrous or mosaic anhydrite 

textures, reduce the reservoir quality by filling and occluding the host pores within carbonate 

successions (Mohammed Sajed and Glover 2020). 

The so-called sparse and isolated textures represent among the most important syn-

depositional textures that are described in the lower zone of the supratidal to the upper zone 

of the intertidal environments (Warren, 2006; Flϋgel, 2010; Mohammed Sajed and Glover, 

2020). The dispersed and single anhydrite crystals are cut off in some cases by fractures and 

stylolites, which may have been formed later on through the diagenetic history (Kasprzyk and 

Orti, 1998). These textures have slightly affected the reservoir quality of the dolomite 

lithofacies of the Butmah Formation. 

The aphanitic and felted textures that are filled with fenestral pores in the dolomite facies of 

the Butmah Formation belong as well to the early diagenesis that affects the lower zone of the 

supratidal and the intertidal environments (Warren, 2006; Mohammed Sajed and Glover, 

2020). The absence of strong compaction features and stylolites adjacent to the anhydrite 

cement in the Butmah Formation may refer to their creation during shallow burial. The 

aphanitic and felted textures have a negative effect on the reservoir quality of the dolomite 

lithofacies of the Butmah Formation.  

The equant/mosaic texture is commonly observed in the tidal flat environments and especially 

in the shallowest part represented by the supratidal zone (Maiklem et al., 1969; Warren, 2006; 



Aleali et al., 2013). The equant/mosaic texture blocked most the pore spaces in the tidal flat 

facies of the Butmah Formation.  

Lath-shaped and composite anhydrite textures are most commonly found in tidal flat and 

lagoonal facies (Maiklem et al., 1969; Warren, 2006; Aleali et al., 2013). The lath-shaped and 

composite textures have a clear negative effect on the reservoir quality of the dolomite and 

limestone lithofacies of the Butmah Formation. 

 

7.1.3 Diagenetic processes 

Several diagenetic processes were observed in the Butmah Formation, including anhydrite 

replacement, anhydrite cementation, anhydrite dehydration, and anhydrite dissolution. 

Anhydrite replacement is frequent in the wackestone to grainstone of the lagoon and tidal flat 

environments of the Butmah Formation. It is a replacement phase, with anhydrite replacing 

carbonate grains during the percolation of sulfate-rich solutions through the rock. In the 

Butmah Formation, anhydrite replacement was recognised as occurring not only in grains such 

as ooides, peliods and bioclasts (Figure 13A, B), but also as commonly  affecting the rock 

mass around fractures (Figure 13C). This process occurs at high temperatures and pressures 

characteristic of deep burial (Holliday, 1970; Kendall, 1989; Testa and Lugli, 2000).   

Anhydrite cementation was characterised mainly into early and late cementation. The early 

cementation type was previously identified with anhydrite textures that are described as syn-

depositional and associated with early diagenetic processes. By contrast, three types of late 

anhydrite cementation were observed in the Butmah Formation: (i) poikilotopic anhydrite 

cement, (ii) pervasive anhydrite cement, and (iii) fracture-filling anhydrite cement.  

Poikilotopic anhydrite cement is composed of anhydrite crystals of various sizes, arising from 

matrix dissolution and replaced by anhydrite cement and/or pore-filling (Figure 13D and E). 

The anhydrite crystals may contain a few carbonate grains or dolomite crystals. The presence 

of these inclusions is common in the tidal flat, lagoon and shoal environments under deep 



burial conditions (Cesaretti et al., 2000; Dworkin and Land, 1994; El-Tabakh et al., 2004). The 

source of poikilotopic anhydrite cement may be related to dissolution of calcium sulfate under 

deep burial conditions, or have been formed during early syndepositional brine reflux (Purvis, 

1989; Luczaj and Goldstein, 2000; Warren, 2006). 

In the Butmah Formation, poikilotopic anhydrite cement reduces the bulk porosity by partially 

or fully filling interparticle, intercrystalline, and moldic porosity, with a concomitant reduction in 

permeability. This is contrary to the observations of Lucia (1999), who originally reported that 

the poikilotopic anhydrite cement only marginally reduced the porosity and permeability of 

carbonate samples. Moreover, he reported in 2004 that, under some circumstances, 

poikilotopic anhydrite cement could improve the reservoir quality of carbonate rocks (Lucia, 

2004). 

Pervasive anhydrite cement consists of contiguous groups of anhydrite crystals that show 

different extinction angles under the polarised microscope (Figure 13F). This type of anhydrite 

cement, created due to pervasive large anhydrite crystals, mostly in dolomite facies, is 

developed pervasively in intergranular/intercrystalline (Ehrenberg et al., 2008; Rahimpour-

Bonab et al., 2010). The pervasive anhydrite cement fills pore space in rocks and creates tight 

carbonate intervals which form a barrier to fluid flow within the reservoirs (Rahimpour-Bonab 

et al., 2007).  

Whereas, the fracture filling anhydrite cement partially or totally fills the Butmah Formation 

fractures, which leads to reduction of the reservoir quality. The anhydrite crystals in this type 

tend to be elongated crystals due to the presence of satin-spar gypsum (Kendall, 1975) (Figure 

13G and H). Another shape of anhydrite cement was characterised as cemented vugs (Figure 

13I).  

The poikilotopic and pervasive anhydrite cementation is considered to be a late diagenetic 

process in the Butmah Formation due to its association with compaction, dissolution, fractures, 

and saddle dolomite. Finally, fractures filling anhydrite cement were characterised as the latest 

diagenetic processes in the Butmah Formation. 



 

Figure 13. The anhydrite diagenetic features of the Butmah Formation. (A) Anhydrite 

replacement of a bioclast; (B) Anhydrite replacement of ooids, and matrix; (C) Anhydrite 

replacement along fracture in dolomudstone; (D) and (E) Pervasive anhydrite cement in ooid 

grainstone and dolomudstone respectively; (F) Poikilotopic anhydrite cement; (G) Drusy 

anhydrite cement filling fracture; (H) Multiphase fractures, molds filled by anhydrite cement. 

New open fracture is cross-cutting the ooid packstone; (I) Anhydrite cement filling vugs; (J) 

and (K) Anhydrite dehydration as porphyroblastic gypsum; (L) Anhydrite dissolution.  

 

Anhydrite hydration is a type of late diagenetic process in the Butmah Formation that results 

in secondary gypsum textures such as alabastrine (feathering, granoblastic, and 

porphyroblastic). It results from uplift or other tectonic activity which allows percolation of 



freshwater through calcium sulphate deposits in the meteoric realm (Holliday, 1970; Warren, 

1999; 2006) (Figure 13J and K).  

The solubility of anhydrite is affected by pressure where each 0.01 Pa increase in pressure 

results in a steep increase of 3 to 5 times in solubility (Manikhin, 1966). Despite this, water 

flows through fissures in anhydrite travel for longer distances before sufficient CaSO4 is 

dissolved to precipitate secondary gypsum than would be the case if the fissures were in 

massive gypsum (Klimchouk, 1996). 

Significant anhydrite dissolution is usually associated with tectonic uplift and exhumation of 

the platform. The subsequent movement of sulfate-rich brines into deeper and warmer parts 

of the platform results in precipitation filling pores with anhydrite cement (El-Tabakh et al., 

2004).  

Dissolution of anhydrite fabrics caused by burial and resulting in high temperatures and 

pressures may lead to the creation of good reservoir intervals within carbonate succession 

(Warren, 2006). Such anhydrite dissolution is a late diagenetic process that improves the 

porosity and permeability of some intervals within the Butmah Formation, giving them good 

reservoir properties (Figure 13L). The anhydrite dissolution in the Butmah Formation may have 

coincided with late Jurassic tectonic uplift to improve the reservoir quality of the tidal flat facies. 

Dissolution of anhydrite beds and nodules is probably the main source of these anhydrite 

cements in the lagoon and shoal facies of the Butmah Formation.  

 

7.2 Reservoir quality history of the Butmah Formation  

According to the facies distribution, anhydrite cementation, and petrophysical properties of the 

Butmah Formation, we can conclude that the tidal flat facies have the best reservoir quality 

when compared to the lagoon and shoal facies. These conclusions contrast with the normal 

situation that is discussed in many literature studies for the reservoir quality of any carbonate 

successions from the tidal flat facies to the shoal facies (Lee and Harwood, 1989; McNeil et 



al., 1998; Testa and Lugli, 2000; Moore, 2001; Al-Ramadan, 2006; Rahimpour-Bonab et al., 

2010; Becker et al., 2019).  

In general, the precursor pore spaces in the tidal flat facies group tend to be filled partly or 

totally by the associated syndepositional and early diagenetic anhydrite cement (Phase I). 

Whereas, in the shoal facies the pore spaces are usually characterised as open with low 

cement contents due to the high energy of waves at the depositional time. Consequently, the 

reservoir quality in the shoal and lagoon facies of the Butmah Formation was better than in 

the tidal flat at the time of the deposition and later in the early diagenetic environments. 

The reservoir quality of the Butmah Formation suggests that post-depositional uplift as a 

tectonic event affected the study area during the Middle-Late Jurassic and caused a 

contrasting scenario for reservoir facies distribution. The assumed tectonic uplift tended to 

dissolve some of the early anhydrite cement in the tidal flat facies, and then movement of 

sulfate-rich brines into the deeper part of the inner platform represented by the lagoon and 

shoal facies led to saturation and deposition as late anhydrite cementation (Phase II).   

The late anhydrite cementation affected enormously the reservoir quality of the lagoon and 

shoal facies by filling and occluding most of the pore spaces and fractures (Figure 14). 

Consequently, the tidal flat facies groups have held better reservoir properties than the lagoon 

and shoal facies groups. 

 

Consequently, we recognise three main stages related to anhydrite cementation which have 

affected the reservoir quality of the Butmah Formation: 

Stage 1 (early diagenetic anhydrite cementation) 

The first stage has a negative effect on the reservoir quality of the studied formation and is 

represented by the amount of anhydrite cement (Phase I) at the depositional time and early 

diagenetic phase that decreases from the tidal flat facies towards the shoal facies.  

 



Stage 2 (late diagenetic anhydrite dissolution) 

This stage mainly occurs due to the late dissolution that dissolves the anhydrite cement in the 

tidal flat facies and then transports sulfate-rich brines into deeper parts of the inner platform. 

This stage is responsible for the reservoir quality improvement in the tidal flat facies of the 

Butmah Formation. 

 

Figure 14. A schematic diagram showing depositional setting, petrographic characteristics, 

and reservoir properties of the Butmah Formation. 

 

Stage 3 (late anhydrite cementation) 

Late dissolution, which affects the tidal flat facies in the earlier stage (Stage 2), led to 

enrichment of the lagoon and shoal facies by the transported sulfate-rich brines, followed by 



deposition as late anhydrite cement (Phase II) to occlude most of the pore spaces and reduce 

the reservoir quality in the lagoon and shoal facies of the Butmah Formation. 

7.3 Anhydritisation and poroperm relationship 

This study has shown a clear relationship between anhydrite cementation and the reservoir 

quality of the Butmah Formation. The massive and bedded anhydrite structures were 

represented as non-porous and non-permeable intervals within the studied formation (Warren, 

1999, 2006, 2010; Aleali et al., 2013). 

The lowest reservoir quality in the Butmah Formation was recognised in the lagoon and shoal 

facies samples that were sharply affected by the late anhydrite cementation (poikilotopic, 

pervasive and fracture filling anhydrite cement) that gave rise to low porosity, permeability and 

pore throat.  

Deposits of nodular and chicken wire anhydrite are associated with tidal flat and lagoon facies 

as dolomudstone and dolowackestone and commonly consist of microcrystalline subhedral to 

anhedral dolomite that is characterised as having moderate reservoir quality with low to 

moderate porosity and permeability due to association with anhydrite textures such as spare 

crystals, fibrous, felted and equant textures. 

The late diagenetic phase plays two contrasting roles in determining the reservoir quality of 

the Butmah Formation. It has a negative role of reducing the reservoir quality of the lagoon 

and shoal facies samples that are sharply affected by the late anhydrite cementation 

(poikilotopic, pervasive and fracture filling anhydrite cement) to give the worst reservoir quality 

in the Butmah Formation. However, it also has the positive role of improving the reservoir 

quality of the tidal flat facies by means of the late anhydrite dissolution, thereby giving the best 

reservoir quality in the Butmah Formation. 

Figure 15 shows the poroperm data for all the samples tested in this work. The porosity is 

plotted on the x-axis on a linear scale, whereas the permeability is plotted on the y-axis using 

a logarithmic scale, while pore throat diameter is plotted on the right side of the figure. 



Together with overlain curves for the RGPZ carbonate model for four different combinations 

of parameters. Each of these combinations keeps the cementation exponent constant 

(m=3.06, and 2.6 for dolomite and limestone samples, respectively) due to the tightness of 

differences in the two lithologies, and varies the grain/crystal size from 10 µm to 300 µm. 

Applying the RGPZ carbonate model required the calculation of mean cementation exponents 

and theta (the coefficient proportionality between the pore size and grain size) values (Glover 

et al., 2006; Rashid et al., 2015a; 2015b).  

The cementation exponents of the dolomite samples varying between 3.74 and 2.03 with an 

arithmetic mean of 3.06 and a standard deviation of 0.44, whereas the cementation exponents 

of the limestone samples varying between 3.48 and 1.58 with an arithmetic mean of 2.61 and 

standard deviation of 0.51. The dolomite samples' calculated theta ranged from 0.008 to 0.096 

with an arithmetic mean of 0.035 and a standard deviation of 0.022. In contrast, the range of 

the calculated theta of the limestone samples covers higher values (0.064 to 0.769) with an 

arithmetic mean of 0.31 and a standard deviation of 0.195. 

Increasing the cementation exponent shifts the curves towards lower permeabilities. It is not 

possible to fit the tight carbonate models to the data without a further constraint, such as 

knowing the cementation exponent and modal grain/crystal size (Mohammed Sajed and 

Glover, 2020). However, the overlay curves show that the data approximately conform to 

reasonable values for the model parameters. The poroperm relationship clearly shows that 

the limestone and dolomite samples are very diffuse (huge range of porosities for a given 

permeability). For instance, permeability at 5x10-4 mD (4.93x10-19 m2) has porosity ranging 

from 1.5 – 7.0%, and for 3% porosity, permeability ranges over almost 3 orders of permeability 

magnitude. These two examples illustrate that it is not porosity which has the biggest 

controlling influence on permeability but the connectivity of the pores. 

 

 



 

Figure 15. Porosity - permeability relationships of the Butmah Formation showing the 

distribution of pore-throat diameter and anhydrite cementation amounts. 

 

Consequently, we determined the electrical connectedness values of the selected samples 

using the following equation from Glover (2009; 2015): 𝐺 =  𝜙𝑚,                                                                (1) 

which should be contrasted with the electrical connectivity, which is given by (Glover, 2009; 

2015) by  𝜒 =  𝜙𝑚−1,                                                              (2) 

where  is electrical connectivity, G is the electrical connectedness,  is porosity, and m is 

cementation factor. The two measures differ in that the connectedness describes how the 

pore network is connected electrically due to the effect of the size of the porosity and the way 

the pores are connected, whereas connectivity is only concerned with how the pores are 



connected. Consequently, heuristically and mathematically, it may be stated that (Glover and 

Déry, 2010) 

 𝐺 =  𝜙𝜒      (3) 

Connectedness is also the inverse of the resistivity formation factor (Glover, 2009). 

Figure 16 shows the connectedness-permeability relationship (G-k diagram) and connectivity-

permeability relationship (-k diagram) that we introduce for the first time in this study to 

identify the flow units within the limestone and dolomite samples of the Butmah Formation.  

In the case of the connectedness-permeability relationship (Figure 16A), we are comparing a 

measure of the efficacy of electrical flow (connectedness) with a measure of the efficacy of 

hydraulic flow (permeability) through the same pore network. Limestones tend to exhibit the 

lower permeabilities, while dolomites have the higher permeabilities. Low permeability rocks 

of both types tend to have low connectednesses, and for limestones the electrical 

connectedness changes little while the permeability varies over three orders of magnitude. 

This implies that as permeability decreases the pore network remains connected electrically, 

which is consistent from what we know of capillary pressure behavior of rocks with small pore 

throats. Although some of the tighter dolomites exhibit this same behavior, for permeabilities 

greater than about 2x10-4 mD, the electrical connectedness increases by two orders of 

magnitude in a scattered manner, indicating that the individual pore microstructures of the 

dolomite are influencing both the electrical connectedness and the hydraulic permeability. 

In the case of the connectivity-permeability relationship (Figure 16B), we are comparing a 

measure of how the connections of pores affect electrical flow in the rock with the hydraulic 

permeability. This figure is, perhaps surprisingly, completely different from that in Figure 16A. 

The electrical connectivity decreases as permeability increases, which is counterintuitive 

given that both electrical and hydraulic flow depend on the same pore network. Electrical 

connectivity is more difficult to interpret because it depends directly on both cementation 



exponent and porosity (Eq.(2)), but cementation exponent is also dependent on porosity, as 

we can see for the Butmah Formation in Figure 16C. This results in a complex mathematical 

relationship which is out of the scope and length of this paper to explore fully.  

The apparently diverging relationships shown in Figure 16B makes this figure good for 

separating rocks according to their properties. Hence we can use the connectivity-

permeability relationship to define different flow units. We have divided the limestone and 

dolomite samples from the Butmah formation samples into three flow units:  

1. Flow Unit 1 (>310-3 and k110-5 mD),  

2. Flow Unit 2 (10-3<<310-2 and 110-5<k<110-3 mD) , and  

3. Flow Unit 3 (10-4<<710-3 and k110-3 mD).  

The dolomite samples show the higher permeability values in comparison to the limestone 

samples and occur solely in flow units 3 and 2. On the other hand, while the limestone 

samples show the lowest permeability values they occur in all flow units. 

Consequently, Figure 17 further shows three types of rock of the Butmah Formation according 

to all apparent relationships (porosity - permeability - connectivity - anhydrite cement). The 

porosity is plotted on the x-axis using a linear scale, whereas the permeability is plotted on a 

logarithmic scale on the y-axis, while the pore throat diameter is plotted on the right side of 

the relationship. Together with two different direction arrows for electrical connectedness and 

the degree of anhydrite cementation. Furthermore, this relationship also illustrates the three 

flow units described in Figure 14.  

 



 

Figure 16. Electrical and hydraulic flow cross-plots. (A) Electrical connectedness (Eq.(1) ) as 

a function of hydraulic permeability. (B) Electrical connectedness as a function of hydraulic 

permeability, with imposed flow units: FU1 = flow unit 1, FU2= flow unit 2, FU3= flow unit 3. 

(C) Cementation exponent as a function of porosity with fitted power laws. In each case blue 

represents limestone and red represents dolomite. 



 

 

Figure 17. Porosity – permeability – electrical connectedness – cementation relationships of 

the Butmah Formation showing the three identified rock types; RT1 = Rock Type 1, RT2= 

Rock Type 2, RT3= Rock Type 3.  

 

Consequently, the porosity-permeability-connectedness-anhydrite relationships described in 

this work has been used to divide the Butmah Formation into three rock types. These three 

rock types are described below: 

Type I (limestone with high anhydrite cementation): 

This rock type is characterised in the Butmah Formation as different kinds of limestone 

(mudstone, wackestone, packstone, and grainstone). This type has a low porosity, mostly 

less than 2%, and a permeability k110-5 mD, with a pore-throat diameter between 0.005 

and 0.01 m and an electrical connectivity >310-3. Pores of this type of rock are represented 

by some biomolds, fractures and intercrystalline pores that are sharply affected by late 

anhydrite cementation. Late anhydrite cements (Phase II) were characterised in this type by 



such as poikilotopic, pervasive and fracture filling anhydrite cements that occluded most of 

the pore spaces and reduced the reservoir quality of the lagoon and shoal facies. 

Type II (limestone/fine or very coarse crystalline dolomite with moderate anhydrite 

cementation):  

This rock type consists mainly of limestone (wackestone, packstone, and grainstone) and fine 

or very coarse dolomite crystals. The porosity of this type ranges from low to moderate, mostly 

less than 6%, with a permeability range 110-5<k<110-3 mD, pore-throat diameter between 

0.007 and 5 m, and electrical connectivity 10-3<<310-2 . This type of rock has pores such 

as isolated and/or connected vugs, intercrystalline and microfractures with moderate effect of 

anhydrite cementation. Both Phase I and Phase II (early and late) anhydrite cements were 

described in this rock type and represented by the amount of anhydrite cement (Phase I) at 

the depositional time and early diagenetic phase that decreased from the tidal flat facies 

towards the lagoon facies and in Phase II mainly in the shoal facies that reduced towards the 

lagoon and shoal facies. 

Type III (medium to coarse crystalline dolomite/fractured limestone with low anhydrite 

cementation): 

This rock type is identified in the studied formation as having moderate porosity of less than 

9%, together with a permeability range k110-3 mD , a pore-throat diameter between 5 and 

10 m, and an electrical connectivity 10-4<<710-3. This type of rock has pores such as 

isolated and/or connected vugs, intercrystalline and microfractures, with low effect of 

anhydrite cementation that may have happened due to late dissolution that dissolved most of 

the early anhydrite cement in the tidal flat facies. Some limestone samples described in this 

type may have been affected mainly by fracturing and retained some intergranular and moldic 

pores. 

 

 



8. CONCLUSIONS  

The analyses carried out as part of this study have shown that the reservoir quality of the 

Butmah Formation was affected considerably by anhydrite cementation through the diagenetic 

history of the Butmah Formation. The main conclusions are: 

 

 Two phases of anhydrite cementation were recognised in this study: Phase I as early 

anhydrite cement including all the syndepositional and early anhydrite textures, and 

Phase II as late anhydrite cement represented by the late diagenetic textures of 

anhydrite. 

 The early anhydrite fabrics are associated with the dolomitisation in the tidal flat facies 

of the Butmah Formation that reduced the reservoir quality of the Butmah Formation 

by occluding the early intercrystalline pores of the dolomitised units (U.2 and U.4). 

 The late anhydrite cements such as poikilotopic textures have reduced the reservoir 

quality of the Butmah Formation by occluding most of the previously open pore spaces. 

This occurs especially in the limestone units (U.1, U.3, and U.5) of the lagoon and 

shoal environments of the Butmah Formation. 

 The late anhydrite dissolution was responsible for creating the best reservoir quality of 

the Butmah Formation by dissolving most of the early anhydrite cementation and 

creating new pore spaces (intercrystalline, vuggy, fracture, and channel). These 

processes have created reservoir intervals within the dolomitised units of the Butmah 

Formation, especially U.4.  

 Early anhydrite cementation, dolomitisation and late dissolution have contributed to 

create the reservoir quality of the tidal flat facies, dolomitised units (U.2 and U.4) of the 

Butmah Formation, whereas the late anhydrite cementation is the dominant control on 

the reservoir quality of the lagoon and shoal facies, limestone units (U.1, U.3, and U.5) 

of the Butmah Formation. 



 According to the relationship between the anhydrite cementation and the petrophysical 

properties of the Butmah Formation, three rock types were characterised in the Butmah 

Formation: (i) limestone with high anhydrite cementation, (ii) limestone/fine or very 

coarse dolomite with moderate anhydrite cementation, and (iii) medium to coarse 

dolomite/fractured limestone with low anhydrite cementation.  
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