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Abstract. The Jubaila formation shows a variety of diagenetic features of varying significance. These include, dolomitization, dedolomitization and related recrystalization, micritization, compaction and pressure solution and cementation. Dolomite occurs more dominantly in the Malham section and the oil fields in the north east, while lime mudstone and grainstone form major facies to the south in the Wadi Al Birk Section. At the subsurface dolomitization affects the upper part of Jubaila formation in sellective manner. In places the sediments of Jubaila formation are dolomitized resulting in the loss of the original porosity. In other places, like Ghwar oil field, the original porosity is retained so that a thick oil column exists with vertical communication between the Arab (D) reservoir above and the upper part of the Jubaila formation below. Leaching of coarse grainstone and micrites, and dedolomitization of dolomite and dolomitic limestone followed by recrystalization are the most common diagenetic processes affecting the outcrop sections especially.

Introduction

Porosity and permeability in carbonate rocks are less affected by compaction, compared to the clastic sedimentary rocks. These petrophysical characters may be affected in carbonate rocks by environment of deposition and more dominantly by late diagenesis. Porosity of the oil/gas reservoirs may be either increased or decreased  as a result of diagenesis. The exposure of the formation to subaerial  conditions plays an important role in producing erratic porosity and permeability while the relation of diagenesis to subaerial or aerial  exposure in geologic time with regard to the hydrocarbon generation, migration and trapping are of important role in exploration and development of the reservoirs.

Present study will shed more light on the types and the importance of diagenesis on the reservoir rocks which affect the petrophysical parameters of the oil/gas bearing reservoirs.

Previous works
  

The diagenetic processes which affected the outcrops of the Jubaila carbonate rocks are similar to those seen in the subsurface of eastern Saudi Arabia [1,2] and of southern Yemen [3]. The dolomitization process is a common phenomenon at the outcrop of the Jubaila carbonates [4, p.57-142]. The modes of occurrence of the dolomite in some Arabian carbonate rocks have been also studied [5]. The diagenetic processes on the carbonate rocks  usually affect the primary porosity of these rocks.

The diagenetic processes  had taken place contemporaneously during the deposition or at later time after deposition (primary dolomitization) , and after or post-burial as a late diagenetic process (secondary dolomitization). Carbonate diagenesis is discussed in details by  many authors e.g. [6-8, p.161-182].

The subaerial exposure of carbonate rocks influence whether the carbonate will have porosity or not at subsurface [9]. The freshwater diagenesis assisted by subaerial exposure shortly after the deposition of the carbonates has an important effect on the porosity evolution of many carbonate rocks. The process of diagenesis in this case is primary and before burial. The importance of dissolution and recrystallization of calcite at surface outcrop of the Arab formation , while the Mg++ rich water circulation through the vadose zone migrates downdip, especially along porous beds, to become effective in dolomitization process as has been described [10]. The process here is a secondary diagenesis resulting from post burial and after uplift of portion of beds in the outcropping area.

The oil column of the Arab ‘D’ reservoir passes downward into the Jubaila Formation and the oil column is about 1,300 feet thick which indicates that Jubaila rocks in contact with the Arab ‘D’ reservoir have the same petrophysical parameters like the Arab ‘D’ Member at least in the Ghawar Oil Field [11]. The productive beds of Ghawar are found in the first 220 to 240 feet of the Upper Jubaila- Arab ‘D’ reservoir, below the C-D anhydrite.

It is also intersting to note that the oil/ water contact in Ghawar oil field is tilted to the north- east indicating a freshly charge water flowing in the direction of north- east from west probably from the outcrop recharged area.

The study of the Arab ‘D’ reservoir, showed that an increase of 6- 10 % dolomite decreases the porosity of calcarenite from about 25% to 20%, while such addition increases the porosity of aphanitic limestone by 5% [12] . Where dolomite increases 25%, both the calcarenite and aphanitic limestone decrease in porosity to 11%. As dolomite percentage increases from 50- 75%, porosity further decreases to 9%.

Area of study

 The area of study covers the outcrop sections of the Jubaila Formation of the Upper Jurassic age which covers the shallow shelf and the Central Arabian intrashelf basin. The study was carried out along the outcrop sections east of the Dhruma Graben fault system, from Al Majmah (Lat. 25 50’ N and Long. 45 20’ E) in the north of Wadi Al Birk (Lat. 23 15’ N and Long. 46 40’ E) in the south (Fig. 1).  It is about 350 km in length from north to south.
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Fig.1. Geological map of Jubaila and adjacent formations in Saudi Arabia showing location of gelogical traveresw
Methods of study

Generalized stratigraphic section of Late Jurassic of Saudi Arabia is shown in Fig.  2. Three geological sections were measured across the Jubaila outcrop and they are: The Malham section in Wadi Huraymila in the north (Lat. 25 10’ N and Long. 46 18’ E), Wadi Hanifa in the center (Lat. 24 34’ N and Long. 46 30’ E) and Wadi Al Birk in the south (Lat. 23 15’ N and Long. 46 40’ E ). A total of 38 samples were collected from the Malham section and 43 samples and 50 samples from Wadi Hanifa and Wadi Al Birk sections, respectively. Megascopic studies were made on whole rock samples aided by hand lense to get general idea of the rock type . Thin sections were made for microscopic studies. Uncovered thin sections were stained with potassium ferricynide/ alizarin red-S solution to distinguish dolomite from calcite and also to identify porosity.
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Fig. 2. Generalized stratigraphic section of late Jurassic of Saudi Arabia.

Geological columnar sections were constructed based on field measurements and the lithology confirmed by the microscopic studies. In the Malham section, 18 rock units were classified based on detailed microscopic studies, 26 rock units were classified in Wadi Hanifa and 24 rock units in Wadi Al Birk. The correlation diagram of the sections is shown in Fig. 3.
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Fig. 3. Correlation of Jubaila sections at outcrop.

An attempt is also made on the evaluation of lithology and porosity of the Jubaila Formation at subsurface using the Compansated Neutron Formation Density Log and the result of the interpretation is used in the discussion later.

Nature of contacts

Jubaila Formation rests conformably on the Hanifa Formation. In the field Jubaila Formation is distinguished easily from the underlying the Hanifa Formation by its uniformity in lithology which is entirely made of carbonates and devoid of any fine clastic units and the absence of corals which are quite common in the Hanifa Formation. The latter being non uniform in lithology , produces geomorphic features such as mesa and questa.

The Arab ‘D’ reservoir of the Arab Formation lies conformably on the Jubaila Formation. In the outcrop area, the Arab Formation occurs as small hillocks, very much contorted and disturbed, due to dissolution of the anhydrite units present within the Arab Formation which form the cap rocks of the reservoirs. The contact between the Jubaila Formation and the Arab Formation is gradational and is placed below the pinkish-red, bedded to platy, bio-grainstone unit of the Arab ‘D’ reservoir which lies conformably on the Jubaila Formation. 

To the north of Majmah, Dhruma Graben Fault System had brought the Wasia Formation in contact with the Jubaila Formation, while further north, it is cut off and overlapped by the Aruma Formation of the Eocene Age. South of Sulaiyil, Buwaib Formation overlaps the Sulaiy Formation and the Hith Formation and it is in direct contact with the Arab Formation

Unconformities are periods of uplift and erosion, and during such periods of uplifts, the formations were exposed to aerial or sub-aerial conditions of environments during which time the rocks underwent some changes such as leaching, re-deposition and recrystalization, dedolomitization and cementation. Major unconformity periods such as the pre-Buwaib, pre-Wasia, and pre-Aruma unconformities are important geological time periods during which secondary diagenetic processes had operated. It is also worth mentioning here about the importance of the Dhruma Graben Fault System which is very close to the Jubaila outcrop and in part had affected the Jubaila Formation. The fault also  caused fractures in the Jubaila Formation, which form the path for the meteoric water to percolate vertically downwards. The importance of the fracture and the unconformities in the diagenetic process will be discussed later.

Thickness and lithofacies variations

The maximum thickness of the Jubaila Formation occurs in an area between Oil Field No. 1 where it is 370 ft. thick (Fig. 4) and Wadi Al Birk Section (390 ft. thick ). Thickness decreases towards Wadi Hanifa in the north-west and Malham in the north where the thicknesses are 282 ft. and 166 ft. respectively. Similarly, thickness also decreases towards the east so that it is 160 ft. thick both at Oil Field No. 2 and Oil Field No. 4, while it is 143 ft. at Oil Field No. 3. A schematic isopach map drawn using the thickness from the outcrop sections and few well data, shows an oval shape of maximum thickness centering around Wadi Al Birk area  (Fig. 4).
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Fig. 4. Isopach map of Jubaila formation.

Major thickness of lime mudstone, grainstone and lime packstone occurs in Wadi Al Birk Section in the south, where dolomite or dolostone is rare. In Wadi Hanifa Section, dolomite occurs interbedded with the lime grainstone especially in the upper part. Towards Malham, in Wadi Huraymila, dolomite occurs near the contact with the Hanifa Formation, and its occurrences increase upwards where it is in contact with the Arab ‘D’ reservoir. In Oil Field No. 1, the dominant lithology is grainstone and lime mudstone. The intergranular pores of the grainstone are affected by dolomitization which reduces the primary porosity. Towards Oil Field Nos. 2 and 4, lime mudstone and dolostone dominate so that at Oil Field No. 3, the entire section of the Jubaila rocks is dolomitized. Oil Field No. 4 indicates a major development of deeper lime mud facies, so that grainstone is absent and porosity is low (2%). Porosity is low in all the Oil Fields. In the Oil Field No. 1 and 2, the porosity of the grainstone had been decreased to 2.5-10 % and < 8 % respectively.

In Oil Field No. 3 complete dolomitization decreased the primary porosity of the grainstone and lime wackestone to less than 5 %. In the study of Oil Field No. 1, it is interesting to note that porosity of the Arab ‘D’ reservoir in the oil saturated zone on the crest of structure is quite high compared to that in the water saturated zone (Fig. 5). Such variation is probably due to secondary dolomitization in the water saturated zone resulting from stagnant brine water, while oil retards the process of dolomitization. This relationship of porosity variations between crest and flank of the structure indicates that secondary dolomitization occurred after the migration and trapping of oil when reservoir pressure causes the formation water to become immobile. This relationship between timing of oil migration and secondary dolomitization is an important factor to be considered in exploration and development of oil fields.
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Fig. 5. Iso-porosity map of the ArAB ‘D’ reservoir of oil field No. 1.

Diagenesis of the Jubaila carbonates           

The following aspects of diagenetic changes in the Jubaila carbonate rocks of central Saudi Arabia (Fig. 1) are described in details. The diagenetic processes which alter the primary mineral composition of the carbonate rocks as well as the petrophysical characters such as porosity and permeability are as folows :

1) Dolomitization

2) Dedolomitization

3) Recrystallization

4) Micritization

5) Compaction and Pressure-Solution, and

6) Cementation

1) Dolomitization 

Dolomitization and dedolomitization are regionally extensive with a consistent parallel increase in their development upward in the  Jubaila formation, which directly underlies the Arab Formation. Dolomite formation is the most important mineral replacement in the Jubaila limestones. 

The dolomite distribution in the measured sections has shown a distinct relationship between dolomitization and the original fabric of limestone [13], and [14]. The selective dolomitization and the development of secondary porosity in Arabian carbonate rocks have been studied by many authors e.g. [15-17] .

The degree and frequency of dolomite replacement increase with increasing abundance of micritic matrix (this may indicates  primary Mg rich mud which is recrystallized due to dolomitization process). Although the primary fabric of limestone is generally preserved in most cases, in some instances, it is completely obliterated and its recognition becomes impossible. Patchy distribution of dolomite is commonly found in bioturbated limestone where dolomite  preferentially replaced bioturbated areas and in discrete burrow fills (Fig. 6).

Most of the dolomites in the Jubaila rocks are  originated through the replacement of original calcium carbonate sediments. The dolomitization process essentially occurred during the post - depositional  (subsurface) period in semi or wholly consolidated sediments. This is demonstrated by the common growth of dolomite crystals within the sparry calcite cement that infills intergranular porosity in calcarenites (Fig. 7). This is a secondary dolomitization resulting from Mg rich brine water from which the dolomite crystals  grew much larger between the pores and micro fractures or in moldic pores . 
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Fig. 6. Large zoned idiotopic dolomite rhombs in a dolostone where the dolomite has replaced bioturbated areas at Malham Section. J ML. 
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Fig. 7. Bioclastic grainstone with growth of zoned idiotopic dolomite rhombs in intergranular pores, Malham Section. J ML. 6. CPL. X75.

The dolomite matrix, in most cases, consists of anhedral to subhedral crystals (Fig. 8) forming an interlocking mosaic with little inter- crystalline porosity, while the real sucrose texture with perfect and slightly welded rhombs are relatively rare. This suggests that dolomitization had probably taken place in a coherent rather than soft allochems and matrix. Moreover, the total absence of dolomite interclasts in the non- dolomitic matrix proves that dolomitization took place after burial of carbonate sediments, with no possibility for reworking of previously dolomitized beds. The majority of dolomites in the Jubaila carbonates seem to be of burial diagenetic origin. Early dolomitization in essentially soft sediments, though limited, might have also occurred. The dolomite replacement of the Jubaila limestone is likely to have been induced by the lateral downdip or vertical downward flow of dense Mg-rich brines passing from the overlying supratidal sabkha flats at the time of deposition of permeable normal marine carbonates of Arab formation.
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Fig. 8. Lime mudstone with growth of xenotopic to idiotopic dolomite rhombs in a dolomite matrix, Malham Section. J ML.6. CPL. X75.

2) Dedolomitization 

This phenomena is quite common in the late Jurassic carbonate rocks where the dolomites were converted to calcite again. It can take place at or near the surface in association with the dissolution of gypsum and anhydrite, where the calcium sulphate solution converts dolomite to a new form of calcite  [18], [19], [20], [21], [22], [23], and [24]. This phenomenon does not form true cement but is a diagenetic product. The new limestone, partially regenerated on dedolomitization, contains dolomitic outlines, which are occupied by calcite (Fig. 9), containing some remnants of dolomite [4,25], [25, p.38-191]. 
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Fig. 9. Dedolomitization of dolostone showing rim of iron oxide as ghost structure to outer former dolomite rhombs, Wadi Al Birk Section. J WB. 18. CPL. X30.

Dedolomitization is a late diagenetic process which usually destroys the original fabric of allochems and may obliterates the general shape of the fossil debris. Dedolomitization of the upper Jubaila Formation was first recognized and studied in details [4], [27], [28,p.202-222]. It is also studied in details in the Khuff and Jubaila Formations in central Saudi Arabia by [25], [29 and 30]. Overwhelming evidences for the existence of dedolomitization were found in the dolomitic limestones and dolomites of the Jubaila formation. The intensity of dedolomitization varies from one bed to another and from one host or original rock to the other. Although the dedolomitized limestones are irregularly distributed throughout the Jubaila formation , they show some consistent concentration in the upper parts of the individual sections which directly underlie the basal carbonates of the Arab‘D’ Member. Although several mechanisms had been postulated for the process of dedolomitizaion, it seems that this regional phenomenon observed at the outcrop of the Jubaila rocks had been brought about by sulphate solution reacting with dolomites. The sulphate solutions come from the dissolution of massive anhydrite beds of the Arab members which form the ‘caps’ of the respective oil reservoirs, as well as from the massive anhydrite of the Hith formation, which reacted with the carbonates of the Jubaila formation, sometimes before their erosion  (as mentioned previously).

Dedolomitization is found in various textural forms, which include: 

a) Incompletely calcitized dolomite  crystals (Fig. 10).
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Fig.10. Micrite  in  which  fine  dolomite  crystals are  dedolomitized  and recrystalized into sparry calcite (stained pink),  Wadi  Al  Birk Section. J WB. 4. CPL. X75.

b) Well-defined composite calcite rhombs as pseudomorphs of calcite after dolomite, sometimes restricted to the rhombic cover of dolomite crystals.

c) Palimpsest rhombohedral structures forming  dolomite crystals within a new crystalline calcite fabric  (Figs. 11,12 ).

d) Rhombohedral pores considered as indirect evidence for dedolomitization in limestones [20], which seem to result from the leaching of calcitized rhombohedra (Fig.  13).

Although dedolomitization is essentially determined by petrographic means, most strongly and completely dedolomitized limestones can be easily recognized in the field by their distinctive reddish to greyish colour due to iron oxide stains and by their frequent coarse crystalline texture.
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Fig.11. Well defined composite calcitized dolomite crystals (notice the dolomitization  and  dedolomitization  processes  affecting  the  ostracode  carapace  right  at  the  top  left)in the Wadi Al Birk Section. J WB. PPL. X154.
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Fig.12. Idiotpic to xenotopic rhombs where dolomite crystals are within  new crystalline calcite showing overgrowth structure (notice the stained top half) at Wadi Hanifa Section. J HN. 42. CPL. X75.
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Fig. 13. Rhombohedral  pores  in  a  bioclastic  grainstone  in  the  Wadi Hanifa Section. J HN. 21. CPL. X154.

3-Recrystallization 

Recrystallization is a process by which crystal enlargement takes place. Recrystallization and clotted textures are common in the lime mudstone and they seem to result from dedolomitization as well (Fig. 14). Most of the lime mudstone are recrystalized into microspar and pseudospar. Biosparite and oosparite tend to recrystallize much more easily, with the development of larger calcite crystals. The pore spaces in these rocks facilitate growth of these  large crystals. Recrystallization is usually at its maximum in coarse grained carbonates with high porosity and largely connected pore throats, and it decreases with decrease in grain size and pore throats.

Recrystallization is more common at the outcrop where the original carbonate rocks are leached by percolating meteroic and underground water especially in the vadoze zone. The processes of leaching also assist dedolomitization.

4-Micritization

Submarine micritization by boring algae is common in the sediments of Jubaila Formation, being displayed by micrite envelopes around skeletal particles (Fig. 15). These micrite envelopes have been described as opaque jackets or rims surrounding the carbonate particles and formed by filling of the closely overlapping empty algal bores which penetrated inwards from the exterior of the skeletal particles [31,p.149-152]. Many workers agree that the micrite envelopes have been formed by algal boring along the outer borders of the particles. 


Fig.14. Recrystallized  sparry calcite  in  the  Malham  Section.  J ML. 2. CPL. X30.


Fig. 15. Bio-pel micrite with calcite cement and pores stained blue, Wadi Al Birk Section. J WB. 13. CPL. X30.

Although the majority of the skeletal grains in the Jubaila limestone appear to have been replaced to some degree by micrite, it is evident from the partly micritized grains that the replacement process always started from the outer margins to produce a micritic envelope, enclosing a residual core of unaltered skeletal carbonate . This is apparently a centripetal replacement process and not a centrifugal accretion, because the contact between the micrite envelope and the skeletal core is everywhere irregular, transecting the fabric of the skeleton.

5) Compaction and pressure  solution

Welding of lime sands by pressure solution and compaction is often seen in the tightly packed grainstones as a result of compaction before cementation started. This is a post depositional process that took place in the subsurface geologic environment as a result of vertical stress applied on the buried carbonate sediments under the effect of overburden load. The compaction effect depends on the degree of cementation of the carbonate sediments before being subjected to overburden load. Evidently,  the unconsolidated sediments under the load, in contrast to the lithified sediment, will undergo the greatest effect of compaction. The criteria used for the recognition of compaction in limestones are: -

a)
The degree of destruction of delicate skeletal debris in situ (Fig. 16).  


Fig. 16. Bio - pel micrite  with stylolites cutting across skeletal and non skeletal debris indicating pressure stylolites, Wadi Hanifa Section. J WB. 13. CPL. X75. 

b)
The degree of packing of carbonate sand grains and the nature of cntacts between the grains ranging from tangential to sutured  contacts which causes pressure dissolution welding  and  

c)
The presence of stylolites and the crystal overgrowth in optical continuity of the host grain if present.

6) Cementation 

Cements of acicular aragonite and high Mg calcite occur within chambers and hollows of many skeletal grains on the shallow sea floor [32]. The precipitation of cement in the carbonate sediments is a major diagenetic process which takes place when the pore  fluids are supersaturated with respect to the cement phase and there are no kinetic factors inhibiting the precipitation.

The cement which occupies the majority of the original pore spaces are clear, equant calcite referred to as calcite mosaic, or orthospar, and characterized by its location between grains and skeletons, its clear nature, the presence of planar intercrystalline boundaries, drusy fabric,   and the crystal optical axis normal to the plane of substrata.

The diagenetic process of cavity or open space filling occurs through chemical precipitation of material from a solution on a free surface (substrate).

The Jubaila carbonate rocks are characterized by their high endurance. This was apparent in the lime-grainstone types of limestone where the pore system is completely filled by calcite spar cement. Calcite cementation is pervasive in the Jubaila carbonates with a complete destruction of primary and most secondary porosity, which renders these rocks to be exceptionally resistant to weathering and erosion.

Early or submarine cementation is occasionally observed as thin rims of equi-granular microspar crystals around calcarenite grains. Late or post compactional cement, however, is the principal pore filling material that may occur with or without the early cement. Several textural types of late cement are observed such as the blocky, drusy (Fig. 17) and syntaxial overgrowth cement (Fig. 18 ). The intergranular and intragranular cementations are often well developed in gastropods and algal nodules (Fig. 19), pelecypods (Fig. 20), echinoids (Fig. 21), or even foraminifera (Fig. 22), and ostracodes (Fig. 23), which  could be due to the physio–chemical  processes affected marine late Jurassic carbonates of the Jubaila Formation.

Processes and timing of diagenesis

Carbonate rocks are subjected to diagenesis when they are exposed to aerial and sub-aerial conditions. The process of diagenesis is accelerated in the presence of meteoric and underground water flow.


Fig. 17. Drusy calcite is filling partially and completely interparticle  spaces  in grainstone facies and stained pink in the Wadi Hanifa  Section. J HN. 17. CPL. X75.


Fig. 18. Crinoidal plate has  the  same  extinction  as the  calcite  cement  surrounding  the  crinoid  in  a bioturbated lime mudstone  (left  half stained red), in the Wadi Hanifa Section. J HN.26.CPL.X75. 


Fig. 19. Inter  and  intraparticale  cementation  in bioclastic grainstone at Wadi Al Birk Section. J WB. 37. CPL. X30.


Fig. 20. Slightly well developed intragranular cementation in a pelecypod shell in a lime mudstone facies and stained red at Malham Section  J ML. 37. CPL. X30.


Fig. 21. Cross section in an echinoid spin where the intragranular cementation filled the echinoid in a bioclastic grainstone at Malham Section. J ML. 10. X30.


Fig. 22. Intraparticle  cementation filling  the  foraminiferal shell in  a bioclastic packstone and stained pink, at Wadi Hanifa Section.  J HN. PPL. X154.


Fig. 23. Intraparticle  cementation  filling  an  ostracode  carapace  in  a  bioclastic lime mudstone (stained pink), in the Wadi Al Birk Section. J WB. 27. CPL. X75.               

Aragonite and calcite tend to precipitate and recrystallize at lower temperature compared to dolomite which requires higher temperature. Dolomite will remain in solution, if the aqueous solution is in motion, while aragonite and calcite tend to recrystallize at any rate of movement of fluid flow and at static condition. During the path of migration, the meteoric water percolating through the porous and fractured formation, will cause the carbonates to be dissolved and carried away as bicarbonates in the vadose zone. At slightly elevated temperatures, calcite and aragonite will crystallize out, leaving behind Mg++ enriched water to move further downdip. Where any porous beds overlie an impervious bed, the latter forms receptacle for collecting Mg++ enriched brine water. The fluid movement will be slowed or retarded at structural highs, where it may be saturated with hydrocarbon under reservoir temperature and pressure conditions.

 The stagnant water at elevated temperature at subsurface condition, will favor the process of dolomitization. Porous units overlying the non porous or tight units may also become saturated with enriched brine water, which will be dolomitized, resulting in the loss of pore spaces. Where dolomitization is complete, the rock will loose its original porosity. Because of the bigger pore throats in the coarse grained rocks, the dolomite crystals will tend to grow bigger, quite similar to the process of recrystallization. The tight or fine grain micrite and lime mudstone are affected by dolomitization. Initially, porosity is gained on incomplete dolomitization of lime mudstone  (Fig. 10), but it tends to decrease as it approches complete dolomitization (Fig. 24). Selective dolomitization took place in lime mudstone of the Arab Formation in the Ghawar oil field , while lime grainstone was usually unaffected by dolomitization (20).

   

Fig. 24. Complete crystallized dolomite rhombs without any empty spaces  in between at Malham Section. J ML. 2. CPL. X30.

In the Qatif oil field, the coarse grainstones of the Arab ‘D’ reservoir are not dolomitized, because the fluid have moved too quickly in such porous and permeable rocks to allow ample time for the process of dolomitization to progress [33,p.319-340]. However, pelletic micrite, oolitic and micritic limestones are usually dolomitized.

In the outcrop sections of the Arab Formation, recrystallization (calcitization) is more progressive in the coarse grain carbonates while it is the least in the fine lime mudstone. At subsurface in the well section, dolomitization is more pronounced in the fine lime mudstone with initial increase of porosity at incomplete dolomitization but the porosity diminishes nears to complete dolomitization of fine lime mudstone [18]. In the coarse grainstones, porosity tends to decrease as dolomite crystals grew larger in size in the pore spaces. Complete dolomitization or recrystallization reduces the original porosity of the rock with changes and losses of original fabric structure and texture.

From the study of the diagenesis of the Arab‘D’ reservoir by various authors, it is quite evident that the type and intensity of diagenesis varies from structure to structure which perhaps is dependent on the movement of Mg++ rich brine water and the time of oil trapping. The presence of fine mud particles in lime mudstone retards the process of calcitization, and where it occurs, it is usually confined to fractures, joints and cavities. On the other hand, dolomitization is more pronounced in the lime mudstone which forms receptacles for brine water giving time for the process to progress. In the coarse grainstones, oil saturated zones on the crestal parts the structures have high porosity, while water saturated zones on the down flanks of the structures tend to have low porosity (Fig. 25), which indicates that oil retards the process of dolomitization. Porous and permeable rocks allow the fluid to move fast, and on the crestal highs of the structure, gravitational separation between oil and water causes oil to occupy the crest while the brine water moves downwards towards the flank of the anticline into synclinal troughs. The fast movement of the brine water on the crest of the structure, leaves no time for the progressive development of dolomitization, while on the flanks of the structure, the movement of fluid is slowed down or becomes static, these conditions are favorable for the progressive development of dolomitization.


Fig. 25. Drusy calcite filling completely interparticle porosity in grainstone facies and stained pink, at Wadi Hanifa Section. J HN. 17. CPL.  X75. 
The timing of diagenesis is an important factor for the oil trapment. The movement and saturation of brine water for long geological period will accentuate the progressive development of dolomitization, causing the original high porosity to be lost with time before oil migrates to take its position. The timing of the exposure of the reservoir rocks to the aerial or sub-aerial conditions is an important factor, which indicates the movement of meteoric and underground water from the surface exposures at outcrop towards the surface structures. Leaching and the action of weak carbonic acid on the carbonate rocks will cause the aqueous solution of aragonite, calcite, and dolomite in the form of bi-carbonates, which will move down dip towards subsurface. Such action will be further intensified in the presence of joints and fractures which will further develop into larger openings such as vugs and caverns. The unconformities which appeard during successive geological periods in the past are the ‘ time indicators’ during which the formations were exposed to the atmospheric conditions of the geological past. Pre-Sulaiy, pre-Buwaib, pre-Shuaiba, pre-Wasia and Aruma unconformaties are important periods during which the formations were exposed, eroded, and subjected to weathering, leaching and solution action resulting from meteoric water at surface and underground water at subsurface. 

As stated earlier, aragonite and calcite are more soluble in aqueous solution but they also tend to recrystallize out from the aqeous solution at any gradient of flow. On the other hand, dolomite tends to remain in solution under flowing condition.The tendency of diagenesis will lead more to leaching, dedolomitization, and recrystallization occur at outcrops. Dolomitization occurs at subsurface in place where the fluid flow becomes static and temperature increases. The dissolution of anhydrites of the Arab Formation and the Hith Formation during their long period of exposure to the atmospheric conditions caused the carbonate rocks to be leached and removed in aqueous solution. As mentioned earlier, the tilting of oil/water contact to the north-east in the Arab ‘D’ reservoir and the upper part of the Jubaila Formation in the Ghawar oil field, is an indication of underground water movement from west to east. The static equilibrium of the tilt of the oil/water contact at the present status is brought by the reservoir pressure and partially by the hight of the structure.

The time of generation and migration of oil from the Tuwaiq Mountain and Hanifa source rocks had been estimated. It range from late Cretaceous to Paleocene by some authors, while others have estimated the events to have occurred during Pleocene Eocene Period [34,p.263-269].               

Conclusion 

It can be concluded that the Jubaila carbonate rocks were subjected to two major diagenetic processes such as isochemical when there was  no change in chemistry of the sediments during its transformation into rocks such as cementation and recrystallization  (neomorphism), and allochemical changes which involved dolomitization and dedolomitizaton. Stylolites are a common diagenetic phenomenon in the Jubaila carbonates .                         

In the outcrop area, dedolomitization and recrystallization of the pre-existing carbonate rocks of the Jubaila Formation are the common phenomena. Dolomite and dolomitic limestones are the primary rocks which underwent dedolomitization. Dolomite in these rocks resulted from primary dolomitization either during sedimentation or during burial. Dolomitization occurred in the fine lime mudstones which are  distributed in Malham Section and in the Oil Field No. 3. Recrystallization is a common phenomena in the outcrop rocks, where the primary carbonate rocks are dedolomitized, leached, and the carbonates are carried down dip as bi-carbonates by percolating meteoric and underground water. Aragonite and calcite are precipitated at near surface or in the vadose zone, while the Mg++ is carried away in aqueous solution which percolates through the porous grainstone. Where the flow is retarded or slowed down at subsurface, dolomitization will commence and the dolomite crystals precipitated in pore spaces. This is secondary dolomitization and is more common at subsurface, resulting from Mg++ enriched brine water. High porosity on the oil saturated crestal part of the structure and low porosity in water saturated zone in the down dip of the structure, is an indication of diagenesis effect, especially dolomitization, resulting from brine water.
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مظاهر تحوّرات الحجـر الـجيري لتكوينات جبيلـة 

الجوراسىالعلوى ، وسط المملكة العربية السعودية

محمد بن حسين بسيوني

كلية  علوم الأرض، جامعة الملك عبدالعزيز، 

جدة، المملكة العربية السعودية

(قدّم للنشر في 20/10/1421هـ ؛ وقبل للنشر في 5/11/1422هـ)
ملخص البحث. تكوينات جبيلة الجيري في وسط المملكة العربية السعودية على هيئة مظاهر طباقيه تمتد على طول خط المضرب في اتجاه شمال- جنوب لمسافة تزيد على 1100 كم. وتتمثل تلك التكوينات بقطاع رسوبي ترسب في بيئة بحرية رفيه مفتوحة حيث يتكون في معظمه من طبقات من الوحل الجيري يتداخل معها في مستويات محدده طبقات من الرمل الجيري المغسول.
         ويصل أقصى سمك لقطاع تكوينات جبيلة في وادي البرك حيث يبلغ 390 قدم تقريبا بينما يبلغ حوالي 280 قدم في وادي حنيفة ، وعموما فإن سمك المتكّون يتناقص تدريجيا في اتجاه الشمال والشرق والجنوب من وادي البرك.

        وتزداد نسبة الدولوميت في صخور المتكوّن السطحية والتحت سطحية التي تمثل الطبقة الحاملة في حقول البترول في اتجاه الشمال الشرقي بينما تظل السحنة الرئيسية للمتكوّن هي صخور الوحل الجيرى والرمل الجيرى في قطاع وادي البرك في اتجاه الجنوب.

         وتبدي صخور متكون جبيلة الجيرية العديد من التحورات (التغيرات المابعدية النشأة) المتنوعة والتي تشمل الدلمته وفقد الدلمته )الكلسته( وإعادة التبلور المصاحبة ، والمكرته ، والانضغاط ، وضغط المحاليل ، واللاحم.

         وتختلف درجات وأنواع التحوّر لصخور المتكوّن بين القطاع السطحي وتحت السطحي، فبينما تتضمن عمليات تحوّر الصخور السطحية إذابة الحجر الجيرى الحبيبي والحجر الجيرى الوحلي وفقد الدلمته المتبوعة بإعادة التبلور ، فإن الدلمته الاختيارية هي التي تميز الصخور تحت السطحية ، حيث تؤدى دلمتة صخور متكوّن جبيلة الأعلى في بعض الأماكن إلى فقد مساميتها بينما تظل تلك الصخور فى أماكن أخرى مثل حقل بترول الغوار محتفظة بمساميتها الأولية حيث يمتد العمود الزيتي الرأسي بين صخور متكوّن العرب (د) لأعلى وصخور متكون جبيله العلوي لأسفل. 
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