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ABSTRACT

The Anza Graben is a major NW-SE structurally oriented sedimentary basin that lies in
the northern part of Kenya roughly between the latitudes O° 30°N and 4°N, longitudes 36° 30’E
and 41°E. Three basins: North, Central and South Anza define the graben and the main sub-basins
comprise Chalbi in the northwest, the Yamicha in central and southeast and the Intermediate Tilted
Blocks in the middle. The evolution, stratigraphy and environments of deposition of the
sedimentary sequences of the basin, are discussed together with the post Gondwanaland break-up
marine incursions in the graben.

Burial plots based on studies of five selected wells have been used to construct burial
history curves for the named sub-basins and to calculatethe TTI (Time-Temperature Index) indices.
The results redefine maturity profiles and the hydrocarbon generation history of the basin. The oil
window is determined from TTI in this study to occur from 2500 m to Total Depth (TD) for
Bellatrix-1 and 1500'm to TD for Sirius-1 both of which are in the Chalbi sub-basin. In the
Yamicha basin the window runs from 2500 m to TD (Ndovu-1) and 2550 m to TD for Anza-1
wells. The Intermediate Tilted Blocks area, Duma-1, has the window between 2500-3100 m depth.

The scope of heat flow in the basin is generally moderate. The average geothermal
gradient for the graben is 24.9°C/km. Chalbi sub-basin, owing to its vicinity to the main Kenyan
rift records a slightly higher value of 26.6-27.6°C/km. In the Yamicha area 22.2-24.0°C/km is
observed while 23.9°C/km is noted in the Intermediate Tilted Blocks area.

Empirical relationships between the paleosedimentation rates and Total Organic Carbon
values give optimum sedimentation rates of 30-90 m/M.Y for the Chalbi sub-basin with a

corresponding T.O.C. value of 0.9 - 1.4% which is well above the 0.5% prospective threshold.



™)
The central region of the Yamicha sub-basin gives 1.2% T.O.C. and an optimum
paleosedimentation rate which is highest for the wells studied at 160-260 m/M.Y. Both the
paleosedimentation rate and T.O.C. are, however, lower in the southeastern flanks of the
Yamicha at 14-25 m/M.Y. and 0.3% T.O.C. The low T.O.C. percentage here is attributed to the
low paleosedimentation rate and possible little or low availability of organic matter (source
material).

The results of this study also show that in the entire graben, the optimum sedimentation
rates and the corresponding T.O.C. are associated with shales, sandstones and limestones (in Sirius-
1 only). In this regard, the role of shales and limestones as source rocks, and sandstones as
possible reservoir rocks are noted. The overall pattern of these optimized empirical relationships,
though applicable largely in specific individual sub-basin, do present an interesting hydrocarbon
prospect in each of the three sub-basins of the graben when related to other hydrocarbon potential
indicators namely Vitrinite Reflectance (R,), Transformation Ratio and the temperature of
maximum hydrogen generation during pyrolysis, (T,)-

There is an excellent match in the depth of the oil window as defined by TTI and the R
in all the wells except for Duma-1. A close correlation between the TTI oil window and the
Transformation Ratio is also observed in all the wells. They both give 2500 m to TD in Ndovu-1,
and a T,,, within the peak range at 421-483°C. In Anza-1 2480 m to TD is noted, with a
relatively low T,,, at 294-302°C possibly due to uplift and erosion. In Duma-1 2500 m to TD is
recorded with a T, of 469-483°C as compared to TTI result of 2500 to 3100 m. In both Bellatrix-
1 and Sirius-1, the Transformation Ratio occurs slightly above that predicted by the TTI at 2620
m to TD with a T, of 443-446°C and at 1900 m to TD with a T, of 443-582°C in Bellatrix-1

and Sirius-1 respectively.
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CHAPTER 1

INTRODUCTION

1.1 Position of the Study Area in Kenya

The Anza Graben defines a major NW-SE structurally oriented sedimentary basin that runs

over the entire north and north-eastern Kenya. It lies roughly between the latitudes 0°30°N and

4°N and longitudes 36°30’E and 41°E (Fig. 1). The graben has similar trend and age with the Abu

Gabra rift of the south Sudan (Beicip, 1984).

Owing to its favourable sedimentary formations, the basin has been the site of selective

oil prospecting since 1984. Eleven oil wells have been sunk in the area to date with various

amounts of gas and oil shows. No production, however, has been achieved.

1.2 Objectives and Scope of the Study

The main objectives of the study include the following:

(2)

®)

©)

(d)
(e)

To study the concentration and pattern of organic carbon of the identified
hydrocarbon bearing horizons in the basin through paleosedimentation rate
analysis and their respective paleoenvironments using the method developed by
Magara (1986), and to carry out quantitative evaluation of kerogen i.e Total
Organic Carbon (T.0.C) where existing data is inadequate based on the
procedure by Tissot and Welte (1978).

To give an indication of the maturity of the organic matter through an analysis
of burial plots using Lopatin’s Time Temperature Index (TTI) of maturity.

To relate sediment types with the optimum paleosedimentation rates and

concentration of organic carbon.

To attempt basinwide lithological correlations of the results obtained.

To make any appropriate recommendation(s) on the status of hydrocarbon

potential based on (a) to (d).



In order to achieve these objectives, five wells from the basins, namely, Bellatrix-1, Sirius-
1, Ndovu-1, Anza-1 and Duma-1 were utilized in the study. It is also important to note that all

the three techniques (a) to (c) have not been applied in the basin before.

1.3 The Study Concept / Literature Review

Studies on 25742 samples from the Russian Platform has shown that there is a significant
difference between the petroliferous and non-petroliferous regions on the concentration of organic
carbon which constitutes the main proportion of the organic matter (Ronov, 1958). Based on this
data and other known evidence, an arbitrary empirical lower limit of the 0.4 weight % organic
carbon (or 0.5 weight % organic matter) is generally accepted as the minimum kerogen
concentration necessary for any significant hydrocarbon generation (Dow, 1978).

Since production, transportation and preservation or destruction of organic matter can be
influenced or controlled by the environmental factors, an empirical relationship exists between
depositional rate vis-a-vis environment and concentration of organic carbon (Magara, 1986). Where
drilled data and seismic profiles are available, depositional environment, organic carbon
concentration and respective rates of sedimentation can be determined and the empirical
relationship between the sedimentation rate and organic carbon concentration established. An
important applicatiori can be generated especially information on the best potential of organic
carbon concentration from a plot of organic carbon versus sedimentation rate; where there is an
optimum rate of sedimentation for the maximum concentration of organic carbon in sediments, as
shown in Fig. 3 below (Dow, 1978; Selley, 1985). This method may also be used to compare the
estimated potential of different prospects which would allow a petroleum geologist to rank these

prospects.
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It should be noted that the average rate of sedimentation of a given geologic interval in
an undrillcd arca may be estimated from the thickness of the interval and the corresponding
geologic time, both of which can be cstimated using scismic data or regional correlation. This
gives the method an added advantage in that information on synclinal areas from which most
petrolcum is belicved to be derived, and which is scldom available owing to lack of well data

there, can be obtained. Such estimates of the best potentials of the organic carbon concentration

can be quitc valuable (Magara, 1986).

Having dctermined the presence of optimum organic matter, the the maturity of the
sediments must be investigated. The major parameters controlling the generation of hydrocarbon
are type and amount of organic matter in the source rock and its organic maturation evolution.
Although the role of pressurc is influential at low levels of organic maturation, it is now
universally acknowledged that temperaturc is the most important parameter affecting hydrocarbon
generation (Brooks,1981). The cffects of temparature and time are recognized as essential
parameters in evaluating maturation processes. Early efforts that took both time and temperature
into account in studying the process of oil generation were developed by N.V. Lopatin (Waples
1981). In this method, the thermal maturity of organic material in sediments is calculated, and has
been quantified as the Time Temperature Index (TTT). These factors are interchangeable; a high

temperature acting for a short time can have the same effect on the maturation as low temperature



acting over a longer time. The dependence of maturity on time is linear. The implementation of
this method is achieved through reconstruction of the depositional and tectonic history of the
geologic section of interest.

By defining a factor which reflectsthe exponential dependence of maturity on temperature,
the rate of maturation is taken to increase by a factor of 2 for every 10° C in reaction temperature.
The Iength of time (ih units of M.y.) is that time the sediments spent in each defined temperature
interval (determined from geothermal gradient). Because maturation effects on organic material
are additive the total maturity (or TTI) of a given sediment is equal to the sum of maturities
acquired in each interval (Waples,1981). Thus

n,,.
TTI= £2" T,
Nyin-
Where n,, and n,, are the n-values of the highest and the lowest temperature intervals

encountered. The TTI values in this study are correlated with the data obtained from other

methods of evaluating the thermal maturity of organic material.

1.4 Previous Geologic Work

Lack of indigenous fuel resources, other than wood in Kenya, has led to the exploration
for oil in the Mesozoic basin of north-eastern Kenya since the 1930’s. A two year Oil Exploration
Licence effective Feb. 1937 was granted to D’Arcy Exploration Co. Ltd. and the Anglo-Saxon
Petroleum Co. Ltd covering about 195,000 sq. km in eastern Kenya, (Government Notice No. 167,
1937). It was however, relinquished after rapid geological reconnaissance.

The same area was examined a year later (Government Notice No. 613, 1938) by Kenya
Oil Exploration Co. Ltd., employing the services of T. Dejean, W.G. Serra and J. Parkinson. The
block was abandoned yet again in 1940. Joubert (1960) working in the area noted the occurrence
of Didimintu Beds in north-eastern Kenya and suggested a marine link with Madagascar during the
Toarcian times. He contended in his report that sea transgression with sea-level rise created the

likelihood that at some stage in the sedimentation (given that the marine gulf in north-eastern



Kenya was somewhat restricted) favourable conditions for the formation of oil existed (Fig. 8).
Indeed areas offering the highest chances of success are traditionally described as those areas of
the earth where there are thick marine sediments containing in their sections dark shales and porous
sands, where there are plenty of gentle folds but not violent fractures and where there is adequate
impermeable cover.

Thompson and Dodson (1958) while working in area to the northeast of the study area
noted in their report that on several occasions during the previous 20 years, the occurrence
of oil deposits in north-eastern Kenya had been considered by both official and non-official bodies.

Two years later, Thompson and Dodson (1960) while noting no visible signs of the
presence of oil, observed that the presence of Mansa Guda formation in the Bur Mayo-Tarby area
(the equivalent of Matasade Formation in the study area) may be important indicators of the
probable presence of pre-Jurassic marine sediments below parts of the basin further east.

During his survey of the western side of the Anza basin in the Garba Tula area, Matheson
(1971) attributed the occurrence of Mesozoic sediments in northeastern Kenya and the Coast
Province to a marine incursion. He observed that uplift and erosion were followed by a marine
incursion in the Jurassic leading to deposition of sandstones. He cited the well-compacted fine-
gained sandstones at Kubi Dakhara (Garba Tula area) - similar to Mansa Guda formation,
Dogogicha and Duruma sandstones, as examples of this clastic deposition.

Miller (1973) in his geologic study of Garissa-Wajir area noted several occurrences of
Jurassic formations northwest of Mado Gashi (Fig.9). These were mainly sandstones with local
fossiliferous limestone intercalations. Although Pliocene and Quaternary sediments blanket the area
(cormresponding to the southern end of Anza) he noted that they are underlain by an extensive
sedimentary section which, with several unconformities, span in time from Permian to Miocene.
The late Triassic/early Jurassic to Cretaceous are singled out as being important for oil. He
proposed that any feature that distinctly separated the Lamu Embayment from the shelf limestones
to the north could, if active during the Jurassic, cause a profound change in the Jurassic section.

Such a change, in his opinion, could be important for the occurrence of oil.



More recenﬁy, exploration activities of TOTAL in the mid 80’s, in consortium with other
oil companies in an area covering the middle of the Anza Graben has established the presence of
several structural sedi'mentary units in several sub-basins namely: Kaisut basin, the Intermediate
Tilted blocks and the Yamicha basin (Fig. 4). The northern parts of Anza, around Marsabit is
covered by volcanics. The stratigraphy developed from these studies confirm marine influence in
the lower Cretaceous and again in the upper Cretaceous. In the Yamicha basin, lower Cretaceous
(Barremian-Hauterivian) rocks are found from about 4,000 m depth to 1500 m, giving way to
Tertiary sediments. Although Kaisut basin is mostly barren and hence difficult to date, the
adjoining basin with the Yamicha is composed of Quatemary, Mesozoic and Paleozoic sediments
(beyond 3,000 m). Sandstone and siltstone formations with alternations of shale and clay were
found to predominate in this intermediate basin. Both the Intermediate basin and the adjoining
Yamicha basin are known to contain hydrocarbon occurrences in their profiles (Tepma, 1988).

Investigations by Amoco Kenya (1988) in the Hothori-Desert, south-eastern part of
Yamicha basin, revealed upper Cretaceous strata at about 4700 m. Considerably thick (ca 3400
m) Tertiary rifi-fill sandstone sequences interbedded with minor claystone/clay and shale
intercalations were encountered. Although the sediments were mainly of continental facies, some
marine facies were encountered in the section suggesting minor marine transgressions. Below the
sandstones were Cretaceous fluvial-lacustrine shale/sandstone sequences. Hydrocarbon gases were
detected from 2,200 m to 4,700 m, including weak shows of liquid hydrocarbons or condensates
at about 2852 m.

Towards the south-eastern end of Anza Graben, investigations revealed, in gross aspects,
sand dominated profiles with negligible shale (Miller, 1973). The continental sands rest on lower
Cretaceous. Although the sands display good porosity, they were found to be devoid of
hydrocarbon indications other than small methane shows. Diorite intrusions in the 3047-3053 m
were observed, dating 8.8 - 10.9 Ma. Pertinent lab reports suggest that owing to the small amount

and the continental type of organic matter, the whole section of Anza-1 well should be considered

as of very poor or non-source rock.



Exploration ventures by Amoco Kcnya in the north-west end of the Anza Graben, 50 km
NW of Marsabit, in the Horr area, has added to our knowledge of the Chalbi sub-basin. Thick
Tertiary sand overlie interbedded sandstone and shale scquences of Cretaccous age. Massive good
rescrvoir quality sandstone underlie the sequences. This section has been proposed as a possible
target for future exploration. Dolomite and dolomitic limestonc scction overlying the bascment
(Mozambique Belt rocks) were noted. Gas and oil shows have becn reported after the 1,180 m
depth, with good visible oil show within an intcrbedded sandstone at 2,300 m. Geological setting
of the region is belicved to be similar to the Abu Gabra Rift in the southem Sudan where Chevron
has made oil discoveries from Lower Cretaceous sandstones (Fig. 6).

The profile described above (Bellatrix-1 well) is repeated somewhat in an area about 20
km slightly to the south, where Sirius-1 well was sunk, thus emphasizing the regional extension
and similarity of the graben sedimentology within the Chalbi sub-basin (Fig. 4). Hcre the surface
volcanics overlie the thick Tertiary sands, followed by interbedded sand/sandstonc, siltstone and
clay/claystone sequence of possible upper Cretaccous age. Interbedded sandstone/shale/coal scam

sequence of about 50 m follows. A quartzitic section that is possibly a diagenctically altcred

sandstone overlic the basement.
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CHAPTER 2

EVOLUTION OF THE ANZA BASIN

2.1 The Anza Graben

The Anza graben is separated from the Mandera basin by the major NW-SE trending Lagh
Boghal fault, which also marks the flank of its north-western half graben end (Figs. 2 and 4). Its
southern part, is terminated in the Meri area, by a large ENE-NSW striking syncline, with step

faulted flanks.

2.2 Origin of the Graben

Epeirogenic movements associated with the Gondwanaland break-up at the end of Jurassic
time affected the borders of Kenyan basins, initiating rifting in early Cretaceous/late Jurassic time
in the Anza region. NE-SW tensional forces created the NW-SE trending graben after an initial
rifting phase and developed during the Cretaceous and Tertiary times into a failed rift (Fig. 8). The
existence of Karroo sequence in the Wajir area, established from field outcrops and based on
seismic interpretations, point to the presence of the Karroo in the southern part of the Anza Graben.
This means that this area was part of the rift sedimentation in Karroo time (Beicip, 1984).

According to studies by Beicip (1984), the initial rifting activity has been confirmed by
the presence of a thinned lithosphere beneath the Anza graben as shown in Fig. 5. Similar
interpretations have been given by other authors to explain the origin of the grabens in the southern
Sudan (Abu Gabra), Chad and Niger, which developed during the same period (Schull, 1988).
Beicip (1984) noted that regional rifting activity at that time may have been related to the opening

of the South Atlantic and Indian Oceans.

11
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Fig.5- Thinned lithosphere beneath the Anza Graben.
(After Beicip, 1984).

2.3 Regional Setting

Recent studies (Bosworth and Morley, 1992; Reeves ef al, 1986) suggest that the Anza
Graben represents an arm of a failed rift or (aulocogen) cxtending through Marsabit towards Lake
Turkana (Rabinowifz and Favey, 1982). Based on the results of these studies, and others (Beicip,
1984; Bossellini, 1986; Chenot,1988; Dindi,1992) which are largely derived from the interpretation
of available aeromagnetic survey data for Kenya together with gravity data, the existence of a
paleo-tripple junction of Jurassic age in Eastern Kenya is established (Fig. 7). Two arms,
represented by the Mombasa coast and the Somalia coast respectively, developed into a part of the
Indian ocean. The third arm, represented by the Anza Graben, now concealed by Quaternary
sediments and volcanic rocks, remains a rifted, sediment-filled trough extending at least as far
northwest as the presently active East Africa Rift in the Lake Turkana area. It appears that the first
arm, along the Mombasa coastline (Fig. 7), is a rejuvenation of the older, possibly Karroo, rift
initiated during the late Carboniferous times and continued with subsequent deposition to Jurassic
times.

Fig. 6 is an attempt to show the pre-break-up polyphasic rifting during the Mesozoic
times. In this illutration the southern terminus of the exposed basement of northeastern Kenya

represents the second arm. This extends to Bur Acaba region of Somalia, (Fig. 6 and 7). 1t
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became active in Jurassic following the failure of an earlier parallel rift to the north, now preserved
as Mandera Lugh Basin (Reeves et a/, 1986). The rifting is thought to have developed into ocean-
floor spreading and the departure of some other fragments of Gondwanaland from Kenya-Somalia
coastline, which shows marine sedimentary conditions throughout the Jurassic. Some evidence
exists of a major delta prograding southwards into the proto-Indian ocean in the vicinity of Lamu
Embayment (Cannon et al, 1984; Reeves et al, 1986; Dindi, 1992).

A hingeline to the north of Lamu Embayment, perhaps a subsurface extension of Bur
Acaba basement is thought to separate coastal/deltaic conditions from a fluvio-lacustrine
environment in the trough itself (Reeves et al, 1986). Recent basin analysis work by the staff of
NOCK have since confirmed this change-over position (Biro, 1991, per. comm.). The Anza

Graben may be traced with certainity for 600 km to the northwest, as far as Lake Turkana on a

NW-SE trend.

2.4 Marine Influence in the Basin

Geological evidence shows that the entire Graben was subjected to an extensive marine
transgression during the Upper Jurassic time, (Joubert, 1963; Cannon et al, 1980; Beicip, 1984;
Reeves et al, 1986; Tepma Kenya, 1988; 1989). Jurassic outcrops, for instance in the west of the
Graben (Matasade and Dogogicha, Figs. 4 and 7) are part of a late Jurassic marine transgression
over the basement which took place within the platform-type environment that developed here at
the time (Beicip, 1984). This development is thought to have resulted from the failure of the
northern arm (Mandera-Lugh basin) to fully develop when the southern arm of the rift between
Africa and Madagascar gave birth to the proto-Indian ocean (Cannon et al., 1982; Beicip, 1984).

According to Reeves et al (1986), Cretaceous marine regression to the region of Lamu
Embayment marked the return of continental conditions, and tectonic events led to marked
deposition in the Anza Graben. This pattern continued into the Tertiary, with Lamu Embayment

experiencing large-scale subsidence, causing the prograding delta of the tripple

13
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junction to become so large as to occupy the whole of the coastal Kenya. The Anza Graben
continued to receive continental fluvio-lacustrine sediments during the same period. Investigations
carried out by Matheson (1971) in the central part of the area indicated that after a long period of
uplift and erosion, there was a marine incursion in the early Jurassic which led to the deposition
of sandstones. He noted further that this incursion is probably responsible for the occurrence of
the Mesozoic rocks in north-eastern Kenya and the Coast province, although these are largely
covered by later deposits in the present area of study. The Jurassic shallow water carbonates on
the Matasade High (Fig. 4) is thus considered as an important evidence (demonstrates the presence
of a seaway connection) linking the Jurassic marine incursion with continental rifting which led

to the separation of Madagascar from East Africa in the middle Jurrasic (Bosworth and Morley

1992).

2.5 Sediment Thickness

Based on the interpretation of reflection seismic data carried out as a supplement to this
study, the maximum thickness of the sediments in the Anza graben is about 6,000 - 8,000 m. It
is filled with continental sediments with lacustrine intercalations (Beicip, 1985; Tepma, 1988;
1990). Of significance is the observation that gravity interpretation, supported by that of the
magnetics, indicate the graben to be somewhat asymmetrical, being generally deeper to the

northeast against Lagh Boghal fault (Reeves et al, 1986).

2.6 Structures

Tensional forces in the Graben resulted in listric faulting with its associated roll-over
structures and compensation faults (Bosworth and Morley, 1992). The roll-over structures are
expressed in the sediments along the borders of the graben whereas there is evidence of shale
diapirs in central part (Beicip, 1984). NW-SE trending faults define three main structural sub-
basins of the graben: Chalbi basin (Bellatrix & Sirius wells), Yamicha basin (Ndovu and Anza

wells) and the Intermediate Tilted blocks basin where Duma well is located (Fig. 4).
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2.7 Influence of (lie Fast African Rift

The initiation of the Hast African Rill System in the Miocene times (Reeves et al,
1986), resulted in the uplift and erosion of the Marsabit-Turkana region in the vicinity of the
present day Lake Turkana, and reactivated block-faulting in the Mesozoic troughs further east,
allowing them to continue receiving sediments during the Tertiary times. This is also suggested
in the burial curves for Bcllalrix-1 and Sirius-1 wells (Figures 23 and 27 respectively) that are

sited in the area.

The sequence of events related to the (Jraben is summarized in (Fig. 8), which is

adapted from Beicip (1684) and Reeves et al (1986).
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Sou North
PRESENT
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Fig. 8 Evolution of the sedimentary basins of Kenya (Lomu , Mandera Lugh, Anra

Turkana basins ), (After Reicip, 1984 , Reeves et al, 1986)
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CHAPTER 3
METHODOLOGY AND RESULTS

3.1 Overview on Data Generation/Collection
Acquisition methods and the extent to which parameters (i.e. environment of deposition,
T.0.C., sedimentation rates etc) are determined, are explained in the following respective

subheadings. The results obtained accompany the text and are also partly indicated in the appendix

listing at the end of the report.

3.2 Stratigraphy and Environments of Deposition

Results of palynostratigraphic studies of well cutting and core samples combined with
wireline logs and well completion reports have been amalgamated in this study to outline
stratigraphy and the various basic paleoenvironments penetrated by the well bores (Figs. 11 to 15)
whose general locations in the Anza basin are illustrated in Fig. 10. The legends for the lithological
profiles is shown in Fig. 33. A synthesized stratigraphic sequence based on the palynologicalresults
of the 5 wells are summarized in (Fig 9), which is modelled after Bosworth and Morley (1992).
Although crystalline basement is indicated in the suggested sequence, it has not been penetrated
by any of the five wells and has only been shown for completion purposes as deduced from known
stratigraphy. A tentative regional stratigraphic correlation for the whole basin is presented (Fig. 33).

It is observed that whereas marine environment predominated the Cretaceous in the
southern Anza Graben, this is less specific in the north, where the sediment profile (Bellatrix and
Sirius wells) are mﬁinly of fluvial/lacustral deposition (Fig. 11 to 15). The sea invasion and
regression phenomena following the Gondwanaland break-up probably never had a pronounced
effect on areas beyond Marsabit along the failed Anza trough. Variability in the sub-basin

geometries related to tectonism and subsidence within the graben where the wells have been sunk

is invoked to explain the thickness variations of say marine environment over the different profiles

(Section 3.9)-

18



)

CAMBRIAN
PRBEASEME NT

DOMINANT 2]
rervaL | LITHOLOGY MAJOR EVENTS g g
STAGE encounteren VT HO o BAe 3 20
IN WELL aNza z
N aBEnE é "
VOLCANISM(NORTH AND |[ ]
QUARTENARY T ﬁI . .. | CENTRAL ANZA GRABENY
o (_f_i;.' . L T [{CHALBI/MARSABIT
W PLIOCE NE S| axn .- . AREAS)
w IR P
2 | u. mocene SOl O\ I !
W B l l - a
z | Lmocene |§ | 2 v T
T8 AR
w OLIGOCENE § o B
N ‘.'. . A !
u‘ - T . .
W | M-UEOCENE ARRENERS =
o ol o
W | L EOCENE R <
a e R 2|
o. Lot e .
PALEOCENE e ~.} EROSION ORNON-DEPOSI- | |
— = .| TION OF MAASTRICTIAN |l
] SENONIAN ! $ .00 - TE SANDSTONES IN NORTH | IS
3 gl L ANZA GRABENLAGUSTRI- [
Q |(MAASTRICTIAN) @ FL B0 ImaRing swaLesvoovu-1| [
- 3 . e e
w TURONIAN § é R
S == >,
S [ cenomaniaN = S %
[7:] wl
a ALBIAN EROSION §
]
Q APTIAN ] 5
et L A S <
g BARREMIAN g :1;3:,2;11. RIFTING
S 1 g S o .
. N 4 LS,
4 | NeocomiA g
2 | PORTLANDIAN
7]
g AN
4 KIMMERIDG! sgAD:CAscAn FULLY
PARATED FROM AFRICA
> | OXFORDIAN
>
4 CALLOVIAN
T 1s L1 T|MATASADE H
g BATHONIAN T Serosiren O %
-2
< | BAJOCIAN RIETING
{PRE-GONDWALAND
Sa.,.’ TOARCIAN BREAK-UP)
g PLEINSBACHIAN
3
-
? -SINEMURIAN
4 | HET MANSA GUDA
TRIASSIC
PERMIAN TO
(FERQUS
CARBON RIFTING

Fig. 9 — Summary of the stratigraphy, depositional

environments and major events of the Anza Graben .

19



Fig.10. General location map for Anza Graben
wells and the adjacent areas
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3.3 Geothermal Gradients

The increase in temperature with burial depth is mainly a consequence of the transfer of
thermal energy from the interior of the canth to the surface where it is dessipated (Tissot and
Welte, 1978). Physical and chemical conditions of the source rock which consequently determine
hydrocarbon accumulations, change with depth of burial, notably temperature and pressure.
Geothermal gradient defines this change in temperature with depth ("C/km). Its value depends on
the thermal conductivity of different lithologic units, proximity to the surface, and by subsurface
water flow. Although these details are not delved into in this study, existing subsurface
temperature data have been synthesized, and all the geothermal gradients for the five wells have
been determined and' a geothermal interpretation for the basin presented. In constructing the

geothermal gradients only the calculated stabilized bottom hole temperatures (BHT) are utilized,

noting that the mud at the bottom of the hole takes hours to warm up to the ambient reservoir

temperature (Fig. 16).

Temp. °C

Stabilized bottom hole temperature

Hours since circulation stop

Fig. 16 Model curve for the determination of true BHT taken hours apart,

These different BHT, from different log runs obtained at different depths, were then used to

determine the geothermal gradient for each well as illustrated below.
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Figures 18 to 22 illustrate the results obtained for the geothermal gradients in the basin. They are

summarized in Table 1.

Table 1. Summary of geothermal gradients for the five wells.

Well Name Sub-basin Geothermal Gradient
°C/km
I. Sirius Chalbi 26.6
2. Bellatrix Chalbi 27.6
3. Duma Intermediate T. 239
Blocks
4. Ndovu Yamicha 22.2
s. Anza Yamicha 24.0

3.3.1  Assumptions and Explanation

These determinationsare based on the assumption that the present-day gradient and surface
temperatures have remained constant throughout the rocks history enabling us to use these present-
tified because of the basin’s large sedimentary cover that

day data. The assumption is largely jus
ultimately reduces heat dessipation, and the absence of lavas which suggest no shallow heat

sources. Additional discussion is offered in section 4.1 under Thermal Maturity.
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3.4 Burial & Thermal History: Lopotin’s TTI Technique

3.4.1  Burial-History Curves

Data on formation tops (from well reports) and ages obtained by biostratigraphic analysis

(section 3.2) were synthesized for each well to form a time-stratigraphic data (Table 2). The

burial-history curves were constructed by first choosing the points that represent the initial
deposition (age at total depth) of the sediment and their position today on an age-depth plot
(Figures 23 to 27). The difference between the depth of the next-in-age formation top and the TD
were plotted against the formation age to represent the sediment accumulation (burial) during that

time span (initially ignoring the compaction effect). This procedure was repeated for each

identified formation top in each age interval as was necessary. The burial-history curve was

obtained by connecting the plotted points as shown in each of the five wells, where allowance has

also been made for compaction effects (Magara, 1986). All the shallower and Yyounger horizons
normally have burial-history curves with segments being parallel to those of the oldest horizon as

Figures 23 to 27 illustrate.

A temperature-history was also constructed to accompany the burial-history curves, Using

the computed present day geothermal gradient, in each well it was assumed (for determinative
purposes) that the gradient and surface temperature have remained constant throughout the rocks
history, the present-day data (Figures 18 to 22) used in each respective case to construct the

temperature grid as shown in each well (Figures 23 to 27). In each of the five wells, a simple

temperature-history model was assumed.
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Table 2. Time-stratigraphic data (Formation tops).

Bellatrix-1 well

Tertiary Upper Cretaceous
Age (M.Y.) 0 65 75 97
0 890 2300 3470

Depth (m)

Sirius-1 well

Upper and Lower Cretaceous

Tertiary
Age (M.Y.) 0 65 100 120
Depth (m) 0 960 2040 2640
Ndovu-1 well

Tertiary Upper and Lower Cretaceous
Age (M.Y.) 0 65-75 100 120 125
Depth (m) 0 1500 1750 3000 4267
Anza-1 well

Tertiary Upper and Lower Cretaceous

2538 6573 113

AgeMY) O
3662

0 1800 3129

Depth (m)

Tertiary Upper and Lower Cretaceous

65 100 125

Age M.Y.) 0
500 800 3300

0

Depth (m)
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3.4.2. Procedure for the determination of maturity (TTI) and the results obtained,
Having determined the burial-history curves (Figures 23 to 27), temperature grids were
constructed and superimposed on the curves for each of the five wells. Where the burial-history
curve intersects each isotherm (marked with circles) defines, between them, the time and
temperature intervals. Temperature intervals are defined by isotherms spaced 10°C apart (Waples,
1981). Time interval on the other hand is the length of time expressed in units of millions years
that the rock spent on in that particular temperature interval. By summing the incremental maturity
added in each succeeding temperature interval, we obtain the Total Maturity. The interval 100-
110°C is chosen as the base and is assigned an index n=0, and the rate of reaction assumed to
double with every 10°C rise in temperature (Waples, 1980; 1981; 1985). Index values decrease
or increase regularly at higher or lower temperatures (Tables 3 to 7). The rate of maturation is
assumed to increase by a factor of 2 (Waples, 1980; 1981; 1992) for every rise of 10° temperature
rise. thus defining a temperature factor which Lopatin calledy. The y given by the equation y =
2" r;ﬂects the exponéntial dependence of maturity on temperature. Time and temperature factors
are infact interchangeable: a high temperature acting over a short time can have the same effect
on maturation as a low temperature acting over a longer period (Waples, 1985).
By multiplying the time factor for any temperature interval by the appropriate y-factor for

i rv we Obtaln the the[mal matur ty I
ratllr (5] lnte al, r

the tempe . | .
3 to 7). The interval TTI is the maturity acquired by the

maturity (TTI) for that interval (Tables
jcular temperature interval, and summing up all the interval-TTI values gives the total
rock in a particulart¢
i Waples, 1981; 1985; 1992).
i k upto that time (
maturity for the roc
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TTI calculations for Duma-1.

Table 3.
Temperature Temp Time Factor Interval Total Time
Interval (°C)  Factor M.Y) TTI TTI (M.Y.B.P)
2" At at2" Y A2
30-40 27 1.5 0.01 0.01 122.5
40-50 26 1.5 0.02 0.03 121.0
50-60 2- 2.0 0.06 0.09 119.0
60-70 2 2.0 0.13 022 1170
70-80 23 20 0.25 047  115.0
80-90 27 2.0 0.50 097 113.0
90-100 2" 2.0 1.00 1.97 11.0
100-110 20 18.0 18.00 19.97 93.0
110-120 2! 28.0 56.00 7597  65.0
120-130 22 65.0 260.00 335.97 0
a Lower Cretaceous (Albian to Neocomian).
30-40 27 35.0 0.27 0.27 45.0
: .07 0.34 0
40-50 2% 45.0 0.0
b. Upper Cretaceous (Maestritchtian to Campanian?)
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Table 4. TTI calculations for Anza-1.

o) e OAv o TH T (MYBP)
2" At At2" D At2" o
30-40 27 7.0 0.05 0.05 54.5
40-50 2¢ 7.0 0.11 0.16 47.5
50-60 23 7.0 0.22 0.38 10.5
60-70 2 19.0 1.19 1.57 215
70-80 2°? 4.5 0.56 2.13 17.0
80-90 27 5.0 1.25 3.38 12.0
90-100 2! 5.0 2.50 5.88 7.0
100-110 20 2.5 5.00 15.38 2.5
110-120 2! 2.5 5.00 15.38 0
ceous (Albian Max.)

Anza-1. Lower Creta
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Table 5. TTI calculations for Ndovu-1.

Temperature Temp  Time Factor Interval Total Time

Interval (°C) Factor (M.Y) TTI TTT (M.Y.B.P.)
2" At At2® S AL2"

30-40 27 4.0 0.03 0.03 117.0
40-50 2 4.0 0.06 0.09 113.0
50-60 2* 4.0 0.13 022 109.0
60-70 2% 4.0 0.25 0.47 105.0
70-80 2° 4.0 0.50 097 1010
80-90 2 38.5 9.63 10.60 625
90-100 2" 17.5 875 1935 450
100-110 20 17.5 17.50 36.85 27.5
110-120 2l 17.5 3550 7235 10.0
120-130 22 10.0 40.00 11235 0

a Lower Cretaceous (Aptian to Hauterivian)

10 27 7.0 005 0.05 1055
» » 8.0 013 0.18 975
o 25 38.0 119 137 595
040 2 17.5 1.09 246 420
“r 23 17.5 219 465 245
e 9? 17.0 425 890 75
050 i 7.5 375 1265 0
90-100 z

Lower Cretaceous (Albian to Aptian)
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Table 6. TTI calculation for Bellatrix-1

Time Factor Interval Total Time

Temperature  Temp
M.Y) TTI 11T (M.Y.BP)

Interval (°C) Factor

2" At At2® Y AL2"

30-40 27 7.0 0.05 0.05 855
40-50 2 6.5 0.10 0.1  79.0
50-60 2% 6.0 0.38 0.53 73.0
60-70 2 2.0 0.13 0.66 71.0
70-80 27 2.0 0.25 0.91 69.0
80-90 27 2.0 0.50 141 670
90-100 2" 2.5 1.25 266  64.5
100-110 2° 24.0 24.00 2666  40.5
110-120 2! 24.0 48.00 7466 165
120-130 2? 16.5 66.00 14066 0

Lower Cretaceious (Albian Max.)

0.02 0.02 67.5

30-40 2’ 20

. 20 003 005 655
40-50 , 20 006 011 635
50-60 , 155 097 108 480
60-70 , 240 300 408 240
70-80 i 240 600 1008 0

80-90 z
(Maestrichtian)

ceous
b. Uppef Creta
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TTI calculations for Sirius-1

Table 7.
Temperature Temp Time Factor Interval Total Time
Interval (°C) Factor M.Y) TTI TTI (M.Y.B.P.)
2" At At2" D AL2]
30-40 27 20.0 0.16 0.16 100.0
40-50 2°¢ 10.0 0.16 032 900
50-60 2 10.0 0.31 0.63 800
60-70 24 10.0 0.63 126 700
70-80 23 14.5 1.81 3.07 555
80-90 2?2 20.5 5.13 820 350
90-100 2! 20.0 10.00 1820 15.0
100-110 0 15.0 1500 3320 O
a. Lower Cretaceous
10.0 0.08 0.08  80.0
30-40 2-7
- 10.0 0.16 0.24 70.0
40-50 2
0.42 0.66 56.5
50-60 25 13.5
o 20.0 1.25 191 365
60-70
2.50 441 16.5
70,80 2-3 20.0
. 16.5 4.13 8.54 0
80-90 2
trichtian)
Upper Cretaceous (Maestrl
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3.5 sedimentation RAfiSaNd lrenas

Where each well is sited is taken to generally represent the sedimentation style of the sub-
basin. This assumption has been necessary even in the case of Sirius and Bellatrix which were
sunk in the Hanks of an anticline (Amoco, 1988). Using time-stratigraphic data and burial curves,

sedimentation rates over each basin have been calculated as shown in Table.8. In each case,

marginal compaction and 8F8§i8ﬂ3| SFFSEE were assumed (Magara, 1987). Significant uplift and

. . An%/n-l and Ndovu-1 wells were, however, treated as shown in
subsequent erosion as recorded in Anza

res 24 attd 25 Well logs and geologic completion reports have been used to precise the

. -natinns  The results obtained for all the wells are presented in
formation tops for these determinations.

Table 8.

Concentration over the Well Profiles
3.6 Organic Carbon
oncentration data have been obtained and synthesized mainly from
The organic carbon
T rthese standard notations carry the meaning as contained

existing T.0.c data, S,, Pl and
dix) data base for representative wells sunk in the various sub-basins

in the Legend and otiier database are sampled at roughly
oraben. Whereas the existing
within the n thg data were recalculated and averaged at a
for the purposes ot tins bwuy
3 metre interva s, A A which are listed in Appendix A to E. It is considered

20 m interval to obtain 3,199 units
representative downhole profiles in each well and hence more

that this synthesis has yielded more

«th sedimentation Fat (_:alculatlons.

consistent wiui guantitative laboratory analysis of kerogen was carried
.. ¢irius and Bellatrix profiles, gt
In the gII‘IUS P q

the available data.

out to SuppIenlen'[
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Table 8. Sedimentation Rates and Trends.

a) Bellatrix-1
Depth Range Thickness A i
ge Interval Time Sedi i
(m) (m) MYBP)  (MY) rate ALY
3479-2300 1179 97.5-73.0 24.5
2300-890 1410 73.0-63.0 10.0 13181'5
890-0 890 63.0-0 63.0 14.0
b) Sirius-1
2639-2040 599 1250975 273 21.8
2040-960 1080 975650 323 332
960 65.0-0 65.0 14.8

960-0
' 125.0-1000 250 101.3
14.69,

- 2533
333 1 sg ; 500 160.0-65.0 35.0
0-300
00-0 300 65.0-0 65.0 4
d) Ndovu-1
125.0-1200 5.0 953.4
‘3%83?3(5)8 1250 100-100.0 209 62.5
"1500 250 100.0-75.0 25.0 10.0
{Zgg'}ggo 0 75.0-65.0 é‘s)'o 3
1500-0 1500 65.0-0 1
e) Anza-1
1 13.0—73.0 40.0 13.3
3662-3129 533 73.0-65.0 287% 4% )
3129-3129 65.0-38.0 . _
3129-1800 1329 38.0-24-6 ;zg 7% ,
1800-1800 0 24.6-0 . :
1800-0 1800
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3.7 Chemical Isolation of Kerogen: Laboratory Analysis

The procedure by Tissot and Welte (1978) was adopted. Samples were ground to about
200 mesh size and treated with a benzene/methanol mixture at a ratio of 3:1 to remove soluble
organic matter (bitumen) after which it was treated with 3M hydrochioric acid at 70°C for 1 hour
to destroy the carbonate material. The product was then treated with 1:1 mixture of 50%
hydrofluoric acid (HF) and 3M HCI to destroy the carbonate material. The mixture was

subsequently centrifuged, decanted, washed, recentrifugatedand decanted to obtain a residue which
ic
is kerogen. It was weighed and compared to original sample weight. The percentage of kerogen

in the original sample was thereafter calculated, and the procedure repeated for the samples from
the depths (horizons) sampled. The results obtained are incorporated with existing data and listed

in appendix A to E.

SUS Sedimentation Rate Curves

3.8 T.O0.C. Ver
gs from five wells (Appendix A to E) in the Anza

Data from 457 samples and readin
Graben have been used to construct the T.0.C. - sedimentation rate curves shown in Figures 29
d in Table 9. The width of the 0
de of the curve against the "maximum" TOC for the curve

ptimum sedimentation rate is chosen based

to 33 and summarize

on the optimurm balance between eachsi

as illustrated in each case-

-optimum paleosedimentation rate curves.

Table 9. Summary of T.O.C.
i Corresponding
i Optimum
Well Name Sub-basin sefiimenta- S
tion (m/M.Y) (%)
0.9
i 51-90 .
Bellatrix Chalbt )
: .70 .
Sirius Chalbi 39 -
-260 .
Ndovu yamicha 160-2
. 14-25 0.3
Anza Yamxcha
! 0.9
intermediat® 65
Duma T ocks 35-6
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It is observed that i i
! ¢ at m . coentr: , v Y T bkt H
the central part of the Yamicha basin (Fig. 4), where Ndovu well is

situated, is characterized by the highest optimum sedimentation rate of 160-260 m/M.Y (Fig.3
< Y (Fig.30)

for the whole Graben. Both the Chalbi sub-basin (North Anza) and the Intermediate Tilted
1iatc Tilte

Blocks have optimum ratcs in between 35 and 90 m/M.Y with all baving corresponding T.0.C
8 g T.O.C.

values above the minimum 0.5%.. The southern parts of the Yamicha (Anza well) wit d
- nessc

ates in the basin at 14-25 m/M.Y and a corresponding

the lowest optimum sedimentation ¢

T.0O.C. values of 0.3¢%% which is below the minimum 0.5%,.

ELLATRIX -1 WELL

r BEL

2. 01
optimum sedimentation
.« —ragte ——
-3 (51— 90m/m.y)
Corresponding
T.0.C. value (0.9%)
1.04 L/\J
L: — ——

0.51

i T T
60 8 100 120 140

0- 40

20
rate {metres /million years )

sgdimen'afion

.. - 9odlm0"'°"°" rate curve for Bellatrix-1 well .

Fig.28. T.0.
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3.9 Sediment Types, Li

Lithostratigraphical Zonations apg Basinwide Correlationg

in study area,

Chalbi sub-basin

Sirius-1 well bottomed out on about 60 m of limestone, overlain by 150 of san dstone,

both of which are considered to be of Neocomian to Barremian age. They are overlain by shales,

sandstones and siltstones of Cenomanian and younger. Aptian-Albjan sediments are

missing from
Sirius-1 profile, having been eroded. The TD in the adjacent Bellatrix-

I well js Cenomanian i,
I well is Cenomanian i age based on cog] beds that haye

been reported in this bottom section (Bosworth, 1992).

age. The TD in the adjacent Bellatrix-

In both wells, the top of the Cretaceous (Maestrichtian age) consists of sandstone red beds
d conglomerates. Thickness variations are shown in the correlation (Fig. 34), Tertiary sections
and cong -

in this basin are generally thick undated sandstones, basalts, sandstones and gravels,
In this basi

Yamicha sub-basin f’
) the Tertiary/Cretaceous (Maestn‘chtian) bOllndary is at
ical data suggest that
Palynological
he Tertiary section is however, mych thicker in the
in Ndovu-1 well. T
about 1470 m depth in

ks of the basin at 3129 m depth in the Anza-1 well. In both Ndovy-] and Anza-1,
southeastern flasks o

rtiary/Cretaceous boundary is undated and there js o recorded significant
; Terti
the section above N

distinctive hiatus. The upper Cretaceous (Maesmcht:an) is about ;
lithologic break to suggest any | . |

k in Ndovu-1 and Anza-1 wells respectively. Thjg section is mainly
thick n

260 m and 271 m

{
dstones. The section (upper Cretaceous) is considered as g ¢ eep water "
i and sands -
siltstones, shales

file to brackish and lacustrine environments (Bosworth, 1992). The 1
: the profi
marine grading up

Ly vu-1 and 262 m in Anza-
us is at least 2537 m thick in Ndo
lower Cretaceo

: tes (Anza-1 section, Fig, 14).
with dinoflagella
us shales wi

‘ I
1. The section consistg ‘

of mainly fossilifero
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Intermediate Tilted Blocks Area

Duma-1 bottom out on Campanian shales, sandstonesand siltstones, The upper Cretaceous

(Campanian/Maestrichtian) record a marine incursion (Fig. 12) based on microfossils and traces
of anhydrite. The Cretaceous is overlain by about 310 m of Tertiary sandstones, conglomerates,

The lower Cretaceous is about 2533 m with the bottom 333 m being barren anqg hence

undated. The general lithology is mainly sandstones, shales and siltstones, ¢ may thus be

concluded that continental sedimentation dominated the Anza Graben during Cretaceos, Marine

incursion occured however, at the same time as shown by the Cenomanian section in Ndovu-1 well,

Maestrichtian section in Duma-1 well and in the upper Cretaceous of the Anza-1 wel),

The relationship between these different sediment types and zonations described above and
their depositional environments (Figures 11 to 14) with the optimum Paleosedimentation rates
(section 3.8) are further discussed in section 4.4.

Figure 33 summarizes the sediment types, lithological zonations and presents a basinwide
correlation. The following additional facts, which discussed in section 4.2, are apparen, Thereis
agood match between Ro and TTI oil windows; Ro however,tends to be most accurate as TTY js

tive. The Tertiary formations are immature in most sections except for the
ective.
to be the most prosp N N

ched TD while still within the oil window. These results are

Anza-1 and, nearly all the wells rea

discussed in section 4.2.
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LITHOLOGIES

Igneous rocks, undi ffe*entioted

fond / sandstone/si Ustone

Shale /mudstone

Carbonate rocks

r-\\- Basement, undifferentiated

Oil window based on TT1
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CHAPTER 4

DISCUSSION

4.1 Thermal Maturity

Bellatrix and Sirius-1 a i
pparently have higher geothermal i
gradients than those i
' se in the
be attributed to proximity to the Kenyan Rift. Structural
. al activity

Yamicha (Table 1) and this can

associated with the Intermediate Titled blocks (Riaroh, 1992) i
, 1992) is proposed to explai
plain the geotherm
al

ue which is slightly higher as compared to the less actl
ctive south Yamicha
sub-basin.

gradient val
Waples (1980; 1981) and Cohen (1985) have shown that h
at high

Studies conducted by
geothennal gradient and extra burial preceding uplift and erosion wi
ill normally incre
ase maturity.
corroborate the TTI calculations (Table 3 to 7) based o
n the burial histori
ries for

These findings
had erosional hiatus. Also, since maturity is directly related t
edto

Anza-1 and Ndovu-1 wells which
pth and temperature, the impact on maturity

near the maximum burial de

the amount of time spent
¢ events when they occur early in the history of the rock is much |
ess. An

of the importan
hen (1985) in his work is that source

of this finding which has also been cited by Col

sins where high geo
h unless the source rock w. : .
& as deposited during the very

implication
thermal gradients are present in the early stages of
S O

rock maturity in rifted ba
basin evolution, will not bé unusually hi
early rifting stage.
s are known 10 occur in the region surrounding the Chalbi sub-basin: i

. 1e.

arsabit (Nyamwery,
the present models have not been calibrated fi
or

Igneous intrusion
1986). Their effect is however, difficult

Kulal, Chari Ache, Hurri Hills and M

unt for with m

Furthermor®s
d the raté at which th

aturity models a$

to precisely accC
re is substantial doubt about the temperatfxres actuall
y

peratures-

the

ermal anomalies decay (Waples, 1985

din the sedime

ces of error i

ntary rocks an

nclude poor est

t-day temperature data (o!

achieve
imate of the amount of erosional removal, e
, €.8.

1992). Other SOUr
oor presen r when past events e.g. igneous

uite different from the present one.
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4.2 Tem perature-Time Index Technique

Lopatin’s TT] method represents the relative timing and Magnitude of episodes of

ism thro,
the present time (Waples, 1980; Guidishi er al., 1985; Pitman e al, 1

deposition and erosion associated with periods of regional tecton ugh the geologic past oto

987). The methog allows
one to predict both where and when hydrocarbons have been generated and at whyy depths liquids
will be cracked to gas (Waples, 1985). It has even been suggested that Mmaturity models are more
accurate than measured data for determining the extent of petroleum generation

(Yukler and
Kokesh, 1984),

The hydrocarbon-generation history of the Anza sub-basip Were evaluateqd by

reconstructing the burial and thermal history of Cretaceous/Tertiary using a Lopatin technique, A
time-temperature burial history model presented in Figures 23 to 27 and Tabjes 3to7 depict the
thermal regime and different periods of regional tectonism that are proposed to haye occurred jp

the sub-basins.

4.2.1 Interpretation of the TTI Results

librated TTI values are obviously of little value unless Compared in some way with

Uncalibra
ity values. Table 8 below shows a correlation between TTI and hy drocarbop

measured maturity v . | |
the most reliable present-day understanding of Catagenesis and hydro carbon
i e
generation based on

kerogen types have different oil-generation thresholds and Waples® original
formation. Different kero

as the threshold for oil

- tion is almost certq; I
0.65% genera iy
choice of Vitrinite Reflectance(R,) of

by Waples( 1985; 1992) have shown. Also the onset of oil generat;
00 hi tudies
too high as recent s

TTI = 1 for resinite to TTI = 3 for high-sulphur kerogens, TTJ = 15 for
i wn to vary from o,
is shown to vary

10). For the purposes of this study a general valye of TTI =3 ®, =
Table 10)-
Type III kerogens (

he onset of oil generation, and TTI = 180 (R, = 1.35%) ¢, mark the eng
k the
0.5%) is taken to mar

Jues are assumed to be representative given that the eneral
ue

H These va g

i dow. ra
of the oil windo _

ly lacustrine for most of the wells (Fig. 11 to 14), Based on thg
i inly 1a th
ment is mal

depositional environ h well and sub-basin have been defined as shown in Table 1.
ch W

. : WS ].n ea
distinction, the oil windo
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(After, Waples,1985).

TTI R, Generation
- ——
1 0.40 Condensate from resinite
3 —050—
10 0.60 garly
15 0.65
20 0.70 0Oil peak
50 0.90
75 1.00
v
180 1.35 late
900 2.00 Wet gas
dry gas

S

that the geothermal gradient was assumed

Another important assumption i the determinations was
constant for each well (Table 1), ie 10 pe the same a8 present day gradient of the well. The
surface temperatir® was taken 35 32
] windows for the basin as determined from th.
1

nd Figure 33 compare the oi

ce values doP

nd the TTI values in this study

Table 11
¢ by Sommer, (1990) 2

nite reflectal

measured vitri
.. TTI results compared with R, determinati
. ths 1 the basit: ations.
Table 11. Oil window d¢P
BellatriX 1 Sirius-1 puma-1 Ndovu-1 1
ellatrix :
1500-2639 1500-3100 2550-4267 S
TTI(3-180) 5(();)3;179 (TD) (TD=3333) (TD) 036
1600-2300 300-2700 2600-4100 100
R, (0.5—1.35%) 2300-3200 2500
, Dopths - metres (m)
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There is gener
all
y good agreement between the vitrinite reflectanceand TT
1 values. Th
. The measured

reflectance value
S I i = S|
each the onset of oil generation R = 0.50% at a slight] depth
epth than d
o

the calculated TT
I . . .
values in Bellatrix-1 and significantly so in Duma-1 well
-1 wells. This discre
pancy

could possibly refl i
y reflect the use of low gradient (underestimated paleotemperature)
e), underestimated
1 . .
) or a combination of both factors (150 m is consid
nsidered

erosional removal (in the case of Duma-

as the intrinsi ;
e intrinsic accuracy of Lopatin’s method, (Waples, 1985) meaning a
n error of about 1
50 m

b
etween the measured (R,) and calculated maturity depths is acceptable)

4.3 T.0.C. - Optimum Sedimentation Rate Curves

i relationship of percentage o
some from giant oil fields e
.g.Nagaoka Plains i
in Japan and

Empiri .

pirica rganic carbon and sedimentation rate from diff
. . ifferent

the world (including the

gest that optimal organic ¢
id-values between 30-60 m/M.Y (Magara, 198
, 1986).

parts of
arbon concentration may be found betw
een

Midland Plains, Texas) SUg

f 8-90 m/M.Y, and m

sedimentation rates ©
ntation is not always constant thus i
, thus it has to be empiri
mpirically .

ptimum rate of sedime

Although the 0
e basin or area, it is interesting to note that

d and the result only applicable within the sam
compare very well with the world figures with
ith the

obtaine
s study (Table 9)

results obtained in thi

y well.
happens {0 be sited at the flanks of the deepest section of th
€

). This partly explains the high optimum sedimentati
ion

exception of Ndov

The Ndov¥ well, however,

pal Fault (Fig- 4
n this section of the
arine incursion in the Upper Cretaceous time (Fi

ig.

ear the Lagh BOB
sub-basin took place in a continental

sedimentation i
¢ for the brief m
s thus apparently necess
4 by the low (0.3%) T-O.C results obtained

grabenn

rate. Most of the

ary for the preservation of the

(lacustrine) env
h rates of sedimentation wa
e organic matter This su

sated it the sou

m/M-Y')' In this p
jatively small (four times lower) thus inhibiti
ing

11). Hig
ggestion js validate
then flanks of the Same Yamicha sub-basin owin
4

availabl
art of the basin, as opposed to the north-

urial and exposing them 0 destruction (Table 9). In thi
. is

jon in both cases Was approximately similar,
?



only that the marine incursion appeared in the Anza before it encroached north into the Ndovu
area. This is consistent with evidence elsewhere (Cannon et al, 1981) concerning the sea invasion
after the Gondwanaland break-up. In both cases the organic matter supply is assumed to be largely
similar. The low TOC in the Anza Graben is related unproportionally to the low sedimentation rate

rather than the better supply of organic matter owing to its predicted initial thicker marine profile

enhancing primary productivity.

Both Bellatnx and grriuljlcsz |§ hqlthe Chalbi basin have largely similar results suggesting

~™prtivitvy  The optimum sedimentation rates of 39-90
basinal similarity in hydrocarbon prospect,vt.y.
U world optimum values. With corresponding T.O.C values of 0.9
(m/M.Y) largely fall within tl
to 1.4% (Table 10). Which are well ab&R the B.5% empirical threshold, the basin presents an

interesting prospect.
. .ho optimum organic carbon percentage (T.0.C.) decreases as
In each of the five wells, P

. . from this value. In this regard, it is important to

increases or decreases
the rate of sedimenta N many plotted points. This means that

each curved line (Fig 29 to j ;
note that below ea ptinium the organic matter was not always available in
even if the rates of sed* the burjal processes and against the inherent

areas of deposition (Magara, 1986)

organic destruction mechanism

Amentation Rates and Sediment types

ad Optimum Paleose dimentationrates for the graben, the following
' cits of*e optimum paieos
Based on the tesu are associated with particular sediment

.speciallywhe" these v
are obtained esp

results (Table 12)ar

types.
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S.

Well N i
ame ROptlmum P/sedimentation Depth Sedim
ate (m/M.Y) Interval (m) types o

Bellatrix-
1 39-70 9300-3479 (TD)  Shales/Sandstones

960-2040 (TD-2639) Shales, Sandstones&Limest
one

Sirius-1 51-90
Duma-1
35-65 800-TD (TD-3333) Marine shales

i gtxllthfdrite,Sandstones &

. - iltstones

160-260 3000-TD (4267) Shales,Sandstones& Siltston
es

Anza-

nza-1 14-25 1800-TD (3662) Shales, Sandstones &

Siltstones

ptimum paleosedimentation rates are

These results suggest that in the entire basin, the o
ones. In Sirius-1 limestones were deposited instead
ead of

associated with shales, sandstones and siltst
Given that shales are the major source rocks in contin :
ental environm

ents (and most

s and siltstones) and th

arameters are integrated together with T.O.C.s, th
ey ey

siltstones.
e sandstones generally are the reservoi
1r

ones with minor shale
nt that when these P
n this graben.

sandst

materials, it is appare
suggest that potential for oil exists i

Transformation Ratio, and T

maturity parameters
e end of the report.

Genetic potential
are understood and used in this study are

ptin which these

4.5

The conce
explained in the sLegend’ 10 the Appendix at th

ential

S, * s,) gives 2 qualitative estimate of hydrocarbon resource
Tissot and welte (1
otential and values less than 2 mg/g indicate

978), a value of 6 mg/g indicate good

classiﬁcation by

moderate hydrocarbon p

potential,
| at 3020-3220 m depth (1.78-25.67 mg/g)
) g

od potential in Ndovu-
e falls within the oil wi
g oil window as defined by

_ The above ran

poor source potential.

i moderate to g9

ntial pelow this deP
icha in the Anza-] well, the genetic potential is mostly
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below 0.1 mg/
. si i i
g suggesting a poor potential. This is incidentally refl

paleosedimentation e
- e T. -
e curve for the Anza-1 well, in which we note | >

ow paleosedimentati

tation rate

for this part of th i ing i
e basin resulting in low T.O.C. being preserved as op. d
posed to the Ndovu
-1 area.

Duma-1 is characteri
rized by poor, below 0.1 mg/g genetic potential for the 2500 m-T
m-TD oil window

depth. In the Ch i i
albi sub-basin, a moderate o good potential (2.0-21.0 mg/
.0-21.0 mg/g) is observed i
in

pth a poor potential is noted. The adjacent Bell
ellatrix-

Sirius-1 at 1500-1940 m depth. Below this de

1 reports a potential of less than 2 mg/g.

studies on genetic potential of other basins, (Pitman ez al 1985)
suggest a caution

Related
however, that i
condensed polyaromatic and oxygen-tich structures characteristi
ristic of terrestri
ially

derived type II kerogen$ generally have only moderate oil potential but ma
—_—— y generate signific
ant

s. It is also known that the quantity of oil
or gas produced is a
function of th
e

amounts of ga
organic richness thermal maturity
s , and the availabili
ilability of

dorminant type of organic matter, its

migrational paths.

production Index PL)and T
max

nsformation Ratio (or

452 Tra
n ratio (S/[S, + S.] is also often used to

dex (P.1) or transformatio

The Production In
assess the relative thermal maturity of organic matter and the presence of mi
= igrated hydrocarbo
. ns.
tion from jmmature to mature, ran i
, ranging upto 0.4 for
: type HI

2 marks the transi

A value of 0.1-0.
1983)- Unusually hi

and and Piratte,

gh P.L generally indicate the presence of

kerogen (Dur
d hydrocarbons.

eof maturation

alysing the temperature of maxim
um

migrate
may alse be obtained by an

yl max max 4 -

ration during P
pond t0 peak hydrogen generation. These result
S are
ed on the oil window determined from TTI analyses (Tabl
ables 3

din Table
n Appendix AtoE.

the data fisted i
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Table 13. Genetic potential, transormation ratio, T, .. and the o] window

Ndovu-1 Anza-] Duma-1  Sirjus-1 Bellatrix-1

Oil window 2500-TD 2550-TD  2500-3100 1500-TD 2500-TD

(m)
Genetic
Potential 1.78-25.67 <0.1 <2.0 2.0-21.00 <2.0
(1500-1940 m)

(mg/g) (3020-3220 m)

Transfor- 2500 m-TD 2480 m-TD 2420 m-TD 1900 m-TD
mation Ratio = (0.1-0.2)

2620 m-TD

Taw (°C) 421-483  294-302  469-483  444-582  443-466

In Ndovu-1 there is an excellent match in the depth of the oil window ag defined by TTI and the
Transformation Ratio (S,/[S; + S,]) at 2500 m to TD. The T,,, of 421-483°C falls roughly within

peak range, 435-460°C.
In the Anza-1 areathe transformation is observed from 2480 m-TD depth with 5 relatively

of 294-302. Duma-1 records transformation into mature source rocks at 2420 m to TD,

low T,
The T.. confirms this at 469-483°C. In the Chalbi basin, the transforms occur slightly below that
€ max

dicted by the TTI at 2620 m to TD (Bellatrix-1) with an optimum T, of 443-44¢ for this
predicted by
has the transformation at 1900 m to TD and a T,,, of 443-582.

range. The adjacent Sirius-1
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CHAPTER 5

paleosedimentation rate and the T.O.C. when the environment of dep

Optimum

.

consumption/destruction commonly result in the most organic - rich sediments, The p, esults of this

study thus support the finding by Dow (1978) that there is an optimum rate of sedimentatiop o
maximum concentration of organic matter. This concept can be applied

as a principa] mechanism
in assessing any sedimentary basin. Other studies have also showp that the most Organic-rich

sediments are deposited in areas of high organic productivity where the Supply of bottom OXygen
is minimal, the water reasonably quiet and the sedimentation rate of minera] Particles jg
intermediate. Generally therefore surface productivity is an important Source of organjc carbop

which is lithified for preservation.
he Chalbi sub-basin the optimum paleosedimentation rate is between 39 and 9g
In the
f between 0.9 to ] 4%, and are Within the range of
ing to T.0.C. values o .
m/M.Y, corresponding

determined for other parts of the world. When these findings are integrateq with
empirical values de

turity studies through burial histories, this sub-basin Presents an enc ouraging
results of sediment ma

hydrocarbon prospect area.

icha sub-basin, it is apparent from the TTI results and the T.O.C.
In the Yamicha

urves that relatively higher sedimentation rates (at 166-260 m/N v as the
imentationrate ¢
paleosedimen

i Jue of about 1.20/0) are necessap y for Organic matt
ith a conespondmg T.0.C. value
[
optimum value w Vi

ne in the vicinity of Ndovu well which is the deepest zone of the
in 2.

ion. The sub-basin

preservation.

d prospect at T.0.C. value of about 1.2% and a maturity vajye Within
ronourncedp
basin has the most p

proximately this same depositional environment byt at reduceq
. Within ap, . ‘
the oil window at TD LY the southern flanks of the Yamicha sub-bagiy, where Anzy wel]
.25 m/M. ) .
sedimentation rate (14-2 diminishes nearly four times giving a corresponding T.0 ¢

! 3
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value of 0.3%, we]l Eelow the required minimum value of 0.5%, Maturity studjes (T.T.L from
burial curves) also show these values to fall within the of] window. These results suggest a
reduced prospect in the southwestern flanks of the Yamicha sub-basin, whereas the prospect is
enhanced towards the deeper zones of the sub-basin towards the northwest as represented by the
Ndovu well results.

The optimum paleosedimentationrates are characterised by mainly shales, sandstones and
siltstones in the entire basin. Shales are normally the source rocks and sandstones are reservoirs
rocks. Limestones (found in Sirius-1) may also act as source and reservoir rocks, These results
further suggest enhanced hydrocarbon potential in the basin covered by the study.

From the TTI determinations, the oil window is shown to occur between 2500 m to TD
for Bellatrix-1 well and from 1500 m to TD for Sirius-1 both in the Chalbi sub-basin, The oil
window runs from 2500 m to TD (Ndovu-1) and 2550 m to TD (Anza-1), in the Yamicha sub.

basin. The intermediate Tilted Blocks Area (Duma-1) has the oil window between 2500-3 100 m
asin. €

Its compare very favourably with independent determinations based

depth. These empirical resu
tentials and the transformation ratios listed in appendix A to E,
pote

on T,,,, genetic
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7 APPENDICES

Geochemical Data Listing for the five wells used in this study,

Appendix A.  Geochemical Data Listing for Ndovu-1

(Yamicha sub-basin).

Appendix B. Geochemical Data Listing for Duma-]

(Intermediate Tilted Blocks sub-basin).

Appendix C.  Geochemical Data Listing for Anza-1

(Yamicha sub-basin).

Appendix D. Geochemical Data Listing for Bellatrix-1

(Chalbi sub-basin).

Appendix E Geochemical Data Listing for Sirius-1

(Chalbi sub-basin).
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5,45,

P.L

LEGEND

Total Organic Carbon (weight % of rock).

f

Quantity of organic matter existing in the rocks as free or adsorp d
e

hydracarbons (kg of hydrocarbons - free anqd thermo-vaporizegp)e pe
-~ per

ton of rock = oil.

Quantity of hydrocarbons and hydrocarbon-like Compounds releaseq

from the rocks at pyrolytic temperatures (250°C) (kg of hydrocarbons

(cracking of kerogen) per ton of rock — kerogen,

Original genetic potential plus residual genotic potential. A valye of 2

mg/g is considered minimum for oil source rocks.

Production Index, S,/(S,+S;) = Transformation ratio or jndex of

maturation. With respect to hydrocarbon generation, transition from

immature to mature is about 0.1.

perature at the maximum hydrocarbon (8,) 8eneration during

Tem
lysis; measures prior thermal history. Transition from immature to

pyro

mature is about 440°C.
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APPENDIX A

Geochemical Data Listing for

Ndovu-1 (Yamicha Sub-basin)



Ndovu-1

Depth  TOC (%) S, (mg/g) S (mg/g) S,1S, PI T,
(m) (mg/g) S,/(S,+S2
500 0.00 0.00 0.00 000 000 291
520 0.00 0.00 0.03 000  0.00 199
540 0.00 0.00 0.04 0.04 ggg 235
s 000 000 060 OO 0o u
o e ggg 0.01 001 000 245
s 000 0.00 0.01 001 000 265
620 oo 0.00 001 001 000 252
640 0.9 0.00 0.00 000 000 242
660 000 0.01 0.05 006 017 247
689 0.07 0.00 0.00 000 000 238
700 0.09 0.09 0.00 009 100 236
720 001 0.00 0.00 000 000 283
740 0.01 0.00 0.00 000 000 244
760 0.01 0.00 0.00 000 000 242
780 0.01 00 0.00 000 000 242
800 0.00 e 0.05 007 029 257
820 0.01 0'03 0.1 0.14 021 256
840 0.04 s 0.06 008 025 248
860 0.05 8'00 0.00 0.00 000 258
880 0.02 00 0.00 000 000 258
900 0.0! 0 0.01 0.01 0.00 286
8 0.00 ' 003 000 308
920 0.0 0.03
0.12 0.00 4 0.04 0.00 334
940 : 0.00 0.0
0.12 : 002 000 333
960 : 0.02
0.00 000 000 351
980 0.12 0.15 .
0.32 0.00 0.07 0.07 0.00 365
1009 13 0.00 ol 01l 000 38
1020 0'26 0.00 001 001 000 333
1040 0. 2 0.00 0'02 0.02 0.00 317
1060 0.0 0 0.00 0' 04 0.04 0.00 326
1080 0.1 0.00 0.09 009 000 362
oo o1 0.00 0.16 0.6 000 383
1120 0.19 0.00 0.14 0.00 000 281
1140 0.18 0.00 0.15 0.16  0.06 336
1160 0.12 0.01 0.04 0.04 0.00 340
1180 0.27 0.00 P 010 010 289
1200 013 0.01 o o1l 000 281
20 M 00 g M2 GL o
1240 0.2 0.01 0.02 0.02 .
0.34 00 . 0.10 0.00 296
1260 11 0. 0.10 028 004 318
1287 8.22 0'0(1) 027 008 011 297
1300 z 0.0 0.07 008 S
1320 0-0 p 0.0: 0.05 02 008 368
1340 o2 0 0.11 007 014 292
1360 0 09 0.06 o1l 009 359
1380 0 0.0° 0.10 000 000 290
1400 0.17 0.0! 0.00 '
0 0% 0.00
g0 O




1460
1480
1500
1520
1540
1560
1580
1600
1620
1640
1660
1680
1700
1720
1740
1760
1780
1800
1820
1840
1860
1880
1900
1920
1940
1960
1980
2000
2020
2040
2060
2080
2100
2120
2140
2160
2180
2200
2220
2240
2260
2280
2300
2320
2340
2360
2380
2400
2420
2440

2460

0.10
0.42
0.36
0.12
0.24
0.31
0.12
0.21
0.16
0.08
0.18
0.13
0.09
0.19
0.32
0.41
0.10
0.09
0.08
0.16
0.22
0.26
0.08
0.08
0.21
0.12
0.09
0.04
0.07
0.05
0.08
0.09
0.08
0.10
0.14
0.12
0.12
0.28
0.23
0.19
0.22
0.15
0.18
0.17
0.12
0.04
0.16
0.15
0.11
0.07
0.09

0.01
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.04
0.30
0.02
0.00
0.01
0.00
0.00
0.04
0.00
0.01
0.08
0.00
0.00
0.00
0.01
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.00
0.02
0.00
0.00
0.02
0.03
0.00
0.00

0.07
0.20
0.11
0.22
0.09
0.52
0.04
0.08
0.04
0.03
0.07
0.05
0.09
0.14
0.22
0.29
0.13
0.02
0.06
0.06
0.04
0.12
0.00
0.04
0.13
0.00
0.01
0.00
0.0t
0.02
0.01
0.02
0.03
0.02
0.03
0.05
0.03
0.22
0.06
0.05
0.02
0.13
0.16
0.01
0.08
0.01
0.05
0.09
0.05
0.01

0.01

A(ii)

0.08
0.20
0.11
0.22
0.09
0.54
0.04
0.08
0.00
0.03
0.07
0.05
0.09
0.15
0.26
0.59
0.15
0.02
0.07
0.06
0.04
0.16
0.00
0.05
0.21
0.00
0.01
0.00
0.02
0.02
0.02
0.02
0.03
0.02
0.03
0.05
0.03
0.22
0.06
0.05
0.02
0.14
0.17
0.01
0.10
0.01
0.05
0.11
0.08
0.01

0.01

0.12
0.00
0.00
0.00
0.00
0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.07
0.15
0.51
0.13
0.00
0.14
0.00
0.00
0.25
0.00
0.20
0.38
0.00
0.00
0.00
0.50
0.00
0.50
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.07
0.06
0.00
0.20
0.00
0.00
0.18
0.38
0.00
0.00

280
340
300
334
302
369
311
341
307
272
325
283
280
300
359
316
314
259
279
326
362
344
251
228
264
240
246
244
226
362
255
254
270
237
252
290
304
298
285
224
304
234
255
222
304
247
282
259
247
202

275



2480
2500
2520
2540
2560
2580
2600
2620
2640
2660
2680
2700
2720
2740
2760
2780
2800
2820
2840
2860
2880
2900
2920
2940
2960
2980
3000
3020
3040
3060
3080
3100
3120
3140
3160
3180
3200
3220
3240
3260
3280
3300
3320
3340
3360

0.18
0.25
0.17
0.33
0.46
0.15
0.15
0.39
0.21
0.63
0.65
0.60
0.57
0.63
0.40
0.79
0.69
0.64
0.72
0.8
0.85
1.03
1.01
0.89
1.37
1.30
1.18
1.31
0.92
1.56
2.03
2.59
1.41
1.55
0.82
0.99
10.85
6.96
0.56
0.61
0.64
0.91
0.85
0.64
0.65

0.00
0.01
0.02
0.02
0.04
0.00
0.01
0.31
0.11
0.04
0.01
0.19
0.09
0.24
0.06
0.10
0.19
0.17
0.16
0.31
0.12
0.07
0.16
0.12
0.18
0.12
0.08
0.07
0.10
0.18
0.13
0.24
0.11
0.63
0.06
0.06
0.59
0.34
0.07
0.10
0.03
0.04
0.10
0.06
0.08

A(iii)
0.06
0.11
0.11
0.22
0.27
0.09
0.14
0.35
0.17
0.32
0.58
0.40
0.37
0.64
0.32
0.69
0.69
0.53
0.65
0.85
0.83
1.01
1.10
0.87
1.37
1.19
1.19
1.71
0.90
1.23
271
3.19
1.42
3.16
0.84
1.35

25.08
15.64
0.48
0.48
0.52
0.59
1.02
0.51
0.54

0.06
0.12
0.13
0.24

10.31

0.09
0.15
0.66
0.28
0.36
0.59
0.59
0.46
0.88
0.38
0.79
0.88
0.70
0.81
1.16
0.95
1.08
1.26
0.99
1.55
1.31
1.27
1.78
1.00
1.41
2.84
3.43
1.53
3.79
0.90
1.41
25.67
15.98
0.55.
0.58
0.55
0.63
1.12
0.57
0.62

0.00
0.08
0.15
0.08
0.13
0.00
0.07
0.47
0.39
0.11
0.02
0.32
0.20
0.27
0.16
0.13
0.22
0.24
0.20
0.27
0.13
0.06
0.13
0.12
0.12
0.09
0.06
0.04
0.10
0.13
0.05
0.07
0.07
0.17
0.07
0.04
0.02
0.02
0.13
0.17
0.05
0.06
0.09
0.11
0.13

319
421
382
379
294
335
309
397
437
432
430
374
414
416
412
418
364
410
398
385
417
444
413

428
428
434
444
425

407
441

447
381

427
442
430
428

444
446
415

436
451

450
448

450
448



3380
3400
3420
3440
3460
3480
3500
3520
3540
3560
3580
3600
3620
3640
3660
3680
3700
3720
3740
3760
3780
3800
3820
3840
3860
3880
3900
3920
3940
3960
3980
4000
4020
4040
4060
4080
4100
4120
4140
4160
4180
4200
4220
4240
4260

0.88
0.75

0.89
0.98
0.88
0.84
0.97
0.84
0.95

0.78

0.95

1.01

0.84
0.90
0.84
0.78
0.84
0.85
0.87
0.83

0.81

0.84
1.05
1.03
0.96
1.21

1.02
0.84
0.74
0.77
1.00
0.76
0.83
0.91
0.86
0.54
0.83
0.77
0.77
0.75
0.86
0.73
0.78
0.74
0.60

0.19
0.11
0.09
0.06
0.09
0.04
0.05
0.06
0.04
0.09
0.10
0.06
0.05
0.06
0.07
0.06
0.06
0.08
0.06
0.06
0.05
0.05
0.08
0.05
0.04
0.05
0.08
0.07
0.08
0.10
0.06
0.09
0.06
0.08
0.07
0.04
0.08
0.10
0.07
0.06
0.05
0.05
0.03
0.06
0.03

A(v)
0.69
0.68
0.80
0.88
0.76
0.65
0.71
0.55
0.78
0.49
0.77
0.74
0.51
0.70
0.56
0.49
0.59
0.72
0.71
0.56
0.45
0.57
0.73
0.53
0.32
0.46
0.69
0.56
0.48
0.71
0.58
0.56
0.54
0.60
0.65
0.33
0.56
0.52
0.50
0.41
0.42
0.42
0.43
0.54
0.26

0.88
0.79
0.89
0.94
0.85
0.69
0.76
0.61
0.82
0.58
0.87
0.80
0.56
0.76
0.63
0.55
0.65
0.80
0.77
0.62
0.50
0.62
0.81
0.58
0.36
0.51
0.77
0.63
0.56
0.81
0.64
0.65
0.61
0.68
0.72
0.37
0.64
0.62
0.57
0.47
0.47
0.47
0.46
0.60
0.29

0.22
0.14
0.10
0.06
0.11
0.06
0.07
0.10
0.05
0.16
0.11
0.08
0.09
0.08
0.11

0.11

0.09
0.10
0.08
0.10
0.10
0.08
0.10
0.09
0.11

0.10
0.10
0.11

0.14
0.12
0.09
0.14
0.10
0.12
0.10
0.11

0.13

0.16

0.12

0.13

0.11

0.11

0.07
0.10
0.10

453
449
451
452
439
454
453
458
453
430
423
453
458
436
456
457
457
457
457
459
460
468
459
462
468
448
464
466
473
454
475
474
430
484
475
485
475
479
475
475
478
471
470
468
483



APPENDIX B

Geochemical Data Listing for

puma-1 (Intermediate Tilted Blocks Sub-Basin)



Duma-1

Depth  TOC (%) S, S, S+s, Pl T
(m) (mg/g)  (mg/p) SAS+S2
520 0.41 0.00 0.19 0.19 0.00 446
540 0.54 0.01 0.41 0.42 002 444
560 0.42 0.00 0.28 0.28 0.00 445
580 0.12 0.00 0.05 0.05 000 448
600 0.31 0.00 0.20 0.20 0.00 444
620 0.38 0.08 0.29 0.37 022 444
640 0.54 0.01 0.47 0.48 002 435
660 0.25 0.00 0.15 0.15 0.00 443
680 0.28 0.00 0.17 0.17 000 444
700 0.12 0.00 0.05 0.05 000 419
720 0.33 0.01 0.29 0.30 003 445
740 0.13 0.00 0.05 0.05 000 320
760 0.29 0.00 0.15 0.15 0.00 451
780 0.26 0.00 0.25 0.25 0.00 450
800 0.15 0.00 0.09 0.09 0.00 446
820 0.23 0.00 0.15 0.15 0.00 447
840 0.33 0.00 0.22 0.22 0.00 447
860 0.71 0.04 0.79 0.83 005 446
880 1.01 0.03 1.75 1.60 0.02 444
900 1.00 0.09 1.60 1.69 0.05 443
044 - 0.02 0.70 0.72 0.03 446
920 p 0.02 0.54 0.56 0.04 443
940 042 0.03 035 058 005 446
960 0.48 0.04 0.59 063 006 446
980 0.49 0'03 0.55 0.58 0.05 445
1000 0.53 0'03 0.54 0.57 0.05 445
1020 0.55 0’02 0.32 0.34 0.06 446
1040 0.41 0' 02 0.42 0.44 0.05 445
1060 0.50 0.0 0.14 0.14 0.00 447
1080 0.22 0‘05 0.75 0.80 0.06 445
1100 0.62 0'02 0.19 0.21 0.10 449
1120 0.29 0.02 0.27 020 007 448
1140 0.34 0'01 0.27 0.28 0.04 448
1160 0.33 0.02 0.42 0.44 0.05 445
9 . 28 0.29 0.03 449

1180 0.3 001 0.
1200 0.28 '00 0.14 0.14 0.00 450
0 019 000 g4 025 004 46
! 031 0.01 031 033 006 451
1240 45 0.02 0.17 0.18 0.06 449
1260 0. 0.01 0.06 0.06 0.00 454
1280 030 0.00 015 016 006 453
100 o1 0.01 0.6 o1s 000 a3
1320 0.25 0.00 0.17 0.17 0.00 450
340 0% 0.00 028 028 000 447
60 0F o 0.25 026 003 447

400 9% 0.10 '

1.04

1420



1440
1460
1480
1500
1520
1540
1560
1580
1600
1620
1640
1660
1680
1700
1720
1740
1760
1780
1800
1820
1840
1860
1880
1900
1920
1940
1960
1980
2000
2020
2040
2060
2080
2100
2120
2140
2160
2180
2200
2220
2240
2260
2280
2300
2320
2340
2360
2400
2420
2440
2460
2480
2500

1.11
0.19
0.41
0.82
0.19
0.15
0.11
0.25
0.20
0.16
0.45
0.29
0.23
0.37
0.68
0.28
0.43
0.40
1.41
0.34
0.50
0.52
0.29
0.44
0.33
0.47
0.58
0.35
0.48
0.53
0.33
0.70
0.58
0.26
0.26
0.50
0.54
0.54
0.21
0.55
0.62
0.77
0.48
1.13
0.99
0.10
0.14
0.30
0.35
0.57
0.42
0.52
0.34

0.13
0.00
0.03
0.08
0.00
0.00
0.00
0.01
0.01
0.01
0.04
0.01
0.02
0.03
0.07
0.21
0.05
0.01
0.31
0.11
0.11
0.05
0.00
0.02
0.01
0.04
0.06
0.02
0.04
0.04
0.02
0.08
0.08
0.08
0.04
0.10
0.16
0.12
0.00
0.07
0.14
0.14
0.06
0.19
0.19
0.00
0.00
0.01
0.02
0.06
0.04
0.06
0.02

1.26
0.10
0.54
1.36
0.07
0.07
0.14
0.21
0.23
0.17
0.66
0.34
0.36
0.57
1.04
0.33
0.76
0.31
3.40
0.52
0.81
0.99
0.37
0.59
0.30
0.69
0.52
0.20
0.35
0.50
0.22
0.46
0.52
0.17
0.21
0.54
0.76
0.52
0.10
0.58
0.59
0.74
0.31
1.73
1.03
0.05
0.06
0.17
0.23
0.34
0.26
0.44
0.22

B(ii)

1.39
0.10
0.57
1.94
0.07
0.07
0.14
0.22
0.24
0.18
0.70
0.35
0.38
0.60
1.11
0.54
0.81
0.32
371
0.63
0.92
1.04
0.37
0.61
0.31
0.73
0.58
0.22
0.39
0.54
0.24
0.54
0.60
0.25
0.25
0.64
0.21
0.64
0.10
0.65
0.73
0.88
0.37
1.92
1.22
0.00
0.06
0.18
0.25
0.42
0.30
0.50
0.24

0.09
0.00
0.05
0.04
0.00
0.00
0.00
0.05
0.04
0.06
0.06
0.03
0.05
0.05
0.06
0.39
0.06
0.03
0.08
0.17
0.12
0.05
0.00
0.03
0.03
0.05
0.10
0.09
0.10
0.07
0.08
0.15
0.13
0.32
0.16
0.16
1.11
0.19
0.00
0.11
0.19
0.16
0.16
0.10
0.16
0.05
0.00
0.06
0.08
0.15
0.13
0.12
0.08

450
453
448
447
462
444
432
438
452
451
451
453
451
454
454
469
456
454
457
456
455
455
457
454
457
433
460
460
458
458
461
463
459
462
460
460
461
443
442
459
456
459
467
461
470
115
432
461
474
444
474
465
469



2520 0.34 0.03 0.23
2540 0.32 0.03 0.20
2560 0.47 0.04 0.26
2580 0.51 0.06 0.34
2600 0.48 0.07 0.38
2620 0.47 0.05 0.29
2640 0.47 0.09 0.33
2660 0.81 0.35 0.89
2680 0.51 0.09 0.40
2700 0.61 0.12 0.45
2720 0.47 0.06 0.38
2740 0.56 0.11 0.43
2760 0.35 0.07 021
2780 0.24 0.03 0.18
2800 0.38 0.05 0.22
2820 0.27 0.03 gg
2840 1.02 0.27 .
2860 0.57 0.11 0-23
2880 0.15 0.00 0.(1)3
2900 0.31 0.03 0.

0.00 0.03
2920 0.13

0.10 0.27
2940 0.57

0.00 0.01
2960 0.10

0.01 0.07
2980 0.17 !

0.06 0.1
3000 0.49 05

0.00 0.
3020 0.14 0‘0 6 0.31
3040 0.89 0-03 015
3060 0.50 o:oo 0.03
3080 0.17 001 013
3100 0.33 0.13

0.01
3120 0.65 0.05

7 0.01

3140 0.1 0.01 0.08
3160 0.40 0.01 0.07
3180 0.36 0.02 0.11
3200 0.47 001 0.10
3220 0.47 0.00 0.80
3240 0.52 0.01 og
3260 0.60 001 0.24
3280 ggf 0.02 g "
3300 -3 7 0.00 0.08

3320 0. © .00
3333 0.59

B(iii)

0.26
0.23
0.30
0.40
0.45
0.34
0.42
1.24
0.49
0.57
0.44
0.54
0.28
0.21
0.27
0.15
0.80
0.33
0.04
0.16
0.03
0.37
0.01
0.08
0.24
0.05
0.37
0.18
0.03
0.14
0.14
0.06
0.09
0.08
0.13
0.11
0.08
0.14
0.13
0.26
0.06
0.08

0.12
0.13
0.13
0.15
0.16
0.15
0.21
0.28
0.18
0.21
0.14
0.20
0.25
0.14
0.19
0.20
0.34
0.33
0.00
0.19
0.00
0.27
0.00
0.13
0.25
0.00
0.16
0.17
0.00
0.07
0.07
0.17
0.11

0.13

0.15

0.09
0.00
0.07

0.08

0.08

0.00
0.00

470
473
473
473
474
476
473
465
474
474
456
467
475
443
482
482
485
466
407
450
392
489
166
474
499
428
486
501
340
a7
521
235
511
510
517
520
520
485
498
486
463
434




APPENDIX C
Geochemical Data Listing for

Anza-1 (Yamicha Sub-basin)



Anza-1

Depth TOC S, S, S5, S/S;+S,  Tmax
(m) (%) (mglg) mg/e)

1820  0.01 0.02 0.03 0.05 0.04 311
1840 021 025 1.07 132 0.19 348
1860  0.00 0.02 0.00 0.02 100 25
6
1880  0.01 0.03 0.02 0.05 0.60 211
1900  0.02 0.02 0.04 0.06 033 216
1920 0.0l 0.01 0.01 0.02 050 212
1940  0.01 0.00 0.00 0.00 0.00 195
1960  0.03 0.00 0.03 0.03 0.00 232
1980  0.05 0.01 0.03 0.04 025 244
2000  0.09 0.04 0.18 0.22 0.18 269
2020 0.08 0.02 0.09 0.11 0.18 282
2040  0.03 0.03 0.05 0.08 0.38 233
2060  0.06 0.05 0. ; (1) g;g 8; é 291
2080 005 002 003 rerilibd
2100 O ggé 018 024 025 312
2120 007 g 015 024 038 140
2140 095 oog 033 04l 020 286
2160 037 g 02 031 037 302
2180 0-1§ 0.02 0.10 0.12 0.17 306
2200 09 0.23 0.35 0.58 040 315
2220 01 0.02 0.11 0.13 0.15 318
2240 0.05 001 0.02 0.03 033 243
2260 004 o 0.01 0.01 000 210
2280 005 o 008 0.8 000 346
2300  0.06 002 0.12 0.14 0.14 364
2320 0.0 g'oo 0.03 0.03 003 294
2340 0.04 0-00 0.01 0.01 0.00 261
2360  0.03 001 0.07 0.08 0.13 398
2380 0.06 '0 g 0.29 0.37 022 445
019 © 0.11 0.11 000 488
2400 00 :
000 & 12 0.12 0.00 414
2420 * 00 0-
000 O 10 0.10 0.00 411
2440 : 00 0.
0.00 0. 0.16 0.18 0.11 446
2460 o0 002 o3 0D 0.13 455
2480 0'02 0.02 0.06 0.07 0.14 339
2500 O 0 0.01 0.07 0.10 030 294
2520 09 0.03 Y 035 303
2540 0.0(13 0.06 8'07 0.09 022 337
2560 0.0 0.02 ’ 07 0.09 022 320
9sg0 000 .02 0. . 0.08 0.13 362
o0 000 ' 0.0 03 0.67 296
26 0.01 01 0.
0.00 0. 05 0.60 300
2630 0.02 o2 0.
o 000 0. 0.13 0.54 234
g 000 7 : 0.31 029 338
2 o009 0.22 16 063 270
2680 oy 0O 006 o015 0.80 262
2700 O 0.10 0.03 0.

a0 001 0.12
a0 003



C(ii)

Depth TOC [ S S +S
1 S,/S,+
o ) g @gd fSirSy  Tmax
2760  0.08 0.25 0.30 0.55
- : . 0.4
2780  0.14 0.77 0.46 123 >
0.11 324
2800  0.16 0.56 0.36 0.92
2820 0.61 287
0.11 0.51 0.23 0.74 060 252
2840 045 0.19 0.07 0.26 073 251
2860  0.03 0.08 0.04 0.12 062 269
2880  0.04 0.14 0.06 0.20 070 291
2900  0.05 0.09 0.07 0.16 056 268
2920  0.02 0.12 0.06 0.18 067 310
2940  0.06 0.25 0.10 0.35 0.71 282
2960  0.05 0.33 0.09 0.42 079 292
2080  0.05 0.17 0.08 0.25 068 252
3000  0.15 0.23 0.17 0.40 058 249
3020  0.07 0.27 0.13 0.40 068 365
3040  0.01 0.15 0.02 0.17 088 228
3060  0.05 0.24 0.06 0.30 0.80 236
3080  3.82 4.07 28.62 32.69 0.12 334
3100 0.0l 0.29 2.30 2.59 0.1 318
3120 044 0.19 0.97 1.16 0.16 321
3140  0.08 0.10 0.14 0.24 042 261
3160  0.16 0.09 0.32 0.41 022 289
3180 048 0.10 0.74 0.84 0.12 284
3200 033 0.12 0.32 0.44 027 353
0.03 0.11 0.14 0.21 264
3220  0.15
7 0.13 1.31 0.44 030 299
3240 0.8
3260 0.15 0.01 0.11 0.12 0.08 204
250 037 0.04 0.64 0.68 006 299
; 0az 00 0.99 1.04 005 338
300 08 o1 0 004 025 312
3320 @ 0.04 0.20 0.24 0.17 365
3340 01 0,02 0.19 0.21 010 297
3360 014 o0 0.12 0.13 008 322
3380  0.08 0,00 0.01 0.00 0.00 253
3400 0.03 0.00 0.15 0.15 0.00 308
3420 0.06 ‘ 0' 01 0.07 0.08 0.13 261
3440 008 0.0 0.02 0.02 0.00 232
3460 002 0.03 0.10 0.13 0.23 266
3480 0.06 o7 0.40 0.47 0.15 340
3500 008 0. 0.09 0.1 0.18 290
o 0D 15 0.18 017 332
3520 O 3 0.
0.23 0.0 0.13 0.17 0.24 317
3540 . 0.04 ’ 0.22
0-04 B 0.28 0.36 . 353
3560 , 008 3 015 013 341
3580 O] | oo e 0.12 033 289
3600 g(l) g 0.04 8'07 0.10 0.30 302
3620 : 0.03 0.38 0.40 005 284

1640 009
3660 003 007



Geochemical Data Listing for

Bellatrix-1 (Chalbi Sub-basin)



Bellatrix-1

T
m o) @gdmgd ot T

1380 0.0 000 0.3 0.03 0.00 349
1400 0.0 0.00  0.03 0.03 0.00 461
1420  0.00 0.00 0.2 0.02 0.00 616
1440 000 000 001 0.01 0.00 296

0.00 0.00 586

1800 0.04 0.00 0.10

1820 002 000 004 0.07 0.00 S0
1840 001 000 002 0.02 0.00 o
1860 000 000 005 0.05 0.00 506
1880 003 000 004 0.04 0.00 439
1900 003 000 004 0.04 0.00 308
1920 0.1 000 019 0.19 0.00 phts
los0 005 000 009 0.09 0.00 436
1960 009 000 008 0.08 0.00 451
030 009 000 008 0.08 0.00 354
100 007 000 007 0.00 0.00 470
40 o001 000 000 0.00 0.00 A
J160 006 000 0.01 0.01 0.00 196
5180 006 000 0.03 0.03 0.00 485
o00 003 000 0.01 0.01 0.00 387
om0 024 000 0.13 0.13 0.00 443
2240 0.63 0.00 058 0.58 0.00 439
o 165 002 3.12 130. 17% 88: a2
oo 458 Ol 10.65 : : 438
2300 0.49 000 039 0.39 0.00 443
os0 000 0% 030 0.00 445
2320 B o010 19 0.20 0.05 446
2340 2 001 018 0.19 0.05 446
2360 040 g 020 022 009 445
2380 043 oy 0 031 0.06 442
2400 038 o 042 0.4 0.05 446
2420 068 002 ey 0.65 0.03 444
2440 087 002 63 0.65 0.03 145
2460 082 002 iy 0.46 0.04 442
aag0 061 Dgi 033 036 0.08 443
2500 0 002 gl 0.43 0.05 445
002~ 0.32 0.03 443
220 O oo 03l 2 0.03 s
2eq0 063 o 035 0.30 0.03 49
2560 064 ool 0.39 8-52 004 1
80 08 o 0% 025 0.08 448
o0 038 g2 0% - 0.05 -
2620 033 gg L6 s 009 S
2640 08 03 0.32 020 015 440
2660 04 o3 0.17 020 015 450
0 030 gm0 0.5 0.1 449
2700 03 006 049 0.48 0.12 446
' 043 0.51 0.12 449

om0 086 5
J7a0 066 336 0.45
o160 060 °



D(ii)

Depth TOC S, S2 S,+S2 S,/S,+S2 Tmax
(m) (%)  (mg/g) (Mg/g)

2780 081 007 089 0.96 0.07 447
2800 054 004 061 0.65 0.06 453
2820 064 004 06l 0.65 0.06 451
2840 053 002 042 0.44 0.05 451
2860 0.49 0.01 0.26 0.27 0.04 452
2830 014 000 006 0.06 0.00 309
2900 015 000 006 0.06 0.00 208
2020 031 004 048 0.52 0.08 318
2040 028 006 03 041 0.15 453
o960 039 009 023 0.32 0.28 454
o980 014 007 006 0.13 0.54 457
3000 0.46 011 033 0.44 0.25 303
020 089 017 15 132 113 453
3040 0.30 0.04 0.20 0.24 0.17 461
3060 0.19 0.01 0.12 0.13 0.08 482
g 017 002 014 0.16 0.13 457
3100 1.23 0.25 153 178 0.14 458
oo 037 007 040 0.47 0.15 459
o g5 010 04 053 0.19 459
T im0 224 2.74 0.18 454
I s oW 0.76 0.95 0 0 461

oo o1 067 0.83 19 462
3220 - 007 040 047 0.15 467
3240 045 ' 0.69 0.85 0.19 463
260 066 00 oo 212 001 433
380 10 ' 0.67 0.75 0.11 463
200 030 9B oo 040 0.20 467
w0 03 0B 5 0.30 0.10 460
3 0B 02 o3 0.09 067 467
30 0% oop 024 029 017 465
w0 092 op 03l 0.35 014 460

034 005 ' 0.44 0.18 465
3400 0os 036 020 465
a0 037 043 0.54 :

o.ii

3440 051



APPENDIX E

Geochemical Data Listing for

Sirius-1 (Chalbi Sub-basin)



Sirius-1

Depth TOC s, S, S,*S, S/S+S, Tm
a
m %) (mge) mge) e g

1460 0.08 0.00 0.21 0.21 0.00 445
1480 0.51 0.12 9.54 9.66 0.01 444
1500 1.34 0.10 8.76 8.86 0.01 509
1520 0.74 0.06 3.77 3.83 0.02 446
1540 0.19 0.01 0.28 0.29 0.03 501
1560 1.47 0.07 8.99 9.06 0.01 445
1580 2.06 0.12 1424 14.36 0.01 444
1600 1.69 0.10 1034 10.44 0.01 444

1620 3.19 024 2107 2131 0.01 444

1640 108 008 48 491 0.02 444
660 L19 008 51 519 0.02 446
1680 260 115 1661 1776 0.06 444
1700 165 013 804 817 0.02 441
110 200 015 1384 1399 0.01 446
1740 237 017 1440 1457 0.01 444
1760 104 o011 468 47 0.02 447
1780 1.42 0.16 7.10 7.26 0.02 445
1800 138 o1 623 634 0.02 445
1820 147 016 663 6.79 0.02 443
1840 1.12 0.11 4.81 4.92 0.02 444
1360 090 005 266 2.71 0.02 445
1sg0 078 005 246 2.51 0.02 448
201 209 0.04 443
j900 076 008
1.87 1.93 0.03 447
jo20 085 006 Lo 0.8 w7
1940 185 026 9.77 : .
007 073 080 0.09 442
1960 042 O 0.07
g 109 L7 : 444
1980 066 00 : 0.0
0o 10z LI 08 444
2000 064 O : 0.08 P
¢ o1 130 1.41 .
2020 086 O g L8 0.08 P
2040 08 o 125 13 0.07 443
2060 089 0'(1)8 054 0.62 0.13 445
2080  0.68 0-08 O 00 o1l 443
2100 052 o or2  OM 0.14 439
2180 031 000 o9 034 0.15 459
2200 0.54 O' 03 0.26 0.29 0.10 447
2220 0.48 0-05 0.41 0.46 0.11 436
2240 0.58 ' 0.18 0.20 0.10 459
036 002 U 56 0.05 445
pso 057 00 g ol 0.11 443
076 008 0.03 446
2300 : o471 255 :
065 008 = 0.06 448
2320 : 3 0.49 0.52
045 00 ‘ 0 0.08 445
2340 0 098 L7
066 O 0.29 0.10 498
2360 0.26
42 003 7 0.10 453
280 O 009 010
6 0o 7 2 0.05 447
2400 O 021 022
o 021 0.01 07 0.09 0.22 442
242 0.09 002 O

2440



2460
2480
2500
2520
2530

0.45
0.35
0.35
0.08
0.04

0.05
0.04
0.02
0.01
0.01

0.58
0.31
0.75
0.08
0.04

0.63
0.35
0.77

0.09
0.05

E(ii)

0.08
0.11
0.03
0.11
0.20

411
441
444
522
582



