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ABSTRACT The Chia Gara Formation (M. Tithonian-Berriasian) is studied from two outcrops (Rania and Sargelu areas, Kurdistan) and four wells (K-109, Bj-1, Tk3 and Hr-1, northern Iraq) which is subject to detail organic geochemical analyses. Lithologically, the formation consists of organic-matter rich limestones and shale. The limestones are thin to medium bedded and grey to dark in color, and shales are OM-rich calcareous brown to dark with fissility developed in most cases and dominant in the lower part of the sections. The limestones are characterized by the radiolarian wackestone-packestone microfacies with bioclasts distribution, such as ammonites, ostracods, foraminifera, calpionellids and calcisphers, and some unidentified broken bioclasts. The sequence as a whole represents a transgressive sediments deposited on the Barsarin and /or Gotnia Formations. The deep outer shelf to carbonate slope environments is possibly the depositional model of Chia Gara Formation. The Chia Gara basin characterized by anoxic and euxinc conditions and possibly northeastern ward the basin became deeper and less anoxic. The replacement of radiolarian siliceous skeletons with calcite is the major diagenetic process which can be seen in all studied sections. Changing in chemical properties, such as alkalinity, and water temperature may be the main effect for the dissolution of silica and deposition of sparry calcite and forming carbonate radiolarian molds. Organic matter evaluation within the Chia Gara Formation is the main goal of this study, hence organic geochemical analyses applied for qualitative and quantitative evaluation of these sediments. From the studied wells 50 rock samples for bulk analyses and 20 samples for molecular geochemical characteristics were investigated. From other five wells, five oil samples also studied geochemically. Bulk geochemical data involve TOC%, C/N/S-elemental data, and Rock-Eval pyrolysis analyses. Following extraction and MPLC fractionation, the aliphatic and aromatic hydrocarbon fractions were investigated by GC-FID and GC/MS. II



The TOC content of the formation range from 0.3 % to 7.35%, indicating fair to excellent potentiality. The elemental analyses of C, N, and S and their distribution in the samples indicate sulfur-rich rocks, especially the limestone part. Sulfur is occurring in subsurface samples more than in outcrop ones. The HI values of samples from the Chia Gara Formation averaged per well vary between 414 and 371 (mgHC/gTOC) for wells Tk-3 and Bj-1, and 213 and 91 (mgHC/gTOC) for wells Hr-1 and K-109, respectively. The OI values of the samples vary between 31 and 35 (mgCO2/gTOC) for wells Tk-3 and Bj-1, and K-109 .Slightly higher OI- values are only encountered in samples from Hr-1 well , varying between 40 and 90 but averaging 67(mgCO2/gTOC). This site was also characterized by sediments yielding normal TOC/S ratios. The kerogen based on bulk geochemical data is determined as marine type II and III with some S –enrichment. Oil generation and expulsion is likely to have occurred in the Chia Gara Formation in the wells. Well K-109 with PI –values of an average 0.32. Samples from well Tk-3 yield average PI-values of 0.12 and thus represent the onset of oil generation, whereas sediments from the Chia Gara Formation in wells Bj-1 and Hr-1 with averaged PI-values of 0.06 have not yet reached the oil window. The Tmax values of the sediments on average comprise 442 and 438 ºC for wells K-109 and Tk-3, respectively, which is in agreement with a maturity within the oil window. Low maturity samples from the Chia Gara Formation in wells Bj-1 and Hr-1 only reach Tmax values of 432 and 435 ºC, insufficient for effective oil generation and expulsion. Molecular geochemical data for the sediment from the Chia Gara Formation support an origin from marine organic matter with some minor admixture of terrigenous material. The envelopes of n-alkane distributions are unimodal with short-chain compounds in the range of nC14 to nC19 predominant, but the presence of n-alkanes in the range of



nC30 to nC40



pointing to some



contribution by higher plant waxes. Pristane/Phytane ratios


C28 range, a very strong dominance of hopanes over steranes, the very high ratio of thioaromatics over regular aromatics and the high degree of alkylation. of aromatics and thioaromatics. A striking feature is the presence of abundant thioaromatics in sediment extracts from all wells, pointing to a sulphur-enriched carbonate-evaporatic environment of deposition. Dibenzothiophene and alkylated analogues dominate phenanthrene and alkylated analogues. The biomarker and geomarker compositions of the analyzed oils allow for a positive oil-source rock correlation due to the presence of extended n-alkanes, low ratios of phenanthrene



vs.



dibenzothiophenes



dibenzothiophene in the oils.
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CHAPTER ONE INTRODUCTION



1-1 General: The organic matter (OM) within sedimentary rocks is one of the important constituents, especially in those rocks that contain high percentages such as shale, argillaceous limestone, etc. Organic matter is the precursor of oil and gas generated in sedimentary basins. The organic matter in sedimentary rocks has been extensively studied by organic geochemists in different methods: first within normal thin sections which can be recognized and discriminated from other constituents, but it can not be studied in detail because mostly descriptive. Second, from palynological thin sections, i.e. extracting the undissolved OM and making strew thin sections. This type of study is very accurate for systematic palynology as well as for paleofacies and paleoenvironmental studies. Third, organic petrology; is the branch of earth science dealing with the origin, occurrence, structure, and history of sedimentary organic matter (Taylor et al., 1998). The best method for studying OM petrologically is through the polished sections, using normal incident light, UV or blue light. This method is excellent for identification, classification, and internal structure observation of macerals in coal, also for very rich OM shale and limestones, especially with plant debris. The last method is organic geochemistry studies. The organic geochemistry is the study of the impacts and processes that organism, and once-living organisms have on the earth. Organic geochemistry includes studies of recent sediments to understand carbon cycling, climate change, and ocean processes, and studies of ancient sediments, to understand the origins and sources of oil petroleum geochemistry. Petroleum geochemistry is the application of chemical principles to the study of the origin, migration, accumulation, and alteration of petroleum (oil and gas) and the use of this knowledge in exploring for and recovering petroleum (Hunt, 1996). 1
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In this study the OM within one rock unit in Iraq studied deeply by organic geochemistry means. The reason behind using or focusing on this method is: 1- this method is not used in detail previously, simply because it requires modern instruments and high techniques. 2- It allows to identify the structure of compounds of OM in source rocks and oil, hence using the correlation between them. The detailed study of these compounds also leads to better understanding and evaluation the OM origin, distribution and maturation stage. The rock unit selected for this study is the Chia Gara Formation. The age of the formation determined as Middle Tithonian to Berriasian (Bellen et al., 1959). Although this unit studied in other localities, it needs more accurate and detailed studies. Till now there is no detailed study related to OM component structures, i.e. molecular geochemistry, for this unit in Iraq. The other reason behind choosing this rock unit is that it has a good lithological indicator for enrichment with OM. Geologically the age of the rock unit, Late Jurassic and Early Cretaceous, is one of the six major periods for OM richness in sedimentary rocks (Huc, 1990, Beydoun, 1998) and about 60% of all petroleum source rocks comprise sediments of this age (Kessels et al., 2003).



1-2 Previous studies: The Chia Gara Formation (M.Tithonian-Berriasian) first defined by Wetzel (1950 in Bellen et al., 1959) at the Chia Gara anticline, south of Amadia town in the high folded zone of north Iraq. The thickness of the formation at its type locality is 232m and composed of unbroken succession of thin bedded limestone and shales, containing rich ammonite faunas, and grading upwards to yellowish marly limestone and shale with a zone of bullion beds, 21m thick at base (Bellen et al., 1959). The detailed study carried out by Spath (1950) was done on the ammonites in this formation. Another detailed paleontological study, related to ammonites, carried out in 1992 by Howarth (1992). One of the pioneer studies on this formation was carried out by Mc Carthy et al., (1955 in Bellen et al., 1959). They studied the formation in Zakho area, at this section the sequence generally consists of alternation of bituminous limestone and 2
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dark bituminous shale. Dunnington (1958) described the Tithonian-Berriasian sediments as basinal euxinic radiolarian shales-limestones. Buday (1980) and Jassim and Goff (2006) considered the sediments of Chia Gara Formation represent the deep marine facies. The study of Total (1990) mentioned that the average rate of deposition for Chia Gara Formation was high in the region of west of Tigris River. Al-Qayim and Saadalla (1992) studied the formation from Bekhma Gorge and Rawandoz area. They concluded that the formation reflects the deep marine characters. The organic matters in the formation from different parts of Iraq, surface and subsurface sections, studied by Al Habba (1985), Al-Jubory (1989), Al-Habba and Abdullah (1989),Othman (1990), Odisho and Othman (1992)



and Al-



Beyati (1998), they all agreed that the formation might represent good source rocks. The Chia Gara Formation is considered as the source rock for the Khasib's oil (Al-Ameri and Al-Obaidi, 2004). The Chia Gara Formation considered as a part of the tectonostratigraphic megasequence AP8 (149-49Ma), and deposited during both TST and HST parts of the systems tract (Sharland et al., 2001). The upper boundary of Chia Gara Formation remains difficult to be easily recognized especially in the northeastern region from the type locality. However Mohialdeen (2007) studied the formation from Rania region and concluded that the upper boundary is with Balambo Formation, and probably with unconformity surface. Salae (2001) studied the Middle Jurassic rock units in Rania area and considered the first appearance of brown shale after stromatolitic limestone of Barasarin Formation as the Chia Gara Formation. Jassim and Goff (2006) suggested that the Karimia Formation, which passes into Chia Gara Formation towards the NE, is included in the Chia Gara Formation. From hydrocarbon potentiality point of view the Chia Gara Formation is studied from K-109 Well (Mohialdeen and Al-Beyati, 2007). They evaluate the formation as hydrocarbon source rocks for the Kirkuk Oil Field, Kirkuk, NE Iraq.



1-3 Objectives: 3
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The main objectives of this study are the following: 1. Identification and classifying the sedimentary facies and outline the depositional environmental conditions. 2. Determining the hydrocarbon potentiality of the Chia Gara Formation. 3. Evaluating the extracts from source rocks and oil samples from different wells. 4. Apply the oil-oil and oil- source rock correlation using certain biomarkers to figure out the origin of these oils.



1-4 Description of the studied sections: In order to study the Chia Gara Formation in detail, two outcrops and four boreholes were selected (Fig. 1-1). The formation in these outcrops not studied since the work of Bellen et al. (1959). Hence the re-studying of them from the view points of stratigraphy, sedimentology and geochemically will help to better understanding the condition of deposition and hydrocarbon potentiality. The paleofacies distributions map of the Late Jurassic-Early Cretaceous drawn by Buday (1980) and then redrawn by Jassim and Goff (2006), showing the relations of the Chia Gara Formation to the Karimia and Makhul Formations (Fig.1-2). The areal distribution of the Chia Gara Formation may not be solved completely and need future detailed sedimentologiacl investigations. From the outcrops the contacts and detailed sedimentary structures are better understood than from cuttings. Hence the study of outcrops will support and /or help the better understanding of the formation in boreholes. The boreholes, as it is known, studied by Iraqi National Oil Company and National Exploration Company since fifties of the last century. The sample descriptions, in brief, are listed in Appendix I.
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Fig. 1-1. Geographic map of northern Iraq with location of the studied sections.
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Fig.1-2. Paleofacies map of the Tithonian – Berriasian age of Iraq, (after Jassim and Goff, 2006). 5
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Brief descriptions of the rock sections and the crude oil wells are as follows:



1-4-1 Sections: 1-4-1-1 Outcrops: 1-Rania Section: The Chia Gara Formation crops out in the northeastern limb of Shawri Anticline, Rania Area, Sulaimani (Fig.1-3). The exact location of the section is: N 36º 17' 7.1"



or N 4015401



E 487158



E 44º 51' 25.2" Attitude of beds:



Strike: NW-SE



Dip: 35º-40º NE



The Chia Gara Formation in this section is not studied after Bellen and his group in the fifties of the last century (Bellen et al., 1959) except the study of Mohialdeen (2007) who studied the section of the Chia Gara Formation in this area in detail. The formation is composed of a 120m thick of alternation of shale and limestone.



The



lower



boundary



is



sharp



with



Barsarin



Formation



(Kimmerdgian) and the upper boundary is with the Balambo Formation (Valanginian). The detailed sedimentological constituents are studied by Mohialdeen (2007).



2-Sargelu Section: The Chia Gara Formation in the Sargelu Village, Surdash area is well exposed and stratigraphically overlay the Barsarin Formation and underlay the Balambo Formation. This section is also not studied after the British geologists in the fifties of the last century (Fig.1-4). Structurally the area is complex and the beds folded, sometimes faulted, it is a part of the High Folded Zone (Buday and Jassim, 1987). In the sampling the researcher tried to avoid the repetition of the beds. The succession consists of 190m thick of alternation of shale and limestone .The exact location of the section is: N 35º 52.141'



or



N 3969232



E 514849



E 45º 09.869' 6
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Fig. 1-4. Solid map of Sargelu area, Sulaimani region, NE Iraq (after Qaradaghi, 2007)showing the studied section. 7
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Strike: N66ºW



Dip:



89º N22ºE



The Chia Gara Formation here in this section is more compressed and deformed and the shale beds are more fissile. The lower contact is determined by the ending of stromatolitic limestone of Barsarin Formation and beginning the brown shale layer. The upper contact is determined by the beginning of marl and the light limestone rich with belemnites of Balambo Formation. However this contact is more controversial and not easy to decide. In this study, the upper contact set in the beginning of marl beds.



1-4-1-2 Wells: 1- Kirkuk-109 (K-109): It is one of the oldest boreholes in the Kirkuk Oil Field (KOF), Kirkuk, Kurdistan Region, NE Iraq, which is drilled by Iraqi Petroleum Company (IPC) in 1953 ( Fig.1-1). The Chia Gara Formation consists of 309.5m thick succession of limestone and shale beds, with depth interval from 2782.5m to 3092m. The lower contact is with Barsarin Formation while the upper contact is gradational with Karimia Mudstone Formation, which is composed of monotonous dark colored calcareous mudstone (NOC, 1953, Buday, 1980). The lower part is containing more shale than the upper part of the formation. The formation from this well is studied by Mohialdeen and Al Beyati (2007), whom indicate the richness of the section with organic matter and has the potential for hydrocarbon generation. Location: Elevation: 363.6m RTKB N 35.553136º



or



N 3934 404.35



E 437 800.78



E 44.313740º



2-Beiji-1 (Bj-1): The Chia Gara Formation in this well has a thickness of 160m, in depth interval between 2147m to 2307m. The lower contact with the Gotnia Formation was determined by NOC(1989) at depth 2306.5m,while in this study
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sample B1 at depth 2307m still represents the Chia Gara Formation based on lithology. Hence the lower contact put at depth 2307m instead of 2306.5m. The formation consists of alternating of dark argillaceous limestone and limestone, with the higher concentration of limestone in the middle part of the formation. The lower contact is abrupt with Gotnia Formation and the upper contact is with Lower Sarmord Formation. However the name Lower Sramord Formation is changed to Makhul Formation in this well ( Al- Esa and Al-Omari, 1997). Location: Elevation: 154m RTKB N 34.794637º



or



N 3851 329.81



E 348 078.747



E 43.339390º



3- Tikrit-3 (Tk-3): The Chia Gara Formation in this well begins from depth 2778m and continues to depth 2890m, i.e. has a 112m thickness (NOC, 1987). The succession is more typical with the outcrops in this well, which the shale beds are dominant in the lower part, and upward the section becomes rich with limestone. The lower contact is with Gotnia Formation (first appearance of white anhydrite), and the upper contact is with Lower Sarmord Formation (first appearance of marl) (ibid). Location: Elevation: 145m RTKB N 34.578196º



or



N 3827 054.532



E 365 147.417



E 43.529782º



4- Hamrin-1 (Hr-1): This well is situated in Allas dome in Jabal Hamrin structure. The structure is 108Km. long and the maximum width is approximately 8Km. (NOC,1973).The Chia Gara Formation in this well is appeared between depth 3076m and 3305.5m, with a thickness of 229.5m. It is composed of limestone with three
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horizons rich in shale. The lower contact is with Barsarin Formation and the upper contact is with Lower Sarmord Formation (ibid). Location: Elevation: 304.88m RTKB E 44.051100º



or



N 3855 229.01



E 413 237.72



N 34.837436º



1-4-2 Crude oils: The crude oils were taken from five wells as follows: 1- Kirkuk-392 (K-392): (NOC, 2002) TD.= 437m RTKB G.L.= 371.5m. N 35.516749º



or N 3930 335



E 442 770



E 44.368859º Reservoir:



The oil sample was taken from the top of Bajwan Formation



(Tertiary- Oligocene) at a depth 407m. This reservoir is within the Baba Dome.



2- Kirkuk-215 (K-215): (NOC, 1979) TD.=750m RTKB G.L.=376m ( Sarlo Region) N 35.753951º



or



N 3956 891 E 412 466



E 44.031813º Reservoir: The oil sample was taken from the top of Avanah Formation (Tertiary- Eocene) which is characterized by porous pay zone at a depth 688m. This reservoir is within the Avanah Dome



3- Kirkuk-252 (K-252): (NOC, 1988) TD.=1080mRTKB G.L.=337m N 35.511211º



or



N 3929 726 E 441 965



E 44.360025º
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Reservoir: The oil sample was taken from the top of Kometan Formation (Cretaceous) from a depth of 1043m. This reservoir is within the Baba Dome.



4- Jambur -15 (Ja-15) : (NOC, 1973) TD.=3384m G.L. =293.76m N 35.252562º



or



N 3091 020 E 446 820



E 44.415519º Reservoir: This oil sample was taken from the Qamchuqa Formation (Cretaceous) from a depth 2702m within the northern Jambur Dome.



5- Kirkuk-265 (K-265) : (NOC, 1988) TD:573m RTKB G.L.=336m N 35.574057º



or



N 3936 755



E 433 547



E 44.266626º Reservoir: This oil sample was taken from the top of Palani Formation (Tertiary- Oligocene), from a depth 535m. This reservoir is within the NW plunge of the Baba Dome.



1-5 Methods of study: 1-5-1 Field work and sampling: Outcrop samples of the Chia Gara Formation were collected from the valley sections at Rania town and Sargelu village. Attempts were made during sampling to cut back to the unweathered materials to obtain totally fresh samples. If weathering impressions remained on the samples, they were thoroughly brushed off before subjecting them to analyses. The collected outcrop samples were too much to analyze all of them. Thin sections made from all of them, but selected samples were prepared for geochemical analyses. Cuttings samples of the Chia Gara Formation from four wells were
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obtained from the North Oil Company (NOC) in Kirkuk. The samples are also too much, but a limited number of them selected for geochemical analyses because the analyses are very expensive and cost too much. Attempts were made to select the dark color samples as well as to represent the entire sections. Individual chips have a diameter of c.a.0.2-1.0cm and represent high quality sample material. Cuttings were washed extensively to remove drilling mud. They were taken from the wells, and covering different depth intervals. In order to explain the relationship between the candidate source rock and the oil from different wells, five crude oil samples from five different wells were also studied geochemically. The geochemical data and biomarkers content from the source rocks and oils were subjected to comparison through oil-oil and oil-source rock correlation (Chapter 5).



1-5-2 Experimental work: The following analyses were carried out on samples of the Chia Gara Formation from the studied sections (Table 1-1): 1- Petrographic analysis: Thin sections, as a routine work, made for nearly all the samples. Standard procedure used for this purpose (Harwood, 1988). The prepared thin sections of the NOC for the selected depths were also studied. Detailed petrographic study of them done using polarizing microscope type Meiji, and for identification the constituents many references used, such as; Dunham (1962), Wilson (1975), Fuchtbauer (1974), Scholle (1978, 1979), Adams et al., (1984), Reijers and Hsu (1986), Selley (1988) and Sartorio and Venturini (1988). The kerogen strewn slides were prepared according to standard palynological methods, and the polarized microscope with both transmitted and incident lights used in studying slides.
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Table 1-1. Number of the studied samples, using different techniques, from the Chia Gara Formation and crude oil samples. Section Petrographic Thin sections



Rania Sargelu K-109 Bj-1 Tk-3 Hr-1 Crude oil Total



Kerogen Strewn slides



TOC%



CNS%



RockEval Pyrolysis



GC/MS



SIM/GCM S



45 43 103 129 74 121 -



9 7 12 12 14 14 -



16 15 14 13 10 13 -



16 15 14 13 10 13 -



14 13 10 13 -



5 5 5 5 5



5 5 7 5 5



512



68



81



81



50



25



27



2-TOC% determination: The samples were ground and approximately 1520mg analyzed using LECO 412 instrument, for determining the organic and inorganic carbon content. The procedure of sample preparation and analysis is present in Appendix II. 3-CNS analysis: Parallel with the LECO, the CNS Analyzer used for determining the elemental content of the samples. The elements carbon (C %), Nitrogen (N %) and Sulfur(S %) were calculated. The procedure of sample preparation and analysis is sited in Appendix III. 4-Rock-Eval Pyrolysis: The selected samples from all boreholes were analyzed by Rock-Eval II device. The procedure for sample preparation and running is outlined in Appendix IV. 5-GC/MS analysis: The gas chromatography/mass spectrometry and Selected Ion Monitoring- gas chromatography/mass spectrometry (SIM-GCMS)analyses for biomarker assessments of the n-alkane distribution, pristine/phytane ratio, odd-over-even predominance, steranes/terpanes ratio, transformation ratios of 17α ( H)- trisnorhopanes to 18α ( H) –trisnorneohopanes, moretane to 17 α ( H) 21β ( H)- hopanes, phenanthrene, dibenzothiophene ,etc. were carried out for extracts from rock samples and for the oil samples. The extraction procedure of bitumen and separation of aliphatic, aromatic and NSO components is sited in Appendix V. 13
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The entire studied sample prepared according to standard organic geochemical procedures (Peters et al., 2005). Petrographic and palynological thin sections made at the Department of Geology, College of Science, University of Sulaimani. The TOC% and CNS analyses carried out at the Geobiology Department, Göttingen University, Germany. The Rock-Eval pyrolysis and GC/MS analysis carried out at the Department of Organic Geochemistry, Institute for Geology and Mineralogy, University of Cologne, Germany.
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CHAPTER TWO STRATIGRAPHY AND SEDIMENTOLOGY The Chia Gara Formation from six different sections, surface and subsurface, is studied. For the two outcrop sections (Rania and Sargelu), the field work carried out in order to observe and record all geologic relationships (i.e. stratigraphy, sedimentology, paleontology .etc.), also samples were collected along both sections. Cutting samples from subsurface sections obtained from the North Oil Company (NOC) in Kirkuk. Then thin sections made and studied under polarizing microscope. The thin sections made by the NOC also included in this study. A brief description of each section is sited below:



2-1 Rania section: This section was studied by Mohialdeen (2007) in detail (Fig.2-1). The lower contact is sharp and abrupt; changing from stromatolitic limestone to brown shale, with the Barsarin Formation (Kimmergian) (Fig. 2-2 A). The upper boundary of the formation with Balambo Formation is characterized by a succession of limestone and marl, the boundary was taken at the beginning of pinkish limestone (weathering color) and the abundance of uncoiled ammonites (Mohialdeen, 2007). One of the strong evidence for the presence of Balambo Formation is the occurrence a type of ammonite cf.Killianella sp., which has the Early Valanginian age (Abelardo Cantu-Chapa, 2007, personal communication) (Fig. 2-2 B). The basal beds of the Balambo Formation contain numerous Valanginian ammonites including Kilianella sp., Neocomites sp. and Protancyloceras sp. (Bellen et al., 1959). The Chia Gara Formation consists of alternation of thin bedded limestone and shale. The shales are calcareous, brown to dark in color, rich in organic matter, have the odor of oil and almost show fissility (Fig.2-2 C). They are abundant in the lower part of the section and decrease upward (Fig.2-1). The limestones are thin to medium bedded, argillaceous, rich with radiolaria and organic matters in most of beds (Fig.2-2 D, E and F), also they are rich with ammonites, especially coiled types, and show no bioturbation structures (i.e. burrowing). 15
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MW P G B



33



Thin and white coloured limestone and calcareous shale. Limestone beds have thickness range between 10cm and 35cm, and shale layers about 4cm to 7cm. The dark and white bands decrease in distribution upward and the colour of limestone become light grey. Ammonites a re abundant, especially coiled type. Total thickness=36.81m.
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Description



24 Alternation of thick limestone beds (about 95cm) and thin laminated dark shale(5-10cm). The white and dark bands range in dimaeter between 2cm to 40cm. Ammonite impressions are very common.. The shale, toward the upper part, becomes light brown in colour. Total thickness =40.05m.
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19 18 17 16 15 14 13 12



Alternation of black organic-rich limestone (lensoidal geometry) and laminated papery black to brown shale. The beds become thinner. Previously, this unit was called the phacoid beds (Bellen et al., 1959). Total thickness =20m.



11 10m



5 0



n dgian rsari i r e Kimm Ba



10 8 6



9



7



5 4 3 2



Hard and medium beds of stromatolitic limestone.



1



Fig. 2-1. Stratigraphic column of the Chia Gara Formation, Rania Section, Kurdistan, NE Iraq (after Mohyaldin, 2007).
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39 Thick (65-95cm), bluish white coloured, hard and highly jointed beds of limestone forming a steep ridge. Rich with ammonites, especially uncoiled types. Few marl beds are present. Total thickness=56.7m.
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Thin layers and white coloured limestones with very thin and brown calcareous shale. Total thickness=23.1m.
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A



B



200µm



300µm
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D
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E



F



400µm G Fig.2-2. A) Stromatolitic limestone of Barsarin Fm., S.No.1, Rania section, B) Ammonite of Balambo Fm., cf. Killianella sp., Age: Lower Valanginian, Balambo Fm., S.No.37, Rania section, C) Calcareous Shale facies rich with OM, Chia Gara Fm., S.No.15, Rania section, PPL, D) Bioclastic wackestone rich with ostracods, Chia Gara Fm., S.No.7, Rania section, PPL, E) Amorphous kerogen in bands, Chia Gara Fm., S.No. 5, Rania section, PPL, F) Radiolarian wackestone microfacies, Chia Gara Fm., S.No.10, Rania section, PPL, and G) Radiolarian packestone microfacies with dark and white bands, Chia Gara Fm., S.No.22 , Rania section, PPL.
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The limestone beds of lower part mainly characterized by lensoidal shape (Phacoid beds), this facies may indicate the carbonate slope depositional environment (Coniglio and Dix, 1992). White and dark bands structures are common along the section, especially within argillaceous limestones (Fig.2-2 G), these bands probably formed due to diffusion of organic matter through the more porous parts of the limestone (Mohialdeen, 2007). The common microfacies in the section is radiolarian wackestone-packestone (Fig. 2-1), rich with organic matter and other bioclasts, such as ostracods, sponges and ammonites. Nearly all radiolarian molds were filled by calcite; this is after dissolution of all silica and/or opal skeletons. Typical ostracods with two valves together noted in the lower part of this section (Fig. 2-2 D). One of the major diagenetic process happened in the Chia Gara Limestones, in all sections, is the dissolution of siliceous radiolarian skeletons and precipitation of calcite in their molds. The radiolarian skeletons are soluble and easier to dissolve than grains such as quartz. Changing in pH condition (towards alkalinity), and rising temperature develop the dissolution process of siliceous radiolarian skeletons (Li and Schoonmaker, 2004). The most suitable depositional environment of the Chia Gara Formation in this section is the carbonate slope environment with euxinic water basin.



2-2 Sargelu section: The succession for the Chia Gara Formation in Sargelu Village is not much different from the previous section (Rania), in which the sequence is composed of alternation of thin bedded limestone and shale (Fig.2-3 and 2-4A). The lower contact is sharp with the Barsarin Formation (Fig. 2-4 B), while the upper contact is believed to be unconformable with the Balambo Formation, changing from argillaceous limestone to yellowish marl and marly limestone rich with belemnites (Fig. 2-4 C, D and E). However the succession is more deformed structurally, folding and faulting are seen on the layers and attempts made to avoid the calculation of repeated beds. The shale beds are thin and dark to black in color, fissile, very rich with organic matter and have the odor of petroleum. 19
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Brown limestone rich with organic matter, alternate with medium thickness beds of brown to dark shale. The first appearance of white and dark bands, with diameter ranged between 5cm and 20cm. Total thickness=16.5m.
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Brown to black and fissile shale alternate with dark coloured and lensoidal liestone which is rich with organic matter. This unit may be correlate with Phacoid bed of Bellen et al. (1959).
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Total thickness =70m.
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Fig.2-3. Stratigraphic column of the Chia Gara Formation, Sargelu section, Kurdistan, NE Iraq.
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Two beds ogf greyish marl with 3.5m thickness at the base. Reddish limestone bed (sample No. 30) present. Large belmenites are occur.
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27 26 Grey to white and hard limestone alternate with thin layers of shale. Total thickness= 22.4m.
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22 Alternation of hard and grey limestone and calcareous shale (green and brown ). Rich with ammonites, especially in the upper part. Total thickness=49.5m.
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Thin bedded calcareous shale alternate with grey to brown and medium thickness of limestone. The ammonites are abundant, coiled and uncoiled types. Total thickness=31.5m.
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Fig.2-3. Continued.
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Fig.2-4. A)Outcrop of the Chia Gara Fm., Sargelu section, B)Stromatolitic limestone, Barsarin Formation, S.No.1, Sargelu section, C)Pinkish limestone, Balambo Fm., S.No.30, PPL, D) Beleminitic mudstone, Balambo Fm., Sargelu section, S.No.31,PPL, E) Large Belemnite specimen, Balambo Fm., Sargelu section, S.No.32., F) Radiolarian packestone, Chia Gara Fm., S.No.4, Sargelu section, PPL, G) Radiolarian packestone with white and dark bands, Chia Gara Fm., S.No.7, Sargelu section, PPL, and H) Pyritized mudstone with rare radiolarian, Chia Gara Fm., S.No.28,PPL.
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The limestone layers are in general argillaceous and show no bioturbation. White and dark bands have been recorded in horizon (about 7m thick) and not along the section (Fig. 2-4 F and G). The radiolarian mudstone-wackestone microfacies is common and rich with organic matter as well as some other bioclasts (Fig. 2-4 G and H). It is believed that the formation deposited in a carbonate slope environment with anoxic bottom water. The euxinic water can be concluded from the color of beds, existence of pyrite, in addition to abundance of preserved organic matters in the samples (Leventhal, 1983, Einsele, 2000).



2-3 Well K-109: A detailed study carried out on the Chia Gara Formation in this well (Mohialdeen and Al Beyati, 2007) (Fig. 2-5). The formation is overlaying by the Karimia Formation and the underlain rock unit is Barsarin Formation (Fig.2-6 A and B). The succession is composed of shale and argillaceous limestone (Fig. 2-5). The final report of the NOC used as a base for determining the boundary surfaces (NOC, 1953). The formation has a thickness of 309.5m, within depth interval 2782.5m-3092m. The shale layers are very dark and rich with organic matter, sometimes with bitumen stains (Fig.2-6 C). The limestones are argillaceous, radiolarians and rich with pyrite. The size of the radiolarian moulds is between 100 to 200µ, and they are filled with sparry calcite (Fig. 2-6 D). The limestones in some layers were subjected to partially dolomitization, and detrital quartz grains also noted within the matrix. The samples lack foraminifera species, except two specimens of biserial Textularides at depth 2831.5m.



The petrographic constituents are



similar to that of the outcrop sections. Depositional environment in this well is similar to the deposited environment in the previous outcrops. However the greater thickness may indicate more stability, deeper and continuous depositional environment. The maximum thickness of the Chia Gara Formation recorded in this well, which probably indicates depocenter of the Chia Gara basin. The wide distribution of fissility, pyrite and the absence of any bioturbation (microboring) may also indicate the anoxic and euxinic environment of deposition. 23
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Fig.2-5. Stratigraphic column of the Chia Gara Formation in K-109 well, NE Iraq, (Modified from NOC, 1953) and location of the studied samples geochemically.



24



Chapter Two



Stratigraphy and Sedimentology



150µm A



200µm B



200µm C



150µm D Fig.2-6. A)Calcareous Mudstone, Karimia Fm., Depth interval (DI): 2688.2-2689.7m,PPL, Well K-109, B) Stromatolitic limestone bearing gypsum nodules, Barsarin Fm., DI: 3108.83110.3m, XP, Well K-109, C)Calcareous shale rich in OM, Chia Gara Fm., DI: 3087.43088.9m,XP, Well K-109, and D) Radiolarian packestone microfacies, Chia Gara Fm., DI:2992.9-2994.5m, PPL, Well K-109.
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2-4 Well Bj-1: The Chia Gara Formation in this well has a thickness of 160m (depth interval 2147m to 2307m). The lower contact is with the Gotnia Formation (white anhydrite beds), and the upper contact is unconformable with Lower Sarmord Formation (NOC, 1989) (Fig.2-7). However the name of Lower Sarmord Formation changed to Makhul Formation based on the stratigraphic and paleontologic consideration by Al-Esa and Al-Omari (1999). They put the boundary at depth 2180m instead of 2147m. In this study and after studying thin sections from this interval (i.e. 2147-2180m), it is like the Chia Gara lithology and found no certain different characters with the lower Chia Gara Formation (Fig.2-7). Hence the upper boundary was taken at 2147m. The formation is generally composed of limestone and argillaceous limestone, with the absence of clear shale beds (Fig.2-8A). The argillaceous limestones are dominant in the lower and upper parts of the section. Dolomitic clayey limestone microfacies recorded in the lower part. Dolomites are euhedral and crystals are larger than 50µ, which probably of late burial origin (Fig. 2-8 B). The radiolarian wackestone is the major microfacies distributed along the entire of section. The radiolarian molds filled with calcite and have sizes from100 to 230µ. There are few grains of quartz distributed in the lower and upper parts of the section. Other constituents such as calpionellids, calcisphers and sponge spicules also noted in some of the samples. The limestone beds contain Calpionellids fossils, especially Calpionella alpine Lorenz and Crassicollaria parvula Remane at depths 2192m, 2214m and 2221m (Fig. 2-8 C, D and E), as well as recorded from depths 2298m and 2260m. These species have the Late Tithonian to Berriasian age (Haq, 1980, Sartorio and Venturini, 1988).



As observed from the thin sections the



Callpionella fossils were distributed along the section and not restricted to the upper part, if we take the study of Al-Esa and Al-Omari (1999) into consideration, i.e. they stated that the interval from2147m to 2180m represents the Makhul Formation. However the Makhul Formation consists of argillaceous limestone and calcareous mudstones dolomitized and /or recrystallized, which deposited in shallower (near-shore 26
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Fig.2-7. Stratigraphic column of the Chia Gara Formation in Bj-1 well, Northern Iraq, ( modified from NOC, 1989) and location of the studied samples geochemically.
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Fig.2-8. A) Radiolarian wackestone-packestone microfacies, Chia Gara Fm, Well Bj-1, Depth: 2199m, PPL, B) Dolomitioc clayey limestone ,Chia Gara Fm, Well Bj-1, Depth: 2280m,PPL, (bar=100µ ), C) Calpionellid (Calpionella alpine Lorenz) in radiolarian wackestone microfacies, Chia Gara Fm, Well Bj-1, Depth:2198m, PPL, D) Calpionellid in bioclastic wackestone microfacies, Chia Gara Fm., Well Bj-1, Depth: 2298m,PPL, E) Calpionellid (Crassicollaria parvula Remane) in radiolarian wackestone bearing calpionellids microfacies, Chia Gara Fm., Well Bj-1, Depth: 2214m,PPL, F) Bioclastic wackestone microfacies with Pseudocyclammina and other bioclasts, Chia Gara Fm., Well Bj-1, Depth: 2259m,PPL, and G) The same previous thin section as in (F) showing Pseudocyclammina.
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facies) environment than the pelagic Chia Gara Formation (Buday, 1980, Sharland et al., 2001). Similarity in age and lithology with the Chia Gara Formation, makes discrimination between them difficult and controversial. The lower part of the section shows more dolomitization (large grains of about 100µ) (Fig. 2-8 B), and poor radiolarian distribution than the rest of the section, also



this



part



shows



kerogen



enrichments.



Few



specimens



of



Pseudocyclammina recorded at depths 2257m and 2259m within the bioclastic wackestone microfacies (Fig. 2-8 F and G). The richness with organic matter and pyrite crystals support the euxinic outer shelf environment as well as some terrestrial input as indicated from quartz grains.



2-5 Well Tk-3: The Chia Gara Formation appeared within the depth interval 2778m -2890m, i.e. 112m thick (NOC, 1987). The lower contact is with the Gotnia Formation and the upper contact with the Lower Sarmord Formation (Fig.2-9). The lower contact is sharp and directly changed from stromatolitic limestone rich with anhydrite to argillaceous limestone (Fig. 2-10 A), and the upper contact is determined where the radiolarian limestones of Chia Gara Formation are changed to silty pyritizd mudstone of the Sarmord Formation (Fig.2-10 B). The succession is composed of light grey-dark grey, compact, pyretic, finely crystalline, dolomitized with dolomitic limestone at the bottom of the section. Two horizons of calcareous shale identified at 2800m-2822m and 2870m2889m, which are very rich with pyrite, and the latter is characterize by bitumen droplets. Thin sections are rich with radiolarian molds, 100μ to 250 μ in diameters (Fig. 2-10 C), some of them totally replaced by pyrite (Fig. 2-10 D). Different shapes of radiolarians observed such as globular, conical and with one or two spines (Fig. 2-10 C). Biolclasts of sponge spicules, thin shelled ostracods, and calpionllids are also present. The calpionllids are present within a horizon of radiolarian wackestone microfacies (Fig. 2-10 E). This facies is mostly indicates the deep outer shelf environment of deposition (Sartorio and Venturini, 1988). 29
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Fig.2-10. A) Anhydrite facies , Gotnia Fm., Well Tk-3, DI.: 2890-2891m, XP, (bar=1mm), B)Calcareous mudstone, Sarmord Fm., Well Tk-3, Depth: 2770m, PPL, C) Radiolarian packestone, Chia Gara Fm., Well Tk-3, DI.: 2848-2849m, PPL, D)Pyritized radiolarian shell, Chia Gara Fm.,Well Tk-3, Depth: 2804m, PPL, E)Radiolarian wackestone rich in sponge spicules, Chia Gara Fm.,Well Tk-3, Depth :2845m.,PPL, and F) Silty calcareous shale bearing calcisphers, Chia Gara Fm.,Well Tk-3, Depth:2791m, PPL.
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Pyrite grains as framboidals and large crystals are abundant along the section; some crystals reach 300 μ in diameter. Also the total pyritization of radiolarians is not uncommon. The silt and sand size grains of quartz noted along the middle and the upper parts of the section (Fig. 2-10 F). This may indicate the wind blown influx from the nearby areas. These facies and bio-content indicate deposition of sediments in deep outer shelf to upper slope environment with euxinic and anoxic water. The sequence as a whole represents a transgressive system tract (TST) effect after the low stand system tract (LST) situation represented by the anhydrite facies of the Gotnia Formation.



2-6 Well Hr-1: In contrast with the other sections, the Chia Gara Formation in this well mainly is grey to black limestone. Few thin horizons of shale recorded along the section. Shales are calcareous and frequently bituminous (Fig.2-11). The formation presents within the depth interval 3076m -3305.5m, i.e. 229.5m thick. The lower contact is with the Barsarin Formation and the upper contact is with the Lower Sarmord Formation (NOC, 1973). The Lower Sarmord Formation is characterized by the mudstone microfacies partly dolomitized and rich with pyrite (Fig. 2-12 A). The upper part of Chia Gara Formation also characterized by the presence of organic matter- rich mudstone microfacies (Fig. 2-12 B). Downward the section characterized by the radiolarian wackestone microfacies begin to appear, however it is slightly different from the other radiolarian wackestone microfacies of the other sections, by



bearing



foraminifera,



glauconite,



calcisphers



and



partly



dolomitized (Fig. 2-12 C). At depth 3150m a foraminiferal wackestone microfacies bearing radiolarian, calpionellids and glauconite appeared. Planktonic foraminifera such as Globigerina jurassica sp. and Textularides recorded, some of them filled with pyrite (Fig. 2-12 D). Different bioclasts such as thin shelled ostracods, ammonites, and sponge spicules, in addition to foraminifera and radiolarian were recorded at depth 3195m. This microfacies is partly dolomitized (Fig.2-12 E), and thin layers of 32
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Fig. 2-11. Stratigraphic column of the Chia Gara Formation in Hr-1 well, Northern Iraq (Modified from NOC, 1974), and location of the studied samples geochemically.
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Fig.2-12 .A)Mudstone microfacies partly dolomitized rich with pyrite, Sarmord Fm., Well Hr-1, DI.:3061.5-3064.6m,PPL, B) Mudstone rich in OM and pyrite, Chia Gara Fm., Well Hr-1,Depth:3076m, PPL, C) Radiolarian wackestone bearing foraminifera , glauconite and calcisphers, partly dolomitized, Chia Gara Fm., Well Hr-1, Depth,3125m,PPL, D) Foraminiferal wackestone bearing radiolarian, calpionellids and glauconite, partly dolomitized, Chia Gara Fm., Well Hr-1, Depth:3150m,PPL, E) Bioclastic wackestone bearing foraminifera Globigerina jurassica sp., radiolarians and thin shelled ostracods, Chia Gara Fm., Well Hr-1,Depth:3240m, PPL, F)Mudstone, Chia Gara Fm., Well Hr-1, Depth:3270m,PPL, G) Radiolarian wackestone rich in OM, Chia Gara Fm., Well Hr-1, Depth:3295, PPL, H)Stromatolitic limestone, Barsarin Fm., Well Hr-1, Depth:3306m, XP.
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mudstone also recorded (Fig.2-12 F). A typical radiolarian - rich limestones (radiolarian wackestone-packestone microfacies) observed at the lower part of the section (Fig. 2-12 G and H). Glauconite grains distributed along the section sporadically.



Calpionellids were recorded from depth3080m, 3200m and



3240m.Fine dolomite grains (10 μ -20 μ), and bitumen staining also observed in the lower part. Pyrite specks and blobs are distributed, especially in the lower part. The stromatolitic microfacies with patches of anhydrite appeared after depth 3306m, indicating the Barsarin Formation (Fig.2-12 H). The abundance and diversity of fossils may indicate to less restricted and less anoxic depositional environment of the Chia Gara sediments at this section, if compared to the other sections. It is not necessary to represent a different basin, but may be the depositional conditions such as salinity, alkalinity, water column clarity, etc. are different from the other sections. However, in all cases the deposition was taken above Carbonate Compensation Depth. The organic geochemical results will help for more accurate interpretation and reconstruction of paleoenvironments of deposition (Chapter Four).



2-7 Paleoenvironment of deposition: The Late Jurassic –Early Cretaceous time, as a general in the World, was the time of separation and expansion of the continents and peak in extensional activity in the "Wilson Cycle" of global plate tectonic movements (Emery and Myers, 1996). Iraq at that time was representing a part of Arabian Passive Shelf Margin (Numan, 1997, Al-Hussaini, 1997, Ziegler, 2001), the deeper part of this basin was toward the Iranian Plate. The Chia Gara Formation deposited within the deep outer shelf of the Arabian Plate Margin (Numan, 1997). The formation characterized by thin bedded limestone –shale cycle with lensoidal shape at the lower part of succession, absence of bioturbation, richness with ammonites, radiolarian molds, thin walled ostracods and calcisphers are suggest to be represent deep open sea, possibly carbonate slope environment. However the detrital quartz grains and dolomites are not uncommon along the studied sections, especially in Bj-1 and Tk-3 wells, which 35
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indicate terrestrial input and dolomitization, respectively and probably the outer shelf environment. Indeed the source area was toward the west of the basin and has influence on the supplying sediments to the basin. The radiolarian wackestonepackestone microfacies is the more abundant facies in all studied sections. Bioclastic wackestones rich with foraminifera, thin shelled ostracods, sponge spicules, calpionellids, calcisphers and some undetermined fossils were present in some horizons and not along the entire section (Fig.2-13). The euxinic and anoxic conditions of the Chia Gara Basin are clear from the high OM content and good preservation as well as the abundance of pyrite grains. During the Mesozoic and Cenozoic, the Arabian plate was principally in tropical regions where carbonate deposition prevailed and organic productivity was high (Beydoun, 1998, Hijab and Al-Dabbas, 2004).



Fig.2-13.Fence diagram depicting generalized lithological successions of the studied sections through the Chia Gara Formation that have been examined.



36



Chapter Two



Stratigraphy and Sedimentology



The absence of trace fossils (burrowing and microboring) within the sediments indicate euxinic condition (Johnson et al., 2003), which was not suitable for inhabitancy of organisms. The detailed organic geochemical study, using biomarkers (Chapter 4), possibly proves this suggestion. The dissolving of all radiolarian silica skeletons and filling with calcite show changing in pH condition toward alkalinity and almost the deposition was above the Calcite Compensation Depth (CCD), in contrast with Ahmad (1997) who suggested that the facies of it may reach the CCD surface. These radiolarians possibly came with currents from the deeper parts of the basin and calcite replaced the silica in the tests as a result of changing environmental conditions. The semirestricted depositional environment, which caused anoxic condition, may be related to formation of listric normal faults (Numan, 2000) which caused some restriction of the basin. The carbonate outer shelf to slope model at the end of the shelf of Arabian Plate Passive Margin may be more suitable for the depositional basin of the Chia Gara Formation (Fig. 2-14). The Chia Gara Formation in Qarachuq-1 (Qc-1) well was studied by Ahmed (1997); he concluded the depositional environment as slope environment too. In their facies distribution model AlQayim and Saadallah (1992), suggested that the depositional environment of the Chia Gara Formation at Rawanduz and Beckme outcrop sections, mostly represent different positions within the deep marine regime. The Chia Gara Formation, as previously discussed, characterized by thin bedded limestone and shale. This cyclicity in the deposition may indicate deposition from dilute turbidity currents or from suspension settling (Conigilo and Dix, 1992). Conigilo and James (1990) suggested that the limestone –shale association is largely the product of shallow burial diagensis. Lithification of the limestone seems to have taken place by early dissolution of carbonate from the argillaceous interlayer and reprecipetation in the carbonate layers. This precipitation also cemented local grainy turbidities and formed nodules to layers of diagenetic lime mudstone. Later pressure solution during burial enhanced all limestoneshale contacts (Conigilo and Dix, 1992). One of the major problems in the 37
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sediments of the Chia Gara Formation is the intense diagenetic processes which does not leave much characterization for more interpretation. The Chia Gara Formation in K-109 well has the maximum thickness about 309.5 m (depocenter of the basin). Northeastward and southwestward directions, the thickness decreases as observed from the thickness of the formation from the wells. The isopach facies map of Tithonian-Berriasian is indicates the same conclusion (Dunnington, 1958). Along the axis of the basin the formation in its type locality has about 232m thick, northwest of K-109 well (Fig.2-13); however these thicknesses are not the original thickness, due to compaction and lithification processes. Based on the sedimentology and facies distribution, generally northeastward the basin less restricted and received normal marine water. From the sequence stratigraphy point of view the Chia Gara sediments represent the transgressive deposits above the shallow Barsarin or Gotnia Formations (characterized by anhydrite and stromatolites). This transgression formed isolated basins which OM-rich sediments deposited at the beginning then with time, the normal marine conditions caused deposition of less OMrich sediments, as it is the case in the upper part of the Chia Gara Formation. The Chia Gara Formation represents a part of the tectonostratigraphic megasequence (AP8) of Sharland et al. (2001). The lower part, rich with radiolarian shale, represents TST, hence the lower contact of the Chia Gara Formation entirely represents the sequence boundary in all studied sections, and this boundary represents a tectonostratigraphic boundary (Sharland et al., 2001). A detailed sequence stratigraphic analysis will help to identify the system tracts and any sequence boundaries may present along the sections, and this will give a comprehensive view of the depositional environment.
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Fig.2-14. Schematic block digram of the Late Jurassic – Early Cretaceous basin showing the location of the studied sections and facies distribution. B: Bj-1 well, T:Tk-3 well, H: Hr-1 well, K:K-109 well, R: Rania section, and S: Sargelu section.
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CHAPTER THREE GEOCHEMICAL SCREENING 3-1 General: Before beginning of any geochemical analysis, the selection of samples considered as an important start point. As it is clear, the geochemical analyses are, generally expensive and need high technique in sample preparation, as well as running; hence it is impossible to run all collected samples. In order to select the samples for detailed organic geochemical analyses, the researcher should keep in mind two points; first: the selected samples represent the entire section. Second: the selected samples are of high quality according to known standards. Concerning the first point, attempts made to select samples along the section and represent most lithologies with different facies. In order to apply the second point, there are some preliminary analyses carried out to determine the samples that can be used for more detailed and accurate analyses, such as petrographic analysis,



palynological



analysis,



TOC%,



elemental



analyses,



etc.



The



petrographic description and interpretation were done using thin sections for most of the collected samples (Chapter Two).



3-2 Amount of organic matter: Total Organic Carbon content (TOC %) is the first and important analysis to be done in order to evaluate and discriminate the good samples from the bad samples (bad samples from the organic geochemistry point of view 
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Fig. 3-1. Correlation diagram showing the distribution of TOC% in the studied sections. The lower part of the sections are richer in TOC than the other parts.
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Organic carbon content of the Chia Gara Formation in the study sections exhibit variable richness ranging from 0.3 to 7.35 wt% in the Formation. According to Peters et al., (2005) they ranged from fair to excellent potentiality (Appendix VII). However, nearly all the samples have good content of organic matter (>0.5% TOC), also for further analyses, the samples having less than 1% TOC were neglected. The richness of samples with organic carbon point out high productivity as well as good preservation of organic matters (Hunt, 1996) .One of the most important factor for preservation is the anoxic environment (Peters et al., 2005). The Chia Gara Formation deposited in anoxic water and perhaps euxinc environment, abundant pyrite occurrence support this conclusion. It is clear that the lower part of the formation, outcrops and wells, is richer in TOC% than the other parts (Fig.3-1). The reason for this richness, mostly due to shale rich lower part (Phacoid horizon as called by Bellen et al., (1959) and Mohialdeen (2007).



3-3 Elemental analyses: There are many elements which have good relations with organic matter, there percentages in the samples can be determined using Elemental Analyzer.( For detailed procedure of sample preparation and running see the appendix IV). Elemental concentrations of Carbon (C), Nitrogen (N), and Sulfur (S) were measured in duplicate for eighty one (81) samples from all sections (Table 3-1 and Fig.3-2). The carbon calculated as a total because the instrument can not separate organic from inorganic carbons, i.e. the sample contains organic and inorganic carbons. Total C = Organic Carbon (OC) + Inorganic Carbon (IC) The same samples were analyzed by induction furnace combustion (LECO) for determining the organic and inorganic carbons; hence the TOC% can be calculated easily (this chapter, section 3.2.). 42
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Table 3-1. Total Organic Carbon and elemental data for the studied samples. Sample No.



Formation



R1 R2 R5a R7 R9 R11 R12 R15 R16 R18 R20 R21 R26 R28 R34 R39 S1 S2 S3 S4 S5 S6 S9 S11 S14 S17 S18 S20 S24 S25 S30 K1 K2 K3 K3a K4 K5 K6 K7 K8 K9 K10 K11 K12 K13



Barsarin Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Balambo Barsarin Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Balambo Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Karimia



Depth(m)



Lower



Upper



Lower



Upper 3089.1 3075.4 3017.5 2977.9 2935.2 2862.1 2843.8 2839.2 2822.5 2811.8 2804.1 2795.0 2788.9 2781.0



Total C Wt% 11.80 8.73 12.48 12.58 6.26 5.60 10.72 5.66 7.59 7.43 9.77 2.55 3.79 10.24 10.04 11.05 12.08 13.78 11.96 11.40 10.81 11.35 7.51 11.19 10.43 8.21 10.58 7.43 11.28 11.17 9.96 14.30 9.61 8.17 8.50 9.62 10.28 7.20 8.33 6.04 6.54 7.82 6.29 6.53 6.71



Carbonate C Wt% 11.65 7.75 11.93 11.56 4.59 3.55 9.81 4.98 6.61 6.63 9.13 1.62 3.21 9.55 9.39 10.51 11.41 11.97 11.47 10.77 10.13 10.36 6.56 10.47 10.04 7.59 9.75 6.63 10.75 10.87 9.56 7.04 6.62 5.83 6.96 8.39 8.86 6.50 7.60 5.28 5.92 7.16 5.60 5.84 6.02



Organic C Wt% 0.15 0.98 0.55 1.02 1.67 2.05 0.91 0.68 0.98 0.80 0.64 0.93 0.58 0.69 0.65 0.54 0.67 1.81 0.49 0.63 0.68 0.99 0.95 0.72 0.39 0.62 0.83 0.80 0.53 0.30 0.40 7.26 2.99 2.34 1.54 1.23 1.42 0.70 0.73 0.76 0.62 0.66 0.69 0.69 0.69
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Total N Wt% 0.01 0.18 0.04 0.04 0.29 0.40 0.04 0.14 0.09 0.08 0.05 0.19 0.10 0.02 0.02 0.01 0.01 0.06 0.01 0.01 0.03 0.05 0.06 0.02 0.02 0.03 0.03 0.06 0.01 0.01 0.02 0.26 0.28 0.17 0.09 0.03 0.04 0.05 0.05 0.07 0.05 0.04 0.04 0.06 0.05



Total S Wt% 0.00 0.03 0.06 0.09 0.25 0.23 0.03 0.04 0.03 0.02 0.03 0.05 0.02 0.04 0.03 0.07 0.08 0.24 0.02 0.16 0.10 0.14 0.02 0.08 0.01 0.02 0.60 0.04 0.28 0.16 0.02 3.18 2.98 2.69 1.39 0.60 1.13 1.29 1.22 0.54 1.41 0.75 0.95 0.95 0.79



Org C/N (atomic) 12.9 4.7 11.8 21.9 4.9 4.4 19.5 4.2 9.3 8.6 11.0 4.2 5.0 29.6 27.9 46.3 57.4 25.9 42.0 54.0 19.4 17.0 13.6 30.9 16.7 17.7 23.7 11.4 45.4 25.7 17.1 23.9 9.2 11.8 14.7 35.1 30.4 12.0 12.5 9.3 10.6 14.1 14.8 9.9 11.8



S/C (atomic) 0 0.08 0.29 0.24 0.40 0.30 0.09 0.16 0.08 0.07 0.13 0.14 0.09 0.15 0.12 0.35 0.32 0.35 0.11 0.68 0.39 0.38 0.06 0.30 0.07 0.09 1.93 0.13 1.41 1.42 0.13 1.17 2.66 3.07 2.41 1.30 2.12 4.91 4.46 1.89 6.06 3.03 3.67 3.67 3.05



Calcite % 97.08 64.58 99.42 96.33 38.25 29.58 81.75 41.50 55.08 55.25 76.08 13.50 26.75 79.58 78.25 87.58 95.08 99.75 95.58 89.75 84.42 86.33 54.67 87.25 83.67 63.25 81.25 55.25 89.58 90.58 79.67 58.67 55.17 48.58 58.00 69.92 73.83 54.17 63.33 44.00 49.33 59.67 46.67 48.67 50.17
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Table 3-1. Continued. B1 B2 B3 B4 B4a B5 B6 B7 B8 B9 B10 B11 B12 T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 H12 H13



Gotnia Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Sarmord Barsarin Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Sarmord



2307 2295 2289 2277 2261 2251 2245 2233 2213 2191 2175 2161 2147 2886 2866 2858 2838 2828 2818 2798 2790 2782 2770 3310 3280 3245 3230 3210 3185 3165 3160 3140 3120 3110 3085 3075



6.06 15.10 10.73 9.56 5.55 8.92 7.41 7.17 6.94 7.11 5.65 5.96 5.62 12.67 13.31 8.48 8.13 9.29 8.05 9.46 6.92 7.01 5.28 9.83 9.69 9.43 9.08 8.98 9.07 8.23 8.33 8.58 8.63 8.85 8.07 8.15



4.46 7.75 6.76 6.19 3.89 6.02 4.73 4.46 4.35 4.55 4.50 4.91 4.36 8.82 5.89 4.88 4.87 6.25 5.76 7.03 5.29 5.61 3.99 8.24 8.17 7.80 7.36 7.41 7.54 6.64 6.57 6.97 6.91 6.84 6.42 6.47



1.60 7.35 3.97 3.37 1.66 2.90 2.68 2.71 2.59 2.56 1.15 1.05 1.26 3.85 7.42 3.60 3.26 3.04 2.29 2.43 1.63 1.40 1.29 1.59 1.52 1.63 1.72 1.57 1.53 1.59 1.76 1.61 1.72 2.01 1.65 1.68



0.02 0.10 0.08 0.07 0.05 0.05 0.05 0.06 0.06 0.06 0.05 0.03 0.05 0.08 0.25 0.19 0.09 0.06 0.06 0.04 0.04 0.05 0.04 0.08 0.08 0.08 0.09 0.09 0.08 0.09 0.09 0.10 0.09 0.10 0.09 0.09



6.86 2.40 0.74 2.70 3.36 3.04 3.89 4.20 4.32 3.75 3.74 1.84 2.57 1.63 3.14 3.14 3.43 2.64 2.47 1.94 2.73 3.46 3.89 2.25 0.59 0.68 0.78 0.67 0.76 0.70 0.75 0.75 0.74 0.83 0.39 0.75



68.6 63.0 42.5 41.3 28.5 49.7 45.9 38.7 37.0 36.6 19.7 30.0 21.6 41.3 25.4 16.2 31.0 43.4 32.7 52.1 34.9 24.0 27.6 17.0 16.3 17.5 16.4 15.0 16.4 15.1 16.8 13.8 16.4 17.2 15.7 16.0



11.43 0.87 0.50 2.14 5.40 2.80 3.87 4.13 4.45 3.91 8.67 4.67 5.44 1.13 1.13 2.33 2.81 2.32 2.88 2.13 4.47 6.59 8.04 3.77 1.04 1.11 1.21 1.14 1.32 1.17 1.14 1.24 1.15 1.10 0.63 1.19



37.17 64.58 56.33 51.58 32.42 50.17 39.42 37.17 36.25 37.92 37.50 40.92 36.33 73.50 49.08 40.67 40.58 52.08 48.00 58.58 44.08 46.75 33.25 68.67 68.08 65.00 61.33 61.75 62.83 55.33 54.75 58.08 57.58 57.00 53.50 53.92



Note: R: Rania section, S: Sargelu section, K: Kirkuk-109 well, B; Bj-1 well, T: Tk-3 well and H: Hr-1 well.
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Fig.3-2. Total carbon, Nitrogen and Sulfur% content in the studied sections.
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All the surface sections (outcrops) show very low content of sulfur (0.0 -0.28%), while the subsurface sections (cuttings) show higher content (0.59-6.86%) (Fig.32). This may be either because of loosing sulfide due to weathering or lacking iron and limiting sulfide formation. The sulfur richness of samples estimated until before analyzing them, which the wide abundance of pyrite in thin sections indicates to this (Chapter 2). Organic carbon (C ) and total sulfur ( S) relationship can be used to distinguish depositional environments in terms of the presence of oxygen (normal marine) or H2S (Black sea or euxinic type) in overlying water (Leventhal, 1983). A linear regression of data from the carbon versus sulfur plot shows an intercept at the origin for oxic (normal) environments, whereas an intercept on the S axis is obtained for euxinic environments (Leventhal, 1987, Rantitsch, 2007). In the TOC-S diagram, most of the samples plot along a line with a positive intercept on the sulfur axis (Fig.3-3), indicating a deposition under a H2S containing water column. Samples in surface sections were probably laid down under H 2S-laden water, and some were deposited under very low O2 or anoxic-non sulfidic conditions. All the other sections were deposited under euxinic conditions; however the distribution of samples show scattered relations n the TOC-S diagram (Fig.3-3). From the basin analysis point of view, it can be interpret that toward NE the depositional environment was less anoxic. The TOC% and total nitrogen values were used to calculate atomic C/N values of the samples (Table 3-1). The C/N values can be used as land-derived OM indicator. The high C/N ratios (>20-25) tend to reflect land-derived OM (Mayers, 1994) but organic Carbon –rich horizons are exceptions to this tent. The C/N values of ancient kerogens are generally >25 (Waples and Sloan, 1980 in Tyson, 1995). The C/N data of the studied samples show heterogeneity for all studied sections.
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Fig.3-3. Evidence for anoxic conditions, TOC- S diagram (after Rantitsch, 2007), showing the samples of the Chia Gara Formation. Surface samples are deposited under less sulfidic conditions than the subsurface sections.
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The sections of Rania, Hr-1 and K-109 revealed normal results, with some exceptions as in the upper part of Rania section, the value is greater than 25. It is normal that some of the land-derived OM to be present in the samples. The anomalous data (i.e. C/N >25) as in the other sections are also not too much, the maximum is 63 in well Bj-1 (Table3-1). Indeed the number is high but not necessary to represent greater terrestrial OM. Many mid-Cretaceous black shales yield high C/N values that lie in the range typically indicative of land-derived OM. Yet these units contain only minor contributions of material from land plants; visually, they are composed predominantly of amorphous organic matter derived from marine algae and bacteria (Meyers and Doose, 1999). The recognition of high C/N ratios (31-590) in kerogens from the Archean and early Proterozoic, further confirms that the cycling of nitrogen behaves differently in anaerobic systems (Beaumont and Robert, 1999). The C/N ratios would be also modified by preferential removal of nitrogen-rich organic compounds during anaerobic degradation of OM (Nijenhuis and de Lange, 2000). The rare amount of structured OM and abundance of amorphous OM in the palynological thin sections support the minor terrestrial OM and the predominant of bacteria (section 3-7). The biomarker studies (Chapter 5) also indicate the same conclusion.



3-4 Rock-Eval Pyrolysis: One of the most important techniques in organic geochemistry for source rock appraisal is using Rock-Eval Pyrolysis (Espitalie, 1986, Whelan and ThompsonRizer, 1993). The Rock Eval pyrolysis method consists of a programmed temperature heating (in a pyrolysis oven) in an inert atmosphere (helium) of a small sample to quantitatively and selectively determine: (1) the amount of free hydrocarbons (S1), (2) the amount of hydrocarbons generated through thermal cracking of nonvolatile organic matter(S2),(3) the amount of CO2 produced during pyrolysis of kerogen(S3) and (4) the temperature at which the maximum release of hydrocarbons from cracking of kerogen occurs during pyrolysis (Tmax ). Tmax is 48
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an indicator to organic matter maturity stages. The sample preparation and running is outlined in appendix IV. The geochemical studies carried out on the samples rich in OM (TOC>1%) (Lorenz Schwark, 2006, personal communication). There are few outcrop samples have TOC % in that range (Table 3-1); analyzing them will not give a comprehensive view from the section that is why the outcrop samples were not subjected to other geochemical analyses. Rock-Eval pyrolysis data collected with a Rock-Eval II instrument and reported according to Peters (1986), were measured in duplicate and averaged due to their acceptable precision. In total, excluding duplicates and standards, fifty samples (forty five of the Chia Gara Formation and five samples from other rock units from four subsurface sections) were analyzed using Rock-Eval II pyrolysis (Table3-2). The classification of Peters and Cassa (1994 in Peters et al., 2005) (Appendix VIII) applied for classifying the samples:



3-4-1 Well K-109: The Rock-Eval S1 of the Chia Gara samples ranges from 0.21 to 2.56mgHC/g rock, averaging 0.66 mgHC/g rock. S1 value above depth 2862.1m is very low (Fig.3-4), due to the low TOC%. Production Index (PI) varies from0.27 to 0.42, 0.32 in average. Two samples from depths 3017.5m and 2804.1m have PI around 0.4 (Fig.3-4). The PI data indicate that most of the hydrocarbons contained in the sediments are indigenous, and the thermal maturation level of OM in these samples throughout the analyzed section reached peak maturity stage. Sample K3 has PI>0.4, suggesting either the presence of migrated petroleum and/or contamination from drilling mud (Keym et al., 2006). S2 ranges from 0.36 to 6.84 mgHC/g rock. The S2 values of the lower part (except sample K3) indicate good potential of hydrocarbons, while the upper part shows poor potentiality. The hydrogen index (HI) of these samples are from 61 to 148mgHC/g TOC (except sample K3), which suggest type III kerogen. 49
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Table 3-2. Rock-Eval pyrolysis data for the studied samples from the selected sections. Cologne Sample Depth Sample No. (m) ID



Formation



S1 [mg/g rock]



S2 [mg/g rock]



S3 [mg/g rock]



Tmax [°C]



S2/S3



Rס%



TOC (%)



998347 998348 998349 998350 998351 998352 998353 998354 998355 998356 998357 998360 998358 998359 Average 998321 998322 998323 998324 998325 998326 998327 998328 998329 998330 998331 998332 998333 Average 998311 998312 998313 998314 998315 998316 998317 998318 998319 998320 Average 998334 998335 998336 998337 998338 998339 998340 998341 998342 998343 998344 998345 998346 Average



0.24 0.21 0.22 0.30 0.26 0.26 0.24 0.28 1.06 0.82 0.84 0.26 1.21 2.56 0.66 0.15 0.24 0.20 0.46 0.80 1.23 0.59 1.21 0.42 0.61 1.54 0.96 0.36 0.70 0.58 0.64 0.80 2.28 1.34 2.09 1.67 2.10 2.96 1.90 1.75 0.19 0.17 0.28 0.19 0.29 0.23 0.18 0.18 0.23 0.25 0.25 0.29 0.32 0.23



0.65 0.56 0.60 0.45 0.75 0.46 0.48 0.56 2.08 1.82 1.98 0.36 2.78 6.84 1.52 2.56 2.00 2.24 9.01 12.88 15.00 7.46 13.46 6.34 10.51 22.76 33.21 4.50 11.45 3.83 5.44 5.10 9.55 8.57 13.54 14.32 15.00 36.65 17.78 13.99 3.14 3.32 4.02 3.12 3.90 3.53 3.23 3.01 2.70 4.23 3.50 4.65 4.00 3.56



0.35 0.32 0.34 0.45 0.28 0.24 0.38 0.56 1.00 0.80 0.75 0.36 0.92 2.00 0.65 0.56 0.53 0.60 1.05 0.82 0.80 0.82 0.71 0.48 1.33 0.83 1.81 0.71 0.86 0.86 0.78 0.82 0.73 0.71 0.58 0.65 1.10 1.56 0.96 0.88 0.63 0.70 1.22 0.78 1.10 1.23 1.11 1.13 1.02 1.44 1.08 1.49 1.30 1.12



435 435 438 438 443 436 438 433 438 446 454 438 457 450 441.846 441 433 434 426 429 428 430 431 433 434 435 435 430 432.417 437 442 437 437 440 439 437 435 439 439 438.333 441 442 440 442 440 434 431 434 432 432 430 431 430 435.227



1.86 1.75 1.76 1.00 2.68 1.92 1.26 1.00 2.08 2.28 2.64 1.00 3.02 3.42 1.99 4.57 3.77 3.73 8.58 15.71 18.75 9.10 18.96 13.21 7.90 27.42 18.35 6.34 12.50 4.45 6.97 6.22 13.08 12.07 23.34 22.03 13.64 23.49 18.52 15.49 4.98 4.74 3.30 4.00 3.56 2.87 2.91 2.66 2.65 2.94 3.24 3.12 3.08 3.27



0.67 0.67 0.724 0.724 0.814 0.688 0.724 0.634 0.724 0.868 1.012 0.724 1.066 0.94 0.79323 0.778 0.634 0.652 0.508 0.562 0.544 0.5 0.598 0.634 0.652 0.67 0.67 0.5 0.61683 0.7 0.79 0.7 0.7 0.76 0.742 0.7 0.67 0.742 0.742 0.72733 0.778 0.79 0.76 0.79 0.76 0.652 0.598 0.652 0.616 0.616 0.5 0.598 0.5 0.66655



0.69 0.69 0.69 0.66 0.62 0.76 0.73 0.70 1.42 1.23 1.54 2.34 2.99 7.26 1.66 1.26 1.05 1.15 2.56 2.59 2.71 2.68 2.90 1.66 3.37 3.97 7.35 1.60 2.77 1.29 1.40 1.63 2.43 2.29 3.04 3.26 3.60 7.42 3.85 3.21 1.68 1.65 2.01 1.72 1.61 1.76 1.59 1.53 1.57 1.72 1.63 1.52 1.59 1.66



K13 K12 K11 K10 K9 K8 K7 K6 K5 K4 K3a K3 K2 K1



2781.3 2788.9 2795 2804.1 2811.8 2822.5 2839.2 2843.8 2862.1 2935.2 2977.9 3017.5 3075.4 3089.1



Karimia Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara



B12 B11 B10 B9 B8 B7 B6 B5 B4a B4 B3 B2 B1



2147 2161 2175 2191 2213 2233 2245 2251 2261 2277 2289 2295 2307



Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Gotnia



T10 T9 T8 T7 T6 T5 T4 T3 T2 T1



2770 2782 2790 2798 2818 2828 2838 2858 2866 2886



Sarmord Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara



H13 H12 H11 H10 H9 H8 H7 H6 H5 H4 H3 H2 H1



3075 3085 3110 3120 3140 3160 3165 3185 3210 3230 3245 3280 3310



Sramord Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Barsarin



Rס%: Theoretical vitrinite reflectance.OI: Oxygen Index. HI: Hydrogen Index.



50



S1/TOC OI [mg HI [mg PI S1+S2 CO2 / HC / (S1/S1+ PP gTOC] gTOC] S2) 0.35 0.30 0.32 0.45 0.42 0.34 0.33 0.40 0.75 0.67 0.55 0.11 0.40 0.35 0.41 0.12 0.23 0.17 0.18 0.31 0.45 0.22 0.42 0.25 0.18 0.39 0.13 0.23 0.25 0.45 0.46 0.49 0.94 0.59 0.69 0.51 0.58 0.40 0.49 0.57 0.11 0.10 0.14 0.11 0.18 0.13 0.11 0.12 0.15 0.15 0.15 0.19 0.20 0.14



51 46 49 68 45 32 52 80 70 65 49 15 31 28 48 44 50 52 41 32 30 31 24 29 39 21 25 44 35 67 56 50 30 31 19 20 31 21 25 31 38 42 61 45 65 70 70 74 65 84 66 94 82 67



94 81 87 68 121 61 66 80 146 148 129 15 93 94 91 203 190 195 352 497 554 278 464 382 312 573 452 281 371 297 389 313 393 374 445 439 417 494 462 414 187 201 200 181 231 201 203 197 172 246 215 292 252 213



0.27 0.27 0.27 0.40 0.26 0.36 0.33 0.33 0.34 0.31 0.30 0.42 0.30 0.27 0.32 0.06 0.11 0.08 0.05 0.06 0.08 0.07 0.08 0.06 0.05 0.06 0.03 0.07 0.07 0.13 0.11 0.14 0.19 0.14 0.13 0.10 0.12 0.07 0.10 0.12 0.06 0.05 0.07 0.06 0.07 0.06 0.05 0.06 0.08 0.06 0.07 0.06 0.07 0.06



0.89 0.77 0.82 0.75 1.01 0.72 0.72 0.84 3.14 2.64 2.82 0.62 3.99 9.40 2.17 2.71 2.24 2.44 9.47 13.68 16.23 8.05 14.67 6.76 25.79 24.30 34.17 4.86 13.38 3.85 5.47 5.90 11.83 9.91 13.82 15.99 17.10 39.61 19.68 15.48 3.33 3.49 4.30 3.31 4.19 3.76 3.41 3.19 2.93 4.48 3.75 4.94 4.32 3.80
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Fig. 3-4. Geochemical log for the Chia Gara Formation in the K-109 Well, NE Iraq.
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Oxygen Index (OI) varies from15 to 80 with an average of 48mgCO2/g TOC. According to the HI vs. OI diagram, OM in the samples can be classified as type II and III. However, all type II kerogen samples are close to the boundary between types II and III kerogen (Fig. 3-5). Tmax varies from 435 to 457ºC (Fig. 3-6) in the analyzed section of K-109 well. It means that level of thermal maturation of the OM in the lower part reached the late phase of oil generation zone (Hunt, 1996, Peters et al., 2005). Tmax increases gradually with depth (except sample K3). S2/S3 data indicate that the OM in the Chia Gara Formation from K-109 well can be determined as type III. The hydrocarbon type index (S2/S3) values indicate gas as a main expelled product at peak maturity (Appendix VII).



3-4-2 Well Bj-1: The Rock-Eval S1 of the Chia Gara samples ranges from 0.15 to 1.54mgHC/g rock, averaging 0.70 mgHC/g rock. S1 value shows increasing from the contact of the formation with the Gotnia Formation (Table 3-2). The values all less than 2.0, generally indicate fair and good potentiality of free hydrocarbons. S2 ranges from 2.0 to 33.21 mgHC/g rock. The S2 data point out a range of potentiality from fair to excellent. The lower and middle parts have excellent potentiality (Fig. 3-7). The hydrogen index (HI) of these samples is from 190 to 573mgHC/g TOC, which suggest type II , II/III and III kerogens. Oxygen Index (OI) varies from21 to 52 with an average of 35 mgCO2/g TOC. According to the HI vs. OI diagram, the OM in the samples can be classified as type I and II kerogens (Fig. 3-5). However, samples of type II kerogen are close to the boundary between I and II. Type I excluded because HI never reached 600mgHC/gTOC (Table 3-2). PI varies from0.03 to 0.11, 0.07 in average. The PI values show immaturity stage of OM, except sample B11at the upper part and B2, B3 at the lower part of the section, which are within early stage of maturity. 52
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Oxygen Index mgCO2/g TOC Fig. 3-5. Oxygen and hydrogen indices for samples from the Chia Gara Formation-plotted on a modified van Krevelen diagram. The lines designated I, II, and III represent the evolutionary trends with thermal maturation of the three major kerogen types.
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Fig. 3-6. Types of kerogen and maturation stages diagram (Hunt, 1996), showing location of the studied samples from the Chia Gara Formation, Northern Iraq.
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Fig. 3-7. Geochemical log for the Chia Gara Formation in the Bj-1 Well, Northern Iraq.
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Tmax varies from 426 to 441ºC in the analyzed section in Bj-1 well. It means that level of thermal maturation of the OM is low and immature except the uppermost sample (2147m) and samples from depths 2295m and 2289m are mature (Fig. 36). S2/S3 data indicate that the OM in the Chia Gara Formation from Bj-1 well can be determined as types II, II/III and III. The lower part has higher S2/S3 ratio than the upper part of the section. High S2/S3 values indicate limited influence of terrestrial input (Liu and Lee, 2004). The main expelled product at peak maturity will be gas in the upper part and oil in the rest of the section.



3-4-3 Well Tk-3: The Rock-Eval S1 of the selected samples ranges from 0.58 to 2.96 mgHC/g rock, averaging 1.75 mgHC/g rock. Like the other two sections, i.e.K-109 and Bj-1 wells, the lower part has the values higher than the upper part, the S1 values indicate good and very good potentiality, especially at the lower part of the section (Table 3-2 and Fig.3-8). S2 ranges from 5.1 to 36.65 mgHC/g rock, the S2 values of the lower part also high and decrease upward the section. These values indicate good and excellent potentiality. The HI of these samples range between 313 to 494 mgHC/g TOC, which generally suggest type II kerogen. The OI varies from 19 to 56 with an average 31 mgCO2/g TOC. According to the HI vs. OI diagram, OM in the samples can be classified as type II kerogen (Fig.3-5). PI varies from 0.07 to 0.19, 0.12 in average; the PI data indicate that all samples (except T2) are representing early stage of maturation. The Tmax varies from 435 to 442 ºC (Fig.3-6) in the analyzed section in Tk-3 well. It means that level of thermal maturation of the OM reached the early phase of oil generation window. The S2/S3 values from the Chia Gara Formation samples range from 6.97 to 23.49 with an average 15.49(Table 3-2). The S2/S3 data indicate that the OM in the Chia Gara Formation from Tk-3 well can be determined as type II kerogen. The oil will be the main expelled product when the OM reaches the maturity peak. 56
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Fig. 3-8. Geochemical log for the Chia Gara Formation in the Tk-3 Well, Northern Iraq.
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3-4-4 Well Hr-1: The S1 of the selected samples ranges from 0.17 to 0.29 mgHC/g rock, averaging 0.23 mgHC/g rock, approximately all the samples have poor potentiality of hydrocarbons. Although the section has low S1 values, the lower part is richer (Table3-2 and Fig.3-9). S2 ranges from 2.70 to 4.65 mgHC/g rock. The S2 values along the section are consistent, which show fair potentiality of hydrocarbons. The HI of the samples range between 172 to 292 mgHC/g TOC, which suggest type III and II/III kerogens. The OI varies from 42 to 94 with an average 67 mgCO2/g TOC. According to the HI vs. OI diagram, OM in the samples can be classified as type II/III and III kerogens (Fig.3-5). The PI varies from 0.05 to 0.08, 0.067 in average. The PI values indicate immature stage of OM. Tmax varies from 430 to 442 ºC in the analyzed section in Hr-1 well (Fig.3-6). This means that the OM is low level thermal maturity. Generally the lower part revealed no maturity and upward relatively became mature, but in early stage. The S2/S3 values from the Chia Gara Formation samples range from 2.66 to 4.74 with an average 3.27 (Table 3-2). The S2/S3 data indicate that the OM in the Chia Gara Formation from Hr-1 well represents type III kerogen. The gas and/or oil will be the main expelled product at the peak of maturity.



3-5 Petroleum source potential: Type II and III kerogens are the dominant types in the studied wells (Fig.3-5). Although the Sulfur% is high in the samples (Table 3-1), they did not reach to 814 wt% to consider as type II-S (Peters et al., 2005). The Production Index (PI) is a good indicator for natural petroleum generation and /or accumulation, also known as the transformation ratio, which expresses the fraction of S1 over the total amount of free and pyrolysis-derived hydrocarbons(S1+S2) ( Ejdawe,1986). This index increases with maturity as hydrocarbons are generated (Tissot and Welte, 1984; Keym et al., 2006). 58
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Fig. 3-9. Geochemical log for the Chia Gara Formation in the Hr-1well, NE Iraq.
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The PI typically climbs from 0.1 to 0.4 from the beginning to the end of the oil generation window (Hunt, 1996). The PI values of the studied samples are low, except in K-109 well samples which have 0.32 in average (Table3-2 and Fig.3-10). Any positive anomaly in PI values may indicate the presence of accumulated or migrated hydrocarbons (Shaaban et al., 2006). The samples K3 and K10 from K-109 well, have abnormally high PI values; with minimum S2 values, 0.36 and 0.45, respectively. This may be due to retention of migrating or in situ generated hydrocarbons (Shaaban et al., 2006). On the other hand, all samples, except Hr-1 well section and few samples from Bj-1 well, have S1/TOC values >0.2, which according to Smith (1994 in Al Khafaje, 2006) interpreted as the process of hydrocarbon expulsion. Hence, the Chia Gara Formation in the Hr-1 well section and some horizons of Bj-1 well section considered as the source rocks not reached the expulsion stage. Representation the values of S1 versus TOC% values used in discrimination between non-indigenous and indigenous hydrocarbons (Hunt, 1996; Rabbani and Kamali, 2005). The results of this cross plot show indigenous hydrocarbons (Fig.3-11), this may be in situ oil generation. All studied rock samples have relatively low S1 and high TOC% values indicating the presence of indigenous oil. The cross-plot of hydrocarbon yield (i.e.S2) vs. TOC% and determining the regression equation is the best method for determining the true average HI and measuring the adsorption of hydrocarbons by the rock matrix (Langford and Blanc-Valleron, 1990, Obaje et al., 2004). The method presented is based on cross-plots of S2 versus TOC as described by Langford and Blanc-Valleron (1990), and regards the TOC% to be a linear function of S2 with the HI as the slope of the curve. The intersection of the regression line with the TOC% -axis is considered to be a measure of the amount of adsorption of the hydrocarbons liberated by pyrolysis. Clay minerals are the main agent of adsorption which is consistent with the clay-rich lithology of the source rocks (Shaaban et al., 2006).
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Fig. 3-10. The Production Index (PI) plotted versus depth to show the hydrocarbon habitat of the studied samples.
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Fig 3-11. Cross-Plot of S1 versus TOC%, on which migrated or contaminating hydrocarbons can be distinguished from indigenous hydrocarbons (after Hunt, 1996), and the location of studied samples. All samples located in indigenous hydrocarbon field.
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The diagrams gave an average HI value of 91.31, 511.63, 533.51 and 93.09 mgHC/g TOC for the Chia Gara Formation samples from K-109, Bj-1, Tk-3 and Hr-1 wells, respectively (Fig.3-12). Linear correlation coefficient (R2) for Hr-1 well is very low (R2 = 0.049), which indicates the absence of relationship between S2 and TOC%. This is possibly related to immaturity of the samples in this well.



The relationship between Petroleum Potential (S1+S2) and



TOC%, shows that the samples from the upper part of K-109, has low PP, while the samples of other sections have good to very good PP ( Fig. 3-13). Rocks with PP less than 2mgHC/g rock suggest insignificant oil but some gas potential; whilst rocks with PP ranging between 2 and 6mgHC/g rock are classified as moderately rich source rocks with fair oil potential and above 6mgHC/g rock considered as good source rocks (Tissot and Welte, 1984; Akande et al., 2005). The Tmax is supposed to increase steadily with maturation, with the oilgeneration window between Tmax values of about 435ºC and 470 ºC (Peters et al., 2005, Rabbani and Kamali, 2005). The Tmax values for the studied samples ranging from 426 to 457ºC. These values are consistent with vitrinite reflectance data ranging between 0.508 % and 1.066 % ( Table 3-2 and Figs. 3-4, 3-7,3-8,3-9)[RO % calculated theoretically according to the equation RO %=( 0.018* Tmax) -7.16 (Peters et al., 2005)]. At that level of maturity (i.e. 435ºC and 470 ºC), generated hydrocarbon can be migrate since the organic matter has reached the onset



of generation with active



expulsion



corresponding to primary migration. Vandenbroucke et al., (1993) place the initiation of these processes at Tmax 445 ºC and RO =0.70% for both Type II and III kerogens. The Chia Gara Formation from all studied samples is thermally mature, except few samples from Bj-1 and samples from Hr-1 are immature (Fig.3-6). Based on this range, the samples from the lower part of K109 well were reached to the stage of expulsion. Based on the S2/S3 values, the formation is influenced by terrestrial OM input (Liu and Lee, 2004) as follows; in K-109 and Hr-1 wells are influenced, but Bj-1 and Tk-3 the terrestrial OM input was limited. The elemental analysis also indicates minor terrestrial OM and the predominant of bacteria and algae. 62
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Fig. 3-12. S2 versus TOC% plots of the Chia Gara samples from the studied boreholes with the regression equations that gave the true average of hydrogen indices (Av.HI).
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Given the net source rock thickness of 309.5m and average genetic potential of 2.172 mg/g, a source potential index (SPI) of 1.68 tHC/m2 is calculated for the Chia Gara Formation samples from well K-109. The SPI for the other wells are 5.35 tHC/m2, 4.33 tHC/m2, 2.177 tHC/m2 for Bj-1, Tk-3 and Hr-1, respectively. Based on the classification of Demaison and Huizinga (1994) the studied wells, except Bj-1 well with medium SPI, all others are considered as low SPI, suggesting that the Chia Gara Formation source rocks is capable of generating low to medium qualities of liquid hydrocarbons in the studied wells, and thus the Chia Gara Formation considered to be a volumetrically important source. Generally, the Rock-Eval pyrolysis results can be summarized as in table 3-3.



Table.3-3.Rock-Eval pyrolysis evaluation of the studied samples from the Chia Gara Formation. Well



Petroleum Type of Potential Kerogen (S1) (S2/S3 , HI)



Maturity (Tmax , PI)



Source Rock Genetic Potential (PP)
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III
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Hr-1



Middle Good Lower Very good Upper Poor



II II II/III



Peak Peak Early



Good Good Moderate



Middle Poor Lower Poor



III II/III



Immature Immature
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Some potential for gas Moderate Good Moderate Good Good Moderate



Main Expelled Product at Peak Maturity (S2/S3, HI) Gas



Gas Gas Gas Oil Oil Mixed Oil +Gas Oil Oil Mixed Oil +Gas Gas Mixed Oil +Gas
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3-6 Expulsion and migration: The results of elemental analysis and Rock-Eval pyrolysis revealed that the oil generation and expulsion are likely to have occurred in the Chia Gara Formation within the studied K-109 well with PI-values of an average 0.32 (Table 3-2). Samples from well Tk-3 yield average PI-values of 0.12 and thus represent the onset of oil generation, whereas samples from the Chia Gara Formation in wells Bj-1 and Hr-1 with averaged PI-values of 0.06 have not yet reached the oil window. The Tmax values of the samples on average comprise 442 and 438 ºC for wells K-109 and Tk-3, respectively, which are in agreement with the maturity stage at the oil window. Samples from low maturity Chia Gara Formation samples in wells Bj-1 and Hr-1 only reach Tmax values of 432 and 435 ºC, and this is insufficient for effective oil generation and expulsion.



3-7 Palynological observations: Palynological observations of the total residue after acid digestion of the mineral matrix were performed by transmitted light microscopy on sixty eight (68) samples from the studied sections (Table 1-1). All the examined samples are dominated by amorphous OM (AOM), which generally represents more than 95% of the palynofacies. The structured organic matter, i.e., palynomorphs are very rare, hence the focus was on the AOM. This distribution (abundance of AOM) is a good indicator to that these rocks are generally source rocks as qualitative observation (Tissot and Welte, 1984; Massoud and Kinghorn, 1985). Thompson and Dembicki (1986) have differentiated amorphous kerogen types based upon petrographic texture. They reported that four types of amorphous kerogen occur in sediments: chunky compact masses with mottled network or weak polygonal textures(type A); very small, dense elongated , oval, or rounded individual grains (type B); clumps with granular, fragmented , or globular textures (type C); and thin platy or rectangular individual grains (type D). The classification of Thompson and Dembicki (1986) used in naming the studied samples from hydrocarbon potentiality point of view (i.e. oil-prone or 66
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gas-prone). Most of the studied samples have oil-prone potentiality, types A and D (Fig.3-14 a and b). However, samples from Hr-1 well sections show type C amorphous OM (Fig. 3-14 c). Due to the limited structured OM existence in the samples no attempts have been made to study the OM in strewn slides. The origin of AOM has been the subject of many workers (Batten, 1983; Thompson and Dembicki, 1986; Tyson, 1995, Batten, 1996, etc.). Generally they agreed that AOM originated from organic oozes, colloidal solutions, gels, precipitates, and sapropels derived from organic debris, bacteria, fecal pellets, etc., which have putrefied near the sediment-water interface.
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300µm
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100µm



(b)



100µm



(c) Fig. 3-14. Palynological microphotographs of three typical samples. (a) Kerogen from well Tk-3, Depth: 2862m. Red brown amorphous organic particles, associated with small pyrite framboids, type A. (b) Kerogen from well K-109, Depth: 2862.1m. Light brown and Fine amorphous organic particles, type D. (c) Kerogen from well Hr-1, Depth: 3305m. Brown to dark organic particles, type C. Types of AOM according to Thompson and Dembicki (1986), and all figures in transmitted light.
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CHAPTER FOUR BITUMEN CHARACTERIZATION 4-1 General: The OM within the sedimentary rocks can be divided into two major parts; kerogen and bitumen. The former is organic matter that is insoluble in organic solvents, and the latter is soluble in organic solvents (Tissot and Welte, 1984; Phillip, 1993) .The bitumen is composed of aliphatic (saturated), aromatic and NSO parts. Saturated hydrocarbons can be separated into normal and branched hydrocarbons (isoalkanes) and naphthenes (cycloalkanes). Aromatic hydrocarbons can be separated according to ring number. Heteroatomic compounds can be separated on the basis of polarity. For detailed geochemical study the bitumen should extract from the kerogen through chemical processes and then separate into its components (i.e. aliphatic, aromatic and NSO). The extraction procedure should be accurate and done in a special laboratory far away from any pollution and contamination; otherwise the results after along work will be inaccurate and useless. There are different methods in extraction, according to the aims. (The procedure is outlined in appendix V.) The method carried out by the author under the supervision of Professor Lorenz Schwark at the Department of Organic Geochemistry, Institute for Geology and Mineralogy, University of Cologne, Germany. Later on, the aliphatic and aromatic fractions injected into GC/MS instrument for analyses and studying the biomarkers, first as Total Ion Chromatogram (TIC) and second as Selected Ion Monitoring (SIM).



4-2 Bitumen distribution: Bitumen is the OM extracted from fine-grained rock samples using common organic solvents, such as chloroform and dichloromethane. Unlike oil, bitumen is indigenous to the rock in which it is found (Peters et al., 2005). As mentioned before, the extraction should be carried out carefully in order to get the bitumen from the rocks or oils. In total, excluding duplicates and blanks,
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twenty (20) samples from four subsurface sections and five crude oil samples were extracted to enable exploration of their biomarker compositions. For detailed samples location and lithology see Chapters One and Two. The information obtained provides evidence of the biological sources and thermal maturity of the organic matter, and of the likely depositional environment. The procedure followed the methodology described in Appendix V. Different extract colors can be recognized (Fig.4-1 and Table 4-1), hence from the first step one can estimate the bitumen richness of the samples.



Fig. 4-1. Different extract colors can be recognized after separation bitumen from the rock using Accelerated Solvent Extractor (ASE). The samples are from the Chia Gara formation, Kurdistan - N Iraq.
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Depth (m) 2798 2828



2858



2866



2886 2191 2233 2251 2277 2295 3075



3110



3160 3230 3310



2811.8 2862.1 3017.5 3075.4 3089.1



SampleNo. 998314 998316



998318



998319



998320 998324 998326 998328 998330 998332 998334



998336
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998339 998343 998346



998351 998355 998360 998358 998359



K9 K5 K3 K2 K1



H8 H4 H1



H11



T1 B9 B7 B5 B4 B2 H13



T2



T3



Label T7 T5



Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara



Chia Gara Chia Gara Barsarin



Chia Gara



Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Sarmord



Chia Gara



Chia Gara



0.62 1.42 2.34 2.99 7.26



1.76 1.72 1.59



2.01



3.85 2.56 2.71 2.9 3.37 7.35 1.68



7.42



3.6



6.8 6.2 4.9 6.4 3.5



4.4 5 5.1



2.5



6.8 5 2.7 4.4 3.2 5.2 5.5



3.9



4.5



Weight Formation TOC% (g) Chia Gara 2.43 4.4 Chia Gara 3.04 5.2



3.8 17.6 16 7.9 11.3



5.1 6 5.5



2.6



107.7052 8 12.9 18.2 7.2 44.8 3.7



87.2898



61.4655



extraction yield(mg) 18.3 33.3944



0.56 2.84 3.27 1.23 3.23



1.16 1.20 1.08



1.04



15.84 1.60 4.78 4.14 2.25 8.62 0.67



22.38



13.66



Extract (mg/g ) 4.16 6.42



0.06 0.28 0.33 0.12 0.32



0.12 0.12 0.11



0.10



1.58 0.16 0.48 0.41 0.23 0.86 0.07



2.24



1.37



Bitumen% 0.42 0.64



Extract Extract(mg/gTOC) color 171.16 Brown 211.25 Light brown very dark 13659.00 379.42 brown very dark 22382.00 301.64 brown very dark 15839.00 411.40 brown 1600.00 62.50 Yellow 4777.78 176.30 Yellow 4136.36 142.63 Dark yellow 2250.00 66.77 Yellow 8615.38 117.22 Dark brown 672.73 40.04 Light yellow Very light yellow 1040.00 51.74 Very light yellow 1159.09 65.86 1200.00 69.77 Light yellow 1078.43 67.83 Light yellow Very light 558.82 90.13 yellow 2838.71 199.91 Yellow 3265.31 139.54 Yellow 1234.37 41.28 Light yellow 3228.57 44.47 Yellow Bit(ppm) 4159.09 6422.00



Table 4-1. The extraction yield data of the studied samples from the Chia Gara formation, Kurdistan Region-N Iraq
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Although the color of the extracts reflected their Corg contents, sample K1 has TOC=7.26% and the color of extract is yellow. The bitumen% in the studied samples, range from 0.16% to 2.24% and show a decreasing upward approximately in all sections, except in well Hr-1 it remains nearly consistent (Fig. 4-2). The well Tk-3 shows exceptionally, very high contain of bitumen, which exceeds the range of 250mg/g TOC! This point will be discussed in the next section. The hydrocarbon % and nitrogen, sulfur, and oxygen (NSO %) in the studied samples (i.e. rocks and crude oils) were calculated and listed in tables 4-2 and 4-3. NSO compounds typically constitute ≈ 10-15% of non-biodegraded, thermally mature oil. Sulfur- rich (type II-S) kerogens can yield low-maturity oil that is >40% NSO compounds (Peters et al., 2005).



4-2-1 Bitumen/TOC (Transformation Ratio) The ratio of extractable bitumen to total organic carbon (Bit/TOC) in finegrained non-reservoir rocks, sometimes called transformation ratio, ranges from near-zero in shallow burial sediments to ≈0.25 (i.e.250mg/g TOC) at peak of oil generation (Peters et al., 2005). Both Bit/TOC and hydrocarbon/TOC can be used to estimate the level of maturity of organic matter with depth in wells, because they measure generation directly, especially the threshold of oil generation (Tissot and Welte, 1984). The Bit/TOC values for the studied samples show that most of the samples are in the range, except three samples (T1, T2 and T3) from well Tk-3 (Table 4-1). Bitumen/TOC ratios over 0.25 can indicate contamination or migrated oil or can be artefacts caused by ratios of small, inaccurate numbers (Othman, 2004). This is not related to heavily impregnated samples, such an impregnation can be recognized in the RockEval data (i.e. high PI and highS1 values), which is not the case (Table 3- 2). These samples and two others (i.e. T9 and T10), re-examined for the second time and separated by Medium Pressure Liquid Chromatography (MPLC) and analyzed by GCMS, the results were still high.



72



Chapter Four



Bitumen Characterization



Extract(ppm)



25000 20000 15000 10000 5000 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 Samples (see legend)



Legend: S.No. 1) 2) 3) 4) 5) 6) 7) 8) 9) 10) 11)



S.ID. T10 T9 T7 T5 T3 T2 T1 B9 B7 B5 B4



Depth(m) 2770 2782 2798 2828 2858 2866 2886 2191 2233 2251 2277



S.No. 12) 13) 14) 15) 16) 17) 18) 19) 20) 21 22



S.ID. B2 H13 H11 H8 H4 H1 K9 K5 K3 K2 K1



Depth(m) 2295 3075 3110 3160 3230 3310 2811.8 2862.1 3017.5 3075.4 3089.1



Fig. 4-2.Distribution of extract yield (ppm) in the studied samples.
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Bitumen% 0.42 0.64 1.37 2.24 1.58 0.16 0.48 0.41 0.23 0.86 0.07 0.10 0.12 0.12 0.11 0.06 0.28 0.33 0.12 0.32



mgBit/g TOC 171.16 211.25 379.416 301.64 411.29 62.50 176.30 142.63 66.77 117.22 40.04 51.74 65.86 69.77 67.83 90.13 199.91 139.54 41.28 44.47



Label Well A K- 252 B K-265 C K- 215 D Ja-15 E K-392



Depth (m) 1043 535 688 2702 407



used for MPLC Wt Of HC(mg) 50.4 40.8 41 33.2 47.5 41.3 51.1 43.2 49.1 41.7



Weight used for MPLC(mg) 14.1 * * * * 6.9 10.3 14.2 5.6 27.3 2.8 1.8 3.6 5 4.6 2.8 17 14.6 6.7 6.5



Wt of NSO(mg) HC% 9.6 80.95 7.8 78.54 6.2 86.94 7.9 84.54 7.4 84.92



Table.4-3. The extraction yield data for the studied crude oils.



Extraction Depth(m) Label TOC% Weight (g) yield(mg) 2798 T7 2.43 4.4 18.3 2828 T5 3.04 5.2 33.39 2858 T3 3.6 4.5 61.47 2866 T2 7.42 3.9 87.29 2886 T1 3.85 6.8 107.71 2191 B9 2.56 5 8 2233 B7 2.71 2.7 12.9 2251 B5 2.9 4.4 18.2 2277 B4 3.37 3.2 7.2 2295 B2 7.35 5.2 44.8 3075 H13 1.68 5.5 3.7 3110 H11 2.01 2.5 2.6 3160 H8 1.76 4.4 5.1 3230 H4 1.72 5 6 3310 H1 1.59 5.1 5.5 2811.8 K9 0.62 6.8 3.8 2862.1 K5 1.42 6.2 17.6 3017.5 K3 2.34 4.9 16 3075.4 K2 2.99 6.4 7.9 3089.1 K1 7.26 3.5 11.3 *No data. MPLC: Medium Pressure Liquid Chromatography



Table.4-2. The extraction yield data, hydrocarbon% and NSO% of the studied samples from the Chia Gara Formation.



59.42 49.51 42.25 50 56.77 75 77.78 58.33 72 63.04 67.85 69.41 73.13 60 78.77



4.1 5.1 6 2.8 15.5 2.1 1.4 2.1 3.6 2.9 1.9 11.8 4.9 3.9 11.5



NSO % 19.05 21.46 13.06 15.46 15.08



Aliph+Arom% 46.81



Wt. of Aliphatic+Arom 6.6
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Wt. Of NSO 7.5
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This is probably at these depths the Chia Gara Formation is full in the oil window and has



a very high conversion potential due to the carbonate



lithology ( Lorenz Schwark, 2007,personal communication). A plot of the soluble organic matter (extract yield) against the TOC% as proposed by Landais and Connan (1980) in Obajae et al., (2004), indicates that some of the samples from Tk-3 well have actually migrated (Fig.4-3).
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Fig. 4-3. A plot of the soluble OM (extract yields) against the TOC (as proposed by Landais and Connan (1980) in Obajae et al., (2004) for the studied samples, rocks and oils.
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4-3 Biological markers (Biomarkers): Biomarkers are geolipids which derived from biolipids either without any transformation or with minor rearrangements which do not significantly affect the carbon skeleton (Connan, 1993). Biomarkers identified from total ion chromatograms (TIC) and typically measured using selected ion monitoring (SIM/GCMS), and their distributions calculated using areas under the peaks. The SIM approach allows a rapid, general assessment of thermal maturity of samples (Peters et al., 2005). Identification carried out based on instructions from Professor Lorenz Schwark and organic geochemistry literatures concerning the biomarker studies. For the terpanes and steranes the isomers also calculated, but for aromatic fractions only the major groups considered.



4-3-1-Aliphatic fractions: Biomarker analysis of aliphatic fractions focused on four groups of compounds, n-alkanes, isoprenoids, steranes and terpanes in addition to their derivatives. The researcher will try to describe each group with included samples, as follows:



4-3-1-1 Acyclic Alkanes and Isoprenoids: n-Alkanes and isoprenoid hydrocarbons were identified from their mass spectra in the total ion chromatogram (TIC) and the m/z 85 ion chromatogram, which was also used for peak integration. n-Alkanes range from nC13 to nC35 were integrated (Table4-4). Isoprenoids were typically identified from their elevated m/z183 fragment in the mass spectra and their molecular ion (M +). Pristane (C19H40 ; M+=268), and phytane (C20H42 ; M+=282).



4-3-1-1-1 n-Alkanes ratios: A-TAR (terrigenous/aquatic ratio): Ratios of certain n-alkanes can be used to identify changes in the relative amounts of terrigenous versus aquatic hydrocarbons in sediments or rock 76
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Oils



Well 998449 K-252 998450 K-265 998451 K-215 998452 Ja-15 998453 K-392



231470 206812 244800 269231 250169



334889 287172 333067 379239 378889



407308 351483 395891 488475 458434



nC14 nC15 0 48620 132072 233240 476016 805568 44457 123981 226298 22405 58866 123034 0 77046 241953 286420 458010 501985 33083 97586 192016 0 92677 245819 225437 395650 574255 234864 393238 498899 396199 585132 584886 246414 449793 669330 116364 265992 487214 0 0 242302 49811 108897 202311 19631 29625 58051 0 29662 43321 903156 1616815 2484864 167060 206074 193909 57274 81821 69641



nC13



439144 383686 433819 554579 537503



nC16 267039 1296363 363195 170209 456553 480952 287636 450362 710373 514330 510089 872345 622778 496771 339561 110098 69645 3349657 224114 55726



469208 402990 463346 576219 566719



nC17 425417 1638786 429412 172458 633117 372050 391063 570347 719249 470933 415177 986563 639057 658988 357033 151113 97065 3615960 192318 30810



449936 386229 431258 555424 559572



421019 366691 387586 517121 508929



nC18 nC19 465052 483672 1733028 1757907 343363 252651 157090 137457 658636 612856 326445 249584 457617 489077 610126 531297 632950 450764 411268 329925 300446 214439 828950 564289 503769 404859 557007 409206 338720 314092 183303 151279 176357 278660 3236170 2656847 188466 134033 19873 12346



386664 355891 380286 456422 478302



357095 317739 350195 452805 448554



nC20 nC21 571779 523889 1881636 2027973 217099 227046 140654 145626 567515 558140 260899 240017 568833 546797 595881 614250 322037 219558 303945 275886 227055 279217 381981 269235 587556 913083 419130 542428 329792 356154 130222 121963 372468 408695 1945773 1497643 139167 134146 6666 6910



294109 286353 310612 411115 410999



nC22 600500 2214574 195074 154942 509556 248301 600105 670945 198637 250814 294575 191637 802414 504128 307036 121831 418385 1125015 141269 5110



284883 250500 284150 352480 357780



nC23 592594 2220009 175038 144168 430709 225108 552291 643668 164375 230172 308805 151407 515193 418810 217797 95081 423846 860910 140947



249338 231039 254649 306581 315766



nC24 689467 2481697 172199 131202 394400 265586 627603 741168 185973 223028 303922 121751 250551 308133 156740 105284 449432 749892 134354



225873 216664 222385 241484 234155



196616 184400 198540 185637 188629



117531 101674 126924 62968 53509



101394 91344 105966 49068 48532



83378 70393 87393 41117 30321



nC34 271440 741761 61281 36625 83571 81916 230010 187579 59311 33070 0 0 0 0 0 20889 133116 193271 99715



nC35 226006 651723 73624 20620 64964 56720 133982 146334 40199 30775 0 0 0 0 0 18445 113418 0 107850



CPI 0.89 0.96 1.10 1.00 1.02 0.90 0.83 0.91 0.97 0.99 1.21 1.38 1.55 1.26 0.92 0.95 0.97 1.03 0.97 ####



TAR 1.37 1.10 0.38 0.46 0.38 0.50 1.02 0.89 0.21 0.23 0.19 0.07 0.04 0.08 0.11 0.41 2.07 0.14 0.58 0.00



64955 63626 51654 41006 1.01 0.27 66568 49440 43404 39549 0.98 0.27 84526 69310 55411 63426 0.99 0.30 0 0 0 0 1.11 0.14 29719 0 0 0 0.94 0.12



nC28 nC29 nC30 nC31 nC32 nC33 578171 474112 507470 407939 407781 287706 1700245 1542440 1475983 1288420 1148280 889908 109901 119541 106119 112112 87746 72406 71450 62016 63299 54306 46665 40540 194940 194945 169528 143649 129271 101123 228690 188642 197478 152449 137119 96831 458378 366416 401803 294698 322324 204756 476220 403136 385209 322273 304794 213609 135013 125162 114385 103555 92211 68371 108302 93353 81000 69188 54036 44992 80976 71336 36574 38812 0 0 57116 62138 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 49483 32465 20509 0 0 0 57033 48229 42520 41908 31937 29145 336141 323358 272066 236991 209406 160165 420197 396096 338713 315997 266895 230336 92207 96660 114457 99164 97123 94471



152686 137572 135465 119883 153865 134936 112967 75387 99928 70440



nC25 nC26 nC27 610938 663541 542982 2242318 2233198 1781738 181081 132706 116189 116665 96106 82810 339429 279189 230641 237251 258551 218070 508542 580684 436778 604959 616442 480053 165840 171384 145367 188038 178262 130100 250926 184612 125545 111192 89723 88746 130028 75115 59247 215666 170410 99878 116924 107977 65537 77978 79044 56980 401022 380175 307909 682809 575813 481022 123695 113929 104652



hydrocarbons. See Appendix VIII for calculation formulas.



Note: CPI: Carbon Preference Index, TAR: Terrigenous/ Aquatic Ratio, OEP: Odd-to-Even Predominance, L/H: Light to Heavy



1043 535 688 2702 407



Sample ID Label Depth (m) 998314 T7 2798 998316 T5 2828 998318 T3 2858 998319 T2 2866 998320 T1 2886 998324 B9 2191 998326 B7 2233 998328 B5 2251 998330 B4 2277 998332 B2 2295 998334 H13 3075 998336 H11 3110 998339 H8 3160 998343 H4 3230 998346 H1 3310 998351 K9 2811.8 998355 K5 2862.1 998360 K3 3017.5 998358 K2 3075.4 998359 K1 3089.1



1.05 0.98 1.01 0.98 0.97



OEP1 0.91 0.94 0.99 0.98 0.96 0.89 0.89 0.90 0.89 0.97 1.00 1.03 0.98 1.01 0.96 0.85 0.97 0.98 1.00 0.34



Table 4-4 .The nC13-nC35 peaks areas were integrated from mass fragmentogram m/z85 and the values of parameters for the studied samples.



0.94 0.93 0.95 0.94 0.86



2.55 2.73 2.52 6.24 6.93



OEP2 L/H 0.87 1.07 0.92 1.31 1.03 1.84 1.01 2.25 1.01 2.74 0.89 1.17 0.84 1.39 0.89 1.46 0.95 1.61 0.93 2.61 1.01 3.77 1.20 3.86 1.62 #DIV/0! 1.20 #DIV/0! 0.86 8.09 0.86 2.32 0.90 1.25 1.00 3.21 1.03 1.46 #####
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extracts (Peters et al., 2005) (Appendix VIII). TAR must be used with caution because



it



is



sensitive



to



thermal



maturation



and



biodegradation.



Nevertheless, vertical distributions of TAR measurements are useful in order to determine relative changes in the contributions of land versus aquatic flora through time, particularly in young sediments (Meyers, 1997). TAR of the studied samples measured using gas chromatographic peak areas (Table 44). The TAR data indicate, in general, that the aquatic hydrocarbon is the major one in all studied samples, except T7, T5, B7 and K5, in which the contribution of land flora was high. This conclusion supports the marine origin of the most of OM in the Chia Gara Formation. B-CPI: The CPI (Bray and Evans, 1961 in Peters et al., 2005) is a mathematical expression of the odd over even predominance between n- C24 and n- C34 (Appendix VIII ). According to Table 4-4, the samples show the average values as follows: Well K-109 ≈ 0.98 Well Bj-1≈ 0.92 Well Tk-3≈0.994 Well Hr-1 ≈1.264 Oils and source rocks with CPI around 1 may arise from a predominance of marine input and /or thermal maturation, while high CPI indicates low maturity (Taylor, 1998, Liu and Lee, 2004). C-OEP: The ratio of odd-to-even-numbered n-alkanes in a given range (Appendix VIII) calculated for the samples and the results listed in Table 4-4. Immature rock extracts can show high or low OEP, but most mature oils and source rocks show OEP near 1.0 (Table 4-4). The calculated OEP for the studied samples (rocks and oils) show near values 1.0, except samples of well Hr-1 which have values above 1.0 (Table 4-4).
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D- Light/Heavy hydrocarbons ratio (Appendix VIII): The ratio of light hydrocarbons to heavy hydrocarbons used by Liu and Lee (2004), applied for the studied samples (Table 4-4). These data suggest that the ratio is high in all samples. However, the crude oil samples contain more light hydrocarbons than the rock samples. 4-3-1-1-2 Isoprenoids: Hydrocarbons composed of, or derived from, polymerized isoprene units. Typically acyclic isoprenoids include pristane (i C19 ) and phytane (i C20 ) (Peters et al., 2005). These two compounds are abundant in most crude oils and rock extracts, hence allow direct measurement from gas chromatography traces (C15+) without MS (Fig. 4-4). Pr/Ph is commonly used in correlations (Bechtel et al., 2007), as used in chapter five for this purpose.
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Fig. 4-4. Total ion chromatogram (C15+) of mature rock extract from the Chia Gara Formation, Well Tk-3, Depth2798m.
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Table 4-5 shows the results of calculating Pr and Ph as well as Pr/Ph ratio for the studied samples. However, the values of Pr/Ph should be used with caution, typically increase with thermal maturation (Peters et al., 2005). All the values of crude oils and source rocks are 


hypersaline



carbonate



environments,



particularly



when



accompanied by high porphyrin and sulfur contents. The sulfur contents in the studied samples are also high (Table 3-1 and Fig.3-2). Isoprenoids/n-alkanes ratios (i.e. Pr/ n C17 and Ph/ n C18) (Table 4-5), are sometimes used for the purpose of correlation of source rock extracts with crude oils. These ratios should be used with caution because both decrease with thermal maturity of petroleum (Hunt, 1996). Biodegradation increases these ratios because aerobic bacteria generally attack the n-alkanes before the isoprenoids (Howell et al., 1984).



4-3-1-2 Tri-and Pentacyclic Triterpanes: Hopanes are C27-



C35



pentacyclic triterpanes that originate



from



bactriohopanoids in bacterial membranes and generally dominate the triterpanes in petroleum (Connan, 1993, Peters et al., 2005). Hopanes are typical biomarkers for prokaryotic cyanophytes (Schwark and Empt, 2006). The C30



hopane has 17α, 21β-stereochemistry and commonly is more



abundant than later-eluting homohopanes on m/z191 mass chromatograms. The homohopane series (C31- C35 ) represents hopane, with additional CH2 groups in the side chain (Hunt, 1996). During diagenesis and catagensis, the biological stereospecificity of hopanoids, particularly at C17 and C21 is actually lost, and isomers are generated. The term alpha beta hopane is commonly used as short-hand to denote hopanes with the 17α (H), 21β (H) configuration, while αα- hopane would denote 17α (H), 21α (H) stereochemistry. The notation 17α (H) indicates that the hydrogen is located below the plane of the paper, whereas in 17β (H) it is above the plane (Peters et al., 2005). 80
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Table 4-5. The total ion chromatogram (TIC) peak areas of Pr, Ph, nC17 and nC18, and calculating parameters for the studied samples.



Sample ID



Label



Depth (m)



Fm.



998314 998316 998318 998319 998320 998324 998326 998328 998330 998332 998334 998336 998339 998343 998346 998351 998355 998360 998358 998359



T7 T5 T3 T2 T1 B9 B7 B5 B4 B2 H13 H11 H8 H4 H1 K9 K5 K3 K2 K1



2798 2828 2858 2866 2886 2191 2233 2251 2277 2295 3075 3110 3160 3230 3310 2811.8 2862.1 3017.5 3075.4 3089.1



Chia Gara



Oils 998449 998450 998451 998452 998453



A B C D E



1043 535 688 2702 407



Chia Gara



Pr 1016628 3747260 1543593 329329 1135004 1531412 1512100 1577074 1292216 883315 1198130 1697692 1457052 1328971 817421 297089 281744 7296508 292192 106006



Ph 2916491 8245320 2724887 535197 2027749 2547936 4424427 4061230 2228748 1551363 1471391 2407881 1636739 1634776 986780 563227 723953 8260343 397430 152243



nC17 2768849 11209238 3240306 1240385 4453919 2799018 2767301 4116822 5167267 3397854 2839392 6792280 4350804 4569046 2491165 1121156 731115 25252874 1597339 492628



nC18 2980772 11842801 2440895 1084280 4388177 2269445 3173450 4196703 4383733 2809165 1990522 5507282 3410994 3684694 2456892 1351590 1241748 22758508 1388321 384208



Pr/Ph 0.35 0.45 0.57 0.62 0.56 0.60 0.34 0.39 0.58 0.57 0.81 0.71 0.89 0.81 0.83 0.53 0.39 0.88 0.74 0.70



Pr/nC17 0.37 0.33 0.48 0.27 0.25 0.55 0.55 0.38 0.25 0.26 0.42 0.25 0.33 0.29 0.33 0.26 0.39 0.29 0.18 0.22



Ph/nC18 0.98 0.70 1.12 0.49 0.46 1.12 1.39 0.97 0.51 0.55 0.74 0.44 0.48 0.44 0.40 0.42 0.58 0.36 0.29 0.40



Well K-252 K-265 K-215 Ja-15 K-392



932382 1149163 1449974 1750022 1665910



1303040 1345783 1589595 1938737 1926695



3723169 3419011 3843965 4536421 4475314



3724419 3272778 3556713 4539790 4529696



0.72 0.85 0.91 0.90 0.86



0.25 0.34 0.38 0.39 0.37



0.35 0.41 0.45 0.43 0.43



Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Sarmord Chia Gara Chia Gara Chia Gara Barsarin Chia Gara Chia Gara Chia Gara Chia Gara
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biomarker



distributions



derived



from



the



m/z191



mass



chromatograms are shown in figure 4-5. Tricyclic and tetracyclic terpanes in addition to hopanes isomers were identified and integrated in the samples using SIM-GCMS runs (Appendix IX). The results of terpanes in the samples are listed in Table 4-6. Generally the studied samples, except samples of Hr-1 well, show similarity in terpanes content. Samples from Hr-1 well show the presence of abundant ββ-hopanes and even some hopenes (Fig. 4-6). These biomarkers indicate low maturity (Peters, et al., 2005), which support the Rock-Eval pyrolysis results (Chapter Three). The study of terpane biomarkers in the studied samples resulted in many parameters, the more useful ones listed below:



1-Homohopane index: the homohopane index is the ratio of C35/ ( C31 to C35 ), with the 17α (H), 21β(H), 22S and 22R configurations (Hunt, 1996).The ratio is generally expressed as percentage. This ratio is varying from 5.73 % to 11.87% (Table 4-6). The high ratio indicates strongly reducing conditions, like those found in some marine evaporates and carbonates (Peters and Moldowan, 1991, Bechtel et al., 2007). However, Peters and Moldowan (1991) emphasized that a high homohopane index indicates strongly reducing conditions but not necessarily high salinity, as the case in the Monterey Formation (Hunt, 1996) The lowest values were recorded from few samples of Hr-1 well, this probably related to a suboxic environment in which the oxidation reduces the length of the side chain, and /or may be related to increasing maturity (Hunt, 1996). All other evidences indicate low maturity stage of these samples, hence the first interpretation is more suitable. 2-Tricyclic terpanes (Cheilanthanes): among the steranes and terpanes, tricyclic terpanes, which range from C19



to C45, offer the advantage in



correlation of being the least affected by maturity and biodegradation (Hunt, 1996). Tricyclic terpanes measured using m/z191 fragmentogram and denoted as19/3,20/3,21/3,etc.(Fig.4-5). 82
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Fig.4-5. Mass chromatogram (SIM/GCMS mode) for hopanes, m/z 191, of the Chia Gara Formation, sample number T3, Tk-3 Well, Depth=2858m.
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Sample ID 998311 998312 998314 998316 998318 998320 998324 998326 998328 998330 998332 998334 998336 998339 998343 998346 998351 998355 998360 998358 998359 oils 998449 998450 998451 998452 998453
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* For the details of calculations see the Appendix VIII.



Label Depth(m) Formation tri/(tri+pentacyclic) T10 2770 Sarmord 0.03 T9 2782 Chia Gara 0.03 T7 2798 Chia Gara 0.07 T5 2828 Chia Gara 0.09 T3 2858 Chia Gara 0.06 T1 2886 Chia Gara 0.06 B9 2191 Chia Gara 0.03 B7 2233 Chia Gara 0.03 B5 2251 Chia Gara 0.04 B4 2277 Chia Gara 0.06 B2 2295 Chia Gara 0.06 H13 3075 Sarmord 0.18 H11 3110 Chia Gara 0.34 H8 3160 Chia Gara 0.41 H4 3230 Chia Gara 0.27 H1 3310 Barsarin 0.38 K9 2811.8 Chia Gara 0.11 K5 2862.1 Chia Gara 0.18 K3 3017.5 Chia Gara 0.35 K2 3075.4 Chia Gara 0.37 K1 3089.1 Chia Gara 0.32 Well A 1043 K-252 0.15 B 535 K-265 0.16 C 688 K-215 0.22 D 2702 Ja-15 0.13 E 407 K-392 0.12 0.25 0.25 0.26 0.25 0.25



0.92 0.90 0.88 0.90 0.87



Ts/(Ts+Tm) 24/4 / (24/4 +26/3) 0.46 0.91 0.44 0.86 0.37 0.82 0.36 0.88 0.27 0.92 0.24 0.94 0.40 0.84 0.35 0.83 0.31 0.80 0.27 0.78 0.24 0.86 0.21 0.81 0.28 0.86 0.22 0.83 0.19 0.81 0.33 0.83 0.66 0.87 0.59 0.89 0.75 0.90 0.63 0.77 0.84 0.84 4.14 4.13 3.92 4.19 4.13



Tm/Ts 1.44 1.81 2.13 2.31 3.73 4.40 1.88 2.30 2.84 3.35 4.00 7.14 4.83 8.58 8.12 3.81 0.64 1.05 0.47 0.83 0.31 2.50 2.07 2.22 2.09 2.05



C31/C32 1.04 1.15 1.82 1.93 2.11 2.07 1.61 1.74 1.80 1.76 1.91 3.01 2.66 3.10 3.40 3.14 1.11 1.99 2.23 2.44 2.96 9.09 9.50 9.74 11.02 11.63



Homohop. Index 4.81 5.73 9.67 8.54 9.94 9.64 7.53 9.52 8.78 10.01 9.19 10.10 11.87 7.29 11.14 7.22 7.33 10.22 10.02 11.53 7.92



Table 4-6. The results of mass chromatograms of hopanes (m/z191) and 2 α-methyl hopane (m/z 205) parameters for the studied samples*.



0.07 0.07 0.08 0.08 0.08



0.13 0.09 0.09 0.09 0.09 0.09 0.10 0.08 0.09 0.09 0.08 0.40 0.36 0.57 0.35 0.32 0.12 0.06 0.07 0.12 0.12



C30 βα-moretane/ C30 αβ hopane



0.57 0.56 0.55 0.54 0.56



0.58 0.59 0.57 0.57 0.56 0.55 0.58 0.58 0.58 0.58 0.58 0.42 0.46 0.37 0.38 0.38 0.56 0.57 0.55 0.55 0.54



C31 22S/(22S+22R)



0.19 0.16 0.16 0.15 0.15



2methylhop/(2methyl+hopane) 0.13 0.14 0.15 0.17 0.17 0.18 0.16 0.21 0.18 0.19 0.18 0.25 0.25 0.34 0.23 0.22 0.11 0.14 0.10 0.11 0.11
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Fig.4-6. Mass chromatogram (SIM/GCMS mode) for hopanes and hopenes, m/z 191, of the Chia Gara Formation, sample number H11, Hr-1 Well, Depth=3110m.
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These compounds have the C-ring alkyl group attached at the 14 position, in contrast with tricyclic diterpanes which the alkyl group attached to the C-ring at the 13 position (Snowdon, et al., 2004). The results of integration of peaks are present in Appendix IX and Table 4-6. Nearly all the samples have large tricyclic C23 and tetracyclic C24 peaks, whereas the remaining tricyclic peaks from C19 to C29 are small (Fig.4-5). The ratio of tricyclic/ (tricyclic + pentacyclic) found for all the samples (Table 4-6). The results show that samples of Tk-3 and Bj-1 wells are similar, while the samples from K-109 and Hr-1 wells have higher values. The oil samples show similarity and ranged between 0.12 and 0.22. 3-Ts/Tm



ratio



also



known



as



Ts/(Ts+Tm):Ts(18α(H)



22,



29,



30



trisnorneohopane and Tm(17α(H)22, 29, 30 trisnorhopane) are specific types of trisnorhopanes ( Peters et al.,2005). Ts is more stable than Tm, and degrades less during diagensis and catagensis. Thus the ratio of Ts/Tm is an indicator of the maturity of the rock (Johnson et al., 2003, Isaksen, 2004).The ratio of Ts/Tm is considered to be a source rock facies and depositional environment parameter (Bakr and Wilkes, 2002). Ts/ (Ts+Tm) ratios (Table 4-6) are generally 
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Carbon Preference Index (CPI) Fig. 4-7. Correlation diagram of CPI vs. Ts/Tm index (after Mello et al., 1988), showing the studied samples from the Chia Gara Formation, Northern Iraq.



4-Tetracyclic ratio: 24/4(24/4+26/3): the results listed in Table 4-6, the values show similarity in all samples, ranging from 0.77 to 0.92. This ratio increases in more mature source rocks and oils, indicating greater stability of the tetracyclic terpanes. Tetracyclic terpanes also are more resistant to biodegradation than the hopanes (Aquino Neto at al., 1983 in Peters et al., 2005) 5- C30 βα-moretane/ C30 αβ hopane: The ratio of 17β(H), 21α(H)-moretane to their corresponding 17 α (H), 21β (H)-hopanes decreases with increasing thermal maturity from ca. 0.8 in immature bitumens to values of less than 0.15 in mature source rocks and oils to a minimum of 0.05 (Liu and Lee, 2004). High moretane/hopane ratio commonly occurs in immature OM regardless of the lithology of sediments, but, when accompanies by high Tm/Ts and C31/C32 hopane ratios in the mature or high maturity stage, it usually indicates terrigenous plant-derived OM (Wang, 2007). This ratio varies in the studied rock extracts from 0.06 to 0.13, except samples from Hr-1 well, indicating mature source rocks (Table 4-6). The high values of Hr-1 well samples (0.3287
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0.57) indicate low maturity of the Chia Gara Formation in this well, and this may emphasize the previous results of this site. 6-C31 22S/ (22S+22R) homohopane isomerization: Isomerization at C-22 in the C31 - C35 17α hopanes occurs earlier than many biomarker reactions used to assess the thermal maturity of oil and bitumen (Peters et al., 2005). The 22S/ (22S+22R) ratio rises from 0 to ≈0.6 (Seifert and Moldowan, 1980) during maturation. Samples showing the value in the range 0.5 -0.54 have barely entered oil generation, while ratios in range 0.57-0.62 indicate that the main phase of oil generation has been reached or surpassed (Peters et al., 2005). The studied samples have the 22S/ (22S+22R) ratios in range 0.37-0.59. The lowest values reported in Hr-1 well (Table 4-6) indicating the lower thermal maturity of the Chia Gara Formation in this site. All the other studied samples from wells, K-109, Bj-1 and Tk-3, have this ratio in range 0.54-0.59, indicating oil generation stage. This ratio shows unique values in oil samples (i.e.0.540.57) indicating late stage of thermal maturity. 7-Methylhopanes: The 2α –methylhopanes of the studied samples measured using SIM/GCMS (m/z 205). The 2α –methylhopanes appear to be specific for oxygen-producing



cyanobacteria



(Summons



et



al.,



1999).



Ratios



of



methylhopanes to hopanes are useful as source input parameters reflecting bacterial populations at the time of deposition (Peters et al., 2005).Burial temperature strongly affects the 2α –methylhopanes index. Immature bitumen, show uniformly low indices, apparently because 2α –methylhopanes require cracking from kerogen (Summons et al., 1999). The studied samples of Chia Gara Formation show abundant 2α – methylhopanes (Appendix X Table 4-6) (Fig. 4-8A), however the samples from Hr-1 well have some higher values in relation to the other studied samples. The samples of Hr-1 well have low content of 2α –methylhopanes (Fig.4-8B), but the methylhopanes / hopanes ratios are high, this is may be due to the low content of hopanes(Appendix X). 88
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Fig. 4-8. Distribution of 2α –methylhopanes as recorded from SIM/GCMS (m/z 205), for samples from Bj-1 well, B5, depth=2251m (A), and from Hr-1 well, H4, depth=3230m (B).



7-Oleanane and Gammacerane indices: Oleanane designed as being derived from angiosperms, higher plants of Cretaceous age (Albian) and younger (Connan, 1993).Hence it is not expected to be recorded in the studied rock samples. Oleanane is also absent in oil samples which means that oils are also older than Albian, at least. 89
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Gammacerane, a C30 triterpane, is indicative of a density stratified water column, a feature often reported in lacustrine and hypersaline depositional environments (Philp, 2004, Eglinton et al., 2006). Gammacerane is also absent from the studied samples, thereby suggesting a lack of salinity stratification of the water column in the depositional environment (Figs. 4-5 and 4-6). 8-Hopene and ββ-hopanes : From all the studied samples there are five samples from Hr-1 well which show the presence of hopene and ββ-hopanes (Fig. 4-6 and Appendix IX).The ββ series is generally not found in petroleum because it is thermally unstable during early catagensis (Peters et al.,2005). The presence of these compounds may probably indicate low maturity of the samples from Hr-1 well.



4-3-1-3 Steranes: Steranes are a class of tetracyclic, saturated biomarkers constructed from six isoprene subunits (≈C30 ). Steranes originate from sterols, which are important membrane and hormone components in eukaryotic organisms (Peters et al., 2005). Steroids represent biomarkers for algal eukaryotes (Schwark and Empt, 2006). Most commonly used steranes are in the range C26 - C30 and are detected using m/z 217 mass chromatograms. However, using of SIM/GCMS was more useful than TIC for identifying the sterane isomers, such as cholestane (C27 ; M+=372), 24-methylcholestane (C28 ; M+=386 ), and 24-ethylcholestane (C29 ; M+=400) are clearly the dominating compounds in the m/z 217 ion chromatogram and in the TIC (Fig. 4-9). The integration of their peaks is listed in Appendix XI, and the relative abundances are given in Table 4-7 as a percentage. C27 sterane is slightly higher in the samples than C29 steranes; however the difference is not much (Table 4-7). The proportion of C27 steranes is known to increase in oils with maturity (Bowden et al., 2006).
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Fig. 4-9. Mass chromatogram SIM-GCMS (m/z217) of sample B5, Chia Gara Formation, Bj-1 Well, depth=2251m.
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SampleID Label Depth(m) Formation C28/C29 Diast/Ster C30/(C27-C30) C29/C27 C27αααR% C28αααR% C29αααR% Ster/Hopa C2920S/(20S+20R) 998311 T10 2770 Sarmord 0.52 0.08 0.07 1.25 37.64 23.29 39.07 0.37 0.43 998312 T9 2782 Chia Gara 0.52 0.11 0.07 1.26 32.99 23.83 43.17 0.23 0.40 998314 T7 2798 Chia Gara 0.51 0.08 0.08 1.26 37.46 23.18 39.37 0.23 0.43 998316 T5 2828 Chia Gara 0.54 0.10 0.08 1.22 40.96 21.63 37.41 0.25 0.46 998318 T3 2858 Chia Gara 0.67 0.10 0.07 1.12 39.76 25.19 35.05 0.15 0.42 998320 T1 2886 Chia Gara 0.60 0.11 0.06 1.18 40.62 24.02 35.36 0.14 0.45 998324 B9 2191 Chia Gara 0.53 0.16 0.11 1.15 33.35 23.61 43.04 0.29 0.40 998326 B7 2233 Chia Gara 0.55 0.16 0.10 0.89 47.45 17.84 34.71 0.26 0.43 998328 B5 2251 Chia Gara 0.53 0.14 0.10 1.13 35.08 22.28 42.64 0.23 0.40 998330 B4 2277 Chia Gara 0.58 0.14 0.16 0.99 37.86 22.93 39.22 0.15 0.40 998332 B2 2295 Chia Gara 0.50 0.08 0.10 1.04 40.34 22.65 37.01 0.13 0.43 998334 H13 3075 Sarmord 0.73 0.04 0.05 1.19 31.25 33.93 34.82 0.18 0.41 998336 H11 3110 Chia Gara 1.11 0.05 0.06 1.06 30.23 36.52 33.24 0.97 0.29 998339 H8 3160 Chia Gara 1.09 0.07 0.06 1.00 32.90 32.99 34.12 1.13 0.33 998343 H4 3230 Chia Gara 1.23 0.04 0.07 0.89 32.14 35.62 32.24 1.08 0.08 998346 H1 3310 Barsarin 1.14 0.06 0.07 0.95 31.95 34.75 33.30 1.18 0.08 998351 K9 2811.8 Chia Gara 0.63 0.12 0.04 1.04 49.95 18.97 31.08 0.29 0.43 998355 K5 2862.1 Chia Gara 0.64 0.15 0.05 1.00 52.34 20.83 26.83 0.20 0.47 998360 K3 3017.5 Chia Gara 1.02 0.22 0.01 0.46 62.81 17.38 19.81 0.21 0.41 998358 K2 3075.4 Chia Gara 0.65 0.20 0.04 0.64 48.54 24.67 26.80 0.26 0.39 998359 K1 3089.1 Chia Gara 0.66 0.22 0.04 0.62 57.57 12.13 30.30 0.16 0.35 Oils Well 998449 A 1043 K-252 0.52 0.09 0.03 0.98 49.41 22.50 28.09 0.19 0.47 998450 B 535 K-265 0.66 0.14 0.03 0.92 46.77 27.27 25.96 0.31 0.46 998451 C 688 K-215 0.70 0.15 0.05 0.78 44.94 27.43 27.63 0.46 0.36 998452 D 2702 Ja-15 0.71 0.12 0.07 0.90 44.01 26.68 29.31 0.26 0.41 998453 E 407 K-392 0.68 0.13 0.05 0.93 42.23 25.62 32.16 0.25 0.39 *For the details of calculations see the Appendix VIII.



Table 4-7. The results of mass chromatograms of steranes (m/z 217) for the studied samples*.
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to



cholestane,



methylcholestane,



ethylcholestane,



the



propylcholestane and diasterane biomarkers with their isomers were integrated and the area under the peaks were calculated (Appendix XI). The mass chromatograms of Hr-1 Well samples show exceptionally, low abundance of ββ-steranes, which indicating low maturity (Othman et al., 2001). From these biomarkers many other parameters and ratios also calculated, which may be used in source rock /oil correlation (Chapter 5). These parameters are: 1-Sterane/Hopane



(St/H):



Regular



steranes/hopanes



reflects



input



of



eukaryotic (mainly algae and higher plants) versus prokaryotic (bacteria) organisms to the source rock (Harris et al., 2004). Sterane /hopane ratios are relatively low throughout the entire sections, except Hr-1 well, indicating a contribution from bacterial sources of OM (Table 4-7). Sterane /hopane (St/H) for the samples of Hr-1 well (≥1) typify marine OM with major contributions from plankton and /or benthic algae. While low sterane abundance and low Sterane/hopane ratio, as the case in the other samples, is indicative of terrigenous and /or microbial reworked OM (Tissot and Welte, 1984). Sterane indices are relatively low throughout the entire sections, except in Hr-1 well, indicating a significant contribution from bacterial sources of OM. 2-Regular steranes (C27, C28, C29 %): The distribution of C27, C28, and C29 homologous sterols on a ternary diagram was first suggested by Huang and Meinshein (1979) as a source indicator. The 5α, 14α, 17α (H)-20R (αααR) isomers of three regular steranes; cholestane, 24-methylcholestane and 24ethylcholestane are clearly the dominating compounds in the m/z217 ion chromatograms and in TIC (Fig. 4-10). The relative abundances are given in Table 4-7 as percentage, which show that C27 and C29 steranes are always more abundant than those of C28. Almost all higher plants have C29 as the dominant 93
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Fig. 4 – 10. Mass chromatogram SIM/GCMS mode of sterane group (m/z 217), for sample B5, Chia Gara Formation, Bj-1 Well, depth=2251m.
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sterol, while the C27 sterols tend to be dominant in most plankton. However, C29 sterols also are dominant in brown algae and some species of green algae (Hunt, 1996). The studied samples of Chia Gara Formation in the studied wells show enrichment in C27 than in C29 . However, in Hr-1 well the ratios of the three steranes are similar (Table 4-7). Samples from K-109 well and the oil samples all show high percentage of C27 if compared with the C29 content (reaching 62.81% in sample K3) (Table 4-7). Samples from Hr-1 well show slightly enrichment in C28 sterane than the other studied samples. The C28 sterane may have derived from unicellular green algae such as prasinophytes or chlorophytes (Volkman, 1986).



3- C28/ C29 steranes: The relative content of C28 steranes increase and the C29 steranes decrease in marine petroleum through geologic time (Grantham and Wakefield, 1988). Although this approach is not sufficiently accurate to determine the age of the source rock for oil, it is possible to distinguish Upper Cretaceous and Tertiary oils from Paleozoic or older oils (Grantham and Wakefield, 1988).These authors observed that C28/ C29 steranes is 


Bj-1 Well = 0.538



Tk-3 Well = 0.56



Hr-1 Well = 1.125



And the values of this ratio for the oils as follow: A- K-252 Well =0.52



B- K-265 Well = 0.66



C- K-215 Well = 0.70



D- Ja-15 Well = 0.71



E- K-392 Well = 0.68 95
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Generally, the wells K-109 and Hr-1 are in the range, but the values of wells Bj-1 and Tk-3 are lower than 0.7. Oil samples, except K-252, are all near the range. As a whole they can be accepted to represent the age of Jurassic – Lower Cretaceous.



4-Diasteranes/Steranes: Diasteranes/steranes ratios are commonly used to distinguish petroleum from carbonate versus clastic source rocks and can be used to differentiate immature from highly mature oils (Younes and Philp, 2005).The values of this ratio in the studied samples ranged between 0.04 and 0.22 (Fig. 4-9 and Table 4-7). Low diasteranes/steranes ratios in oils indicate anoxic clay-poor carbonate source rock (Ding et al., 2003, Eglinton et al., 2006). During diagensis of these carbonate sediments, bacterial activity provides bicarbonate and ammonium ions (Bener et al., 1970), resulting in increased water alkalinity. Under these conditions of high pH and low Eh, calcite tends to precipitate and organic matter preservation is improved (Peters et al., 2005). The samples of Hr-1 well are slightly depleted in diasteranes relative to other samples (Table 4-7), probably reflecting differences in their level of thermal maturity (Younes and Philp, 2005). 5- C30 –Sterane Index: The C30 sterane index is the ratio of C30 / (C27 - C30 ) steranes. The presence of these C30



steranes (identified as 24-n-



propylcholestane) is a good indication of a marine contribution, but their absence may not always be source related (Moldowan et al., 1990 and Harris et al., 2004).This ratio ranged from 0 to 0.88 for all marine oils analyzed from a variety of environments around the world (Moldowan et al., 1985). The studied samples from the Chia Gara Formation and the oil samples have values ranged from 0.01 to 0.16 (Table 4-7). The presence of C30 in oils is the most powerful means in order to identify input of marine OM to the source rock (Moldowan et al., 1985). 96
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6-C29 20S/(20S+20R) isomerization: Isomerization at C-20 in the C29 5α, 14α, 17α (H)-steranes causes 20S/(20S+20R)to rise from 0 to ≈0.5 with increasing thermal maturity (Seifert and Moldowan, 1986). The studied samples have values ranging from 0.08 to 0.47 (Table 4-7). The lowest values recorded in the samples from Hr-1 well, indicating lower maturity of the Chia Gara Formation in this well than the other sections.



4-3-2 Aromatic fractions: Aromatics 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 monoaromatic steroids, some cyclic sulfur compounds such as benzothiophenes, and porphyrins (Peters et al., 2005). Aromatic biomarkers can provide valuable information on organic matter input, biodegradation, maturity, etc. The aromatic hydrocarbons in the studied samples, as studied from TIC, indicate



dominance



of



sulfur-aromatics,



such



as



benziothiophene,



dibenzothiophene, naphthalene, also triaromatic steroids and monoaromatic steroids are present. The abundance of these types of aromatic biomarkers is in agreement with the abundance of pyrite in the thin sections (Chapter 2). Aromatic profiles from all the studied samples are generally associated with an elevated baseline, especially in the relatively heavier components, due to the unresolved complex mixture (UCM) (Fig.4-11). The aromatics MS data are only integrated for compounds and their classes; however the methyl-phenanthrene (m/z 192) and methyl-dibenzothiophene (m/z 198) isomers integrated in order to calculate the alkylation degree (Appendix XII and Table4-8). The monoaromatic steroid aromatization ratio was also calculated.
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Fig. 4-11. Mass chromatogram (TIC) of aromatic fraction with unresolved complex mixture (UCM), Chia Gara Formation, Tk-3 well, Depth = 2886m. These aromatic fractions were analyzed to determine: 1-Naphthalene: an aromatic hydrocarbon (C10H8) consisting of two fused benzene rings. The integrated mass fragments are m/z 128, 142, 156 and 170. 2-Phenanthrene: an aromatic hydrocarbon consisting of three fused aromatic rings; an isomer of anthracene. The integrated mass fragments are m/z 178, 192 and 206. 3-Dibenzothiophene: it consists of mass fragments m/z 184, 198, and 212. 4-Monoaromatic steroid: a class of biomarkers that contain one aromatic ring (usually the C-ring), probably derived from sterols. Its presence determined using mass fragment m/z 253. 5-Triaromatic steroid: a class of biomarkers containing three fused aromatic rings and one five –member naphthene ring (naphthenophenanthrene), probably derived from monoaromatic steroids during maturation. It can be determined using mass fragment m/z 231. Mass chromatograms representing tri- and monoaromatic steranes were acquired from the aromatic hydrocarbon fractions (Fig. 4-12). The distribution of triaromatic steranes (m/z 231) is similar for all the samples. The distribution of monoaromatic sterane traces (m/z 253) was seen to change slightly. The results of sample analysis from Hr-1 well are showing nearly depletion in aromatic biomarkers if compared with the other samples (Table 4-8). 98
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1043 535 688 2702 407



Depth(m) 2770 2782 2798 2828 2858 2866 2886 2191 2233 2251 2277 2295 3075 3110 3160 3230 3310 2811.8 2862.1 3017.5 3075.4 3089.1



Fm. Sarmord Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Sarmord Chia Gara Chia Gara Chia Gara Barsarin Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Well K-252 K-265 K-215 Ja-15 K-392 0.49 0.47 0.49 0.48 0.49



0.49 0.50 0.57 0.50 0.53 0.53 0.54 0.50 0.51 0.50 0.50 0.54 0.39 0.39 0.36 0.39 0.37 0.50 0.48 0.41 0.33 0.33 0.37 0.41 0.38 0.37 0.36



0.15 0.16 0.21 0.29 0.31 0.30 0.26 0.21 0.17 0.21 0.24 0.26 0.16 0.28 0.11 0.12 0.14 0.26 0.37 0.39 0.40 0.47 0.38 0.38 0.38 0.39 0.38



0.48 0.48 0.46 0.42 0.42 0.43 0.44 0.44 0.44 0.46 0.44 0.46 0.44 0.48 0.36 0.46 0.39 0.39 0.34 0.27 0.27 0.29 0.52 0.52 0.52 0.50 0.52



0.23 0.25 0.40 0.46 0.49 0.45 0.45 0.44 0.31 0.35 0.40 0.38 0.50 0.41 0.51 0.37 0.47 0.52 0.59 0.69 0.69 0.67



dmdbt/(dbt+mdbt+dmdbt)



2.34 3.63 2.43 2.28 2.30



142071 85536 104433 131692 96286



42629 21706 40132 37419 19910



dbt/p Triarom (TA) Monoarom(MA) 184/178 m/z 231 m/z 253 0.44 16112 21822 0.78 30602 45676 2.16 163918 120649 1.58 142929 81599 1.90 28739 26694 2.28 10446 34090 1.98 11889 23300 0.53 54053 47211 2.63 35225 57323 1.83 82070 126449 1.12 59356 54800 3.89 34051 82511 0.11 5480 33577 0.35 886 5295 0.21 1078 17225 0.34 958 14486 0.20 8015 126276 0.31 35147 10683 0.87 132099 12988 0.53 92511 31241 0.73 50153 56251 1.49 22465 33962



*For the details of calculations see the Appendices VIII and XII



dibenzothiophene, TA: triaromaticsteroid, MA: Monoaromaticsteroid, MPI: methyl phenenthrene Index.



*Abbreviations: p: phenenthrene, mp: methyl phenenthrene, dmp: dimethyl phenenthrene, dbt: dibenzothiophene, mdbt: methyl dibenzothiophene, Dmdbt: di methyl



Sample ID. Label 998311 T10 998312 T9 998314 T7 998316 T5 998318 T3 998319 T2 998320 T1 998324 B9 998326 B7 998328 B5 998330 B4 998332 B2 998334 H13 998336 H11 998339 H8 998343 H4 998346 H1 998351 K9 998355 K5 998360 K3 998358 K2 998359 K1 Oils 998449 A 998450 B 998451 C 998452 D 998453 E



mp/(p+mp+dmp) dmp/(p+mp+dmp) mdbt/(dbt+mdbt+dmdbt)



Table 4-8. The results of mass chromatograms parameters of aromatic fractions for the studied samples*.



0.77 0.80 0.72 0.78 0.83



0.42 0.40 0.58 0.64 0.52 0.23 0.34 0.53 0.38 0.39 0.52 0.29 0.14 0.14 0.06 0.06 0.06 0.77 0.91 0.75 0.47 0.40



TA/(MA+TA) MPI-1



0.96 0.88 0.89 0.93 0.97



0.54 0.56 0.57 0.67 0.69 0.62 0.75 0.54 0.39 0.51 0.84 0.73 0.49 1.73 0.37 0.51 0.49 0.72 0.79 0.79 0.82 1.05
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Monoaromatic steroid aromatization ratio (TA/(MA+TA)) increases from 0 to 100% during thermal maturation( Peters etal.,2005). The ratio applied on the studied samples of rock extracts and oils (Table 4-8). However, this ratio can be affected by expulsion, the more polar triaromatic steroids are retained preferentially in the bitumen compared with the expelled oil (Peters et al., 1990). This ratio calculated for the studied samples which ranging from 0.23 and 0.91for rock extracts, except samples from Hr-1 well, and 0.72 to 0.83 for the oil samples (Table 4-8).Clearly the samples from Hr-1 well are less mature if compared to the other samples. The dibenzothiophene/ phenanthrene ratio is normally indicating marine anoxic environment, and generally has negative relationship with Pr/Ph ratio (Hughes et al., 1995). Dibenzothiophenes are frequently the major group of thiophenic compounds in mature or altered high-sulfur crude oils (Tissot and Welte, 1984). The aromatic biomarkers especially organic sulfur compounds indicate to deposition of the Chia Gara Formation in a reactive iron –depleted and strongly reducing carbonate/evaporate environment, which is consistent with sedimentological observations (Chapter 2). I o n 2 3 1 . 0 0 (2 3 0 . 7 0 t o 2 3 1 . 7 0 ): 9 9 8 3 2 4 B 3 . D I o n 2 5 3 . 0 0 (2 5 2 . 7 0 t o 2 5 3 . 7 0 ): 9 9 8 3 2 4 B 3 . D
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Fig. 4-12. Mass chromatograms for mono- and triaromatic steroids of aromatic fraction, Chia Gara Formation, Well Bj-1, Depth =2191m.
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One of the important parameters in aromatic hydrocarbons is the distribution of methylhomologs of phenanthrene which is controlled by thermal maturity (Fig. 4-13). The methylphenanthrene index (MPI-1) appears to be useful as vitrinite reflectance for maturity assessment in some field studies (Radke, 1988). MPI-1 can be calculated using peak areas of phenanthrene and meththylphenanthrenes from m/z 178 and m/z192 mass chromatograms, respectively (Appendix VIII). The MPI-1 was calculated for the studied samples (Table 4-8). From the values of MPI-1 it can be deduced that all the oil samples have close values ranging from 0.88 and 0.97 (0.926 in average) and the rock extracts from the wells are (in average): Tk-3 = 0.643 Bj-1 = 0.602 Hr-1= 0.44 K-109 = 0.834 The MPI-1 value for the samples of the Chia Gara Formation in Hr-1 well has the



lowest



value



(excluding



sample



H11,



which



probably



several



methylphenanthrene isomers were below detection), pointing to low maturity of the sediments in this well. The K-109, Tk-3 and Bj-1 wells have more than 0.6 indicating maturity of the samples, however the MPI-1 value in Bj-1 well is the lowest among them indicating lower stage of maturity if compared with the K109 and Tk-3 wells. This result coincides with the other geochemical analysis (Chapter Three).



4-4 Discussion: The study of bitumen through its molecular structures is one of the most interested and accurate studies in which these biological markers are accurate to give more information about the oils, and extracts from rocks. Gas chromatography fingerprints can indicate; 1- Certain types of source OM input; 2-The n-alkane distribution patterns may indicate the terrigenous input, 3Depositional conditions, in addition to 4-Maturity evolution.
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Fig. 4-13. The elution order of four methylphenanthrene isomers (m/z 192), the sample from TK-3 well, Chia Gara Formation, Depth =2886m.



4-4-1 Biological origin of organic matter: Molecular geochemical data for the sediment from the Chia Gara Formation support an origin from marine organic matter with some minor admixture of terrigenous material. The biomarker analysis focused on the major groups; terpanes, steranes and aromatics. The terpinoid distributions are dominated by C29- C31 hopanes. C30 hopane is the most dominant component of the terpane distribution. Prevalence of hopanes over steranes is an indication of bacterial source rather than algal material (Liu and Lee, 2004). It is also indicative of terrigenous and /or microbially reworked OM. Oleanane and gammacerane are not detected, even in small quantity, this is indicating absence or rarity of higher plant contributions and non hypersaline environments



,respectively



(Connan, 1993). The presence of 24-n-propylcholestanes in the source rock samples and oils (Fig.4-8), indicates marine origin (Moldowan et al., 1990, Riboulleau et al., 2007). The absence of Oleananes in the samples indicating absence of flowering plant input to source, but the presence of C29 steranes in high amount in relation to total C27 - C29 in some of the samples may indicate to 102
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some plant input to source rocks (Moldowan et al., 1985). The envelopes of nalkane distributions are unimodal with short-chain compounds in the range of n C14 to C19 predominant but also a presence of n-alkanes in the range of C30 to C40 pointing to some contribution by higher plant waxes.



4-4-2 Environment of deposition: The anoxic depositional environment of the source rock can be deduced from the Pr/Ph ratio which is 0.5 of the studied samples, however, few samples have less than 0.5 value (Table 4-5). The environment of enhanced salinity is clearly indicated by: 1) low Pr/Ph ratio, 2) a slight dominance of even n-alkane in the C22 to C28 range, 3) a strong dominance of hopanes over steranes, and 4) high ratio of thioaromatics over regular aromatics. The small amount of higher-molecular-weight nalkanes nC27 – nC31 was also detected in the source-rock extract which originated mainly from higher-plant waxes (Connan, 1993). Pr/Ph ratios, varying from 0.34 to 0.89, indicate that marine OM is prevalent during the time of deposition (Table 4-5), however some of terrestrial materials also participated. Relatively low pristane/ nC17 ratios also imply that the input of marine OM was prevalent during deposition. The nature of the source rock depositional environments is further elucidated from a plot of the isoprenoid ratios Pr/ nC17 versus Ph/ nC18 (Fig.4-14A), which shows that OM is completely of marine origin. CPI varying from 0.83 to 1.55 exhibits both relatively high level of thermal maturation and input of primary marine OM during deposition (Table 4-4). Concerning the oil samples, the distribution of n-alkanes is also unimodal (section 4-5). The nC17 and nC18 peaks are the maximum for most of the studied samples. The ratio (nC21 + nC22 )/( nC28 + nC29) for the samples (2.526.93) indicate the higher light hydrocarbons.
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The Pr/Ph ratios, varying from 0.72 to 0.91, indicate that marine OM is prevalent during the time of deposition (Table 4-5), however some of terrestrial materials also participated. Relatively low pristane/ nC17 ratios also imply that the input of marine OM was prevalent during deposition. Plotting of Pr/ nC 17 versus Ph/ nC18 shows that OM is completely of marine origin (Fig.4-14B). CPI for oil samples varying from 0.94 to 1.11 exhibits both relatively high level of thermal maturation and input of primary marine OM during deposition (Table 44 ). The low Pr/Ph ratios (


Based on the results of the n-alkane analysis, the soluble extracts of the sediments from all the selected wells were mostly derived from marine OM with some terrestrial materials input. Also the oil samples consist mainly of marine OM and some terrestrial materials too. However, the relationship between Pr/Ph versus C29/C27 steranes representation (Othman et al., 2001), indicate totally algal OM origin and anoxic depositional environment for all the studied samples and oils too (Fig. 4-15).
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Fig. 4-14. Relationship between isoprenoids and n-alkanes showing sources and depositional environments (Shanmugam, 1985)for the



Chia Gara



Formation samples (A) and for crude oil samples (B). All the samples plot in the type II kerogen, algal, marine and strongly reducing environment.
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Fig. 4-15. Cross-plot of Pristane/phytane versus C29/C27 steranes (after Othman et al., 2001), for the Chia Gara source rock and oils from different wells.



4-4-3 Maturation evolution: In the studied rock extract samples all C15+ show the dominant of nC14 – nC19 and contribution of



nC24 - nC26 .The n-alkane distributions of the



saturated compounds for the studied rock samples are unimodal (Fig.4-16A), except Hr-1 well which is mostly bimodal in distribution ( Fig. 4-16B). The unimodal n-alkane distribution indicates more thermal maturity than bimodal which indicate least maturity (Peters et al., 2005). The source rocks of Chia Gara Formation evaluated to be mature in all sections, except in Hr-1 well which probably immature or at early stage of maturity (see also Chapter Three). Identification of some biomarkers which are indicators to source rock maturity can be applied to evaluate the thermal maturity of samples. The C29 steranes {20S/ (20S+20R)} ratio, Moretane/Hopane ratio, C31 Hopane {22S/ (22S+22R)} ratio, Ts/Tm, diasterane/sterane ratio, and triaromatic/tri+ monoaromatic steroids, all indicate mature source rock, except for the Hr-1 well, which is mostly immature or at the early stage. The Rock-Eval pyrolysis data are also, indicating that (Fig. 3-6). The Ts/Tm versus C29 Moretane index indicating to mature stage for all sections, except Hr-1 well which shows less mature oils (Fig. 4-17). Using the methylphenanthrene index (MPI-1) also 106
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supports the low maturity stage of extracts in Hr-1 well and peak of maturity of the Chia Gara Formation in wells K-109 and Tk-3, while at Bj-1 well it is in early stage (Table 4-8).
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Fig. 4-16. Mass chromatograms of C15+ n-alkanes of ; A- unimodal n-alkane distribution (sample K3), and B-bimodal n-alkane distribution (sample H8).
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Fig. 4-17. Cross plot of terpane maturity parameters (Johnson et al., 2003), indicating different stages of maturity of the studied samples. 4-4-4 Biodegradation: Concerning the biodegradation; which is the destruction of petroleum and related bitumens by bacteria (Blanc and Connan, 1993), generally the oil samples show no degradation as well as the rock extracts from all studied wells. This is concluded from the shape of gas chromatograms of the studied samples (rocks and oils). The ratio (nC21 + nC22 )/( nC28 + nC29) for the samples is quite different (1.078.09) indicating different content of light hydrocarbons in the samples, however in all cases the light hydrocarbons are greater than the heavy hydrocarbons (Table 4-4). The Pr/n C17 versus depth of the studied samples (Fig. 4-18), shows



samples



not



subjected



to



biodegradation.



With



increasing



biodegradation the amount of n-alkanes will decrease due to bacteria activity, which will raise Pr/ n C17 ratio (Peters et al., 2005). In addition to that, the biodegradation will increase the amount of NSO components. All the studied samples contain saturated and aromatic hydrocarbons more than the NSO components (Tables 4-2 and 4-3), indicating no clear biodegradation. 108
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Fig. 4-18. Pr/n C17 versus depth (after Peters et al., 2005) of the studied samples indicating no biodegradation was taken place in the samples.



4-5 Geochemical Summary Sheets: This title was used by Peters and co-workers (2005) to summarize all biomarker analysis and their derivative parameters from the analyzed sample. For every studied sample, rocks and oils, a geological summary sheet was prepared (an example is Fig. 4-19). This sheet is useful for quick observation, direct interpretation and evaluation.
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Geochemical Summary Sheet Country: Iraq Basin: Chia Gara Field: Tikret Well: Tk-3
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Fig. 4.19.Geochemical data for extract from the Chia Gara Formation, Tikret Field, Tk-3 well, Northern Iraq. 110
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CHAPTER FIVE GEOCHEMICAL CORRELATION 5-1 Introduction: Geochemical correlation can be used to establish petroleum systems to improve exploration success, define reservoir components to enhance production, and identify the origin of petroleum contaminating the environment (Peters et al., 2005). One of the most important advantages of biomarkers is their using in correlation between different oils and/or oil-source rocks. Geochemical fossils have been discussed in detail in Chapter four; they could be used for determining the relationship between different studied sections and oils. Compounds of the steranes, terpanes and aromatics are of special interest in this connection.



5-2 Biomarker ratios for correlation: Generally the bulk properties and GC patterns are not suitable for geochemical correlation procedure because of the generality and similarity. Consequently, biomarker ratios and patterns are used mainly in the correlation (i.e. oil-oil or oil-source rock correlation). One of the strengths of biomarkers is their resistance to biodegradation (Hunt, 1996). There are many biomarker ratios used in geochemical correlation, which is not possible to mention all of them. Some of the more frequently used ratios are discussed as follows: -Gas chromatograms comparison -Pr/nC17 verses Ph/nC18 diagram -C30-Sterane (24-n-propylcholestane) Index -Diasteranes / Regular steranes -Sterane Ternary diagram -Homohopane Index - C29 20S/(20S+20R) steranes - Moretane/hopane 111
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- C31 22S/ (22S+22R) homohopane - Ts/(Ts+Tm) - Dibenzothiophene/ phenanthrene (dbt/p) -Triaromatic/monoaromatic steroids (TA/MA+TA) -Methylphenanthrene Index These parameters were discussed in detail in Chapter four



5-2-1 Oil-Oil correlation: Our studied oil samples are from different fields and wells (Fig. 1-1), and from different pay zones and ages (Table 4-1). The studied samples are from two different oil fields; Kirkuk and Jambur. The locations of wells are as in the figure 1-1. The gas chromatograms for the studied samples are similar and unimodal. All of them show very slightly biodegradation and the maximum abundant is for the low molecular weight hydrocarbons (C17 - C18 ) (Fig. 5-1). This similarity in shapes of C15+ indicating similarity in composition and degree of maturation, however the chromatograms comparison are always considered as preliminary method and should be followed by other geochemical analysis (Hunt, 1996). The biomarker analysis of the studied crude oil samples (Chapter Four), indicating also to similarity in composition for these oils (Table 4-5 to 4-8). One of the early parameters used in correlation was Pr/Ph ratio. The values of this ratio in the studied samples are identical ranging from 0.72 to 0.91(i.e. 
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Fig. 5-1. Mass chromatograms (TIC) of the studied oil samples from Kirkuk and Jambur oil fields, Northern Iraq.
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The 24-n-propylcholestane distribution is identical in these samples (Table 4-7 and Appendix X) and show strong relationship (Fig. 5-2). The ratio Diasterane /Steranes of the studied samples are closed to each other (Table 4-7). The Homohopane Index values for these samples are between 9.09 and 11.63 %, as well as the Ts/Tm Index are from 0.25 to 0.26 (Table 4-6), and these results also reflect a good similarity. One of the most useful methods for correlation is using Sterane Ternary diagram: Ternary plots of sterane carbon number are often used to facilitate oil-oil and oil-source rock correlation and to provide a general comparison of depositional environments (Bowden et al., 2006). After identification and calculating the regular steranes (Table 4-7), they plotted on the ternary diagram indicating the same source for all of them, marine carbonates (Fig.5-3). The general crude oil composition of analyzed samples, as indicated from biomarkers, shows no major geochemical differences, this supports the contention that these oils were generated from one source rock or similar source rocks.



5-2-2 Oil-Source rock correlation: Correlation between petroleum and its related source rock is difficult to establish on the basis of bulk properties. Oil-to-source rock correlation may be suitably assessed using molecular markers (Blanc and Connan, 1993). John Hunt and colleagues carried out the earliest well-documented effort at oilsource rock correlation, which involved noncommercial liquid and solid oil deposits in the Uinta Basin of Utah (Hunt et al., 1954 in Curiale, 1993). Oilsource rock correlations are based on the concept that certain compositional parameters of migrated oil do not differ significantly from those of bitumen remaining in the source rock (Peters et al., 2005).
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Fig. 5-2. The SIM/ GCMS of steranes (m/z 217), showing similarity between the two Samples from Kirkuk and Jambur oil fields.



Fig. 5-3. Ternary diagram showing the relative abundances of C 27, C28, and C29 regular steranes (ααα R) in the saturate fractions of the oil samples determined by GCMS (m/z 217). Labeled areas represent a composite of data for oils from known source rocks (Moldowan et al., 1985).
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Based on this concept and using the gas chromatograms to gain available saturate and aromatic biomarkers, which are determined and studied in this dissertation (Chapter Four). A geochemical comparison was carried out between the oils and the Chia Gara Formation rocks from different wells, in order to explain the similarity and /or difference in biomarkers content as well as to show lateral distribution of them. Due to migration phenomena, trapped crude oils are strongly enriched in saturated hydrocarbons, moderately enriched in aromatic hydrocarbons and depleted in polar NSO compounds when compared to source rock bitumen. Saturated and aromatic hydrocarbons are



therefore



more



suitable



for



oil-source



rock



correlation



than



heterocompounds (Tissot and Welte, 1984). First if the gas chromatograms of rock extracts and oils simply compared, it can be deduced that there is strong relationship and the C15+ are not much different (Fig.5-4). Interestingly, the chromatograms of Hr-1 well show some different patterns than the other samples (Fig.5- 4). The chromatograms of aromatic fractions are also giving same conclusions (Fig.5-5), this may reflect different stage of maturity of these rock samples if compared with samples from the other sites. The Pr/nC17 versus Ph/nC18 diagram for the studied samples, rock extracts and oils closely related, in which all the samples located in the same field (Fig. 4-14A). This field is characterized by algal marine type II kerogen which reflects reducing condition. By returning to the Pr/Ph versus C29/C27 steranes diagram (Fig.4-15), the same conclusion can be deduced. Consequently, all the oil samples expelled from source rocks as much as like the Chia Gara Formation source rock. Among the used correlation parameters, there were the patterns of steranes, terpanes, and aromatics. One of the important parameters is the present of C30-Sterane (24-n-propylcholestane) (Appendix XI). The propylcholestane, as discussed in chapter four, in oils indicates to marine source rocks (Moldowan et al., 1985).
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Fig. 5-4. Mass chromatograms (TIC), aliphatic fractions, correlation indicating similarity among the rock extracts and oil samples, except for Hr-1 well.
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Fig. 5-5. Mass chromatograms (TIC), aromatic fractions, correlation indicating similarity among the rock extracts and oil samples, except for Hr-1 well.
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The presence of this compound in both rock extracts and oils (Fig. 5-6) indicating that the origin of oils is from source rocks as much as like Chia Gara Formation.
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Fig.5-6. Mass fragmentograms SIM/GCMS (m/z 217) of different samples from the studied source rocks and oils.



The Diasteranes / regular steranes ratios of the studied samples (Table 4-7) range between 0.04 and 0.22. If the samples of Hr-1 well excluded the values are in the range 0.08 and 0.22. The least values are from Hr-1 well indicating some differences in source rocks; more carbonate source rocks (Hughes, 119
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1984). The Dibenzothiophene/phenanthrene (DBT/P) ratios of the studied oil samples (Table 4-9) indicate that the oils were derived from high-sulfur carbonates (Hughes et al., 1995), which is the case of the potential source rock, Chia Gara Formation (Chapter Two). The negative relationship between the DBT/P ratio and the Pr/Ph ratio (Fig. 5-7)indicate reducing depositional environment with free sulfide in the sediments due to limited Fe availability, fully marine anoxic environments. This is in agreement with the results of petrographic study of thin sections which indicate the dominant of pyrite-rich carbonate related to shale layers (Chapter Two). 4.50 4.00 3.50 y = 0.2915x + 2.3455
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Fig. 5-7. Correlation diagram of dibenzothiophene/phenanthrene ratio vs. pristane/phytane ratio of the Chia Gara sediments and oil samples. The organic sulfur compounds, especially thioaromatics proved very useful for oil-source rock correlation. The alkylated dibenzothiophene (DBT) is ubiquitous



in



Cretaceous



and



Tertiary



reservoired



oils,



and



in



Tithonian/Berriasian Chia Gara source rocks (Table 4-8). The alkylation pattern of oils and sediment extracts were virtually identical for DBT, pointing towards a strong genetic relationship between oils and source rocks (Fig. 5-8). 120
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Fig. 5-8. Comparison between the mass chromatograms of dibenzothiophene (DBT) isomers (m/z 184, 198, and 212) in the rock extract (Sample fromTk-3 well, left) and oil sample from K-252 well, right).The alkylation pattern of both is identical. C1-DBT: methyl-dibenzothiophene and C2-DBT: dimethyldibenzothiophene. Sterane Ternary diagram: Ternary plots of sterane carbon number are often used to facilitate oil-oil and oil-source rock correlation, and to provide a general comparison of depositional environments (Bowden et al., 2006). The calculated percentages of C27, C28, and C29 αααR steranes in the candidate source rock (Fig.5-9) was compared with the ternary diagram for oil samples 121
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(Table 4-7 and Fig. 5-3). The field of locations is close to each other indicating similar origin of rock extracts and bitumen from oils. Legend:



Fig. 5-9. Ternary diagram showing the relative abundances of C 27, C28, and C29 regular steranes (ααα R) in the saturate fractions of the rock extracts (Chia Gara Formation) determined by GCMS (m/z 217). The Homohopane Index as calculated for the studied samples (Table 4-6), showing not too much difference in the values, except few samples which have low values. The high ratio indicates strongly reducing conditions, like those found in some marine evaporates and carbonates (Peters and Moldowan, 1991, Bechtel et al., 2007). Consequently, the origin source rock from which the oils derived had high homohopane index ratio. This quite agrees with properties of the Chia Gara Formation. Hence, the Chia Gara Formation possibly is the source rock of these oils. 122
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The correlation between the Chia Gara Formation (as candidate source rock) and the studied oils carried out based on the thermal maturity using certain biomarkers; the relationship can be explained as follows: A- Based on the saturated hydrocarbon biomarkers: such as: C29 20S/ (20S+20R) steranes, Moretane/hopane, C31 22S/ (22S+22R) homohopane, Ts/ (Ts+Tm) index, and Diasteranes/steranes ratio, all indicating close relationship between source rocks and the oils (Tables 4-6 and 4-7). B- Based on the aromatic hydrocarbon biomarkers: such as: Triaromatic/monoaromatic steroids ratios, by returning to Table 4-8 these ratios of the Chia Gara Formation and the oil samples have good concordance. The Dibenzothiophene/ phenanthrene ratio for all the studied samples ≈>1 indicating thermal mature bitumen, however the samples from Hr-1 well have lowest values, probably indicating low thermal maturity of the Chia Gara Formation in this site. Interestingly, the triaromatic/monoaromatic steroids ratios (TA/MA+TA) are in agreement with the dibenzothiophene/ phenanthrene ratios, which the samples from Hr-1 well have the lowest values too. The maturity of extract in Hr-1 well , based on the 20S/(20S+20R) C29 ααα sterane ratios of 0.08, 0.33, and 0.29 , are close to 0.14, 0.58, and 0.5 %Ro, respectively, which are lower than the maturity of the rock(Tmax 432, 434, and 440 ºC, respectively). For all the other analyzed samples the Rock-Eval data are in agreement with the characterized biomarkers in the bitumen from the rock extracts and oils.



From the previous discussion and interpretations it can be concluded that the Chia Gara Formation without any doubt is the major source rocks of the selected oil samples, and as a result the source for many oil fields from Late Cretaceous and Tertiary oils in the region. The stratigraphical succession in the region shows the Chia Gara Formation as a single and major source rock for the oils because of: 1-Below the Chia Gara Formation the Barsarin and / or Gotnia Formation are present, these separate the petroleum system below Chia Gara Formation from the above 123
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petroleum system, as they are very rich with evaporate deposits. Hence, the chance of migration of oils from Naokelikan and /or Sargelu Formations upward is nearly zero (except along the faults). 2- Above the Chia Gara Formation no one of the rock units is quite rich in OM to be source rocks (samples of Sarmord Formation analyzed in this study). 3-This study, by using different organic geochemical methods, i.e. Rock-Eval pyrolysis, elemental analysis, and biomarker analysis, proved that the Chia Gara Formation is the main source rock in the region.
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CHAPTER SIX CONCLUSIONS AND RECOMMENDATIONS This study is based on geochemical analysis and interpretation of a potential source rock, Chia Gara Formation (M.Tithonian-Berriasian), and five hydrocarbon oil samples from the different sections and wells. The oils are from two oil fields; Kirkuk oil field (K-252, K-265, K-215, and K-392) and Jambur oil field (Ja-15), with ages of Tertiary and Cretaceous.



6-1 Conclusions: The following conclusions may be drawn from this study: Depositional system: 1-The Chia Gara Formation is composed of organic matter-rich limestones and shale. The limestones are thin to medium bedded and grey to dark in color. The shales are OM-rich calcareous, brown to dark in color, with developed fissility in most cases, and dominant in the lower part of the sections. The limestones are characterized by the radiolarian wackestone-packestone microfacies with distribution of other bioclasts, such as ammonites, ostracods, foraminifera, Calpionellids and calcisphers, and some unidentified broken bioclasts. All radiolarian molds replaced by calcite as a consequence of changing in chemical properties, such as alkalinity and water temperature. 2-The sequence as a whole represents transgressive sediments deposited on the Barsarin and /or Gotnia Formations. The lower boundary of the Chia Gara Formation, in all the studied sections, characterized by abrupt change in lithology and coincides with the global tectonostratigraphic boundary. 3-Lithologically, there are some differences in depositional system between the studied sections, in which the sections of Bj-1 and Tk-3 wells have more detrital quartz grains, more dolomitization, presence of Calpionellids and less shale interlayers than the other sections, i.e. Rania, Sargelu, K-109, and Hr-1. 4-The deep outer shelf to carbonate slope environments is possibly the depositional model of Chia Gara Formation. The basin characterized by anoxic 125
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and euxinc conditions and possibly north-eastward the basin became deeper and less anoxic.



Rock-Eval pyrolysis results: 5-The total Organic Carbon (TOC%) content of the studied samples of the Chia Gara Formation range from 0.3 % to 7.35%., which indicates fair to excellent potentiality. 6-The distribution of C, N, and S elements in the samples show sulfur-rich samples. The TOC% vs. S% relationship indicates fewer sulfides – rich layers at Rania and Sargelu sections, if compared with the other subsurface sections. From the basin analysis point of view, it can be interpreted that toward northeast the basin was less anoxic. 7-The Rock-Eval pyrolysis results, which carried out on the selected samples, gave different types of kerogen and different maturity stages. The table below shows the summary results of Rock-Eval pyrolysis analysis for the studied wells: Well



Petroleum Potential (S1)



Type of Kerogen (S2/S3 , HI)



Maturity (Tmax , PI)



Source Rock Genetic Potential (PP)



K-109



Upper



Poor



III



Early



Bj-1



Middle Lower Upper Middle Lower



Fair Good Poor Fair Good



III III II-III II/III II



Tk-3



Upper



Fair



II



Peak Late Early Immature ImmatureEarly Peak



Hr-1



Middle Lower Upper



Good Very good Poor



II II II/III



Peak Peak Early



Good Good Moderate



Middle Lower



Poor Poor



III II/III



Immature Immature



Moderate Moderate
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Some potential for gas Moderate Good Moderate Good Good Moderate



Main Expelled Product at Peak Maturity (S2/S3, HI) Gas



Gas Gas Gas Oil Oil Mixed Oil +Gas Oil Oil Mixed Oil +Gas Gas Mixed Oil +Gas
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As a whole, the Chia Gara Formation from all wells has type II and III kerogens in mature stage in wells K-109 and Tk-3 totally, but in well Bj-1 it is partially mature and in well Hr-1 only the upper part is in early stage maturity. 8-Concerning the expulsion and migration processes, well K-109 with PI – values of an average 0.32. Samples from well Tk-3 yield average PI-values of 0.12 and thus represent the onset of oil generation, whereas sediments from the Chia Gara Formation in wells Bj-1 and Hr-1 with averaged PI-values of 0.06 have not yet reached the oil window. The Tmax values of the sediments on average comprise 442 and 438 ºC for wells K-109 and Tk-3, respectively, which are in agreement with a maturity within the oil window. Samples from low maturity Chia Gara rocks in wells Bj-1 and Hr-1 only reach Tmax values of 432 and 435 ºC, insufficient for effective oil generation and expulsion.



Bitumen characterization: 9-The bitumen% in the studied samples, range from 0.1% to 2.24% and show a decreasing upward nearly in all sections, except in well Hr-1 it remains nearly consistent. The well Tk-3 shows exceptionally, very high contain of bitumen, which exceeds the range of 250mg/g TOC. The Bit/TOC values for the studied samples show that most of the samples are in the range, except three samples (T1, T2 and T3) from well Tk-3. This is probably at these depths the Chia Gara Formation is full in the oil window and has a very high conversion potential due to the carbonate lithology and /or due to adsorption on the clay minerals of argillaceous rocks. The rock-Eval results support the fully mature hydrocarbons in well Tk-3. 10-Detailed study of aliphatic and aromatic biomarkers in the extracts from the potential source rock, and crude oils show many biomarkers. Many conclusions can be drawn from these biomarkers: A-The extracts do represent a wider range of thermal maturity, more than expected based on Rock-Eval results.
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B-The extracts do strongly indicate deposition of OM in a carbonate-evaporitic environment



of



enhanced



salinity.



The



carbonate-enhanced



salinity



environment is indicated in the biomarker signatures by: 1- A low Pristane /Phytane ratio 2- A slight dominance of even chain length n-alkanes in the C22 to C28 range. 3- A very strong dominance of hopanes over steranes. 4- Very high ratio of thioaromatics over regular aromatics. 5- High degree of alkylation of aromatics and thioaromatics.



C-Organic matter is mainly of bacterial, cyanobacteria and algal origin with a fair amount of wind-blown terrestrial OM. D-The aromatic hydrocarbons are dominated by sulfur-aromatics, mainly of the benziothiophene, dibenzothiophene, naphthalene, also triaromatic steroids and monoaromatic steroids are present. All aromatic and thioaromatic structures show very high degree of alkylation. E- Extracts from Hr-1 well show some different biomarkers, such as hopene and ββ-hopanes, which are not present in the other extracts. These biomarkers indicate immature sediments. However the Chia Gara Formation in this well appeared at the depth over 3000m, which possibly should be mature!



Implications for geochemical correlation: 11-Oil-oil correlation between the five types of crude oils shows strong relationship. Many biomarkers are shared and similar in the crude oil samples. This indicates the same source or similar source rocks. 12-The alkylated dibenzothiophene (DBT) is ubiquitous in Cretaceous and Tertiary reservoired oils, and in Tithonian/Berriasian Chia Gara source rocks. The alkylation pattern of oils and sediment extracts were virtually identical for DBT, pointing towards a strong genetic relationship between oils and the source rocks. 13-The biomarker content of both the rock extracts and bitumen from oils compared which showing that excellent correlation exists.
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6-2 Recommendations: Based on the results of this study, the following recommendations can be given for future works: 1- The Chia Gara Formation from other localities, such as Sirwan Valley and Gara Mountain, should be studied organic geochemically, and then the basin modeling will be clearer.



2-The Rock-Eval pyrolysis data can be used to reconstruct the original sourcerock generative potential. The fractional conversion of source-rock OM to petroleum, original TOC (TOC°), amount of expelled petroleum (S1expelled ), and expulsion efficiency can be calculated using different equations.



3- The aromatic geobiomarkers deserve more study and determination all the isomers of class compounds, especially organic sulfur compounds. These types of biomarkers are not common in the source rocks.
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Appendix I Chia Gara Formation Detailed description of the studied samples Rania section (outcrop): Sample Number



Formation



Lithology



R39



Balambo



White limestone, With Belemnite abundant reach 3.5cm long, may be genus Cylindroteuthis!



Color of the powder Light brown



R34



Chia Gara



Grey and fine grained limestone, organic-rich structures are present ( white&dark bands), oriented sample taken



Light brown



R28



Chia Gara



Hard, brown and medium grained limestone, 10cm thick, the center is very dark, white& dark bands are common some of them contorted



Yellowish brown



R26



Chia Gara



Calcareous shale, yellowish color, fissile, 15cm thick



R21



Chia Gara



Brown shale, 3-4cm thick. Dark brown in fresh surface, fissile



R20



Chia Gara



Thick beds of Limestone grey in weathered surface, dark in fresh surface, thick. =74cm, organic rich structures are very common ( white&dark bands)



Yellowish brown Light brown Dark brown



R18



Chia Gara



Calcareous shale, yellowish brown, 15cm thick, fissile



R16



Chia Gara



Brown limestone, 20cm thick, organic rich structures are very common ( White&dark bands)



R15



Chia Gara



R12



Chia Gara



R11



Chia Gara



Limestone, papery, yellowish brown, 17cm thick, little organic matter, organic rich structures are very common. Hard and grey to dark limestone, 65cm thick, first appearance of organic rich bands within limestone ( white&dark bands), rich with dark bivalve bioclasts Calcareous shale, typical fissile, 72cm thick



R9



Chia Gara



Calcareous shale, 20cm thick, fissile



R7



Chia Gara



Limestone, brown, 20cm thick, structurless, no fossils observed, rich with organic matter



Yellowish brown Yellowish brown Dark brown



R5a



Chia Gara



Dark brown, coarse grained limestone, 30cm thick, oil odor, structurless and lensoidal shape



Dark brown



R2



Chia Gara



First appearance of brown calcareous shale, 13 cm thick, fissillity occur



Light brown



R1



Barsarin



Barsarin Fm. Last bed of stromatolitic limestone, 20cm thick. Strike NW-SE, Dip: 30° towards NE



Light grey



Yellowish brown Light brown



Yellowish brown Light brown



Sargelu section (Outcrop): Sample Number S30 S25 S24 S20



Formation



Lithology



Balambo Chia Gara Chia Gara Chia Gara



Reddish limestone Grey and hard limestone Grey limestone Calcareous shale, 30cm thick



S18



Chia Gara



S17



Chia Gara



Shale, black to dark brown, fissile, 10cm thick, (photo). Shale, green to brownish green color, fissility present,10cm thick, repeated for 10.5m, (photo)



S14



Chia Gara



S11



Chia Gara



S9



Chia Gara



S6



Chia Gara



S5



Chia Gara



S4



Chia Gara



S3



Chia Gara



S2 S1



Chia Gara Barsarin



Color of the powder Light brown Light brown Light brown Light brownish brown Light brown Yellowish brown



Limestone, thin beds, grey in weathered surface, brown in internal Limestone ,grey in weathered surface,40cm, rich in OM, brown to dark color in the internal, same dip direction, no ring structures



Whitish brown



Shale , brown, 10cm thick, located between limestone rich in OM (photo) Shale, black color, 30cm thick, with fissility , medium beds of very rich OM. Limestone ,grey color in weathered surface, rich in OM, black color in the center Limestone, dark color rich in OM, 40cm thick. (phacoid horizon)



Light brown



Limestone brown and granular rich in OM, 20-25cm thickness Shale, dark brown to black shale Barsarin Fm, thick beds of stromatolitic limestone, grey and hard



Light brown



Light brown



Slightly dark brown Slightly dark brown Light brown



Very dark brown Light brown



K-109 Well: Sample Depth Formation Lithology Number (m) 2781.3 Karimia Light grey and hard clayey K13 limestone 2788.9 Chia Gara Grey and fine grained limestone K12 2795 Chia Gara Dark grey and soft limestone K11 2804.1 Chia Gara Dark grey and hard limestone K10 2811.8 Chia Gara White and hard limestone, may be K9 poor in organic matter(pebbly like chips present) 2822.5 Chia Gara Greenish grey colour, fine grained K8 and hard limestone 2839.2 Chia Gara Dark colour and hard shale, rich K7 with organic matter 2843.8 Chia Gara Grey, fine grained and hard K6 limestone 2862.1 Chia Gara Grey, fine grained and hard K5 limestone 2935.2 Chia Gara Grey and hard limestone K4 2977.9 Chia Gara Dark grey to black and hard shale K3a 3017.5 Chia Gara Black and hard limestone, rich K3 with organic matter 3075.4 Chia Gara Black calcareous shale, rich with K2 organic matter 3089.1 Chia Gara Very black and lustred limestone, K1 rich in organic matter Bj-1 well: Sample Depth Formation Lithology Number (m) 2147 Chia Gara Grey, fine grained and hard B12 limestone 2161 Chia Gara Grey to dark grey(blackish) and B11 fine grained limestone 2175 Chia Gara Grey to dark grey and fine B10 grained limestone 2191 Chia Gara Grey and soft limestone B9 2213 Chia Gara Grey , fine grained and hard B8 limestone 2233 Chia Gara Grey to dark grey calcareous B7 shale 2245 Chia Gara Grey calcareous shale B6 2251 Chia Gara Grey , soft and fine grained B5 limestone 2261 Chia Gara Dark grey and soft limestone B4a 2277 Chia Gara Black and fissile shale B4 2289 Chia Gara Grey to dark grey and soft B3 limestone 2295 Chia Gara Black and calcareous shale, rich B2 with organic matter shale



Color of the powder Whitish grey Slightly dark grey Slightly dark grey Light grey Light grey



Slightly dark grey Light grey Light grey Slightly dark grey Light grey Slightly dark brown Dark brown Dark brown Very dark brown



Color of the powder Light grey Light grey Light grey Slightly dark grey Dark grey Light grey Dark grey Light grey Dark grey Dark brown Slightly dark brown Slightly dark brown



B1



2307



Chia Gara



Black, fissile and rich with organic matter shale



Tk-3 Well: Sample Depth Formation Lithology Number (m) 2770 Sarmord Grey and hard limestone T10 2782 Chia Gara Whitish grey limestone may be T9 poor in organic matter! 2790 Chia Gara Grey and fine grained limestone T8 2798 Chia Gara Brownish grey and soft limestone T7 2818 Chia Gara Grey and soft limestone T6 2828 Chia Gara Grey to black and hard limestone T5 2838 Chia Gara Grey and soft limestone T4 2858 Chia Gara Grey, fine grained, dark and soft T3 shale 2866 Chia Gara Black shale T2 2886 Chia Gara Clayey limestone, black colour, T1 soft, organic matter high



Hr-1 Well: Sample Depth Number (m) 3075 H13 3085 H12 3110 H11 3120 H10 3140 H9 3160 H8



Formation Sarmord Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara



H7 H6 H5 H4



3165 3185 3210 3230



Chia Gara Chia Gara Chia Gara Chia Gara



H3 H2 H1



3245 3280 3310



Chia Gara Chia Gara Barsarin



Lithology Grey and soft limestone Very soft grey limestone Light grey limestone Light grey limestone Whitish grey limestone Light grey limestone, may be poor in organic matter Grey and soft limestone Dark grey and soft limestone Whitish grey limestone Light brown to grey, fine grained and hard limestone Grey to dark grey limestone Very soft grey limestone Whitish grey and hard limestone



Light brown



Color of the powder Whitish grey Whitish grey Light brown Light brown Light brown Light brown Slightly dark brown Light brown Dark brown Slightly dark brown



Color of the powder Very light grey Very light grey Very light grey Light grey Light grey Slightly dark grey Light grey Light grey Light grey Light grey Light grey Light grey Yellowish white



Appendix II Preparation of samples for analyzing by LECO RC-412 multiphase carbon determinator and running 1- Crush the sample into small chips (≈ 2mm in diameter) by hammer (use Acetone for cleaning the hammer and the iron before each sample). The crushed sample may be weighed about 15gm. 2- Ground (Pulverized) the sample into a powder by milling instrument (Retsch MM 301 Freq.: 10 1/s, Time: 5-15minutes) before each sample the container must be washed with water, and distilled water then Acetone and dry it. The pulverized sample can be about 10gm and put it in a glass vial of 22ml volume. Put the vial in the refrigerator. Write the number of sample on the cover of the vial. 3- LECO instrument: The instrument must be programmed according to the manual; it must be working at least six hours before beginning the analyze. Weigh about 10-15mg of the sample and put it in the boat, then push it into the furnace, and press the button Analyze on the LECO. There are two standards that must be used with samples; Standard Leco 5: C%=4.98 Weigh about 15-20mg of it in each run. and Standard Leco 12 : C% =12.00. Weigh about 8-10mg of it in each run. 4- After every run of standards or samples, the output printed and save on a floppy disk, then may change the scale and save it again. 5- The output is digital and should be change to plot again by a certain software. 6- The results will be percentages of total carbon, organic carbon (TOC %) and carbonate carbon.



Appendix III Preparation of samples for CNS Elemental analyzer EU3000 and running: 1- Weigh an amount of the pulverized sample according to its content of TOC%; Corg >2.5% weigh around 5mg. Corg ≤ 2.5% weigh around 10mg. 2-Put the sample in a Tin capsule and arrange the samples in a special tray. 3-Add about 20mg of Vanadium Pentoxide for each sample. (Caution: The Vanadium Pentoxide is toxic and must be wearing gloves and mask and add it under the fume hood) 4- Put the samples in the auto sampler of the instrument. 5- Total number of samples =39 in one run with two trays. 6-After preparing the instrument and stabilizing it, and the temperature will be about 1000ºC , insert the sample numbers and the weights in a sample table . Print the table (press print method) then press on start method. 7-The instrument will automatically calculate the C, N, and S content of the samples. 8- The all samples will take about three hours and a quarter. 9- The results will be as a table, and print it (press summarize the result button). The C% will be total and can not separate the organic from inorganic carbons. 10-With every run there are a number of standards must be run also, 11- BBOT: (benzo-oxazol-2-yl) thiophen, C=72.52% , H=6.09%, O=7.43%, N=6.51 and S=7.44%. ASM: Atropine Sulfate Monohydrate /Standard C=58.69%, H=7.23%, N=4.05 and S=4.55%) Leco 5% , Leco 12% , blank (blk) and bps( uncertain weight of BBOT at the beginning of each run) .



Appendix IV Rock-Eval II Pyrolysis Vinci Technology. IFP 55000, IFP-FINA PROCESS 1- Weigh a specific weight (according to the table below) of the pulverized sample, and put it in a steel crucible and arrange the samples in a certain tray. TOC% mg



0-1 100



1-2 80



2-5 50



5-8 30



8-10 20



10-20 10



>20 5



2-With each tray there are a number of standards and blanks should be run. Standard is: S2 = 8.66 mgHC/g rock S3 =0.9 TOC= 2.86% Tmax =419ºC 3-The instrument will take 30minutes for each sample. 4-The temperature will rise gradually until around 600ºC. 5-The output will be, S1, S2, S3 and Tmax, then the HI and OI can be calculated also.



Rock –Eval II Pyrolysis, with permission of the University of Cologne.



Appendix V Preparation of Samples for analyzing by GC/MS The dissolved organic matter, as called Extractable Organic Matter (EOM) should be separate from the rock, for studying by GC/MS. Preparation of the samples: 1-Weigh 5-10gm of the pulverized sample, and put it in the cell unit as in the figure. Write the number of sample and the cell unit in a separate table. 2-Tight the cap of the cell unit strongly. 3-Put the cells in the Accelerated Solvent Extractor (ASE) (Figure below), and for each sample put a glass vial (100ml) beneath it. Write the number of sample on the vial also. 4-The instrument will add Dichloromethane (DCM) to the samples automatically. 5-The extracted material, dissolved=bitumen, will collect in the vial. 6-The condition of the ASE will be: Temperature: 70ºC Pressure: 50 bars Type of solvent: Dichloromethane CH2Cl2 (DCM) Duration of extraction: 30min/sample 7-Put a piece of activated Copper in each vial for removing the elemental sulphur if present. Activated Copper: A piece of Copper will boil for 10minutes in HCl (10%), and then put it in DCM (10%). If there is Sulfur, the Copper colour will change to black. 8-Filter the sample using glass column (3ml volume), put a filter at the beneath of column, and collect the filtered solution in a rounded flask of 250ml. 9-Asphaltenes were precipitated in n-hexane. 10- The solvent is removed by rotoevaporation at low speed to a void loosing the sample, Pressure =800mBar, with the flask in a 40ºC water bath. 11-Transfer the sample (with little DCM) from the rounded flask to a preweighed glass vial (7ml volume) with a cap not react with organic matter. 12-Leave the sample in the fume hood to dry. 13- Weigh the vial and find the weight of total extracted material (TEM) in a gram of rock. 14- Add about 2ml of Hexane to the sample and inject it to Medium Pressure Liquid Chromatography (MPLC) instrument for separation aliphatic, aromatic and NSO components. 15-Put the separated fractions, which are collected in conical flasks, in a Turb Vap 500 (water bath) for drying. 16-Now the fractions will be ready for GC/MS analysis. 17-The aliphatic biomarker fractions were separated and analyzed by gas chromatography coupled to mass spectrometry (GC/MS) in SIM mode (Selected Ion Monitoring), due to the low biomarker concentration of most samples. GC/MS analysis was performed using a Single-Quadropole-Instrument(HP 5890/5989A MS Engine) at 70 eV ionization energy, equipped with a HP5-column(50 m length, 0.2mm ID, 0.33 µm FT) coated with 5% phenylsiloxane. Samples were injected in splitless mode under constant pressure of carrier gas flow at a rate of 30cm s-1 . The GC temperature program started at 70ºC held isothermally for 2min, then heated at 10ºC/min to 160ºC/min and 3ºC/min to 330ºC. 18-The HPCHEMESTATION software used for determining the biomarkers. Computer matching of mass spectra with those in the Wiley 138 mass spectral database was used for initial identification of a compound.



Cell unit (Below)



Photograph of Accelerated Solvent Extractor (ASE) instrument, with permission of the University of Cologne.



Stainless Steel



Glass wool Filter Sample



Glass wool



Cell unit schematic composition used in ASE instrument, with permission of the University of Cologne.



Appendix VI Total Organic Carbon (TOC %) content of the selected samples from all studied sections. A-Rania section (outcrop)



B- Sargelu section (outcrop)



Sample Number



Formation



Lithology*



TOC%



R39



Balambo



Limestone



R34



Chia Gara



R28



Chia Gara



R26



Chia Gara



Sample Number



Formation



Lithology



TOC%



0.54



S30



Balambo



Limestone



0.40



Limestone



0.65



S25



Chia Gara



Limestone



0.30



Limestone



0.69



S24



Chia Gara



Limestone



0.53



0.58



S20



Chia Gara



Shale



0.80



S18



Chia Gara



Shale



0.83



S17



Chia Gara



Shale



0.62



S14



Chia Gara



Limestone



0.39



S11



Chia Gara



Limestone



0.72



S9



Chia Gara



Shale



0.95



Shale



R21



Chia Gara



Shale



0.93



R20



Chia Gara



Limestone



0.64



R18



Chia Gara



Shale



0.8



R16



Chia Gara



Limestone



0.98



R15



Chia Gara



Limestone



0.68



S6



Chia Gara



Shale



0.99



R12



Chia Gara



Limestone



0.91



S5



Chia Gara



Limestone



0.68



R11



Chia Gara



Shale



2.05



S4



Chia Gara



Limestone



0.63



Chia Gara



Limestone



0.49



R9



Chia Gara



Shale



1.731



S3



R7



Chia Gara



Limestone



1.02



S2



Chia Gara



Shale



1.81



S1



Barsarin



Limestone



0.67



R5a



Chia Gara



Limestone



0.55



R2



Chia Gara



Shale



0.98



R1



Barsarin



Limestone



0.15



C-Tk-3 Well Sample Depth Number (m)



Formation



Lithology



TOC%



D- Bj-1 well Sample Depth Number (m)



Formation



Lithology



TOC%



T10



2770



Sarmord



Limestone



1.29



B12



2147



Chia Gara



Limestone



1.26



T9



2782



Chia Gara



Limestone



1.4



B11



2161



Chia Gara



Limestone



1.05



T8



2790



Chia Gara



Limestone



1.63



B10



2175



Chia Gara



Limestone



1.15



T7



2798



Chia Gara



Limestone



2.43



B9



2191



Chia Gara



Limestone



2.565



T6



2818



Chia Gara



Limestone



2.29



B8



2213



Chia Gara



Limestone



2.59



T5



2828



Chia Gara



Limestone



3.04



B7



2233



Chia Gara



Shale



2.71



T4



2838



Chia Gara



Limestone



3.26



B6



2245



Chia Gara



Shale



2.68



T3



2858



Chia Gara



Shale



3.6



B5



2251



Chia Gara



Limestone



2.9



T2



2866



Chia Gara



Limestone



7.42



B4a



2261



Chia Gara



Limestone



1.66



T1



2886



Chia Gara



Shale



3.85



B4



2277



Chia Gara



Shale



3.37



B3



2289



Chia Gara



Limestone



3.97



B2



2295



Chia Gara



Shlae



7.35



B1



2307



Gotnia



Shale



1.6



E- Hr-1 Well Sample Depth Number (m)



Formation



H13



3075



Sarmord



Limestone



1.68



H12



3085



Chia Gara



Limestone



1.65



H11 H10 H9



3110 3120 3140



F- K-109 Well



Chia Gara Chia Gara Chia Gara



Lithology



Limestone Limestone Limestone



TOC%



2.01 1.72 1.61



H8



3160



Chia Gara



Limestone



1.76



H7



3165



Chia Gara



Limestone



1.59



H6



3185



Chia Gara



Limestone



1.53



H5



3210



Chia Gara



Limestone



1.57



H4



3230



Chia Gara



Limestone



1.72



H3



3245



Chia Gara



Limestone



1.63



H2



3280



Chia Gara



Limestone



1.52



H1



3310



Barsarin



Limestone



1.59



Sample Number



Depth (m)



Formation



Lithology



TOC%



K13



2781.3



Karimia



Limestone



0.69



K12



2788.9



Chia Gara



Limestone



0.69



K11



2795



Chia Gara



Limestone



0.69



K10



2804.1



Chia Gara



Limestone



0.66



K9



2811.8



Chia Gara



Limestone



0.62



K8



2822.5



Chia Gara



Shale



0.76



K7



2839.2



Chia Gara



Limestone



0.73



K6



2843.8



Chia Gara



Limestone



0.7



K5



2862.1



Chia Gara



Limestone



1.42



K4



2935.2



Chia Gara



Limestone



1.23



K3a



2977.9



Chia Gara



Shale



1.54



K3



3017.5



Chia Gara



Limestone



2.34



K2



3075.4



Chia Gara



Shale



2.99



K1



3089.1



Chia Gara



Limestone



7.26



Appendix VII Geochemical parameters guidelines used in source rock evaluation



Geochemical parameters describing the petroleum potential (quantity) of an immature source rock (after Peters and Cassa, 1994 in Peters et al., 2005) Petroleum TOC Rock-Eval Pyrolysis Bitumen Hydrocarbons Potential (wt %) (ppm) S1 S2 (wt %) (ppm) Poor 0-0.5 0-0.5 0-2.5 0-0.05 0-500 0-300 Fair 0.5-1 0.5-1 2.5-5 0.05-0.1 500-1000 300-600 Good 1-2 1-2 5-10 0.1-0.2 1000-2000 600-1200 Very Good 2-4 2-4 10-20 0.2-0.4 2000-4000 1200-2400 Excellent >4 >4 >20 >0.4 >4000 >2400 Geochemical parameters describing kerogen type (quality) and the character of expelled productsa (after Peters and Cassa, 1994 in Peters et al., 2005) Kerogen Type HI S2/S3 Atomic H/C Main Expelled Product at (mgHC/g TOC) Peak Maturity I >600 >15 >1.5 Oil II 300-600 10-15 1.2-1.5 Oil b II/III 200-300 5-10 1.0-1.2 Mixed oil and gas III 50-200 1-5 0.7-1.0 Gas IV 


Geochemical parameters describing level of thermal maturity (after Peters and Cassa, 1994 in Peters et al., 2005) Stage of Maturation Generation Thermal Maturity Ro (%) Tmax (ºC)a TAIb Bitumen/ Bitumen PI c for Oil TOC mg/g rock S1/(S1+S2) Immature 0.2-0.6 0.4 Postmature >1.35 >470 >3.3 a See also Espitalie (1986). b Thermal alteration Index c Mature oil – prone source rock with type I or II kerogen commonly show bitumen /TOC ratios in the range 0.05-0.25. Caution should be applied when interpreting extract yield from coals, e.g., many gas-prone coals show high extract yield suggesting oil-prone character yield. Bitumen/TOC ratios over 0.25 can indicate contamination or migrated oil or can be artefacts caused by ratios of small, inaccurate numbers.



Appendix VIII Calculation formulas



TAR=( C27 + C29 + C31 )/( C15 + C17 + C19) CPI={(C25 + C27 + C29 + C31 + C33 / C26 + C28 + C30 + C32 + C34 ) + (C25 + C27 + C29 + C31 + C33 / C24 + C26 + C28 + C30 + C32 )} /2 OEP1 = (C21 + 6 C23 + C25 ) / ( 4C22 + 4C24 ) OEP2 = (C25 + C27 + C29 ) / ( 4C26 + 4C28 ) L/H = (C21 + C22 ) / (C28 + C29 ) TERPANES: GCMS m/z191 Homohopane Index = C35 / (C31 - C35) hopanes Tricyclic Ratio = Tricyclic terpanes/(tricyclic + pentacyclic terpanes) Tetracyclic Ratio = (24/4) / {(24/4) + (26/3)} Ts/Tm Index = Ts (18α (H) 22, 29, 30 trisnorneohopane/ {Ts (18α (H) 22, 29, 30 trisnorneohopane and Tm (17α (H) 22, 29, 30 trisnorhopane){ Moretane/Hopane = C30 17β (H), 21α (H)-moretane / C30 17 α (H), 21β (H)-hopanes C29 Moretane index = C29 moretane/( C29 moretane + C29 hopane) STERANES: GCMS m/z 217 Ster /Hop = Steranes / Hopanes %C27: (100* C27 ααα R)/ (C27+ C28 + C29 ααα R ) %C28: (100* C28 ααα R)/ (C27+ C28 + C29 ααα R ) %C29: (100* C29 ααα R)/ (C27+ C28 + C29 ααα R ) Diast/Ster = Diasteranes / Steranes Sterane Index = C30 / ( C27 – C30 ) AROMATICS: Diben/ Phen (DBT/P) = Dibenzothiophene / Phenanthrene TA/(TA+MA) Tri/mono = Triaromatic steroids/ (Triaromatic steroids+ Monoaromatic steroids) Methylphenanthrene Index (MPI-1) = 1.5( 2-methylphenanthrene+3methylphenanthrene)/( Phenanthrene + 1- methylphenanthrene + 9- methylphenanthrene)



SPI= [h (S1+S2) ρ] / 1000 SPI=the maximum quantity of hydrocarbons that can be generated within a column of source rock under 1m2 of surface area (in metric tons of hydrocarbons/square meter). H=source rock thickness in meters. S1+S2 =average genetic potential in kilograms hydrocarbons/metric ton rock. Ρ =source –rock density in metric tons/cubic meter.



Appendix IX Area calculations of the isomers of Hopanes (m/z 191) for the studied samples of the Chia Gara Formation and the crude oil samples.



998311 998312 998314 998316 998318 998320 998324 998326 998328 998330 998332 998334 998336 998339 998343 998346 998351 998355 998360 998358 998359 oils 998449 998450 998451 998452 998453



Label T10 T9 T7 T5 T3 T1 B9 B7 B5 B4 B2 H13 H11 H8 H4 H1 K9 K5 K3 K2 K1



Ret Time 33.44 35.87 38.36 40.63 43.51 44.78 47.82 49.92 50.39 54.78 55.08 56.15 56.51 Name 19/3 20/3 21/3 22/3 23/3 24/3 25/3R+S 26/3R+S 24/4 28/3S 28/3R 29/3S 29/3R areaRTE 18511 28484 51601 19717 71878 39227 16016 11188 119813 7366 13135 29858 37902 areaRTE 14662 24471 44028 16357 55650 27110 11416 8972 56958 9060 26362 10243 7524 areaRTE 30991 22726 94626 102030 474881 119386 81177 50318 226499 62753 83033 72404 70873 areaRTE 56914 104586 147217 172873 703342 172413 128901 72171 506605 112375 252226 76481 81298 areaRTE 40822 40123 65843 68746 231890 62579 43369 21400 246410 31229 72993 26128 24544 area RTE 41192 44720 64886 55378 177884 53649 32868 16653 267153 11273 30248 22355 23968 area RTE 46573 68747 90743 42573 204212 112339 56170 53478 272675 45085 70391 26928 71334 area RTE 22553 38100 42128 22295 89965 56815 32369 24583 123270 15795 28517 23944 24121 area RTE 22347 35621 58725 39646 209202 101903 58251 44400 178570 33811 54978 39686 28962 area RTE 17304 23370 34711 19216 97091 44368 23627 16764 58606 11785 18019 12306 13601 areaRTE 87761 154569 149594 168825 538312 164912 89211 73392 447064 52884 88713 52637 61269 areaRTE 47772 57834 79413 36038 151324 54430 20681 16946 70796 5768 12141 12239 10056 areaRTE 22738 29014 39773 21112 72644 23864 5726 4455 26308 2277 4868 3934 2444 areaRTE 32405 40628 60925 26779 96295 33403 10153 6681 32004 1329 4095 4097 4080 areaRTE 35655 54148 77459 37084 139846 49673 17966 13640 56485 4056 7587 6141 5935 areaRTE 43982 67495 94749 47932 171362 60009 20980 15447 77695 4988 11394 8861 5801 areaRTE 22890 30820 59086 26434 116528 47183 15275 12176 85173 8146 14437 11973 10910 areaRTE 81495 134501 175328 126516 737459 225885 292121 84039 696852 74032 102498 121207 83029 areaRTE 73265 77631 118058 69503 290217 106298 48869 23167 217171 23468 27153 27441 19384 areaRTE 28538 46396 79081 40433 220204 98850 46230 27682 91953 17704 18962 20175 15530 areaRTE 19016 14578 25281 13474 49226 22933 6536 6565 34016 9035 5940 4552 3444



A B C D E



areaRTE areaRTE areaRTE areaRTE areaRTE



114135 69444 76113 57189 26953



174641 112013 160855 89058 37069



163649 113115 139903 89075 48949



119482 69115 68531 58005 31911



550125 332587 368490 268994 139713



174125 125796 154118 95824 54476



82755 54319 74218 50883 23790



52563 39173 48263 31905 22310



620733 347740 370299 288839 155637



44101 47631 62283 34917 25285



61042 49143 58735 41583 22162



77181 53591 69385 51178 26123



53815 45497 51142 44215 21270



58.29 59.31 59.8 62.15 Tm Tm Ts 29αβ+C29Ts 293256 344766 77452 1194181 216718 272335 119529 609296 627283 1061919 276880 2566107 936872 1664432 503423 4519889 342146 932948 344796 2645530 296481 953639 351525 2367896 701057 1052561 263106 2491534 354090 669076 144864 1252823 419353 952465 239829 1705227 126686 334283 90555 791547 895335 2800866 779306 4965454 42446 159183 143718 350988 14886 38040 33830 95867 11130 39516 55946 79811 22119 96645 83058 228515 33392 68422 58872 182346 154191 79819 18615 392055 852675 603416 292678 2844750 343025 114821 44737 461559 165514 97567 40185 252926 111191 21025 13133 77415 351058 203064 185231 184798 102884



1034240 612043 537506 560716 309963



418775 227308 188388 213602 115263



2541250 1532125 1327840 1495892 874891



63.23 63.94 29βα 30αβ 134928 1377647 58099 1070551 246660 2913271 373765 3730283 220474 1759358 192080 1481135 515294 5336807 186136 2888952 188653 3008362 73332 889135 434929 4966960 350988 343516 16957 78041 25731 80463 60895 192837 37083 169137 36619 423344 218827 1466328 37449 219204 34015 180610 6966 48307 184691 119920 116973 123465 72854



64.79 65.99 66.23 66.79 30 βα 31 αβ S 31αβ R 31βα R+S 176567 1372824 985089 102797 94867 1114755 783683 83080 265729 2028499 1505392 306616 336426 2383600 1782626 400800 154629 1078452 860609 232096 127222 811061 660437 252543 543322 3549323 2595790 685053 234783 1976598 1415513 369896 257057 2029475 1482443 388596 80731 636631 452220 100537 400341 2644757 1945021 670634 136703 153317 208391 94894 27912 30200 35920 20329 46123 23366 40220 17495 67944 66815 108650 111828 53819 56906 91761 49580 49244 381098 299780 37723 94368 830553 634950 151107 15662 98423 79595 46303 21646 70353 57615 28501 5769 17128 14864 23230



1577152 107698 1011469 71423 761201 60731 990470 82420 574743 47294



708308 459713 343164 480794 290322



540694 354020 278427 401557 231088



206597 109295 91459 124196 72463



Appendix IX Continued.



67.57 67.88 69.51 70 71.84 72.53 74.52 75.5 55.3 57.1 58.9 61.7 64.02 66.84 69.36 71.37 74.11 77.44 sum sum sum 32 αβ S 32 αβ R 33 αβ S 33 αβR 34αβ S 34 αβ R 35 αβ S 35 αβ R hopene hopene hopene hopene 29ββ C30ββ 33 αβ S+C31ββ C32ββ C33ββ C34ββ hopanes tricyc tri/(tri+pentacyclic) Ts/(Ts+Tm) 24/4 / (24/4 +26/3) 1344821 1011190 476622 322623 271505 163856 185696 115136 9950956 344883 0.03 0.46 0.91 992580 726033 336369 232031 187937 113102 174200 98641 7283806 255855 0.03 0.44 0.86 1212596 900404 796426 496007 433521 288031 491991 328523 16745855 1265198 0.07 0.37 0.82 1372870 994971 776046 500267 417102 250875 471840 319523 21735610 2080797 0.09 0.36 0.88 605314 425833 431380 279664 252357 160716 269438 182702 11178442 729666 0.06 0.27 0.92 480840 350810 341588 214889 205807 130454 203599 137239 9559245 575074 0.06 0.24 0.94 2377453 1861074 1123539 787458 707493 470915 619344 478137 26159260 888573 0.03 0.40 0.84 1255846 901278 818548 544654 445117 287460 466128 338661 14550423 421185 0.03 0.35 0.83 1251194 918923 846574 562490 413395 264755 434597 312928 15676316 727532 0.04 0.31 0.80 388127 289000 271022 184677 144303 91256 164498 108835 5217375 332162 0.06 0.27 0.78 1576395 1175629 1158139 715040 640380 425458 623842 416733 27235219 1682079 0.06 0.24 0.86 74134 77537 42051 33672 24165 37781 31118 23290 75116 46223 190905 151933 287637 234247 39577 18687 15649 2304602 504642 0.18 0.21 0.81 16684 15856 7852 7240 4234 8369 7520 5672 10001 12329 26439 21096 48732 44361 5047 749 0 459737 232849 0.34 0.28 0.86 11105 15071 5887 4896 2490 5125 2978 8004 20589 14208 72916 59105 95317 70045 11721 4958 0 467353 320870 0.41 0.22 0.83 30067 54501 23284 18024 13513 21861 17620 30914 30337 6635 13208 26777 125033 100612 25277 8266 0 1218176 449190 0.27 0.19 0.81 26042 37071 13276 12903 10536 13070 6261 15779 10944 4708 17675 8797 104340 80945 10504 6139 0 920477 553000 0.38 0.33 0.83 385110 263871 135593 87893 75506 45869 78695 53851 2998876 375858 0.11 0.66 0.87 477242 335978 289494 181715 162646 96908 201831 140628 9876094 2238110 0.18 0.59 0.89 57663 43140 43002 21572 22093 13544 24404 17823 1704019 904454 0.35 0.75 0.90 36281 27841 27608 18905 17326 12713 19069 15950 1124625 659785 0.37 0.63 0.77 9821 8846 10267 5163 3769 1530 4351 1792 384567 180580 0.32 0.84 0.84 0 321910 260909 247251 148188 149645 96656 146254 101046 9142322 1667614 0.15 0.25 0.92 242262 202701 177778 108150 112133 69587 110225 71053 5794269 1111424 0.16 0.25 0.90 176171 144337 123362 83191 81642 59343 78387 60815 4698168 1332036 0.22 0.26 0.88 259105 222233 205696 128615 137363 86580 136159 101890 5935551 912826 0.13 0.25 0.90 161469 128544 129554 77803 85368 56212 92155 60526 3483396 480011 0.12 0.25 0.87



Tm/Ts 1.44 1.81 2.13 2.31 3.73 4.40 1.88 2.30 2.84 3.35 4.00 7.14 4.83 8.58 8.12 3.81 0.64 1.05 0.47 0.83 0.31 4.14 4.13 3.92 4.19 4.13



C31/C32 Homohopane Index 1.04 4.81 1.15 5.73 1.82 9.67 1.93 8.54 2.11 9.94 2.07 9.64 1.61 7.53 1.74 9.52 1.80 8.78 1.76 10.01 1.91 9.19 3.01 10.10 2.66 11.87 3.10 7.29 3.40 11.14 3.14 7.22 1.11 7.33 1.99 10.22 2.23 10.02 2.44 11.53 2.96 7.92 2.50 2.07 2.22 2.09 2.05



9.09 9.50 9.74 11.02 11.63



Appendix X Area calculations of the isomers of 2-methyl hopanes (m/z 205)for the studied samples of the Chia Gara Formation and the crude oil samples.



ID



Label 998311 T10 998312 T9 998314 T7 998316 T5 998318 T3 998320 T1 998324 B9 998326 B7 998328 B5 998330 B4 998332 B2 998334 H13 998336 H11 998339 H8 998343 H4 998346 H1 998351 K9 998355 K5 998360 K3 998358 K2 998359 K1 Oils 998449 A 998450 B 998451 C 998452 D 998453 E



Ret Time 59.26 59.75 62.05 63.14 63.81 64.79 65.99 66.23 66.96 67.4 67.72 69.3 69.79 71.58 72.2 74.2 75.15 Sum Name 2meTs 2meTm 2me29αβ 2me29βα 2me30αβ 2me30βα 2me31αβS 2me31αβR 2me31βαS+R 2me32αβS 2me32αβR 2me33αβS 2me33αβR 2me34αβS 2me34αβR 2me35αβS 2me35αβR 7016 6174 99997 5685 137444 31807 460776 322560 131895 144778 95223 28656 35181 10425 17137 7429 5643 1547826 7202 5016 75424 6476 116533 30516 360194 256443 102544 119860 74952 20401 26194 5740 4565 6776 7315 1226151 182466 40756 395737 30612 394302 78072 512927 470006 193416 176931 118695 116131 71505 42164 22815 33742 28234 2908511 333654 93223 795242 60399 550006 105641 870273 615759 248537 226926 150161 134593 81856 41416 24185 32589 28214 4392674 194511 66519 545187 38306 301138 44890 330787 285807 108090 110746 74204 91396 56493 29947 18670 26339 16908 2339938 211501 72428 543610 36456 281569 46881 241432 210083 61351 91562 64882 79047 46684 25957 18446 22342 16759 2070990 154788 24801 297893 173845 541719 142295 1339008 902452 568840 231102 161562 141112 79195 73523 26762 40066 38669 4937632 139771 20175 235374 25678 453060 453060 723542 497850 190460 238921 155662 261047 152185 72971 41293 68610 49329 3778988 216259 39436 356003 23545 481379 61123 700601 511651 171710 239241 160341 214205 137870 70945 37970 56659 44348 3523286 78081 19333 153667 12356 159326 20783 212711 149743 50118 83314 54764 76615 47438 25420 14071 23840 17732 1199312 618633 147423 1081415 66108 866508 114518 1018344 692049 279165 336600 225145 281182 161829 86713 52637 68319 55944 6152532 23456 14301 54469 39920 63226 15478 44281 55626 59162 19566 9861 334808 3813 19234 18086 6406 4818 786511 5356 2684 22226 1791 8604 9049 7181 11121 10863 4361 1697 59707 682 1210 3059 149591 4340 4443 19066 7000 24385 4219 6549 11106 15910 4793 1311 122607 5227 6509 237465 15511 10750 53070 5888 24450 7601 22216 32805 33318 10163 7223 133718 2633 4122 8304 1503 373275 9324 5312 30821 2116 14046 5558 17774 23617 23387 7119 3239 110440 1191 1986 6234 262164 9270 1777 16871 2080 22346 7848 118657 80902 35828 26760 15958 8503 5715 2240 6443 1483 2963 365644 112747 53839 404852 25539 161602 57741 256822 214880 59023 62203 40996 41578 25789 15245 8565 10758 9583 1561762 16723 9515 50026 4670 22634 640 29159 22215 7072 6513 4632 6889 3335 2410 559 857 1070 188919 15530 8831 37815 1719 18595 5336 20216 14930 5542 5002 3363 5136 1278 451 437 726 1164 146071 5046 3412 12349 825 7750 619 4625 4651 5560 741 1670 410 332 422 897 49309 234540 108997 100724 101970 55484



97271 47436 49905 45982 23482



765397 374578 267279 276213 156508



40602 19519 14873 19144 12767



265369 126005 95121 127575 70251



55954 37602 32348 32487 23655



209666 130028 90004 144945 78819



169562 105410 83560 116885 65485



49878 38057 30151 38646 23278



70567 34259 24619 38179 23902



42970 21583 15301 25818 15714



63225 27689 26235 35111 20537



37071 16750 15553 21515 11936



23481 11069 10159 12226 9316



13794 4546 4360 7281 5507



14025 7523 6802 10281 6218



13845 2167217 6887 1117938 5953 872947 9294 1063552 3422 606281



Appendix XI Area calculations of the isomers of Steranes (m/z 217) for the studied samples of the Chia Gara Formation and the crude oil samples.



998311 998312 998314 998316 998318 998320 998324 998326 998328 998330 998332 998334 998336 998339 998343 998346 998351 998355 998360 998358 998359 Oils 998449 998450 998451 998452 998453



Ret time Name T10 T9 T7 T5 T3 T1 B9 B7 B5 B4 B2 H13 H11 H8 H4 H1 K9 K5 K3 K2 K1 A B C D E



Diasteranes C27 C28 C29 52.61 53.37 54.82 55.86 56.06 56.37 56.55 56.78 57.3 57.464 58.32 58.84 59.07 59.69 60.36 60.69 60.84 61.62 D27βα S D27βα R D28βα S D28βα R D29βα S 27αααS 27αββR 27αββS 27αααR D29βα R 28αααS 28αββR 28αββS 28αααR 29αααS 29αββR 29αββS 29αααR 107968 64528 25063 35109 68845 255230 312421 257712 365911 102084 255855 186468 226413 284651 460978 366873 379824 51720 31759 16389 31726 30505 104045 154655 129793 135483 11116 20865 134080 88971 97857 120291 210519 152958 177286 108237 64553 27968 35109 68845 255230 310283 257712 365911 102084 255855 186468 226413 284651 460978 366873 384595 105723 50914 55862 42501 96827 369388 385529 348229 503457 152376 151278 365254 265430 265845 390468 619547 487952 459881 31407 11565 33304 10171 31226 110080 119045 109034 172703 32282 57584 123472 92697 109410 109517 178135 133258 152258 29709 11328 27192 8972 25466 84741 95512 80202 129623 25268 41651 90820 67606 76651 90899 139725 115653 112819 545761 373286 110532 66676 135628 578369 745527 445634 796293 229760 367036 394045 563791 698483 762734 465186 1027862 242110 157378 74153 29922 67865 240868 393176 292431 523169 44031 116069 222401 177382 196698 283933 283933 343110 382688 177347 111299 44482 39942 70419 242082 335576 287066 323363 44317 114641 232940 165191 205388 260972 406454 282589 393127 42655 26931 16864 5516 15318 60257 77242 56669 80469 7290 26846 49837 30838 48731 55875 73621 58266 83358 94620 41997 19668 24794 65200 233052 291512 253610 333590 115236 162171 118549 187346 234245 320904 295721 306103 2256 1782 8102 5310 4543 26276 2365 6522 3322 28530 20231 3171 29273 4800 3649 3017 2918 2433 26655 10206 5234 69628 3859 1585 36665 8296 84108 30836 4840 5661 76558 9315 8004 6836 5737 5466 31606 18911 15555 87406 6323 54418 19567 87641 45184 10722 7545 90643 17273 14163 14385 82903 39102 30165 212979 125528 40098 236068 17796 95297 213678 17605 13883 10173 10703 11221 67719 35760 29177 175307 10661 103719 29352 190706 14845 82538 13928 182743 34209 23670 16756 8076 13476 42293 87725 57976 108727 49368 49368 53425 41298 51706 106934 82019 67651 46595 33231 123984 21364 29927 115945 131456 106097 255740 76233 118059 92542 101774 116030 208245 156035 131064 23850 16292 7805 8500 29540 30816 18484 51231 22763 15341 8450 14177 11107 19827 12378 16156 19809 11373 5700 5868 2659 20984 30177 18437 33834 13005 11092 1721 17196 12114 21411 14181 18679 2949 1589 1884 642 642 4330 4912 2866 7161 1079 1526 2922 1910 1509 2031 3276 2824 3769 13943 74863 99517 59076 32771



30508 46485 62348 35093 20500



29866 40466 51282 25984 22258



21121 16416 19824 15129 10146



34892 32026 35187 28616 17113



115230 112167 153834 102615 58549



141544 148668 178074 129113 72987



97213 99948 110069 90646 55183



218197 219434 304117 192239 100546



21202 44933 37910 38874 24536



96331 104316 113290 101698 58079



72763 76039 72453 75599 39274



99366 127914 185632 116524 60995



110029 104576 104673 89515 49708



181170 173711 176883 148710 83887



145643 131263 112973 99486 58105



124049 121801 186973 127996 76563



Appendix VI Continued. C30 61.76 62.15 62.3 63.15 Total C27 Total C28 Total C29 Total C30 C28/C29 Diast/Ster C30/(C27-C30) C29/C27 C27αααR% C28αααR% C29αααR% 30αααS 30αββR 30αββS 30αααR 50367 84904 91707 50278 1191274 770820 1492326 277256 0.52 0.08 0.07 1.25 37.64 23.29 39.07 24313 29563 32506 23871 523976 341773 661054 110253 0.52 0.11 0.07 1.26 32.99 23.83 43.17 55778 100323 113851 50278 1189136 770820 1497097 320230 0.51 0.08 0.08 1.26 37.46 23.18 39.37 68480 139279 115425 55596 1606603 1047807 1957848 378780 0.54 0.10 0.08 1.22 40.96 21.63 37.41 20247 44840 20015 22597 510862 383163 573168 107699 0.67 0.10 0.07 1.12 39.76 25.19 35.05 19520 27931 9464 18643 390078 276728 459096 75558 0.60 0.11 0.06 1.18 40.62 24.02 35.36 178661 151782 323496 200440 2565823 1554632 2954265 854379 0.53 0.16 0.11 1.15 33.35 23.61 43.04 73437 98129 163929 56340 1449644 712550 1293664 391835 0.55 0.16 0.10 0.89 47.45 17.84 34.71 55508 87603 149213 52262 1188087 718160 1343142 344586 0.53 0.14 0.10 1.13 35.08 22.28 42.64 83358 16582 17765 14107 274637 156252 271120 131812 0.58 0.14 0.16 0.99 37.86 22.93 39.22 139832 121141 40028 1111764 583302 1156973 301001 0.50 0.08 0.10 1.04 40.34 22.65 37.01 1684 5647 44231 38374 52675 7331 0.73 0.04 0.05 1.19 31.25 33.93 34.82 9771 12590 111723 130654 117895 22361 1.11 0.05 0.06 1.06 30.23 36.52 33.24 15644 17004 153478 167949 154094 32648 1.09 0.07 0.06 1.00 32.90 32.99 34.12 33968 47759 365149 401694 326771 81727 1.23 0.04 0.07 0.89 32.14 35.62 32.24 28865 36681 307963 334438 294054 65546 1.14 0.06 0.07 0.95 31.95 34.75 33.30 9062 16275 9906 296721 193459 308310 35243 0.63 0.12 0.04 1.04 49.95 18.97 31.08 19989 56034 609238 388608 611374 76023 0.64 0.15 0.05 1.00 52.34 20.83 26.83 3156 130071 60731 59468 3156 1.02 0.22 0.01 0.46 62.81 17.38 19.81 2920 3486 2294 103432 43014 66385 8700 0.65 0.20 0.04 0.64 48.54 24.67 26.80 559 398 372 412 19269 7867 11900 1741 0.66 0.22 0.04 0.62 57.57 12.13 30.30 30994 24882 26267 19428 10924



15072 12509 39601 24606 13326



14618 19421 32048 10344



17349 7696



572184 580217 746094 514613 287265



289662 353202 409285 332695 182884



560891 531351 581502 465707 268263



46066 52009 85289 93431 42290



0.52 0.66 0.70 0.71 0.68



0.09 0.14 0.15 0.12 0.13



0.03 0.03 0.05 0.07 0.05



0.98 0.92 0.78 0.90 0.93



49.41 46.77 44.94 44.01 42.23



22.50 27.27 27.43 26.68 25.62



28.09 25.96 27.63 29.31 32.16



Appendix XII Area calculations of the isomers of Aromatic biomarkers and parameters for the studied samples of the Chia Gara Formation and the crude oil samples . Phenanthrene m/z 178



Sample ID. 998311 998312 998314 998316 998318 998319 998320 998324 998326 998328 998330 998332 998334 998336 998339 998343 998346 998351 998355 998360 998358 998359 Oils 998449 998450 998451 998452 998453



Label T10 T9 T7 T5 T3 T2 T1 B9 B7 B5 B4 B2 H13 H11 H8 H4 H1 K9 K5 K3 K2 K1 A B C D E



Depth(m) 2770 2782 2798 2828 2858 2866 2886 2191 2233 2251 2277 2295 3075 3110 3160 3230 3310 2811.8 2862.1 3017.5 3075.4 3089.1 1043 535 688 2702 407



Fm. Sarmord Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Sarmord Chia Gara Chia Gara Chia Gara Barsarin Chia Gara Chia Gara Chia Gara Chia Gara Chia Gara Well K-252 K-265 K-215 Ja-15 K-392



Methylphenanthrene (m/z 192)



308931 228876 35495 149127 116694 56473 99372 51119 16022 107880 64508 81522 16787 2609 22098 9154 235757 235078 232791 400830 513293 166366



3 42.47 81302 65388 17900 67782 61993 28127 52170 17174 4726 17509 23345 40475 4076 696 3329 1744 40998 92514 123445 174913 193850 95411



2 42.65 114125 87974 18038 88089 93086 42325 69600 19757 3800 55825 44032 58171 3660 2308 4056 2396 60493 142081 206808 252253 207534 85373



377365 213848 364723 307798 233163



273738 164722 260592 210533 168487



383405 237732 384146 298183 233506



Ret Time 38.35



9



Dimethyl-phenanthrene (m/z 206)



43.3 125134 101750 38855 124561 150634 81087 101670 29220 9782 60561 33180 78489 3173



1 43.48 104572 81569 20451 76087 71449 32145 42647 22358 6634 46796 22740 43473 3909



4904 1942 47559 147478 244404 261654 146002 65244



3032 1097 27676 105733 153701 146340 75461 26109



3,6-dmp 47.12 88229 69744 7833 132242 144816 68833 103011 21577 5563 48251 35754 68721 4759 1302 3015 1545 43290 168924 352630 537626 513557 288435



404777 313043 453550 319293 240987



245573 160646 270521 190670 148762



637891 507432 697562 519017 380088



Dibenzothiophene m/z 184



2,7-dmp



Methyl-dibenzothiophene (m/z 198)



47.33 44742 38652 27728 72184 78285 35723 22876 14663 2724 26266 23798 37724 1304 865 1577 751 22770 90989 212310 265960 241690 106222



37.34 136732 178985 76532 235355 221805 128959 196690 26890 42076 197201 72202 317226 1839 923 4549 3076 47907 72358 201515 213751 373343 248701



4 40.99 122737 166884 119385 406750 402426 205908 349751 38262 26890 177030 90499 347367 6740 2641 7348 4613 89336 196846 575231 807345 1319592 912993



3+2 41.72 63598 95201 69551 243251 319438 161604 249130 28554 22851 136023 52636 263214 2399 1295 3937 2098 33755 97343 282150 472652 739563 624239



346800 265504 371858 267507 198543



882115 775327 886896 700423 535224



1648723 1439897 1732625 1303499 1003332



1298591 1166987 1321228 1033360 807362



1 42.47 32061 54472 70568 217152 240332 129463 152542 27493 22499 162464 53233 329711 3204 744 1423 14780 37671 99394 192972 291852 278338 476467 495298 512572 386808 280458



Appendix XII Continued.



Dimethyldibenzothiophene(m/z 212) 2,6-dmdbt 44.47 39510 63796 65811 315894 293059 147792 236477 27680 10518 74575 45663 153007 6183 2049 7196 2205 80437 184816 603631 1204331 1910477 1322201



2,7-dmdbt 45.22 35075 54951 59004 266821 475017 163574 287379 39025 14691 131142 74485 301350 7793 1320 7891 2594 55534 207950 782075 1700589 2689027 1906150



1304281 1183088 1400072 1064827 827230



2321054 2089459 2426589 1576835 1412485



Degree of Alkylation 2,8-dmdbt mp/(p+mp+dmp) dmp/(p+mp+dmp) mdbt/(dbt+mdbt+dmdbt) dmdbt/(dbt+mdbt+dmdbt) dbt/p 46.08 184/178 29422 0.49 0.15 0.48 0.23 0.44 45066 0.50 0.16 0.48 0.25 0.78 97311 0.57 0.21 0.46 0.40 2.16 365803 0.50 0.29 0.42 0.46 1.58 359440 0.53 0.31 0.42 0.49 1.90 206560 0.53 0.30 0.43 0.45 2.28 241433 0.54 0.26 0.44 0.45 1.98 28001 0.50 0.21 0.44 0.44 0.53 25122 0.51 0.17 0.44 0.31 2.63 153872 0.50 0.21 0.46 0.35 1.83 60976 0.50 0.24 0.44 0.40 1.12 324072 0.54 0.26 0.46 0.38 3.89 0.39 0.16 0.44 0.50 0.11 0.39 0.28 0.48 0.41 0.35 1847 0.36 0.11 0.36 0.51 0.21 1737 0.39 0.12 0.46 0.37 0.34 28810 0.37 0.14 0.39 0.47 0.20 49658 0.50 0.26 0.39 0.52 0.31 294612 0.48 0.37 0.34 0.59 0.87 766360 0.41 0.39 0.27 0.69 0.53 1325855 0.33 0.40 0.27 0.69 0.73 1034176 0.33 0.47 0.29 0.67 1.49 1024131 965980 1025839 836861 594233



0.49 0.47 0.49 0.48 0.49



0.37 0.41 0.38 0.37 0.36



0.38 0.38 0.38 0.39 0.38



0.52 0.52 0.52 0.50 0.52



2.34 3.63 2.43 2.28 2.30



Triarom (TA) Monoarom(MA) TA/(MA+TA) MPI-1 m/z 231 m/z 253 16112 21822 0.42 0.54 30602 45676 0.40 0.56 163918 120649 0.58 0.57 142929 81599 0.64 0.67 28739 26694 0.52 0.69 10446 34090 0.23 0.62 11889 23300 0.34 0.75 54053 47211 0.53 0.54 35225 57323 0.38 0.39 82070 126449 0.39 0.51 59356 54800 0.52 0.84 34051 82511 0.29 0.73 5480 33577 0.14 0.49 886 5295 0.14 1.73 1078 17225 0.06 0.37 958 14486 0.06 0.51 8015 126276 0.06 0.49 35147 10683 0.77 0.72 132099 12988 0.91 0.79 92511 31241 0.75 0.79 50153 56251 0.47 0.82 22465 33962 0.40 1.05 142071 85536 104433 131692 96286



42629 21706 40132 37419 19910



0.77 0.80 0.72 0.78 0.83



0.96 0.88 0.89 0.93 0.97



َسةنطاندنى كةظري سةرضاوةيى و بةراوردكردنى هةل كةظر ونةوت بوَ ثيَلواتوى ضياطارا ,كوردستان - باكورى عيَراق



ىامةيةكة ثيَصكةط كساوة بة كوَليجى شاىطت لة شاىكوَى ضميَناىى وةك بةشيَكى تةواوكةز بوَ بةدةضتَيَياىى دكتوَزا ى فةلطةفة لة شاىطتى شةويياضي دا



لةاليةٌ



ئيرباٍيه حمةمةد جةشا حميَديً



ماضتةز لةشاىطتى شةويياضي دا-شاىكوَى ظالح الديً 1993



بةضةزثةزشيت



د .فوشى مةزداٌ البياتى ثسوَفيطوَزى يازيدةدةز



ىةوزوَشى  2008كوزدى



مازضى 2008شاييى



ثوختة



لةو تويَرييةوةيةدا ٍةولَدزاوة ثيَكَاتوى ضياطازا ( تيطوَىى ىاوةزِاضت-بيَسِياضيةٌ) لةدوو دةزكةوتةى كةظسى لةىاوضةكاىى زِاىية و ضةزطةلَو و ضواز بريى ىةوتى كةبسيتني لة بريةكاىى تكسيت  3 -و بيجى 1 -و كةزكوك 109 -و حةمسيً 1-وة وةزطرياوة و ٍةولَدزاوة كة بةوزدى لةزِووى شيكازى جيوَكينياى ئةىدامييةوة باس يكسيَت .لةزِووى ثيَكَاتيى ىيصتوييةوة ثيَكَاتوى ضياطازا لةضيية بةزديية كمطييةكاٌ و ضيية قوزِييةكاٌ ثيَكَاتووة .ضيية بةزديية كمطييةكاٌ ئةضتوزياٌ تةىك بوَماو ىاوةىديية و زِةىطياٌ خوَلَةميَصى بوَ زِةشة و ضيية قوزِييةكاىيض دةولَةمةىدٌ بة مةوادى ئةىدامى و زِةىطياٌ قاوةى بوَ زِةشة و بةشوَزى لةبةشى خوازةوةى ثيَكَاتوى ضياطازا بالَوٌ  .ضيية بةزديية كمطييةكاٌ دةىاضسيًَ بة بووىى بةزبالَوى شيَواشى –واكطتوٌَ –ثاكطتوَىى دةولَةمةىد بة زِاديوَالزيا ,ضةزةزِاى بووىى ٍةىديَك وزدة ثازضةى بةبةزدبووى وةك ئةموَىايت و ئوَضرتاكوَد و فوَزامييفيَسا و كالجيوَىيميدش و كالطيطفري و ٍةزوةٍا ٍةىديَك ثازضةى تسى ىةىاضساو. ئةو ضيياىة بةشيَوةيةكى طصتى منوىةى ىيصتوى ٍةلَضووىى ئاضتى دةزياية كةلةضةز ضييةكاىى بازضةزيً ياٌ طوَتيية ىيصتووٌ .بسِوادةكسيَت بةشى قولَى دةزةوةى ضةكوَى كازبوَىاتى بوَ ىاوضةى ليَرى كازبوَىاتى ذييطةى منوىةيى بً بوَ ىيصتيى ضييةكاىى ثيَكَاتوى ضياطازا .موَشى ضياكازا بةبووىى ذييطةيةكى ذةٍساوى و بةكةمى ئوَكطجني دةىاضسيَت و بسِوادةكسيَت بةئازاضتةى باكوزى زِوَذٍةالَت ئةو موَشة قولَرت دةبيَت و كةمرت ذةٍساوى بيَت .جيَطستيةوةى قالَبةكاىى زِاديوَالزياى ضميكى بة كازبوَىاتى كالطيوَو دادةىسيَت بةبالَوتسيً كسدازةكاىى طوَزِاٌ كةبةضةز ضييةكمطيةكاىدا ٍاتووٌ لةوبسِطاىةى كةوةزطرياوٌ بوَ ئةو تويَرييةوةية .طوَزِاىى كينيايى وةك ئةلكاليييتى و ثمةى طةزماى ئاوى ىاوموَشةكة(ئاوشيَمَةكة) دادةىسيَت بةٍوَكازيَكى ضةزةكى بوَ زِووداىى تواىةوةى ٍةيكةىل ضميكى زِاديوَالزيا و ىيصتيى كالطايت لةجيَطةى و دزوضتبووىى قالَبى زِاديوَالزياى كمطى. ليَكوَلَييةوةى مادةى ئةىدامى لة ثيَكَاتوى ضياطازادا ئاماجنى ضةزةكى ئةو تويَرييةوةيةية ٍ ,ةز بوَية زِيَطاكاىى شيتةلَكسدىى جيوَكينيايى ئوَزطاىى بوَ ٍةلَطةىطاىدىى بسِو جوَزى ئةو ىيصتواىة ئةجناو دزاوة .ثةجنا منوىةى ثيَكَاتوى ضياطازا لة ضواز بريدا كة ئاماذةماٌ بة ىاوةكاىياىدا ,شيتةلَكسابوَ شاىييى ثيَكَاتةى طصتى و بيطت منوىةط بوَ ديازيكسدٌ و شيتةلَكسدىى جيوَكينياى طةزدى  ,واتة بوَ دةضتييصاىكسدىى بايوَمازكةزةكاٌ .ضةزةزِاى ئةو شيتةلَكسدىاىة  ,لةثيَيج بريى تسى ىةوت كة بسيتني لة (  ) K-392 , K-215, K-252, Ja-15 , K-265و



دةطةزِيَيةوة بوَ دوو كيَمَطةى ىةوتى كةزكوك و شةمبوز بةٍةماٌ شيَوة و زِيَطا شيتةلَكساوٌ .داتاى جيوَكينياى ثيَكَاتةى طصتى بسيتني لة :ئةجنامى تومخةكاىى كازبوٌَ و ىايرتوَجني و طوَطسد و ٍةزوةٍا ئةجنامى شيتةلَكسدٌ بةبةكازٍيَياىى ئاميَسى زِوَك-ئيظال .ثاط جياكسدىةوةى مادةى بيتيومييى لة كريوَجني و دابةشكسدىياٌ بوَ بةشةكاىى ئةليفاتى و ئةزوَماتى و مادةكاىى  NSOلةزِيَطةى ئاميَسى ٍ MPLCةزدوو بةشةكاىى ئةليفاتى و ئةزوَماتى لةزِيَطةى ئاميَسى  GC/FIDو  GC/MSشيتةلَكساٌ. بسِى كوَى كازبوَىى ئةىدامى ( ) TOC%ىاو منوىةى بةزدةكاىى ثيَكَاتوى ضياطازا لةىيَواٌ  0.3بوَ 7.35% داية  ,كةئةمةط تواىاى شوَز كةو بوَ شوَز باط ثيصاٌ دةدات بوَ بةزٍةمَيَياىى ٍايدزوَكازبوٌَ .شيتةلَكسدىى تومخةكاىى  C, S, Nو ديازيكسدىى زِيَرةى بالَوبووىةوةياٌ لةىاو منوىةكاىى ثيَكَاتوى ضياطازادا ئاماذة بوَ ئةوة دةكةٌ كة كةظسةكاٌ دةولَةمةىدٌ بة طوَطسد .زِيَرةى تومخى طوَطسد لةىاو منوىةى بريةكاىدا شوَزتسة بةبةزاوزد لةطةلَ منوىةى دةزكةوتةى بةزدةكاىى ثيَكَاتوى ضياطازا. ىسخى تيَكسِايى ٍاوكوَلكةى ٍايدزوَجييى (  ) HIمنوىةكاىى ثيَكَاتوى ضياطازا بوَ بريةكاٌ بسيتية لة
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 371mgHC/g TOCلةبريةكاىى تكسيت و بيَجى دا و  213-91mgHC/g TOCلةبريةكاىى حةمسيً و كةزكوكدا .ىسخى ٍاوكوَلكةى ئوَكطجييى (  ) OIبوَ منوىةكاٌ لةىيَواٌ  31بوَ



 50mgCO2/gTOCداية



لةبريةكاىى تكسيت و بيَجى و كةزكوكدا .كةميَك بةزشتس لةوىسخة لةبريى حةمسييدا توَمازكساوة كةدةطاتة



 40تا 90



بةالَو بةتيَكسِاى  . 67mgCO2/gTOCلةو بريةدا زِيَرةى  TOC/Sزِيَرةيةكى ئاضايية .جوَزى كريوَجيية كةى ثيَكَاتوى ضياطازا لةضةز بيةماى



داتاى جيوَكينياى ثيَكَاتةى طصتى بسيتية لة جوَزى دةزيايى



 IIو III



لةطةلَ دةولَةمةىدى بة طوَطسد .ثيَدةضيَت بةزٍةمَيَياٌ و دةزكسدىى ىةوت لة ثيَكَاتوى ضياطازا وة زِوويدابيَت لة بريى كةزكوك , 109-كة ىسخى ٍاوكوَلكةى بةزٍةمَيَياٌ(  ) PIبة تيَكسِايى بسيتية لة تكسيت 3 -ىسخى ٍاوكوَلكةى بةزٍةمَيَياٌ دةطاتة



 .0.32منوىةكاىى بريى



 0.12ئةمةط ديازيدةكات كة ىةوت بةزٍةمَاتووة ,بةالَو



منوىةكاىى ثيَكَاتوى ضياطازا لةبريةكاىى بيَجى و حةمسيً ىسخى ٍاوكوَلكةى بةزٍةمَيَياٌ دةطاتة  0.06كةئةمةط ثيصاىى دةدات كة مادةى ئةىدامى ثيَيةطةشتووة و ىةطةشتَوَتة ئاضتى بةزٍةمَيَياىى ىةوت .ىسخةكاىى منوىةكاٌ بةتيَكسِاى دةطاتة



 Tmaxبوَ



 442و  ºC438لةبريةكاىى كةزكوك 109 -و تكسيت 3 -دا يةك لةدواىيةك,



كةئةمةط جووتة لةطةلَ زِيَرةى ثيَطةشنت بوَ بةزٍةمَيَياىى ىةوت .منوىةكاىى ثيَكَاتوى ضياطازا كةزِيَرةى ثيَطةشنت



كةمة لةبريةكاىى بيَجى و حةمسييدا و ىسخةكاىى



 Tmaxدةطاتة



 432و



 435ºCكةئةمةط بةس ىية بوَ



بةزٍةمَيَياىى و دةزكسدىى ىةوت. داتاى جيوَكينياى طةزدى بوَ منوىةكاىى ثيَكَاتوى ضياطازا ثصت زِاضتى بيةضةى مةوادى ئةىدامى دةزيايى دةكاتةوة لةطةلَ كةميَك مةوادى ئةىدامى كة لة ىاوضةى وشكاىيةوة ٍاتووة .بالَوبوىةوةى ئةلكاىة ئاضاييةكاٌ شيَوةى يةك لوتكة ثيصاىدةدةٌ لةطةلَ ثيَكَاتووةكاىى شجنريةكوزت كة لة مةوداى



 nC14تا  nC19شالَة و



ضةزةزِاى بووىى ئةلكاىة ئاضاييةكاىى  nC30تا  nC40كةئةمةط بةشدازى مةوادى زِووةكى دةضت ىيصاٌ دةكات  .زِيَرةى ثسضتني  /فايتني كةمرت لة يةك بازودوَخى بيَ ئوَكطجييى ديازىدةكات لةكاتى ىيصتيدا .ذييطةى ىيصتيى كازبوَىاتى كة زِيَرةى خوىَ بةزشة تيايدا لةزِيطةى بايوَمازكةزةكاىةوة ديازة :زِيَرةى كةمى ثسضتني /فايتني و كةميَك شيادى ئةلكاىة ئاضايية جووتةكاٌ لةمةوداى  nC22تا  nC28و بةزشى زِيَرةى ٍوَثاٌ بةضةز ضترييَييدا و بةزشى زِيَرةى ضيوَئةزوَماتيكةكاٌ بةضةز ئةزوَماتيية ضاكازةكاىدا و ٍةزوةٍا زِيَرةى بةزشى زِووداىى ئةلكيمةيصً بةضةز ئةزوَماتيكةكاىدا و ضيوَئةزوَماتيكةكاىدا. ديازدةى ضةزىج زِاكيصى بووىى بةزبالَوى ضيوَئةزوَماتيكةكاىة لة منوىةى بةزدةكاىى طصت بريةكاىدا دةضت ىيصاىى ذييطةيةكى ىيصتيى كازبوَىاتى دةولَةمةىد بة طوَطسد و ضووك بة ئاضً .ثيَكَاتةكاىى دايبيَيصوَضيوَفني و ئةواىةى تووشى ئالكيمةيصً ٍاتووٌ شالًَ بةضةز فيياىطسيً و ٍاوشيَوةكاىيدا  .ثيَكَاتةى بايوَمازكةزةكاٌ لة ىاو منوىةى ىةوتةكاىدا كة شيكساوىةتةوة زِيَطةدةدات كة ثوَشةتيظاىة بةزاوزد بكسيًَ لةطةلَ ئةلكاىة ئاضاييةكاىدا و زيَرةى ىصمى فيياىطسيً بةزامبةز دايبيَيصوَضيوَفني ٍةزوةٍا بووىى دايبيَيصوَضيوَفييى تووط بوو بة ئةلكيمةيصً.



تقييم الصخور املصدرية و مضاهاة الصخور مع النفط لتلوين ضياطازا ,كوردستان  -مشال العراق



زضاي١ َكدَ ١اىل نً ١ٝايعً-ّٛجاَع ١ايطًُٝاْ١ٝ نجصَ َٔ ٤تطًبات ْ ٌٝدزج١دنتٛزا ٙفًطف١ يف عًِ االزض



َٔ قبٌ



أبساٖ ِٝحمُد جصا حم ٞايدٜٔ َاجطتري جٛٝيٛج– ٢جاَع ١صالح ايد1993 ٜٔ



حتت أغساف



د.فٛشَ ٣سدإ ايبٝاتٞ أضتاذَطاعد



زبٝع االٖ 1429 ٍٚجس٣



َازع َٝ2008الد٣



اخلالص١



متت دزاض ١ته ٜٔٛضياطازا ( تٝج ٢ْٛاالٚضط-بريٜاضٝإ) َٔ َكطعني ضطخٝني ( زِاىية و ضةزطةلَو)  ٚنريو َٔ ازبع َكاطع حتت ضطخ(١ٝاباز نسنٛى-



 ٚ 109بٝج ٚ 1 -٢تهسٜت ٚ 3 -محس َٔ ) 1 -ٜٔايٓاح ١ٝاجلٛٝنُٝٝا ٤ايعط١ٜٛ



بايتفص .ٌٝتته ٕٛته ٜٔٛضياطازا َٔ تتابع طبك ٢يصدٛز احلجسايهًط ٢ايػٓ ٢باملٛاد ايعط ٚ ١ٜٛطبكات َٔ احلجس ايطفٌ .تته ٕٛايصدٛز ايهًط َٔ ١ٝطبكات زقٝك ١اىل َتٛضط ١ايطُو  ٚتتُٝص بً ٕٛزصاص ٢اىل أضٛد  ,أَا طبكات ايطفٌ فٗ ٞنًط ٚ١ٝغٓ ١ٝباملٛاد ايعط, ١ٜٛقٗٛا١ٝ٥اىل أضٛد ايً ٚ ٕٛتتُٝص بٛجٛد ايطبكات ايسقٝك ١جداٚتتٛاجد بػهٌ نبري يف اجلص ٤ايطفً َٔ ٢ايته .ٜٔٛتتُٝص ايصدٛز ايهًط ١ٝبٛجٛد قٛايب ايسادٜٛالزٜا بػهٌ ٚاضع  ٚضخٓ ١احلجس ايهًط ٢ايٛان -٢املرتاص ايسادٜٛالز ٖٞ ٟاالنجس غٛٝعا بني ايطخٓات ايسضٛب .١ٝنريو ٖر ٙايصدٛز حتت ٣ٛعً ٢قطع َٔ املتخجسات الخسَ ٣جٌ أَْٛاٜت ٚأٚضرتانٛد  ٚفٛزآَٝفريا  ٚنايبًْٝٛٝدش  ٚنايطٝطفري ,باالضاف ١اىل بعض قطع غري َعسٚف ١االصٌ .تتابع ته ٜٔٛضياطازا بػهٌ عاّ ميجٌ تسضبات تسضبت أثٓا ٤تكدّ حبس ٟفٛم ته ٜٔٛبازض٘ ز/ٚ ٜٔأٚ ته ٜٔٛقطٓ .١ٝتسضب ته ٜٔٛضياطازا يف ب ١٦ٝحبسْٗ , ١ٜا ١ٜزف عُٝل َٓ ٚطك١املٓخدز عًْٗ ٢ا ١ٜزف ايصفٝخ١ايعسب.١ٝ متٝص احلٛض ايرتضٝب ٢يته ٜٔٛضياطازا بكً ١االٚنطجني  ٚظسٚف ضاَ ٚ ١باجتا ٙايػُاٍ ايػسق ٞيًخٛض تصداد عُل املٝاٚ ٙ تكٌ ايعسٚف ايطاَ َٔ .١ايعًُٝات ايتخٜٛس ١ٜايػا٥ع ٖٞ ١احالٍ َٚأل ايكٛايب ايطًٝه١ٝيًسادٜٛالزٜا مبعدا ايهايطٝت . َٔ املُهٔ تػٝري ايعسٚف ايب ١ٝ٦ٝايهُٝٝاَ ١ٝ٥جٌ دزج ١احلاَط ٚ١ٝدزجات احلساز ٠ضاعدت يف أذاب١ايطًٝها  ٚأحالٍ ايهايطاٜت حمًٗا يف ايكٛايب ايسادٜٛالز.١ٜ دزاض ١املٛاد ايعط ١ٜٛيف تهٜٔٛ



ضياطازا ٍي اهلدف االضاض ٞهلر ٙايدزاضٚ ١ألجٌ ذيو مت أضتدداّ ايطسم



اجلٛٝنُٝٝا ١ٝ٥يتكٖ ِٝٝر ٙاملٛاد ْٛعٝا ٚنُٝا  َٔ .االباز قٝد ايدزاض ,١متت دزاض ١مخط ٕٛمنٛذجا َٔ ايٓاح ١ٝاخلٛاص ايهً ٚ ١ٝعػس ٕٚمنٛذجا الضتدالص ايبٝتٚ َٔٛٝدزاضتٗا َٔ ايٓاح ١ٝاجلٛٝنُٝٝا ٤اجلص .١ٝ٦ٜنريو متت دزاض ١مخظ مناذج َٔ ايٓفط اخلاّ َٔ االباز ( ) K-392 , K-215, K-252 , Ja-15, K-265ايعا٥د ٠اىل حكًني نسنٛى  ٚمجبٛز  .ايدزاض ١اجلٛٝنُٝٝا ١ٝ٥ايهً ١ٝمشًت عً ٢حتدٜد ايعٓاصس  ٚ C, N, Sنريو حتً. Rock-Eval pyrolysis ٌٝ بعد عًُ ١ٝاالضتدالص يًبٝت َٔٛٝمتت فصًٗا بٛاضط MPLC ١اىل االيٝفات ٚ ١ٝاالزَٚاتَ ٚ ١ٝهْٛات َٔ ٚ NSO ثِ مت حتً ٌٝاملهْٛات االيٝفات ٚ ١ٝاالزَٚات ١ٝبٛاضطGC/MSٚ GC-FID ١



ْطب ١املٛاد ايعط ١ٜٛاالمجاي ) TOC% ( ١ٝيًُٓاذج املدزٚض ١ترتاٚح بني



 , 7.35% ٚ 0.3%حٝح تدٍ عً٢



قابً١ٝأْتاج ١ٝضعٝف١اىل ممتاش .٠حتً ٌٝعٓاصس نازبْ ٚ ٕٛاٜرتٚجني  ٚنربٜت يف ايُٓاذج تػري اىل صدٛز غٓ١ٝبايهربٜت. تٛجد ايهربٜت بػهٌ انرب يف ايُٓاذج ايتختططخ١ٝأنجس َٔ ايُٓاذج املأخٛذ َٔ٠املهاغف. َعدٍ قَ ِٝعاٌَ اهلٝدزٚجني (



 ) HIيًُٓاذج املدزٚع  َٔ ٠تهٜٔٛ



ضياطازا يهٌ ب٦س ناْت
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 371mgHC/g TOCيًب٦س ٜٔتهسٜت ٚ 3 -بٝج 91 mgHC/g TOC ٚ 213 ٚ 1 -٢يًب٦س ٜٔمحسٚ 1 -ٜٔ نسنٛى 109-عً ٢ايتٛاي .ٞقَ ِٝعاٌَ االٚنطجني(  ) OIيًُٓاذج املدزٚع  َٔ ٠ته ٜٔٛضياطازا ترتاٚح بني ٚ 31  50mgCO2/g TOCيالباز  ٚنسنٛى ٚ 109-تهسٜت ٚ 3-بٝج .1-٢ق ِٝأعً ٢بكً ٌٝضجًت يف ب٦س محس, 1 -ٜٔ بني  ٚ 90mgCO2/g TOC ٚ 40مبعدٍ ٖ . 67mgCO2/g TOCرا ايب٦س متٝص اٜطا بٓطب ١عاد١ٜ ٍ . TOC/Sمت حتدٜد ْٛع ايهريٚجني َٔ ايدزاض ١ايهً ١ٝيًُٓاذج فتبني أْٗا حبس َٔ ١ٜايٓٛعني



َ III ٚ IIع تٛاجد



ايهربٜت بػهٌ عاي .ٞتهٖ ٚ ٕٛجس ٠ايٓفط َٔ ته ٜٔٛضياطازا حدثت يف ب٦س نسنٛى 109-حٝح َعدٍ قَ ِٝعاٌَ االْتاج( . 0.27 ٖٛ ) PIمناذج َٔ ب٦س تهسٜت 3 -هلا َعدٍ َعاٌَ االْتاج ٜطاٖٚ 0.12 ٣ٚر ٙايك ١ُٝضُٔ ْافر٠ اْتاج ايٓفط ,أَا َعدٍ قَ ِٝعاٌَ االْتاج يًب٦س ٜٔبٝج ٚ 1 -٢محس 0.06 ٖٞ 1-ٜٔحٝح مل تصٌ بعد اىل َسحً ١أْتاج ايٓفطَ .عدٍ ق Tmax ِٝيًُٓاذج املدزٚض ºّ438 ٚ 443 ٖٞ ١يالباز نسنٛى ٚ 109 -تهسٜت 3 -عً ٢ايتٛاي, ٞ حٝح تتفل َع دزج ١ايٓطٛج يف َسحً ١تٛيٝد ايٓفط .ايُٓاذج االقٌ ْطٛجا يتهٜٔٛ



ضياطازا يف ايب٦س ٜٔبٝجٚ 1 -٢



محسٚ 1-ٜٔصًت اىل دزجات ٖ ٚ ºّ433 ٚ 431 ٖٞ Tmaxر ٙايدزجات غري ناف ١ٝيتٛيٝد ٖ ٚجس ٠ايٓفط. ْتا٥ج اجلٛٝنُٝٝا ٤اجلص ١ٝ٦ٜيًُٓاذج املدزٚض َٔ ١ته ٜٔٛضياطازا تؤند االصٌ ايبخس ٣يًُٛاد ايعطَ ١ٜٛع قًَٔ ٌٝ املٛاد ايكاز . ١ٜتٛشٜع االيهٓٝات ايعاد ١ٜته ٕٛأحاد ١ٜايكُ ٚ ١املهْٛات قً ١ًٝايعدد َطٝطس ٠بني



 nC14اىل , nC19



َع ذيو تتٛاجد االيهٓٝات بني  nC30اىل  nC40حٝح تدٍ عًَ ٢طاُٖ َٔ ١ايٓباتات ايعايْ .١ٝطب Pr/Ph


ايعاٖس ٠املُٝصٚ ٠ايت ٖٞ ٢ايٓطب ١ايعاي ١ٝيًجٛٝأزَٚاتٝو َٔ ايبٝت َٔٛٝاملطتدًص َٔ ١االباز املدزٚض ١تؤغس اىل ب١٦ٝ نازبْ١ات ١ٝغٓ ١ٝبايهربٜتْ .طبَ ١هْٛات ايداٜبٓٝصٚثٛٝفني  ٚنريو ْطرياتٗا املتعسض ١يعًُ ١ٝااليهًٝٝػٔ تفٛم فٓٝاْجسْ ٚ ٜٔطرياتٗا يف ايُٓاذجْ .تا٥ج َهْٛات ايباَٜٛازنس يًٓفٛط املدزٚض ١تٓطبل َع ْتا٥ج حتاي ٌٝايباَٜٛازنس يًبٝت َٔٛٝايطتدًص َٔ ايصدٛز ٖٚرا ٜطاعد عًٚ ٢جٛد عالقَٛ ١جب ١بني ايصدٛز  ٚايٓفٛط املدزٚض ,١نريو تٛاجد االيهٓٝات  ٚايٓطب ١ايكً ١ًٝيًفبٓاْجسَ ٜٔكابٌ داٜبٓٝصٚثٛٝفني ٚ ٚجٛد داٜبٓٝصٚثٛٝفني املتعسض ١يعًُ ١ٝااليهًٝٝػٔ يف ايٓفٛط أٜطا.
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