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ABSTRACT The Middle Jurassic Sargelu Formation has been investigated in this study from an organic geochemical point of view. The area of interest is Miran Field, which is located in the High Folded Zone, about 30 Km Northwest of Sulaimani city, Kurdistan region, NE of Iraq. The data of this research were obtained by analyzing 61 unwashed cutting rock samples from Miran-3 (M-3) and Miran-4 (M-4) wells. The selected samples subjected to a different geochemical analysis, such as Rock-Eval Pyrolysis, Vitrinite reflectance measurement, Gas Chromatography (GC), and Gas Chromatography-Mass Spectrometry (GC-MS) in order to determine: the quality and the quantity of organic matter, the hydrocarbon potentiality, the depositional conditions, and the maturity level of Sargelu Formation.



The Total Organic Carbon (TOC wt. %) content for the Sargelu Formation ranged from 0.99-6.56, average 2.23 for M-3 well, and between 0.86-6.41, average 2.74 in M-4 well. It is considered as a very good source rock based on TOC wt. % content. The studied Formation in both wells have low amounts of HI (average 58, and 68 mg HC/g TOC for M3 and M-4, respectively), low S2 (average 1.28, and 1.44 mg HC/g Rock for M-3 and M-4, respectively), as well as low amounts of Pyrolysable carbon (PC wt. %). Whereas, the samples have high value of Residual Carbon (RC wt. %). Thus, the Sargelu Formation has low potentiality and is classified as a poor to fair source rock for releasing hydrocarbons. According to the interpretation of the Rock-Eval data, the kerogen types of Sargelu Formation are mostly admixture between type II and type III kerogen. While, the Sargelu Formation has the ability to generate gas in both wells. Microscopical examination shows that the dominant organic matter populations within the samples are solid bitumen.



The analyzed samples reveal high values of thermal maturity based on the values of equivalent vitrinite reflectance (eq.VRo%), (the value of eq.VRo% is between 1.5%-1.55% for M-3 well and between 1.4%-1.45% for M-4 well), which indicate post mature, i.e. Gas generation zone. While, peak mature is assigned based on production index (PI) parameter (average of PI is 0.33 and 0.27 for M-3 and M-4 wells, respectively). Maturity assessment based on Tmax is not applicable in this study because of the effects of mud II



additives, therefore this parameter is not dependable for the maturity assessment in the present study.



According to the results of GC and GC-MS, the source and depositional environment related biomarkers and non-biomarkers revealed that the major organisms that contributed to the organic matters of Sargelu Formation are planktonic, bacterial, and algal organisms with low amounts of terrestrially derived organic matter. However, the small contributions from terrigenous land derived organisms are noticed in M-4 well. The depositional environment of Sargelu Formation is characterized by marine carbonate and sometimes a mixture of marine carbonate and shale, which is deposited under anoxic condition. Moreover, there is no any indicator for hypersaline condition during the deposition of Sargelu Formation. Biomarkers and non-biomarkers related maturity parameters are ranged between peak mature to post mature. Generally, the maturity level of Sargelu Formation in M-3 well is higher than that of M-4 well.
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Chapter One……………………………...……………………….……………………Introduction



CHAPTER ONE INTRODUCTION 1.1 Preface Organic Geochemistry as mentioned by Killops and Killops (2005) is the study of the types and transformations of organic matter in the earth system. This science can be used as an active implement to be integrated with the applications and principles of petroleum geology to create a clear vision for understanding the three important processes of petroleum (generation, migration and accumulation). Organic Geochemistry with the various aspects of geology, such as sedimentology, petroleum geology, stratigraphy, geophysic, etc. would be used as a vital tool during preliminary investigations for oil and gas exploration (Tissot and Welte, 1978). It could also be used to source rock assessment, such as determining the levels of maturity, the types of organic matter content of a rock, and to define paleoenvironmental conditions, as well as to characterize the oil in the reservoir through using biomarker analysis (Hunt, 1996).



Source rock evaluation is a significant task during oil exploration, through which, the potentiality of particular Formation can be defined. Nowadays, there are several high quality geochemical methods, such as Rock-Eval Pyrolysis, Vitrinite reflectance, Gas Chromatotography (GC), and Gas Chromatography-Mass spectrometry (GC-MS) that give much accurate estimation about source rock characterizations. This work is an attempt to use these techniques to evaluate Middle Jurassic Sargelu Formation in the Miran Filed. Middle Jurassic successions, as mentioned by Jassim and Al-Gailani (2006) are very important and extensive source rocks throughout south, northeast and north of Iraq because of high total organic carbon (TOC%) content, and relatively mature source rock (Beydoun, 1986). Also, Pitman et al. (2004) concluded that most of Iraq’s oils were derived from Jurassic source rocks. In the global scale, the Jurassic Period is one of the most favorable time span to accumulate organic matter and forming a good source rocks (Peters et al., 2005).
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Chapter One……………………………...……………………….……………………Introduction



Sargelu Formation in the studied area is located in the High Folded Zone, this area was marked by the development of relatively deep water and euxinic environment during the Middle Jurassic time (Jassim and Buday, 2006b). The climatic condition created a good environment for the deposition and preservation of an adequate amount of organic matter which makes Sargelu Formation the most obvious source rock. Moreover, the Jurassic time is recognized by a transgression period that covered all Iraq except Rutba uplift (Ibid). Therefore, Sargelu Formation was deposited in a wide basin that needs further study in different localities to evaluate it. This is the main reason behind choosing Sargelu Formation for this study. The integration of such studies altogether would give a comprehensive knowledge of the Middle Jurassic units throughout the entire region.



1.2 Aims and Objectives The aim of this study is to evaluate Sargelu Formation in the selected sections (wells) in Miran Field, Kurdistan region-Iraq, from a source rock evaluation point of view. In order to achieve this target, several objectives are taken into consideration, which are listed in the following points:



1. Determining the Total Organic Carbon (TOC wt. %) content and hydrocarbon potentiality of Sargelu Formation. 2. Determination of the types of organic matter contents and types of expelled hydrocarbon for Sargelu Formation in the selected wells. 3. Determination of the depositional environment of Sargelu Formation. 4. Determination of the maturity levels of Sargelu Formation in both wells.



1.3 Study Area The study area, Miran Field, is located in the High Folded Zone, about 30 Km Northwest of Sulaimani City, NE Iraq (Fig. 1.1). In order to study Sargelu Formation in Miran Field, two subsurface sections (wells) are selected. Well location and coordinate for each of them are tabulated in Table 1.1.
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The following subsections are devoted to the description of Miran Block and the studied wells in Miran Field.



Fig. 1.1. Location map of the study area. A: simplified Tectonic Map of northern Iraq with an indication of study area (after GEOSURV-IRAQ, 1996) B: Satellite image for zooming the study area from Google earth.
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1.3.1 Miran Block (Subsurface Structure)



Miran Block in Kurdistan situates in the High Folded Zone and occupies about 70 Km length by 15 Km width, elongated in the Northwest-Southeast direction (Fig. 1.1). Exploration in this field is still in progress. Field mapping and seismic data indicate the presence of a large anticlinorium in this block, formed by two sub-parallel anticlines known as Miran East and Miran West Anticlines. These two anticlines are separated by the NNW-SSE trending Tasluja Ridge which has a noticeable topographic expression down to the center of the block. The Miran structure was formed by Middle Tertiary compression, which was terminated during late stage of thrusting in the Late Miocene (Heritage report, 2012). Table 1.1: Showing studied wells with their coordinates and localities.



Studied well



Locality



Miran-3 (M-3)



Miran Field



Coordinate Longitude: 45.080097° Latitude: 35.646931°



Miran-4 (M-4)



Longitude: 45.101468°



Miran Field



Latitude: 35.704710°



A recent investigation by Kubli (2013) reveals that Miran Anticline was subjected to thick-skinned deformation before two million years ago (2Ma). This deformation causes little shortening, steep reverse faults and tightening of pre-existing anticlines as well as causing uplift of some of the large anticlines in the area. One of the anticlines which are subjected to this deformation is Miran anticline.



The study of Al-Hakari (2011) mentioned that the Miran structures (East and West) have slight expressions on the surface. The reefal carbonate of Sinjar Formation forms a carapace of Miran structure, which is mostly eroded over the Kolosh Formation. The structure occupies the area between Piramagrun and Sulaimani Anticlines in the northeast and the Darbandi Bazian-Sagrma-Qaradagh Anticline iand Khaldan syncline in
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the southwest (Fig. 1.2). The length of this structure (Miran anticlinorium) is about 50 km and width about 8-12 km (Ibid).



1.3.1.1 Miran-3 (M-3) well This well was spudded in August 2011, the target was the Cretaceous and the Jurassic rocks which previously identified in the M-1 and M-2 wells. The well reached a total depth of 3528m in May 2012. Heritage Oil Company has reported that dry gas was discovered from the Jurassic reservoir at a rate of 17.5 Million Metric Standard Cubic Feet per Day (MMSCF/D), and it has also mentioned that the condensate with 55° API is also present. (Heritage Report, 2012). The structure interpretation is more complex as mentioned by Heritage report (2012), particularly in Miran West structure. That is why, the top of Jurassic gas reservoir is not mappable well. This complexity is related to an extensive thrusting within the core of the structure (Ibid)



Fig.1. 2: Digital Elevation Model (DEM) showing the location of Miran Anticline (Miran East and Miran West) with indication of the studied wells.
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According to the master log of M-3, which is created by Heritage Oil Company, The Sargelu Formation in this well has a thickness of 188.2 m, at the depth interval between 2418m to 2606.2 m. Its lower contact was recorded to be with Alan Formation instead of Sehkaniyan Formation, after the first appearance of an Anhydrite layer.



1.3.1.2 Miran-4 (M-4) well This well is the first well on the Miran East structure. Drilling started in March 2012 and targeted to the Cretaceous and Jurassic rocks. Middle Jurassic Sargelu Formation in this well begins from depth of 2882.4m to 2994.5m, thus the thickness is 112.1 m.



Miran East anticline has a similar anticlinal geometry with the Miran West anticline. Although, they are controlled by two separate thrust faults which are well defined in seismic data. This structure is less deformed and therefore it is better imaged in the Jurassic section (Heritage report, 2012).



1.4 Geological Setting The study area is located in the High Folded Zone (Fig.1.1). This zone covers most of Iraqi Kurdistan Region. The general trend of this zone is northwest-southeast in the northeast of Iraq. This zone is affected by transversal block movements, and it was intermittently uplifted during Cretaceous and Palaeogene, also strongly deformed in the Late Tertiary (Jassim and Buday, 2006a). The High Folded Zone consists of harmonic fold with Mesozoic limestone in their cores and Palaeogene and Neogene limestone and clastic on their flanks (Ibid).



Little tectonic activity took place during the Norian and Mid-Aalenian on the northeast of Arabian Plate, while during the late Aalenian, a restricted intrashelf basin was developed and covered most of the eastern Iraq (Aqrawi et al., 2010). According to Sharland et al. (2001), sea level rise occurred during Mid Jurassic time and probably reached to the maximum flooding surface (MFS). This phenomenon was leads to the development of deep water and then the Posidonia-bearing shale of lower part of Sargelu



6



Chapter One……………………………...……………………….……………………Introduction



Formation was precipitated. The development of differential subsidence in Iraq has been occurred in the very Late Toarcian period (Jassim and Goff, 2006). The rock units of Mid Late Jurassic Megasequence were deposited during the time of isolation of a main intrashelf basin of Mesopotamia from the Neo-Tethys Ocean probably due to the regenerated rifting along the northeastern margin of the Arabian Plate (Jassim and Buday, 2006b).



According to Aqrawi et al. (2010), the Megasequence AP7 in Iraq can be divided into three unconformity–bound supersequences: (1) the basal supersequence (Upper Aalenian – Bathonian), which is composed of the Alan, Sargelu and Muhaiwir Formations. (2) The overlying Callovian – Oxfordian supersequence is dominated by the lower or main part of the Najmah Formation, and the Naokelekan Formation in Iraqi Kurdistan. (3) Above these two supersequences, there is the Kimmeridgian-Tithonian supersequence; which consists of evaporitic Gotnia Formation and the brecciated limestone of Barsarin Formation. While Jassim and Buday (2006b) considered AP7 into two sequences (Fig. 1.3) as they are mentioned below: 



The Mid Jurassic (Late Toarcian-Callovian) sequence comprises inner shelf clastic-carbonate platform of Muhaiwir Formation, and restricted outer shelf and basinal of Sargelu Formation.







Late Jurassic Sequence consists of clastic carbonate inner shelf of Najmah Formation, evaporite-carbonate lagoons and sabkha of Gotnia and Saggar Formations, and euxinic basin of Naokelekan and Barsarin Formations (Fig. 1.3).



The Sargelu Formation belongs to a basin which is known as Gotnia Basin as mentioned by Aqrawi et al. (2010). This basin was bounded to the west by the northsouth trending Rutba uplift of west of Iraq. Deposition in the basin occurred in a restricted, relatively deep water environment during Middle Jurassic, and the basin became evaporitic from Late Kimmeridgian to Early Tithonian. The margin of Gotnia basin is not well known because of subsequent erosion (Ibid).
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Fig. 1.3: Stratigraphic correlation of Megasequence AP7 in Iraq (after Jassim and Buday, 2006b).



The Megasequence AP7 starts with neritic Muhaiwir Formation (Figs. 1.3 and 1.4) in the Rutba subzone and the basinal Sargelu Formation elsewhere in Iraq (Jassim and Buday, 2006b). The Late Toarcian time was marked by a transgression of oceans. That is partially covered the evaporitic platform basin of the Liassic age, and then crated a more uniform basin with relatively deep water and sedimentation is under euxinic condition in NE of Iraq (Ibid).
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Fig. 1.4: Mid Jurassic paleogeography with determining study area. (after Jassim and Buday, 2006b).



According to the stratigraphic succession point of view, the Middle Jurassic Sargelu Formation is overlain Alan and Sehkaniyan Formations, and underlies Naokelekan Formation in the northern part of Iraq and in the studied wells (Jassim and Buday, 2006b; Master log of M-3 and M-4 wells). The following sections are devoted to the description of the stratigraphic units, from older to younger, according to those authors who describe these rock units.



1.4.1 Alan Formation This Formation was first described by Dunnington (1953 in Bellen et al., 1959) in Alan well No.1 in north of Mosul. It comprises 87m of bedded anhydrite with subordinate pseudo-oolitic limestones. The Formation has conformable and gradational contacts with both the underlying Muss Formation and the overlying Sargelu Formation (Buday, 1980). The Formation has not been seen in outcrop, also fossils are absent, and so it is 9
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considered as uppermost Liassic age according to stratigraphic position (Bellen et al., 1959).



The Formation is deposited in the basin center which is specified to sabkha environment, in the western parts of the Unstable Shelf and on the Stable Shelf of Iraq. The upper part of Amij Formation in western Iraq may be an equivalent Formation on the surface (Jassim et al., 2006). In addition, Bellen et al. (1959) cited that the top of Alan anhydrite Formation corresponds approximately with the top of Sehkaniyan Formation.



1.4.2 Sehkaniyan Formation This Formation was first recognized and described by Wetzel and Morton (1950 in Bellen et al., 1959) from Surdash Anticline of the High Folded Zone of the northern Iraq. It is composed of 180m of carbonate unit which is divided into three units in its type area. The lower unit comprises of 85 meters of dark, saccharoidal dolomites and dolomitized limestones with some solution breccias. The middle unit (Lithiotic Limestone), which is 44 meters thick, consists of organic and pelletal fossiliferous limestones, often dolomitized with some chert bands that become thicker near the top. The upper unit is composed of 51 meters of dark, fetid, saccharoidal dolomites and dolomitic limestone with some locally chert present (Buday, 1980; Jassim et al., 2006). The upper and lower contacts with Sargelu Formation and Sarki Formation respectively are conformable and gradational, while Jassim et al. (2006) stated that the upper contact with Sargelu Formation requires further investigation.



A Petrographic study was carried out by Mustafa (2009) In Hanjira village (outcrop) for Sehkaniyan Formation, and it shows that this Formation is composed of four microfacies deposited on a rimmed carbonate shelf in supratidal, tidal bar, intertidal and protected lagoon facies. Liassic age has been assigned for this Formation (Bellen et al., 1959). The Formation was deposited under neritic conditions showing lagoonal evaporitic influences mainly in the lower part, and euxinic influences in the middle and upper parts (Buday, 1980).
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1.4.3 Sargelu Formation Wetzel in 1948 was the first who described and recognized the Sargelu Formation in Surdash Anticline, Sulaimani district, Kurdistan Region, northeastern Iraq (Bellen et al., 1959). 



Type locality and Locations



Type section of the Formation is located in the stream which flows through Sargelu village toward the north. The base of the Formation lies nearly 280m in the north of the stream confluence, while its top is about 430 meters north of stream confluence in Sargelu village, at approximately this coordinated location: Lat. 35°52'44" N; Long. 45°9'25" E (Bellen et al., 1959). The Formation also crops out in many areas; especially in many structures of High Folded Zone, Imbricated Zone and Northern Thrust Zones as well as in tectonic windows of Qulqula-Khuakurk Zone (Buday, 1980; Jassim and Buday, 2006b). With the exception of the Stable Shelf, Sargelu Formation also distributed in the subsurface throughout the entire Iraq (Buday, 1980). This wide distribution is also agreed by Jassim and Buday (2006b) except in the Rutba Subzone where it is laterally changed into the Muhaiwir Formation. 



Thickness and Lithology



In its type section, Sargelu Formation is composed of 115m of thin bedded, black, bituminous and dolomitic limestones, and black papery shales with streaks of thin black chert in the upper part (Bellen et al., 1959; Jassim and Buday, 2006b). In addition, a higher proportion of shale and very fine grained sandstone beds occasionally appear in the subsurface sections (Jassim and Buday, 2006b), also, Buday (1980) stated that the thickness of the Sargelu Formation vary between 20 to 125 meters in the outcrops. It is 115m in the type section, while in the subsurface sections (wells) on the Foothill and Mesopotamian Zone, its thickness is higher and varies between 250m to 500m. Jassim and Buday (2006b) cited several wells that passed through the Sargelu Formation where the thickness ranges between 92m to 447m. In Kuwait, the Formation becomes thinner; 75m in Burgan well and 83m in Umm Gudair well.
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Boundaries and Depositional environments



The boundaries of the Formation are conformable and gradational with the overlying Naokelekan and underlying Sehkaniyan Formations (Bellen et al., 1959). The lower contact in northern Thrust Zone is relatively obscured, that is because of Sargelu Formation is partly dolomitized (Buday, 1980).



In surface sections, lower contact was taken at the top of the massive bedded, brown-weathering, dolomitic limestone, and below thinner bedded, blue-weathering, cherty, brittle, and laminated limestone. On the other hand, the upper boundary is below thin bedded, highly bituminous with chert, and above thin bedded black limestone with abundant chert and abundant posidonia ornati (Bellen et al., 1959). In addition, the lower contact of Sargelu Formation in the subsurface sections is defined by Jassim and Buday (2006b) after the last occurrence of anhydrite on the top of Alan Formation (Fig. 1.3). Although, Aqrawi et al. (2010) mentioned that further paleontological study of Sargelu Formation needs to be done to calibrate the lower and upper contacts more precisely, particularly in the subsurface. According to the master logs that were created by Heritage Oil Company, The Sargelu Formation was underlined by Alan Formation instead of Sehkaniyan Formation in M-3 and M-4 wells. The part of the master logs represented in Fig. 1.5 and 1.6.



Depositional environment of Sargelu Formation was a basinal euxinic marine environment (Buday, 1980; Jassim and Buday, 2006b). However, the lower part of posidonia rich at Ru Kuchuk area was markedly silty, and contained some evidence of plant impressions that indicate proximity emergent to the land (Bellen et al., 1959). Moreover, Buday (1980) and Jassim and Buday (2006b) identified some inter layers indicating either shallower or better aireated environment on the stable shelf area. These shallow carbonates are considered to be a tongue of Muhaiwir Formation within the Sargelu Formation (Jassim and Buday, 2006b). 



Age



Based on the fossils evidence (Bellen et al., 1959; Buday, 1980), the age of Sargelu Formation has been determined as uppermost Liassic at the base, and Bathonian at the 12
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top. Subsequently, Jassim and Buday (2006b) mentioned that the age of Sargelu Formation is of Bajocian-Bathonian, the basal beds may be of latest Toarcian age. 



Equivalents in neighboring countries



The Sargelu Formation has no full fit lithologic correlatives (Buday, 1980), but it is partly equivalent to Cudi Group in the southeastern Turkey (Altinli, 1966 cited in Jassim Buday, 2006b). In the northeast and central Syria it is equivalent to black bedded limestones and shales of the uppermost of Dolla Group (Dubertret, 1966 in Buday, 1980). Moreover, Dhruma Formation in Saudi Arabia and the lower part of Surmeh Formation in south west Iran are considered as an age equivalent of Sargelu Formation (Jassim and Buday, 2006b).



1.4.4 Naokelekan Formation This Formation was first identified and described in 1950 by Wetzel and Morton near Naokelekan village, Rowanduz district, north east Iraq (Bellen et al., 1959). A better outcropped supplementary type section from the Chia Gara fold, west to south west of Gara village in the High Folded Zone of Iraq which was later described by Bellen et al. (1959).



The thickness of the Formation in the type section is 20m that consists of three units. The lower unit of laminated argillaceous bituminous limestone alternating with bituminous shale and fine grained limestone. Middle unit, comprises thin bedded fossiliferous dolomitic limestone that belongs to “Mottled Bed “. The upper unit, mostly not quite clear in the type section, is composed of thin bedded, highly bituminous dolomite and limestone with beds of black shale “Coal Horizons” (Jassim and Buday, 2006b). Ahmed (2007) studied Naokelekan Formation in Hanjira and Sargelu villages in Kurdistan Region, northern Iraq. Based on the Palynological study, she concluded that the suboxic-anoxic basin to proximal suboxic shelf and sometimes marginal dysoxicanoxic basin depositional environments was assigned for this rock unit.
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Fig. 1.5: Stratigraphic column of M-3 well, with indication of sample numbers. Compile from Jassim and Buday (2006b), and master log of M-3 well that is created by Heritage Oil Company (2012).
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API



Fig. 1.6: stratigraphic column of M-4 well, with indication of sample numbers. Compile from Jassim and Buday (2006b), and master log of M-4 well that is created by Heritage Oil Company (2012).
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The lower and upper boundaries of this Formation are seem to be conformable and gradational with both Sargelu and Barsarin Formations respectively (Bellen et al., 1959). With the assumption of Bellen et al. (1959) who argued that a break is present between Sargelu and Naokelekan Formations, Jassim and Buday, (2006b) are not confirming this situation in the northern Iraq. The lower boundary of Naokelekan Formation with the underlying Sargelu Formation was taken at the top of the thin bedded cherty limestones with posidonia ornate, and below soft, brown, papery shales with the thin dark gray dolomites. Spath (1950 in Bellen et al. 1959) assigned an Upper Oxfordian – Lower Kimmeridgian age for this Formation basing on the fossils evidence.



1.5 Methods of Data Collection The total 61 unwashed cutting rock samples of Sargelu Formation have been taken from both M-3 and M-4 wells (Table 1.2). All the samples were available in the store house of the Ministry of Natural Resources in Erbil Governorate. Samples have been taken systematically, for every 5 meters one sample was taken, except the interval between 2897.5m – 2907.5m in M-4 well, where the sample is not existing (Fig. 1.6). Because of the cutting samples are very fine, the petrographic study was not curried out in this study. The master logs of M-3 and M-4 wells are also available and were taken from the Ministry of Natural Resources. A part of master log have been redrawn for both wells as shown in Figs 1.5 and 1.6.



All the Samples were executed in two laboratories: First, the GHGeochem Ltd laboratory, a British laboratory in the north west of England (UK), and the second one is the CSTGF Center in Pau city, France.



In these two laboratories four main tools have been used and applied upon the selected samples, including: Rock-Eval Pyrolysis, Vitrinite reflectance measurement, GCFID, and GC-MS. The number of the samples which have been tested by different tools have been tabulated in table 1.2.
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Table 1.2: Illustrate different tests that performed to the samples from different wells in Miran Field.



Number of Samples tested by different tools Total No. Studied Sample Formation of Rock-Eval Vitrinite wells Type GC-FID GC-MS Samples Pyrolysis Reflectance M-3 M-4



Cuttings Cuttings



Total



Sargelu Sargelu



39 22



39 22



3 2



2 1



2 1



61



61



5



3



3



 Rock-Eval Pyrolysis: this test is performed to all the selected samples to determine TOC wt.% content of the samples (source rock richness), hydrocarbon potentiality, and also to know the maturity level of organic matter within the source rock. In addition, the kerogen types have been deduced from this test. For this purpose, Rock-Eval 6 apparatus (latest version of this device) was used. Details about procedure and parameters for this analysis are mentioned in chapter two.  Vitrinite Reflectance: this technique is used to examine the samples under the microscope. Basically, this test was executed to infer the maturity level of the examined samples. However, through investigation of the samples under microscope, it is possible to determine the main constituents (macerals) of the organic matter within the source rock. Details of this test were cited in chapter two.  GC-FID: this test is fast and relatively cheaper than GC-MS. The chromatogram of GC is used to determine the major inputs of the organic matter (marine or land predominant), conditions of depositional environment (oxic or anoxic), and to describe thermal maturity level of examined samples (Chapter two).  GC-MS: this new technique was performed to the selected samples. The selected Ion Monitoring mode (SIM-GC-MS) has been performed for several masses (chapter three) to determine several biomarkers and non-biomarker parameters
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which are specific to determine source of organic matter content, depositional environmental condition, and to assess thermal maturity level of Sargelu Formation in the selected wells. Details of the sample preparation procedure and device conditions are cited in Appendix B.



1.6 Previous Studies Several research studies are discussed below as they attempt to describe and assess Sargelu Formation from lithological, hydrocarbon potentiality, organic geochemical points of view. It is important to say that several works or articles have been excluded from this review; that is because they were either not accessible or far from our target.



Bellen et al. (1959): They collected all previous published and unpublished writings which have previously been performed by Wetzel, Dunnington and some other authors. In addition, they describe, identify and determine the stratigraphic successions of Iraq, including Middle Jurassic Sargelu Formation. They described Sargelu Formation in Surdash Anticline, High Folded Zone of northeastern Iraqi Kurdistan. They also described contacts, lithologies, thicknesses, fossil contents, and depositional environments in most rock units in Iraq and published in a book entitled “Lexique Stratigraphique International”.



Buday (1980): He agreed the first description of Sargelu Formation was previously done by Wetzel (1948 in Bellen et al., 1959). He also described the depositional environment of Sargelu Formation as euxinic marine environment.



Balaky (2004): In his revision of the stratigraphy and sedimentology of Sargelu Formation from three different outcrops in north and northeastern Iraqi Kurdistan, he determined four main lithofacies and three different microfacies. He suppose that the depositional environment of Sargelu Formation was quiet, pelagic, reducing basin, which was frequently deep enough to approach Calcite Compensation Depth (CCD) surface, and shallower intervals in between.
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Pitman et al. (2004): They performed petroleum generation and migration histories in the Mesopotamian basin, Zagros Fold and Thrust Belt in Iraq by constructing a 3-D petroleum system. They concluded that the Jurassic source rock started oil generation at the Late Cretaceous, peak of oil expulsion took place in the Late Miocene and Pliocene, while generation terminated in the Holocene time. Their model indicated that, at present, the majority of Jurassic source rocks in Iraq have reached or exceeded peak oil generation, and most rocks have completed oil generation and migration.



Jassim and Al-Gailani (2006): They studied hydrocarbons and stated that the Middle Jurassic source rocks are very important source rocks throughout the south, northeast and north of Iraq based on high TOC% content of Sargelu and Naokelekan Formations.



Sherwani and Balaky (2006): They studied black chert beds in the upper part of Sargelu Formation from different outcrops in north and northeastern Iraqi Kurdistan. They concluded that chert beds were formed as a result of diagenetic reorganization of silica, which is mostly of biogenic origin, derived from radiolarians.



Abdula (2010): He studied Sargelu Formation in different wells and outcrops in north of Iraq. He mentioned that the TOC% content and maturity of Sargelu Formation increase toward the northeast of Iraq. In addition, he stated that the Sargelu Formation contain type II and type III kerogen. Accordingly, and basing on biomarker correlation, he realized that there is no molecular contribution from the Sargelu Formation to the oils in Taq Taq Oil field. Al-Ahmed (2011): He used geochemical and Palynological data to assess hydrocarbon potentiality and determining paleoenvironmental condition for Butmah, Sargelu and Naokelekan Formations from several exploratory wells in northern Iraq. He realized that visual kerogen observation can aid to the prediction of initial hydrocarbon generation potential of source rocks.



Al-Ameri and Zumberge (2012): They studied Middle and Upper Jurassic rock units of the Zagros Fold and Thrust Belt in north of Iraq to determine Hydrocarbon potentiality. 19
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They determined four oil potential source rocks from Jurassic- Lower Cretaceous strata and also they made oil-source rock correlation. Accordingly, two subfamilies carbonate oil types are identified: type one is belonging to the Middle Jurassic Sargelu Formation, and type two is a mixture of Upper Jurassic/Cretaceous age (Chia Gara Formations). In addition, they determine different oil families related to Triassic age. Beside this, they confirmed distal suboxic to anoxic basin for deposition. Also, they stated that, both Sargelu and Chia Gara Formations are contained type II kerogen.



Al-Ahmed (2012): In his paper, “New Jurassic Play concepts in the Mesopotamian Basin and the western Desert of Iraq”, he mentioned that the major north-south fault plane of Khleisia Uplift (extended from the northwestern part of Iraq to the southwestern Desert) has acted as a barrier to stop lateral migration pathways from basinal Sargelu Formation to Najmah Formation.



Al-Badry (2012): He studied the whole Jurassic successions in his PhD dissertation which is entitled “Stratigraphy and Geochemistry of Jurassic Formations in selected sections – North Iraq”. He concluded a deep open marine depositional environment with the continuity of warm climate for the Middle Jurassic Sargelu Formation. Additionally, based on geochemical data, he mentioned Sargelu Formation as an excellent source rock which contains type I Kerogen. Also, he considered it is thermally mature and within the oil window.



Hussein et al. (2013): They studied Sehkaniyan, Sargelu and Naokelekan Formations in Banik area, Duhok Governorate, north of Iraq, from an organic geochemical assessment point of view. They considered Sargelu Formation as an excellent source rock, containing both kerogen type I and type II. Moreover, they concluded marine depositional condition with immature to early mature stage of thermal maturity for this rock unit.



Summons et al. (2013): They studied 250 production wells together with over 600 cores, cuttings, outcrops and seep samples. They provided a comprehensive and regional picture of the petroleum systems that are active across Iraq and within the bordering 20
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lands within the Arabian Plate. Based on geochemical parameters, they mentioned that oils of Kurdistan Region of northern Iraq predominantly sourced from Sargelu and Naokelekan Formations. Oils sourced from Cretaceous sediments appeared to be confined to the Taq Taq field and the other fields in the northern Zagros Fold and Thrust Belt.



Al-Ameri et al., (2013): In their investigation of assessing hydrocarbon potentiality for Sargelu Formation, they have stated that oil generation and expulsion from the Sargelu Formation began and ended in the Late Miocene. They have also emphasized that the Jurassic source rocks might have generated and expelled between 70% and 100% of their total oil since present time.
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CHAPTER TWO PYROLYSIS ANALYSIS AND VITRINITE REFLECTANCE 2.1 General As it is clear, rocks that are, or may become, or have been able to generate petroleum are commonly named as source rocks (Tissot and Welte, 1978). Generally, petroleum systems composed of a source, reservoir, and a trap (Hunt, 1996).



Source rock evaluations are based on the fact that, oil and gas have been generated in a well preserved organic rich source rocks. When the source rock undergone sufficient combination of temperature and time might generate hydrocarbon, and finally the expelled hydrocarbon migrates along carrier beds and other conduits for trapping. These mentioned processes (preservation, generation and expulsion of hydrocarbons) are more or less studied by various types of geochemical techniques, such as Rock-Eval pyrolysis, and by optical teqnique like Vitrinite reflectance (Hunt, 1996; Nordeng, 2012; Al-Ameri and Zumberge, 2012; Mohialdeen et al., 2013). Through which, we can predict maturity levels, as well as the regional distributions of effective source rocks (Peters, 1986).



In this chapter, the selected cuttings samples of Sargelu Formation in M-3 and M-4 wells have been examined by both Rock-Eval pyrolysis technique, and Vitrinite reflectance measurements, which are the most widely used methods for source rock assessment. The samples were analyzed to provide information about organic richness (TOC wt.%), Hydrocarbon generation capacity, organic matter types (Kerogen types and types of macerals), as well as to assess thermal maturity for this rock unit in Miran Field.



All the data are compared with different standard charts and tables, which are developed by several researchers and authors. That is enhanced to interpret the data of current study in order to provide a clue about Middle Jurassic Sargelu Formation in the selected wells.
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2.2 Rock–Eval Pyrolysis The newest version of this technology (Rock-Eval 6 apparatus) was described in detail by Lafargue et al. (1998) and Behar et al. (2001). Readers are referred to these two papers for a more comprehensive discussion of the technique.



Rock-Eval pyrolysis, or as so-called Geochemical screening, is a widely used method for petroleum exploration in sedimentary basin (Behar et al., 2001), since it is rapid (20 minute) and needs small amounts of samples. The system is totally automated, and composed of two ovens, Pyrolysis and oxidation ovens, used for analyzing samples. The process involves a continuous heating of a small amount of pulverized rock sample (70100 mg) or coal (30-50 mg) in an inert atmosphere (Helium or Nitrogen gas) under programed temperature ranging from 100°C – 850 °C. Heating of the sample started from 100 °C then held in 300 °C for several minutes followed by programmed heating at 25 °C per minute to maximum temperature about 850 °C, controlled by a thermocouple which is located in contact with the sample (Lafargue et al., 1998; Behar et al., 2001).



A flame ionization detector (FID) records all hydrocarbon gases released during pyrolysis, which is free hydrocarbon (S1 peak) and hydrocarbons formed by kerogen cracking (S2 peak). While, a sensitive infrared cell (IR) is used to measure the quantity of carbon monoxide (CO) and carbon dioxide (CO2) that are generated during pyrolysis and oxidation of the sample (S3 peak). In addition, the temperature corresponds to the maximum generation of S2 peak is also recorded as a maximum temperature (Tmax).



In the most modern versions of pyrolysis instrument like Rock-Eval 6, the TOC wt.% content of a sample can be determined automatically by oxidation under air for those organic matters remaining in the sample after pyrolysis (residual organic carbon RC%). The TOC wt.% content is then determined by the summation of Pyrolysable organic carbon (PC%) and residual carbon (Espitalie, 1986). The complementary stage of the pyrolysis also allows to determine mineral carbon (Min C%) content of the sample (Johannes et al., 2006). The pyrolysis results (including S1, S2, S3 peaks and Tmax) are displayed on a chart named Pyrogram.
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2.2.1 Rock-Eval Parameters Rock-Eval technique directly provides several measured parameters (S1, S2, S3 and Tmax) during the sample analysis (Table 2.1). These measured parameters are used to obtain a group of calculated parameters (Table 2.2). As a whole, these parameters are used to characterize the source rock properties. The following are brief descriptions of some of the important parameters:



S1 Peak: It represented as thermo-vaporized free hydrocarbon compounds that are released during the pyrolysis temperature of about 300 °C (Johannes et al., 2006). Sometimes, this parameter is strongly affected by contaminations, such as drilling mud, migrated hydrocarbon or during sample storing (Peters, 1986).



S2 Peak: It is corresponded to the quantity of hydrocarbon fractions that is released by thermal degradation of kerogen during the pyrolysis process at a temperature between 300-650°C (Table 2.1). The combination of S2 values with TOC wt.% contents is providing information about the quantity of organic matters and hydrogen contents at the present time (Dembicki, 2009). The S2 value generally decreases with the increasing maturity, while the S1 value increases in the absence of migration (Peters and Cassa, 1994; Hunt, 1996; Killops and Killops, 2005). The S2 value is used to find out the Hydrogen Index (HI).



S3 peak: It is correspond to the quantity of carbon monoxide (CO) and/or carbon dioxide (CO2) that is released from organic compounds containing oxygen element. This value is used for finding Oxygen Index (OI).



Tmax: This value represents the Rock-Eval pyrolysis oven temperature (°C) at maximum S2 peak generation (Peters and Cassa, 1994). The Tmax parameter is used to assess the maturity of organic matters (Behar et al., 2001), but it partly depends on the other factors such as organic matter types, contamination and mineral matrix (Tissot and Welte, 1978; Hunt, 1996).
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Production index (PI): It is also called Transformation ratio (TR) which represents the ratio between free hydrocarbons (S1) to the total amount of hydrocarbon (S1+S2) compounds obtained by pyrolysis of the sample (Espitalie, 1986; Tissot and Welte, 1984). PI value generally increases steadily with increasing the hydrocarbon generation (Hunt, 1996), therefore it is used as an indicator to estimate thermal maturity of rocks (Peters, 1986).



Table 2.1: Measured parameters from Rock-Eval pyrolysis (Johannes et al., 2006). Abbreviation



Name



Detector / Oven



Unit



S1 S2 S3 S3 CO S4 CO2



Free Hydrocarbon Oil potential CO2 from organic source CO from organic source CO2 from organic source Temperature of maximum peak of S2



FID/pyrolysis at 300 °C FID/pyrolysis at 300-650 °C IR/Pyrolysis , 850 °C IR/Pyrolysis , 850 °C IR/Oxidation



mg HC/g rock mg HC/g rock mg CO2/g rock mg CO/g rock mg CO2/g rock



Pyrolysis, Thermocouple



°C



Tmax



Table 2.2: Calculated Rock-Eval parameters and their abbreviations (after Johannes et al., 2006). Abbreviation



Name



Formula



PI



Production Index (Transformation Ratio)



S1 / (S1+S2)



GP



Genetic Potential (Petroleum Potential)



S1 + S2



PC %



Pyrolysable Organic Carbon



TOC % BI HI OI RC CO % RC CO2 % RC % PCI



Total Organic Carbon Bitumen Index Hydrogen Index Oxygen Index Residual Organic Carbon(CO) Residual Organic Carbon(CO2) Residual Organic Carbon. Pyrolysable Carbon Index



0.1*{0.83(S1+S2)+0.273S3+0.4 29(S3CO+0.5S3CO)} PC % + RC % 100 * S1 / TOC 100 * S2 / TOC 100 * S3 / TOC 0.0428 * S4 CO 0.0273 * S4 CO2 RC CO % + RC CO2 % = TOC - PC 0.83 * (S1+S2)



Hydrogen index (HI): it is a calculated parameter (Table 2.2), corresponds to the quantity of pyrolysable hydrocarbons from S2 peak relative to the TOC% (Peters, 1986). HI combined with OI, in the HI versus OI plot, which is the most frequently used diagram to classify kerogen types and approximate level of maturation (Hunt, 1996; Killops and Killops, 2005). But the result should be supported by microscopy, or elemental analysis, or both (Peters, 1986).
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Oxygen index (OI): It is a representative of oxygen in the kerogen, and proportional to the carbon dioxide liberated during the pyrolysis of S3 peak (Peters and Cassa, 1994 and Table 2.2). Generally, S3 value is not reliable, partially because of the breakdown of some carbonate mineral below 400 °C making OI over estimation (Hunt, 1996). Presence of land plant remains and inert organic matter in the sample are also causing high value of OI. When S3 results are suspected to be unreliable, HI versus T max diagram of Espitalie et al. (1984) can be substituted for the HI versus OI plot (Peters and Cassa, 1994).



Genetic potential (GP): It represents the amount of petroleum (oil and gas) that the kerogen is able to generate, when it is subjected to an adequate temperature during a sufficient interval of time. This is mathematically expressed as S1+S2. This parameter depends on the nature and the type of kerogen, and it is also related to the original organic input during sedimentation (Tissot and Welte, 1984).



Two other parameters are also determined by Rock-Eval technique, the first one is Pyrolysable organic carbon (PC %), which is belonging to all of the organic compounds decomposed during vaporizing and cracking. While the second one is residual organic carbon (RC %); it represents all of inert organic compounds (no potentiality) which generate neither oils nor gases. The summation of both is called TOC% content (Table 2.2).



2.3 Source Rock Evaluation Based on Rock-Eval Data The Sargelu Formation in both M-3 and M-4 wells has been characterized based on the data of Rock-Eval pyrolysis (Appendix A) and data coming from optical observation of organic matter under microscope. Several plots have been used between various parameters in order to describe the quantity, quality of the organic content and to estimate the maturity level of the organic matters; in addition, to predict the potentiality of the studied Formation.
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2.3.1 Source Rock Richness and Potentiality Total organic carbon content (TOC %) describes the quantity of organic carbon in a rock sample including both kerogen and bitumen. It measures the quantity but not the quality of organic carbon in the rock sample (Peters et al., 2005).



Having a considerable amount of organic contents in sediments increases the opportunity to be a good source rock with respect to the type of initial input of the organic matter (Tissot and Welte, 1984). There are some general conditions that support the accumulation and preservation of organic-rich sediments, such as: (1) sufficiently large amounts of organic materials (High primary productivity). (2) Low energy depositional environments (low current velocity and limited wave action). (3) The availability of inorganic matters should not overwhelm the organic matters and dilute it significantly, (4) and finally the development of anoxicity (Demaison and Moore, 1980; Killops and Killops, 2005).



The lower limit of organic carbon content in shale, to be a source rock, is between 0.5 – 1.0 wt. percent of TOC (Mcauliffe, 1977 in Al-Musawi, 2010). On the other hand, Tissot and Welte (1978) considered 0.5% of organic carbon as a lower limit for detrital rocks and about 0.3% for carbonate and evaporite rocks.



Peters and Cassa (1994) described source rock according to its potentiality to generate hydrocarbons as follow: 



Potential source rock: it has the ability to generate oil.







Effective source rock: it is a source rock that generates oil and is still continuous.







Spent source rock: it represents those source rocks that are not capable to generate oil anymore, but they are able to generate gas. These types of rocks are also called inactive source rocks. Source rock classifications based on the TOC% content have been done in the



present study based on the guidelines of Peters (1986) and Peters and Cassa (1994). In addition, genetic potential (GP) (S1+S2) classification of Tissot and Welte (1978) has been used to define the studied source rock (Table 2.3).
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The results of all the analyzed samples of Sargelu Formation by Rock-Eval 6 have been tabulated in Appendix A. The TOC% contents of the rock samples showed wide ranges from 0.99 – 6.55 % and 0.86-6.41% with an average of 2.23% and 2.74% for M-3 and M-4 wells, respectively.



Accordingly, and by depending on the classifications of Peters (1986) and Peters and Cassa (1994) which are shown in table 2.3, Sargelu Formation in these two studied wells is considered as a very good source rock ( Table 2.4). While, according to the classification of the source rock on the basis of its genetic potential parameter (Tissot and Welte, 1978), Sargelu Formation is considered as a poor and a moderate source rock in M-3 and M-4 wells, respectively (Tables 2.3, & 2.4 and Appendix A). The disagreement between TOC% and GP parameters might be related to the fact that not all organic rich sediments are a good generator for hydrocarbon (Peters, 1986). Moreover, the majority of TOC% in the studied samples represents the inert organic material (RC%) (Appendix A), which also supported the previous assumption.



Table 2.3: Geochemical Parameters describe the genetic Potential and source rock richness (after Tissot and Welte, 1978; Peters, 1986 and Peters and Cassa, 1994).



Tissot and Welte, 1978 Genetic Potential



Source rock evaluation no oil source ,some potential for gas Moderate Good -



6 -



Peters, 1986 and Peters and Cassa, 1994 TOC %



S1 (mg HC/g rock)



S2 (mg HC/g rock)



Petroleum Potential



< 0.5



< 0.5



< 2.5



Poor



0.5-1.0 1.0-2.0 2.0-4.0 >4



0.5-1.0 1.0-2.0 2.0-4.0 >4



2.5-5.0 5.0-10.0 10.0-20.0 > 20.0



Fair Good Very good Excellent



Table 2.4: Range and average of some geochemical parameters which are used for the evaluation of organic matters in Sargelu Formation in M-3 and M-4 wells. Based on the limits described by Tissot and Welte, 1978; Peters, 1986 and Peters and Cassa, 1994.



Formation



Well



Sargelu



M-3



M-4



Parameter



Range



Average



Evaluation



TOC % S1 S2 GP TOC % S1 S2 GP



0.99-6.56 0.17-2.73 0.32-3.22 0.5-5.95 0.86-6.41 0.13-1.08 0.36-2.19 0.49-2.80



2.23 0.71 1.28 1.98 2.74 0.56 1.44 2.01



very good Fair Poor Poor very good Fair Poor Moderate
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The cross plote of GP versus TOC% content (Fig. 2.1) reveals that the Sargelu Formation in both wells showed an acceptable range of TOC% content to be a good sorce rock. Approximately, all the samples have morethan 1% of TOC content. While, all of them showed poor to fair genetic potential, except for the three samples in M-3 well that they showed a good genetic potentiality in depths 2417.5, 2422.5, and 2447.5m.



Fig. 2.1: Cross plot of TOC% content versus Genetic Potential (GP) (after Alaug et al., 2013), for analyzed samples of Sargelu Formation in M-3 and M-4 wells.



Despite the fact that a good source rock should have relatively high TOC% contents, but TOC% by itself is not a good indicator to determine how much hydrocarbon might be generated by the rock (Dembicki, 2009). The cross plot of S2 versus TOC % (Fig. 2.2) showed that there are a little potentiality remained for Sargelu Formation in both M-3 and M-4 wells (nearly all of the samples have poor potentiality). The Sargelu Formation in these two wells might be expelled its hydrocarbons in past geologic time. So, by depending on this diagram, this rock unit showed poor potentiality to generate hydrocarbon. It should be taken into consideration that this plot shows the ability of Sargelu Formation for generating hydrocarbon nowadays, but it does not represent previous potentiality.
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The analyzed samples of Sargelu Formation in the wells showed higher TOC% contents in the upper parts in comparison with the lower parts, however some scattering of TOC% is present in the middle and the lower parts of M-4 well (Fig. 2.3). This variation of TOC% is probably reflecting the depositional environments and facies changes (Hunt, 1996).



Fig. 2.2: Cross plot of TOC% content versus S2 (from Dembicki, 2009), for analyzed samples of Sargelu Formation in M-3 and M-4 wells.



The cross plot of the residual carbon (RC %) versus TOC% (English et al., 2004) supports the previous conclusion about the source rock richness and the potentiality of Sargelu Formation in the studied wells (Fig. 2.4). From this plot we concluded that, there is a little potentiality left behind the samples. The values of TOC% are very close to the RC% values in the majority of the samples, That is reveals the fact that, Sargelu Formation in these two wells has low potentiality to generate petroleum in the present time. Therefore, The Sargelu Formation for now is consider as a spent source rock according to the terms that are described by Peters and Cassa (1994), but in a previous time, might be a good Oil generator.
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Fig. 2.3: TOC% versus Depth showing source rock richness of Sargelu Formation in M-3 and M-4 wells.



Fig. 2.4: Cross plot of TOC% versus RC% of English et al. (2004), for the selected samples in Sargelu Formation from M-3 and M-4 wells. Solid line is an indication of TOC % value is equal to RC% value.
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Finally, by depending on the diagrams in figs. 2.1, 2.2, 2.3 and 2.4, we summarized that, the Sargelu Formation is a very good source rock based on TOC% content but has a little (poor to fair) potentiality to hydrocarbon generation at present time.



2.3.2 Kerogen Types and Types of Expelled Hydrocarbon The organic matter initially deposited within unconsolidated sediment is not considered as kerogen, but during diagenesis it converted to kerogen (Hunt, 1996; Peters et al., 2005). Therefore, Kerogen is composed of a mixture of organic matters within sedimentary rocks that is insoluble in non-oxidizing acid, bases, and organic solvents (Hunt, 1996). The following are definitions of the most common types of kerogen: 



Type I consists dominantly of liptinite macerals group (Alginite maceral and Bituminite maceral) with lesser amount of vitrinite and more less amount of inertinite, also it has high HI value (>600 mg HC/g TOC) and low OI value (






Type II is dominated by liptinite macerals, while vitrinite and inertinite macerals are in lesser amount. HI is high (300 – 600 mg HC/g TOC) and low OI compared to type III and type IV. Sulfur is typically high. Type II kerogen originated from mixed phytoplankton, zooplankton, and bacterial debris are usually in marine sediment, which has high yields of Hydrocarbon (Peters et al., 2005).







Type III has low HI value (50-200 mg HC/g TOC) and high OI value (50-100 mg CO2/g TOC). This type usually originated from terrigenous plants and mostly gas prone. This type of kerogen is also dominated by vitrinite macerals with lesser amounts of inertinite macerals.







Type IV; this is known as dead carbon showing low HI (
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The determination of various types of kerogen in a source rock is considered as an essential work, because different types of organic matters have different potentiality to generate hydrocarbons (Tissot and Welte, 1978 and 1984). In this study, several diagrams have been used depending on Rock-Eval pyrolysis data, in order to determine kerogen types, and the types of expelled hydrocarbon in Sargelu Formation. For achieving that, several plots have been used including: cross plots of HI versus OI, TOC% versus S2, Pyrolysable carbon index (PCI) versus TOC%, and S2/S3 ratio.



According to the cross plot of HI versus OI of Hunt (1996) which is represented in fig. 2.5, all the analyzed cutting rock samples of M-3 well, as well as most of the samples of M-4 well are considered to have containing type III and type IV kerogen.



Fig. 2.5: Analyzed samples of Sargelu Formation in both M-3 and M-4 wells plotted on the HI versus OI. (The diagram from Hunt, 1996).



The next plot (Fig. 2.6) is between TOC% versus S2 (Akinlua et al., 2005). This diagram also more or less supports the results of the previous plot (Fig. 2.5). From this relation, it is noticeable that the released hydrocarbon from S2 peak for all the samples are less than 2 mg HC/g rock, and the majority of them located between HI values of 50-200 mg HC/ g TOC. Moreover, several samples have HI value are less than 50 mg HC/g TOC. Thus, the 33
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organic matter (OM) of Sargelu Formation in the selected wells is considered as type III kerogen for the majority of the samples and may contain some type IV kerogen ( inert organic carbon which generate nothing). On the other hand, based on these conclusions we can assume that the kerogen type might be gas prone and capable to generate some gases without any indication to oil generation.



Fig. 2.6: Cross plot of S2 versus TOC% (adapted from Akinlua et al., 2005), for the selected samples of Sargelu Formation in wells M-3 and M-4. The Solid lines indicate the values of HI.



Additionally, the cross plot of Pyrolysable Carbon Index (PCI) versus TOC% is used to determine kerogen types and hydrocarbon potentiality (Shaaban et al., 2006). The studied samples have been plotted on this diagram (Fig. 2.7). The result of this plot is more consistent with the results of the previous plots. All the samples of Sargelu Formation in M-3 and M-4 wells have low contents of PCI (
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Fig. 2.7: Cross plot of Pyrolysable carbon index [PCI=0.83*(S1+S2)] versus TOC% (Shaaban et al., 2006), for the analyzed samples of Sargelu Formation in M-3 and M-4 wells.



Furthermore, the S2/S3 ratio is an indication of kerogen type variety (Alsharhan and Abd El-Gawad, 2008; Mohialdeen et al., 2013). Table 2.5 shows the limitation of S2/S3 and HI value to determine the kerogen type and the main expelled hydrocarbon (Peters, 1986). The average of S2/S3 and HI value are of 1.45, 0.79 and 58, 68 mg HC/g TOC for the samples of M-3 and M-4 wells, respectively (see Table 2.6). Accordingly, Sargelu Formation in these two wells is considered as gas prone kerogen.



Table 2.5: Geochemical Parameters describing the types of generated hydrocarbon. Assuming that the level of thermal maturation is equivalent to Ro = 0.6 % (Peters, 1986).



Type



HI (mg HC/g TOC)



S2/S3



Gas



0-150



0-3



Gas and Oil



150-300



3-5



Oil



>300



>5
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Table 2.6: Range and average of HI and S2/S3 used for determining the types of generated hydrocarbon for the analyzed samples of Sargelu Formation in M-3 and M-4 wells.



M-3 Range Average



M-4 Range Average



Evaluation



HI



18-105



58



34-140



68



Gas prone



S2/S3



0.53-2.8



1.45



0.25-1.57



0.79



Gas prone



Parameters



2.3.3 Maturity Assessment One of the main tasks of source rock evaluation is to determine the level of maturity of the source rock. Several methods are available for this purpose, for instance, based on elemental analysis, pyrolysis, solvent extraction and microscopic method (Hunt, 1996). In this chapter, two methods have been discussed, which are Pyrolysis Rock-Eval data (Tmax and PI) and microscopically examination of kerogen.



Rock-Eval parameters like, Tmax, and PI are used for determining the maturity level of source rocks but partly depend on the types of organic matters (Peters and Cassa, 1994). The value of Tmax is considered as a maturity indicator nearly between 420-460 °C and 400-600 °C for kerogen type II and terrestrial derived type III kerogen, respectively (Tissot and Welte, 1984). On the other hand, Peters (1986) and Peters and Cassa (1994) classified maturity levels of source rock which depend on Tmax, Ro, and PI (Table 2.7). This classification is also used in the present study. They mentioned that the beginning and ending of oil window are about 0.1-0.4, 435-470 °C and 0.6% - 1.35% for PI, Tmax and VRo, respectively (Table 2.7)



Table 2.7: Geochemical parameters describing the level of thermal maturity (Peters, 1986 and Peters and Cassa, 1994).



stage of thermal maturity of oil



Tmax (°C)



Vitrinite reflectance Ro (%)



Production Index PI [(S1/(S1+S2)]



Immature






0.2-0.6






Early mature



435-445



0.6-0.65



0.1-0.15



Peak mature



445-450



0.65-0.9



0.25-0.4



Late mature



450-470



0.9-1.35



>0.4



Post mature



>470



>1.35



-
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In order to determine the maturity level of Sargelu Formation in the selected wells, several diagrams have been used depending on Rock-Eval data, among them, HI versus Tmax, Tmax versus PI, Tmax log, and PI log.



The cross plot of HI versus Tmax is used for determining the kerogen quality and maturity assessment more than HI versus OI in order to eliminate the effects of OI value (Hunt, 1996). According to this diagram (Fig. 2.8), the majority of the samples from M-3 and M-4 wells are of type III kerogen. Graphical presentation of this plot indicates a wide range of Tmax from immature to post mature range. In M-3 well, there are several samples within the oil window but it also includes some samples were located in the immature zone, at the same time we have few samples in the post mature zone (blue bounded circle group). The plotted samples of M-4 are different from the M-3. There is no any samples within the oil window, the samples are divided in to two groups of maturity, the first group is immature (Green bounded circle group), and the other group is post mature (blue bounded circle group).



Fig. 2.8: The cross plot of HI versus T max of Hunt (1996), showing the examined samples of Sargelu Formation in M-3 and M-4 wells. Green bounded circle group indication for immature samples, while blue bounded circle group is indication of post mature samples.
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On the other hand, when the average of Tmax is taken, the result is different. The average of Tmax suggests the mature stage of oil generation for both M-3 and M-4 wells (Table. 2.8). This discrepancy is related to the existence of several samples with a very high value of Tmax (Blue circle in Fig. 2.8) in both wells. This situation causes an increase in the values of the rest of the samples and makes the average of Tmax acceptable and different from the graphical presentation of fig. 2.8. Regarding the PI, the average value for the analyzed samples in each well indicated peak mature stage of oil generation (Table2.8).



Table 2.8: Range and average of T max and PI used for determining the maturity levels for the analyzed samples of Sargelu Formation in M-3 and M-4 wells. M-3



Parameters Range



M-4



Evaluation Average



Range



Evaluation Average



Tmax (°C)



420-579



453



Mature (late mature)



383-595



448



Mature (peak mature)



PI



0.21-0.46



0.33



Mature (peak mature)



0.16-0.44



0.27



Mature (peak mature)



The cross plot of Tmax versus Transformation ratio (TR) is also used to determine the maturity assessment (Fig. 2.9) (Katz, 2001). From this plot, most of the samples in both wells are in the immature to early mature zone (Green circle), and few samples contain inert organic matter with high Tmax which are represented by over mature zone of thermal maturity (blue circle).
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Fig. 2.9: Cross plot of Tmax versus TR (S1/ (S1+S2) (from Katz, 2001), showing the maturity level of Sargelu Formation in M-3 and M-4 wells. Green circle is an indication for immature samples, while blue circle is an indication for post mature samples.



The final plots in this section are composed of two diagrams of PI and T max to determine changing in maturity as a function of depth (Fig. 2.10). The general trend of T max



for Sargelu Formation in these diagrams is appeared more or less around 435 °C for



M-3 well and 420 °C for M-4 well except for the upper part of the Formation in both wells where some samples have high Tmax values which are more than 475 °C. The high values of Tmax in several samples (denoted as abnormal data) are probably reflecting either residual contamination or possibly the presence of recycled organic matters which are dominated by inertinite macerals (Akinlua et al., 2005).



Regarding the values of Production Index (PI), the results showed nearly all of the samples within the mature zone (oil window) for both wells. Some samples are shifted toward more mature direction (PI>0.4) especially in the upper part of M-3 well.



The low values of Tmax in the majority of the samples compared to the PI values (Fig. 2.10) are good indicators to say that the values of T max are not reliable enough to determine the maturity level of Sargelu Formation in the studied wells (this situation is further supported by several criteria and by vitrinite reflectance data in the next section).
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Fig. 2.10: Tmax and PI log showing maturity levels of the selected samples of Sargelu Formation in (A): M-3 well and (B): M-4 well.
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2.4 Vitrinite Reflectance Vitrinite reflectance is considered as an important tool for determining the maturity level of organic matters in sedimentary rocks (Hunt, 1996), because it is less affected by the outer factors like the oxidation and alteration especially for outcrop samples (Baban and Ahmed, 2013). Using this technique for maturity determination was first described by Marlies Teichmüller in her study of the Wealden Basin in 1958 (Hunt, 1996).



Fluorescence and reflectance characteristics are consider as a key feature of vitrinite, and inversely proportional (Sihra, 2011). Decreasing fluorescence and increasing reflectance both are providing an indication of increasing thermal maturity. The most frequently used kerogen maturation parameters are vitrinite reflectance (Ro), Thermal Alteration Index (TAI), Spore Color Index (SCI), and Pyrolysis Temperature (Tmax). In addition, GC and GC-MS parameters included Methylphenanthrene Index, and biomarker distributions (Hunt, 1996). This section focused on the analyzed samples by using vitrinite reflectance method.



2.4.1 Sample Preparation Microscopic examination technique can be applied to both kerogen-containing rock and isolated kerogen (Tissot and Welte, 1978). In order to do sample preparation for vitrinite reflectance analysis, primarily two methods are used: 1) Polishing the whole rock specimen, when the rock is rich in organic matter, and 2) for less organic-rich rock, the kerogen should be isolated from the matrix (using HCl and HF to remove most of the minerals) and embedded in an epoxy resin, then polished (Peters et al., 2005). While, all rock samples are sometimes crushed and embedded in resin, then polished. In this study, the maturity evaluation was performed by optical observation (vitrinite reflectometry and UV fluorescence intensity). The analysed samples were carried out on both; polished concentrates of organic matter obtained by densimetric techniques, and on polished sections of rock grains. Due to the richness of samples by organic particles and the variety of organic populations, up to 100 readings per slides were recorded. Reflectance measurements were performed with natural white light (random reflectance Ro %), no polarized light measurement (Rm %) was done in this 41
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study. Ro is the notation given to reflectance using an oil-immersion objective lens (Sihra, 2011).



Three cuttings samples were analyzed for middle Jurassic Sargelu Formation in the interval between 2422.5m - 2592.5m of the M-3 well, whereas two cuttings samples were analyzed in the same Formation of the M-4 well, from interval 2892.5m - 2947.5m and one sample from Alan Formation in M-4 at the depth of 3012.5m. These samples were analyzed in a laboratory of TOTAL Oil Company named CSTJF Center in Pau city, France. The details of the microscopical examination for the selected samples are tabulated in table 2.9. Table 2.9: Microscopical examination for the selected samples in M-3 and M-4 wells. Well



Fn.



M-3 Sargelu M-3 Sargelu M-3 Sargelu



M-4 Sargelu



M-4 Sargelu



M-4



Alan



Samp. Depth Samp. REFLECTANCE ID (m) Type Ro% Type S.D. N.M. 1.07 Zoo 0.07 4 M3-2 2422.50 Cttg 1.51 Bth 0.25 27 1.84 Btm+a 0.11 65 M3-13 2477.50 Cttg 1.82 Btm+a 0.13 60 1.73 Btm 0.09 38 M3-36 2592.50 Cttg 2.49 Bta 0.12 61 0.32 V MA 0.05 12 1.66 Bth(a) 0.14 37 M4-3 2892.50 Cttg 1.39 Btm(a) 0.33 36 2.24 Bta (MA?) 0.49 15 0.38 V MA 0.05 12 1.60 Bth(a) 0.13 30 M4-13 2947.50 Cttg 1.56 Btm(a) 0.21 40 2.57 Bta (MA?) 0.29 9 0.33 V MA 0.05 9 0.95 V? 0.14 22 M4-23 3012.50 Cttg 2.75 Btha 0.27 12 2.49 Btma 0.17 46 2.58 Bta (MA?) 0.29 19



FLUORESCENCE Q L I I I I I L M L L L M L L L L L M L



eq VRo% Tmax Bitumen °C 489



No fluorescence No fluorescence



1.54 1.52



No fluorescence No fluorescence



1.94 1.43



565



580



No fluorescence 1.39



No fluorescence 1.94



Abbreviations: Fn: Formation, Cttg: Cuttings, Ro%: Reflectance, S.D.: standard deviation, N.M. = number of measurements. Type: type of particles [ V : Vitrinite, Bt: Bitumen (m: microgranular, a: anisotropic , h: homogeneous), Zoo: Zooclast, MA: Mud additives] Q: quality code (I: important, M: medium, L: low) eqVRo% Bitumen: equivalent VRo from Bitumen (Jacob's formula VRo = 0.618*BRo+0.4) Tmax: Temperature (°C) of the maximum formation of hydrocarbons by cracking of kerogen S2 (Rock-Eval) N/A = not available
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2.4.2 The Maceral Concept Maceral is the individual constituent of organic matters which can be recognized microscopically (Taylor et al., 1998). Some macerals which originate from the remains of plants have been preserved in coal and other rocks, while other macerals are the degradation products which are so altered that their plant origins cannot be determined (ibid). All macerals have the suffix ‘- inite’, they are also classified into three maceral groups (Tables 2.10 and 2.11). The work that is carried out by the International Committee for Coal and Organic Petrology (ICCP) is related to the development of the maceral nomenclature, classification, and standardization. The use of petrographic methods has been reported in various editions like ICCP (1998, and 2001). The following are the main three maceral groups:



1- Huminite/Vitrinite: they are coalification product of humic substances, which originated essentially from the lignin and cellulose of plant cell walls. They are also characterized by relatively high aromatic fractions and oxygen contents. Huminite macerals have medium grey reflectance; they are distinguished from darker liptinite and lighter inertinite (Sýkorová et al., 2005). In addition, Huminite is only identified in low rank coals and also it is the precursor of the vitrinite macerals in medium and high rank coals (ICCP, 1998; Sýkorová et al., 2005; Isabel, 2012).



2- Liptinite: They are derived from relatively hydrogen-rich plant remains, such as sporopollenin, resin, waxes and fats. Thus, liptinite is distinguished by higher aliphatic (paraffin) fraction compared to vitrinite (Hunt, 1996). This group of maceral was originally termed exinites, however, the group has subsequently been enlarged to include leaf cuticular material (cutinite), resin bodies (resinite) and algal remain (alginite), and so the collective term “liptinite” is more appropriate (Killops and Killops, 2005).



3- Inertinite: They are characterized by relatively high carbon contents, low hydrogen contents and much increased level of aromatization. The term “inertinite” implies that the constituents are more inert than the macerals of vitrinite and liptinite
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group (ICCP, 2001). Most inertinite macerals are derived from the same original plant substances as vitrinite and liptinite, but they are experienced different primary transformations (Taylor et al., 1998). The three groups of macerals exhibit different optical properties (Table2.10) under transmitted light, reflected light, and when subjected to UV-induced fluorescence light (Killops and Killops, 2005). This behavior provides a basic characteristic for the identification of the various macerals. Vitrinite reflectance (Ro%) relies on the property of vitrinite macerals to undergo increasing reflectance with increasing temperature. That is caused by condensation and successive ordering of aromatic structure in the degraded ligno-cellulosic material to form the vitrinite organic matter (Petersen et al., 2013). With increasing maturity, the recognition of macerals becomes more difficult as structural features become less distinct, for instance, the reflectance increases for all of the macerals and converges, while fluorescence decreases (Killops and Killops, 2005). Table 2.11 shows the main groups of macerals with an indication of the macerals belonging to each group. Table 2.10: General optical properties of maceral groups (Killops and Killops, 2005).



Maceral group



Liptinite Vitrinite Inertinite



Transmittance



high moderate low (opaque)



Reflectance



low intermediate high



Fluorescence



intense (at low maturity) usually absent absent



Table 2.11: The main components of maceral groups (after Isabel, 2012).



Liptinite Group Sporinite Cutinite Resinite Alginite Suberinite Chlorophyllinite Fluorinite



Inertinite Group Fusinite Semifusinite Funginite Secretinite Macrinite Micrinite Inertoditrinite



Vitrinite Group Telovitrinite Detrovitrinite Gelovitrinite



Bituminite Exudatinite Liptodetrinite
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2.4.3 Types of Organic Matter in the Examined Samples The organic matter types which are encountered in the two wells (M-3 and M-4) are similar. Abundant organic particles of various aspects (solid bitumen dominant) have been observed in the different preparations and it is very clear in the reflectance histogram as shown in figures 2.11 and 2.12.



Solid hydrocarbon, which also known as “solid bitumen”, “asphalt”, “dead oil”, “Migrabitumen”, and “pyro bitumen”, is genetically defined as a solid phase accumulation of predominantly hydrocarbons produced by petroleum generation in source rocks (Landis and Castano, 1995). They are found in organic rich to very organiclean source rocks as a residual product of generation (Ibid). Solid hydrocarbons are considered as secondary bitumens (secondary macerals) which originated from organic material during diagenesis and catagenesis (Jacob, 1989). The migration distance of solid bitumen are not significant, ranging from a fraction of millimeters to several kilometers. Solid bitumen is also amorphous matters, their shapes adapted from the cavities and holes they occupy (Riediger, 1993; Landis and Castano, 1995). The development of Migrabitumen begins at the top of the oil window with a vitrinite reflectance about 0.350.6 % (Jacob, 1998).



As previously mentioned, vitrinite macerals, which are used for vitrinite reflectance (VRo%) measurement, is the most widely used method for maturity assessment. However, Sargelu Formation, like many organic-rich marine source rock, is commonly vitrinite poor, which is prevent to take reflectance from vitrinite directly. But there are several publications (Jacob, 1989; Riediger, 1993; Landis and Castano, 1995) which suggested use of solid bitumen reflectance (Bro%) instead of real vitrinite reflectance (VRo%), then convert Bro% to equivalent vitrinite reflectance (eq. VRo%) by using some various equations invented for this purpose.



The luck of reliable vitrinite (or small quantity which was not enough for measurement) in the examined samples is not surprising, giving the fact that the examined samples contain type II kerogen or might be mixed type II-III. Tissot and Welte
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(1984) stated that the vitrinite particles are commonly scarce in type II kerogen. Moreover, the Sargelu Formation was described by several authors (Chapter one) to be deposited in a marine carbonate depositional environment. This type of environment commonly lacks or contains less terrestrially-derived organic matter (Vitrinite macerals).



Formation: Sargelu Sample ID: M3-1 Depth: 2422.5 m Ro%: 1.84 Eq VRo%: 1.54



Formation: Sargelu Sample ID: M3-13 Depth: 2477.5 m Ro%: 1.82 Eq VRo%: 1.52



Formation: Sargelu Sample ID: M3-36 Depth: 2592.5 m Ro%: 2.49 Eq VRo%: 1.94



Fig. 2.11: Reflectance histograms for the selected samples of Sargelu Formation in M-3 well.
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Formation: Sargelu Sample ID: M4-3 Depth: 2892.5 m Ro%: 1.66 Eq VRo%: 1.43



Formation: Sargelu Sample ID: M4-13 Depth: 2947.5 m Ro%: 1.60 Eq VRo%: 1.39



Formation: Formation:Alan Alan Sample ID: M4-27 Depth: 3012.5 m Depth: 3012.5 m Ro%: 2.49 Ro%: 2.49 1.94 Eq VRo%: Eq VRo%: 1.94



Fig. 2.12: Reflectance histograms for the selected samples in M-4 well.



Up to six populations of different particles have been observed in the same organic concentrate. Several micro photos were taken from the selected samples (Figs. 2.13, 2.14, and 2.15). They illustrate some populations observed in the samples. The following points are a brief description of those organic matters that have been observed in the examined samples in M-3 and M-4 wells:
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Ro = 1.74%



Fig. 2.13: Micro photos taken from the selected samples of Sargelu Formation in M-3 Well. Letter A, B, C, D: cutting rock samples from depth 2422.5m, while E and F from depth 2477.5m. RL: Reflected light, Pol: polarization incident light. Numbers: 1, 2, 4, 6, and 8: Homogenous bitumen with mosaic structure; 3: Organomineral Complex; 5: Calcite mineral; 7, 9, 10, and 11: Highly anisotropic bitumen with 2.04 Bro%.
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9



8



Fig. 2.14: Micro photos taken from the selected samples in M-4 Well. Letter A and B: cutting rock samples from depth 2892.5m, while C, D, E and F from depth 3012.5m. RL: Reflected light, Pol: polarization incident light. Numbers: 1, 4, and 5: Homogenous bitumen filling pores of carbonate minerals. 2: Finely Microgranular bitumen (in the matrix). 3: Calcite mineral. 6 and 7: Vitrinite with small micro crystals of Pyrite. 8 and 9: Homogenous anisotropic bitumen.
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Fig. 2.15: Micro photos taken from the selected samples of Sargelu Formation in M-3 and M-4 Wells, showing various organic matter populations. RL: Reflected light, Pol: polarization incident light. Numbers: 1 and 2: Huminite maceral (Texto-Ulminie), this macerals group some time called them as Lignite (mud additives) as a description word for low stage of maturity; 3: and 7: Homogenous bitumen with mosaic structure; 4 and 8: Matrix with Microgranular bitumen; 5: Anisotropic bitumen with mosaic structure; 6: Calcite mineral; 9: Zoo clast (part of shell organism).







Lignite (mud additives): These types of organic matters have low reflectance (around 0.3% VRo), and generally known as lignite to show the low maturity
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situation. They represent the constituent of mud additives that are frequently seen in petroleum wells, they have been also observed in the two wells (Fig. 2.15). 



Untypical Vitrinite (possible vitrinite): it consists of homogeneous fragments with frequent cracks and small crystals of pyrite within it (Fig. 2.14). It is only observed in the sample of M-4 well at the depth of 3012.5m. Presence of pyrite in a sample is a characteristic of anoxic sulfatic depositional environment (Hint, 1996).







Zooclast (Shell of Organisms): This type of organic matter is not frequent in post Devonian series (Petersen et al., 2013). It often shows micro granular aspect and has often low reflectance (Fig 2.15).







Micro granular bitumen: These solid bitumens are frequently present in sapropelic source rocks (Taylor et al., 1998). In M-3 and M-4 wells, they are abundant in all the samples. In concentrate samples, they consist of figured fragments whereas in whole rock, they consist of abundant inclusions in the macro porosity of the rock (Figs. 2.14 and 2.15). Due to their abundance and close association with the mineral matrix (autochthonous secondary organic matter), they can be used for maturity assessment.







Homogeneous bitumen: Like micro granular solid bitumens, homogeneous fragments of bitumen are often encountered in source rocks (Riediger, 1993; Landis and Castano, 1995). They can be either associated with the micro granular population or not. In M-3 and M-4 wells, organic concentrates shows separate fragments whereas in the whole rock they mainly correspond to large pores or vein fillings (often along carbonated cracks)



(Figs. 2.13, 2.14 and 2.15). The



homogenous bitumen is also useful for maturity evaluation. Their homogeneous aspects are more useful for reflectance measurements than micro granular ones because of possible mixture of bitumen and minerals in the microgranular bitumen (Gilles Nicolas, in CSTGF laboratory, Personal communication).
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Anisotropic bitumen: With the increasing maturity, the anisotropy of organic matter is more and more clear. Some samples show anisotropic bitumen, they probably correspond to the thermal evolution of the two previous bitumen populations (micro granular and homogeneous) (Figs. 2.14 and 2.15). Just like the two previous populations, they can be used for maturity assessments.







Highly anisotropic bitumen:



Some highly anisotropic bitumens have been



observed. They are rare and show a high reflectance. Moreover, they are not associated with the rock (mineral matrix). They probably correspond to mud additives (Fig. 2.13). 



Inertinites: They are mainly made up of undetermined fragments (inertodetrinites) and fragments of semifusinites. No reflectance measurement is performed on the inertinite.



2.4.4 Maturity Profiles of Sargelu Formation in M-3 and M-4 Wells Solid bitumens are considered as the most representative organic matters in the studied samples (autochthonous solid bitumen, i.e: accumulated in place). These organic matters (both Homogenous bitumen and Microgranular bitumen) have been used for the estimation of the maturity. Other organic particles such as, mud additives, and Zoo clast have not used for this purpose. Solid bitumen reflectance increases with depth as for vitrinite (Hunt, 1996; Tissot and Welte, 1984, Petersen et al., 2013). In addition, it is a secondary product which differs from the primary macerals, so their reflectance must be corrected to obtain an equivalent vitrinite (Jacob, 1989; Taylor et al., 1998). Different correlation curves and relations have been developed to convert the reflectance of solid bitumen (BRo) to the equivalent reflectance in vitrinite (VRo) in case if there is not a significant amount of vitrinite to take the measurement. In CSTJF laboratory of TOTAL where these samples have been analysed, the most common equation, Jacob’s equation has been used for this correction. (VRo = 0.618 * BRo + 0.40)…………………….. Jacob equation (Jacob, 1989). According to Alsharhan and Abd El-Gawad (2008), the VRo around 1.45% is an indication of gas generation window. The maturity of the Sargelu Formation in both wells is
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relatively high (Figs. 2.16 and 2.17) with values of around 1.5-1.55% eq. VRo for M-3 well and around 1.4-1.45% eq. VRo for M-4 well. Maturity of M-4 slightly lower than M-3 despite deeper depth: 2885-3000m for M-4 against 2420-2610m for M-3. The increasing maturity with depth depends on the solid bitumen reflectance is not regular along the two wells. The important break (or rapid increase) is noticed at the base of the Sargelu Formation in M-3 well (1.94% against 1.5-1.55% eq. VRo) and between the Sargelu and Alan Formations in M-4 well (1.94% against 1.4-1.45 % eq. VRo). It is noticeable that this high maturity is the same for the two wells (1.94 % eq. VRo).



The examined samples of Sargelu Formation in the selected wells have showed high maturity level (post mature zone), therefore the type of organic matter encountered in the Sargelu Formation cannot be optically determined. While, the abundant population of the samples is solid bitumen but a little or no vitrinite. This reveals that the organic matter content of Sargelu Formation might be oil prone type II or a mixture of type II and type III kerogen.



Maturity Trend



Fig. 2.16: Maturity profile for the selected samples in Miran-3 well.
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Maturity Trend



Fig. 2.17: Maturity profile for the selected samples in Miran-4 well.



2.5 Discussion and Interpretation In the previous sections, based on Rock-Eval pyrolysis data and microscopical examination of organic matter, several diagrams and relations have been used. The following sections elucidate the consistency and inconsistency of these two techniques to interpret the results. Moreover, comparing the data in the present study to the previous works, that achieved by different authors, may get the more reliable decision about the characteristics of Middle Jurassic Sargelu Formation in the selected wells in Miran Field.



2.5.1 Richness and Potentiality Regarding the source rock richness and potentiality (Table 2.4, Fig. 2.1, 2.2 and 2.3), Sargelu Formation is considered as a good source rock (High TOC% content, average > 2%), although it shows low potentiality to generate hydrocarbon (Low HI, average 
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hydrocarbon should be more than 1% (Hunt, 1996; Peters et al., 2005). Despite the high TOC% for the examined samples, but the TOC% content in the majority of analyzed samples is roughly close to the value of residual carbon (Fig. 2.4; Appendix A). This is indicated that there is little generative potential left in the Sargelu Formation.



This result is more consistent with the finding of Pitman et al. (2004), they concluded that the majority of Jurassic source rocks in Iraq have reached or exceeded peak of oil generation and most of them completed oil generation and expulsion. Thus, accordingly, the majority of the source rocks in this region have been depleted potentiality. They also mentioned that, at present time, the source rocks in the fold belt have expelled most of their oil (>90%) except for some local areas in the northern part which still remain more than 50% of their petroleum. In addition, Al-Ameri et al. (2013) studied Sargelu Formation in northern Iraq. They stated that, at present time, nearly about 70 % to 100 % of their total oil sourced from Jurassic rocks might have generated and expelled. That also supports the conclusion of low potentiality of Sargelu Formation, at present time in this study.



2.5.2 Kerogen Types and Types of Expelled Hydrocarbon Several relations and diagrams (Figs. 2.5, 2.6, 2.7 and Table 2.6) have been used to conclude that which types of organic matter contributed to this source rock and to determine which types of hydrocarbon (oil, gas or both) might be generated by this rock unit.



All the mentioned plots shows that, the Sargelu Formation in both M-3 and M-4 wells is dominated by type III gas prone kerogen with association of type IV kerogen, while Kerogen type II or mixed type II/III is not present well. The presence of some type IV kerogen is supports the previous result, which is low potentiality, as low potentiality is mostly a function of high thermal maturity (English et al., 2004).



All plots reflect that Sargelu Formation has the ability to generate only gas without any indication to produce oil. This result is inconsistent with the microscopic results of organic
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matters and makes discrepancy (Table 2.9 and Figs. 2.11, 2.12, 2.13, 2.14 and 2.15), in which the dominant organic matter is solid bitumen that mostly comes from kerogen type II. While little or no clear vitrinite is present in the examined samples.



Solid bitumen is the dominant organic populations in the examined samples under microscope (Figs. 2.13, 2.14 and 2.15). The presence of abundant solid bitumen is a good indicator for past generation and expulsion of oil (Jacob, 1989; Landis and Castano, 1995). Two terms are mentioned by Curiale (1986 in Riediger, 1993) which are pre-oil and postoil solid bitumen. The first one is generated in low maturity organic-rich source rock and filling voids and fractures within source rock, whereas the second one represents the residual portion of liquid oil. Both of them realize one fact, that is; the presence of solid bitumen is a strong indicator for past oil generation. Generation of oil should be sourced from oil prone kerogens, therefore the most reliable candidates of organic matter for this situation are generally type II or mixed type II/III kerogen, but not Type III and type IV (Tissot and Welte, 1984).



Mixing of kerogen sometimes creates confusion in determining the kerogen type (Dembicki, 2009). For example, the type IV kerogen is essentially inert and will not contribute to the S2 peak but will contribute to the TOC% content, which causes lowering HI value. This makes the source rock appear more gas prone. Mixtures of type II and type IV kerogens would likely be interpreted as mixtures of types II and type III kerogen (Ibid).



Despite the complexity of interpreting kerogen type when they are mixed, but it is possible to make a scenario (Fig 2.18) to better interpretation and to determine organic matter types based on explanation achieved by several authors (Buchbinder and Halley, 1986; Espitalie et al., 1988; Hunt, 1996; Dembicki, 2009) as follows:



In Fig 2.18 the yellow dotes represents the proposed samples in the beginning of oil generation in the past geologic time. They might be located between the lines of type II and type III kerogen (mixture of types II/III kerogen). In this stage, the Sargelu Formation has able to generate both oil and gas. After that, as the source rock generates and migrates hydrocarbons, the amount of organic matter in the source rock will decrease. It 56
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means that the amount of TOC% which contains the reactive kerogen (S2) and an amount of hydrogen molecules also decreases, that is causing of reduce of values of HI.



Fig. 2.18: Schematic diagram showing proposed evolutionary path of the analyzed samples by RockEval 6. Data of the samples of M-4 well plotted on the cross plot of HI versus OI of Hunt (1996). The evolutionary path and explanation are from Dembicki, (2009).



Then, with increasing burial depth, the generation and expulsion of hydrocarbon increase. That is causing of the source rock becomes less potential to generate liquid oil hydrocarbon resulting of lowering down of TOC%, HI, and S2 compared to the initial stage. The evolutionary path (dashed red line) as described by Dembicki (2009) could be interpreted as the process of shifting the data from yellow points through red points to the blue points. This situation is a clear indication of progressive of thermal maturity of Sargelu Formation from immature (initial stage) to mature and then to post mature stage (final stage). High value of OI in the last stage might be related to the contribution of the inorganic CO2 during pyrolysis (Espitalie, 1986; Hunt, 1996; Akinlua et al., 2005).



Generally, having the low amounts of TOC% content and HI for a source rock within mature or post mature stage appears as more likely to produce gas rather than oil, even if 57
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the kerogen was initially oil prone (Alalade and Tyson, 2010). That is more or less noticeable with the examined samples of Sargelu Formation in this study.



Regarding the kerogen type and the nature of expelled hydrocarbon, it is worthy to mention results and findings of the researchers who worked on Sargelu Formation in different localities. Among them, Abdula (2010) pointed out type II and type III of kerogen within his examined samples of Sargelu Formation in his studied area (Northern Iraq). Hussein et al. (2013) considered that the organic matters contributed to Sargelu Formation in their studied area (Banik area, Duhok Governorate, Iraqi Kurdistan Region) as of type I and type II oil prone kerogen. Also, Al-Ameri et al. (2013) mentioned the abundant oil-prone kerogen type II as the main kerogen type within Sargelu Formation in their studied area.



By depending on this approach and the results and interpretations of the current study, type II or mixed type II/III kerogen could be considered as the main kerogen types that participated in the richness of Sargelu Formation in both M-3 and M-4 wells. Additionally, at the present time, Sargelu Formation in both wells has probably generated gases but without any indication for oil generation. However, graphically it appears contain type III kerogen with some contribution of type IV kerogen.



2.5.3 Maturity Assessment As previously mentioned, some Rock-Eval parameters (Tmax, PI) and optically examined kerogens (eq. VRo%) have been used for maturity assessment in this study. The T max and PI values do not fit the equivalent values found by reflectance measurement (VRo %). The average of Tmax values are 453 °C and 448 °C, PI values are also 0.33 and 0.27 for M-3 and M-4 wells, respectively (Table 2.8), which are locating in the peak of maturity or so-called peak of oil generation. While the corresponding of eq. VRo% showing higher values which is indicating post mature stage (Table 2.9), located in the gas generation zone (VRo %> 1.4). In this study, the data of Tmax are not representative compared to the eq. VRo% values. Generally, the Tmax values in both wells are lower than PI, and eq. VRo % values. The
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following points confirmed that the values of Tmax in this study are not reliable for maturity assessments. 



Mud additives:



By looking at the figs. 2.8, and 2.9, it can be realized that there are two groups of data in the same plot (Green bounded circle group and blue bounded circle group of data). The majority of the samples located in the green circle group ,forming % 59 of the total analyzed samples in M-3 well and %77 of the total samples in M-4 well, which are showing low maturity level by indicating Tmax < 435. The rest of the samples (%41 for M-3 well and %23 for M-4 well) are showing the mature and post mature stages (Tmax >435). One of the factors that are responsible for the lowering of Tmax value for the majority of the analyzed samples is related to the mud additives. That is the cause of shifting the value of Tmax from post mature to nearly peak of maturity or even to immature zone.



Mud additives might be lowering or rising the Tmax values depending on their compositions (Peters, 1986). Some mud additives and their corresponding T max values were mentioned by Hunt (1996), such as, Lubrabeads 404 °C, Walnut hulls 425 °C, Gilsonite 450 °C, Polyethylene 456 °C, etc. However, unfortunately, we do not have information on the used mud additives that are added to these wells, but micro photos shows clearly the presence of lignite as mud additives in both wells (Fig. 2.15). 



Bimodal S2 peak:



Another reason which is related to the unreliability of Tmax values is related to the bimodal appearance of S2 peak during pyrolysis (Fig. 2.19). In such cases, the T max value cannot be used for maturity assessment, because it does not represent the real cracking products of kerogen (Hunt, 1996). The elimination of those Tmax with having double lob is also practiced by Issler et al. (2012) during the assessment for some rock units in Beaufort-Mackenzie Basin, Northern Canada.



Bimodal S2 peak may be related to the nature of some straight-chain paraffin hydrocarbons. For instance: The C22H46 is split into two parts and appears in both S1 and S2 peaks. While, most of C24H50 came off in the S2 peak (Hunt, 1996). It is noticed that the 59
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presence of free hydrocarbon C24H50 in the kerogen may cause S2 peak to appear in lower value of Tmax when compared with an S2 peak that is free of C24+ hydrocarbon. Moreover, the heterogeneity of heavy hydrocarbons can also cause multiple peaks (Ibid).



In this study, nearly all the samples have either double lobbed S2 peak or flatten peak, therefore they do not fully represent the real thermal maturity indicator. Fig. 2.18 shows the effects of both bimodal and flat S2 peaks on the variation of T max values in this study in comparison to the ideal unimodal S2 peak from Issler et al. (2012). 



Non-fluorescence organic matter:



All the examined samples in this study show no fluorescence organic matter (Table 2.9). Alalade and Tyson (2010) mentioned that increasing maturity corresponds to the increasing non fluorescence organic matter. Also, Hunt (1996) stated that all fluorescences disappear during the third coalification jump, which is equivalent to the end of oil generation (1.2 to 1.6 %VRo). Therefore, the result of the Tmax does not show reasonable values. Some other miscellaneous factors such as mineral matrix, types of organic matter content and facies change also cause fluctuation of the Tmax in both wells.



Regarding maturity, Abdula (2010) created a contour map depending on more reliable Tmax values in his study for northern Iraq (Fig. 2.20 - A). Accordingly, Miran Field is located between the contours of 465-475 °C that indicates slightly post mature gas zone generation. But the average Tmax values in our study are 453°C and 448°C for M-3 and M4 wells, respectively, which are not consistent with this map. On the other hand, Figure 2.20 – B shows contour map based on the calculated Ro (Abdula, 2010). The location of Miran Field is situated between contour lines of 1.4% and 1.5%. That is also showed discrepancy between the Ro of his map with Tmax value of the current study. While, the result of vitrinite reflectance in our study is more reliable and consistent with this map.
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Fig. 2.19: The effects of the shape of S2 peak on the T max value. (A): typical S2 peak with more reliable Tmax. (Issler et al., 2012), (B): asymmetrical S2 peak. (C): Bimodal S2 peak. (D): Flat S2 peak. The S2 peak in B, and C diagram causing of lowering T max value, while in D causing of increase in T max. The data are from analyzed samples by Rock-Eval pyrolysis for Sargelu Formation in M-3 and M-4 wells.



The presence of high value of VRo% for two of the samples in this study is still not well understood (sample M3-36 in depth 2592.5m, eq. VRo=1.94% and sample M4-23 in depth 3012.5m, eq. VRo=1.94%). This jump in reflectance is significant and it could be related to the presence of unconformity. However, this assumption needs detailed study by means of other geological tools, and it also needs more samples to be taken in this interval to confirm if there is unconformity.
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Fig. 2.20: Contour map showing maturity zones of Sargelu Formation in northern Iraq. A: It based on Tmax values, B: It based on calculated Ro (Abdula, 2010). With indication of the studied area of the current study. (Ro calculated = 0.018 * Tmax - 7.16 as described by Peters et al. (2005).



In addition, reverse fault is also another possibility to have a significant difference in VRo, because it can bring more mature organic matter of greater depth to a shallower depth that causes confusion. Houseknecht and Matthews (1985, in Hunt, 1996) recorded reflectance of 1.69% for the older and more mature hanging wall of a thrust fault in the Quachitas of western Arkansas, while a reflectance of 0.85% was recorded in the younger adjacent footwall. Al-Hakari (2011) pointed out the presence of two thrust faults (number 1 and 2 in Fig. 2.21) in Miran structure; this phenomenon could be another reason for such differences in vitrinite reflectance in our study.
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A



Approximate location of M-4 well.



Approximate location of M-3 well.



B



Fig. 2.21: A: Line 6 of Seismic section showing Miran structures that carried out by the Heritage oil company with approximate location of the studied wells, B: Geological cross section showing Miran structures, the numbers (1 and 2) mentioned the two reverse faults causing to the displacement of rock units (after Al-Hakari, 2011).



Furthermore, Baban and Ahmed (2013) and Petersen et al. (2013) pointed out that the existence of bimodal VRo in the vitrinite histogram, are mostly related to either more oxidize organic matter or recycled vitrinite particles from older beds, which experienced higher maturity as well as higher VRo. In this study, the presence of bimodal VRo is clearly noticeable (Figs. 2.11 and 2.12), that could be interpreted as a reason of why these two samples showed higher VRo than the others.
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Another most important factor which related to the high anomaly of VRo for both mentioned samples is presence of anhydrite as a dominant lithology beneath the Sargelu Formation. We take M-3 well as an example to describe this situation:



According to the master log of M-3 well the thickness of these Formations situated beneath Sargelu Formation is like bellow, Alan Formation 178.4m, Mus Formation 109.4m, Adaiyah Formation 205.7m, Butmah Formation more than 425m. The total thickness of these Formation is more than 900m and the most obvious lithology for these Formations is anhydrite (master log of M-3 well). Based on the assumption of Allen and Allen (2005), they mentioned that anhydrite has high thermal conductivity and thus associated with higher heat flow. Therefore, this condition might be produced a good conductor to transfer heat from deeper part of the crust to the lower part of Sargelu Formation. The net result is causing of increase in temperature for lower part of Sargelu Formation and clearly noticeable by looking to the values of VRo for both samples (Samples M3-36 and M4-23 in Table 2.9). On the other hand, presence of about 25m of anhydrite from lower part of Barsarin Formation (above Sargelu Formation) is also played the same role (good conductor), but in different direction. The anhydrite of Lower part of Sehkaniyan Formation is causing of decreasing temperature and transferred heat of Sargelu Formation to the Upper sequences. That is also makes the differences of values (VRo) of the rest of the samples in table 2.9 comparing to the both that mentioned.
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CHAPTER THREE GEOCHEMICAL ANALYSIS AND BIOMARKER DISTRIBUTIONS 3.1 Preface Geochemical analysis is a branch of science which is called geochemical prospecting. It can predict where the petroleum and mostly active source rocks, can be located (Mustafa, 2009). It comprises several analytical methods, such as GC-FID and GC-MS analyses that are used to determine the chemical characteristics of the organic contents of the rock including biological markers.



Biomarkers (biological markers) are molecules composed of complex organic compounds of carbon, hydrogen and other elements (Nitrogen, Sulfur and Oxygen) (Peters et al., 2005). Biomarkers can be present in crude oils, source rocks and sediments which are carbon structures can be traced back to living organism (Hunt, 1996). Biological markers may be either directly derived from formerly living organisms (Mobarakabad et al., 2011), or formed by diagenetic and catagenetic transformations in sediments (Connan, 1993).



The concentration of biomarkers in crude oils and extracts from prospective source rocks are very low, mostly in part per million (ppm) level (Theobald and Huebschmann, 2010). Biomarkers as a group, excluding the n-alkanes and acyclic isoprenoids, generally represented less than 2% of a total crude oil (Hunt, 1996). Therefore, measuring such a low concentration of biomarkers is considered as a challenge and it is only performed by a highly selective, fast and sensitive mass analyzers like triple quadrupole Gas Chromatography-Mass Spectrometry (GC-MS) instrument.



Connan (1993) mentioned several applications of biomarkers in petroleum geochemistry: (1) to find the origin of organic matter by recognition of some biomarkers which are specific for well-defined categories of living organisms, (2) to reconstruct
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palaeoenvironmental conditions, (3) to make oil-oil and oil-source rock correlations, (4) to evaluate the stages of maturity of both sediments and oils. 3.2 Studied Samples Three intervals from Sargelu Formation have been selected in both M-3 and M-4 wells in order to geochemical analysis (Table 3.1). These intervals are selected based on high richness with organic matter (TOC % content) and to be representative of the whole Formation. These samples have been analyzed in CSTJF center (laboratory of TOTAL Oil Company) in France by using GC-FID and GC-MS instruments. The procedures of sample preparation for cutting rock samples before being analyzed by GC-MS have been cited in Appendix B. The GC-MS conditions for running samples are also available in Appendix C.



Table 3.1: List of the analyzed samples of Sargelu Formation by GC-FID and GC-MS instruments from the selected wells (M-3 and M-4 Wells) in Miran Field.



Formation Sargelu Sargelu Sargelu



Analyzed sample M-3a M-3b M-4



Type of sample Cutting Rock Cutting Rock Cutting Rock



Intervals (m)



GC-FID



GC-MS



1 1 1



1 1 1



2432.5-2452.5 2587.5- 2607.5 2887.5-2912.5



3.3 Results of Extracted Rock Samples of M-3 and M-4 Wells 3.3.1 Gas Chromatography (GC-FID) Results The three bitumen samples, which are extracted from cutting samples of Sargelu Formation, have been analyzed by GC-FID from C8 to about C30 for saturated fractions. The result are cited in Fig. 3.1.



The analyzed samples of Sargelu Formation in M-3 showing unimodal distribution of nalkanes, which are dominated by short-chain (n-C15-n-C20) relative to long-chain nalkanes. The chromatogram patterns for both M-3a and M-3b samples are similar. Both of them have nearly straight baselines and the same envelope configuration.
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Moreover, the GC-FID chromatogram for the sample of M-4 well is completely different from those of M-3 well. The n-alkane and isoprenoid compounds are not appeared in the sample belonging to M-4 well. Whereas, it shows the signals of recent organic matter (Fig. 3.4-C), that is mostly derived from the drilling fluid and mud additives (Gilles Nicolas and Denis Levache, in CSTGF center, personal communication).



M-3a extracted rock sample. From intervals between: 2432.5-2452.5 m Upper part of Sargelu Fn.



Shape of envelope



A



Base line



B



Shape of envelope



M-3b extracted rock sample. From intervals between: 2587.5-2607.5 m Lower part of Sargelu Fn.



` Base line



C



No n-alkane present Presence of organic matter mud additives.



M-4 extracted rock sample. From intervals between: 2887.5-2912.5 m Upper part of Sargelu Fn.



Retention time (minutes)



Fig. 3.1: Gas Chromatograms for saturated fractions of the extracted rock samples of Sargelu Formation in Miran Field. A and B: belong to M-3 well; C: belongs to M-4 well.
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3.3.2 Gas Chromatography-Mass Spectrometry (GC-MS) Results All the extracted rock samples in the current study have been monitored through several masses by using Selected Ion Monitoring (SIM) mode for fragmented ions, among them:



mass/charge (m/z) 85, 217, 191, 231, 253, 178, 192, and 184. The mass



chromatogram for all the mentioned masses are illustrated in Fig. 3.2-3.7. The name for each peak is listed in Table 3.2. The area under the peak for each compound is tabulated in Appendix D.



Fig. 3.2: Mass Chromatograms (m/z 85) for n-alkane distribution of saturated fraction hydrocarbon, for the extracted rock samples of Sargelu Formation in M-3 and M-4 wells.
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Fig. 3.3: Mass Chromatograms (m/z 217) for regular and rearranged steranes of saturated fraction hydrocarbon, for the extracted rock samples of Sargelu Formation in M-3 and M-4 wells.
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Fig. 3.4: Mass Chromatograms (m/z 191) for Terpanes of saturated fraction hydrocarbon, for the extracted rock samples of Sargelu Formation in M-3 and M-4 wells.
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Fig. 3.5: Mass Chromatograms (m/z 253 and 231) for Monoaromatic and Triaromatic steroids of aromatic fraction hydrocarbon, for the extracted rock samples of Sargelu Formation in M-3 and M-4 wells.
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Fig. 3.6: Mass Chromatograms (m/z 178 and 184) showing Phenanthrene and Dibenzothiophene of aromatic fraction hydrocarbon, for the extracted rock samples of Sargelu Formation in M-3 and M-4 wells.
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Fig. 3.7: Mass Chromatograms (m/z 192) showing the Methyl Phenanthrene of Aromatic fraction hydrocarbon, for the extracted rock samples of Sargelu Formation in M-3 and M-4 wells.
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Table 3.2: Peak assignment for biomarkers of m/z: 217, 191, 253, 231, and 192, for all the analysed samples in Miran Field.



Peak Identification for m/z 217 Name peak name C21 Sterane 9 C28 5α(H),14α(H),17α(H)-Ergostane (20S) C22 Sterane 10 C28 5α(H),14β(H),17β(H)-Ergostane (20R) C27 βα Diasterane (20S) 11 C28 5α(H),14β(H),17β(H)-Ergostane (20S) C27 βα Diasterane (20R) 12 C28 5α(H),14α(H),17α(H)-Ergostane (20R) C27 5α(H),14α(H),17α(H)-Cholestane (20S) 13 C29 5α(H),14α(H),17α(H)-Stigmastane (20S) C27 5α(H),14β(H),17β(H)-Cholestane (20R) 14 C29 5α(H),14β(H),17β(H)-Stigmastane (20R) C27 5α(H),14β(H),17β(H)-Cholestane (20S) 15 C29 5α(H),14β(H),17β(H)-Stigmastane (20S) C27 5α(H),14α(H),17α(H)-Cholestane (20R) 16 C29 5α(H),14α(H),17α(H)-Stigmastane (20R) Peak Identification for m/z 191 a C19 Tricyclic terpane r C29 17α(H),21β(H)-30-Norhopane b C20 Tricyclic terpane s C29 17β(H),21α(H)-Hopane (Normoretane) c C21 Tricyclic terpane t 18α(H)-Oleanane d C23 Tricyclic terpane u C30 17α(H),21β(H)-Hopane e C24 Tricyclic terpane v C30 17β(H),21α(H)-Hopane (Moretane) f C25 Tricyclic terpane (R+S) w C31 17α(H),21β(H)-30-Homohopane (22S) g C24 Tetracyclic terpane x C31 17α(H),21β(H)-30-Homohopane (22R) h C26 Tricyclic terpane (S) y C30 Gammacerane i C26 Tricyclic terpane (R ) z C32 17α(H),21β(H)-30-Bishomohopane (22S) j C28 Tricyclic terpane (S) aa C32 17α(H),21β(H)-30-Bishomohopane (22R) k C28 Tricyclic terpane (R ) bb C33 17α(H),21β(H)-30-Trishomohopane (22S) l C29 Tricyclic terpane (S) cc C33 17α(H),21β(H)-30-Trishomohopane (22R) m C29 Tricyclic terpane (R ) dd ` n C27 18α(H)-22,29,30-Trisnorneohopane (TS) ee C34 17α(H),21β(H)-30-Tetrakishomohopane (22R) o C27 17α(H)-22,29,30-Trisnorhopane (Tm) ff C35 17α(H),21β(H)-30-Pentakishomohopane (22S) p C30 Tricyclic terpane (S) gg C35 17α(H),21β(H)-30-Pentakishomohopane (22R) q C30 Tricyclic terpane (R ) Peak Identification for m/z 253 Peak Identification for m/z 231 M 21 C21 Mono aromatic T 20 C20 Triaromatic sterane M 22 C22 Mono aromatic T 21 C21 Triaromatic sterane M 29b+28a C29 β + C28 α Mono aromatic T 26 S C26 Triaromatic sterane (20S) M29a C29 α Mono aromatic T26 R + T27 S C26 Triaromatic (20R) + C27 Triaromatic (20S) Peak Identification for m/z 192 T 28 S C28 Triaromatic sterane (20S) 3 MP 3 Methylphenanthrene T27 R C27 Triaromatic sterane (20R) 2 Mp 2Methylphenanthrene T28 R C28 Triaromatic sterane (20R) 9 MP 9 Methylphenanthrene 1 MP 1 Methylphenanthrene Peak 1 2 3 4 5 6 7 8



3.4 Interpretation of Extracted Rock Samples based on GC-FID The distribution of n-alkanes in crude oils and rock extracts can be used to indicate the origin of organic matter (Moldowan et al., 1985; Duan et al., 2006; Hakimi and Abdullah, 2013). Unimodal configuration, with a distinct maximum in short-chain hydrocarbon range, are characteristics of hydrocarbons generated from marine algae deposited under 74
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anoxic conditions (Hanson et al., 2000; Rabbani et al., 2014). The n-alkane distribution of both samples of M-3 well are similar (Fig.3.1-A and B), generally dominated by shortchain (n-C15-n-C20) over long-chain which is accompanied by unimodal distribution. In these contexts, the organic matter of Sargelu Formation from the studied samples of M-3 are interpreted to be derived mainly from planktonic and bacterial and/or algae organisms with a minor contribution of terrigenous organic matters that are deposited under marine anoxic conditions. This interpretation is based on the study conducted by several authors that makes interpretation of GC-FID data, among them Tissot and Welte (1984); Peters et al. (2005); Hakimi and Abdullah (2013); Adegoke et al. (2014).



When the source rock attains sufficient maturity, the concentration of n-alkanes between C13-C18 became highest, as well as showing the steady depletion of high molecular weight hydrocarbon compounds (Newell et al., 1993; Ahmed et al., 2004). This situation is clearly noticeable in the samples of M-3. It is pointed out that the Sargelu Formation in this well might be mature basing on GC chromatogram.



Concerning the GC trace of M-4 sample, the n-alkane distribution is not recognized. Therefore, this sample is excluded from the interpretation of the depositional environment, type of organic matter input, and maturity assessment based on GC fingerprint. On the other hand, the chromatogram of the sample shows undoubtedly the presence of mud additives, (Fig. 3.1-C). This conclusion is supports the previous findings of chapter two; as mentioned that the existence of mud additives led to the contamination of cutting samples and making Tmax values unreliable.



It is worthy to mention that, the value of some biomarkers and non-biomarker compound ratios, such as Pristane (Pr), Phytane (Ph), and Carbon Preference Index (CPI) are not discussed based on GC chromatogram. Their values and distributions have been discussed only basing on the m/z 85 traces from GC-MS analysis.
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3.5 Interpretation of Extracted Rock Samples based on GC-MS All Biomarkers and non-biomarker parameters data that we get from the extracted rock samples of Sargelu Formation have been used to achieve 1) source input and depositional environment, and 2) Thermal maturity assessment. All the used parameters for depositional environment and source materials interpretations are listed in Table 3.3. The equations that used to figure out the parameters are tabulated in Table 3.4.



Table 3.3: The biomarker and non-biomarker ratios, indicatiion for source organic matter and depositional environmental conditions, for the saturated and aromatic fractions of the extracted rock samples of Miran Field, Kurdistan Region-Iraq. Formation depth (m)



m/z



Sample/ type



Sargelu



Sargelu



2432.5 – 2452.5



2587.5 – 2607.5



2887.5 – 2912.5



M-3a / Rock



M-3b / Rock



M-4 / Rock



Pr/Ph



85



0.66



0.58



0.82



Pr/(Pr+Ph)



85



0.40



0.37



0.45



Pr/n-C17



85



0.18



0.19



0.28



Ph/n-C18



85



0.27



0.30



0.32



CPI



85



1.03



1.06



1.15



Waxiness degree



Molecular Parameters



Sargelu



85



0.64



0.77



0.43



%C27 st



217



43.48



43.93



37.67



%C28 st



217



25.32



25.57



28.68



%C29 st



217



31.20



30.50



33.65



C27/C29 st



217



1.39



1.44



1.11



C29/C27 st



217



0.72



0.69



0.89



C27 diast/ C27 st



217



0.45



0.49



0.62



C27 diast/(C27 diast+ C27 st)



217



0.31



0.33



0.38



217&191



0.81



0.84



0.85



C23/C19 Tricyclic terpane



191



1.93



3.06



1.52



C23/C24 Tricyclic terpane



191



2.36



2.25



1.91



C23 Tricyclic/C24 Tetracyclic terpane



191



1.19



2.05



2.41



C25/C26 Tricyclic terpane



191



1.31



1.42



1.22



C26/C25 Tricyclic terpane



191



0.76



0.70



0.82



C35 S/C34 S Homohopane



191



0.95



0.89



1.00



C29/C30 Hopane



191



1.11



0.83



0.66



C31 R Homohopane/ C30 Hop



191



0.28



0.25



0.35



homohopane index %



191



7.75



6.87



9.88



Oleanane Index



191



0.03



0.04



0.03



Gammacerane Index



191



0.08



0.09



0.08



184&178



4.57



4.66



0.77



Sterane/17α Hopane



DBT/ PHEN



Pr: Pristane (C19); Ph: Phytane (C20); CPI: Carbon Preference Index; DBT/PHEN: Dibenzothiophene/Phenanthrene
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Table 3.4: Showing the equations used for calculating parameters related to source and depositional environments (The Parameters are related to the Table 3.4). Parameters



Description



CPI



= 1/2 {(C25+C27+C29+C31+C33/C26+C28+C30+C32+C34) + (C25+C27+C29+C31+C33/C24+C26+C28+C30+C32)} = Ʃ (n-C21–n-C31)/Ʃ (n-C15–n-C20)



Waxiness degree %C27 st



= [100*(C27 ααα 20S+20R)+(αββ 20S+20R)/( C27,C28,C29 ααα 20S+20R)+( C27,C28,C29 αββ 20S+20R)]; as well as for %C28 and %C29 st



C27/C29 st



= (C27 ααα 20S+20R)+(C27 αββ 20S+20R) Cholestane / (C29 ααα 20S+20R)+( C29 αββ 20S+20R) Stigmastane = (C27 βα 20S+20R) Diasterane / (C27 ααα 20S+20R)+(C27 αββ 20S+20R) Cholestane = (C27 βα 20S+20R) Diasterane/ (C27 βα 20S+20R) Diasterane+ (C27 ααα 20S+20R)+(C27 αββ 20S+20R) Cholestane = Ʃ C27, C28, C29 ααα (20S+20R) and αββ (20S+20R) sterane/ C31-C33 17α(H), 21β(H) 22S+22R hopane C25 (S+R) tricyclic terpane/ C26 (S+R) tricyclic terpane



C27 diast/C27 St C27 diast/(C27 diast+ C27 st) Sterane/ 17α Hopane C25/C26 Tricyclic terpane C35S/C34S Homohopane C29/C30 Hopane



= C35 17α(H),21β(H)-30-Pentakishomohopane (22S) / C34 17α(H),21β(H)-30-Tetrakishomohopane (22S) = C29 17α(H),21β(H)-30-Norhopane/ C30 17α(H),21β(H)-Hopane



C31 R Homohopane/ C30 Hop



= C31 17α(H),21β(H)-30-Homohopane (22R)/ C30 17α(H),21β(H)-Hopane



Oleanane Index



= [Ʃ C35 17α(H),21β(H)-30-Pentakishomohopane (22S+22R)/ Ʃ C31-C35 17α(H),21β(H)-30- Homohopanes (22S+22R)]*100 = 18α(H)-Oleanane/[18α(H)-Oleanane + C30 17α(H),21β(H)-Hopane]



Gammacerane Index



= C30 Gammacerane/[ C30 Gammacerane+ C30 17α(H),21β(H)-Hopane]



homohopane index %



3.5.1 Source and Depositional Environment-Related Biomarkers and NonBiomarkers Using of biomarkers as an indication for depositional environment arises from the fact that certain types of compounds are associated with organisms or plants that grow in specific types of depositional environments (Hunt, 1996; Philp, 2004; Peters et al, 2005). However, the application of biomarkers to assess depositional environments should be made with caution because they are, more or less, affected by maturity and biodegradation (Tissot and Welte, 1978; Peters et al., 2005).
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3.5.1.1 n-alkanes and Isoprenoids 



n-alkane



The n-alkane distribution of the analyzed samples based on m/z 85 has been shown in fig. 3.2. The examined extracted rock samples of Sargelu Formation contain a full range of C12-C35 n-alkanes.



The distribution of n-alkanes can be used as an indicative of source input of the original organism(s). For example, algal-sourced organic matter is rich in short-chain nalkanes < C20, and land plant-derived organic matter is dominated by long-chain n-alkanes > C27 with odd-over-even carbon number predominance (Shanmugam, 1985; Moldowan et al, 1985; Newell et al., 1993; Adegoke et al., 2014).



In this study, the n-alkane distributions for all the extracted samples do not show much variability. They are involved a complete series of n-alkanes compounds started from n-C12 to n-C35, with the maximum intensities for n-alkane compounds in the range from n-C15-n-C25. The intensities of the compounds started to reduce smoothly from n-C25 till the last peak of n-C35. The analyzed samples are characterized by having unimodal configurations, which are recognized as a marine depositional environment enriched with algal or bacterial organisms with lower contribution of plants (Tissot and Welte, 1984; Hunt, 1996; Peters et al., 2005).



Waxiness ratio is used to determine the amount of land-derived organic materials relative to the marine materials in the sediments (Adegoke et al., 2014). This ratio is utilized based on the assumption that presence of terrigenous materials will increase the contribution of high molecular weight components (Peters et al., 2005). The calculated ratio for the extracted samples is between 0.43 and 0.77 (Table 3.3), which means that the main source of organic matter is algal and/ or bacterial with least input of terrigenous materials (Tissot and Welte, 1984).
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Isoprenoids (Pristane and Phytane)



Pristane (Pr) and phytane (Ph) are usually the most important acyclic isoprenoid hydrocarbons. They reflect the palaeoenvironmental conditions of source rocks and are considered as an indicators for the redox conditions during sedimentation and diagenesis (Hunt, 1996; Peters et al., 2005; Adegoke et al., 2014).



Both Pr and Ph compounds can be monitored through using whole GC-FID or by using SIM-GC-MS for m/z 85 (Peters et al., 2005). The later approach is performed in the current study (Fig. 3.2). Didyk et al. (1978 in Shahzad, 2006) mentioned that Ph/Ph ratio 1.0 refers to oxic depositional conditions. Peters et al. (2005) recommended not to use Pr/Ph in the range between 0.8-3.0 as an indicator to the specific environment without any corroborating data. However, they mentioned that Pr/Ph >3.0 is indicating the terrigenous input to the source rocks that are deposited under oxic to suboxic conditions. While, Pr/Ph 


The ratio of isoprenoid/n-alkane (i.e. Pr/n-C17 and Ph/n-C18) provides valuable information on biodegradation, maturity, and organic source input (Fig. 3.8). Generally, with increasing maturity, n-alkanes are generated faster than isoprenoids and resulted in a decrease in this ratio. In contrast to maturity, biodegradation increases the result of isoprenoid/n-alkane ratio, because biodegradation is affected n-alkane compounds faster than isoprenoids (Liu and Lee, 2004; Ahmed et al., 2004). The ratios of Ph/n-C18 for all the analyzed samples is slightly higher than Pr/n-C17, it is implying the predomination of marine organic matter input over terrestrial materials (Alsharhan and Abd El-Gawad, 2008). The cross plot of Pr/n-C17 versus Ph/n-C18 is used to explain the conditions of source rock deposition and organic matter types (Hegazi and El-Gayar, 2009; Romero and
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Philp, 2012; Al-Ameri et al., 2013; Rabbani et al., 2014). The plot showing that the organic matter contents of Sargelu Formation in M-3 well comprised of type II kerogen, which is deposited under strong reducing marine environment. While, marginally mixed type II/III kerogen is noticeable for m-4 sample which is characteristic of transitional environment (marine to terrestrial) under anoxic to dysoxic conditions. Moreover, the plot also showed that the maturity level for all the samples are high (Fig. 3.8).



Fig. 3.8: Cross plot of Pristane/n-C17 versus Phytane/n-C18 for the studied samples. (The plot from AlAmeri et al., 2013).



The cross plot of Waxiness versus Pr/Ph ratio also used as another indicator to determine the source of the organic matters (Adegoke et al., 2014). Accordingly, the source of the organic matter is mostly marine rather than terrestrial materials (Fig 3.9).



Fig. 3.9: Cross plot of Pr/Ph versus Waxiness for the studied samples. (The plot from Adegoke et al., 2014).
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Carbon Preference Index (CPI)



The CPI value is a numerical mean for representing the odd-over-even carbon predominance, in a particular range of n-alkane compounds (Killops and Killops, 2005). Bray and Evans (1961 in Killops and Killops, 2005) identified a CPI index to measure the ratio of odd to even n-alkanes compounds in the range of C24 to C34. The CPI greater than 1.0 indicates land plant input. While, CPI values less than 1.0 is a characteristics of algae and bacterial input, which is commonly associated with reducing carbonate depositional environment (Alsharhan and Abd El-Gawad, 2008).



The value of CPI mostly became closer to 1.0 with increasing maturity (Peters et al., 2005). This is true only for type II and III kerogen but not for type I, because the organisms that produced type I kerogen do not release predominantly odd carbon numbers n-alkanes, then the CPI result might be lower than 1.0 even for immature source rocks that contain type I kerogen (Tissot and Walt, 1984).



The CPI values for the analyzed samples are around 1.0 for M-3 well and slightly higher than 1.0 for M-4 well (Table 3.3). These results indicated predominant of marine organic matter for the former well, while the admixture between marine and land plant materials for M-4 well is assigned. The organic matters in all the samples are deposited under relatively anoxic conditions.



The cross plot of CPI versus Pr/Ph ratio, also support the previous conclusions regarding the reducing environment for all the analyzed extracted samples in Miran Field. This plot is shows the contribution of marine organism during the deposition of Sargelu Formation in M-3 well, while in M-4 well the presence of some land plant materials is confirmed (Fig. 3.10).
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Fig. 3.10: Pr/Ph versus CPI, indicating the depositional environment conditions of the analyzed samples. (The diagram from Hakimi and Abdullah, 2013).



3.5.1.2 Sterane and Diasterane Steranes are tetracyclic hydrocarbons that consist of six isoprene subunits (nearly C30). They are produced by a sequence of reactions upon sterols, which are derived from membrane and hormone components in eukaryotic organisms. The most commonly used steranes in geochemical analysis are in the range of C26 - C30, and they are recognized through the use of m/z 217 chromatogram (Bacon et al., 2000; Peters et al., 2005).



Thed diasterane are found in most oils and source rocks, and they are usually characterized by using the m/z 259 and 217 fragmentograms (Bacon et al., 2000). They are derived from rearrangement of sterane, involving the migration of C-10 and C-13 methyl groups to C-5 and C-14. These transformations are also enhanced by acidic conditions, clay catalysis and high temperature (Osuji and Antia, 2005).



The sterane and diasterane distributions of the analyzed samples have been shown in fig.3.3 from m/z 217 chromatogram. The assignments of the peaks labeled in fig.3.3 are presented in table 3.2.
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C27-C28-C29 Regular Steranes



The steranes are important biomarkers, which are derived from sterols that are found in higher plants and algae but rare or absent in prokaryotic organisms (Volkman, 1986 in Mohialdeen et al., 2013). The distribution of C27, C28, and C29 sterols (steranes) can be used as indicators of depositional environments (Moldowan et al., 1985; Sulistyo, 1994; Bacon et al., 2000). The dominance of C27 steranes mainly derive from algae, while the C29 sterols are associated with land plants. However, sterane distributions as an ecological indicator must be used cautiously and with supporting data, because marine organisms contain both C27 and C29 sterol (Brassel and Eglinton, 1983).



The distribution of C27, C28, and C29 regular steranes in the studied samples have been shown in table 3.3. The relatively high abundance of C27 (37.67–43.93 %) compared with the C29 (31.20–33.65 %) and C28 (25.32–28.68 %) steranes (Fig. 3.3) indicates of marine carbonate source rock with high contributions of planktonic-bacterial organisms and a minor terrigenous organic input (Seifert and Moldowan 1978; Moldowan et al., 1985; Peters et al., 2005).



Triangular plots of C27, C28, and C29 steranes are used to determine the depositional environments of the selected samples according to the relative contribution from different organisms (Fig. 3.11 A and B). The extracted samples are plotted in the zone of marine carbonate and shifting the sample that belongs to M-4 well into the margin of non-marine shale (Fig.3.11-A). The ternary diagram of fig. 3.11-B clearly showed that the Sargelu Formation is deposited in an open marine depositional environment.



The high ratio of C27/C29 sterane is an indication of marine source organic matter (Mohialdeen et al., 2013). The ratios of C27/C29 are generally high (1.1–1.4) in all the analyzed samples (Table 3.3). That is also referring to organic matter that are deposited under marine condition.
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Fig. 3.11: Ternary plots are showing the relative contributions of C27, C28 and C29 regular steranes to the analyzed samples in Miran Field. (A: The plot from Moldowan et al., 1985, B: The plot from Huang and Meinschein, 1979 in Ranyayi, 2009).







C27 Diasterane/C27 Sterane



Mello et al. (1988) mentioned that the diasterane/sterane ratio is suitable for making a distinction between carbonate and clastic source rocks. Sulistyo (1994) has shown that diasterane is produced from precursor sterol substances through the acid-catalytic activity of clay. Thus, diasteranes might be expected in a relatively low concentration in carbonate source rocks. However, Bacon et al. (2000) mentioned that the diasterane/sterane ratio is more related to the ratio of clay contents to TOC, rather than clay content only. Therefore, unusual high ratio of diasterane/sterane might be noticed within a carbonate source rocks. In addition, maturity plays a great role in these ratios. The rearrangement of sterane to diasterane may become possible at a high level of maturity, even without clay content because diasteranes are more resistant than steranes (Killops and Killops, 2005; Peters et al., 2005). The results of C27 diasterane/ C27 sterane ratios for extracted rock samples are low ranging from 0.45 to 0.62, suggesting marine carbonate source rock.



Peters et al. (2005) correlate the Pr/ (Pr+Ph) ratio to the relative amounts of C 27 diasteranes to observe the amount of clay contents. Generally, with increasing the amount of Pr/Pr+Ph and diasterane / (diasterane + sterane) ratios, the clay contents will 84
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increase. This feature is directly proportional with the oxidation of the water column during the deposition of the rock. Accordingly, the depositional environments have been deduced as anoxic conditions that are dominated by carbonate rocks (Fig 3.12).



Another supporting parameter to differentiate between oxic versus anoxic, algal versus land plant input is performed by plotting Pr/Ph against C 29 St/C27 St as shown in Fig. 3.13. This plot indicates that algal organic matter input was deposited under anoxic environment for all the analyzed samples.



Fig. 3.12: Cross plot of Pr/ (Pr+Ph) versus C27 Diasterane/ (Diasterane + Regular sterane) shows anoxic carbonate environment for the analysed samples. (The plot from Peters et al., 2005).



Fig. 3.13: Cross plot of Pr/ Ph versus C29/C27 steranes reveals the anoxic conditions with algal input as major organic matters of the analysed samples (The diagram from Othman et al., 2001).
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Sterane / 17α Hopane



The sterane/17α Hopane ratio has been used to qualitatively determining the eukaryote input (plankton and benthic algae) versus prokaryote (bacteria) input (Romero and Philp, 2012). Hence, low Sterane/17α Hopane ratio reflects a dominant bacterial contribution, whereas high ratio indicates major planktonic and /or benthic algae input which is associated with marine environment (Tissot and Walt, 1984; Moldowan et al., 1985; Peters et al., 2005). The values of this ratio is relatively high (0.81 - 0.85) for all the extracted samples (Table 3.3), it could be interpreted that the major contribution is algae or planktonic organisms that are deposited under reducing marine environment.



Moreover, the high abundant of low molecular weight steranes are occurred within the m/z 217 chromatogram for all the analyzed samples. The clearly documented high abundant of C21 and C22 steranes (Fig.3.3) are characteristics of the samples that derived from marine carbonate environments (Mello et al., 1988). However, the analyzed samples of the present study are showing the absence of C30 steranes (C30 sterane is a good indicator for marine depositional environment). The absence of C 30 is a characteristic feature of non-marine depositional condition (Moldowan et al., 1985; Mello et al., 1988).



These two phenomena (High C21 and C22 steranes, and absence of C30 steranes) are interpreted as predominantly carbonate rocks mixed with inter layering clastic shale for the analyzed samples of Sargelu Formation. That is more consistent with the lithological description of Sargelu Formation: “thin bedded, black, bituminous and dolomitic limestones, and black papery shales with streaks of thin black chert in the upper part” as mentioned by Bellen et al. (1959); Jassim and Buday, (2006b).



3.5.1.3 Terpane Compounds Terpane with the suffix ‘ane’ denotes alkanes, belonging to the general class which is named terpenoids (Killops and Killops, 2005). Terpanes in petroleum are originated from bacterial (prokaryotic) membrane lipids, these bacterial terpanes included several homologous series, including acyclic, bicyclic, tricyclic, tetracyclic, and pentacyclic 86
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compounds. The distributions of terpanes are commonly characterized by using GC-MS through monitoring the ion m/z 191 chromatogram (Peters et al., 2005). In this study, attempts have been made to determine the relative abundance and distribution of tri, tetra, and pentacyclic terpanes based on mass chromatogram m/z 191, as shown in Fig. 3.4, the Peak assignments listed in table 3.2, and the calculated parameters that are listed in Table 3.3.



3.5.1.3.1 Tricyclic and Tetracyclic Terpanes Tricyclic and tetracyclic terpanes are usually common and widely distributed in crude oils and source rocks of marine or lacustrine origin (Hunt, 1996). Their origins are believed to come from bacteria and algae, especially Tasmanites (Adegoke et al., 2014). The high abundant of tricyclic terpane are sometimes related to the cleavage of the bonds of pentacyclic terpanes by the action of temperature (maturity) (Osuji and Antia, 2005). Therefore, it is possible to see more abundant of tricyclic terpanes in highly mature petroleums, regardless of source materials input, because of high stability of tricyclic terpanes compared to other terpanes (Peters et al., 2005).



The C19 and C20 tricyclic diterpanes are reported to be derived from higher plants, or byproduct of thermal maturity (Peters et al., 2005). Whereas, extended tricyclic terpanes (C21+) are considered to come from bacterial and algal organisms (Reed, 1977; Zumberge, 1983 both in Rabbani et al., 2014).



The C24Tetracyclic terpane may indicate carbonate or evaporite depositional environments (Peters et al., 2005), on the other hand, it could reflect significant input of higher plant materials or predominantly terrigenous organic matters (Mello et al., 1988; Adegoke et al., 2014). Thus, it seems that there may be more than one origin for C 24 tetracyclic.



The analyzed samples of Miran Field show relatively high abundant of tricyclic terpane distributions ranging from C19-C30. Among the tricyclic series, C23 is more dominant than other tricyclic terpanes in all the examined samples (Fig. 3.4). The intensity of C23 tricyclic
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terpane is higher than C24 tetracyclic terpane and the ratio of C23 tricyclic/C24 tetracyclic is ranged from 1.19 to 2.41 for all the analyzed samples.



The predominance of C23 tricyclic and C24 tetracyclic terpanes within the samples are clearly noticeable, that is an indication of carbonate source that are deposited in marine environment with slight contribution of terrigenous or higher plant materials (Sulistyo, 1994).



According to Peters et al. (2005), the tricyclic terpane ratios are helped to identify depositional environments for crude oil and extracted rock samples. In their study in West Africa, Burwood et al. (1992 in Al-Musawi, 2010) found out that marine source rocks and oils have C25/C26 tricyclic terpanes ratio > 1, while, non-marine samples have ratios < 1.0. All the analyzed samples in this study have C25/C26 tricyclic terpane ratios > 1.0, ranges between 1.22-1.42 (Table 3.3 and Fig.3.4). This situation is consistent with marine origin, which is more corroborated by a high C23/C19, and C23/C24 tricyclic terpanes ratios which are 1.52-3.06 and 1.91-2.36, respectively.



Therefore, based on the results of tricyclic and tetracyclic compounds ratios, we concluded that all the extracted rock samples in the current study have organic matter content that are derived mainly from marine environment. They also exhibit lesser contribution from terrestrial organisms. In addition, these conclusions could be related to the high thermal maturity as described in chapter two.



3.5.1.3.2 Pentacyclic Terpanes The pentacyclic triterpanes compounds in petroleum are classified into two groups, hopanoids and non- hopanoids. The hopanoids are the most widespread biomarkers in the biosphere and geosphere, they are present in the membranes of prokaryotes, where they provide rigidity and strength (Hunt, 1996). They can be found in the range of C27-C35 (Connan, 1993).
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Non-hopanoids are also pentacyclic triterpanes but without the characteristics of hopane structure. They originate from higher plants, the most widespread are: Gammacerane, Oleananes and Lupanes (Hunt, 1996).  The



Hopane (C30) and Homohopanes (C31-C35) extended



hopanes



or



homohopanes



(C31-C35)



are



originated



from



bacteriohopanetetrol and other polyfunctional C35 hopanoids, which are common in prokaryotic microorganisms (Ourisson et al., 1984 in Peters et al., 2005). These compounds have been used to evaluate redox conditions based on Homohopane index (Peters et al., 1993). According to Peters et al. (2005), the relative abundance of C34 and C35 homohopanes are documented in highly reducing marine environment. However, the peak heights of C35 and C34 in several cases are relatively smaller than the other homohopanes. This situation is partially related to the depositional condition or it is the result of high maturity, as maturity causing conversion of higher homohopanes homologs (C34 and C35) to smaller homologs (C31 - C33) (Peters and Moldowan, 1991 in Peters et al., 2005).



The homohopane index [C35/ (C31-C35)* 100] for the current study is in the range of 6.87% to 9.88% for all extracted samples (Table 3.3). This ratio is relatively high, and it is an indication of marine carbonate source rocks that are deposited under reducing conditions (Bechtel et al., 2007). The ratio of C35 /C34 hopane for 22S epimers is < 0.6 for source rock contains more resin and coaly materials, while carbonate source rocks deposited under reducing condition have ratio > 0.8 (Peters et al., 2005). This ratio for the analyzed samples is in the range of 0.89-1.00, which means marine carbonate deposition under reducing condition. Zumberge (1984 in Rabbani et al., 2014) stated that the ratio of C29/C30 hopane is about 0.7 or greater for carbonate source rocks. Accordingly, marine carbonate source rock deposited under anoxic environment is the dominant source for the analyzed samples since this ratio is ranging from 0.66 to 1.11 for the analyzed samples in the current study.
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The cross plot between C29/C30 hopane versus C35S/C34S hopane (Fig. 3.14) and C26/C25 tricyclic terpane versus C31R/C30 hopane (Fig. 3.158) have been utilized to evaluate source rock type affinities (Peters et al., 2005). The data set for both plots are derived from the 150 crude oil samples from different source rocks of global scattering based on Geomark databases (Al-Ameri et al., 2013). The examined samples of this study are plotted on both diagrams (see Table 3.3 for values). The plot of C29/C30 versus C35S/C34S hopane indicates that the extracted rock samples of M-3 well belong to carbonate source rocks. While the sample of M-4 well is showing the contribution of distal shale (Fig 3.17). On the other hand, the relation between C26/C25 tricyclic terpane versus C31R/C30 hopane confirmed mixed carbonate-distal shale source rocks for the analyzed samples as shown in Fig. 3.15.



Fig. 3.14: Cross plot of C29/C30 Hopane versus C35S/C34S Hopane, showing that the extracted rock samples of M-3 well belong to the carbonate rock, while some distal shales are present in the sample of M-4 well. (The data and plot from GeoMark Research OILS™ database in Al-Ameri et al., 2013).



Fig. 3.15 Cross plot of C31R/C30 Hopane versus C26/C25 Tricyclic Terpane, showing that all extracted rock samples belonges to mixed carbonate and shale. (The data and plot from GeoMark Research OILS™ database in Al-Ameri et al., 2013).
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Oleanane and Gammacerane



Oleanane in source rock and crude oil is a marker for both source input and geologic age, it is a product of angiosperm (flowering land plants). Generally, oleanane is highly specific for higher plant input of Cretaceous or younger age. Absence of oleanane does not prove that crude oil was generated from Cretaceous or older rocks, because small amounts of oleanane could be presented in Jurassic crude oils and rock extracts (Peters et al., 2005).



The extracted rock samples in this study contain very low abundance of oleanane (Appendix B and Fig. 3.4). The oleanane index (oleanane/oleanane+ C30 hopane) is very small for all the examined extracts, ranging from 0.03-0.04 (Table 3.3), suggesting preCretaceous source rock, or rocks that contain small amounts of land plant input (Mello et al., 1988; Ahmed et al., 2012; Adegoke et al., 2014).



Gammacerane is a pentacyclic triterpane (C30). A high gammacerane index (Gammacerane/Gammacerane+C30 hopane) is interpreted to indicate highly reducing, hypersaline conditions during deposition (Hunt, 1996). However, relatively high gammacerane abundances are also considered as an indicator of stratified water column by temperature gradient in marine and non-marine depositional environment (Peters et al., 2005; Shahzad, 2006).



The analyzed samples included low amount of gammacerane (Fig. 3.4 and Appendix B) and the results of gammacerane index are ranged from 0.08 to 0.09. Thus, it probably indicates of non-hyper saline depositional environment during the deposition of Sargelu Formation in the selected area.



Combining gammacerane index with other parameters such as Pr/Ph ratio is more effective to identify the salinity and redox conditions of the depositional environment (Shahzad, 2006). The Pr/Ph ratio versus gammacerane index (Fig. 3.16) suggests anoxic conditions and non-hyper saline environments for all the extracted rock samples.
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Fig. 3.16: Cross plot of Pr/Ph ratio (Redox parameter) versus gammacerane index (Salinity, stratification index) for source rock extracts. (The plot from Shahzad, 2006).



3.5.1.4 Dibenzothiophene and Phenanthrene The ratio of Dibenzothiophene to Phenanthrene (DBT/PHEN) is used as excellent indicator to infer source rock lithology and depositional environment (Sonibare et al, 2008; Rabbani et al., 2014). Accordingly, carbonate source having ratio of DBT/PHEN >1 and shales materials having ratio 
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Fig. 3.17: Cross plot of Pr/Ph and DBT/PHEN ratios for the studied samples. (The diagram from Rabbani et al., 2014).



3.5.2 Maturity-Related Biomarkers and Non-Biomarkers Thermal maturity describes the extent of heat-driven reactions that convert sedimentary organic matter into petroleum (Peters et al., 2005). Reducing of biomarker concentrations is commonly implying the increase of thermal maturity (Hanson et al., 2000). In general, the ratios of certain saturated and aromatic biomarkers are commonly used as indicators to infer the level of thermal maturity of oil and extracted rock samples. These indicators are the result of two reactions: 1) Cracking reactions, including aromatization. 2) Isomerization at a certain asymmetric carbon atom. Reliable assessment of the thermal maturity of organic matter typically requires the integration of both biomarker and non-biomarker maturity data (Peters et al., 2005) (Table 3.5).
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Table 3.5: The maturity-related biomarkers and non-biomarker indicators, for the saturated fractions of the extracted rock samples of Miran Field, Kurdistan Region-Iraq. Formation



Sargelu



Sargelu



Sargelu



depth (m)



2432.5 – 2452.5



2587.5 – 2607.5



2887.5 – 2912.5



M-3a / Rock



M-3b / Rock



M-4 / Rock



m/z



Molecular Parameters



Sample/ type



Non-biomarker parameters sterane



Terpane



Pr/n-C17



85



0.18



0.19



0.28



Ph/n-C18



85



0.27



0.30



0.32



CPI



85



1.03



1.06



1.15



20S/(20S+20R) …… for C29



217



ββ/(ββ+αα) …… for C29



217



0.42 % 42 0.64 % 64



0.39 % 39 0.61 % 61



0.25 % 25 0.49 % 49



Tricyclic/17α Hopane



191



0.08



0.09



0.06



Ts/(Ts+Tm)



191



0.51



0.53



0.48



20S/(20S+20R)= C29 ααα 20S Stigmastane / ( C29 ααα 20S + C29 ααα 20R) Stigmastane. ββ/(ββ+αα)= C29 αββ (20S+20R) Stigmastane / (C29 αββ (20S+20R) + C29 ααα (20S+20R)) Stigmastane. Tricyclic/17α Hopane= tricyclic C28 and C29 / (tricyclic C28 and C29 + Tm + C29 αβ + C30 αβ + Homohopane from C31 – C33 (S and R)) Ts/(Ts+Tm) = C27 18α-Trisnorneohopane / (C27 18α-Trisnorneohopane + C27 17α-Trisnorhopane).



3.5.2.1 Non-Biomarker Maturity-Related Parameters  Isoprenoid/n-alkane ratio The response of n-alkanes and isoprenoid compounds to the maturity has been discussed shortly in the previous sections (section 3.5.1). Increasing maturity leads to increase in n-alkane by the action of cracking, and the net result exhibit decrease of Pr/nC17 and Ph/n-C18 ratios (Ahmed et al., 2004). These parameters are also influenced by organic matter types (Tissot and Welte, 1988). The Pr/n-C17 and Ph/n-C18 range from 0.18-0.28 and 0.27-0.32 for the analysed samples, respectively. All values indicate mature source rocks for all the samples according to the assumption of Peters et al. (1993). The relation between Pr/n-C17 versus Ph/n-C18 has been clarified in Fig. 3.18. All the analyzed samples are located in the area of post mature source rock, as described by Christiansen et al. (1993). Additionally, the m/z 85 for all the analyzed rock extracts show unimodal patterns with predominance in n-C15 to n-C20 (Fig. 3.2). That is a good indication of 94
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mature source rock (Sassen and Moore, 1988; Newell et al., 1993; Peters and Fowler, 2002; Alsharhan and Abd El-Gawad, 2008).



Fig. 3.18: Relation between Pr/n-C17 vs. Ph/n-C18 showing high maturity for all the analyzed samples. (The plot from Christiansen et al., 1993).



 Carbon Preference Index (CPI) The relative abundance of odd-over-even carbon number for n-alkanes (CPI) can be used as a thermal maturity indicator (Liu and Lee, 2004, Peters et al., 2005). The CPI parameter should be used with caution, because it is affected by organic matter input (Hunt, 1996). The CPI value of 1.0 is an indication of thermally mature of extract and oil sample but it has not been proved, while values of higher and lower than 1.0 propose that low level of thermal maturity (Peters et al., 2005). On the other hand, according to Miles (1994) the CPI value of 1.0 is indication of late to post mature stage, while peak mature stage is found with the CPI value of 1.0 - 1.2, and the CPI of 1.2- 1.5 is the value for early mature stage. The values of CPI for the analyzed samples are around 1.0 (Table 3.3), referring to peak mature stage, however sample belongs to M-4 well shows a little bit higher values of CPI (1.15), this might be related to the variation of organic matter input and/or less maturity.
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3.5.2.2 Biomarkers Maturity-Related Parameters 3.5.2.2.1 Sterane Maturity Parameters The isomerization at C-20 for S and R configuration in the C29 5α, 14α, 17α (H) sterane can be determined using m/z 217 mass chromatograms. Through the increase of thermal maturity, the 20S/ (20S+20R) isomerization rises from zero to about 0.5, and reaches the equilibrium state around 0.52-0.55 (Seifert and Moldowan, 1986). This ratio could be affected by several factors such as heating rate, existence of clay mineral, biodegradation, weathering and organo-facies variations (Philp, 2004; Peters et al., 2005). The examined rock samples (Table 3.5) show that the value of 20S/(20S+20R) for M-3 samples are close to each other (0.42 for M-3a, and 0.39 for M-3b) while, M-4 sample has low (0.25) value. These are interpreted as more mature samples of M-3 well compared to the least mature for sample of M-4 well.



Another common maturity parameter is ββ/(ββ+αα) for C29 sterane. Seifert and Moldowan (1986) mentioned that isomerization at C-14 and C-17 in the C29 sterane (20S and 20R) causes an increase in ββ/(ββ+αα) from near 0.0 to about 0.7 (0.67 – 0.71 = equilibrium) with increasing maturity. This ratio appears to be independent of source organic matter input and somehow slower to reach equilibrium than 20S/(20S+20R), thus making it effective at higher levels of maturity. The ratio of ββ/(ββ+αα) for M-3 samples have shown higher values (0.64 for M-3a, and 0.61 for M-3b) than for M-4 sample (0.49). This result is also similar to the previous results based on 20S/ (20S+20R) for all the samples.



The plot of ββ/(ββ+αα) versus 20S/(20S+20R) for the C29 steranes (Fig.3.19) is particularly effective in order to describe the thermal maturity of the analyzed samples (Peters et al., 1993). Thus, depending on both ratio [20S/ (20S+20R) and ββ/(ββ+αα) for C29 sterane] the influence of maturity for the analyzed samples can be ordered from high to low maturity as follows: M-3a > M-3b> M-4.
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Fig. 3.19: Cross plot of 20S/ (20S+20R) versus ββ/(ββ+αα) for C29 sterane showing the maturity level of the analyzed samples of Miran Field. (The plot from Peters et al., 2005).



It is important to mention that many of the aliphatic biomarkers maturity parameters do reach equilibrium before the main stage of the oil window (Peters et al., 2005) and in some cases show inversion at high maturity levels (Farrimond et al., 1998; Philp, 2004). That may be the reason of why all values of both maturity sterane parameters [20S/ (20S+20R) and ββ/(ββ+αα) for C29 sterane] slightly exhibit lower value than that of their real values.



3.5.2.2.2 Terpane maturity parameters Like sterane biomarkers, terpanes are also used to infer maturity assessment of oil and bitumen from source rocks (Hunt, 1996). The majority of biomarker applications are in the range of early mature to peak of oil generation (Peters et al., 2005). Therefore, in our case several commonly used terpane biomarker parameters have been excluded in order to avoid any misinterpretations, because the maturity of the studied samples are high (Chapter two),



The tricyclic/17α hopane ratio (Table 3.5) is used for samples with high thermal maturity (beyond peak of oil generation). This ratio increases because proportionally more tricyclic terpane than hopane are released from the kerogen at higher level of maturity (Peters et al., 2005). Peters et al. (1993) demonstrated that the ratio of tricyclic/17α hopane for mature oil and rock extract are between 0.06 and 0.03, respectively. The same ratios have been achieved for the present analyzed samples that 97
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show higher values (0.08, 0.09, and 0.06 for M-3a, M-3b, and M-4, respectively). Despite the fact that M-4 sample have lower value compared to M-3 samples, but all the samples suggest post mature for Sargelu Formation in both wells.



The



17α(H),22,29,30-trisnorhopane



(called



Tm)



and



18α(H),22,29,30-



trisnorneohopane (called Ts), are C27 pentacyclic triterpanes, which are often applied to assess the maturity level of sediments (Arfaoui, 2014). The Ts/ (Ts+Tm) ratio is applicable through immature to mature to post mature range, but with strong dependence on source input of organic matters (Isaksen, 2004; Peters et al., 2005). Tm shows lower relative stability than Ts during maturation (Hostettler et al. 1999). The systematic increase of relative abundance of Ts and decrease of Tm with depth are found out by Hong et al. (1986). The Ts/(Ts+Tm) ratio is sensitive to clay catalyzed reaction. Presence low value of Ts/(Ts+Tm) ratio is recorded for carbonate compared with shale source rock. In addition, hypersaline source rock shows high value as well (Peters et al., 2005).



Abeed et al. (2012) used Ts/ (Ts+Tm) ratio to determine the maturity level of thirty one crude oil samples in Mesopotamian Basin in southern Iraq. They described the samples as most mature oil with having Ts/(Ts+Tm) ratio between 0.11-0.42. The ratio of Ts/(Ts+Tm) are 0.51, 0.53, and 0.48 for M-3a, M-3b, and M-4 samples, respectively. This result is suggesting high thermal maturity of Sargelu Formation in both wells, with noticeable higher values of M-3 samples.



3.5.2.2.3 Aromatic Maturity Parameters Aromatic fractions of oil are organic compounds with one or more benzene rings in their structure, including pure aromatics, such as benzene and polycyclic aromatic hydrocarbons, plus cycloalkanoaromatics, such as benzothiophenes, and porphyrins (Peters et al., 2005). The abundances of polycyclic aromatic hydrocarbon and their isomer distribution have been considered as useful parameters in maturity assessment of oil and source rock (Radke et al., 1985; Mohialdeen et al., 2013). It has been established that aromatic hydrocarbons do change in a regular fashion with increasing maturity (Sonibare 98
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et al., 2008), therefore, Aromatic hydrocarbons in some cases found to be more reliable than the aliphatic biomarkers (Radke, 1988). In this study, several aromatic maturity parameters have been used (Table 3.6) to describe the maturity level of the analysed samples of Miran field.



 Methylphenanthrene Index (MPI-1 and MPI-2) The distribution of 1-, 2-, 3- and 9- methylphenanthrene and phenanthrene compounds in the aromatic fraction of hydrocarbon were identified using m/z 192 and 178, respectively in order to calculate the ratio of MPI-1 and MPI-2 (Figs. 3.9, 3.10 and Table 3.6) Radke (1988) mentioned that it can be used MPI as like vitrinite reflectance (VRo) to assess maturity of source rocks. However, several factors affected MPI ratio, such as lithologic variation and organic matter type in source rocks. Table 3.6: Several aromatic maturity-related parameters for the analyzed samples.



M-3a



M-3b



MPI-1



0.79



0.73



M-4 0.17 NA



MPI-2



0.93



0.85



0.20 NA



% Rc



1.83



1.86



2.20 NA



MDR



7.04



6.64



20.80 NA



% Rm



1.69



1.47



64.97 NA



TA/(TA+MA)



0.84



0.82



0.81



MA(I)/MA(I+II)



0.68



0.76



0.25



TA(I)/TA(I+II)



0.80



0.78



0.58
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Sonibare et al. (2008) used MPI-1 and MPI-2 for maturity assessment in their study. They describe their samples as thermally mature, whereas the range are 0.6-0.86 and 0.63-0.91 for MPI-1 and MPI-2, respectively. The samples of M-3a and M-3b are characterized by high value of MPI (Table 3.6), which is consistent with the mature source rock of Sargelu Formation in this well. While, the result of M-4 sample is not reliable, because it has a very low value. This very low value does not correspond with the post mature source rock of Sargelu Formation in this well (chapter two).



The cross plot of MPI-1 and MPI-2 (Fig. 3.20) also confirmed an unreliable value of M-4 sample, while M-3 samples exhibiting high thermal maturity level.



Fig. 3.20: Cross plot of MPI-1 vs. MPI-2 to determine maturity levels of the analyzed samples. (The plot from Sonibare et al., 2008).



According to Boreham et al. (1988 in peters et al., 2005), there is a positive linear correlation betwen MPI-1 and vitrinite reflectance at the range of oil window (0.65-1.35 % VRo) (equation 1), and a good negative correlation at higher thermal maturity level (1.35-2.00 % VRo) (equation 2).



% Rc = 0.50 * MPI-1 + 0.4 …………. Equation 1 % Rc = - 0.6* MPI-1 + 2.30…………. Equation 2 Whereas, % Rc: calculated vitrinite reflectance depends on MPI-1.
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Based on equation 2, the values of %Rc is 1.83%, and 1.86%, for M-3a, and M-3b, respectively (The value of M-4 sample is excluded). However the %Rc value is not fit with the value of vitrinite reflectance as calculated in chapter two (average of vitrinite reflectance for M-3 between 1.5-1.55 %). Since the %Rc values of M-3 indicate post mature level of thermal maturity.



 Methyldibenzothiophene Aromatic sulfur compounds are considered to be very useful in paleoenvironmental and



maturation



assessments



(Peters



et



al.,



2005).



The



value



of



1-



methyldibenzothiophene (1-MDBT) has been reported to show the lowest thermal stabilities among the four MDBT isomers. Therefore, the 4-/1-MDBT ratio (MDR) has been proposed as a maturity parameter (Radke et al., 1986 in Sonibare et al., 2008). The ratio generally increases with increasing maturity in oil and source rock. The value of MDR (Table 3.6) suggests high maturity of M-3 samples. The distributions of the Dibenzothiophene in the analyzed samples of M-3 (Fig. 3.21) suggest that the extracted rock samples are of high thermal maturity.



The MDR ratios is also used to provide the equivalent vitrinite reflectance (%Rm) for oils and rock extract (Sonibare et al., 2008). The % Rm values for the extracted rock samples of M-3 range from % 1.47 to % 1.69 (Table 3.6). The % Rm value of M-3 is also consistent with the value of % Rc, both of which indicate post mature stage of maturity.
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Fig. 3.21: Distribution of 1-, 2-, 3-, 4-, isomers of Methyldibenzothiophene (MDBT) (m/z 198) in M-3a and M-3b samples of Miran Field.



 Monoaromatic and Triaromatic Steroids The monoaromatic steroid (MA) and triaromatic steroid (TA) compounds are measured by monitoring m/z 253 and 231, respectively (Fig. 3.5).



The aromatization of C-ring monoaromatic (MA) steroid to ABC-ring triaromatic (TA) steroids has been used as a thermal maturity indicatore. The maturation of monoaromatic steroids yeilds triaromatic steroids with one less carbon. Thus, the TA/(TA+MA) ratio increases from zero to %100 during the thermal maturation (Peters et al., 2005). The caluculated value of this ratio is ranging from 0.81-0.84 (Table 3.6). The lower value of M-4 sample compared to those of M-3 samples suggests lower maturity level of M-4.



Furthermore, the ratio of MA(I)/MA(I+II) can be used as indicatore to thermal maturity assesssmnet of oil and rock extracts (Peters et al., 2005). During thermal maturation the ratio increases from zero to % 100. Till now, it is not clear whether this increasing is the result of: 1) conversion of log-chain MA to short-chain MA by cracking C-C bond, 2) preferential thermal degradation of long-chained against short-chained MA, 3) or due to both (Ibid). In order to calculate this ratio (Table 3.6), the MA(I) is calculated from the
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summation of C21 and C22, while the summation of C27 to C29 has been used to calculate MA(II).



The MA(I)/MA(I+II) ratio is high for the analyzed samples of M-3 (0.68 and 0.76 for M3a and M-3b, respectively), indicating a high thermal maturity. While, the M-4 sample is showing a low (0.25) value, suggesting a lower thermal maturity. This conclusion is also consistent with the previous results basing on the MA(I)/MA(I+II) ratio.



Another important aromatic parameter to infer maturity assessment is the conversion of group II triaromatic to group I triaromatic steroid by side chain cleavage during thermal maturation. The conversion concept of long-chained to short-chained is also aplicable to triaromatic steroid. Furthermore, the triaromatic steroids are probably derived from the monoaromatic steroids. Thus, TA(I)/TA(I+II) has an extra advantage of being more sensetive at higher maturity than the ratio of monoaromatic steroid (Peters et al., 2005).



The TA(I) is calculated from the summation of C20 and C21 of triaromatic steroid, while the summation of C26-C28 is used to calculate TA(II) (Table 3.6). The TA(I)/TA(I+II) ratio is also confirming that M-4 samples has lesser maturiy (0.58) than of M-3 samples (0.80 and 0.78 for M-3a and M-3b, respectively).



Finally, the conclusions of maturity related biomarkers and non-biomarkers can be summerized as follows: All the analyzed samples shows that the high maturity levels of sargelu Formation in both wells, despite the maturity level of M-3 samples, are higher than of M-4 sample. In some caseses, they suggest peak mature to late mature satage (based on non-biomarker parameters, sterane, and terpane biomarkers). However, in most of the cases, they suggest post mature stage (based on aromatic biomarkers).
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CHAPTER FOUR CONCLUSIONS AND RECOMMENDATIONS 4.1 Conclusions The study was set out to evaluate Sargelu Formation (Middle Jurassic) from an organic geochemical point of view. The cuttings rock samples of Miran-3 (M-3) and Miran-4 (M-4) wells have been analyzed by several methods. The main conclusions of the present work can be summarized as follows:



A- Rock-Eval pyrolysis technique and Microscopic examination of organic matter 1) Richness and Potentiality The Sargelu Formation is rich in organic matter content in the selected wells. This rock unit is classified as a very good source rock based on TOC% content (average of TOC% is 2.23% for M-3 well and 2.74 for M-4 well). Whereas, the same rock unit has low potentiality to generate hydrocarbons, as classified as poor to fair source rock (low amount of, S1, S2, PC %. While, high amount of RC %).



2) Types of Organic Matter and Expelled Hydrocarbons The summarized data interpretation of Rock-Eval pyrolysis technique suggests that the main kerogen type in Sargelu Formation is a mixed type II/III kerogen in both wells. However, the analyzed samples also contain type IV kerogen.



Microscopical examination elucidated that the dominant organic matter content in the samples is solid bitumen. However, some other organic matters are also presented with lesser priority such as Lignite (mud additives), untypical Vitrinite, Zooclast, and Inertinite.
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Despite the kerogen type, this study realized that the main expelled hydrocarbon at the present time is only gas, which means that the ability of Sargelu Formation in the selected wells remains only for gas generation.



3) Maturity Assessment According to the Production Index (PI) parameter, the Sargelu Formation in both wells is thermally mature and in the peak of maturity (average of PI is 0.33 and 0.27 for M-3 and M-4, respectively). While, the maturity based on microscopical method is showing higher values than PI. Accordingly, the Sargelu Formation in both wells is thermally post mature and in the gas generation zone (the value of equivalent vitrinite reflectance (eq.VRo%) is between 1.5%-1.55% for M-3 and between 1.4%-1.45% for M-4). 4) Data anomalies The selected samples in this study exhibit two main anomalies in the data as described below: I-



The value of Tmax for the majority of the samples are very low and below expectation. This anomaly of Tmax data become controversial with the other maturity parameters such as PI, and eq.VRo%. The existence of mud additives (lignite), Bimodal S2 peak, as well as presence of nonfluorescence organic matter collectively confirmed that the Tmax values are unreliable.



II-



Presence of two samples in M-3 and M-4 wells with high values of eq.VRo (1.94%) also make data anomalies. several criteria are taken into consideration and discussed to interpret this anomaly such as: unconformity, reverse fault, and presence of the anhydrite as the dominant lithology for the sequence beneath Sargelu Formation formed a good heat conductor and producing this variation in the value of eq.VRo for this two samples compared the other once.
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B- GC-FID and GC-MS analysis 1) Source of organic matter and depositional environments Based on the data of biomarkers and non-biomarker parameters, the organic matter of Sargelu Formation is mainly composed of planktonic, bacterial, and algal organisms with minor contribution of terrigenous land derived organisms. However, the signal of contribution of land plant organisms is present in the analyzed sample of M-4.



The depositional environment is characterized by mainly marine carbonate and sometimes showing a mixture of marine carbonate and shale (especially for M-4) which is deposited under an anoxic condition. The non-hyper saline depositional environment has been approved basing on the low (0.08-0.09) Gammacerane index.



2) Maturity The maturity based biomarkers and non-biomarkers for Sargelu Formation in the selected wells are ranged from peak mature to post mature. The maturity level of M-3 samples showed higher values than that of M-4 sample. Generally, the maturity of the examined samples is ranked from high to low, as follow M-3a > M-3b > M-4 samples.
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4.2 Recommendations On the basis of the present study, the following points are recommended for future studies:



1) Contamination of cutting rock samples of wells sometimes is a problematic issue. Therefore, core sample is highly recommended (if it is available) for a geochemical study, especially for Rock-Eval pyrolysis technique and vitrinite reflectance measurement. 2) Taking more samples and in a greater depth, especially in lower contact of Sargelu Formation with Alan Formation, could create a good picture to determine the exact trend of maturity basing on vitrinite reflectance and Tmax in the area. 3) More detailed study about the subsurface structure of Miran Field, especially the fault distribution pattern and it is effects on hydrocarbon distribution in the area. 4) Performing further analyses such as using Palynomorphs and carbon isotopes will provide a better understanding about the origins of organic matter and paleo depositional environments. Moreover, using the special computer software programs may facilitate the interpretation of the burial history profile of Sargelu Formation.
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LIST OF APPENDICES Appendix A Rock-Eval Pyrolysis data for the selected samples of Sargelu Formation in Miran-3 (M-3) and Miran-4 (M-4) wells.



Table A. 1: Rock-Eval Pyrolysis data for the sellected samples of Sargelu Formations in M-3 well, Kurdistan Region, Northern Iraq. Formation Depth (m) Sample ID TOC



Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu



2417.5 2422.5 2427.5 2432.5 2437.5 2442.5 2447.5 2452.5 2457.5 2462.5 2467.5 2472.5 2477.5 2482.5 2487.5 2492.5 2497.5 2502.5 2507.5 2512.5 2517.5 2522.5 2527.5 2532.5 2537.5 2542.5 2547.5 2552.5 2557.5 2562.5 2567.5 2572.5 2577.5 2582.5 2587.5 2592.5 2597.5 2602.5 2607.5



M3-1 M3-2 M3-3 M3-4 M3-5 M3-6 M3-7 M3-8 M3-9 M3-10 M3-11 M3-12 M3-13 M3-14 M3-15 M3-16 M3-17 M3-18 M3-19 M3-20 M3-21 M3-22 M3-23 M3-24 M3-25 M3-26 M3-27 M3-28 M3-29 M3-30 M3-31 M3-32 M3-33 M3-34 M3-35 M3-36 M3-37 M3-38 M3-39



4.98 6.56 5.14 2.76 2.07 3.13 4.52 3.54 2.79 2.44 2.21 2.05 2.2 2.06 1.82 1.77 1.40 1.56 2.12 1.45 0.99 1.6 1.84 1.67 1.74 1.42 1.75 1.4 1.36 1.96 1.38 1.43 1.82 1.64 1.70 1.84 1.79 1.44 1.49



S1



S2



S3



2.73 2.16 1.44 0.99 1.09 1.18 1.52 0.93 0.75 0.74 0.6 1.36 0.48 0.49 0.63 0.49 0.53 0.2 0.3 0.20 0.32 0.35 0.39 0.67 0.3 0.38 0.56 0.26 0.27 1.30 0.33 0.55 0.66 0.28 0.85 0.17 0.18 0.71 0.25



3.22 3.11 2.22 1.48 1.39 1.79 3.19 1.99 1.59 1.49 1.15 1.76 1.1 1.14 1.20 1.01 1.01 0.73 1.09 0.73 0.65 0.88 0.84 1.23 0.81 0.91 0.96 0.72 0.73 2.06 0.8 0.96 1.18 0.75 1.49 0.47 0.32 0.97 0.7



2.17 1.28 1.86 0.84 1.49 0.84 1.28 0.71 0.75 1.23 0.86 1.89 0.68 0.6 1.31 0.6 1.01 0.39 0.4 0.80 1.15 0.6 0.73 1.14 0.45 0.65 0.80 0.52 0.55 1.50 0.67 0.80 0.63 0.58 1.38 0.5 0.6 1.19 0.45



S2/S3



HI



OI



GP



PI



1.48 65 44 6.0 0.46 2.43 47 20 5.3 0.41 1.19 43 36 3.7 0.39 1.76 54 30 2.5 0.40 0.93 67 72 2.5 0.44 2.13 57 27 3.0 0.40 2.49 71 28 4.7 0.32 2.80 56 20 2.9 0.32 2.12 57 27 2.3 0.32 1.21 61 50 2.2 0.33 1.34 52 39 1.8 0.34 0.93 86 92 3.1 0.44 1.62 50 31 1.6 0.30 1.90 55 29 1.6 0.30 0.92 66 72 1.8 0.34 1.68 57 34 1.5 0.33 1.00 72 72 1.5 0.34 1.87 47 25 0.9 0.22 2.73 51 19 1.4 0.21 0.91 50 55 0.9 0.22 0.57 66 116 1.0 0.33 1.47 55 38 1.2 0.29 1.15 46 40 1.2 0.31 1.08 74 68 1.9 0.35 1.80 47 26 1.1 0.27 1.40 64 46 1.3 0.29 1.20 55 46 1.5 0.37 1.38 51 37 1.0 0.26 1.33 54 40 1.0 0.27 1.37 105 77 3.4 0.39 1.19 58 49 1.1 0.29 1.20 67 56 1.5 0.36 1.87 65 35 1.8 0.36 1.29 46 35 1.0 0.27 1.08 88 81 2.3 0.36 0.94 26 27 0.6 0.27 0.53 18 34 0.5 0.36 0.82 67 83 1.7 0.42 1.56 47 30 1.0 0.26



Tmax °C



476 489 494 579 441 569 487 481 443 437 435 430 438 435 421 434 425 440 440 436 430 435 433 428 434 432 427 434 429 427 427 423 429 424 423 565 577 420 425



PC



0.5



RC



Min C



6.06 8.26



0.24 2.52 8.75 0.28 2.85 9.37 0.27 3.27 8.91 0.23 2.56 9.12 0.18 2.03 9.38 0.16 2.04 9.26 0.16 1.9 9.25 0.15 1.62 9.57 0.09 1.47 9.19 0.13 1.99 8.7



0.13 1.47 8.78 0.13 1.71 8.44 0.11 1.63 8.85 0.13 1.29 9.96 0.1 1.3 9.05 0.11 1.25 9.4 0.12 1.26 9.07 0.18 1.64 9.33 0.11 1.53 9.05 0.08 1.76 9.42 0.07 1.72 9.3 0.1



1.39 9.13



Table A. 2: Rock-Eval Pyrolysis data for the sellected samples of Sargelu Formations in M-4 well, Kurdistan Region, Northern Iraq. Formation depth (m) Samples ID TOC



Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Sargelu Alan



2882.5 2887.5 2892.5 2897.5 2907.5 2912.5 2917.5 2922.5 2927.5 2932.5 2937.5 2942.5 2947.5 2952.5 2957.5 2962.5 2967.5 2972.5 2977.5 2982.5 2987.5 2992.5 3012.5



M4-1 M4-2 M4-3 M4-4 M4-5 M4-6 M4-7 M4-8 M4-9 M4-10 M4-11 M4-12 M4-13 M4-14 M4-15 M4-16 M4-17 M4-18 M4-19 M4-20 M4-21 M4-22 M4-23



3.41 6.41 4.92 3.10 3.16 3.98 1.68 0.86 2.69 3.58 3.18 1.87 4.05 2.02 1.91 1.98 1.93 1.26 2.44 2.97 1.56 1.26



S1



S2



S3



0.74 0.52 0.31 0.42 0.70 0.44 0.87 0.13 0.54 0.3 0.32 1.07 0.47 1.08 0.77 0.3 0.35 1.03 0.37 0.49 0.26 0.89



1.78 2.19 1.68 1.27 1.69 1.57 1.83 0.36 1.65 1.46 1.24 1.72 1.57 1.65 1.38 1.14 0.91 1.77 1.62 1.48 0.66 1.14



2.25 1.52 1.07 1.59 2.10 1.48 3.79 1.25 2.79 1.28 1.24 3.80 1.51 3.85 2.80 1.7 1.39 3.98 1.92 1.04 1.4 2.81



S2/S3 HI



0.79 1.44 1.57 0.80 0.80 1.06 0.48 0.29 0.59 1.14 1.00 0.45 1.04 0.43 0.49 0.67 0.65 0.44 0.84 1.42 0.47 0.41



52 34 34 41 53 39 109 42 61 41 39 92 39 82 72 58 47 140 66 50 42 90



OI



GP



PI



66 24 22 51 66 37 226 145 104 36 39 203 37 191 147 86 72 316 79 35 90 223



2.5 2.7 2.0 1.7 2.4 2.0 2.7 0.5 2.2 1.8 1.6 2.8 2.0 2.7 2.2 1.4 1.3 2.8 2.0 2.0 0.9 2.0



0.29 0.19 0.16 0.25 0.29 0.22 0.32 0.27 0.25 0.17 0.2 0.38 0.23 0.4 0.36 0.21 0.27 0.37 0.18 0.25 0.28 0.44



Tmax °C PC



568 595 580 565 416 417 429 409 427 426 421 422 417 417 419 423 407 422 426 466 383 409



RC



MinC



0.29 6.12 7.86 0.21 4.71 8.54



0.23 3.75 8.16 0.09 0.77 5.87 0.2 3.38 8.14 0.18 3 7.87 0.23 3.82 8.17



0.19 1.79 9.83 0.16 1.77 8.68 0.25 2.19 7.96 0.14 1.42 7.85



Abbreviations: TOC%: Total Organic Carbon Percent. S1: Free hydrocarbon (mg HC/g rock). S2: Pyrolyzed hydrocarbon by thermal degradation of kerogen (mg HC/g rock). S3: Released of CO or/and CO2 during oxidation and pyrolysis of organic matter (mg CO2/g rock). HI: Hydrogen Index.



OI: Oxygen Index.



GP: Genetic potential or hydrocarbon potential (S1+S2). PI: production Index or Transformation ratio (S1/ S1+S2). Tmax: Rock-Eval pyrolysis oven temperature (°C) at maximum S2 peak generation. PC: Pyrolysable organic carbon measured by percent (%). RC: Residual organic carbon measured by Percent (%). Min C: Mineral Carbon Samples used for microscopical examination (Vitrinite Reflectance measurment)



Appendix B Main steps of sample preparation for analyzing samples by GC-FID and GC-MS instruments



This appendix presents the key steps of the sample preparation procedure of saturate



and



aromatic



fractions



before



Gas



Chromatography



and/or



Gas



Chromatography-Mass spectrometry analysis (GC, GC-MS). By CSTJF center in France.



GC or GC-FID: Gas Chromatography coupled with a Flame Ionization Detector. GC-MS: Gas Chromatography coupled with Mass Spectrometry.



Case of rock samples: 1- First main step : Accelerated solvent Extraction (ASE) for Rocks The ASE extraction consists on extracting from rocks (source rock, reservoir rock, bitumens, etc.) the soluble organic matter in dichloromethane. It allows to evaluate the Extractable Organic Matter (MOE) (ratio between the extracted mass after ASE and the initial rock quantity).



In this kind of extraction, liquid solvents are used at high temperatures (from 25°C to 200°C) and high pressures (from 70 to 200 bars), in order to quickly extract the organic matter from the solid samples. Since the ASE extraction system works at 70 bars min., the solvent can be heated at a temperature which is largely higher than its normal boiling point (but lower than the critical temperature; for dichloromethane, the critical temperature is above 200°C).



-



-



The crushed rock sample is placed in a steel cell. The cell is filled under pressure by the extraction of solvent and then heated. When the working temperature and pressure reach (100°C and 100 bars), the sample stays in a static extraction mode during 3 cycles of 3 minutes. After each cycle, the cell is rinsed by the solvent (volume of solvent = 1/3 of the volume of the empty cell). The rinsing solvent is recovered in a flask. At the end of the extraction, the flasks containing the organic solution are totally evaporated and stored in a desiccator during 12 hours/min. Then, the flask is weighed.



Figure B. 1: General procedures for the preparation of rock samples in the FGO department.



2- Second main step: separation of maltenes and asphaltenes The objective of this step is to separate and to recover:



An asphaltene fraction (recovered thanks to the precipitation of asphaltenes in npentane). A maltene fraction (without asphaltene). o o



n-pentane is added in the C15+ fraction obtained in the first step (50 ml npentane per gram of fraction). The solution flask is placed in an ultra-sonic agitator.



o



The solution is filtered (under vacuum, at ambient temperature) on a MILLIPORE filter (0.45µm, PTFE).  The non-soluble compounds in n-pentane are retained on the filter (formation of a precipitate). They correspond to the asphaltene fraction. The asphaltenes are recovered by adding dichloromethane on the filter (dissolution of the precipitate). After evaporation of the solvent, the asphaltene fraction is weighed to provide its concentration (mass percent).  The filtrate, soluble in n-pentane, corresponds to the maltene fraction. It is recovered for the ASPEC separation.



3- Third main step: ASPEC preparation



The objective is to do a separation, both qualitatively and quantitatively, of the saturate and aromatic compounds, from the maltene fraction recovered in pentane in the second step. Before injecting 1 ml of the maltene fraction in the ASPEC system, the fraction is concentrated by evaporation (objective: to obtain 3 ml of fraction for 100 mg sample (eq. sample containing asphaltenes)).



The ASPEC preparation consists of:



-



A first separation on ASPE column (retention of polar compounds). A second separation between the saturate and aromatic compounds on a chromatographic column. The collected fractions are concentrated by evaporation, before the analysis by GC, GCMS or GC/irMS.



-



The experimental conditions are the following:



-



Mobile phase: n-pentane (first dried and filtered on a 0.22 µm PTFE filter). Flow of mobile phase: 4 ml/min. Pressure: ~ 21 bars. SPE column: Lichroprep CN; 40-63 µm, 60 Å. Inox LC Column: Lichrosorb SI; 250 x 10 mm; 5 µm; 60 Å.



Appendix C GC-MS instrumental Conditions for analysing samples



This appendix illustrates GC-MS method (conditions of instrument) that has been used for analyzing the oil sample and the cuttings rock-extract in CSTJF center, France.



Computerized Gas Chromatography-Mass Spectrometry (GC-MS) is utilized to evaluate biomarkers in oils or rock extracts. The saturate and aromatic fractions are injected into an HP 6890 gas chromatograph coupled to an HP 5973 PP MSD in a selected ion monitoring (SIM) mode. GC-MS was equipped with a DB-5 column (60 m length, 250.0 μm diameter, and 0.10 μm film thickness). The samples are injected in split mode under constant pressure of carrier gas (Helium) flow at a rate of 35 cm/sec, at 70 eV ionization energy. The GC temperature program started at 40°C, was held isothermally for 6 min, and then heated at 2 °C/min to 300 °C (held 60 min).



Appendix D GC-MS data for the analysed samples of Miran Field. The area under peak is calculated for each compounds.



(1) Areas under peak of n-alkane (m/z 85), for the analyzed samples of Miran Field.



well



Formation



M-3a Sargelu M-3b Sargelu M-4



Sargelu



depth (m) 2432.5 – 2452.5 2587.5 – 2607.5 2887.5 – 2912.5



Sample Type Cutting Rock Cutting Rock Cutting Rock



n -C15



n -C16



n -C17



n -C18



n -C19



n -C20



n -C21



n -C22



2894027 3539013.7 3751052.8 3762578.8 3439929.3 3126770.5 2795777.9 2423622.5 1499993.3 2721176.3 3363578.7 3659869.9 3307735.4 3080243.2



2803506



999340.3 1979021.1 2276865.6 2426827.7 1802070.9 1429020.3 1013938.5



n -C23



n -C24



n -C25



1981762 1663329.1



1274007



2474160 2062478.6 1724332.9 1343506.7 831528.8



709817.5



586666.5



468930.7



Continue



n -C26



n -C27



n -C28



n -C29



n -C30



n -C31



n -C32



n -C33



n -C34



n -C35



Pristane (Pr)



Phytane (Ph)



996168.7 694715.7 496990.6 353501.6 260185.5 173528.3 119305.2



73428 48190.1 31388.6 674805.9 1028996.4



1045867.7 738666.9 526702.4 447447.6 290980.4 204927.8 143869.3



91641 64179.2 42560.1 642455.9 1103257.6



350493.5 252651.3 167142.7 160588.7



91773.3



85863.4



39846.6



40877



27057 28631.4 635078.5



772000.2



(2) Areas under peak of sterane and diasterane compounds (m/z 217), for the analyzed samples of Miran Field. Diasteranes C27 C28 C29 D27βα 20S D27βα 20R 27ααα 20S 27αββ 20R 27αββ 20S 27ααα 20R 28ααα 20S 28αββ 20R 28αββ 20S 28ααα 20R 29ααα 20S 29αββ 20R 29αββ 20S 29ααα 20R M-3a 5644.1 4625.9 4764.9 5907.3 5312.3 6665.4 2352 3777.2 4071.2 2989.7 2482.2 5802.3 4580.1 3388.7 M-3b 8183.7 6588.1 6381.2 7423.5 6667.5 9467.5 3021.9 4484.2 5198.9 4724.5 3192.7 6993 5607 4996.6 M-4 16053.8 11107.1 9261.7 9149.7 8154.3 17199.7 4723.6 7745.5 7093.1 13767.5 4956 10649.1 8555.4 14939.4 well



Continue



Total C27 Total C28 Total C29 22649.9 13190.1 16253.3 29939.7 17429.5 20789.3 43765.4 33329.7 39099.9



%C27 43.48 43.93 37.67



%C28 25.32 25.57 28.68



%C29 31.20 30.50 33.65



(3) Areas under peak of Terpane compounds (m/z 191), for the analyzed samples of Miran Field. tricyclic well 19/3 M-3a 11420.3 M-3b 12767.4 M-4 17009.7



20/3 11408.7 18690.5 28775.5



tetracyclic



21/3 23/3 24/3 25/3 S+R 26/3 S 26/3 R 28/3 S 28/3 R 29/3 S 29/3 R 30/3 S 30/3 R 24/4 10691.8 22000.9 9304 8421.6 3052 3362.4 2121 2313.3 1727 1391.6 5953.5 1545.4 18563.1 23373.4 39095.6 17408.9 13511.4 4648.7 4873.7 3532.2 3428.8 3713.2 2847 6730.6 2172.6 19099.7 25418.8 25922.1 13548.5 11783.9 4575.7 5054.2 4139.3 4603.1 4168.4 4406.5 7449.9 3440.8 10745.6



Continue hopanes



norhopane Ts Tm C29 αβ 11756.8 11078.4 29420.9 14361 12763 38592.9 19293.8 20807.2 58719.3



homohopane hopane normoretane moretane C30 αβ Oleanane Gammacerane C29 βα C30 βα C31 S C31 R C32 S C32 R C33 S C33 R C34 S C34 R C35 S C35 R 26486.7 749.2 2290 2457 3081.3 9579.5 7548 5805.8 4917.6 3277 2537 2042.8 1462 1938.5 1184 46356 1749.7 4515.2 4074.7 5140 14659.4 11427.5 10328 7612.8 5687 4200.5 3096.4 2620 2748 1654 89207.5 2327.3 7490.2 10994.4 13310.3 34303.9 31420.5 24838 18686 15087 11030 10255 7154 10273 6475



(4) Areas under peak of Monoaromatic (m/z 253), Triaromatic (m/z 231), Phenanthrene (m/ 178), Methylphenanthrene (m/z 192), Dibenzothiophene (m/z 184), Methyldibenzothiophene (m/ 198) for the analyzed samples of Miran Field.



Well



monoaromatic m/z 253 M21



M22



M29b+28a



triaromatic m/z 231 M29a



T 20



M-3a 5233.7 2074.1



2804.7



M-3b 1754.5 1346.9



390.7



585.4



7850



1648.1



1213.5
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dibenzothiophene m/z 184 DBT
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خواص الصخور املصدرية وتوزيع املتحجرات اجليوكيميائية فى تكوين سةرطةلَوو (جوراسيك االوسط) فى حقل مريان النفطى ،منطقة السليمانية ،اقليم كوردستان ،مشال شرق العراق



رسالة مقدمة اىل جملس فاكلتى العلوم وتربية العلوم سكول العلوم فى جامعة السليمانية كجزء من متطلبات نيل شهادة ماجستري علوم فى علوم االرض



من قبل



سردار سليم فتاح بكالوريوس علوم االرض ( ،)2006جامعة السليمانية



باشراف



د.ابراهيم حممد جزا حمى الدين استاذ مساعد



حمرم 1435 ،هـ



تشرين الثانى 2014 ،م



اخلالصة متت دراسة تكوين سةرطةلَوو (جوراسيك االوسط) من الناحية اجليوكيمياء العضوية .املنطقة املختارة للدراسة هي حقل مريان الواقعة ضمن نطاق الطيات العالية ،حواىل 30كم مشال غرب مدينة السليمانية يف اقليم كوردستان ،مشال شرق العراق .مت احلصول على نتائج هذه الدراسة من خالل حتليل  61منوذج غري مغسول من الفتات الصخرى من بئرين مريان 3 -و مريان .4 -مت حتليل النماذج املختارة من خالل عدة طرق ،مثل روك ئيفال بايروليسيس ،قياس أنعكاسية فيرتينايت ،غازكروماتوغرافى و غاز كروماتوغرافى- ماس سبيكرتوميرتى لغرض حتديد :كمية ونوعية املادة العضوية ،قابلية أنتاج اهلايدروكاربونات ،وظروف الرتسيب ،و مستوى النضوج احلرارى لتكوين سةرطةلَوو. نسبة كاربون العضوى الكلى فى التكوين تراوحت مابني  0.99و  % 6.56و مبعدل  %2.23يف بئر مريان-  3و بينما تراوحت مابني  0.86و  % 6.41و مبعدل  %2.74يف بئر مريان .4 -لذلك من حيث احملتوى للكاربون العضوى الكلى تعترب صخورالتكوين من الصخور املصدرية اجليدة جدا .التكوين املدروس من كال البئرين هلا معامل هايدروجني منخفض (  ( ) HIمبعدل  58و  68ملغم هايدروكاربون \غم كاربون العضوى الكلى للبئرين مريان 3 -و مريان، 4 -على التوالي ) ،و كذلك بينت الدراسة ان التكوين حيتوى على قيم منخفظة من  ( S2مبعدل  1.28و  1.44ملغم هايدروكاربون \غم صخر للبئرين مريان 3 -و مريان ، 4 -على التوالي ) كما بينت الدراسة قيم منخفظة لكاربون احملرتق (  .) PC%بينما اظهرت النماذج قيم عالية لكاربون املتبقى ( .)RC%من خالل هذه النتائج يتبني لنا ان تكوين سةرطةلَوو له قابلية قليلة و يصنف كصخر مصدرى فقري اىل ضعيف من حيث انتاج اهلايدروكاربونات .اعتمادا على تفسري نتائج روك ئيفال ،تبني ان نوع الكريوجني لتكوين سةرطةلَوو هو غالبا خليط من نوع  IIو III كريوجني .من حيث ان التكوين له قابلية على انتاج الغاز فى كال البئرين .الفحص امليجهرى اظهر ان املادة العضوية الشائعة فى مناذج املدروسة هى البيتيومن الصلب. حتليل النماذج اظهر قيم نظوج احلرارى عالية اعتمادا على قياس انعكاسية فيرتينايت املكافئة (  ( ) eq.VRo%القيم تراوحت مابني  %1.55 - %1.5لبئر مريان 3 -و كانت بني %1.45 - %1.4 يف بئر مريان ،)4 -مما يعكس مرحلة ما بعد النظوج ،ما معناه نطاق االنتاج الغاز .من جهة أخرى و بنائا على قيم معامل االنتاج (  ( ) PIمبعدل  0.33و  0.27للبئرين مريان 3 -و مريان ، 4 -على التوالي ) هي يف مرحلة قمة النضوج .مت استبعاد نتائج النظوج احلرارى املستخلصة من  Tmaxو ذلك لعدم مصداقيتها بسبب تواجد الطني املضاف خالل عمليات احلفر. اعتمادا على نتائج غازكروماتوغرافى و غاز كروماتوغرافى-ماس سبيكرتوميرتى ،املتحجرات اجليوكيميائية الدالة و غري الدالة ذات العالقة باملصدر و البئة الرتسيبية بأن الكائنات االساسية ملواد العضوية فى تكوين



سةرطةلَوو هي الكائنات الطافية و بكرتيا و الطحالب ،مع نسبة قليلة من املواد العضوية القارية وبشكل خاص فى بئر مريان .4 -البئة الرتسيبية لتكوين سةرطةلَوو توصف على انها بئة حبرية كاربوناتية واحيانا خليط من الكاربونات البحرية مع الطني الصفائحى الذى ترسب حتت ظروف اختزالية ،ومل حتدد اى ادلة على بئة ذات ملوحة عالية فى التكوين .املتحجرات اجليوكيميائية الدالة و غري الدالة املرتبطة بالنضوج احلرارى، اظهرت ان التكوين فى مرحلت قمة النظوج اىل مرحلة ما بعد النظوج .بشكل عام مستوى نضوج لتكوين سةرطةلَوو فى بئر مريان 3 -هو اعلى من بئر مريان.4 -



رِةوشتةكانى كةظرى سةرضاوةيى و بالَوبوونةوةى زيندةرِيَثيشاندةرةكانى ثيَكهاتووى سةرطةلَوو ( جوراسيكى ناوةرِاست) لة كيَلَطةى نةوتيى مريان، ناوضةى سليَمانى ،هةريَمى كوردستان ،باكوورى خوَرهةالَتى عيَراق



نامةيةكة ثيَشكةش كراوة بة ئةجنومةنى فاكلَتى زانست و ثةروةردة زانستةكان سكولَى زانست لة زانكؤى سليَمانى وةك بةشيَك لة ثيَداويستيةكانى بةدةست هيَنانى برِوانامةى ماستةرى زانست لة زةوى ناسى دا



لة اليةن



سةردار سليم فتاح بكالوريوس لة زةوى ناسي ( ،)2006زانكؤى سليَمانى



بةسةرثةرشتى



د .ابراهيم حممد جزا حمى الدين ثرؤفيسؤرى ياريدةدةر



سةرماوةرزى  2714ى كوردى



تشرينى دووةمى  2014ى زاينى



ثوختة لةم تويَذينةوةيةدا ثيَكهاتووى سةرطةلَووى تةمةن جوراسيكى ناوةرِاست لةرِووى جيوَكيمياي ئةندامييةوة خراوةتة بةرباس و ليَكوَلَينةوة .ناوضةى هةلَبذيَردراو بوَ ئةم تويَذينةوةية كيَلَطةى مريانة كةدةكةويَتة ثشتيَنةى ضينةضةماوة بةرزةكان لةدوورى  30كم لةباكوورى خوَرئاواى شارى سليَمانييةوة لة هةريَمى كوردستان ,باكوورى خوَرهةالَتى عيَراق .داتاكانى ئةم تويَذينةوةية بةدةست هاتووة لةئةجنامى شيكاركردنى  16منوونةى نةشوَراوةى وردة بةردى هةردوو بريى مريان  3-و مريان –  .4منوونةكان ضةند شيكارى يةكى كيمياييان بؤ ئةجنام دراوة وةك رِوَك ئيظال ثايروَليسيس و ثيَوانةكردنى ثةرضدانةوةى ظيرتينايت و طازكروَماتوَطرافى و طازكروَماتوَطرافى-ماس سثيَكرتوَميرتى ,ئةمانةش لة ثيَناوى دياريكردنى :برِ و جوَرى ماددةى ئةندامى ناو بةردةكان ،تواناى بةرهةمهيَنانى ثيَرتوَل تيَياندا، بارودوَخى ذينطةى نيشنت و ئاستى ثيَطةيشتنى ثيَكهاتووى سةرطةلَوو. برِى كاربوَنى ئةنداميى طشتى لةمنوونةكاندا لةنيَوان  0.99بوَ  , % 6.56بةتيَكرِاى  %2.23دةبيَت لةبريى مريان  3-دا و لةنيَوان  0.86بوَ  %6.41وبةتيَكرِاى  % 2.74دةبيَت لةبريى مريان  4-دا. ئةمةش ئةوةدةطةيةنيَت كة بةثيَى برِى كاربوَنى طشتى ئةوا كةظريَكى سةرضاوةيى زوَرباشة .ثيَكهاتووى سةرطةلَوو لةهةردووبريةكةدا برِيَكى كةم لة هاوكوَلكةى هايدروَجينى ثيشان دةدات ( تيَكرِاى  58و 68 مليطرام هايدروَكاربوَن \ طرام كاربوَنى ئةنداميى طشتى بوَ بريى مريان  3-و مريان  ،4-يةك لةدواى يةك)، هةروةها برِيَكى كةمى  ( S2تيَكرِاى  1.28و  1.44مليطرام هايدروَكاربوَن \ طرام بةرد بوَبريى مريان 3- و بريى مريان  ،4-يةك لةدواى يةك) ،وة هةروةها برِيَكى كةمى كاربوَنى شيبووةوة (  .) PC%لة كاتيَكدا منوونةكان برِيَكى زؤر لةكاربوَنى ماوةيان تيَداية (  .) RC%ئةمةش ئةوةدةطةيةنيَت كة ثيَكهاتووى سةرطةلَوو توانايةكى كةمى هةية بوَبةرهةمهيَنانى هايدروَكاربوَن و بة هةذار بوَ زوَركةم ثوَليَن دةكريَت  .بة طويَرةى ليَكدانةوةى ئةجنامى رِوَك ئيظالَ ,جوَرى كريوَجينى ثيَكهاتووى سةرطةلَوو بةشيَوةيةكى سةرةكى تيَكةلَيَكة لة جوَرى  IIو جوَرى  IIIى كريوَجني .لة كاتيَكدا ئةم ثيَكهاتووة تةنها تواناى بةرهةم هيَنانى طازى ماوة لة هةردوو بريةكةدا .ليَكوَلَينةوةى منوونةكان لة ذيَر وردبيندا ئةوةدةردةخات كةطرووثى سةرةكى ماددةى ئةندامى لة منوونةكاندا بريتى ية لة بيتيومينى رِةق. منوونة شيكاركراوةكان بةهايةكى بةرزى ثيَطةيشنت بةطةرمي ثيشان دةدةن لةسةر بنةماى ثةرضبوونةوةى هاوتاى ظيرتينايت ( نرخةكةى لةنيَوان  % 1.5بوَ  %1.55بوَ بريى مريان  3-و لةنيَوان  %1.4بوَ  %1.45بوَ بريى مريان  ,) 4-كةئةمةش ثيَطةيشتنى طةرمى زوَر زوَرة ( قوَناغى دواى ثيَطةيشنت) واتة بةرهةمهيَنانى طاز .هةرضةندة ثشت بةسنت بة هاوكوَلكةى بةرهةمهيَنان (  ) PIلوتكةى ثيَطةيشتنى طةرمى ثيشان دةدات ( تيَكرِاى PIبريتيية لة  0.33و  0.27بوَ بريى مريان  3-و بوَ بريى مريان  ،4-يةك لةدواى يةك) .هةرضى ئاستى ثيَطةيشنت لةسةر بنةماى  Tmaxئةوا لةم تويَذينةوةيةدا



نةطوجناو بوو لةبةر هوَكارى بوونى ماددةى زيادكراو بوَمنوونةكان ،لةبةر ئةوة  Tmaxثشتى ثىَ نةبةسرتاوة لة هةلَسةنطاندنى ثيَطةيشتندا. بة طويَرةى ئةجنامةكانى طازكروَماتوَطرافى و طازكروَماتوَطرافى-ماس سثيَكرتوَميرتى، زيندةرِيَثيشاندةرةكان و نازيندة رِيَثيشاندةرةكانى تايبةت بة سةرضاوة و ذينطةى نيشنت ئةوة ثيشان دةدةن كة زيندةوةرى سةرةكى وةك سةرضاوة ماددةى ئةندامى ثيَكهاتووى سةرطةلَوو بريتيني لة ثالنكتوَنةكان و بةكرتيا و قةوزةكان و كةميَك لة ماددةى ئةندامى وشكانييةكان .هةرضةندة ئةوبرِةكةمةى ماددةى ئةندامى وشكاني زياتر لة بريى مريان  4-دا هةستى ثيَكراوة. ذينطةى نيشنت بؤ ثيَكهاتووى سةرطةلَوو بةشيَوةيةكى سةرةكى دةريايي كاربوَناتيية و هةنديَك جار ى ئوَكسجيندا نيشتوون .هيض تيَكةلَ دةبيَت بة بةردى قورِينى ،كة ئةم نيشتووانة لة ذيَر بارودوَخيَكى ب َ بةلَطةيةكى بوونى ذينطةى زيادة خويَياوى نيية لة كاتى نيشتنى ثيَكهاتووى سةرطةلَوودا. زيندةرِيَثيشاندةرةكان و نازيندة رِيَثيشاندةرةكانى تايبةت بةثيَطةيشنت ئةوة دةردةخةن كة ئاستى ثيَطةيشنت لةنيَوان لوتكةى ثيَطةيشنت بوَ دواى ثيَطةيشنت داية .بةشيَوةيةكى طشتى منوونةكانى بريى مريان  3-زياتر ثيَطةيشتووترن بةبةراورد لةطةلَ بريى مريان  4-دا.
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