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ABSTRACT
Tanzania is one of the East African countries where rich hydrocarbon
accumulations are starting to be discovered in both onshore and offshore
sedimentary basins, although there is currently little research that has been published
in relevant research areas of geology, micropalaeontology or hydrocarbon
prospectivity. The hydrocarbon reserves discovered so far are mainly gas, and these
have been found in Cretaceous and Cenozoic reservoirs that provide signatures of
multi-source rock origins that demonstrate promising future prospects.
This thesis presents a series of studies focussing on improving our
understanding of the (bio)stratigraphy and hydrocarbon source rock potential of
Cretaceous-Cenozoic sediments of Tanzania. The samples studied have
unfortunately yielded impoverished organic-walled microfossil (palynomorph)
assemblages, and thus the biostratigraphic analysis has formed a smaller component
of this project than originally intended. The main aspect of the research undertaken
has thus focussed on analysing organic matter composition (palynofacies analysis)
and quality (organic richness, kerogen typing), in order to provide interpretations of
the palaeoenvironmental conditions prevailing at the time of sediment deposition and
hydrocarbon source potential. The hydrocarbon potential has also been examined by
undertaking assessments of the thermal maturity of the host sediments using vitrinite
reflectance measurements in order to construct thermal histories and burial models
for the several of the study locations.
This study examines three hundred Cretaceous-Palaeogene cutting samples
from three boreholes drilled on the continental shelf (the shallow offshore basin sites
Msufi # 1, Mtiki # 1 and Mkongo # 3), one hundred Cretaceous cutting samples from
one well from the deep offshore basin (Mvule # 1), and twenty-nine Cretaceous core

samples from shallow boreholes from Tanzania Drilling Project (TDP) sites 21, 24,
36 & 37.
Biostratigraphic results are limited, with the three shallow offshore basin
wells proving largely barren of palynomorphs. The samples from the deep offshore
basin (Mvule #1) produced the highest species richness, and although lacking many
age-diagnostic taxa, palynological analysis has permitted the recognition of three
dinocyst-based bioevents, using first downhole occurrences of taxa, as is appropriate
for borehole studies. The four TDP boreholes yielded very restricted palynological
assemblages, but a series of downhole dinocyst bioevents have been recognised in
the core material, and although not defined using definitively age-diagnositic taxa,
the events have been dated by correlation with existing calcareous microfossil
biozonations.
The sedimentary organic matter (palynofacies) analyses of the onshore and
shallow offshore basin sites indicates the sediments studied were deposited in oxic
open shelf conditions in close proximity to land, due to the high supply of terrestrial
input diluting other palynomaceral components. Certain stratigraphic intervals were
subject to periodic lowering of the oxygen conditions. The samples from the deep
offshore basin well (Mvule #1) indicates a more marine-influenced setting. Overall,
all samples are dominated by Type III kerogens, which are indicative of gas-prone
source rocks.
The organic richness (total organic carbon: TOC) results range from 0.1% to
3.4% TOC, demonstrating good source potential. In particular, the TOC values for
the shallow offshore basin wells are as follows: for Msufi # 1, TOC ranges from 0.30.8%; for Mtiki #, 0.1-3.0%; for Mkongo # 3, 0.4-1.1%, and for the deep offshore
well Mvule # 1, the TOC values range from 1.0-3.4%.

Thermal maturity of the sediments was assessed using vitrinite reflectivity
(Rv %), and values range from 0.3-3.4% Rv, indicating mature to post-mature
maturity levels, and thus that the sediments studied have reached values appropriate
for hydrocarbon generation. Computer modelling of the burial histories of the
successions studied reveals that they have entered the window for early liquid
hydrocarbon generation and reached the stages for wet-dry gas generation.
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CHAPTER 1
INTRODUCTION

1

Chapter 1

1.0

INTRODUCTION
Whilst much of Tanzania is composed of Precambrian basement rocks,

sedimentary basins cover approximately 10,000 km², almost one third of the whole
area of the country (Fig. 1.1). The discovery of oil seeps and bituminous sands
associated with exposures of Phanerozoic sediments has long hinted that there may
be commercial hydrocarbon potential in these basins (Mpanju & Philp 1998). These
discoveries have prompted the acquisition of geological, geophysical and
geochemical data by multinational oil companies since the 1950s. Following the
evidence of recent natural gas discoveries in water depths between 300 to 3000m in
the Deep Offshore Basin (TPDC 2005), several areas have been attracting intensive
exploration and investment activities from major oil companies (e.g., BP, Shell
International, BG, Statoil, Artmus, Ophir, Maurel and Prom, etc.).
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Figure 1.1: Simplified geological map of Tanzania showing the location of the
various onshore and offshore sedimentary basins (after TPDC 2005). EEZ =
Exclusive Economic Limit
A: Outline map of Africa showing position of Tanzania
B: Geological map of Tanzania showing geology and sedimentary basins of
Tanzania
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The development of the oil and gas industry in Tanzania has triggered the
need to develop local and home-grown expertise in different geological disciplines
including areas that are economically of interest and currently poorly studied. In this
light, the national Tanzania Petroleum Development Corporation (TPDC) has
supported the present research in order to improve knowledge and understanding of
the petroleum system in Tanzanian basins, particularly with respect to the
Cretaceous-Cenozoic sediments, which are the most promising as potential sources
for hydrocarbons.
Exploration activities in Tanzania were begun in 1952 by the Shell Oil
Company. Since this time, several exploration wells have been drilled in different
sedimentary basins in Tanzania, and a huge gas field was discovered in the Lower
Cretaceous sandstones of Songo Songo Island, southern Tanzania (Kajato 1993).
The first gas discovery on Songo Songo was made by the Agip Oil Company in
1974, and the search for oil and gas in this region has been continuous up to the
present day. The Songo Songo gas discovery brought interest from many
international oil companies, and in 1982 the Agip Oil Company declared another gas
discovery in southern Tanzania (the Mnazi Bay Gas Field), with reservoirs
developed in Upper Cretaceous sediments. In 2007 a French oil company, Maurel &
Prom, declared another discovery, the Mkuranga Gas Field, stored in Lower
Cretaceous sediments. This was followed in 2008 by confirmation of the KiliwaniNorth Gas Field, discovered by the Ndovu & Aminex Oil Company in Neocomian
sediments. The most recent major gas discovery, the Ntorya Gas Field, was declared
in 2012 by Ndovu Resources, in Upper Cretaceous sediments. As can be seen from
the major gas discoveries made to date, the Cretaceous-Cenozoic strata have thus far
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proven to be the most productive natural gas horizons in the Tanzanian sedimentary
basins (TPDC 2005).

1.1

Previous work related to hydrocarbon exploration in Tanzania

Despite the fact that there have been a number of hydrocarbon discoveries in
Tanzanian basins, little detailed scientific research has been conducted and even less
has been published. Due to the ways in which exploration contracts were originally
arranged, most of the scientific studies have been kept confidential by the oil
companies who performed the work, and not shared with TPDC. The majority of the
sedimentary successions are still poorly known, stratigraphic nomenclature is not
fully developed, few biostratigraphic studies have been completed, and little if
anything is known of the potential hydrocarbon source rock quality or maturity, and
no burial history modelling has been published for any of the sedimentary basins.
To deal with previous work in order of publication date, the first notable
work was by Ntomola and Abrahamsen (1985) who studied Permian source rocks
and hydrocarbon distribution from the Coastal Basin. A few years later Norconsult
International TPDC (1986), Kagya (1987) and Kagya et al. (1991) examined the
Nyasa Rift Basin (Permian) and oil shows from the southern part of the East African
Rift Valley. Kagya (1996) presented a geochemical characterisation of Triassic
source rocks from the Mandawa Basin. Mpanju et al. (1998) studied hydrocarbon
potential of the Permian sediments and Semkiwa et al. (1998) concentrated on the
geology, petrology and organic geochemistry of the sediments from Songwe-Kiwira
coalfield (Carboniferous-Triassic). Mpanju & Philp (1991) focused on the
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bituminous sands from Msimbati in the Wingayongo area (Early-Mid Jurassic) and
condensate from Tundaua (Mid-Eocene) on Pemba Island.
By studying a series of borehole core and cuttings samples of Cretaceous to
Cenozoic age, the present study therefore seeks to provide a better understanding of
the (bio)stratigraphy (via palynological studies), the composition and quality of
sedimentary organic matter within the sediments (through palynofacies and organic
geochemical studies), and to determine thermal maturities (vitrinite reflectance
analysis) and burial histories of the successions studied.

1.2

Geological setting

The geology of Tanzania is dominated by Precambrian basement rocks
covering the western and central part of the country, followed by the series of the
Palaeozoic-early Mesozoic (‘Karoo’) sediments in the central and southern parts of
the country that represent restricted onshore basins. In addition, there are a series of
Mesozoic-Cenozoic onshore basins along the eastern margin of the country, and a
series of nearshore shallow offshore basins, and further offshore a series of deep
water basins as shown in Figure 1.1.
The tectonic development of the Tanzanian sedimentary basins and the East
African Rift System (EARS) is related to the breakup of Gondwana and the eventual
separation of the African and Madagascan land masses (Kent et al. 1971, Watkins et
al. 1992, Schluter and Hampton 1997). Two major rifting phases were involved in
the development of these basins (Nilsen et al. 1999). The first, known as the Karoo
rifting phase, lasted from the Late Carboniferous (~300 Ma) to the Permo-Triassic
(~210 Ma), whereas the second phase began later in the Mesozoic (200-157 Ma).
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The tectonic development of the EARS began around 35 Ma and continues to the
present day (Salman & Abdula 1995).
The opening of the onshore and offshore basins of eastern Tanzania began in
the Permian to earliest Jurassic (Nilsen et al. 1999), and it was during the Jurassic
that the Madagascan microplate and other areas of the eastern Gondwanan
supercontinent rifted away from Tanzania, Kenya and Somalia, as a result of the
development of the Davie Ridge Fracture Zone transform fault (Kent et al. 1971),
and the generation of new ocean crust in the opening West Somali Basin (Klimke
and Franke 2016).
However, the timing of the opening of the West Somali Basin is uncertain,
with estimates of between ~155 and ~167 Ma (Coffin & Rabinowitz 1987, Gaina et
al. 2013; Klimke and Franke, 2016). Klimke and Franke (2016) propose a more
southerly location for Madagascar prior to the breakup of Gondwana, and question
the extension of the Davie Fracture Zone as far north as offshore Tanzania and
Kenya as has previously been supposed (Fig. 1.2). The coast of Tanzania then
developed as a passive margin (Kent et al. 1971, Collins 2003, Nicholas et al. 2006).
Subsequently, the Mascarene Basin opened between Madagascar and India (Kent et
al. 1971, Collins 2003, Nicholas et al. 2006).
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Figure 1.2. Schematic sketch showing the opening of the West Somali Basin
according to Klimke and Franke (2016). (A) In the Middle Jurassic (c. 175 Ma),
breakup between East Africa and Madagascar occurred by the southwestward
propagation of NW–SE directed oblique rifting and subsequent seafloor spreading.
(B) Late Jurassic (c. 150 Ma): the SW-trending oceanic propagator joins with a N–Soriented transform fault located between Madagascar and Mozambique. (C) Early
Cretaceous (c. 135 Ma): N–S to NNW–SSE-trending seafloor spreading in the West
Somali and Mozambique Basins progresses. (D) Late Cretaceous (c. 80 Ma):
seafloor spreading in the West Somali Basin has finished, and Madagascar has
reached its present-day position. COT, Continent–Ocean Transition. (From Klimke
and Franke 2016).
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The opening of the Mascarene basin between Madagascar and India began in
mid-Cretaceous when tectonic activity shifts away from East Africa, developing a
passive margin along the coastal zone of Kenya and Tanzania which persisted until
the Early Miocene (Kent et al. 1971, Collins 2003, Nicholas et al. 2006).
Later, during the Miocene, the extension of the East African Rift System
southward through Kenya and into the northern regions of Tanzania resulted in the
development of the north-west to south-east trending Pangani Rift System (Fig. 1.3),
resulting in the final phase of the opening of the shallow basins along the coastal
zone of Tanzania, into the Mozambique Channel (Kent et al. 1971). The most recent
fill of the marginal onshore basins of Tanzania consist of Neogene to Pleistocene
sediments, and extension is still continuing to the present day (Mpanda, 1977).
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Figure 1.3: Simplified map of Tanzania showing the main structural elements during
the Cenozoic along coastal and northern Tanzania, superimposed on simplified
offshore residual Bouguer and bathmetry data to highlight the Davie Ridge and
fracture zone. The inset map shows the dominantly north-west-east fault system of
the coastal zone between Kilwa and Lindi (Nicholas et al. 2007)
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1.3

STRATIGRAPHY OF THE TANZANIAN BASINS STUDIED:

This study has examined core samples from four shallow boreholes from the
Tanzania Drilling Project (TDP) sites 21, 24, 36 and 37 which were cored in the
onshore basins along the southeastern coastal region of Tanzania. In addition,
cuttings samples from four exploration wells from the shallow offshore basins have
been studied: Msufi # 1, Mtiki # 1 and Mkongo # 3. These latter samples came from
boreholes drilled on Songo Songo and Mafia islands. Finally, cuttings from one
further exploration well - Mvule #1 - have been studied from the Deep Offshore
Basin. To provide context for these study materials, there follows an introduction to
the historical development of our understanding of the geology and stratigraphy of
the regions in which these boreholes were drilled.

1.3.1

The onshore sedimentary basins

The coastal sedimentary belt of Tanzania starts from the Kenyan border in
the northern part of the Tanzanian mainland, broadening slowly around the central
mainland area (around the capital, Dar-Es-Salaam), and continues to the southern
mainland at the Mozambique border (Fig. 1.4).
The earliest geological and stratigraphic descriptions of the area include the
work of Bornhardt (1900), but little further work was completed until the joint
exploration work by the British Petroleum Company (BP) and Shell International Oil
Company on the mainland and nearby islands of Pemba, Zanzibar and Mafia in the
1950s. The exploration work by these oil companies involved geological mapping,
stratigraphic and palaeontological investigations, and reports were kept with the
Tanganyika Territory Geological Survey.
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The seminal work of Kent et al. (1971) produced the first accurately defined
formation descriptions, naming individual rock units according to the area in which
they were best developed, and supplemented field studies with borehole data
produced by the former Tanganyika Territory Geological Survey. These formation
names have been adopted by all other workers since Kent et al. (1971). More
recently the extensive work by the scientists involved in the Tanzania Drilling
Project (TDP) has provided much more detail concerning Tanzanian geology and
stratigraphy, specifically of the Cretaceous-Neogene successions of southern coastal
Tanzania, focussed on the Kilwa and Lindi areas and based on both fieldwork and
the study of a series of shallow borehole cores.

1.3.2

The stratigraphy of onshore basins along coastal Tanzania

The northern part of the mainland comprises of Permo-Triassic Karoo and
Mesozoic sediments. These outcrops have been known since the work of Bornhardt
(1900). The Karoo rocks are exposed in Tanga and west of Dar-Es-Salaam around
the Ngerengere area (Kent et al. 1971), and comprise of sandstones and siltstones
resting with a conglomeratic base on Precambrian basement rocks. Regions adjacent
to the Ngerengere beds expose early-middle Jurassic limestone and overlapping the
early Cretaceous (Albian) rocks in Chalinze area. Cretaceous rocks are interrupted
by continental Neogene beds around Wami River (Kent et al. 1971).
The central part of mainland Tanzania includes the greater part of the Dar-EsSalaam area. Apart from some Karoo outcrops described by Spence (1957) of the
Tanganyika Geological Survey, the oldest rocks exposed between the Ruvu and
Rufiji areas are characterised by green, frequently silty marine shales with occasional
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fine grained sandstone beds, described as of Neocomian age and identified as the
Kipatimu Beds (Stockley 1943, Kent et al. 1971). Paleogene rocks indicated by
early Miocene fauna have been recognised in the Pugu area (Kent et al. 1971), and
non-marine Neogene-Recent sediments were deposited in the coastal lowlands in
areas around the Ruvu and Rufiji valleys around Dar-Es-Salaam (Kent et al. 1971).
The southern mainland includes the coastal areas between the Rufiji River
and Ruvuma River (the latter forming the national boundary with Mozambique).
Karoo rocks are exposed at Matumbi Hill, characterised by massive brown
sandstones, red mudstones and silty interbeds, with fine-grained limestone nodules.
This unit is overlain by the middle and upper Jurassic sediments representing a
marine transgression, consisting of marls and sandstones in the Mandawa-Pindiro
areas. Above these marine sediments lie lower Cretaceous (Aptian) limestones,
exposed westward and southward of the Mandawa area, overlain by grey marine
clays, which continued to be deposited through the middle Cretaceous and into early
Cenozoic, although later Cenozoic sedimentation is represented by shallow water
limestones (Kent et al. 1971).
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Figure 1.4: Simplified regional divisions of the onshore basins along the coast of
Tanzania (after, Kent et al. 1971) Key inserted

More recent studies of the eastern onshore basins of Tanzania has been
provided by Kajato (1982), Mpanda (1997), Kapilima (2003) and latterly by
Nicholas et al. (2006, 2007). Kajato (1982) synthesised the general evolution of the
sedimentary basins and commented on the petroleum potential in Tanzania. Mpanda
(1997) concentrated on the geological development of the eastern onshore basins,
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and Kapilima (2003) described the tectonic and sedimentary evolution of Tanzania
during the Mesozoic. Most recently, Nicholas et al. (2006, 2007) detailed field
studies investigating the stratigraphy and sedimentology of sediments from southern
Tanzania, particularly the Mesozoic and Cenozoic of the Kilwa and Lindi areas,
which were previously poorly understood.

1.3.3

The stratigraphy of the shallow offshore basins

The earliest reference describing the stratigraphic units along the coast of
Tanzania was made the Kent et al. (1971). He mentioned the distribution of the Early
Cretaceous sediments on Mafia Island. These sediments were deposited during a
series of transgressive events into the shallow offshore basins, producing sequences
of uniform marls and clays prograding along the continental margin. He described
Lower Cretaceous unit as the Kipatimu Formation. Veeken & Titov (1996) and
Mpanda (1997) described the Upper Cretaceous Ruaruke Shale Formation, and
recognised a single unit they called the Mafia Shale Formation, which was overlain
by the Miocene Mikindani Formation (sometimes known as the ‘Mafia carbonates’).
The formation names of Kent et al. (1971), Veeken & Titov (1996) and Mpanda
(1997) will be adopted in this work, where possible, for the three exploration wells
from the shallow offshore basin (Msufi # 1, Mtiki # 1 and Mkongo # 3 from Songo
Songo and Mafia islands) (Fig. 1.5).
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Figure 1.5: Stratigraphic logs of Msufi# 1, Mtiki #1 & Mkongo # 3
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1.3.4

The stratigraphy of the southern onshore basins

The four shallow cores collected by the Tanzanian Drilling Project (TDP) that are
studied in this work (sites 21, 24, 36, 37) all come from the onshore sedimentary
basins along the southern coast of Tanzania.
The drilling of the first TDP shallow boreholes along the coast between
Kilwa and Lindi in 1998, resulted in a more detailed understanding of the geology of
southern coastal Tanzania, which was subsequently described by Nicholas et al.
(2006). For the first time these authors were able to resolve the depositional history
for the sedimentary fill of these marginal basins, and were able to describe the
structural evolution of these basins over the past 85 Ma. They formally defined four
formations in the Kilwa Group: the Nangurukuru, Kivinje, Masoko and Pande
formations. The identified Kilwa Group present the Upper Cretaceous and Paleogene
and become partly conformable in the Lindi area (figs. 1.6 & 1.7).
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Figure 1.6: Simplified geological map of the Kilwa Peninsula. (From Nicholas et al.
2006)
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Figure 1.7: Simplified geological map of the Lindi Bay area. (From Nicholas et al.
2006).

1.3.5

Description of the Kilwa Group formations

The summary of the previous stratigraphic schemes used in the Kilwa and
Lindi areas are shown in Figure 1.8 below. The earliest stratigraphic terminologies
for the Lindi area were by Bornhardt (1900), Scholtz (1911), Oppenheim (1916) and
Haughton (1938). These authors described Paleogene sediments as the Kitulo Beds
(Lower Eocene-Lower Oligocene) and Miocene sediments as the Lukuledi Beds
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from the Lindi area. The Lukuledi Beds were informally recognised on the southern
side of Lukuledi River at Kitunda near Lindi. These beds were greyish-yellow to
reddish fossiliferous limestone, angular-subrounded quartz pebbles and shell
fragments (Nicholas et al. (2006). The Lukuledi Beds were subdivided into two
informal units (the Lindi Uppermost Beds and underlying Kitunda Beds). Limestone
series exposed from Lindi Town to Kitulo Hill was referred as the Kitulo Beds.
The first field surveys by the joint BP-Shell expedition to the former
Tanganyika were conducted in the 1950s, producing internal reports, stratigraphic
sample lists and geological maps for the Kilwa and Lindi areas. Terris & Stoneley
(1955) recognised Upper Cretaceous, Paleocene, Middle Eocene, Upper Eocene and
Miocene units, which were dominated by marls and clays with subordinate
sandstone in the Kilwa area. Martin (1957) recorded a Paleocene and Middle
Eocene clay-dominated succession in the Lindi area and Oligocene clays in Lindi
Creek.
The Upper Cretaceous sequence exposed between Matandu and
Nangurukuru junction was described during the excavations of a new road in the
mid-late 1980s by Gierlwski-Kordesch and Ernst (1987), Ernst and Schlüter (1989),
and Zander (1993). The name ‘Kilwa Group’ was introduced by Schlüter (1997), for
clays, marls and silty clays containing deep-water Nereites ichnofacies, although no
definitions for the Kilwa Group lithostratigraphic units were provided.
Balduzzi et al. (1992) extended the succession down into the Lower
Cretaceous by describing the Kihuluhulu and Kingongo marls from a borehole in the
region, which Veeken and Titov (1996) showed were overlain by the Upper
Cretaceous Ruaruke Shale Formation. Mpanda (1997) recognised that the Ruaruke
was itself overlain by a single unit he identified as the Mafia Shale Formation, above

1-19

which was a unit shown to be of Miocene age (the equivalent of the Mikindani
Formation).

Figure 1.8: Early stratigraphic schemes for the Lindi and Kilwa areas. (From
Nicholas et al. 2006)

The TDP expedition to southern Tanzania were able to make a detailed study
of the poorly known stratigraphy and provided formal definitions of the formation
names of units in the Kilwa and Lindi regions. They provided the first formal
definition of the Kilwa Group (previously used informally by Schluter 1997), the
name of which originated from the three towns in the Kilwa region (Kilwa Kisiwani,
Kilwa Kivinje and Kilwa Masoko; Nicholas et al. 2006). This group comprised,
from oldest to youngest, the following formations: the Kingongo Marls, Lindi,
Nangurukuru, Kivinje, Masoko and Pande formations (Fig. 1.9), of CretaceousPaleogene age. These units lie below an Early Oligocene –Miocene unconformity,
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above which lie Neogene sediments. In Kilwa Creek, Miocene clays rest
unconformably on Lower Eocene sediments (Moore et al. 1963).
The Kilwa Group is represented by homogeneous claystones and marls
which accumulated during the subsidence of the passive margin of southern coastal
Tanzania. The Upper Cretaceous and younger units are better exposed in areas
around Lindi Bay about 140 km to the south-south-east (SSE) of Kilwa (Nicholas et
al. 2006).
The present study focusses on two formations, the Lindi and Nangurukuru.
The Lindi Formation comprises a Lower-Upper Cretaceous succession of AlbianSantonian age, and can be found exposed between Kilwa and Lindi. This formation
is characterised by dark grey claystone and siltstone interbeds, finely laminated
intervals, and minor sandstones, and was penetrated by three of the TDP boreholes in
the present study (sites 21, 24 and 36).
The Nangurukuru Formation consists of Upper Cretaceous sediments and is
only found in the Kilwa area, it is of early-late Maastrichtian age, and is comprised
of medium-dark olive grey massive claystones. The lower part of the TDP Site 37
core spans this formation.
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Figure 1.9: New chrono-lithostratigraphic scheme for the Kilwa Group, as defined
by Nicholas et al. (2006).

1.4

CRETACEOUS PALYNOFLORAL PROVINCES

The biostratigraphic analyses conducted in the present study have focussed
on sample material of Cretaceous age, and in this context it is necessary to provide a
context for the palynological results in terms of the palaeogeographic and floral
situation at that time in the geological past. During the mid to late Cretaceous,
Tanzania was located in the “Transitional” palynofloral province of Herngreen et al.
(1996; Fig. 1.10). This area represented a zone where two much larger floral
provinces overlapped: the Albian-Cenomanian Elaterates Palynofloral Province to
the north and the early Cretaceous-Cenomanian southerly Trisaccates Province
(Herngreen et al. 1996).

1-22

The characteristic palyonological taxa of the mid Cretaceous Elaterates
Province are found in strata extending as far as 30ºN and 30ºS, and include such
distinctive taxa as Afropollis, Schrankipollis and Pennipollis spp. (which occur
widely across Africa), and the elaterate group of pollen that are common in the
Cenomanian of West African basins. Both these two groups of terrestrial
palynomorphs are commonly used as Albian-Cenomanian indicators in western to
northeastern Africa (Jardine & Magloire 1965; Kaska 1989, Herngreen et al. 1996;
Schrank 1990, 1994, 2001, 2005, 2010, 2017; Eisawi et al. 2012; Deaf et al. 2014;
Atta-Peters 2013; Atta-Peters et al. 2016; Cole et al. 2017).
Indeed, species of these more northerly elaterates have been sporadically
recorded from the areas that were within the Transitional Province, such as
Patagonia (Barreda & Archangelsky 2006; Archangelsky et al. 2009; Pramparo et al.
2016.), and even Tanzanian borehole material (Srivastava & Msaky 1999).
Conversely, assemblages from the Trisaccates Province may include such
geographically widespread spore taxa as Cicatricosisporites, Classopollis,
Cycadopites, Podocarpidites, Ruffordiaspora, which have been reported in
assemblages from the Kimmerdgian-Aptian successions of the Upper Tendaguru
Beds of Tanzania (Schrank 2010), and can also be found in palynological
assemblages from present day western Australia.
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Figure 1.10: The distribution of palynofloral provinces on a palaeogeographic
reconstruction of the early-mid Cretaceous southern hemisphere, showing the
position of present day Tanzania and the location of the Transitional Palynofloral
Province (Herngreen et al. 1996)
GIB-Greater India Basin; MB-Mozambique Basin; NSB-North Somali Basin; MMadagascar.
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1.5

PREVIOUS PALYNOLOGICAL AND OTHER
MICROPALAEONTOLOGICAL RESEARCH ON TANZANIAN
SEDIMENTS

There have been few previous palynological studies of Tanzanian sediments
in a similar manner to the relative paucity of those describing general geological and
hydrocarbon exploration results. However, those few studies which have been
conducted include the work of Bornhardt (1900), which represents the first research
on the Cretaceous and Paleogene sediments along the coast of Tanzania. He
investigated palynological assemblages recovered from the outcrop sections of the
Kipatimu Formation, southern Tanzania.
Balduzzi et al. (1992) recorded palynomorphs from the Mesozoic Karoo and
post-Karoo formations of the Kilwa area of southern coastal Tanzania. Srivastava
(1994) provided a palynological study of middle Cretaceous sediments of southern
coastal Tanzania.
Msaky (1995) studied the Cretaceous sediments in the Rufiji Basin, dating
these sediments as Early (Late Albian) to Late Cretaceous (Senonian), whilst
Srivastava and Msaky (1999) recorded Albian-Cenomanian microfloral assemblages
from coastal Tanzanian sample material. Schrank (1999, 2005) documented the
palynology of the Upper Jurassic-Early Cretaceous strata from the Tendaguru
Formation. Msaky (2000) studied the Carboniferous to Tertiary micropalaeontology
of the Southern African Developing Countries (SADC) region. Msaky (2011)
established biozonal schemes based on mid Jurassic-earliest Cretaceous palynofloras
from coastal of Tanzania.
A number of publications based on the TDP cores include those involving
studies of lithostratigraphy, biostratigraphy, palaeoceanography, palaeoecology, total
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organic carbon (TOC), evolution studies and climate reconstructions. Clarification
of the stratigraphic records and formation names in the Kilwa and Lindi regions was
conducted by Pearson et al. (2001) and Nicholas (2004), followed by
biostratigraphic studied that focused on the planktonic foraminiferal, calcareous
nannofossil and palynology by Pearson et al. (2001, 2004, 2006 and 2007), Stewart
et al. (2004), Brown (2005), Bown & Dunkley (2006), Lees (2007), Bown et al.
(2008), Jiménez Berrocoso et al. (2010, 2012). Other studies of geochemistry,
chemostratigraphy, palaeoecology and paleoceanography studies were carried out by
Falzoni and Petrizzo (2011), Wendler et al. (2011, 2013), Falzoni et al. (2013),
MacLeod et al. (2013), Wendler and Bown (2013), Huber and Petrizzo (2014).
Unpublished palynological work includes that of Mayagilo (1989) who
studied the palynology of the Songo Songo # 7 well from southern Tanzania, Mkuu
(2012) who examined Paleogene sediments from TDP sites 1-20 and Mvamba
(2016) who investigate Late Cretaceous sediments from TDP sites 21 and 24.
In light of the above studies and huge discoveries of natural gas, further
studies of organic richness, source rock quality and hydrocarbon potential in these
and other areas of Tanzania, both onshore and offshore is required to inform future
prospecting activity.
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1.6

SEDIMENTARY ORGANIC MATTER AND THE FORMATION OF
HYDROCARBONS
Hydrocarbons (oil and gas) are formed from certain types of organic matter

which have been buried in successive layers of sediments and then later thermally
matured over a period of time to form source rocks. When buried, bacterial activity
will start to decompose the organic matter (i.e., under low temperatures and
pressures), and as the organics are buried under successively thicker piles of
sediment, temperature and pressure will increase and chemical reactions then break
down and chemically alter the organic materials into kerogen (particulate insoluble
organic matter). It is from these kerogens that hydrocarbons are produced at suitable
temperatures and pressures (Tissot & Welte 1978, 1984, 2012).
There are different parameters which influence the hydrocarbon potential of
the source rock, these include the amount of organic carbon present in the sediment,
the total organic carbon (TOC). A TOC content over 1% is regarded as a good
source rock (Tissot & Welte 1978, Margoon & Dow 2009; Fig. 1.11 & 1.12).
However, TOC is not the only important parameter to consider when assessing
hydrocarbon potential, as it is also necessary to determine the quality of the organic
matter content by identifying the type of organic matter present in the sediments.
This can be done both visually using microscope analysis and also by a variety of
geochemical means.
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Figure 1.11: Geochemical parameters describing potential source rocks. The
parameters S1 and S2 are derived from Rock Eval pyrolysis analyses. (After
Magoon & Dow 2009)

Figure 1.12: Geochemical parameters describing kerogen types and the type of
hydrocarbon product that is expelled from them after suitable thermal maturation.
(After Magoon & Dow 2009)

The different types of organic matter are classified as kerogen ‘types’ based
on their biological origin and organic geochemistry. There are four such kerogen
types, which are booth numbered and given names derived from coal petrological
analysis. Algnite/liptinite or Type I kerogen is comprised of amorphous organic
matter produced from the degradation of algal bodies and also certain types of
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planktonic remains with high Hydrogen values (HI indices) (e.g., Botryococcus,
etc.). Exinite or Type II kerogen comprises structured microfossils of algal or
terrestrial plant origin, such as spores and pollen (from the walls of which the term
‘exine’ comes), organic-walled plankton and plant cuticle, produce. Vitrinite or
Type III kerogens are derived from cell wall materials and woody tissues of
terrestrial plants. Inertinite or Type IV kerogens are terrestrially derived oxidized
wood particles (Fig. 1.13).

Figure 1.13: A van Krevelen diagram plotting the hydrogen and oxygen indices of
the four different kerogen types. The patterns represent the types and amounts of
hydrocarbons generated from those kerogens under suitable conditions of thermal
maturation. (From McCarthy et al. 2011).
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These different kerogen types have different compositions, and these
compositional differences render some forms of kerogen more hydrocarbon-prone
than others. This can be measured by atomic elemental ratios for hydrogen, oxygen
and carbon. The ratio of hydrogen to carbon (H/C) or Hydrogen Index (HI) is an
important diagnostic tool for assessment of source rock quality. It is considered that
thermally immature hydrogen-rich organic matter has a high oil generative potential.
Such values are possessed by Type I kerogen, or alginite, with H/C > 1 or HI > 300),
and as such a sediment containing Type I kerogens has the best source rock quality.
Conversely, kerogens with a lower H/C or HI content are lower quality organic
sources and provide only gas generative potential. Type IV kerogen or inertinite has
very low H/C and HI values and produces at best only small volumes of dry gas
(Tissot & Welte 1978, 1984; Magoon & Dow 2009; McCarthy et al. 2011: Fig 1.14).
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Figure 1.14: A van Krevelen dagram plotting the hydrogen and oxygen indices of the
four different kerogen types. The colours represent the types and amounts of
hydrocarbons generated from those kerogens under suitable conditions of thermal
maturation. (From McCarthy et al. 2011).

These four kerogen types are based on geochemical properties. However,
these kerogens types can also be identified optically, and the biological origins of the
different forms of organic matter can be determined using the light microscope. In
this way organic particles freed from the sediment matrix by acid maceration can be
divided into maceral groups (Fig. 1.15: Plate 6). The first group of macerals are all
structured terrestrial plant debris (both fresh and degraded). This maceral group can
collectively be referred to as ‘phytoclasts’, and includes black wood (Type IV
kerogen), brown wood (Type III kerogen) and plant cuticles (Type II). The
palynomorph maceral group (Type II kerogens) includes marine and non-marine
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organic-walled plankton and terrestrially derived spores and pollen, etc. Lastly,
degraded microbial materials or sapropelic gels from marine or lacustrine sediments
produce amorphous organic matter (AOM; Type I kerogen) as described by
Bergreen et al. (1990). In the petroleum industry, the type and abundance of organic
maceral particles present in a given sediment are analysed to assess source rock
quality and to determine the changes in sedimentary depositional environments, this
is known as palynofacies analysis.

Figure 1.15: Palynomaceral classification for the purposes of optical palynofacies
analysis. (After Bergreen et al. 1990).
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1.7

THERMAL MATURATION OF SEDIMENTARY ORGANIC
MATTER

Whilst a given sediment may contain sufficient amounts and sufficient
quality of organic matter, that body of sediment will only realise its hydrocarbon
‘potential’ if the organic matter has been heated to sufficient temperatures to
generate commercially viable volumes of hydrocarbon products. This usually
happens due to deposition of younger sediments which progressively bury the
organics to deeper depths, and under these conditions temperature and pressure
increase and the organic matter matures and expels hydrocarbons. The level of
thermal maturity is thus a critical indicator to determine whether or not the threshold
levels of thermal maturation have been reached and hydrocarbons generated.
Thermal maturity levels can be measured by vitrinite reflectance (Rv %) analysis,
which is measured as the percentage of white light reflected from polished surfaces
of particles of the vitrinite maceral when observed under oil immersion microscopy.
There is a relationship between the vitrinite reflectance, burial depth, subsurface
processes and hydrocarbon generation (Fig.1.16).
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Figure 1.16: Relationship between thermal maturity indices, maturity stages,
temperature and burial depth in hydrocarbon generation, showing the oil and gas
‘windows’ (Crain 2000)

Tissot & Welte (1984) showed that vitrinite reflectance increases with depth;
low rank vitrinite < 0.5% Rv values indicate thermally immature sediments, vitrinite
reflectance ranges from 0.5-1.0% Rv indicate sufficient thermal maturity for light
liquid hydrocarbon generation. Values of 1.0-1.5% Rv indicate maturities suitable
for condensate generation, whereas dry gas generation occurs at maturities between
1.5-3.0% Rv. Sediments become post-mature at levels of > 3% Rv. (Fig. 1.17)
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Figure 1.17: Relationship between thermal maturity indices, maturity stages,
temperature and burial depth in hydrocarbon generation, showing the oil and gas
‘windows’ (Crain 2000)

Sedimentary organic matter is transformed to hydrocarbons as a result of heat
flow within the basin, and here time and temperature play a major factor in the
generation of hydrocarbons. Maturation of the source rock occurs in three stages,
diagenesis, catagenesis and metagenesis, as shown in Figure 1.18. Source rocks are
immature below about 50° C, where kerogen and bitumen are formed in the first
stage of maturation, diagenesis; during this stage biological and chemical reactions
occur under anaerobic conditions. With and increase burial depth and temperature to
between ~50°-150° C, the catagenesis stage, source rocks become thermally mature
and with suitable organics present can produce light liquid oils and wet gas. By the
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time sediments have been buried more deeply and still higher temperatures (>150°
C) reached in the metagenesis phase, the organic matter will produce only dry gas ,
and above this all volatiles are driven off from the organics, leaving refractory
carbon behind.

Figure 1.18: Three stages of kerogen transformation and the products generated.
(From McCarthy et al. 2011)
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1.8
1.8.1

AIMS & OBJECTIVES
Aims:

The main aims of the present study are as follow: 1. To determine the source rock potential of the Cretaceous sediments from the
subsurface of Tanzania for organic matter richness, type and thermal maturity
2. To stratigraphically sub-divide the Cretaceous sediments using both palynofacies
and dinoflagellate cysts

3. To understand the petroleum system by combining palynostratigraphy and source
rocks with burial history

1.8.2 Objectives:
In order to achieve the above aims the following analyses were carried out:
1. Samples were analysed for the total organic carbon content (TOC%) to
determine the organic richness of the sediments

2. Sedimentary organic matter was examined and the proportion of different
kerogen types determined. Palynofacies analysis was used to define time
constrained assemblages and how these relate to sedimentary environments.

3. Dinoflagellate cysts were identified, their stratigraphic ranges determined and
used to define a series of bioevents based on first appearances downhole.
Vitrinite reflectivity measurements were used to reconstruct thermal maturity
gradients cross-checked with spore colour and fluorescence estimates.
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4. The data acquired from source rock characterisation, vitrinite reflectivity and

sub-surface stratigraphy was combined to produce burial models using Genesis
and determine when, what type and from what source rocks hydrocarbons were
generated.
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CHAPTER 2
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Chapter 2
2.0

MATERIALS AND METHODS

2.1

Introduction
This chapter deals with the methods used in the present study to examine

samples provided by the Tanzania Petroleum Development Corporation (TPDC)
from exploration boreholes drilled in Tanzania by a variety of different international
oil companies, and shallow boreholes drilled as collaborative projects between the
TPDC and the universities of Cardiff and Dublin in southern Tanzania. All samples
were processed in the Palynology Laboratory at the department of Ocean and Earth
Sciences at the University of the Southampton.
The combination of palynofacies, palynological and organic geochemical
analyses were carried out using different laboratory methodologies, chemicals,
microscopes and software programs, which are described in detail here.

2.2

Materials
A total of two hundred and seventy cuttings samples were processed from

three wells from the Tanzanian shallow offshore basin (Msufi # 1, Mtiki # 1 and
Mkongo # 3), and one hundred cuttings samples were processed from borehole
Mvule # 1 drilled in the Deep Offshore Basin. These exploration wells were targeted
to identify oil and gas potential in these offshore basins. An additional twenty-seven
core samples from shallow boreholes from southern Tanzania as part of the
Tanzanian Drilling Project (TDP) sites 21, 24, 36 and 37 were also examined for this
study. These TDP cores drilled in order to better understand the litho- and bio-
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stratigraphy of the Cretaceous and Paleogene geology of southern Tanzania, and
have also been analysed for organic geochemistry, palaeoclimatic and
palaeoceanographic purposes. The text below details the locations of the study sites
in the chronological order in which the boreholes were drilled (Fig. 2.1).

Figure 2.1: Location map of the studied wells (1-Msufi # 1: 2-Mkongo # 3:3-Mtiki #
1: 4-Mvule # 1: 5-TDP Site 37: 6-TDP Site 36: 7-TDP Site 21: 8-TDP Site 24)
(After TPDC 2005)

The Mkongo # 3 well (08° 13 19S and 39° 29 46E), was drilled on
SongoSongo Island by the Tanzania Petroleum Development Corporation (TPDC) in
1977 to a total depth of 2,286 m. The well spans Early Cretaceous-Early Miocene,
penetrating three formations (from oldest to youngest): the Kipatimu, ‘Shales/marls’
and ‘Miocene sands’ formations: Fig. 2.2).

2-2

The second well to be drilled, Msufi # 1 (07° 53 05S and 39° 45 09E),
was on Mafia Island in 2008 by the French Company Maurel & Prom to a total depth
of 5,632 m. The well range from Early Cretaceous-Early Miocene, penetrating four
formations (from oldest to youngest): the Kipatimu, Ruaruke, Mafia Shales and
Mikindani formations (Fig. 2.2).
The third study well, Mtiki # 1 (08° 33 33S and 39° 30 46E), was drilled
in the southern part of SongoSongo Island by Ndovu Resources & the Aminex
Company in 2008 to a total depth of 2,050 m. The well spans the Early CretaceousEarly Miocene, covering three formations (from oldest to youngest): the Kipatimu,
‘Shales/siltstone’ and ‘Miocene sands’ formations (Fig. 2.2).
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Figure 2.2: Stratigraphic logs for the three wells from shallow offshore basin (Msufi
# 1, Mtiki # 1 and Mkongo # 3)

The fourth study well, Mvule # 1 (07° 49ʹ 30ʹʹS and 40° 14ʹ 24ʹʹE), was
drilled in the Block 5 Offshore Tanzania by Ndovu Resources & the Aminex
Company in 2008 to a total depth of 4,832 m. The well ranged from Early-Late
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Cretaceous, penetrating six lithological units (from oldest to youngest): the Shale,
Sands, Shale, Laminated Mudstone, Marls and Sands units (Fig. 2.3).

Figure 2.3: Stratigraphic log for the Mvule # 1 well from Deep Offshore basin

Four shallow boreholes from TDP site 21, 24, 36 and 37 were drilled
between 2007 and 2009 in Kilwa and Lindi regions in southern Tanzania. The TDP
boreholes were drilled by the Universities of Cardiff, UK and Dublin, Ireland in
collaboration with the Tanzania Petroleum Development Corporation. For the first
time, the TDP expedition to southern Tanzania has been used to reconstruct the
poorly known stratigraphy and verified new formation names between Kilwa and
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Lindi regions (from oldest-youngest): Kingongo, Lindi, Nangurukuru, Kivinje,
Masoko and Pande formations).
TDP 24 was drilled at 0.03 km East of Lindi region at the total depth of 74 m
in the Lindi Formation (Fig. 2.4). This borehole spans the upper Albian to lowermiddle Turonian (planktonic foraminiferal Planomalina buxtorfi-Whiteinella
archaeocretacea Zones and calcareous nannofossil zones UC0a-UC8a; Berrocoso et
al. 2015).
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Figure 2.4: Stratigraphic log for the TDP Site 24 from southern Tanzania
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TDP 21 was drilled at 0.6 km SE off the main road to Lindi region at the total
depth of 68.10 m (Fi. 2.5). This borehole penetrated Lindi Formation, representing
the uppermost Cenomanian-Coniacian (Whiteinella archaeocretacea-Dicarinella
concavata Zones and nannofossil zones UC5c-UC10; Berrocoso et al. 2015). The
drilling of this borehole was stopped due to poor recovery of the unconsolidated
sands from the surface to 8.10 m (Nicholas et al. 2006).

Figure 2.5: Stratigraphic log for the TDP Site 21 from southern Tanzania
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TDP 36 was drilled in the south-east of Lindi region at the total depth of 110
m (Fig. 2.6) (Nicholas et al 2004; Pearson et al. 2006). This borehole belongs to the
Lindi Formation, spanning the lower-middle Turonian age (planktonic foraminifera
Whiteinella archaeocretacea to Helvetoglobotruncana helvetica Zones and
calcareous nannofossils subzones UC6b ± UC7; Berrocoso et al. 2015; Fig. 2.6).

Figure 2.6: Stratigraphic log for the TDP Site 36 from southern Tanzania
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TDP 37 was drilled 19.7 km west of Kilwa Masoko in Kilwa region (Fig.
2.7) (Nicholas et al. 2006; Pearson et al. 2006). This borehole penetrates the Kivinje
and Nangurukuru formations at the total depth of 172.1 m, spanning from lowerupper Maastrichtian (planktonic foraminifera Pseudoguembelina palpebra to
Abathomphalus mayaroensis Zones and nannofossils zones UC19 to UC20a TP;
Berrocoso et al 2015), separated by faulted contact from overlying brecciated
carbonates of Selandian (middle Paleocene PF Zone P3 and nannofossil zone NP5;
Berrocoso et al 2015). The upper part of this borehole (2-16 m) belongs to the
middle Paleocene and below these sediments are the Maastrichtian mudstones from
21.35 m-bottom hole (Berrocoso et al. 2015).
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Figure 2.7: Stratigraphic log for the TDP Site 24 from southern Tanzania
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2.3

Total organic carbon (TOC) analysis
In this study, TOC was determined by analysing samples using a Carlo Erba

EA1108 elemental analyser. Samples were dried at 70ºC in an oven, prior to being
ground using a pestle and mortar into powder. Two subsamples were analysed for
each sample: a total carbon (TC) sample and an acidified carbon (AC) sample. Five
to ten grams of each powdered TC subsample was weighed into a tin capsule for
analysis in the elemental analyser. For the AC subsample, another five to ten grams
of each powdered sample was put into a test tube and dispersed using 5 - 10 ml of
Milli-Q water. This sample was then initially decalcified using one to two drops of
37% hydrochloric acid which was added slowly and carefully to avoid overly
vigorous reactions. The sample solution was shaken to mix thoroughly with the acid
and left to permit any reaction to take place until all carbonates were dissolved. The
acidification process was repeated by adding one drop of hydrochloric acid until no
further reaction was observed. At this point 10 ml of 37% hydrochloric acid was
added and left overnight to ensure removal of all carbonates, including dolomite.
Samples were then neutralised using Milli-Q water. These now decalcified (AC)
samples were then dried in the oven at low temperature ready for elemental analysis.
Five grams of each powdered samples from the each of the total carbon (TC)
and acidified carbon (AC) sample sets were weighed into tin capsules for elemental
analysis in the Carlo Erba EA-1108, and sample runs calibrated using two standards
of known carbon content: a low organic carbon sediment standard (LOSS: 1.5%
TOC) and a high organic carbon sediment standard (HOSS: 6.1%).
The elemental analyser measures only the percentage of carbon in each
sample, thus corrections need to be made to calculate the percentage contents of both
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TOC and calcite. The percentage content of TOC is calculated from the TC and AC
values, and must be initially corrected, using the following equation (from Scotney et
al. 2012):

where CT is the total carbon content of the sample (=TC), CA is the carbon content of
the acidified sample (=AC), and 8.33 is the molecular weight of calcite divided by
the molecular weight of carbon. The calcite percentage can also be calculated by
using the equation: 100 × (1 − TOC/CA) = calcite %.

2.4

Preparation of organic residues for palynological analysis
Cuttings samples were washed to minimise any contamination from drilling

mud, whereas core samples were cleaned prior to crushing. Samples were ground to
fragments approximately 2mm in size, and 5 to 10g of sample processed using
‘standard’ palynological techniques, depending on the lithology of the sample
material (e.g., Wood et al. 1996). The samples were placed into labelled nylon
beakers and first treated with concentrated 37% hydrochloric acid to remove
carbonates, being left overnight to ensure complete removal of carbonates. Samples
were then neutralised by repeated dilution with deionised water (demineralised
water), the water that has no mineral ions (cations & anions), such as sodium (cation)
and chloride (anion) and the samples left for at least two hours to settle before the
supernatant is decanted and the sample again diluted. Once the samples were
neutralised, they were then treated with concentrated 60% hydrofluoric acid (HF) to
remove silicates. The samples were carefully stirred and covered with lids (not tight)
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then left overnight to make sure all silicates were properly digested. Following
neutralisation and sieving through a nylon mesh of 15 µm mesh size to remove small
unwanted particles, the sample residues were then boiled in concentrated 37%
hydrochloric acid to remove any precipitated neo-formed fluorides produced during
the HF digestion process. Thereafter, samples were re-sieved through 15µm nylon
sieve mesh. Deionised water was used for the final sieving process, and residues
were stored in labelled plastic vials.
Residues were mounted on glass coverslips and left to air dry, before
mounting onto glass microscope slides using Elvacite 2044 mounting medium ready
for investigation using an Olympus BH-2 microscope.

2.4.1

Palynofacies analysis
Palynomaceral components were classified into three groups (Fig. 2.8):

phytoclasts (both structured and unstructured black and brown wood, plant cuticle,
and poorly or non-structured ‘plant tissue’, such as degraded wood and cuticle);
palynomorphs (marine and non-marine palynomorphs) and lastly, amorphous
organic matter - AOM (structureless sapropelic gel from biodegraded microbial
production in marine/lacustrine sediments). The percentage of each palynomaceral
component was established by counting at least three hundred organic particles in
each slide where possible (Tyson 1995). However, for those samples with low
organic content a minimum of one hundred particles was counted to characterise the
diversity and variability of palynomaceral particles in order to assess changes in
sedimentary environments.
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Figure 2.8: Palynomaceral classification. (After Bergreen et al. 1990).

Similarities between the palynofacies of stratigraphically adjacent samples at
each study site were determined using the Tilia© computer program by running a
stratigraphically constrained CONISS cluster analysis of the palynomaceral
percentage data, using square root transformations of the data according to Edwards
and Cavalli-Sforza and Edward’s (1967) chord distance. For those localities with
sufficient sampling density, these clustered data were used to create palynofacies
zones, i.e., successions of sediment characterised by similar palynofacies
assemblages and thus representing deposition in similar sedimentary environments.
The interpretation of the depositional environments of each palynofacies
group (zones or clusters) was aided by the use of ternary AOM-phytoclastpalynomorph plots (APP plots) after Tyson (1993, 1995). Data from the Excel
spreadsheets containing the paynolomaceral abundances were put into SigmaPlot©
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13.0 software in order to produce the ternary plots for each of the studied boreholes.
The sample positions on the APP plots derived from SigmaPlot were then used for
interpretation of depositional environments using the key palynofacies fields on the
plots following the methods of Tyson (1993, 1995; Fig. 2.9). The positions in which
an individual sample plots also provides an indication of the kerogen type which
dominates that sample, and thus an indication of source rock type and quality (e.g.,
whether the sample is oil- or gas-prone; El Diasty et al. 2014).

Figure 2.9: Ternary AOM-phytoclast-palynomorph (APP) after Tyson (1993, 1995)
and El Diasty et al. (2014). The ternary diagram plots relative abundances of the
three palynomaceral groups found in an individual sample, such that it falls into a
specific part (‘field’) of the diagram. Each of the nine fields of this diagram
represents a different sedimentary environment, shown above, and is dominated by
one or more kerogen type.

2-16

2.4.2

Palynological analysis
A total of two hundred specimens of fossil dinoflagellate cysts (‘dinocysts’),

spores and pollen were identified per sample where possible. The numbers of
individual species and were recorded in MS Excel© spreadsheets, and species range
charts were created using the Tilia© software program. As the majority of the sample
material examined in this study were cuttings samples, to minimise problems of caving
from younger material higher in the borehole as cuttings samples are transported
upwards in the recycled drilling mud for collection at the surface, species range charts
have been created using a top-down approach, recording the first downhole
occurrences (FDOs) and last downhole occurrences (LDOs) of all taxa. These range
charts have enabled the identification of biostratigraphically important palynomorph
taxa and specific ‘bioevent’ horizons within the studied boreholes and cores.
Photomicrographs were made using an Olympus BH-2 microscope fitted
with an Olympus SC30 camera. Images of well-preserved specimens were
processed using the AnalySIS getIT© TWAIN program, and illustrated in plates. The
photomicrographs were taken using a x40 objective, and plates were made so that
specimens appear at x500 magnification of the original specimen size unless
otherwise stated in the plate legends.

2.5

Vitrinite reflectance analysis
Vitrinite reflectance measurements were made on polished sections of

kerogen particles using the method of Hillier & Marshall (1992). To prepare the
samples for analysis, a small amount of residue from each sample was placed onto a
glass coverslip that had been sprayed with PTFE (Polishing thin film epoxy)
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releasing agent, and left to dry in air. The dried cover slip was then attached to a
frosted glass microscope slide using Fastglass resin, which sets using a catalytic
promoter to a hard medium. The coverslip was then removed using a razor blade,
and the exposed resin-embedded kerogen particles surface ground on 2500 grade
emery paper. This preliminary polishing process was followed by successive
polishing steps using 9.5, 3 and 0.5 μm aluminium oxide powder on a Kemet® NSHBM polishing pad on a Kemet Metkon Forcipol 300-IV Grinder using glycerine oil
to fix slides onto the holding plate. Deionised water was used to rinse the slides at
the end of the process.
Measurement of the polished (and thus sectioned) vitrinite particles to
determine reflectance (Rv %) was made using a Zeiss UMSP-50 microscope
configured for reflected white light and equipped with a 40x oil immersion objective.
A range of reflectance standards were used to calibrate the machine: sapphirine
(0.413%), YAG (yttrium aluminium garnet; 0.919%), 3G (gadolinium germanium
garnet; 1.727%) and diamond (5.227%).
Ideally, one hundred vitrinite particles were measured from each sample
where possible, down to a minimum of fifty measurements in samples containing
fewer vitrinite particles. Data were recorded in Excel spreadsheets, and histograms
showing the distribution of vitrinite reflectance values for each sample were
constructed using the Grapher© programme, and each distribution plotted against
borehole depth to permit interpretation.

2.6

Fluorescence analysis
Visual spore/pollen fluorescence colour estimation was used to determine the

level of organic maturity in samples which yielded insufficient vitrinite particles
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(e.g., Robert 1981). Examination of fluorescence colours was made using the
UMSP-50 with an ultraviolet blue light (UV) bulb with a Ploem dichroic filter set 9
(Band pass 450-490 nm and Long pass 520 nm (e.g., Gijzel, 1978, 1979; Robert,
1991).
The sporinite fluorescence intensity and colour changes with increasing
burial depth for both spores and pollen, from white to yellow, yellow to sallow
yellow, then to orange, orange to brown and brown to black, the latter indicating the
highest maturity levels (Robert 1981, Teichmüller 1984).
Data for sporinite colour changes were recorded in Excel spreadsheets with
fluorescence colours replaced by numbers that could be plotted against burial depth
(e.g. 1 = white; 2 = yellow; 3 = sallow yellow; 4 = orange; 5 = brown and 6 = black),
and used to interpret the depths where the sediments being studied have entered the
oil and gas ‘windows’.

2.7

Burial modelling

The burial histories of the investigated wells were modelled against the measured
vitrinite reflectance data. An initial calibration of peak burial temperature, was
determined from the mean random vitrinite reflectance versus measured burial
heating temperature according to Barker and Pawlewicz (1994, in Mukhopadhyay
and Dow, 1994). Equation 1 is used to determine peak temperature estimates from
vitrinite reflectances, and this value is used to start the burial modelling.

Equation 1

T = (lnRv + 1.68) / 0.0124

where T = maximum estimated burial temperature (°C)
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lnRv = natural logarithm of vitrinite reflectance

Data from the Excel spreadsheet containing well thickness and formation
information including lithology and ages were then input into the Genesis© v15.4
software in order to construct burial, thermal, and hydrocarbon generation histories
of the wells studied. Thermal history parameters such as heat flow, geothermal
gradient, water depth and past surface temperature were used to control and build the
models of the studied wells. Cretaceous-Paleogene temperatures described by
Pearson et al. (2007) from bivalve isotopic analyses have been used to provide the
past surface temperatures for the modelling (Fig. 2.10).

The burial profiles derived from Genesis© were then modelled to produce the
calculated vitrinite reflectances from the wells when compared to measured vitrinite
reflectance (Rv) data, in order to assess the veracity and robustness of the subsidence
modelling.
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Figure 2.10: Parameters used in Genesis modelling in the present study of the three
wells Msufi # 1, Mtiki # 1 and Mvule # 1.
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Abstract

This study examines Cretaceous to Recent sedimentary sequences in three wells
(Msufi # 1 on Mafia Island, Mkongo # 3 on SongoSongo Island and Mtiki # 1 in the
southern part of SongoSongo Island), on the southern Tanzanian shallow continental
shelf, using palynofacies, vitrinite reflectance (% Rv) and fluorescence analyses to
evaluate maturation levels, to construct burial models and to determine the
hydrocarbon potential.
TOC (all wt %) values from the Msufi # 1 ranges from 0.1 - 0.8%, whereas in
Mtiki # 1 values range from 0.3 - 3.0% and for Mkongo # 3 values range from 0.3 1.1%.
Palynofacies particles from all wells are characterised by high percentages of
phytoclasts, mainly brown and black wood materials. Lower abundances of marine
and non-marine palynomorphs are also present, together with some AOM in a few
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samples. Palynofacies data confirms continental shelf, shallow marine environmental
conditions but with a high terrigenous input.
Vitrinite reflectance values from all wells indicates a thermal maturity level that
encompasses the entire oil and gas window. Reflectivity in Msufi # 1 ranges from
0.3 - 3.4% Rv, whereas in Mtiki # 1 values range from 0.1 - 1.8% Rv. Fluorescence
spore colours from Mkongo # 3 range from yellow through to brown indicating
maturity level has entered window for oil to gas generation. The Kipatimi Formation
for all wells have indicated maturity levels sufficient for hydrocarbon generation.
Burial modelling of the Msufi # 1 and Mtiki # 1 wells using geothermometry
models has revealed notable variations in the geothermal gradients of the wells. The
geothermal gradient from Msufi # 1 is about 42 C/km, whereas in Mtiki # 1 is about
37 C/km, both wells show similar trends of gradients with an offset of 5 C and
provide burial history suggesting a possibility of hydrocarbon potential in the area
between these two wells.
Key words: Tanzania, TOC, Palynofacies, Maturity, Hydrocarbon Generation,
Burial Histories
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3.2

Introduction

The Tanzanian Shallow Continental Shelf is a developing hydrocarbon
province, but there has been little published work concerning hydrocarbon
prospectivity, thermal maturity or burial modelling.
Tanzanian onshore geology is dominated by basement rocks, with postPrecambrian sediments confined to a series of restricted, near-coast onshore basins,
shallow offshore basins and deep offshore basins (Fig.3.1). The shallow continental
shelf lies landward of the Deep Offshore Basin in the Indian Ocean, and is developed
between the Tanzanian continental shelf edge and the Davie Fracture Zone, 200 km
east of the coast on what is considered as a passive continental margin (Kent 1971,
TPDC 2005).
Three exploration wells have been investigated in this study, all being drilled
in offshore areas of southern Tanzania. The Mkongo # 3 well (08° 13 19S and 39°
29 46E), was drilled on SongoSongo Island by the Tanzania Petroleum
Development Corporation (TPDC) in 1977 to a total depth of 2,286 m. The well
penetrates three formations (from oldest to youngest): the Kipatimu, ‘Shales/marls’
and ‘Miocene sands’ formations.
The second well to be drilled, Msufi # 1 (07° 53 05S and 39° 45 09E),
was on Mafia Island in 2008 by the French Company Maurel & Prom to a total depth
of 5,632 m. The well penetrated four formations (from oldest to youngest): the
Kipatimu, Ruaruke, Mafia Shales and Mikindani formations.
The third study well, Mtiki # 1 (08° 33 33S and 39° 30 46E), was drilled
in the southern part of SongoSongo Island by Ndovu Resources & the Aminex
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Company in 2008 to a total depth of 2,050 m. The well contains three formations
(from oldest to youngest): the Kipatimu, ‘Shales/siltstone’ and ‘Miocene sands’
formations.
This paper details an analysis of the organic matter composition and thermal
maturity of the sediments from these shallow continental shelf wells, and uses the
maturity data to models burial histories, identify potential source rocks, and examine
the potential for hydrocarbon generation.

Figure 3.1: Simplified map of the study area showing the geology of Tanzania, major
faults and the localities of the wells used in this study (After TPDC 2005)

A: Outline map of Africa showing position of Tanzania
B: Geological map of Tanzania showing geology
C: Detailed map showing major faults and the location of study wells
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3.3

Background Geology and Stratigraphy
The shallow continental shelf runs along the whole Tanzania coastal belt,

extending from the Kenyan border in the north to the border with Mozambique in the
south. The shallow continental shelf is divided into a series of sub-basins, including
the Tanga, Ruvu, Mandawa and Ruvuma sub-basins. The development of the
Shallow Continental Shelf was influenced by the break-up of Gondwana and the
opening of the India Ocean (Kajato 1989, Watkins et al. 1992). The tensional forces
of rifting during the break-up of Gondwana were associated with movement between
the blocks of Madagascar and Africa, creating a displacement known as Davie
Fracture Zone (Kent 1971). Tectonic activity along the Davie Ridge initiated and
developed the East African Rift System (EARS) which remains the major
topographic feature of East Africa (Mbede 1991, Salman & Abdula 1995, Kapilima
2003).
The first phase of rifting began in the late Carboniferous about 300 Ma
(Bosellini 1986, Salman & Abdula 1995) and subsequently during the Permian,
when regional uplift and sedimentation in the resulting grabens produced 1000 –
3000 m of mainly continental, deltaic, fluvial and lacustrine sediments (Mbede
1991). The second phase of renewed rifting was in the late Jurassic (205-157 Ma)
and was associated with the extrusion of extensive flood basalts. These rifting events
were associated with the development of oceanic crust and the India Ocean floor
(Bosellini 1986, Kajato 1989, Mbede 1991, TPDC 1992). In Tanzania, a thick Upper
Jurassic and Lower Cretaceous sedimentary sequence was deposited in a series of
marginal basins which included the shallow continental shelf.
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Sediments from the shallow continental shelf developed on a passive
continental margin, and the sedimentary sequences display repeated transitions from
inner to outer shelf environments. In the early Jurassic this was represented by
shallow marine incursions into a non-marine depositional system, and later, during
the end of Jurassic, the development of fully marine conditions. The start of a long
transgressive phase of sedimentation began in the early Cretaceous. Cyclic
transgressive/regressive sedimentation continued until the end of Cretaceous (Mbede
1991).
Tectonic reactivation along the EARS occurred in the Paleogene, at about 35
Ma, and continued into the Neogene (Mbede 1991). Landforms and basins of
‘modern’ aspect were originated and developed as a result of tectonic movements
related to both rifting and volcanism. It was at this time that extension on NE-SW
and N-S trending faults created the Ruvu, Mandawa and Ruvuma sub-basins in
south-eastern Tanzania which characterise the Shallow Continental Shelf Basin. The
Rufiji Trough is oriented E-W, and contains structures referred to as the SongoSongo
and Tagalala lineaments (Mbede 1991, Salman & Abdula 1995).
The study wells penetrated sedimentary successions spanning from the
Jurassic to the Miocene in age. There is still no unified stratigraphic nomenclature so
recognised formation are still thick, heterolithic and only informally named (Fig.
3.2). The oldest lithostratigraphic unit in the Shallow Continental Shelf is the
Kipatimu Shales Formation (Upper Jurassic to Upper Cretaceous). This unit
comprises of alternating silty shales and siltstones interbedded with fine grained
sandstones. In this study, all wells penetrated the Kipatimu Formation (TPDC 1979,
Kajato 1982). Transgressive events can be recognised in the Kipatimu Formation by
incursions of dinocysts.
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Above the Kipatimu Formation in the Msufi # 1 well lies the sandy Ruaruke
Formation, and above this is the Mafia Shales Formation (Lower Paleocene to Upper
Oligocene). In the Mtiki # 1 well, the Kipatimu Formation is represented by a lower
shale-dominated unit and an upper silt-dominated unit, overlain by the
‘Shales/Siltstone’ Formation. However, in the Mkongo # 3 well, the Kipatimu
Formation is composed of interbedded shales and siltstones, and is overlain by the
‘Shales’ Formation (Lower Paleocene to Upper Oligocene). The youngest
lithostratigraphic unit of the Shallow Continental Shelf is the ‘Miocene sands’
Formation (Lower Miocene to Upper Miocene), found in both Mtiki # 1 and
Mkongo # 3, The lateral equivalent of this formation in the Msufi # 1 well is the
Mikindani Formation (Fig. 3.2).
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Figure 3.2: The Lithostratigraphy logs of the studied wells showing correlations of
the unit formations. 'MS': 'Miocene Sands' Formation; 'Sh/Si': 'Shales/Siltstone'
Formation.
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3.4

MATERIALS & METHODS

3.4.1

Materials
A total of two hundred and seventy samples were collected from three wells.

One hundred samples from each of the two wells (Msufi # 1 and Mtiki # 1 wells),
and seventy samples were collected from Mkongo # 3 well.

3.4.2
3.4.3

Methods
Total organic carbon (TOC) analysis
Total organic carbon (TOC weight %) content was determined using a Carlo

Erba EA1108 elemental analyser. Samples were dried at 70ºC in an oven, prior to
being ground using a pestle and mortar into powder. Five to ten grams of each
powdered sample was put into a long test tube and dispersed 5 - 10 ml of Milli-Q
water. This sample was then decalcified initially using one to two drops of 37%
hydrochloric acid which was added slowly and carefully to avoid overly vigorousreactions. The sample solution was shaken to mix thoroughly with the acid and left
to permit any reaction to take place until all carbonates were dissolved. A repeated
process of acidification was done by adding one drop of hydrochloric acid each time
until no further reaction was observed. 10 ml of 37% hydrochloric acid was added
and left overnight to ensure removal of all carbonates including dolomite. Samples
were then neutralised until neutral again using Milli-Q water. These decalcified
samples (AC) were then dried in the oven at low temperature ready for elemental
analysis.
Five grams of each powdered samples from the each of the total carbon (TC)
and acidified carbon (AC) sample sets were put into tin capsules for elemental
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analysis, and the EA-1108 calibrated using two standards, a low organic carbon
sediment standard (LOSS: 1.5% TOC) and a high organic carbon sediment standard
(HOSS: 6.1%).

3.4.4

Preparation of organic (palynofacies) residue
The samples were ground to approximately 2mm in size, and 5 to 10g of

sample processed, depending on the lithology of the sample material. The samples
were treated with concentrated 37% hydrochloric acid to remove carbonates,
neutralised and then treated with concentrated 60% hydrofluoric acid to remove
silicates. Following neutralisation and sieving at 15 µm, the sample residues were
then boiled in concentrated 37% hydrochloric acid to remove any precipitated neoformed fluorides. Thereafter, samples were re-sieved through a 15µm nylon sieve
mesh. Deionised water was used for the final sieving process, and residues were
stored in labelled plastic vials. Residues were mounted on coverslips and left to air
dry, before mounting in Elvacite 2044 onto glass slides ready for investigation using
an Olympus BH-2 microscope.
Examination of palynofacies (sedimentary organic matter) was made under
the transmitted light microscope. The palynofacies of the present study involved the
identification of palynomacerals as classified by Dow, (1977), Durand, (1980),
Batten (1982; 1996), Bergen et al., (1990) and Tyson (1996).
The palynomacerals were classified into three groups (Fig. 3.3): the
phytoclasts (both structured: black and brown wood, cuticle; and poorly or nonstructured ‘plant tissue’, such as degraded wood and cuticle), the palynomorphs
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(marine and non-marine palynomorphs) and lastly, amorphous organic matter AOM (structureless sapropelic gel from biodegraded microbial production in
marine/lacustrine sediments). The percentage of each palynomaceral component was
established by counting at least three hundred particles in each slide where possible
(Tyson, 1995). However, for those samples with low organic content a minimum of
one hundred particles was counted to characterise the diversity and variability of
palynomaceral particles in order to assess changes in sedimentary environments.
Palynofacies zonation schemes for each study site were created using the
Tilia© computer program by running a stratigraphically constrained CONISS cluster
analysis of the palynomaceral raw count data using square root transformations of
the data according to Edwards and Cavalli-Sforza and Edward’s (1967) chord
distance.

Figure 3.3: Palynomaceral classification used in present study (after, Bergreen et al.
1990).
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3.4.5

Vitrinite reflectance analysis
Vitrinite reflectance measurements were made on polished sections of

kerogen particles using the method of Hillier & Marshall (1992). A water droplet
containing residue from each sample to be analysed was dried on a coverslip that had
been sprayed with PTFE (Polishing thin film epoxy) releasing agent. This was then
attached to a frosted slide using Fastglass resin which sets using a catalytic promoter
to a hard medium. The coverslip was then popped off using a razor blade and the
exposed resin surface ground on 2500 grade emery paper followed by successive
polishing steps using 9.5, 3 and 0.5 μm alumina oxide powder on Kemet® NSH-BM
polishing pad on a Kemet Metkon Forcipol 300-IV Grinder using glycerine oil to fix
slides on the holding plate. Deionised water was used to rinse the slides at the end of
the process.
Measurement of vitrinite reflectance (Rv %) was made using a Zeiss UMSP50 microscope configured for reflected white light and equipped with a 40x oil
immersion objective. A range of reflectance standards were used to calibrate the
machine, sapphirine (0.413%), YAG (yttrium aluminium garnet; 0.919%), 3G
(gadolinium germanium garnet; 1.727%) and diamond (5.227%).
Ideally, one hundred measurements of vitrinite particles were made from
each samples where possible, with down to a minimum of fifty measurements in
samples containing fewer macerals. Data were recorded in Excel spreadsheets and
histograms of vitrinite reflectance values were constructed (Grapher) and plotted
against depth.
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3.4.6

Fluorescence analysis
Visual fluorescence colour estimation (e.g., Robert 1981) was used to

determine the level of organic maturity in samples which had insufficient vitrinite
particles. Examination of these fluorescence colours was made using the UMSP-50
with an ultraviolet blue light (UV) bulb with a Ploem dichroic filter set 9 (Band pass
450-490 nm and Long pass 520 nm e.g., van Gijzel 1978 & 1979, Robert 1991).
The sporinite fluorescence intensity and colour changes with increasing
burial depth for the spores and pollen, from white to yellow, yellow to sallow
yellow, then to orange, orange to brown and brown to black indicating maturity
levels/phase (Robert 1981, Teichmüller 1984).
Data for sporinite colour changes were recorded in Excel spreadsheets with
fluorescence colours replaced by numbers that could be plotted against burial depth
(e.g. 1 = white; 2 = yellow; 3 = sallow yellow; 4 = orange; 5 = brown and 6 = black)
that indicated the position of the oil and gas windows.

3.4.7

Burial modelling
The burial histories of the investigated wells were modelled against the

measured vitrinite reflectance data. An initial calibration of peak burial temperature,
was determined from the mean random vitrinite reflectance versus measured burial
heating temperature according to Barker and Pawlewicz (1994) in Mukhopadhyay
and Dow (1994): -

Equation 1

T= (lnRv + 1.68) / 0.0124

where T = maximum estimated burial temperature (°C)
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lnRv = natural logarithm of vitrinite reflectance
This equation produces peak temperature estimate from vitrinite reflectance that is
used to start the burial modelling.
Data from the Excel spreadsheet containing well top, thicknesses, formation
units, age and lithologies were then input into Genesis 15.4 software to construct
burial history, thermal history, and hydrocarbon generation of the wells.
Burial graph profiles from Genesis were then modelled to produce calculated
vitrinite reflectances from the wells to compare to the measured data to assess the
veracity and robustness of the model’s subsidence modelling and the timings at
which certain formations entered the hydrocarbon generation windows. Thermal
parameters such as heat flow, geothermal gradients, water depth and past surface
temperature have been used to control and build the model of the studied wells. The
Cretaceous-Paleogene temperatures described by Pearson et al. (2007) which is from
bivalve isotopic analyses have been used to provide the past surface temperatures for
the modelling. These parameters were then applied to the modelling techniques such
as rift and geothermometry model in order to match the trend of the vitrinite
reflectance data against depth during the variation of parameters and therefore build
the modelling subsidence agree/fit to the Genesis.

3.5

RESULTS AND DISCUSSION

3.5.1

TOC Data

The total organic carbon (TOC weight %) results from the studied wells are
shown in Figure 3.4, and the numerical data are presented in tables 3.1-3.3.
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Sediments with TOC levels above 0.5% are considered to be potential source rocks
(Jarvie 1991).
TOC values from the Msufi # 1 well range from 0.1 - 0.8%. However, TOC
values vary throughout the sequence, with the lower part of the Kipatimu Formation
(Upper Jurassic – Lower Cretaceous) showing low TOC values of 0.1% in the shales
at a depth of 5600 m which increases to 0.4 - 0.5% between 5500 m and 5100 m. An
abrupt decrease to 0.1% TOC was noted at 4900 m before increasing again at 4800
m to 0.6%. However, higher in the Kipatimu Formation the maximum TOC values
(0.7-0.8%) in the entire well were noted from 4605 – 4200 m. TOC values are
generally lower in the sand-dominated Ruaruke Formation (Upper Cretaceous)
ranging from 0.2 - 0.6%. The Lower Paleocene to Upper Oligocene Mafia Shales
Formation have TOC values from 0.4 - 0.7%. The sandy Lower Miocene (Mikindani
Formation) contains 0.1% TOC at 500 m.
In the Mtiki # 1 well, TOC values range from 0.3 - 3.0%. At depth, the lower
part of the Kipatimu Formation is barren of organic content from the base of the well
at 2050 m until 2018 m, where the highest TOC value in the entire well is
encountered at 3.0%. Although TOC values are variable within this formation, there
are also two additional peaks in TOC content at 2000 m (1.0%) and 1721 m (2.3%).
Above the latter depth the last sample analysed from this formation shows that TOC
values begin to decrease, to 0.9% at 1637 m. In the Lower Paleocene to Upper
Oligocene ‘Shale/Siltstone’ Formation, TOC values fall, stabilizing between 0.2 0.4% from 1247 m – 495 m through the younger section of the ‘Miocene Sand’.
TOC from Mkongo # 3 well varies from 0.3 - 1.1%. The Lower to Upper
Cretaceous Kipatimu Formation has yielded TOC values varying from a low value of
0.3%, but, in a similar way to the other two wells, this formation also records the
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highest values in the well, reaching 1.1% TOC at 1950 m in the Upper Cretaceous.
TOC values in the Paleogene of the Shale Formation decease to 0.5 - 0.4%. In the
lower part of the overlying Miocene Sand Formation, the TOC values range from 0.5
- 0.6%.

Figure 3.4: Total Organic Carbon (TOC) weight percent values from the studied
wells.
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MSUFI # 1
FORMATION
Mikindani

Mafia Shales

Ruaruke

Kipatimu

DEPTH (m)
500
800
1500
2050
2200
2500
3000
3300
3500
3700
4005
4100
4200
4300
4400
4500
4605
4700
4800
4900
5000
5100
5200
5300
5400
5500
5600

% wt TOC
0.1
0.1
0.5
0.6
0.5
0.7
0.6
0.4
0.4
0.4
0.5
0.2
0.7
0.7
0.5
0.7
0.8
0.5
0.6
0.1
0.5
0.4
0.4
0.3
0.4
0.4
0.1

Table 3.1: TOC data (weight percentages) from Msufi # 1 well
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MTIKI # 1
FORMATION
'Miocene Sands'

'Shales/Siltstone'

Kipatimu

DEPTH (m)
460
500
600
700
900
1005
1100
1208
1637
1721
1808
1847
1910
1958
2000
2018

% wt TOC
0.1
0.1
0.3
0.4
0.4
0.4
0.2
0.2
0.9
2.3
0.7
0.3
0.2
0.7
1.0
3.0

Table 3.2: TOC data (weight percentages) from Mtiki # 1 well
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MKONGO # 3
FORMATION

DEPTH (m) % wt TOC
1610
1640
1700
1740
1770
1800
1860
1950
2010
2070
2100
2160
2220
2250

'Miocene Sands'

'Shales'

Kipatimu

0.6
0.5
0.5
0.4
0.5
0.4
0.5
1.1
0.5
0.7
0.4
0.5
0.3
0.3

Table 3.3: TOC data (weight percentages) from Mkongo # 3 well

3.5.2

Palynofacies Data

Figures 3.5-3.7 show the relative abundances (%) of palynomacerals determined
for each of the three study wells and the numerical data are presented in tables 3.43.6. Tabulated summaries explaining the characteristic palynomacerals and their
percentages for each of the palynofacies zones recognised are presented in tables
3.7-3.9. As will be seen in the section discussing thermal maturity data (below), the
kerogen assemblages in the deeper parts of the wells experienced TOC loss due to
high maturity levels using the equation of Raiswell and Berner (1987) suggests a
pre-burial TOC of 0.5% which is likely to have modified palynofacies assemblages.
However, overall, samples of all thermal maturity levels from Msufi # 1 and Mtiki #
1 are dominated by brown wood (vitrinite) macerals with subordinate palynomorphs
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(sporinite) macerals, of types III & II kerogen respectively, whereas those from
Mkongo #1 are co-dominated by phytoclasts and palynomorphs, but with low
abundances of brown wood (vitrinite). The relatively consistent palynofacies
character throughout each of the three wells indicates that the palynofacies
assemblages can still be used to interpret the environments of deposition.
In Msufi # 1, the deepest (Upper Jurassic - Lower Cretaceous) part of the well is
defined as Palynofacies Zone 1 (Mfusi PFZ 1) from the base of the well to the
sample at 5100 m and is found within the Kipatimu Formation. Msufi PFZ1 is
characterized by samples containing an average 78% phytoclasts (mainly plant
tissue), 10% palynomorphs and 12% AOM. Pollen and spores comprise an average
of 7% of the palynomorph assemblages. These palynofacies assemblages indicate a
high phytoclast supply diluting other palynomaceral components, and with low
marine palynomorph values, would argue for deposition in close proximity to the
source of the terrestrial input in a proximal shelf situation, subject to periodic low
oxygen conditions which permitted the preservation of the moderate levels of AOM
(Tyson, 1995).
Overlying this zone, Palynofacies Zone 2 (Msufi PFZ 2) includes parts of the
Kipatimu and Ruaruke formations and includes samples from 5000 m - 3350 m,
comprising assemblages averaging 80% phytoclasts, 3% palynomorphs and 17%
AOM. This zone differs from the one below in having lower abundances of
terrestrial palynomorphs, specifically pollen (average 2%), and <1% spores.
Palaeoenvironmental conditions were similar to those prevailing in Msufi PFZ1, but
the higher average AOM and lower palynomorph content may indicate slightly lower
oxygen levels at the depocentre.
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Palynofacies Zone 3 (Msufi PFZ 3) includes samples from 3250 m - 2550 m,
including the Upper Cretaceous - Lower Paleocene of the Ruaruke and Mafia Shales
formations. This zone is dominated by samples averaging 75% phytoclasts, 11%
palynomorphs and 14% AOM, spores reappear in this zone (1% of the assemblages),
and fungal spores become common (8%). The small increases in sporomorphs and
incoming of more abundant fungal spores indicates either greater influx of terrestrial
palynomacerals or increased proximity to source by comparison to the underlying
palynofacies zone.
Above this, Palynofacies Zone 4 (Msufi PFZ 4) is restricted to the Mafia Shale
Formation, from the Lower Paleocene to Middle Eocene at samples from 2400 m 1600 m, are characterised by assemblage’s average of 65% phytoclasts, 21%
palynomorphs (14% terrestrial and 7% marine) and 13% AOM. This zone differs
from all those below in the much greater abundance of all palynomorphs,
particularly marine palynomorphs (dinocysts and foraminiferal test linings), which
are indicative of a slightly more marine-influenced setting than for Msufi PFZ3, with
more oxic conditions at the sediment-water interface.
Palynofacies Zone 5 (Msufi PFZ 5) coincides with the upper part (Middle
Eocene - Upper Miocene) of the Mafia Shales Formation, and comprises samples
from 1500 m - 1100 m with average compositions of 51% phytoclasts, 31%
palynomorphs and 18% AOM. This zone is characterised by the highest percentages
of marine and non-marine palynomorphs in the entire well.
Samples from the younger Mikindani Formation (1000 m - 300 m) have been
defined as Palynofacies Zone 6 (Msufi PFZ 6), which is characterised by lower
pollen and spore percentages than the zone below, an absence of dinocysts, and in
the samples from lower in this palnofacies zone foram test linings are very common
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(up to 19%), but average 6% through the zone. Assemblages in this zone average
72% phytoclasts, 15% palynomorphs and 13% AOM, and represent more proximal
shelf palaeoenvironmental conditions than the zone below.

Six palynofacies zones have been defined in Mtiki # 1. Mtiki PFZ 1 is found in
the lower - middle part of the Kipatimu Formation and contains samples from TD to
1622 m, which comprise assemblages with an average of 53% phytoclasts (mainly
black wood), 29% palynomorphs (incl. 16% terrestrial and 13% marine), and 18 %
AOM, representing near-shore shelf conditions.
Mtiki PFZ 2 includes samples from 1610 m - 1510 m, from the Middle
Cretaceous of the Kipatimu Formation and is the most variable in terms of
palynofacies. This zone is characterised by an average 57% phytoclasts, 26%
palynomorphs (incl. 12% terrestrial and 14% marine, the latter mainly dinocysts at
9%), and 17% AOM. This zone is indicative of conditions that are slightly more
distal marine conditions than those represented by the samples in the underlying
palynofacies zone.
The overlying Palynofacies Zone 3 (Mtiki PFZ 3), spans the topmost Kipatimu
and lowermost ‘Shales/Siltstone’ formations, comprising samples from1502 m 1268 m. This zone differs from the one below by having lower abundances of
palynomorphs, specifically reductions in dinocysts. The samples in this zone contain
an average of 51% phytoclasts, 14% palynomorphs and much higher AOM content
at 35% - the latter demonstrating increasingly dysoxic preservational conditions.
Mtiki PFZ 4 is restricted to the lower part of the ‘Shales/Siltstone’ Formation,
comprising samples from 1250 m - 1120 m, with average assemblage compositions
of 51% phytoclasts, 23% palynomorphs and 26% AOM. This zone is similar to
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Mtiki PFZ 2, demonstrating a return to similar more marine-influenced depositional
environments where the palynomorphs are dominated by dinocysts and foram test
linings, but slightly less dysoxic depositional conditions than Mtiki PFZ3. Overlying
this is Mtiki PFZ 5, in the middle part of ‘Shales /Siltstone’ Formation from 1100 m
- 795 m. Samples falling into this zone comprise an average of 43% phytoclasts,
39% palynomorphs and 17% AOM. However, the relatively small number of
samples that fall into this zone have higher abundances of dinocysts (average 16%)
than the zone below, and also contains a significant proportion of terrestrially
derived fungal spores (average 8%). This zone is indicative of a marine, nearshore
shelf situation but with less dysoxic conditions (lower AOM) than the samples from
the zone below.
The uppermost zone, Mtiki PFZ 6 includes four samples from the top of the
Paleogene ‘Shales/Siltstones’ Formation and the Upper Oligocene - Lower Miocene
Sands Formation (samples from 700 m to 460 m). Although somewhat variable in
terms of palynomorph abundances, this zone is characterised by much higher
phytoclast values (64%), especially brown wood and plant cuticle macerals than the
zone below. This zone also contains averages of 11% palynomorphs (7% terrestrial,
4% marine) and 25% AOM, indicative of more restricted dysoxic shelf depositional
conditions.

In the Mkongo # 3 well, three palynofacies zones have been defined by cluster
analysis. Mkongo PFZ 1 is found in the lower part of Kipatimu Formation,
containing samples from the base of the well to 2070 m. This zone is characterised
by assemblages of an average 50% phytoclasts (mainly plant cuticles), 34%
palynomorphs (31% sporomorphs) and 16% AOM. The presence of uncommon
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dinocysts and foram text linings is indicative of marine depositional conditions, but
the dominance of terrestrially derived palynomacerals demonstrates an extremely
proximal shelf setting.
Above this, Mkongo PFZ 2 spans samples from 2040 m - 1670 m from the upper
part of the Kipatimu Formation through to the lowermost Miocene Sands Formation.
This zone differs from those above and below it by the higher abundances of marine
palynomorphs, both dinocysts (average 6%) and foram test linings (7%); samples
from this zone demonstrate assemblages with average compositions of 43%
phytoclasts, 39% palynomorphs and 17% AOM, demonstrating a transition to more
distal conditions than those represented by the samples from the underlying
palynofacies zone.
Mkongo PFZ 3 is represented by the two samples from the upper part of the
‘Miocene Sands’ Formation at 1640 m and 1600 m, with average palynofacies
content of 52% phytoclasts (mostly plant cuticles and tissues), 29% palynomorphs
and 19% AOM; this zone is dominated by terrestrially derived palynomacerals, with
very low abundances of marine palynomorphs, indicating a return to the more
proximal situation represented by Mkongo PFZ1.
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Figure 3.5: Palynomaceral relative abundances, CONISS clusters and palynofacies
zones for the Msufi #1 well. MK: Mikindani Formation; N: Neogene.
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Table 3.4: Palynomacerals relative abundances data (percentages) from Msufi # 1
well
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Figure 3.6: Palynomaceral relative abundances, CONISS clusters and palynofacies
zones for the Mtiki # 1 well. M: Miocene Sand Formation; N: Neogene.
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Table 3.5: Palynomacerals relative abundances data (percentages) from Mtiki # 1
well
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Figure 3.7: Palynomaceral relative abundances, CONISS clusters and palynofacies
zones for the Mkongo # 3 well.
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Table 3.6: Palynomacerals relative abundances data (percentages) from Mkongo # 3
well
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MSUFI # 1 WELL

PFZ 6

1000 - 300

4

PFZ 5 1500 - 1100 7

PFZ 4 2400 - 1600 5

3

4

4

2

7

5

0

4

3

Description

Foraminiferal
test linings

Dinocysts

Fungal spores

Pollen

Palynomorphs

Spores

Sample
Depths within
Zones

PFZ

(m)

6

Spanning the uppermost Mafia Shales to the
Mikindani formations, this zone differs from the one
below by having higher abundances of phytoclasts
and lower palynomorph abundances.

9

This zone concides with the upper part the Mafia
Shale Formation, and contains fewer plant tissues
than the zone below, higher abundance of both
marine & non-marine palynomorphs.

4

This zone is restricted to the Mafia Shale Formation
and differs from those below in containing fewer plant
tissues but much greater abundances of both marine
& non marine palynomorphs.

PFZ 3 3250 - 2550 2

1

8

0

1

PFZ 2 5000 - 3350 2

0

0

0

0

PFZ 1 Base - 5100 5

2

2

1

0

In this zone spans the upper part of Ruaruke and
Mafia Shales formations and contains higher
abundances of terrestrial palynomorphs, notably
fungal spores.
This zone spans the middle Kipatimu to lower Ruaruke
formations, and the only palynomorphs represented in
any abundance are pollen
This zone includes the lower part of the Kipatimu
Formation and is characterised by higher
abundances of non-marine palynomorphs than marine
palynomorphs.

Table 3.7: Summary of the palynomacerals characteristic and their percentages for
each palynofacies zones from Msufi # 1 well
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1100 - 795

1250 - 1120

5

4

2

4

2

1

8

3

Dinocysts

Fungal spores

Pollen
4

3

16

10

Description

PFZ 4

700 - 460

Foraminiferal
test linings

PFZ 5

Samples
within Zones

PFZ
PFZ 6

Spores

MTIKI # 1 WELL
Palynomorphs

(m)

1

This zone spans the top 'Shales/Siltstone' and
lower Miocene Sands formations, and contains
higher abundances of phytoclasts than the zone
below, and lower abundances of marine
palynomorphs.

7

This zone concides with the middle part the
'Shales/Siltstone' Formation, and contains lower
average abundance of AOM, but higher
abundancesof fungal spores.

3

This zone is restricted to the lower part of the
'Shales/Siltstone' Formation, and has higher
abundances of marine palynomorphs than the
zone below.

PFZ 3

1500 - 1268

3

3

3

3

3

The topmost Kipatimu and lowermost
'Shales/Siltstone' formations comprise this zone,
and contains lower average abundances of black
wood, cuticles and palynomorphs and more
AOM than the zone below.

PFZ 2

1610 - 1510

4

5

3

9

5

This zone spans the middle - upper Kipatimu,
and contains lower abundances of non-marine
palynomorphs than the zone below.

5

This zone includes the lower - middle part of the
Kipatimu Formation and characterised by
common non-marine and marine palynomorphs.

PFZ 1

Base - 1622

8

8

0

8

Table 3.8: Summary of the palynomacerals characteristic and their percentages for
each palynofacies zones from Mtiki # 1 well
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PFZ 2

PFZ 1

1640 - 1600

2040 - 1670

Base - 2070

11

11

12

9

11

13

5

4

6

3

6

2

Description

Foraminiferal
test linings

Dinocysts

Fungal spores

Pollen

Samples
within Zones

PFZ
PFZ 3

Spores

MKONGO # 3 WELL
Palynomorphs

(m)

1

Spanning the upper part of the Miocene
Sands Formation, this zone is
characterised by very low abundances of
marine palynomorphs.

7

This zone spans the upper part of the
Kipatimu Formation through to the
lowermost Miocene Sands Formation, and
differs from the zones above & below by
the higher abundance of marine
palynomorphs.

2

This zone includes the lower part of
Kipatimu Formation and is characterised
by high abundances of non-marine
palynomorphs, and low marine
palynomorph contents.

Table 3.9: Summary of the palynomacerals characteristic and their percentages for
each palynofacies zones from Mkongo # 3 well

3.5.3

Thermal Maturity Data

Thermal maturity data are shown in tables 3.10-3.12. Vitrinite reflectance
analysis was conducted on samples from Msufi # 1 & Mtiki # 1, whereas
fluorescence analysis of sporinite macerals (spores) was performed on the vitrinitepoor samples from Mkongo # 1.
Vitrinite reflectances increase with burial depth, as would be expected.
Reflectivity from the Msufi # 1 well ranges from 0.3 to 3.4% Rv, whilst in Mtiki # 1
they range from 0.1 to 1.8% Rv. The fluorescence data from Mkongo # 3 samples
display a colour range from yellow through sallow yellow, orange to brown.
Vitrinite reflectivities have been used to define thermal maturity zones following
the works of Tissot and Welte (1978). For clastic sediments, immature sources are
defined as having vitrinite reflectances of <0.5% Rv, mature zones for early liquid

3-33

hydrocarbons have values between 0.5-1.0 % Rv, condensates are produced between
1.0-1.5% Rv, dry gas at 1.5-3.0% Rv, and sediments become post-mature at levels
>3.0% Rv.
Msufi # 1 the deepest sediments of the Kipatimu Formation from 5600-5400m
straddle the dry gas/post-mature intervals (Fig. 3.8). Samples above this up to and
including the sample at 3860 m fall into the dry gas zone. Samples from the
Ruaruke Formation and lower part of the Mafia Shales at 2400 m fall into the
condensate zone, whilst those between this level and 2200 m are in the early mature,
liquid hydrocarbon zone. Samples above this are mostly thermally immature.
For Mtiki # 1 the vitrinite reflectance data indicate early liquid hydrocarbon
maturity levels from 2018 m to 1508 m, within the lower and middle Kipatimu
Formation (Fig. 3.9). The uppermost Kipatimu and the stratigraphic units above this
are all thermally immature.
Interpretations of thermal maturity levels based on fluorescence colour are taken
from van Gijzel (1978, 1979). Fluorescence data from Mkongo # 3 are more
equivocal, as most individual samples produced broad colour variations amongst the
spores measured, especially at shallower depths (Fig. 3.10), but generally show a
dominance of darker colours from yellow to orange below 1950 m. All samples
below this depth are in the Kipatimu Formation, indicating all bar the topmost part of
this formation has entered the window for early liquid generation, with lower parts
reaching stages of wet gas generation (orange).
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Figure 3.8: Vitrinite reflectance profiles versus depth showing maturity zones for the
Msufi # 1 well.
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MSUFI # 1
FORMATION

Mafia Shales

Ruaruke

Kipatimu

DEPTH (m)
1350
1450
1600
1700
1800
1900
2100
2200
2300
2600
2800
3000
3860
4050
4100
4200
4300
4400
4605
4800
5000
5100
5400
5500
5600

Rv%
0.3
0.5
0.4
0.5
0.4
0.4
0.8
0.6
0.9
1.1
1.1
1.3
1.6
1.9
1.6
1.9
1.8
1.6
2.5
2.6
2.4
2.5
2.9
3.4
2.9

Table 3.10: Vitrinite reflectance data (Rv %) from Msufi # 1 well
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Figure 3.9: Vitrinite reflectance profiles versus depth showing maturity zones for the
Mtiki # 1 well.
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MTIKI # 1
FORMATION
'Miocene Sands'

'Shales/Siltstone'

Kipatimu

DEPTH (m)
460
500
600
700
900
1005
1100
1208
1310
1400
1508
1607
1637
1649
1658
1710
1721
1808
1811
1889
1898
1910
1919
2018

Rv%
0.2
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.2
0.3
0.5
0.1
0.9
0.8
0.5
0.6
1.0
0.1
0.6
0.8
0.8
0.6
0.6
1.0

Table 3.11: Vitrinite reflectance data (Rv %) from Mtiki # 1 well

3-38

Figure 3.10: Fluorescence colour ranges of sporinite showing maturity zones for the
Mkongo # 3 well.
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MKONGO # 3
FORMATION

'Miocene Sands'

'Shales'

Kipatimu

DEPTH
(m)
1610
1640
1670
1700
1740
1770
1860
1950
1980
2010
2040
2070
2100
2130
2160
2220
2250

FLUORESCENCE COLOUR OF SPORINITE (1-6)
Sallow
White
Yellow
Orange Brown
Black
Yellow
(1)
(2)
(4)
(5)
(6)
(3)
1
8
3
0
0
0
1
2
3
3
0
0
0
3
2
0
0
0
0
3
3
4
0
0
1
8
1
0
0
0
1
4
2
0
0
0
1
5
3
5
0
0
2
4
1
0
0
0
2
4
3
1
0
0
0
3
4
1
0
0
0
3
2
4
0
0
2
2
2
0
0
0
0
3
4
1
0
0
2
4
1
0
0
0
3
0
1
2
0
0
0
4
2
3
0
0
0
4
1
8
0
0

Table 3.12: Fluorescence data (1-6 colour range) from Mkongo # 3 well
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3.5.4

Burial Models

Genesis burial histories and their burial test models are presented in figures 3.113.14. Calibrations for thermal gradients were made as follows: For Msufi # 1, the values of mean random vitrinite reflectance are 0.4 to 1.4% Rv
from 1300 m – 4100 m. Estimated burial peak temperature equivalents for these
mean vitrinite reflectances range from 62° C to 179° C (Barker & Pawlewicz 1994).
The borehole depths over which these values occur is 4100 m – 1300 m, thus
spanning some 2.8 km of sediment. Burial peak difference = (Tpeak1 - Tpeak2) =
179°C - 62°C = 119° C. Therefore, the thermal gradient can be calculated as 119/2.8
= 42° C/km.

For Mtiki # 1, mean random vitrinite reflectances are 0.4 to 0.6 % Rv from 900
m – 1800 m. Barker & Pawlewicz (1994) provide estimated burial peak equivalents
for these mean random vitrinite reflectances as 62° C to 95° C. The borehole depth
over which these values occur is 1800 m – 900 m, some 0.9 km of vertical sediment
depth. Burial peak difference = (Tpeak1 - Tpeak2) = 95° C - 62° C = 33° C. Therefore,
the thermal gradient can be calculated as 33/0.9 = 37° C/km.

The geothermal gradients of 42° C/km for Msufi # 1 and 37° C/km for Mtiki # 1
reflect the different thicknesses of the sedimentary successions present in these
wells. This suggests uneven subsidence and depth of burial within the basin prior to
uplift and erosion. The vitrinite reflectivity gradients have been plotted together to
determine any relationships between the measured reflectivity and burial depth (Fig.
3.15). Both wells show similar trends of the gradients, but with an offset of 5° C.
Geothermal gradients from both wells suggest that during rifting, the deepest burial
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unit occur in the Kipatimu Formation (Lower Cretaceous) at about 120 Ma which
also have higher level of maturity. At a depth of 4000 m - 5600 m this unit in Msufi
# 1 achieved temperatures ranging from 168° C - 235° C. These temperatures are
over estimated and do not match with the one calibrated in the burial model using
measured vitrinite reflectance values (200° C).
Similar observations made in the Kipatimu Formation of the Mtiki # 1 showed
temperatures ranging from 52° C - 74° C at the deeper burial depths (1400 m – 2018
m). These temperatures are sufficient to achieve a good calibration match with the
one from the burial model using measured vitrinite reflectance values (80° C).
However, Msufi # 1 received a much larger volume of sediment, resulting in
increasing amount of heat in comparison to Mtiki # 1. Yet, burial temperatures from
the investigated wells cover the windows for hydrocarbon generation.
The Kipatimu Formation in Msufi # 1 well enter the oil window in the early
Cretaceous about 120 Ma and Mafia Shale Formation oil window began in the late
Eocene about 40 Ma, the hydrocarbon generation from both formation are still
continuing to present day, while in Mtiki # 1 well the Kipatimu Formation enters oil
window in the late Miocene about 10 Ma and still continuing to the present day.
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Figure 3.11: Genesis burial profile of the Msufi # 1 well, showing hydrocarbon
transformation rates

3-43

Figure 3.12: Genesis burial profiles for the Msufi # 1 well, showing testing model
for vitrinite reflectance agaist temperature.
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Figure 3. 13: Genesis burial profiles for the Mtiki # 1 well, showing hydrocarbon
transformation rates
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Figure 3.14: Genesis burial profiles for the Mtiki # 1 well, showing hydrocarbon
transformation rates
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Figure 3.15: Thermal gradients for the Msufi # 1 & Mtiki # 1 wells.

3.6

CONCLUSIONS
The analyses of these three wells can be utilised to determine hydrocarbon

potential and generation.
In terms of organic richness, the highest TOC values in each of the three
wells are encountered in the Kipatimu Formation, varying from 0.8% in Msufi # 1 to
3.0% in Mtiki # 1 and 1.1% in Mkongo # 3. Of the three wells, Msufi # 1
demonstrates TOC levels consistently above the threshold of 0.5% in the middle and
upper part of the Kipatimu, but also shows values above this level in the top of the
Ruaruke and lower-middle Mafia Shales formations. In Msufi # 1 the Kipatimu
Formation is dominated by plant tissues (i.e., degraded wood and cuticle; kerogen
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Type III), with lesser amounts of AOM (Type I) and black wood (Type IV) and thus
a typically more gas-prone (Dow 1977, Tissot & Welte 1978, Peter & Cassa 1994).
In contrast, the Ruaruke and lower Mafia Shales demonstrate less hydrocarbon
potential, being co-dominated by black wood (Type IV) and brown wood/plant
tissue (Type III), and lower levels of AOM. Vitrinite reflectance analyses
demonstrate that the sediments below 2200 m are mature, and those below 5400 m
are post-mature. Burial modelling indicates that hydrocarbon generation began in
the Kipatimu Formation in the early Cretaceous (~120 Ma) and continued until the
Eocene, with additional hydrocarbon generation from the Mafia Shale Formation
commencing in the late Eocene (~40 Ma) and continuing to the present day.
In Mtiki # 1 the only TOC values above 0.5% fall within the Kipatimu
Formation and are dominated by Type III kerogens (brown wood, cuticle and plant
tissues), and thus gas-prone. Maturity values in this well are much lower than in
Msufi # 1, just reaching liquid hydrocarbon generation levels. Burial modelling
indicates that hydrocarbon generation began in the Kipatimu Formation in the late
Miocene (~10 Ma), and still continuing in the Shales/Siltstones Formation to present
day.
In Mkongo # 3 there are few levels that exceed the 0.5% TOC threshold,
almost all again within the Kipatimu, although higher parts of the stratigraphy yield
borderline TOC values between 0.4 - 0.6%. Samples with TOC values above 0.5%
in this well are dominated by brown wood, cuticles and plant tissues (Type III) and
palynomorphs (Type II, mainly spores), again indicating more gas-prone source rock
potential.
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It should be noted that the effect of temperature during burial diagenesis can
result in the loss of up to 50% of the organic carbon content (Raiswell and Berner
1987). Therefore, the TOC content of the Kipatimu Formation at depth in Msufi # 1
could have been at least twice what it is now.
The Kipatimu Formation is buried beneath a pile of 4 km of sediment in
Msufi # 1, and is now over mature. The hydrocarbons generated from the late
Cretaceous to Oligocene have migrated out of this unit and may have been lost from
the local system, possibly through local and regional fault structures. Contrastingly,
the Mtiki # 1, only some 75 km away from Msufi # 1, demonstrates a much thinner
overburden (1.3 km) on top of the Kipatimu Formation, and consequently only
began to generate hydrocarbons in the early Miocene. Thus, the region between
these two wells may be a suitable target for further exploration, as structures may
exist in the subsurface which have trapped hydrocarbons migrating during the
Cenozoic from more mature (but not overmature) intervals of the Kipatimu
Formation.
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Abstract:
The Cretaceous strata of the Mvule # 1 well from the Deep Offshore Basin of

Tanzania penetrated a succession of shales and laminated mudstones. This study
examines one hundred cuttings samples and presents data on palynology,
palynofacies, total organic carbon (TOC) content and vitrinite reflectance analyses to
understand depositional environments, hydrocarbon source rock potential, and burial
history, and provides a biostratigraphic framework for the mid to late Cretaceous
sediments.
Palynofacies assemblages are dominated by terrestrially derived phytoclasts
and the palynomorph assemblages by marine dinocysts, although amorphous organic
matter can form up to a third of the palynodebris in certain lithological units. Four
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palynofacies zones have been recognised and presented here. Depositional
environments range from more offshore shelfal settings with dysoxic-anoxic bottom
waters in the mid Cretaceous to more oxic, mud-dominated distal shelf settings in
the later Cretaceous.
Preservation of palynomorphs is relatively poor to well preserved. This paper
presents fifty-two species recorded from a total of thirty cutting samples ranging
from interval 3700m - 4800m with the exceptional samples (ranging from 4150 4800m) that yielded moderate to well preserved palynomorph assemblages for
identification. The studied sections of the Mvule # 1 well contain a distinct
palynological association dominated by abundant species including Classopollis
classoides, Criboperidinium muderongense, Pterodinium cingulatum, Spiniferites
twistringensis and Subtilisphera perlucida. Common species such as Exesipollenites
tumulus, Sepispinula huguoniotii, Litosphaeridium siphoniphorum, Dinopterygium
tuberculatum, Odontochitina operculatum, and Cyclonephelium sp., were also
present, including rare species assemblages of Adnatosphaeridium tutulosum,
Hapocysta peridictya and Florentinia mantelii.
The organic richnesses in Mvule # 1 well range from 1.0% - 3.4 weight %
TOC, and palynomaceral components are characterised by kerogen types II & III,
being oil- to gas-prone. Vitrinite reflectance measurements range from 0.7% - 1.6%
Rv indicating maturity levels for hydrocarbon generation.
Key words: Tanzania, TOC, Palynofacies, Palynomorphs, Maturity, Hydrocarbon
generation
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4.2

Introduction:
The Mvule # 1 well was drilled in Block 5, offshore Tanzania by the Petrobras

International Oil Company in 2010. Geographically, it is located at 07° 49ʹ 30ʹʹ and
40° 14ʹ 24ʹʹ in the Deep Offshore Basin in the Indian Ocean, and was drilled in a water
depth of 600m (TPDC 2005; Fig. 4.1). The entire stratigraphic succession through
which the well was drilled has previously been determined as Late to Early Cretaceous
down to the base of the hole, a depth of 4832m (Fig. 4.2).
The Deep Offshore Basin of Tanzania is one of the country’s most promising
hydrocarbon provinces, and the site of several discoveries of natural gas. However,
there is little published information regarding the biostratigraphy of Tanzanian
sediments, source rock analysis, or thermal maturity studies. Alongside with the
Tanzania Petroleum Development Corporation, international exploration companies
are undertaking exploration in the area with an aim of understanding the source rock
accumulation, preservation of organic matter and hydrocarbon potential from the Deep
Offshore Basin.
This paper focuses on the Cretaceous sediments encountered in the offshore
Mvule #1 well, particularly examining palynomorph distribution and biostratigraphy,
organic matter composition (palynofacies analysis) and thermal maturity, in order to
provide a biostratigraphic framework for future local and regional stratigraphic
correlation and to identify potential source rocks for hydrocarbon generation. We
establish palynological bioevents for the Cretaceous of Tanzania and identify key
species that may be useful for correlation purposes, using first downhole occurrences
(FDOs) of palynomorph taxa. Comparisons are drawn with published studies from
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other Cretaceous palynofloral provinces covering regions of northern and western
Africa, Australia and South America.

Figure 4.1: Simplified map of Tanzania showing Block 5 in the Deep Offshore
Basin, and the location of the Mvule # 1 well.
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Figure 4.2: Log showing lithostratigraphic succession in Mvule # 1 well with
original age interpretation by TPDC (2005)

4.3

Previous studies:
The discovery of natural gas in the Deep Offshore Basin of Tanzania

provided a major impetus for the hydrocarbon exploration in the area, although most
of the scientific findings from these basins have not been published. However, there
have been a limited number of publications on Tanzanian Cretaceous palynology,
such as Mayagilo (1989), Balduzzi et al. (1992), Srivastava (1994), Srivastava &
Msaky (1999), Schrank (1999, 2005, 2010) and more recently by Msaky (1995,
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2000, 2007, 2008 and 2011), but many of these studies focus on palynostratigraphy
of outcrop or cutting samples from onshore basins. Msaky (2011) established a
biozonation based on mid Jurassic-earliest Cretaceous palynofloras from the coastal
basins of Tanzania.
There are very few published source rock studies from Tanzania, and all of
these are based on onshore, rather than offshore material. For example, Kagya (1987)
and Kagya et al. (1991) examined the source rocks and hydrocarbon potential
(Permian age) from Nyasa Rift Basin, and oil shows from the southern part of the East
African Rift Valley. Mpanju & Philp (1991) focussed on the bituminous sands (EarlyMid Jurassic) from Msimbati (Wingayongo) area and condensates from Tundaua (Mid
Eocene) from Pemba Island, and Kagya (1996) characterised the geochemistry of
Triassic source rocks from the Mandawa Basin; Mpanju et al. (1998) studied the
hydrocarbon potential of Permian sediments in Tanzania, and finally, Semkiwa et al.
(1998) investigated the geology, petrology and organic geochemistry of the Karoo
(Late Carboniferous-Triassic) sediments from the Songwe-Kiwira coalfield.

4.4

GEOLOGICAL SETTING AND STRATIGRAPHY

4.4.1

Tectonic history and palaeogeography

Two major rifting phases are of importance in the development of the Deep Offshore
Basin of Tanzania. First, the Karoo rifting phase (300-205 Ma) occurred from the
late Carboniferous-Triassic periods; major rift structures were formed during this
phase of tectonism and a broad depression was filled by thick terrigenous sequences
(Salman & Abdula 1995). The second phase of rifting in the Mesozoic-Cenozoic
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(205-157 Ma), resulted from the break-up of Gondwana (TPDC 1979, Kajato 1989,
Mbede 1991, Kapilima 2003).
By the early Cretaceous, the breakup of the Gondwanan supercontinent had
commenced with the south-to-north separation of South America and Africa to
initiate the South Atlantic Ocean, and the progressive separation of the African and
Madagascan-Indian continental blocks to open up the West Somali Basin (Kent et al.
1971, Watkins et al. 1992, Schluter and Hampton 1997). Around 95 Ma, a shallow
shelf extended from the eastern margin of the ‘South African’ landmass, narrowing
dramatically from north to south (towards the present day location of Tanzania), and
descending offshore into the deeper waters of the West Somali Basin proper (Torsvik
& Cocks 2017).

From the late Cretaceous, around 90 Ma, major rifts developed

within the African continent which divided Africa into five major tectonic blocks
(South Africa, North-East Africa, North-West Africa, Somalia and the Lake Victoria
Block; Torsvik & Cocks 2017). During the early-mid Cretaceous Tanzania was
located further south than today, lying at approximately 30°S (Figure 4.3; Torsvik &
Cocks 2017).
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Figure 4.3: Paleogeographical map during Late Cretaceous period (95 Ma) showing
Gondwana fragmentation and position of Tanzania during Late Cretaceous (Torsvik
& Cocks, 2017).
GIB-Greater India Basin; MB-Mozambique Basin; NSB-North Somali Basin; MMadagascar
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4.4.2

Palynofloral Provinces
From the Albian to Cenomanian the area to the north of present day Tanzania

was characterised by palynomorphs representative of the Elaterates Province, whilst
to the south lay the Austral Trisaccates Province (early Cretaceous-Cenomanian;
Herngreen et al. 1996). Tanzania was located between these two floral provinces, in
an area described as “Transitional” (Herngreen et al. 1996; Figure 4.4).
Characteristic palyonological taxa of the mid Cretaceous Elaterate Province are
found in strata extending as far as 30ºN and 30ºS, and include such distinctive taxa
as Afropollis, Schrankipollis and Pennipollis spp. (which occur widely across
Africa), and the Elaterate group of pollen (that are common in the Cenomanian of
West African basins), both of which are commonly used as Albian-Cenomanian
indicators from Western to Northeastern Africa (Jardine & Magloire 1965; Kaska
1989, Herngreen et al. 1996; Schrank 1990, 1994, 2001, 2005, 2010, 2017; Eisawi et
al. 2012; Deaf et al. 2014; Atta-Peters, 2013; Atta-Peters et al. 2016; Cole et al.
2017). Indeed, species of these more northern elaterates have been sporadically
recorded from the areas that were within the Transitional Province, such as
Patagonia (Barreda & Archangelsky 2006; Archangelsky et al. 2009; Pramparo et al.
2016.), and even Tanzanian borehole material (Srivastava & Msaky 1999).
Conversely, assemblages from the Trisaccates Province may include such
geographically widespread spore taxa as Cicatricosisporites, Classopollis,
Cycadopites, Podocarpidites, Ruffordiaspora, which can be found in areas such as
Western Australia, but demonstrate similarities to assemblages from the
Kimmerdgian-Aptian successions of the Upper Tendaguru Beds of Tanzania
(Schrank 2010).
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Figure 4.4: Early Cretaceous-Cenomanian palynofloral provinces (Herngreen et al.
1996), showing Tanzania palynoflora in transitional province.
GIB-Greater India Basin; MB-Mozambique Basin; NSB-North Somali Basin; MMadagascar.
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4.3.3

Lithostratigraphy

The section of the Mvule # 1 well studied here penetrated a sedimentary
succession believed to be of Cretaceous age (TPDC 2005). As there is no recognised
lithostratigraphic nomenclature, the lithological unit are informally numbered, as
shown in Figure 4.2, the boundaries between the lithostratigraphic units being
defined by marked changes in lithology.
Progressing in a top-down direction, the youngest lithostratigraphic unit, Unit
1, comprised of coarse grained and poorly sorted whitish sandstones, some 250m
thick from a borehole depth of 3300 m to 3550 m. Below this lies Unit 2, from 3550
m - 3700m, characterised by greyish marls that are fined grained and well sorted.
Samples from both of these units were found to be palynologically poor or barren,
and thus not included in this study. Samples below 3700 m proved to be more
palynologically productive, and those from 4350 m to 4500 m were the most
productive.
Unit 3 is 400 m thick, extending from 3700 m to a depth of 4100 m, and is
comprised of dark grey laminated mudstones. Below this lies about 500m of grey
shale, fine grained and well sorted (Unit 4). The underlying Unit 5 (4600 m - 4700
m) consists of whitish, medium to fine grained and moderately to well-sorted
sandstone. Unit 6 is the deepest lithostratigraphic unit penetrated by the Mvule # 1
well, comprised of about 100 m thick of fine grained shale, from 4700 m - 4800 m
(TD).
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4.5

MATERIALS & METHODS
A total of one hundred cutting samples obtained from the Mvule # 1 well

have been analysed in this study, samples were collected at ten metre intervals.

4.5.1

Total organic carbon (TOC) analysis
Two subsamples from each sample were prepared for total organic carbon

content (TOC weight %). Dried samples were crushed to powder and each split into
two subsamples, one for total carbon (TC) analysis and the other for acidified carbon
(AC - carbonate carbon removed) analysis.
No further preparation of TC subsamples was required prior to analysis. To
conduct the AC analyses, subsamples were first treated with 5-10 ml of Milli-Q water
in glass test tubes, and then acidified by adding one to two drops of 37% hydrochloric
acid to initiate decalcification. The sample solution was shaken slowly and carefully
to avoid overly vigorous reactions, after which successive drops of hydrochloric acid
were added until no further reaction was observed, then 10 ml of 37% hydrochloric
acid was added and left overnight to ensure all carbonate dissolved. Mill-Q water was
used to neutralise subsamples and they were then dried in an oven at low temperature.
Five grammes of dry, powdered samples from each subsample (TC & AC)
were sealed inside tin capsules for analysis using a Carlo Erba EA 1108 elemental
analyser. The analyses were calibrated by conducting analyses of two standards of
known carbon content after approximately every tenth subsample analysed; these were
a low organic carbon sediment standard (LOSS - 1.5% TOC) and a high organic
sediment standard (HOSS - 6.1%).
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The percentage content of TOC is calculated from the TC and AC values, and
must be initially corrected, using the following equation (from Scotney et al. 2012):

where CT is the total carbon content of the sample (=TC), CA is the carbon content of
the acidified sample (=AC), and 8.33 is the molecular weight of calcite divided by
the molecular weight of carbon. The calcite percentage can also be calculated by
using the equation: 100 × (1 − TOC/CA) = calcite %.

4.5.2

Palynofacies and palynomorph analyses
Between 5-10 g of each cutting sample were processed using standard

palynological processing techniques (see Wood et al. 1996). First, concentrated 37%
hydrochloric acid was added to remove carbonates, and then treated with concentrated
60% hydrofluoric acid to remove silicates. Each acidification step was followed by
repeated washing of the samples to neutrality and sieving using a 15 µm nylon mesh.
Sample residues were then boiled in concentrated 37% hydrochloric acid to remove
neo-formed fluoride precipitates. Sample residues were then again neutralised using
deionised water before the final sieving process, and stored in labelled plastic vials.
Three drops of dispersant (detergent) were added to each aqueous residue
before strew-mounting on a glass coverslip to achieve a reasonable palynomorph
density and to minimise clumping, and left overnight to dry. The dried coverslips
were mounted on labelled glass microscope slides using Elvacite 2044 mounting
media.
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Examination

of

sedimentary

organic

matter

(palynomacerals)

and

palynomorphs was made using an Olympus BH-2 transmitted light microscope.
Identification and classification of palynomacerals followed those described by
Bergen et al. (1990). Where possible, three hundred palynomaceral particles
(phytoclasts, palynomorphs and amorphous organic matter [AOM] particles) were
counted from each palynological sample to characterise the variability and assess
changes in palynofacies composition. Form samples with low organic content, a
minimum of one hundred particles were counted.
A palynofacies zonation scheme was created using the Tilia© computer
program by running a stratigraphically constrained CONISS cluster analysis of the
palynomaceral percentage data, using square root transformations of data according to
the Edwards and Cavalli-Sforza (1967) chord distance. Depositional environments of
the each palynofacies zone were interpreted by using ternary AOM-phytoclastspalynomorphs plots after Tyson (1993, 1995).
A total of two hundred specimens of dinoflagellate cyst (‘dinocysts’) were
identified per sample. Species range charts were created using the Tilia© program.
First downhole occurrences (FDOs) and last downhole occurrences (LDOs) have
enabled the identification of biostratigraphically important palynomorph taxa in this
borehole.
Photomicrographs were made using an Olympus BH-2 microscope fitted
with an Olympus SC30 camera. Images of well-preserved specimens were processed
using AnalySIS getIT image TWAIN program and illustrated in plates 1-3. The
photomicrographs were taken using x40 objectives and plates were made by
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magnified photographs by approximately 500 times the original size unless
otherwise indicated.

4.5.3

Vitrinite reflectance analysis
Twenty samples identified as being kerogen-rich were prepared for maturity

studies. Slides for vitrinite measurements were made from palynological residues
using the method of Hillier & Marshall (1992). Coverslips were sprayed with
polishing thin film epoxy (PTFE) releasing agent before strewing the aqueous
palynological residue on the coverslip and leaving it to dry. Dried cover slips were
then mounted onto frosted glass slides using Fastglass resin, and left to harden.
Coverslips were then removed carefully using a razor blade, leaving the resinembedded kerogen particles exposed on the surface of the slide, before being ground
down with 2500 grade emery paper. This was followed by the repeated polishing using
successively finer alumina oxide powder (9.5, 3, and 0.5 µm) using a Kemet polishing
pad on a Kemet Metkon Forcipol 300-IV grinder, using glycerine oil to fix the slides
to the grinder holding plate. Finally, slides were rinsed using deionised water.
Vitrinite particles in the prepared slides were then examined on a Zeiss UMSP50 reflected white light microscope fitted with a x40 oil immersion objective. Two
standards for reflectance were used in this study, dependent on the reflectivity level of
the sample: the lower reflectivity YAG standard (yttrium aluminium garnet: 0.919%)
and the higher reflectivity 3G standard (gadolinium germanium garnet: 1.727%).
Where possible, reflectivity measurements were made of one hundred vitrinite
particles from each sample, with a minimum of fifty measurements for samples which
contained fewer such macerals.
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4.5.4

Burial modelling
The burial histories of the investigated wells were modelled against

the measured vitrinite reflectance data. An initial calibration of peak burial
temperature, was determined from the mean random vitrinite reflectance versus
measured burial heating temperature according to Barker and Pawlewicz (1994): in
Mukhopadhyay and Dow (1994) as shown in Equation 1 below: Equation 1:

T = (lnRv + 1.68) / 0.0124

where T = maximum estimated burial temperature (°C)
lnRv = natural logarithm of vitrinite reflectance
This equation produces a peak temperature estimate from vitrinite
reflectance that is used to start the burial modelling. Data in an Excel spreadsheet
containing well top, thicknesses, formation units, age and lithologies were then input
into Genesis© 15.4 software to construct burial history, thermal history, and
hydrocarbon generation of the well. A burial graph profile from Genesis was then
modelled to produce calculated vitrinite reflectance from the well, to compare with
measured data, to assess the veracity and robustness of the model’s subsidence
modelling and formations that entered hydrocarbon generation.
Thermal parameters such as heat flow, geothermal gradients, water depth and
past surface temperature have been used to control and build the model of the studied
wells. The Cretaceous-Paleogene temperatures described by Pearson et al. (2007)
which is from bivalve isotopic analyses have been used to provide the past surface
temperatures for the modelling. These parameters were then applied to the modelling
techniques such as rift and geothermometry model in order to match the trend of the
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vitrinite reflectance data against depth during the variation of parameters and
therefore build the modelling subsidence agree to the Genesis.

4.6

RESULTS AND DISCUSSION

4.6.1

TOC Results:
Results of the TOC analyses are presented in Figure 4.5, and the numerical

data are presented in Table 4.1. TOC values range from the 1.0 - 3.4 %, and thus all
samples analysed fulfil Jarvie’s (1991) definition of potential source rocks: being
those sediments with TOC levels above 0.5%.
The upper part of laminated mudstone Unit 3, from 3700 m - 3800 m, has the
lowest TOC contents in the well, ranging from 1.0 - 1.3%, whereas the lower part of
this unit yielded TOC values varying from 1.7 - 2.6% (3850 m - 4050 m). Below
this, the thick shale succession from 4100 m - 4550 m (Unit 4), showed the TOC
values between 2.2 - 3.4%, the highest values in the entire well, but these drop with
the lithological change at 4700 m into the sandstones of Unit 5, with TOC values of
1.8-1.9% between 4650 m - 4700 m. The deepest part of the studied section from
4700 m - 4800 m, the shales of Unit 6, have high TOC values, reaching 3.1% at 4800
m.
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Figure 4.5: TOC values for the Mvule # 1 well
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Table 4.1: Total organic content (TOC-wt %) data for the Mvule # 1 well

4.6.2

Palynofacies Results:
The relative abundances (%) of palynomacerals throughout the succession

are shown in Figure 4.6, and the numerical data detailing the average palynomaceral
compositions of each palynofacies zone identified through CONISS analysis are
presented in Table 4.2. The palynomaceral relative abundance data has also been
used to construct an APP ternary kerogen plot after Tyson (1993, 1995), in order to
interpret environments of deposition (Figure 4.7).
Overall, samples from Mvule # 1 are dominated by high abundances of
dinoflagellate cysts, phytoclasts and AOM; sporomorphs are of relatively low
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abundance throughout the succession. The presence of dinocysts in every sample
confirms a marine depositional influence throughout the succession.
Stratigraphically constrained CONISS cluster analysis of the palynomaceral
percentage count data in Tilia has been used to define palynofacies associations.
Samples from the upper part of the studied section from 3700 m - 3850 m of the
laminated mudstone of Unit 3 fall into Palynofacies Zone 1 (PFZ 1), characterised by
an average of 54% phytoclasts (mainly plant tissues rather than wood), 30% AOM
and 17% palynomorphs (mainly pollen). This zone is dominated by terrestrially
derived palynomacerals with low abundances of marine palynomorphs, indicating a
much more proximal environment of deposition. More specifically, samples from
PFZ 1 plot into field II in the APP ternary plot (Figure 4.7), indicating marginal
dysoxic-anoxic shelf conditions during deposition.
Palynofacies Zone 2 (PFZ 2) encompasses samples from 3920 m - 4010 m
covering the middle to lower part of the laminated mudstone Unit 4, with average
palynomaceral contents of 48% palynomorphs (mainly dinocysts), 35% phytoclasts
and 18% AOM. The samples from PFZ 2 fall in field V of the APP plot (Figure
4.7), indicating a more oxic offshore, mud-dominated distal shelf setting. Only one
sample falls outside field V that at 4010 m, plotting in field II, indicating a brief
return to the conditions prevailing during deposition of the younger sediments in
PFZ 1.
Palynofacies Zone 3 (PFZ 3) spans the thick shale Unit 4, including samples
from 4150 m - 4580 m, which are dominated by averages of 51% palynomorphs
(mainly dinocysts), and with slightly lower averages of phytoclasts (35%) and AOM
(14%). Again, most samples from PFZ 3 plot in field V of the APP diagram (Figure
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4.7) demonstrating the same oxic, offshore, mud-dominated distal shelf setting seen
in PFZ 2. Only one sample falls outside field V, that at 4500 m plotting in field II,
indicating a brief return to the conditions prevalent in PFZ 1.
Palynofacies Zone 4 (PFZ 4) is restricted to the deepest part of the well from
4600 m to the base of the well 4800 m, this zone spans the entirety of the sandstones
of Unit 5 and the deepest shales of Unit 6. Samples are characterised by average
59% phytoclasts, and high abundances of 33% of AOM, and lower abundances of
palynomorphs, around 8% (mainly composed of dinocysts). The two samples from
the sands of Unit 5 (4600 m - 4650m) are accounted as shale interbeds as they plot in
field IVb of the APP diagram (Figure 4.7), demonstrating suboxic-anoxic
depositional conditions, consistent with the coarser-grained lithology of the unit,
whereas most samples from Unit 6 plot in field II of the ternary plot (Figure 7),
indicative of marginal dysoxic - anoxic depositional conditions, save for one sample
(4700 m) which plots in field VI, indicating more proximal suboxic-anoxic on the
shelf at the time of deposition.
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Figure 4.6: Palynomaceral relative abundances, and the palynofacies zones defined
by CONISS clusters in the Mvule # 1 well
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Table 4.2: Palynomaceral relative abundances data (percentages) from Mvule # 1
well
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Figure 4.7: Ternary AOM-phytoclasts-palynomorphs (APP) plot for the
palynomaceral relative abundances of samples from the Mvule # 1 well after Tyson
(1993, 1995). The symbols represent the palynofacies zone in which the sample is
located, and the colour of that symbol indicates the lithological unit from which the
sample comes.

4.6.3

Palynological Results:

A total of 52 marine and terrestrial palynomorph species were recorded in the studied
interval between 3700 m - 4800 m, but species richness is extremely low throughout,
averaging ~9 dinocyst species per sample and only ~2 sporomorph species. Indeed,
the species richness in Mvule # 1 is highly variable, but is highest in the middle part
of the borehole where marine richness reaches a maximum of 26 dinocyst species per
sample and 6 sporomorph species. The paucity of recovered palynomorphs has proven
4-24

problematic, as there are very few age-diagnostic taxa. Despite this issue, the majority
of the assemblages contain typical Cretaceous sporomorphs such as Classopollis
classoides, with several samples also yielding Ephedripites striatus, Exesipollenites
tumulus and Deltoidospora toralis; the most abundant dinoflagellate cyst are
Pterodinium cornutum, Sentusidinium explanatum, Subtilisphera perlucida and also
the long-ranging Spiniferites twistringensis, with frequently encountered Cretaceous
forms

such

as

Criboperidinium

muderongese,

Hystrichodinium

pulchrum,

Odontochitina costata, Oligosphaeridium asterigerum and Palaeoperidinium
cretaceum.
However, despite the discovery in borehole material from the Tanzanian
Coastal basins by Srivastava & Msaky (1999) of characteristic and age-diagnostic
elaterate pollen taxa such as Elaterosporites klaszii, E. protensus, E. verrucatus and
E. cf. castelaini, Elaterate Province sporomorphs are entirely absent from the Mvule
# 1 samples. The absence of these key biostratigaphic indices in Mvule #1 may be
due to taphonomic factors, such as winnowing (Mvule # 1 is located in a more
offshore situation than the boreholes studied by Srivastava & Mskay, 1999), syn- or
post-depositional oxidation, etc., or due to more localised ecological exclusion of
taxa that were probably at the most southerly limit of their climatic tolerances (Cole
et al. 2017). Furthermore, whilst ‘absence’ cannot be taken as proof of age, the lack
of such pollen taxa as Afropollis and allied forms, and key dinocyst species such as
Aptea and Pseudoceratium, suggests that sediments of Aptian age were not reached
during the drilling of Mvule #1.
The numerical abundances of the species identified are shown in Table 4.3,
and their ranges organised by first downhole occurrence and also by last downhole
occurrences (Figures 4.8). However, given the impoverished nature of the Mvule #1
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palynological assemblages it is not possible to erect a formal biozonation scheme, so
here we try to bracket the ages of the sediments penetrated in the well by identifying
three dinocyst bioevents (1-3). Where possible we use first downhole occurrences
(FDOs), although the relatively restricted number of often long-ranging taxa present
has also required the use of last downhole occurrences (LDOs) to delineate these
bioevents (Figure 4.9 and 4.10). The age assignments of the bioevents are
established by comparing the biostratigraphic ranges recorded from other African,
South American and Australasian localities, including the work of Srivastava (1976,
1978, 1981), Morgan (1975, 1977a), Burger (1980), Salami (1981), Uwins and
Batten (1988), Helby et al. (1987). Schrank (1987, 1990), Kaska (1989), Schrank
and Awadh (1990), Schrank and Mahmoud (1998), Schrank (2001), Eisawi &
Schrank (2008, 2009), Deaf (2009), Eisawi et al. (2012), Chiaghanam et al. (2012),
Deaf et al. (2014), Atta-Peters et al. (2015) and Cole et al. (2017).
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Table 4.3: Numerical data results of the identified species from first occurrence
downhole (FOD’s) of the Mvule # 1 well
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Figure 4.8: Distribution chart of species found from the Mvule # 1 well.
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Figure 4.9: Range chart for selected species showing biozones from FDO’s of the
Mvule # 1 well
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Figure 4.10: Range chart for selected species showing biozones from LDO’s of the
Mvule # 1 well.
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4.6.4

Biostratigraphy:

Bioevent 1: First downhole occurrence of Litospheridium siphoniphorum (Late
Cenomanian)
The first downhole occurrence (FDO) of Litosphaeridium siphoniphorum
(Unit 4 at 4150 m) is a diagnostic marker for the Late Cenomanian. The dating of the
FDO of this species to the Late Cenomanian is supported by previous studies such as
Dodsworth (2004) from Poland, Partridge & Dettmann (2003) and Partridge (2006)
from Australia. Dodsworth (2000) and Pearce et al. (2009) documented the top
consistent appearance and steady occurrence of L. siphoniphorum in the Late
Cenomanian of southern England.
Palynological assemblages from strata lying above this bioevent horizon are
of very low species richness and lack age-diagnostic taxa, and thus these sediments
can only be assigned a post-Cenomanian late Cretaceous age.

Bioevent 2: First downhole occurrences of Adnatospheridium tutulosum and
Hapsocysta peridictya (intra-Late Cenomanian)
The FDOs of Adnatospheridium tutulosum and Hapsocysta peridictya in Unit
4 at 4390 m, are intra-Late Cenomanian events. In particular, the intra-Late
Cenomanian FDO of A. tutulosum is supported by studies from England (Dodsworth
2004), the USA (Dodworth 2000, 2004), the Czech Republic (Skupien et al. 2003),
Ukrain (Dodsworth 2004), England (Pearce et al. 2009) and New Zealand (Schioler
& Crampton 2014). The FDOs of H. peridictya is also supported by the work of
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Dodsworth (2004) from England and study from New Zealand by Schioler &
Crampton (2014).
Bioevent 3: Last downhole occurrences of Palaeohystrichophora infusorioides
and Adnatospheridium tutulosum (Late Albian)
The LDO of Palaeohystrichophora infusorioides at 4500 m (Unit 4) is a late
Albian marker. This species has been reported to have an FDO in the late Albian in
Libya (Uwins & Batten 1988), Morocco (Gubeli et al. 1984), Western Australia
(Backhouse 2006), North African (Oboh et al. 2007), and the USA (Skupien et al
2009).
Samples below Bioevent 3 contain a number of long ranging species in the
late Albian but there no FOs recognised in the base of late Albian (Shale member
Unit 6).

4.6.5

Thermal Maturity Results:
A total of thirty vitrinite-rich samples were selected for thermal maturity

analysis from the Mvule # 1 well, with a representative coverage of each lithological
unit. Thermal maturity numerical data are shown in Table 4.4. Vitrinite reflectances
(Rv) increase with burial depth as would be expected, with minor contamination by
caving. Reflectivity ranges from 0.7% to 1.6% Rv. The maturity levels are shown in
Figure 4.11, the definition of the maturity zones follows the works of Tissot and
Welte (1978).
Samples from units 1 and 2, ranging from 3330 m - 3650 m, have entered the
window for early liquid hydrocarbon generation, with reflectivity values range from
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0.7 - 0.9% Rv. Below this, the laminated mudstone of Unit 3 (from 3700 m - 3800
m) are within the liquid hydrocarbon window, with reflectivities ranging from 1.0 1.3% Rv.
One sample (3700 m) showed high reflectivity value of 1.3% Rv than it should not
be expected in this unit, suggesting reworking after repetitive examination of
vitrinite macerals, this sample was represented by more semi-fusinite material than
vitrinite. The greyish shales of Unit 4 (4100 m - 4520 m) have reflectivities varying
from 0.7-1.6% Rv (liquid hydrocarbon to dry gas zone). Caving samples have been
noted at 4200 m & 4410 m where reflectivity drops rather than increasing reflectivity
in higher depths as it was expected.
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Table 4.4: Vitrinite reflectance data (Rv %) from Mvule # 1 well
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Figure 4.11: Distribution of vitrinite reflectance values versus depth showing
maturity zones of the Mvule # 1 well
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4.5.6

Burial Model:
Burial model for the study well was created using Genesis software, and the

results of the burial model and the test model of the vitrinite reflectance against
temperature are shown in Figures 4.12-4.13. Maturation history in terms of burial
and thermal evaluation was calibrated using measured vitrinite reflectance. Thermal
parameters including the present day and palaeo-surface temperatures and water
depths used to build the model of the studied wells are adopted from Pearson et al.
(2007).
The burial profiles derived from Genesis© were then modelled to produce the
calculated vitrinite reflectances from the wells when compared to measured vitrinite
reflectance (Rv) data, in order to assess the veracity and robustness of the subsidence
modelling.
Calibration of peak burial heat flow, reflecting maximum temperatures
during burial of the study well, have been determined from the mean random
vitrinite reflectance and just an approximation of estimated burial heating
temperature from Barker & Pawlewicz (1994). The thermal gradient for the
investigated well have been determined by using geothermometry calculations and
plotted on the graph of vitrinite reflectance against depth.
Geothemometry gradient have been calculated using Equation 1 (below)
from Barker & Pawlewicz (1994) and used to produce an estimate to the start
modelling:
Equation 1:

T = (lnRv + 1.68) / 0.0124

where T = maximum estimated burial temperature (°C)

4-36

lnRv = natural logarithm of vitrinite reflectance
In this regard, for Mvule # 1, mean random vitrinite reflectance, %Rv, is 0.7
to 1.5% from 3330 m – 4400 m. Estimated burial peak equivalent for these mean
vitrinite reflectances range from 107° C to 169° C (Barker & Pawlewicz 1994).
Therefore, 1 km for borehole depth over which these values occur is calculated as
4400 - 3330/1000 = 1.07 m. Burial peak difference = (Tpeak1 - Tpeak2) = 169°C 107°C = 62° C.
Therefore, for 1 km the thermal gradient can be calculated as 62° C /1.07 m = 57.9°
C/km ~ 58° C/km.
The geothermal gradient of 58° C/km for Mvule # 1 reveal the thick sediment
in the Shale Unit (~ 500 m thickness) compared to the other lithological units in
succession, suggesting rifting of the basin. At this unit (4100 m - 4600 m) the Mvule
# 1 achieved the thermal gradient temperature ranging from 238° C - 267° C (1 km =
58° C, therefore 4.1km = 50X4.1 and 4.6km = 58X4.6). These temperatures are over
estimated and do not match with the one calibrated in the burial model using
measured vitrinite reflectance values (200° C). However, the Shale Unit is a good
source rock of the entire studied section, showing organic richness between 2.2-3.4%
TOC and maturity levels between 1.2-1.5% Rv (4100m - 4600 m).
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Figure 4.12: Burial Model of the Mvule # 1 well.
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Figure 4.13: Burial test model for Mvule # 1 well showing vitrinite reflectance agaist
temperature
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4.7

CONCLUSIONS
The investigation of the Mvule # 1 well provides the following insight on the

organic richness, kerogen type, hydrocarbon generation, deposition environments
and age of the studied section:

1. Four palynofacies zones have been recorded from this study (labelled 1-4),
characterised by both terrestrial and marine derivatives. The assessment of
depositional environments show marginal dysoxic-anoxic shelf, proximal
suboxic-anoxc shelf and more oxic distal shelf setting conditions.
2. Three dinocyst bioevents are defined on the basis of first downhole
occurrences from the late Albian-late Cenomanian in Mvule #1 from the
Tanzanian Deep Offshore Basin: Bioevent 1, Litosphaeridium
siphoniphorum Event (Late Cenomanian); Bioevent 2, the
Adnatosphaeridium tutulosum and Hapocysta peridctya Event (intra-late
Cenomanian-Late Albian Event); and Bioevent 3, the Palaeohystrichophora
infusorioides Event (Late Albian).
3. Overall the samples from Mvule #1 well are dominated by cysts (kerogen
phytoclasts (i.e., degraded brown wood and cuticle - kerogen Type III &
black wood - kerogen Type IV), with lesser abundances of AOM (kerogen
Type I) and sporomorphs throughout the succession. Overall the entire
sedimentary succession penetrated by the well is dominated by kerogen types
II & III (Dow 1977, Tissot & Welte 1978, Peter & Cassa 1994).
4. The organic richness analyses show that the highest TOC values in the well
are encountered in the Shale Unit 4, varying from 2.2% to 3.4% suggesting a
good source rock of the entire section.
4-40

5. Burial modelling indicates that the Shale Unit 4 entered the oil window in the
Late Miocene (~10 Ma) and is still continuing to produce hyrocarbons.
6. The high temperature reached by the Shale Unit 4 (4100 m - 4600 m) during
burial (238° C - 267° C) has probably resulted in the loss of up to 50% of the
organic carbon content, therefore, indicating that the TOC content of the
Shale Unit 4 could have been at least twice the 3.4% TOC it contains today.
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Abstract:
Samples from the late Albian-Maastrichtian successions of Tanzania Drilling

Project (TDP) sites 21, 24, 36 and 37 from the Kilwa and Lindi regions of southern
coastal Tanzania have been subjected to palynological, palynofacies and
palaeoenvironmental analyses. The palynofacies assemblages from all sites are
characterised by high percentages of phytoclasts, mainly black and brown wood
material, with moderate to low percentages of palynomorphs, whilst AOM is rare.
The organic facies from all of these sites are dominated by gas-prone Type III
kerogens. The palynofacies data support sedimentological and calcareous
micropalaeontological interpretations of open marine shelf environments, and
corroborate high terrigenous inputs throughout the fine-grained sedimentary units.
All samples are characterised by extremely impoverished dinoflagellate cyst
and miospore assemblages, with very low abundances and species richness, although
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taxa are typical of the Albian-Cenomanian floras from the Transitional palynofloral
province. Forty-four species were identified from this study, including typical
Cretaceous taxa including Deltoidospora toralis, Ephedripites striatus,
Exesipollenites tumulus, Cicatricosisporites australis, Criboperidinium
muderongense, Dinopterygium tuberculatum, Odontochitina operculatum,
Oligosphaeridium pulcherrimum, Palaeohystrichophora infusorioides,
Palaeoperidinium cretaceum. Rare species such as Areoligera sp., Circulodinium
sp., Cyclonephelium sp., Muderongia australis and Pterodinium cornutum were also
recorded. Based on first downhole occurrences (FDOs), a series of dinocyst
bioevents spanning the upper Albian-upper Maastrichtian have been proposed, dated
by correlation with the existing planktonic foraminiferal and calcareous
nannoplankton zonation schemes.
Keywords: Palynology, Bioevents, Paleoenvironments, Cretaceous biostratigraphy,
Kilwa Group, Lindi Formation.
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5.2

INTRODUCTION
Tanzania Drilling Project (TDP) sites were drilled in 1998-2009 along the

coast in the Kilwa Peninsula and Lindi regions of southern Tanzania (Fig. 5.1). The
samples recovered from the TDP sites are dominated by homogeneous claymudstones and coarse siliciclastic sediments with well-preserved foraminifera
(Pearson et al. 2001, 2004, 2006). A total of six formations were defined, spanning
from the upper Cretaceous to Neogene (Nicholas 2004). The first four formations
were defined as the Kilwa Group penetrating upper Cretaceous to Neogene
sediments in the Kilwa region. These formations include, from older to younger (the
Nangurukuru, Kilwa Kivinje, Kilwa Masoko and Pande formations). Two additional
formations were defined in the Lindi region, spanning from the lower-upper
Cretaceous, again from older to younger, the Kingongo Marls and Lindi formations
(Fig. 5.2).
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Figure 5.1: Simplified geographical map showing the Kilwa and Lindi regions of
southern Tanzania where the TDP boreholes studied here were drilled; inset shows
location of the area on a map of Africa.
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The TDP boreholes are known for the exceptional preservation of planktic
and benthic foraminifera and calcareous nannofossils (Pearson et al. 2001, 2004,
2006). There have been a number of publications on material from the TDP cores
which detail the foraminiferal and calcareous nannofossil biostratigraphy, stable
isotopic record (δ18Ocarb, δ13Ccarb, δ13Corg) and total organic carbon content (% Corg)
of the cores, in addition to palaeoceanographic, palaeoecological, evolutionary
studies and climate reconstructions from the Tanzanian margin. These papers
include the works of Pearson et al. (2001, 2004, 2006, 2007), Nicholas (2004),
Stewart et al. (2004), Brown (2005), Bown & Dunkley (2006), Lees (2007), Bown et
al. (2008), Jiménez Berrocoso et al. (2010, 2012), Falzoni and Petrizzo (2011),
Wendler et al. (2011, 2013), Falzoni et al. (2013), MacLeod et al. (2013), Wendler
and Bown (2013), Huber and Petrizzo (2014).
Oil seeps are known in the Paleogene outcrops near Kilwa (Pearson et al. 2004,
2006; Nicholas et al. 2006), and near Lindi, some parts of the Turonian of the Lindi
Formation (TDP 36) have yielded up to 2.6% total organic carbon content (Jiménez
Berrocoso et al. 2012). Despite these encouraging indications, there has as yet been
no investigation of the potential significance of the TDP cores to understanding the
petroleum geology of the region (Jiménez Berrocoso et al. 2012). There have been
two previous palynological studies of TDP material, but both of these focussed on the
Paleocene parts of the cores (Pearson et al. 2004, 2006) and Mkuu (2012) and there
has not yet been a palynological study made of the Cretaceous sediments from the
TDP cores. The primary aim of this study is thus to analyse the palynofacies
components to determine what information these data can provide about the
palaeoenvironmental conditions prevailing at the time of deposition, and to assess
kerogen types. Secondly, by analysing palynomorph assemblages from sediments
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dated by foraminiferal and calcareous nannofossils as of late Albian to Maastrichtian
age, we will assess the potential for producing a palynological biostratigraphic
framework for future subsurface correlation purposes.
The cores obtained for the TDP project were of only 64 mm or 48 mm
diameter, and given the detailed micropalaeontological and geochemical studies that
have already been made of the material, very little sample material now remains with
the Tanzanian Petroleum Development Corporation. The present study therefore
focusses on a small number of samples from the Cretaceous sediments drilled between
2007 and 2009 at TDP borehole sites 21, 24, and 36 through the Lindi Formation in
the Lindi region (late Albian-Turonian), and Site 37 from the Kivinje and
Nangurukuru formations in the Kilwa Peninsula (Maastrichtian-Paleocene; Nicholas
2004; Pearson et al. 2004, 2006).
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Figure 5.2: Stratigraphic extent of the TDP borehole sites 21, 24, 36 and 37, drilled
between 2007 & 2009 (Pearson et al. 2006, Nicholas et al. 2006)
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5.3 GEOLOGICAL SETTING AND STRATIGRAPHY:

5.3.1

Tectonic history and palaeogeography:

The formation of Coastal basins of Tanzania was related to the breakup of
Gondwana and the separation of the African and Madagascan continental blocks
(Kent et al. 1971, Watkins et al. 1992, Schluter and Hampton 1997). Two major
rifting phases occurred during the development of the Coastal basins: first, the Karoo
rifting phase occurred in the late Carboniferous-Triassic period (300-205 Ma). Major
rift structures were formed during this phase of tectonism, and a broad depression
filled by thick sequences of terrigenous lithology (Salman & Abdula 1995). The
second phase of rifting began spanned the Mesozoic-Cenozoic (205-157 Ma), from
the break-up of Gondwana to the development of the Indian oceanic sea floor (TPDC
1979, Kajato 1989, Mbede 1991, Kapilima 2003). The second phase separated
Gondwana into western (South America and Africa) and eastern (Antarctica, India,
Madagascar and Australia) blocks and the rifting of Madagascar away from East
Africa led to development of passive margin along the Tanzanian coastal region
(Salmani and Abdula 1995, Jimemez Berrocoso et al. 2010)
By the early Cretaceous, the breakup of the Gondwanan supercontinent had
commenced with the south-to-north separation of South America and Africa to
initiate the South Atlantic Ocean, and the progressive separation of the African and
Madagascan-Indian continental blocks to open up the West Somali Basin (Kent et al.
1971, Watkins et al. 1992, Schluter and Hampton 1997). Around 95 Ma, a shallow
shelf extended from the eastern margin of the ‘South African’ landmass, narrowing
dramatically from north to south (towards the present day location of Tanzania), and
descending offshore into the deeper waters of the West Somali Basin proper (Torsvik
& Cocks 2017).

From the late Cretaceous, around 90 Ma, major rifts developed
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within the African continent which divided Africa into five major tectonic blocks
(South Africa, North-East Africa, North-West Africa, Somalia and the Lake Victoria
Block; Torsvik & Cocks 2017). During the early-mid Cretaceous Tanzania was
located further south than today, lying at approximately 30°S (Figure 5.3; Torsvik &
Cocks, 2017).
During the second phase of rifting, the marine transgression accompanied by
seafloor resulted in deposition of thick Upper Jurassic and Lower Cretaceous
sediments in Mandawa and Ruvuma basins in coastal areas of Tanzania and northern
Mozambique (Salman and Abdula 1995, Key et al. 2008) causing the extensive
exposure of Cretaceous and Paleogene sediments along the coastal regions of south
Dar-es-Salaam (Kent et al. 1971) and continuous bands between Kilwa and Lindi.
The Upper Cretaceous sediments have been known since the 1900s in Kilwa
and Lindi regions but more detailed descriptions were not published until Moore et
al. (1963), Ernst and Schluter (1989) and Ernst and Zander (1993). Schluter (1997)
named the Kilwa Group for the Upper Cretaceous sediments exposed in Kilwa, but
neither divided them into formations nor defined their stratigraphic limits.
Nicholas et al. (2006) described exposures of sediments from the Kilwa and Lindi
regions and divided then into six formations (from oldest to youngest): the
Kingongo, Lindi, Nangurukuru, Kivinje, Masoko and Pande formations.
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Figure 5.3: Late Cretaceous (~ 95 Ma) palaeogeographical reconstruction focussed
on the southern hemisphere during Gondwanan fragmentation, showing the location
of present day Tanzania (based on Torsvik & Cocks, 2017).
GIB-Greater India Basin; MB-Mozambique Basin; NSB-North Somali Basin; MMadagascar
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5.3.2

Palynofloral Provinces:

From the Albian to Cenomanian periods the area to the north of present day
Tanzania was characterised by palynomorphs representative of the Elaterates
Palynofloral Province, whilst to the south lay the Austral Trisaccates Province (early
Cretaceous-Cenomanian; Herngreen et al. 1996). Tanzania was located between
these two floral provinces, in an area described as “Transitional” (Herngreen et al.
1996; Figure 5.4). Characteristic palynological taxa of the mid Cretaceous Elaterate
Province are found in strata extending as far as 30ºN and 30ºS, and include such
distinctive taxa as Afropollis, Schrankipollis and Pennipollis spp. (which occur
widely across Africa), and the Elaterate group of pollen (that are common in the
Cenomanian of West African basins), both of which are commonly used as AlbianCenomanian indicators from western to northeastern Africa (Jardine & Magloire
1965; Kaska 1989, Herngreen et al. 1996; Schrank 1990, 1994, 2001, 2005, 2010,
2017; Eisawi et al. 2012; Deaf et al. 2014; Atta-Peters 2013; Atta-Peters et al. 2016;
Cole et al. 2017). Indeed, species of these more northerly elaterates have been
sporadically recorded from the areas that were within the Transitional Province, such
as Patagonia (Barreda & Archangelsky 2006; Archangelsky et al. 2009; Pramparo et
al. 2016.), and even Tanzanian borehole material (Srivastava & Msaky 1999).
Conversely, assemblages from the Trisaccates Province may include such
geographically widespread spore taxa as Cicatricosisporites, Classopollis,
Cycadopites, Podocarpidites, Ruffordiaspora, which have been reported in
assemblages from the Kimmerdgian-Aptian successions of the Upper Tendaguru
Beds of Tanzania (Schrank 2010), and can also be found in palynological
assemblages from present day western Australia.
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Figure 5.4: The distribution of palynofloral provinces on a palaeogeographic
reconstruction of the early-mid Cretaceous southern hemisphere, showing the
position of present day Tanzania and the location of the Transitional Palynofloral
Province (Herngreen et al. 1996)
GIB-Greater India Basin; MB-Mozambique Basin; NSB-North Somali Basin; MMadagascar.
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5.3.3 Lithostratigraphy and microfossil biostratigraphy:
Stratigraphic logs of the sections of the TDP boreholes studied here are
presented in figures 5.5-5.8. The lithostratigraphic framework for the TDP sites was
proposed by Pearson et al. (2006) and Nicholas et al. (2006, 2007). The SantonianMaastrichtian sediments were assigned to the Kilwa Group, including the
Nangurukuru, Kivinje, Masoko and Pande formations, and the older (AlbianSantonian) Lindi Formation, and the Aptian-Albian Kingongo Marls Formation.
The succession penetrated in the TDP sites was interpreted as having been deposited
across a passive margin shelf, with the sediments currently cropping out along a
broad belt from the Kilwa Peninsula to Lindi Creek in southern Tanzania (Nicholas
et al. 2006, 2007). The succession from TDP boreholes are characterized by
claystones, interbedded with surbordinate limestones and sands deposited in a
marine shelf environment (Nicholas et al. 2006, 2007; Pearson et al. 2006).
The youngest formation studied here is present in the cores from TDP Site
37, drilled on the top of Kimamba Hill, 19.7 km west of Kilwa Masoko in the Kilwa
region (Jimenez Berrocoso et al. 2015). This borehole penetrated the Kivinje and
Nangurukuru formations and had a total depth of 172.1 m (Fig.5.5). The topmost (216m) sediments consist of brecciated Kivinje Formation, represented by
unconsolidated greyish orange to light yellow carbonates of Selandian age (spanning
the mid Paleocene-upper Paleocene PF Zone P3 and nannofossil zone NP5; Jiménez
Berrocoso et al. 2015). Between 16-21.25m, the poorly-sorted carbonate clasts in a
dark gray sandy siltstone matrix revealed a mixed planktonic foraminiferal
assemblage of middle Paleocene and upper Maastrichtian. From 21.25 m to bottom
of the hole, the Maastrichtian succession is represented by medium to dark olive
gray, mostly massive calcareous claystones (planktonic foraminiferal Zone R.
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fructicosa and nannofossil zone UC20aTP). The Selandian carbonates are in faulted
contact with the underlying ~150 m of lower-upper Maastrichtian claystones of the
Nangurukuru Formation, which span the Pseudoguembelina palpebra to
Abathomphalus mayaroensis planktic foraminiferal zones and nannofossil zones
UC19 to UC20a TP (Jiménez Berrocoso et al. 2015). The Maastrichtian claystones
show weakly developed bedding from 154-168 m (Jimenez Berrocoso et al. 2015).
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Figure 5.5: Stratigraphic log of TDP Site 37 showing the sampled depths.

TDP Site 36 was drilled in the south-eastern part of the Lindi region in
lower-middle Turonian sediments of the Lindi Formation. The sediments span the
Whiteinella archaeocretacea to Helvetoglobotruncana helvetica planktic
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foraminiferal zones and calcareous nannofossil subzones UC6b ± UC7; Jiménez
Berrocoso et al. 2015), reaching a total depth of 110.5 m, with good recovery from
the surface to 102 m, and moderate recovery from 102 m to the bottom of the hole.
This unit is characterised by thick grey sandstone units interbedded with dark gray
sandy siltstones and claystones, displaying undisturbed fine lamination
approximately from 16 m-72 m and from 24 m- 90 m exhibit highly disturbed
lamination (Fig. 5.6).
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Figure 5.6: Stratigraphic log of TDP Site 36 showing the sampled depths.

TDP Site 21 was drilled 0.6 km SE off the main road to the Lindi region and
reached a total depth of 68.10 m. The borehole spans the uppermost CenomanianConiacian of the Lindi Formation (Whiteinella archaeocretacea-Dicarinella
concavata planktic foraminiferal zones and nannofossil zones UC5c-UC10; Jiménez
Berrocoso et al. 2010). The drilling objective for this site was to recover the lower
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(Santonian) part of the Nangurukuru Formatiom (Nicholas et al. 2006), but poor
recovery of the unconsolidated sands from the surface to 8.10 m meant that this part
of the succession was not captured in the core. Good recovery was possible between
8.10 to 47.10 m, penetrating medium to dark grey silty claystones with faintly
laminated intervals from 23.10 to 35.10 m, and irregular silty to fine sand partings.
The interval from 39.97 m to the base of the core consists of light grey, fine to
medium grained sandstones (Fig. 5.7).
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Figure 5.7: Stratigraphic log of TDP Site 21 showing the sampled depths.

TDP Site 24 was drilled 0.03 km east of the Lindi region and 0.63 km west of
TDP 21 in the Nangurukuru Fm with the objective of drilling the CretaceousTertiary boundary (Nicholas et al. 2006). The core recovered the upper Albian to
lower-middle Turonian Lindi Formation (Planomalina buxtorfi to Whiteinella
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archaeocretacea planktic foraminiferal zones and calcareous nannofossil zones
UC0a-UC8a; Jiménez Berrocoso et al. 2010). This formation is here characterised
by dark grey siltstones interbedded with fine grained sandstones down to a depth of
65 m. The foram unconformity was placed at 7.16 m below the surface where the
foraminiferal assemblage indicates the lower part of the Rotalipora cushmani Zone
(middle-late Cenomanian). A second unconformity was placed at 57.57 m below the
surface where the presence of late Albian foraminiferal of the Planomalina buxtorfi
Zone appeared. The interval from 65 m to the base of the core comprises of light
grey coarse-grained sandstones with woody debris. The drilling was stopped in hard,
lithified sandstones of Albian age at Lindi Formation. (Fig. 5.8).
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Figure 5.8: Stratigraphic log of TDP Site 24 showing the sampled depths.
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5.4 PREVIOUS STUDIES:

The Coastal basins are now recognised as important locations for
hydrocarbon exploration in Tanzania. Most of the natural gas discoveries and oilseeps have been found within these basins, yet little published information is
available. The few previous publications on Tanzanian Cretaceous palynology
include those of Mayagilo (1989) who studied the palynology of the Songo Songo #
7 well from southern coastal Tanzania (Coastal basin), Balduzzi et al. (1992)
investigated the palynology and micropaleontology of Mesozoic sediments from the
Mandawa basin, Srivastava (1994) described the palynology of mid Cretaceous
sediments from Coastal basin, Srivastava & Msaky (1999) investigate AlbianCenomanian palynology from Coastal basin, Schrank (1999, 2005, 2010)
investigated palynology of the Tendaguru beds of Mandawa basin and more recently
Msaky (1995, 2000, 2007, 2008 and 2011) studied Mesozoic palynology from the
Rufiji and Mandawa basins, but many of these studies focus on palynostratigraphy of
outcrop or cutting samples from onshore basins.

5.3

MATERIALS AND METHODS

5.3.1

Materials:

The present study is thus based on eighteen core samples collected from four
shallow cores from TDP sites 21, 24, 36 & 37 in southern Tanzania, and represents
the first palynological investigation of the Cretaceous sediments retrieved from these
sites.
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5.3.2

Methods:

5.3.2.1

Palynofacies and palynomorph analyses:
Between 5-10 g of dry sediment from each sample was processed using

standard palynological processing techniques (see Wood et al. 1996). Samples were
first treated with concentrated 37% hydrochloric acid to remove carbonates and then
treated with concentrated 60% hydrofluoric acid to remove silicates. Each step was
followed by repeated washing of the samples to neutrality and sieved through 15 µm
nylon mesh. Sample residues were then boiled in concentrated 37% hydrochloric
acid which removed neo-formed fluoride precipitates, before again being neutralised
using deionised water for the final sieving process, and being stored in labelled
plastic vials.
Three drops of dispersant (detergent) were added to each aqueous organic
residue before strew-mounting on a glass coverslip to achieve a reasonable
palynomorph density and to minimise clumping. The dried coverslips were mounted
on glass microscope slides using Elvacite 2044 mounting medium.
Examination

of

sedimentary

organic

matter

(palynomacerals)

and

palynomorphs was made using an Olympus BH-2 transmitted light microscope.
Identification and classification of palynomacerals followed those described by
Bergen et al. (1990). Where possible, a maximum three hundred palynomaceral
components were counted from each palynological sample to characterise kerogen
content and assess changes in palynofacies composition (or a minimum one hundred
for samples with low organic content).
Although the creation of palynofacies zonation schemes is unreliable for such
low vertical sample densities per core site, statistical analysis of the palynofacies
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assemblage data for each core was undertaken to determine assemblage similarity
using Tilia©. This was performed by running a stratigraphically constrained CONISS
cluster analysis of the palynomaceral percentage data using square root
transformations of data according to the Edwards and Cavalli-Sforza (1967) chord
distance. Depositional environments of each palynofacies cluster at each site was
constructed using the amorphous organic matter (AOM)-phytoclasts-palynomorphs
ternary plot after Tyson (1993, 1995).
For the palynomorph study a total of two hundred palynomorphs were
counted and identified per sample. Palynomorph species range charts were created
using the Tilia©program. First downhole occurrences (FDOs) and last downhole
occurrences (LDOs) have been identified for all species recorded and used to define
bioevent horizons.
Photomicrographs were made using an Olympus BH-2 microscope fitted
with an Olympus SC30 camera. Images of well-preserved specimens were
processed using AnalySIS getIT image TWAIN program and illustrated in plates 45. The photomicrographs were taken using x40 objectives and plates show species
magnified at 500 times their original size unless otherwise indicated.

5.4

RESULTS AND DISCUSSION

5.4.1

Palynofacies results:
The numerical data detailing the average palynomaceral compositions of

each palynofacies cluster for each core site are presented in tables 5.1-5.4. The
palynofacies clusters and APP ternary kerogen plots are shown in figures 5.9-5.16.
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Overall, the studied samples from TDP borehole are dominated by high
abundances of phytoclasts, with dinoflagellate cysts and sporomorphs being of
relatively low abundance throughout each succession. Lesser amounts of AOM were
present, increasing in the older sediments, foraminifera test linings dominated in
TDP 21 and TDP 24, whereas TDP sites 36 and 37 were dominated by dinocysts.
The presence of foraminiferal test linings and dinocysts in studied samples confirm
near shore-shallow marine depositional throughout the succession.

TDP Site 37
Samples from the upper part of the studied succession from Kivinje
Formation in Kilwa region, comprise TDP 37/16/1 (69-71cm), TDP 37/18/1 (1719cm) and TDP 37/27/3 (13-16cm), grouped as Palynofacies Cluster 1 (PC 1),
characterised by an average of 47% phytoclasts (mainly plant tissues rather than
wood), 44% palynomorphs (mainly dinocysts and foram test linings) and 9% AOM.
This cluster is dominated by terrestrially derived palynomacerals with minor
differences in marine components, implying near a shore-shallow marine location
proximal to the source of deposition. More specifically, samples from PC 1 fall into
field V of the APP plot, indicating mud-dominated oxic shelf conditions. Only one
sample falls outside field V that is sample 37/27/3, which plots in field III, indicating
a proximal, more heterolithic oxic shelf situation.
Palynofacies Cluster 2 (PC 2) is represented by samples TDP 37/34/2 (7173cm) and TDP 37/36/3 (66-68cm), covering the middle to lower part of the Kivinje
Formation, with average palynomaceral contents of 52% palynomorphs (mainly
dinocysts), 44% phytoclasts (mainly plant tissues) and 4% AOM. These samples
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evidence more distal shelf conditions, where the dominant palynomorphs are
dinocysts. The samples in PC 2 fall in field V of the APP plot, indicating muddominated oxic shelf conditions.
Palynofacies Cluster 3 (PC 3) characterised the deeper part of the Kivinje
Formation, consisting of samples TDP 37/47/1 (75-77cm) and TDP 37/68/1 (1-2cm),
which are dominated by average of 46% palynomorphs (mainly dinocysts),
phytoclasts (45%) and AOM (9%). The presence of dinocysts and the fact that PC 3
sample plot in field V of the APP diagram demonstrate that these too were deposited
in mud-dominated oxic shelf conditions.

Figure 5.9: Palynomaceral relative abundances, and the palynofacies clusters defined
by CONISS analysis for TDP Site 37.
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Table 5.1: Numerical data showing palynomaceral percentages from TDP Site 37
samples, showing palynofacies clusters.
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Figure 5.10: Ternary AOM-phytoclasts-palynomorphs (APP) plot for the
palynomaceral relative abundances of samples from TDP Site 37 (after Tyson, 1993,
1995).

TDP Site 36
The CONISS analysis of samples from TPD Site 36, drilled in the Lindi
Formation, fall into three palynofacies clusters. Palynofacies Cluster 1 (PC 1) is
restricted to the upper part of the core section, represented by samples TDP 36/8/2
(14-16cm) and TDP 36/16/1 (50-52cm), and is characterised by an average 66%
phytoclasts, 25% palynomorphs (mainly composed of dinocysts) and low
abundances of AOM (9%). Using the APP ternary plot of Tyson (1993, 1995),
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samples from PC 1 plot in field III, indicative of proximal heterolithic oxic shelf
depositional conditions.
Palynofacies Cluster 2 (PC 2) is represented by only one sample, TDP
36/17/3 (14-16cm), from the middle part of the Lindi Formation, the palynomaceral
contents this time dominated by 53% palynomorphs (mainly pollen), with only 40%
phytoclasts (mainly plant tissues), and a low abundance of AOM (7%). The sample
plots in field V of the APP diagram, indicating mud-dominated oxic shelf conditions.
Palynofacies Cluster 3 (PC 3) characterises the middle-lower part of the
Lindi Formation, and contains samples TDP 36/23/1 (15-16cm), TDP 36/39/3 (3638cm), TDP 36/40/2 (33-35cm) and TDP 36/42/1 (12-14cm), which are dominated
by average of 60% phytoclasts, 32% palynomorphs (mainly sporomorphs), with low
abundances of AOM (7%). The samples from PC 3 fall in field III of the APP
diagram, indicating the same proximal heterolithic oxic shelf conditions as the
samples from PC 1.
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Figure 5.11: Palynomaceral relative abundances, and the palynofacies clusters
defined by CONISS analysis for TDP Site 36.

Table 5.2: Numerical data of the palynomaceral percentages from TDP Site 36
showing palynofacies clusters.
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Figure 5.12: Ternary AOM-phytoclasts-palynomorphs (APP) plot for the
palynomaceral relative abundances of samples from TDP Site 36 (after Tyson, 1993,
1995).

TDP Site 21
The Lindi Formation in TDP Site 21, is represented by the samples from
which define four palynofacies clusters. Palynofacies Cluster 1 (PC 1) covers the
upper part of the core, including samples TDP 21/12/2 (28-32cm) and TDP 21/13/2
(33-35cm). Samples are characterised by an average 81% phytoclasts, 16%
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palynomorphs and low abundances of AOM (3%). PC 1 samples plot in field III of
the APP diagram, again indicating proximal heterolithic oxic shelf conditions.
Three samples - TDP 21/14/1 (13-16cm), TDP 21/14/2 (18-21cm) and TDP
21/15/1 (4-6cm) – fall in Palynofacies Cluster 2 (PC 2), which have a lower
similarity level than the other clusters defined for this site, but all are dominated by
terrestrial palynomacerals, including black wood, plant tissue and sporomorphs. The
APP plot of PC 2 samples demonstrates a shallowing downcore, from sample TDP
21/14/1 (field II) indicating a marginal dysoxic-anoxic basin, through field IVa
representing a shelf to basin (TDP 21/15/1), one sample (TDP 21/14/2) falls in field
III, indicating heterolithic oxic shelf (Proximal shelf) and last.
Palynofacies Cluster 3 (PC 3) contains samples TDP 21/15/2 (19-22cm) and
TDP 21/16/1 (6-10cm), which are dominated by an average of 54% phytoclasts, 34%
palynomorphs (mainly foram test linings) and higher AOM (12%) than the other
clusters, plotting in field III of the APP diagram, indicative of a proximal heterolithic
oxic shelf setting.
Palynofacies Cluster 4 (PC 4) which comprises samples TDP 21/19/1 (58cm) and TDP 21/21/1 (7-10cm), dominated by an average of 70% phytoclasts, 22%
palynomorphs (mainly sporomorphs) and 8% AOM. The samples from PC 4 plot in
field III of the APP diagram demonstrate the heterolithic oxic shelf (Proximal shelf)
and one sample TDP 21/19/1 (5-8cm) fall into field IVa, indicating shelf to basin
settings.
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Figure 5.13: Palynomaceral relative abundances, and the palynofacies clusters
defined by CONISS analysis for TDP Site 21.

Table 5.3: Numerical data of the palynomacerals percentages from TDP Site 21
showing palynofacies clusters.
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Figure 5.14: Ternary AOM-phytoclasts-palynomorphs (APP) plot for the
palynomaceral relative abundances of samples from TDP Site 21 (after Tyson, 1993,
1995).

TDP Site 24
Samples from TPD Site 24 are also from the Lindi Formation, and fall into
three palynofacies clusters. Palynofacies Cluster 1 (PC 1) includes samples TDP
24/9/2 (27-30cm), TDP 24/11/3 (39-41cm), TDP 24/11/3 (39-41cm) and
TDP24/14/2 (42-44cm), characterised by average 52% phytoclasts, 35% (mainly
sporomorphs) and 13% AOM. Using the APP ternary plot, samples from PC 1 plot
in or on the boundaries of field III indicative of proximal heterolithic shelf
conditions with oxic to suboxic bottom water oxygenation.
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Palynofacies Cluster 2 (PC 2) is represented by two samples, 24/17/1 (2325cm) and TDP 24/23/1 (50-53cm), dominated by average of 54% palynomorphs
(mainly sporomorphs), 37% phytoclasts, with low AOM percentages (8%). These
samples plot in field V of the APP diagram, demonstrating mud-dominated oxic
shelf setting.
All the samples plot in the gas-prone Type III kerogen-dominated regions of
the APP diagram.

Figure 5.15: Palynomaceral relative abundances, and the palynofacies clusters
defined by CONISS analysis from TDP Site 24.
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Table 5.4: Numerical data of the palynomaceral percentages from TDP Site 24
showing palynofacies clusters.

Figure 5.16: Ternary AOM-phytoclasts-palynomorphs (APP) plot for the
palynomaceral relative abundances of samples from the TDP Site 24 well (after
Tyson, 1993, 1995).
5-36

5.4.2

Palynological results:
Palynomorph distribution data are shown in Table 5.5-5.8. A total of twenty-

seven samples were studied from TDP boreholes 21, 24, 36 and 37. All samples
contain dinocysts and sporomorphs, moderate to well preserve. Species abundance
and diversity are very low in all studied samples, whilst the species richness is
extremely very low in all sites, reaching the highest average ~10 dinocyst species per
sample in TDP 37 and ~6 sporomorph species in TDP 21.
Progressing from the stratigraphically youngest-oldest borehole, seven
samples were studies from TDP 37, twenty-eight species were identified. This
borehole shows common occurrences of dinocysts throughout the bottom-hole
compared to other studied boreholes. The sporomorphs show high number at the top
section of the borehole and decreasing down the borehole. The species richness is
low, averaging ~10 dinocyst species per sample and ~ 4 sporomorph species per
sample.
Nine samples were studied from TDP 21, a total of 32 both marine and nonmarine palynomorphs species were recorded. Dinocysts were generally common and
an increase in sporomorphs was observed between TDP 21/14/1-TDP 21/15/1
possibly suggesting a shallowing environment. The species richness in this borehole
is very low, averaging ~5 dinocyst species per sample and ~6 sporomorphs species
per sample.
Six samples were studied in TDP 24, a total of 16 palynomorph species were
documented, mostly sporomorophs with a small number of dinocysts. The species
richness in this borehole is very low, averaging ~3 dinocyst per sample and ~2
sporomorph species per sample.
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Seven samples were studied from TDP 36, a total of 22 palynomorphs
species were recorded in this site. Dinocysts were generally common to abundant at
the top of the borehole and decreasing downhole whilst sporomorphs were common
at the top of the borehole and increasing between boreholes TDP 36/17/3-TDP
36/39/3. The species richness is very low, both (dinocyst and sporomorphs)
averaging ~4 species per sample.
In regards to the above results, the majority of the assemblages yielded
typical palynomorphs of Cretaceous age such as Classopollis classoides,
Ephedripites striatus, Exesipollenites tumulus and Deltoidospora toralis.
Dinoflagellate cysts such as Criboperidinium muderongese, Hystrichodinium
pulchrum, Odontochitina costata, Oligosphaeridium asterigerum, Palaeoperidinium
cretaceum, Subtilisphera perlucida and Spiniferites twistringensis were also
recorded from many samples.
Given the extremely limited palynomorph yield from these samples, agediagnostic species are few and thus biostratigraphic results are limited. However, the
ranges of the species identified have been used to establish a series of bioevent
horizons at each site using a first downhole occurrence (FDO) scheme so as to
provide guidance for future hydrocarbon exploration work, and where necessary a
limited number of bioevents have been based on last downhole occurrence (LDO).
Species occurrence data are presented in tables 5.5-5.8, and range charts illustrating
the bioevents identified at each site are shown in figures 5.17-5.20.
There is general absence of known Cretaceous marker species found in other
Tanzanian borehole samples, such as Litosphaeridium siphoniphorum (see elsewhere
in this thesis), and several of the palynomorph species identified exhibit range
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extensions due to caving and reworking. Therefore, the established foraminiferal and
nannofossils zones will be used as an age control for the palynological taxa
identified.

TDP 37 bioevents:
Three bioevents have been proposed in this borehole. Most of the studied samples
represent different species of typical Cretaceous age.
Bioevent 1: First downhole occurrence (FDO) of Pterodinium cingulatum
(Middle Maastrichtian)
The bioevent 1 is characterised by the first downhole occurrences (FDOs) of
Coronifera oceanica, Oligosphaeridinium complex, Pterodinium cingulatum and
Sentusidinium explanatum. The first appeared and last disappearance of Pterodinium
cingulatum identify this bioevent.
The dating of the FDOs of the above species to the middle Maastrichtian is
supported by previous foraminiferal and calcareous nannofossils studies from
Tanzania (Jiménez Berrocoso et al. 2015). Bioevent 1 have been recognised from
sample TDP 37/18/1 which yielded foraminiferal Zone of the middle Maastrichtian
(Racemiguembelina fructicosa Zone) identified from 28.88 to 84.90 m. The
foraminiferal R. fructicosa Zone is equivalent to the nannofossil Zone UC20aTP of
upper Maastrichtian.
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Bioevent 2: First downhole occurrence (FDO) of Pterodinium cornutum (Middle
Maastrichtian)
The bioevent 2 is characterised by the first downhole occurrences (FDOs) and
disappearance of Pterodinium cornutum. Other associated FDO species include
Ephedripites striatus, Deltoidospora toralis, and Gemmatrilites sp. This bioevent
have been recognised from TDP 37/27/3, TDP 37/34/2 and TDP 37/36/3 which is
assigned to the middle Maastrichtian of the planktonic foraminifera R. fructicosa
Zone and upper Maastrichtian nannofossil Zone UC20aTP, the middle Maastrichtian
R. fructicosa Zone is identified from 28.8 m to 84.90 m (Jiménez Berrocoso et al.
2015).

Bioevent 3: First downhole occurrence (FDO) of Kleithrasphaeridium tubulosum
(lower Maastrichtian)
The FDO of Kleithrasphaeridium tubulosum occurs in the Pseudoguembelina
palpebra foram zone of the Lower Maastrichtian (Jiménez Berrocoso et al. 2015).
The occurrence of P. palpebra is documented to the interval 84.90 m to the bottom
of the hole, and is consistent with the nannofossil UC19 Zone assignment. Other
associated species are Cicatricosisporites australis and Cycadopites sp., recorded
from TDP 37/47/1, TDP 37/68/1 and the last downhole occurrences (LDOs) of
Sepispinula huguoniotii and Hystrichodinium pulchrum.
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Table 5.5: Numerical data of the palynomorphs species from the TDP site 37
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Figure 5.17: Distribution range chart of the species from the TDP site 37
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TDP Site 36 bioevents:
Three bioevents have been proposed for this site.
Bioevent 1: First downhole occurrences (FDOs) of Kleithrasphaeridium
tubulosum (Lower-Middle Turonian)
TDP Site 36 Bioevent 1 is characterised by the first downhole occurrences (FDOs)
of Kleithriaspheridium tubulosum. Other associated FDOs include Sepispinula
huguoniotii. Ephedripites striatus and Monocolpites sp. The LDO of Zlivisporites
blanensis has also been noted in sample TDP 36/16/1.
This bioevent allocated to the lower-middle Turonian based on the foraminiferal
Helvetoglobotruncana helvetica Zone, and the equivalent nannofossil UC6b (-7)
Zone.

Bioevent 2: First downhole occurrence (FDO) of Muderongia australis (LowerMiddle Turonian)
A number of FDOs mark TDP Site 36 Bioevent 2, including Muderongia australis
Oligosphaeridium pulcherrimum, Oligosphaeridium asterigium and
Cicatricosisporites australis. This bioevent at TDP 36/17/3 is assigned to the lowermiddle Turonian, as it occurs in the same Helvetoglobotruncana helvetica and UC6b
(-7) zones as Bioevent 1, above.
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Bioevent 3: First downhole occurrence (FDO) of Criboperidinium muderongense
(Lower-Middle Turonian)
This bioevent is defined by the FDO of Criboperidinium muderongense, and is also
identified as lower-middle Turonian it occurs in the same foram and nannoplankton
zones as the other two dinocyst bioevents (Jiménez Berrocoso et al. 2015).

Table 5.6: Numerical data of the palynomorphs species from the TDP site 36
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Figure 5.18: Distribution range chart of the species from the TDP site 36
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TDP 21 bioevents:
Four bioevents have been proposed in this borehole.
Bioevent 1: First downhole occurrence (FDO) Criboperidinium muderongense
and Oligosphaeridium asterigium (Lower-Middle Turonian)
TDP Site 21 Bioevent 1 occurs at sample TDP 21/13/2, assigned to the lower-middle
Turonian Helvetoglobotruncana helvetica Zone and UC6b (-7) nannofossil zone
(Jiménez Berrocoso et al. 2015). Other species associated with Bioevent 1 include
Odontochtina costa, Odontochtina opeculatum and Oligospgaeridium
pulchrerrimum.

Bioevent 2: First downhole occurrence (FDO) of Ephedripites stratus (LowerMiddle Turonian)
Bioevent 2 also falls within the Helvetoglobotruncana helvetica and U6b (-7) zones
of the Lower Turonian (Jiménez Berrocoso et al. 2015). The FDO of Ephedripites
striatus co-occurs with the LDOs of Criboperidinium muderongense and
Oligosphaeridium asterigium, recorded from TDP 21/14/1 and TDP21/14/2.

Bioevent 3: First downhole occurrence (FDO) of Florentinia radiculata
(Uppermost Cenomanian-Lowermost Turonian)
TDP Site 21 Bioevent 3 is characterised by the first downhole occurrences (FDOs)
of Florentinia radiculata, Sentusidinium explanatum and Zlivisporites blanensis,
indicated by its occurrence in foraminiferal Whiteinella archaeocretacea Zone and
calcareous nannofossil zone UC5c, of the uppermost Cenomanian-lowermost
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Turonian (Jiménez Berrocoso et al. 2010, 2012, 2015). Bioevent 3 have been
recognised from sample TDP 21/15/1 (Jiménez Berrocoso et al. 2010, 2015).

Bioevent 4: First downhole occurrence (FDO) of Subtilisphera perlucida (preCenomanian)
The FDO of Subtilisphera perlucida constitutes Bioevent 4 at TDP Site 21, at TDP
21/16/1, but this bioevent occurs in a section of the core that has not been
independently dated by either foraminiferal or nannofossil studies (Jiménez
Berrocoso et al. 2015).
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Table 5.7: Numerical data of the palynomorphs species from the TDP site 21
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Figure 5.19: Distribution range chart of the species from the TDP site 21
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TDP Site 24 bioevents:
Two bioevents have been proposed for this site.
Bioevent 1: First downhole occurrence (FDO) of Spiniferites ramosus (MiddleUpper Cenomanian)
TDP Site 24 Bioevent 1 is characterised in sample TDP 24/11/31 by the first
downhole occurrence (FDO) of Spiniferites ramosus and the LDOs of Sepispinula
huguoniotii, Subtilisphaera perlucida, Deltoidospora toralis and Exesipollenites
tumulus. This bioevent is allocated to the middle-upper Cenomanian as it occurs in
the Rotalipora cushmani and UC1a-2c zones (Jiménez Berrocoso et al. 2010, 2015).

Bioevent 2: First downhole occurrence (FDO) of Palaeohystrichophora
infusorioides (early-late Cenomanian)
The dating of the FDOs of the above species as -early to late Cenomanian is
supported by foraminiferal Rotalipora cushmani Zone and calcareous nannofossils
UC1a-2c of early Cenomanian (Jiménez Berrocoso et al. 2015) as it characterised in
sample TDP 24/13/3. Other associated species include Dinopterygium tuberculatum.

Bioevent 3: First downhole occurrence (FDOs) of Ephedripites striatus (Middleupper Cenomanian)
This bioevent is characterised by the first downhole occurrence (FDO) of
Ephedripites striatus noted at TDP 24/14/2. This bioevent is supported by R.
cushmani foram Zone and equivalent to the nannofossil zone UC 1a-2c.
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Table 5.8: Numerical data of the palynomorphs species from the TDP site 24
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Figure 5.20: Distribution range chart of the species from the TDP site 24
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5.7

Conclusion:
Palynofacies analysis of the TDP borehole samples corroborates

interpretations based on previous sedimentological and calcareous microfossil
studies that these sediments were deposited in open shelf marine environments
subject to fluctuations in water depth over time (Jiménez Berrocosso et al. 2010,
2015). The most noticeable contrast between the palynological and calcareous
micropalaeontological studies is that of the differences in species richness.
The calcareous assemblages are exceptionally preserved, both in terms of the
number of individuals and the species richness, but also in terms of the number of
dissolution-prone taxa that are present (Jiménez Berrocosso et al. 2010, 2015). By
contrast, the palynological assemblages are extremely impoverished, both in terms of
abundance and species richness, especially by comparison with other early-mid
Cretaceous palynological assemblages known elsewhere.
Given the rich calcareous microfossil assemblages of both forams and
nannoplankton recovered from these samples, it is difficult to ascribe the paucity of
palynomorphs to any winnowing effect. Much of this disparity between microfossil
groups therefore likely results from the oxygenated conditions prevailing both within
the water column and at the sediment-water interface (Jiménez Berrocosso et al.
2010, 2015). Indeed, the fact that the samples are dominated by refractory
phytoclasts whilst AOM is of very low abundance indicates that the palynological
assemblages have been affected by the oxic depositional conditions, leading to low
preservation rates of organic material.

The successions studied at each site are dominated by kerogen types III and
IV (e.g., phytoclasts of cuticle, degraded brown wood and black wood), with lower
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abundances of Type II kerogens (dinoflagellate cysts, pollen & spores), and very low
abundances of AOM (kerogen Type I), and thus the palynofacies components at all
four sites is dominantly gas-prone.
Due to the small number of samples available and moreover the extremely
low yield of palynomorphs, this study has not recovered many taxa of
biostratigraphic utility with which to produce a firm palynological biostratigraphic
framework for the strata penetrated by these TDP boreholes. However, a series of
bioevents based on first downhole occurrences have been defined, and age
determinations of these Maastrichtian-Albian events has been determined by
correlation to the foraminiferal and nannoplankton zonal schemes (Jiménez
Berrocosso et al. 2010, 2015).
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CONCLUSIONS:
The palynological, palynofacies, thermal maturity and burial history

investigations have been carried out on cuttings samples from three shallow
continental shelf wells (Msufi # 1, Mtiki # 1, Mkongo # 3), one well from the Deep
Offshore Basin (Mvule #1) and four shallow borehole sites from the Tanzania
Drilling Project (TDP sites 21, 24, 36 and 37) from southern Tanzania.
The following conclusion have been drawn from the present study: 

Palynofacies assemblages indicate a high phytoclast supply diluting other
palynomaceral components, and with low marine palynomorph abundances,
would argue for deposition in close proximity to the source of terrestrial
input in a proximal shelf situation, although this was periodically prone to
low oxygen conditions offshore, which permitted the preservation of
moderate levels of AOM (Tyson, 1995).



Palaeoenvironmental interpretations of the sediments from the shallow
continental shelf (Msufi # 1, Mtiki # 1, and Mkongo # 3) suggest shallow
continental shelf, proximal settings) dominated by terrestrial clastic input.
Samples from the offshore well (Mvule # 1) indicate relatively more distal
marine environments with suboxic-anoxic conditions. Interpretations of the
TDP core samples support interpretations based on the previous foraminiferal
and nannofossil studies, corroborating open shelf marine environments,
subject to fluctuations of water depth over time.



Three dinocyst bioevents have been established from Mvule #1 well:
Litosphaeridium siphoniphorum Event (late Cenomanian);
6-1

Adnatosphaeridium tutulosum and Hapocysta peridctya Event (Intra-late
Cenomanian); Palaeohystrichophora infusoriodes Event (late Albian).
Dinocyst bioevents identified in the TDP cores have been integrated with the
interpretations based on previous foraminiferal and nannofossils studies.


Palynomaceral analysis has revealed kerogen types II, III and IV are
dominant in the samples studied, most being dominated by terrestrially
derived material, and marine palynomorphs are generally of low abundance.
Type III is the most abundant kerogen of all, indicating that the formations
studied are gas-prone for the purposes of hydrocarbon exploration.



The organic richness analyses show that the highest TOC values are
encountered in the Kipatimu Formation of the shallow continental shelf wells
(Msufi # 1: 0.8%; Mkongo # 3: 1.1% and Mtiki # 1: 3%), but the highest
value was obtained from Unit 4 shales of the Mvule # 1 well (3.4%).
However, the TOC values above 0.5% are within the deeper parts of the
wells which have high maturity levels.



The maturity investigation of the sediments from shallow continental wells
(vitrinite reflectivity and fluorescence colour) show that the source rock was
mature to over mature, as the maturity levels and fluorescence spore colours
encompasses the entire oil and gas window (Msufi # 1: 0.3-3.4 % Rv; Mtiki #
1: 0.1-1.0% Rv; Mvule # 1: 0.6-1.6% Rv and Mkongo # 3 fluorescence
colour range from sallow yellow to brown spore colours.



The present study indicate that sediments from Msufi # 1, Mtiki # 1 and
Mvule # 1 wells have entered the mature stage for oil and gas generation,
whereas Mkongo # 3 is immature well. Investigation of the geothermal
gradients of the study wells show similar steep trends of the gradients that
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suggest rifting within the basin, with the deepest sections having higher
levels of maturities resulting from increased heat-flow.


The burial histories of the present study show that hydrocarbon generation
for Msufi #1 began in the Kipatimu Formation during the late Cretaceous
(~120 Ma) and continued until present day. Additionally, hydrocarbon
generation from the Mafia Shale Formation commenced in the late Eocene
(~40 Ma) and is still continuing to the present day. In Mtiki #1, hydrocarbon
generation also began in the Kipatimu Formation around 10 Ma, and is still
continuing to the present day. In the offshore well (Mvule #1), the Shale
Formation 6 entered the oil window in the late Miocene (~10 Ma), and
maturation still continues to the present day.



The thermal maturation experienced by the lower parts of these successions
will have caused the loss of up to 50% of the organic carbon content. Thus
the measured TOCs represent a minimum value, and much of the organic
carbon in the deeper parts of the Msufi # 1 well will have been transformed
to hydrocarbons.
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6.1

FUTURE WORK
Whilst this study has provided considerable additional data which will be

applicable to exploration activities in Tanzanian onshore and offshore sedimentary
basins, there is a need to conduct further studies in other sedimentary basins in order
to understand the petroleum system within these basins. Therefore, using the
knowledge acquired from the present study, the following future work is suggested:


To carry out palynological investigations of other sedimentary basins for better
understanding of the sedimentary systems and to discover succession with better
preservation and abundance of palynomorphs, in order to provide more robust
and refined biostratigraphic schemes, and compare with other branches of
palaeontology.



To apply palynofacies analysis techniques in order to examine different
palynomaceral components of more wells in other basins, to provide insight into
depositional environments during sedimentation, the types of kerogen present
and a better understanding of the hydrocarbon products generated from those
kerogens.



To use an organic geochemical approach to understanding of the source rocks
and define potential source rocks of the basin (e.g., RockEval, molecular
studies).



To apply petrographic analyses to understand thermal maturity of the sediments
and to employ the burial modelling approach to understand the burial histories of
more of the sedimentary basins found in Tanzania.



Perhaps the most pressing need is to conduct subsurface seismic surveys of the
regions around the study wells in order to understand the structural setting and
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possible role of rifting in controlling geological structures and to locate suitable
structural features that may serve as hydrocarbon traps.

In a developing country like Tanzania, training nationals in the appropriate
areas of scientific knowledge and laboratory techniques required for palynological,
palynofacies/kerogen determination, vitrinite reflectance and burial modelling
analyses will ensure that these techniques can be practically applied in the search for
additional hydrocarbon reserves by Tanzanian organisations (e.g., TDPC) to the
benefit of the country’s economy. Training of individuals in these methods and in
other branches of geology and (micro)palaeontology, such as the use of organic
geochemical techniques, foraminiferal, and nannofossil analysis will also be
essential to solve the geological problems associated with developing a better
understanding of Tanzanian hydrocarbon systems.
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PLATES

PLATE 1
Figs. 1 & 8: Litosphaeridium siphoniophorum siphoniphorum. Cookson & Eisenack,
(1958)
Fig. 1: Mvule # 1, 4380 m, Slide 1, E.F. No. (L64/4), 10 µm
Fig. 8: Mvule # 1, 4410 m, Slide 1, E.F. No. (K66/1), 67 µm
Figs. 2: Subtilisphaera Perlucida. (Alberti) Jain & Millepied (1973)
Mvule # 1, 4380 m, Slide 1, E.F. No. (S44/3), 39 µm
Figs. 3: Pterodinium Cornutum. Wetzel (1933b)
Mvule # 1, 4430 m, Slide 1, E.F. No. (E55/3), 63 µm
Figs. 4: Oligosphaeridium asterigerum. Gocht (19590
Mvule # 1, 4200 m, Slide 1, E.F. No. (N59/2), 39 µm
Figs. 5: Florentinia mantelii, (Davey & William) Davey & Verdier (1973)
Mvule # 1, 4430 m, Slide 1, E.F. No. (K67/1), 63 µm
Figs. 6: Pterodinium Cornutum. Cookson and Eisenack (1962b)
Mvule # 1, 4380 m, Slide 1, E.F. No. (E54/3), 60 µm
Figs. 7: Florentinia sp. (Davey & Williams) Davey & Verdie (1973)
Mvule # 1, 4430 m, Slide 1, E.F. No. (K60/2), 45 µm
Figs. 9: Palaeoperidinium cretaceum. Pocock (1962)
Mvule # 1, 4150 m, Slide 1, E.F. No. (L60/2), 45 µm
Fig. 10: Spiniferites ramosus. (Ehrenberg) Loeblich & Loeblich (1966)
Mvule # 1, 4380 m, Slide 2, E.F. No. (V40/2), 38 µm
Figs. 11: Dinopterygium tuberculatum. Stover and Evitt (1978)
Mvule # 1, 4380 m, Slide 1, E.F. No. (E48/3), 50 µm
Fig. 12: Rouseisporites reticulates. Pocock (1962)
Mvule # 1, 4380 m, Slide 1, E.F. No. (O50/2), 15 µm
Fig. 13: Paleohystrichophora infusoiriodes. Cookson and Eisenack (1970a)
Mvule # 1, 4380 m, Slide 1, E.F. No. (D51/3), 62 µm
Figs.14: Criboperdinium muderongense. Cookson and Eisenack (1958)
Mvule # 1, 4430 m, Slide 1, E.F. No. (O64/4), 5 µm
Fig. 15: Cyclonephelium sp. Deflandre and Cookson (1955)
Mvule # 1, 4200 m, Slide 1, E.F. No. (E54/3), 67 µm
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PLATE 2
Fig. 1-3: Spiniferites sp. (Ehrenberg) Loeblich & Loeblich (1966)
Mvule # 1, 4410 m, Slide 1, E.F. No. (E54/3), 67 µm
Mvule # 1, 4430 m, Slide 2, E.F. No. (F47/4), 45 µm
Mvule # 1, 4360 m, Slide 2, E.F. No. (V47/1), 51 µm
Figs. 4-5: Pterodinium Cornutum. Cookson and Eisenack (1962b)
Mvule # 1, 4390 m, Slide 1, E.F. No. (E54/3), 67 µm
Mvule # 1, 4370 m, Slide 1, E.F. No. (N52/3), 55 µm
Figs. 6: Subtilisphaera Perlucida. (Alberti) Jain & Millepied (1973)
Mvule # 1, 4450 m, Slide 1, E.F. No. (V40/2), 38 µm
Fig. 7: Spiniferites twistringensis. (Ehrenberg) Loeblich & Loeblich (1966)
Mvule # 1, 3930 m, Slide 2, E.F. No. (D47/1), 51 µm
Fig. 8: Xenascus ceratiodies. Deflandre (1937b)
Mvule # 1, 3920 m, Slide 1, E.F. No. (L55/2), 62 µm
Fig. 9: Cometodinium sp. Deflandre and Courteville (1939)
Mvule # 1, 4390 m, Slide 2, E.F. No. (J46/1), 10 µm
Fig. 10: Pterodinium Cornutum. Cookson and Eisenack (1962b)
Mvule # 1, 4390 m, Slide 1, E.F. No. (S35/3), 45 µm
Fig. 11: Areoligera sp. Lejeune-Carpentier (1938a)
Mvule # 1, 4430 m, Slide 1, E.F. No. (V52/4), 8 µm
Fig. 12: Cometodinium sp. Deflandre and Courteville (1939)
Mvule # 1, 4360 m, Slide 2, E.F. No. (L47/1), 55 µm
Fig. 13: Sentusidinium explanatum. Sarjeant and Stover (1978)
Mvule # 1, 4390 m, Slide 1, E.F. No. (F47/2), 50 µm
Figs. 14-15: Adnatosphaeridium tutulosum. Cookson and Eisenack (1960a)
Fig. 14: Mvule # 1, 4430 m, Slide 1, E.F. No. (J45/4), 8 µm
Fig. 15: Mvule # 1, 4450 m, Slide 1, E.F. No. (P69/1), 10 µm
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PLATE 3
Fig. 1: Cicatricosisporites australis Cookson, 1953) Potonié (1956)
Mvule # 1, 4200 m, Slide 1, E.F. No. (E47/2), 10 µm
Fig. 2: Exesipollenites tumulus. Balme (1957)
Mvule # 1, 1, 4250 m, Slide 1, E.F. No. (L57/2), 5 µm
Figs. 3: Chomotriletes minor. (Kedves) Pocock (1970)
Mvule # 1, 4150 m, Slide 2, E.F. No. (E62/3), 5 µm
Fig. 4: Lycopodicarpites reticulatus
Mvule 1, 4200 m, Slide 1, E.F. No. (L56/3), 40 µm
Fig. 5: Cicatricosisporites hughesii. (Ehrenberg) Loeblich & Loeblich (1966)
Mvule # 1, 4200 m, Slide 1, E.F. No. (T51/3), 60 µm
Fig. 6: Laevigatosporites sp.
Mvule # 1, 4380, Slide 1, E.F. No. (G64/4), 50 µm
Fig. 7: Trileteporotes sp.
Mvule # 1, 4200 m, Slide 2, E.F. No. (F47/4), 45 µm
Fig. 8: Ruffordiaspora australis.
Mvule # 1, 3920 m, Slide 1, E.F. No. (P66/4), 9 µm
Fig. 9: Concavisporites sp.
Mvule # 1, m, Slide 1, E.F. No. (K52/3), 80 µm
Fig. 10: Exesipollenites tumulus. Balme (1957)
Mvule # 1, 4380 m, Slide 2, E.F. No. (J65/4), 51 µm
Fig. 11: Odontochitina costata. Alberti (1961)
Mvule # 1, 1, 4150 m, Slide 1, E.F. No. (K67/2), 80 µm
Fig. 12: Ephedripites striatus. Balme & Hennelly Potonié (1958)
Mvule # 1, 44150 m, Slide 2, E.F. No. (T42/1), 7 µm
Fig. 13: Bisaccate sp. Wilson & Webster (1946) emend Krutzsch,
Mvule # 1, 4410 m, Slide 1, E.F. No. (E63/2), 6 µm
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PLATE 4
Fig. 1: Deltoidospora sp.
TDP/21/21/1, Slide 1, E.F. No. (G57/2), 20 µm
Fig. 2: Exesipollenites tumulus. Balme (1957)
TDP/21/25/1, Slide 1, E.F. No. (M47/2), 20 µm
Figs. 3: Cyathidites minor. (Kedves) Couper (1953)
TDP/21/5/1, Slide 2, E.F. No. (F72/3), 25 µm
Fig. 4: Ruffordiaspora australis.
TDP/21/21/1, Slide 1, E.F. No. (M46/3), 30 µm
Fig. 5: Cicatricosisporites hughesii. (Ehrenberg) Loeblich & Loeblich (1966)
TDP/21/16/1, Slide 1, E.F. No. (E55/3), 25µm
Fig. 6: Cyathidites minor. (Kedves) Couper (1953)
TDP/21/16/1, Slide 1, E.F. No. (G54/4), 30 µm
Fig. 7: Lycopodicarpites reticulatus
TDP/21/16/1, Slide 2, E.F. No. (D37/4), 30 µm
Fig. 8: Ruffordiaspora australis.
TDP/24/11/3, Slide 1, E.F. No. (P66/4), 25 µm
Fig. 9: Cyathidites minor. (Kedves) Couper (1953)
TDP/24/9/2, Slide 1, E.F. No. (K52/3), 80 µm
Fig. 10: Ephedripites striatus. Balme & Hennelly Potonié (1958)
TDP/24/9/2, Slide 2, E.F. No. (L32/4), 50 µm
Fig. 11: Trileteporotes sp.
TDP/24/9/2, Slide 1, E.F. No. (K67/2), 80 µm
Fig. 12: Gemmatriletes sp.
TDP/24/9/2, Slide 2, E.F. No. (M42/4), 10 µm
Fig. 13: Classopollis classoides. Pflug 1954, emend. Pocock & Jansonius (1961)
TDP/36/8/2, Slide 2, E.F. No. (P67/1), 10 µm
Fig. 14: Lycopodicarpites reticulatus
TDP/21/16/1, Slide 1, E.F. No. (E73/2), 20 µm
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PLATE 5
Fig. 1: Xenuscus sp.1.
TDP/24/9/2, Slide 1, E.F. No. (H55/2), 40 µm
Fig. 2: Hystrichodinium pulchrum. Balme (1957)
TDP/24/11/3, Slide 2, E.F. No. (M56/2), 50 µm
Figs. 3: Xenuscus sp.12
TDP/24/11/3, Slide 2, E.F. No. (F72/3), 45 µm
Fig. 4: Spiniferites sp. (Ehrenberg) Loeblich & Loeblich (1966)
TDP/36/23/1, Slide 1, E.F. No. (N45/3), 30 µm
Fig. 5: Cyclonephelium sp.
TDP/36/ 8/2, Slide 1, E.F. No. (E55/3), 25µm
Fig. 6: Florentinia sp.
TDP/37/16/1, Slide 1, E.F. No. (G54/4), 30 µm
Fig. 7: Odontochitina ceratoide. (O. Wetzel) Deflandre & Cookson (1955)
TDP/24/11/3, Slide 2, E.F. No. (E30/4), 30 µm
Fig. 8: Dinogymnium sp. (Alberti) Evitt et al. 1967
TDP/24/13/3, Slide 1, E.F. No. (P66/4), 25 µm
Fig. 9: Oligosphaeridium complex. (White) Davey & Williams (1966)
TDP/37/16/1, Slide 1, E.F. No. (K52/3), 80 µm
Fig. 10: Cyclonephelium sp.
TDP/37/18/1, Slide 2, E.F. No. (K62/4), 50 µm
Fig. 11: Oligosphaeridium complex. (White) Davey & Williams (1966)
TDP/24/9/2, Slide 1, E.F. No. (T55/2), 30 µm
Fig. 12: Spiniferites sp. (Ehrenberg) Loeblich & Loeblich (1966)
TDP/36/8/2, Slide 2, E.F. No. (D67/1), 20 µm
Fig. 13: Spiniferites sp. (Ehrenberg) Loeblich & Loeblich (1966)
TDP/36/8/2, Slide 2, E.F. No. (G33/1), 20 µm
Fig. 14: Oligosphaeridium complex. (White) Davey & Williams (1966)
TDP/37/16/1, Slide 1, E.F. No. (M22/3), 30 µm
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PLATE 6
PALYNOMACERAL COMPONENTS
Fig. 1: Brown wood
Fig. 2: Fungal spore
Fig. 3: Black wood
Fig. 4: Plant cells
Fig. 5: Pollen grains
Fig. 6: Biodegraded material (Amorphous Organic Matter-AOM)
Fig. 7: Fungal spore
Fig. 8: Dinoflagellate cyst
Fig. 9: Spore
Fig. 10: Plant cuticle
Fig. 11: Foraminiferal Test lining
Fig. 12: Plant tissue
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LIST OF TAXA FROM STUDY WELLS
Pollen & Spores
1. Bisaccate sp. Wilson & Webster (1946) emend Krutzsch
2. Cyathidites minor (Kedves) Couper (1953)
3. Cicatricosisporites australis Cookson, 1953) Potonié (1956)
4. Cicatricosisporites hughesii (Ehrenberg) Loeblich & Loeblich (1966)
5. Chomotriletes minor (Kedves) Pocock (1970)
6. Classopollis classoides Pflug 1954, emend Pocock & Jansonius (1961)
7. Classopollis martinottii Pflug 1954
8. Concavissimisporites verrucosus Singh (1964)
9. Crybelosporites sp. Playford (1971)
10. Cycadopites sp. Singh (1964)
11. Deltoidospora toralis (Leschik) Lund (1977)
12. Ephedripites striatus Balme & Hennelly Potonié (1958)
13. Exesipollenites tumulus Balme (1957)
14. Laevigatosporites haardtii crassicus Ibrahim (1933)
15. Laevigatosporites sp. Ibrahim (1933)
16. Lycopodicarpites reticulatus Couper (1953)
17. Rouseisporites reticulatus Pocock (1962)
18. Ruffordiaspora australis Cookson (1953)
19. Zlivisporites blansesis Pacltova, 1961

Dinoflagellate cysts

20. Areoligera sp. Lejeune-Carpentier (1938a)
21. Adnatosphaeridium tutulosum Cookson and Eisenack (1960a)
22. Chlamyodophorella discrete Clarke & Verdier (1967)
23. Circulodinium brevispinosum Alberti (1961)
24. Cometodinium whiteii Deflandre and Courteville (1939) emend Monteil
(1991)
25. Coronifera oceanica Cookson and Eisenack (1958)
26. Criboperidinium muderongense Cookson and Eisenack (1958)
27. Criboperidinium wilsonii (Cookson and Eisenack) Davey (1969)
28. Cyclonephelium sp. Deflandre and Cookson (1955)
29. Dapsilidinium pumilum Bujak et al. (1980)
30. Dawniesphaeridium sp. Islam (1993) emend Masure (1993)
31. Dinogymnium sp. (Alberti) Evitt et al. 1967
32. Dinopterygium tuberculatum Stover and Evitt (1978)
33. Exochosphaeridium phragmites Clarke et al. 1968
34. Floretinia mantelii (Davey & William) Davey & Verdier (1973)
35. Floretinia radiculata (Davey & William) Davey & Verdier (1973)
36. Florentinia sp. (Davey & William) Davey & Verdier (1973)
37. Hapocysta peridictya Davey (1979b)
38. Heterosphaeridium sp. Cookson & Eisenack, (1968) emend Yun Hyesu
(1981)
39. Hystrichodinium pulchrum Balme (1957)

40. Impletosphaeridium spp. Morgenroth (1966a) emend Islam (1993)Balme
(1957)
41. Kleithrasphaeridium tubulosum Cookson and Eisenack (1969)
42. Litosphaeridium siphoniphorum glambrum Cookson & Eisenack (1958)
43. Litosphaeridium siphoniphorum siphoniphorum Cookson & Eisenack (1958)
44. Litosphaeridium sp. Davey & Williams (1966b) emend Lucas-Clark (1984)
45. Micrhystridium sp. Deflandre (1945)
46. Muderongia australis Alberti (1961)
47. Odontochitina ceratoide (O. Wetzel) Deflandre & Cookson (1955)
48. Odontochitina costata Alberti (1961)
49. Odontochitina operculatum (O. Wetzel) Deflandre & Cookson (1955)
50. Odontochitina sp. (O. Wetzel) Deflandre & Cookson (1955)
51. Oligosphaeridium asterigerum Gocht (1959)
52. Oligosphaeridium complex (White) Davey & Williams (1966)
53. Oligosphaeridium pulcherrimum (Deflandre & Cookson) Davey & Williams
(1966)
54. Palaeohystrichophora infusorioides Cookson and Eisenack (1970a)
55. Palaeoperidinium cretaceum (Pocock) Lentin & Williams (1976)
56. Pterodinium cingulatum (Cookson and Eisenack) Sarjeant (1966b)
57. Pterodinium cornutum Cookson and Eisenack (1962b)
58. Sentusidinium explanatum Sarjeant and Stover (1978) emend Courtinat,
(1989)
59. Sepispinula huguoniotii Islam (1993)
60. Spiniferites ramosus (Ehrenberg) Loeblich & Loeblich (1966)
61. Spiniferites sp. Lentin and Williams (1985, 1989)
62. Spiniferites twistringensis Maier (1959)

63. Subtilisphaera perlucida (Alberti) Jain & Millepied (1973)
64. Tanyosphaeridium sp. Davey & Williams (1966b)
65. Xenascus ceratioides Deflandre (1937b)
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APPENDIX I
LIST OF MSUFI # 1 WELL
S/N
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.

Depth
(m)
300
350
400
450
500
550
600
610
620
630
650
700
740
750
760
800
850
900
950
1000
1050
1100
1150
1200
1250
1300
1350
1400
1450
1500
1600
1650
1700
1750
1800
1850
1900
1950
2000

Formation

Mikindani

Lithology

Colour: Grey sandstones
Grains: Unconsolidated surface
sandstone coarse to medium grained

Colour: Dark grey claystones
interbedded with siltstone
Mafia Shales Grains: Medium to fine grained

APPENDIX I
LIST OF MSUFI # 1 WELL
S/N
40.
41.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.
81.
82.

Depth
(m)
2050
2100
2150
2200
2250
2300
2350
2400
2450
2500
2550
2600
2650
2700
2710
2750
2800
2850
2900
2950
3000
3110
3250
3350
3450
3550
3650
3750
3860
3950
4050
4100
4200
4250
4300
4350
4400
4450
4500
4540
4550
4560

Formation

Lithology

Colour: Dark grey claystones
interbedded with siltstone
Grains: Medium to fine grained
Mafia Shale

Ruaruke

Colour: Pale greyish marlstones with
sandstones
Grains: Coarse to medium grained

Colour: Dark greyish shales
Grains: Medium to fine grained
Kipatimu

APPENDIX I
LIST OF MSUFI # 1 WELL
S/N
83.
84.
85.
86.
87.
88.
89.
90.
91.
92.
93.
94.
95.
96.
97.
98.
99.
100.

Depth
(m)
4605
4655
4700
4750
4800
4850
4900
4910
4920
4950
4990
5000
5100
5200
5300
5400
5500
5600

Formation

Kipatimu

Lithology

Colour: Dark greyish shales
Grains: Medium to fine grained

APPENDIX II
LIST OF MTIKI #1 WELL

S/N
1.

Depth (m)
460-465

Formation
Sand

2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.

495-500
600-605
700-705
790-795
900-905
1005-1010
1105-1110
1121-1124
1124-1130
1139-1142
1148-1151
1151-1160
1169-1172
1178-1181
1190-1993
1200-1203
1210-1213
1220-1223
1230-1233
1240-1243
1250-1253
1260-1263
1270-1273
1280-1283
1290-1293
1300-1303
1310-1313
1320-1323
1330-1333
1340-1343
1350-1353
1360-1363
1370-1373

Lithology
Colour: Dark grey mud clays
Grains: Medium to very fine
grained

Colour: Dark grey claystones with
siltstones
Grains: Medium to very fine
Shales/Siltstone grained

Kipatimu

Colour: Dark grey claystones with
siltstones
Grains: Medium to very fine
grained

APPENDIX II
LIST OF MTIKI # 1 WELL

S/N
35.
36.
37.
38.
39.
40.
41.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.

Depth (m)
1380-1383
1390-1383
1400-1403
1410-1413
1420-1423
1430-1433
1440-1443
1450-1453
1460-1463
1470-1473
1480-1483
1490-1493
1500-1503
1510-1513
1520-1523
1530-1533
1540-1543
1550-1553
1560-1563
1570-1573
1580-1583
1590-1593
1600-1603
1610-1613
1620-1623
1630-1633
1640-1643
1650-1653
1660-1663
1670-1673
1680-1683
1690-1693
1700-1703

Formation

Lithology

Kipatimu

Colour: Dark grey claystones with
siltstones
Grains: Medium to very fine
grained

APPENDIX II
LIST OF MTIKI # 1 WELL
S/N
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.
92.
93.
94.
95.
96.
97.
98.
99.
100.

Depth (m)
1710-1713
1720-1723
1730-1733
1740-1743
1750-1753
1760-1763
1770-1773
1780-1783
1790-1793
1800-1803
1810-1813
1820-1823
1830-1833
1840-1843
1850-1853
1860-1863
1870-1873
1880-1883
1890-1893
1900-1903
1910-1913
1920-1923
1930-1933
1940-1943
1950-1953
1960-1963
1970-1973
1980-1983
1990-1993
2000-2003
2005-2008
2015-2018

Formation

Kipatimu

Lithology

Colour: Dark grey claystones
with siltstones
Grains: Medium to very fine
grained

APPENDIX III
LIST OF MKONGO # 3 WELL

S/N
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.

Depth
(m)
1610
1620
1630
1640
1650
1660
1670
1680
1690
1700
1710
1720
1730
1740
1750
1760
1770
1780
1790
1800
1810
1820
1830
1840
1850
1860
1870
1880
1890
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000

Formation

Sand

Lithology

Colour: Grey sandstones
Grains: Unconsolidated surface
sandstone coarse to medium grained

Shales

Colour: Grey siltstones interbedded
with layer of limestone
Grains: Medium to fine grained

Kipatimu

Colour: Dark grey Kipatimu shales,
marls interbedded with siltstones
Grains: Medium to fine grained

APPENDIX III
LIST OF MKONGO # 3 WELL

S/N
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.

Depth
(m)
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100
2110
2120
2130
2140
2150
2160
2170
2180
2190
2200
2210
2220
2230
2240
2250
2260
2270
2280
2286

Formation

Kipatimu

Lithology

Colour: Dark grey Kipatimu shales,
marls interbedded with siltstones
Grains: Medium to fine grained

APPENDIX IV
LIST OF MVULE # 1 WELL

S/N

Depth (m)

1.
2.
3.

3330
3350
3370

4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.

3580
3600
3620
3640
3700
3710
3720
3730
3750
3760
3800
3850
3860
3870
3900
3950
3960
4000
4040
4050
4080
4090
4100
4110
4120
4130
4150

Lithological
Units
Unit 1
Sandstone

Colour: Dark grey sandstone
Grains: Medium to very fine grained

Unit 2
Marls

Colour: Grey marls with siltstones
Grains: Medium to very fine grained

Unit 3
Laminated
Mudstone

Unit 4
Shales

Lithology

Colour: Dark grey mudstone with
siltstones
Grains: Medium to very fine grained

Colour: Dark grey shales
Grains: Fine to very fine grained

APPENDIX IV
LIST OF MVULE # 1 WELL
S/N
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.

Depth (m)
4160
4170
4180
4190
4200
4210
4220
4230
4240
4250
4260
4270
4280
4290
4300
4310
4320
4330
4340
4350
4400
4410
4420
4430
4440
4450
4460
4470
4480
4490
4500
4510
4520
4530
4540
4550
4560
4570
4580

Formation

Lithology

Colour: Dark grey shales
Grains: Fine to very fine grained
Unit 4
Shales

APPENDIX IV
LIST OF MVULE # 1 WELL
S/N
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.
92.
93.
94.
95.
96.
97.
98.
99.
100.

Depth (m)
4590
4600
4610
4620
4640
4650
4660
4670
4680
4690
4700
4640
4650
4660
4670
4680
4690
4700
4710
4720
4730
4740
4750
4760
4770
4780
4790
4800
4780
4790
4800

Formation
Unit 4

Same as above

Unit 5
Sandstone

Colour: Dark grey sandstone
Grains: Medium to very fine grained

Unit 6
Shales

Lithology

Colour: Dark grey shales
Grains: Fine to very fine grained

APPENDIX V
LIST OF TDP BOREHOLES

S/N
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

Site/Depth (cm)
37/16/1 (69.5-71.5 cm)
37/18/1 (17-19 cm)
37/27/3 (1316 cm)
37/34/2 (71-73 cm)
37/36/3 (66-68 cm)
37/37/1 (75-77 cm)
37/68/1 (1-2 cm)
36/8/2 (14-16 cm)
36/16/2 (50-52 cm)
36/17/3 (14-16 cm)
36/23/1 (15-16 cm)
36/39/3(36-38 cm)
21/12/2 (33-35 cm)
21/14/1(18-21 cm)
21/14/2 (4-6 cm)
21/15/1 (19-22 cm)
21/15/2 (6-10 cm)
21/16/1 (5-9 cm)
21/19/1 (24-27 cm)
21/21/1 (90-92 cm)
24/9/2 (27-30 cm)
24/11/3 (39-41 cm)
24/13/3 (20-24 cm)
24/14/2 (42-44 cm)
24/17/1 (23-25 cm)
24/23/1 (50-53 cm)

Formation
Nangurukuru

Lindi

Lithology
Colour: Grey
claystones
Grains: Medium to
fine grained

Colour: Grey
claystones
Grains: Medium to
fine grained

