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Abstract

In this study, sedimentological and petrographical analyses have been undertaken on an Early 

Cretaceous drill core from the Mandawa Basin of coastal Tanzania. The depositional system and 

diagenesis of the sediments have been analysed by combining optical mineralogical methods with 

X-ray diffraction analysis and sedimentary log data. Furthermore, emphasis has been put on relating 

the core to the Mandawa Basin stratigraphy and the regional geological developments of the Early 

Cretaceous.

The studied core, TDP 40, display three distinct sections separated by two unconformities: 1. A 

lower section of sandstones. 2. A middle section of silt and claystones. 3. A upper section of sand, 

silt and claystones. They have been correlated to the Nalwehe Formation (The lower section), the 

Kihuluhulu Formation (The middle section) and the Kingongo Formation (The upper section), all 

belonging to the Mavuji Group in the Mandawa Basin stratigraphy. The lower section display a 

regressive development from transitional shoreface through lower and upper shoreface and 

eventually into lagoonal/tidal deposits. The middle section display a transgressive development 

from transitional shoreface to offshore deposits, while the upper section display several 

transgressive developments from shoreface to offshore deposits.

Four diagenetic sequences have been distinguished for the core with the dominant matrix mineral as 

the key driver: 1. Clay packed units. 2. Partly clay packed units. 3. Fully calcite cemented units. 

4.Partly calcite cemented units. These four compositional and textural expressions display distinct 

features of diagenetic origin that can be related to their dominant matrix mineral or the absence of a 

pore filling matrix.

The results in this study correlates well with the regional developments of the Early Cretaceous. 

The period represents the last tectonical phase of the Gondwanan break up, resulting in 

modification of the depositional patterns of the Mandawa Basin both due to active faulting and salt 

diapiric movement. The upper section of TDP 40 display developments that is suggested to indicate 

an active tectonic phase. Lastly, it should be noted that the relatively high abundance of apatite 

found in TDP 40, both of authigenic and allogenic origin, together with the results from climatic 

modelling of the Early Cretaceous, indicate that upwelling was present at the time.





The gentle drizzle from the oceans suspension of clays; The slow rolling and 

tumbling of silts. Continuously; Day by day; Year by year; thousands, millions. 

Still; all that remains are some centimetre of finely laminated sediments, or even  

worse; all gone by a single event of a mud flow due to the instability created further  

towards the shore, or triggered by a brutal storm.

A minute-long process overprint the long lasting, dominant one. 

We're kind of similar in that way; humans and sediments.
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1.  INTRODUCTION

This thesis is a part of the Mandawa Basin Project (MBP), which is a four-year international 

research and educational project (2013 – 2017) organized between the University of Oslo (UIO), 

the University of Dar es Salaam (UDSM), the Tanzania Petroleum Development Corporation 

(TPDC) and Statoil (Tanzania). The aim of the project is to study the relation between tectonic 

events and depositional sequences in the Mandawa basin and correlate the onshore strata with the 

offshore sites. The project can reveal the distribution and stratigraphy of the basin, providing crucial 

information for future gas and oil exploration.

The aim of this thesis is to study the sedimentation and diagenesis of two Early Cretaceous drill 

cores (Berrosco et al., 2015), namely the Tanzanian Drilling Project (TDP) drill cores 40A and 40B, 

drilled in 2009 in the coastal part of the Mandawa basin. The cores will also be related to the 

Mandawa basin stratigraphy and a discussion on the geological developments of the Early 

Cretaceous will be presented. 

1.1 STUDY AREA
The Mandawa Basin is located in the south-eastern part of Tanzania, and is one of the many East 

African rift basins that developed due to the break up of Eastern Gondwana (Mbede, 1991; Mbede 

& Dualeh, 1997; Hudson, 2011). It borders the Selous-Ruvu basin to the north and the Ruvuma 

basin to the south (Fig. 1.1.), and is fault bounded to the west (Mbede, 1991) against metamorphic 

basement (Hudson and Nicholas, 2014). The TDP40 cores were drilled in the central part of the 

basin, 43 km south of the Nangurukuru Junction.

1.2 PREVIOUS WORK
The Mandawa Basin has been subject to exploration by several oil companies from the 1950's and 

research groups since the early 1900's (Hudson, 2011). Even though; it could still be considered 

underexplored as there has been a relatively low degree of research published on the basin with 

most data collected by mineral and oil exploration companies remaining classified information. In 

the early 1900's the finding of dinosaur fossils in the Tendaguru Hills lead to several scientific 

publications, providing a basis for the stratigraphy of the southern Mandawa Basin (Hudson, 2011). 

In the 1950's, British Petroleum (BP) gathered geological and geophysical data, drilling seven deep 

wells without any commercial discovery being made. This activity resulted in the making of the  as 

a synthesis of the data collected by Shell and BP, Kent et. al. (1971) made a description of the
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Figure 1.1. Drill core location and location of 
the Mandawa Basin along with nearby basins 
and Statoils block 2 (Modified from Berrosco et 
al. 2015).

Figure 1.2. Topographic map of the Mandawa 
basin together with the basin divisions: North 
Mandawa, South Mandawa and Coastal 
Mandawa (Modified from Hudson, 2011).

stratigraphy and distribution of the Mesozoic and Tertiary strata of coastal Tanzania. 

From the 1970's and through to 2011, Agip, Shell, Dublin International, Dominion Petroleum 

Limited and Shell further explored the basin, acquiring seismic data and drilling several new wells. 

No commercial discovery was made, although shale of source rock quality was found (Hudson, 

2011). Focusing on marine sediments for paleoenvironmental studies of Cretaceous and Paleogene 

age (Pearson et al., 2006), the Tanzania Drilling Project (TDP) was undertaken from 2002 to 2009, 

drilling 40 shallow wells in the Mandawa Basin and the Ruvuma Basin. Several publications have 

been made as a result of this program (e.g. Pearson et al. 2004; Pearson et al. 2006; Karega, 2014; 

Berrosco et al. 2015). Hudson (2011) provided a compilation of the geological evolution of the 

basin from data collected from geological field surveys, available geophysical data and correlation 

with exploration wells. This resulted in a revised stratigraphy and geological map for the Mandawa 

Basin, providing an excellent tool for further studies. Lastly, it should be noted that several master 

theses has been undertaken on the basin in the later years (e.g. Fossum, 2012; Nerbråten, 2014; 

Hou, 2015; Brink, 2015), through the MBP. 
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2. BACKGROUND
2.1 A NOTE ON BASEMENT ROCKS

The basement rocks of East Africa are mainly of Proterozoic and Archean origin, consisting of a 

whole range of igneous, sedimentary and metamorphic rocks from past orogens (Schlüter & 

Hampton, 1997). Being the parent rock for clastic sedimentation in the Mandawa basin during the 

Cretaceous (Nerbråten, 2014), the Mozambique Belt (Holmes, 1951) should be noted. Being one of 

the earth's most extensive orogens, the Mozambique Belt was formed during magmatic events of 

Rodinian-Grenvillian age (Grantham et al., 2003) as a result of the closure of the Mozambique 

Paleo-ocean (e.g. Schackleton, 1993). The belt was heavily affected by the Pan African event 

(Jacobs et al., 1998; Grantham et al. 2003) resulting in a strong metamorphic overprint and 

lithologies ranging from granulite to greenschist facies (Schlüter & Hampton, 1997). Remarkably, 

the Mozambique Belt probably extended in to the present day Dronning Maud Land in East 

Antarctica and is of great importance for the reconstruction of Gondwana (e.g. Jacobs et al., 1998).

2.2 THE EASTERN AFRICAN BASINS
The Early to Mid-Paleozoic was a 

peneplanation-era dominated by regional uplift 

with extensive erosion of the basement (Mbede, 

1990). The East African basins were initiated by 

extensional tectonic processes connected to the 

plate tectonic evolution of the adjacent Indian 

Ocean, belonging to the eastern part to the 

Gondwanan supercontinental breakup (Bosellini, 

1992; Hudson, 2011). This tectonic activity 

resulted in initial faults, grabens and basinal 

structures, initiating the deposition of the Karoo 

Supergroup from the erosion of past East 

African orogens. The Karoo are considered the 

oldest sediments in the south-eastern part of 

Tanzania and include sediments as old as the 

Late Carboniferous (Kreuser et al., 1990). 

Synsedimentary regional uplift due to thermal 

Figure 2.1. A reconstruction of the early phases of 

the eastern Gondwanan breakup on the 

Triassic/Jurassic boundary some 200 million years 

ago (Reeves & de Wit, 2002). 

 expansion and convective upwelling, resulted in further rifting and the deposition of glacial tillites 
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(Kreuser, et al. 1990; Mbede 1990). Figure 2.1 displays a reconstruction made by Reeves & de Wit 

(2002) of the eastern Gondwanan breakup at about 200 Ma. The reconstruction is based on 

geodynamic studies of ocean floor topography (Reeves & de Wit, 2002; Hudson, 2011).

2.3 THE MANDAWA BASIN STRATIGRAPHY
The Mandawa basin is one of the discrete East African basins at which was initiated during the 

Early stages of the Gondwanan break up. The infilling of this basin continued all the way in to the 

Neogene, resulting in a stratigraphy in to five groups: Pindiro, Mandawa, Mavuji, Kilwa and Songo 

Songo (Hudson 2011). The initial sedimentation, namely the lower Pindiro group, had no marine 

influence, with lacustrine, alluvial and fluvial deposition onto the Precambrian basement (Fig. 2.2; 

Bosellini 1992; Hudson, 2011). 

The earliest depositional environments were mainly alluvial, but also lacustrine, coastal-plain 

deltaic inland sabkhas and aeolian dune fields (Bosellini, 1992). The Pindiro Group, overlying the 

Precambrian sediment, is the name of the Karoo sediments in the Mandawa Basin and consists of 

the Mbuo, Nondwa and Mihambia Formations. The oldest formation is the Mbuo Formation, 

representing alluvial, fluvial and lacustrine environments by clastic basal conglomerate and 

sandstones overlain by claystones. (Hudson, 2011). This phase were likely to have had strong 

similarities to the sedimentation patterns of the present rift valley of East Africa.

Figure 2.2. The earliest phase of deposition according to Hudson (2011).

In the upper part of the Pindiro group, a transition into restricted marine environments led to the 

developments of evaporites. Hudson (2011) suggests a paleotopographical high, namely the 

Kizimbani-Pande high, to have played a key role in the sedimentation patterns throughout the 

Jurassic period (Fig. 2.3).  
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Figure 2.3 The Mandawa basin stratigraphy suggested by Hudson (2011) together with a 

modification based on the work done by Berrosco et al. (2015), Balduzzi et al. (1993) and Veeken & 

Titov (1996). The age interval denoted the TDP 40 cores suggests them to be belonging to the 

Mavuji Group.
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Figure 2.4. A map of the Mandawa basin stratigraphy made by Hudson (2011).
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Figure 2.5. The deposition of evaporites under restricted marine conditions due to a basement high 

(Hudson, 2011).

In the Early Jurassic the continued rifting resulted in a transgression in to the Mandawa basin by the 

paleocean of Tethys. This resulted in the formation of a narrow embayement between East Africa 

and Madagascar, with barrier reefs dominating the area together with the development of lagoonal 

conditions (Salman & Abdula, 1995) and deposition of the Mandawa group. Sandy-siltstones and 

sandy mudstones in a marginal/shallow marine depositional environment forms the interfacee to the 

Mandawa Group as a change from terrestrial and marginal marine facies to terrestrial and limestone 

facies (Hudson & Nicholas 2014). A regression at the Jurassic/Cretaceous boundary led to the 

deposition of marine oolitihic sandstones as well as progradational fluvial/deltaic sandstones (Fig. 

2.4; Hudson, 2011) on top of the former Triassic lacustrine clays and the Triassic/Jurassic 

evaporites. 

Figure 2.6. A marine regression led to oolithic, fluviatile and deltaic sands being deposited on top 

of the former lacustrine clays as well as the evaporites (Hudson, 2011). 
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The prograding fluvio/deltaic sandstone deposits continued well into the Earlies Cretaceous and 

extends into the Mavuji group by the name of the Nalwehe formation. The continued seafloor 

spreading of the final Gondwanan break up led to crustal stretching (Hudson, 2011), with both 

features of subsidence and inversion in the Mandawa basin. An extensive transgression was initiated 

during the Early Cretaceous as the developed passive margin of Tanzania subsided (Salman & 

Abdula, 1995), leading to the deposition of shallow marine to outer shelf clays and marls (Fig. 2.5). 

This continued throughout the Cretaceous, transforming the discrete basins of East Africa into 

eventually one large regionally connected basin (Key et al., 2008; Smelror et al., 2008). The Late 

Cretaceous also represents the transition in to a period of reduced continental drift and stabilization 

between eastern Africa and Madagascar as the strike-slipe movement relocated and activated 

spreading between Madagascar and India (Salman & Abdula, 1995; Nicholas et al. 2006).

In the Mandawa basin, the clay deposits following this major transgression are named the Kilwa 

and Songo Songo groups.

Figure 2.7. The deposition of the Mavuji Group according to Hudson (2011). An extensive 

transgression ended the period of discrete East African basins.

2.4 A TWO-STAGE RIFT-MODEL AND TDP 40
The Mandawa basin stratigraphy should also be considered in the lights of the tectonic evolution as 

there are several stratigraphical challenges as well as complications regarding environmental 
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interpretations due to a relatively complex structural geology. A two stage model (Fig. 2.7) has been 

proposed for the development of the East African basins together with the Mozambican channel 

(Kidson et al., 1997; Nicholas et al. 2007), with four rift-related periods of sedimentation (Dypvik 

et al., 2015):

1. Karoo/pre-rift sedimentation resulting in the Pindiro Group

2. Syn-rift sedimentation resulting in the Mandawa and the Mavuji Groups

3. Post-rif sedimentation resulting in the Kilwa Group (Thermal sag)

4. The present East African rift system at which sedimentation from the Neogene is affected by 

(Songo Songo Group).

In relation to this, the TDP 40 cores belongs to the last phase of syn-rift sedimentation.

Figure 2.8. The two stage rifting model proposed by Kidson et al. (1997) (Modified from Kidson et 

al. (1997)). a) displays the first phase of rifting with the development of the east african rift basins 

and crustal extension. b) displays the second phase of rifting with the development of a dextral 

strike-slip movement between Madagascar and East Africa. 

The first stage of rifting was a period of east to west rifting at which initiated the separation of 

Madagascar from Eastern Africa from the Permian in to the Middle Triassic (Kidson et al., 1997). 

The second stage of rifting was the onset and continuation of a dextral strike-slip movement 

between East Africa and Madagascar, with a southward movement of Madagascar and the creation 

of the Davie Ridge transform zone offshore East Africa. This is suggested to have been developed 

during the Late Triassic, being active into the Cretaceous at which ended the stabilisation of East 

Africa (Salman & Abdula, 1995; Kidson et al., 1997; Nicholas et al., 2007; Hudson, 2011). 
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The Triassic/Jurassic evaporites was activated during the second stage of rifting, resulting in series 

of salt domes and locally induced faulting in the Mandawa basin (Hudson, 2011), at which together 

with structural inversions could have acted as paleotopographic highs at the time. 

The structural evolution of the Mandawa basin displays a relatively high degree of complexity, 

making stratigraphical correlation and environmental interpretations challenging. Even though 

sharing the regionally induced structures, local variations at the discrete blocks have resulted in 

depositional variations (See Hudson, 2011). Figure 2.8. is based on the work done by Hudson 

(2011), and is a conceptual sketch illustrating the main structural features of the TDP 40 site. Figure 

2.9 illustrates the estimated paleolatitude for the Mandawa basin from the Late Jurassic to the Late 

Cretaceous.

Figure 2.9. Simplified, conceptual sketch of the graben structures with major fault lineaments in the 

central part of the Mandawa basin at which the TDP 40 cores were cored (Based on data from 

Hudson, 2011). The Matandu and Mbwenkuru lineaments as well as the graben structures were 

developed during the first rifting stage. Those faults were later reactivated during stage two as the 

dextral strike-slip movement was initiated. 

Figure 2.10. Paleolatitude of the Mandawa Basin for the Cretaceous (Hinsbergen et al. 2014).
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3. METHODS
3.1 SEDIMENT RECOVERY AND SAMPLING

3.1.1 Collection and storage of the cores
The TDP 40 cores were drilled ~15 km from the coast, 43 km south of the Nangurukuru junction 

(North of Kiwawa) (UTM 37L. 540908, 8984449) in the Kilwa district during the 2009 TDP field 

season. The aim was to recover a complete Aptian-Albian boundary interval, at which the work of 

Berrosco et. al. (2015) confirmed to be successful.

TDP 40 A was drilled 110 m east of the main road, recovering 88.45 meter, with good to moderate 

recovery from 0 to 60.82 meter and moderate to poor recovery from 60.82 to 88.45 meter. TDP 40B 

was drilled 170 meter south of TDP 40A, recovering 70 meter, with good recovery from 0 to 60 

meter and poor recovery from 60 to 7 0 meter. The cores are 4.3 cm in diameter at their broadest.

Due to the proximity of each other, the two cores are complementary of each other and is, in the 

results, discussion and conclusion, referred to  as either "TDP 40" or "the core". 

3.1.2 Logging and sampling the cores
The TDP 40 cores were logged on a 1:20 scale by a research group from the University of Oslo 

during a trip to the TPDC office in Dar es Salam 16th to the 21th of February 2015. Being the longest 

core, TDP 40A was used as the main core, while TDP 40B was used as complementary for the 

interesting intervals or the intervals lacking due to core loss in TDP 40A.

A total number of 77 samples were collected during the procedure of logging and sent to the 

University of Oslo for storage and laboratorical analyses. The cores were logged according to the 

Wentworth scale for sediment grain sizes (Wentworth, 1922) and classified according to the 

classification scheme originally proposed by Dott (1964) with the refinements later made by Miall 

(2003). 

The samples were classified as follows (Fig. 3.3.): TDP 40 (A or B) – Box number/Section number 

– Depth in section (in centimetres). Example: TDP40A 33/2  22–23 cm.

Conglomerates were classified by the relative stability of the clasts according to Boggs (2009). This 

means taking in to account the relative abundance of ultrastable clasts (quartz, chert, vein quartz) 

versus metastable and unstable clasts (All other clasts). Conglomerates dominated by ultrastable 

clasts (> 90%) are quartzose conglomerates, while all others are petromict conglomerates.

3.1.3 Digitization of sedimentary logs
The sedimentary log (Fig. 3.4) was digitized and synthesized with the log from Berrosco et al. 
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(2015). Information from microfossils regarding age control and unconformities together with 

Complementary information on sampled material was added to the log from Berrosco et al. (2015). 

The sedimentary logs were first digitized by the use of 

the software package SedLog 3.0 (Zervas et al., 2009) 

and then later made in to figures by the use of the 

software package Inkscape 0.48 , which is a open-

source vector graphics editor (See Bah (2011)). The 

log was subject to minor refinements after the 

mineralogical and petrographical analyses were 

undertaken on the samples. 

Most symbols used in the digitized logs are modified 

from SedLog 3.0 (Fig. 3.2). Three symbols of the log 

need a note as they are closely related (Fig. 3.2). 

Those three are distinguished between due to their 

size and geometry. Twigs are elongated oxidized 

features with a core of coal in them. Coal needles are 

small (< 0.2 mm), elongated needles of coal. Plant 

material represent larger coal fragments (>0.2 mm).

Figure 3.1. The process of logging the 

cores at the TPDC office in Dar es Salam. 

All logged sections of the cores were 

photographed.

Figure 3.2. Illustrating the definition of closely related symbols.

Figure 3.3. The taxonomy and storage of the cores.  All samples were therefore classified by the 

box number, section number and the depth in that given section. (Modified from Nerbråten (2014))

12



Figure 3.4. The compiled sedimentary log for the TDP 40 cores with legend. The age intervals assigned are based on the work performed on 

foraminifera and nannofossils by Berrosco et al. (2015). The taxonomy of the boxes are according to figure 3.2. The red arrows show depths sampled. 

The legend described here are used for all later figures regarding the log. Three distinct sections are prominent,divided by unconformities. The 

unconformities are correlated with those found by Berrosco et al. (2015). .



3.2 FACIES AND FACIES ASSOCIATION
A facies is defined by the total sum of all features that reflect the specific environmental conditions 

under which a given rock was deposited and formed. Those features may be lithological, 

sedimentological or faunal, and may reflect characteristics such as mineral composition, 

sedimentary structures and bedding characteristics (Coe & Church, 2003). After assigning a 

sedimentary facies to the intervals throughout a core, the observations is related to the sedimentary 

processes they represent and then assigned a sedimentary environment those processes typically 

would occur in. 

Genetically related facies representing a given depositional environment can be grouped into facies 

associations, which makes up larger units (Walker, 1992). Sedimentary facies are important for 

obtaining an holistic view of a depositional system over time and space, and are used for 

stratigraphic correlation and classification.  They therefore provide an opportunity to evaluate and 

understand unconformities, amplitudes and rates of sea-level changes, and range and durations of 

sedimentary cycles (Coe & Church, 2003).

Based on the sedimentary log, photo analysis and laboratory analysis of thin sections, the 

composition, texture and structure throughout the cores was defined. Intervals sharing these features 

were assigned a facies definition, and genetically related facies were grouped into facies 

associations. 

3.3 PETROGRAPHICAL AND MINERALOGICAL ANALYSIS
By the use of the sedimentary log, a photo analysis and the assigned facies definition of each 

sample, the different rock samples were classified. Representative samples were collected 

throughout the core for X-ray diffraction (XRD) analyses and thin sections for petrographic studies 

by optical microscopy and scanning electron microscopy (SEM).

3.3.1 XRD analysis
3.3.1.1 X-ray diffraction analyses of bulk samples

A total number of 25 bulk samples were analysed by the use of XRD in order to determine the bulk 

mineralogical composition (Tab. 3.1).

The samples were prepared in the sedimentary laboratory at the Department of Geosciences at the 

University of Oslo. To reduce the risk of contamination between samples, all equipment were 

washed and cleaned with ethanol between the treatment of the respective samples. Samples were 

first crushed by the use of a sling mill, reducing the particles to a diameter < 500 μm.  3.25 gram of 

the sample was then mixed with 8 millimetres of ethanol and loaded in to and crushed by a 
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McCrone Micronizer, using agate abrasives. This produces powders with particle size distributions 

(with >77% at 0.5 to 20 μm after 5 minutes) that satisfy the requirements for routine quantitative 

XRD analysis (Connor & Chang, 1986). In order to further enhance the possibility of accurate 

results, the micronizer was pre-contaminated by a small amount of the sample itself before 

micronizing the sample.

 The samples were then carefully loaded in to XRD sample holders with the goal of reducing the 

grains tendency to align and orient as this can cause over-representation of one mineral axis in 

many minerals. The XRD analyses were performed by Senior Engineer Dr. Maarten Aerts with the 

use of a Bruker D8 Advance Diffractometer equipped with a Lynxeye linear PSD detector for data 

acquisition. The diffractometer uses a Ni-filtered Cu Kα radiation source and was set at 40 kV and 

40 mA.

Table 3.1. Samples chosen for XRD-analysis (See Fig.3.4).

Sample name Depth (m) Bulk-analysis Clay-Analysis
TDP40B 4/2 26-50 cm 6.4 x x

TDP40B 4/3 89-91 cm 7.9 x x

TDP40B 6/2 25-55 cm 12.3 x x

TDP40B 7/2 75 cm 15.6*B x x

TDP40B 8/1 47-62 cm 17.5*B x x

TDP40B 8/1 75-90 cm 17.8*B x x

TDP40A 17/3 57-59 cm 43.9 x

TDP40A 19/2 1-25 cm 48.2 x x

TDP40A 20/2 1-25 cm 51.4 x

TDP40B 21/3 25-50 cm 55.3*B x x

TDP40B 22/2 1-25 cm 57.1*B x

TDP40A 22/3 25-50 cm  57.7 x x

TDP40B 23/3 0-5 cm 59.3*B x x

TDP40B 23/3 77-80 cm 60*B x

TDP40A 23/3 20-24 cm 60.1 x x

TDP40A 25/1 23-26 cm 65.4 x

TDP40A 25/1 31-34 cm 65.5 x x

TDP40A 26/1 90-93 cm 68.6 x x

TDP40A 27/1 1-3 cm 71.9 x

TDP40A 27/170-72 cm  72.5 x x

TDP40A 30/1 44-54 cm 79.5 x x

TDP40A 32/2  0-3 cm  84.3 x x

TDP40A 33/1 7-9 cm  86 x

TDP40A 33/2 56-58 cm  86.5 x
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3.3.1.2 DIFFRAC. EVA for analysis of bulk samples

In order to identify the mineralogical phases present in the XRD analyses of the samples the 

analytical software package DIFFRAC.EVA from Bruker AXS with the PDF 2.0 database was used. 

This was done by manually fitting the mineral peaks in the samples diffraction patterns with those 

of the database in the software. 

Identification of phases was based on the d-vaues given by Moore and Reynolds (1997) and Chen 

(1977), together with an ongoing discussion with Maarten Aerts regarding the restrictions and 

possibilities the sedimentological facies definitions put on the samples. In order to get a confirmed 

phase-fit, all peaks of the mineral were expected to fit the diffractogram (See Fig. 3.5).

Figure 3.5. Illustrating the procedure of fitting the mineralogical phase of Muscovite from the PDF 

2.0 database in DIFFRAC.EVA with the diffraction pattern from a sample. The window to the left 

displays all the different patterns of muscovite available in the database, while the window to the 

right illustrates the fit of the chosen phase in brown in relation to the diffraction pattern in red.

3.3.1.3 Profex

In order to conduct quantitative analysis on the mineralogical phases of the bulk samples, the open 

source XRD analytical software package of Profex 3.6.0 (Döbelin & Kleeberg, 2015) was used. The 

program is a graphical user interface for the Rietveld refinement program of BGMN (Rietveld, 

1969; Taut et al., 1998), and can generate a full range synthetic diffraction pattern by the use of 

theoretical structure files for the different phases. The structure files has the ability to make minor 

refinements of the fit with regard to preferential orientation, unit cell parameters, chemical 
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substitutions and disorder in the clay fraction. By adding the structure files of the phases identified 

in DIFFRAC.EVA a synthetic diffraction pattern was produced for each sample. Based on a 

mathematically calculated theoretical fit the program estimates a misfit parameter:

(1) Theoretical fit/Modelled fit = Percentage of misfit

This fit (Rfactor) should be as close to 1 as possible, but there are strong indications that the visual 

fit is of greater importance. Experiments show that diffraction patterns measured with large number 

of counts makes a good Rfactor less achievable as features that cannot be modelled becomes 

evident (e.g. Toby, 2006).  An ongoing discussion on the geological implications from log data etc. 

is necessary in order to achieve good results. By the advice of Senior Engineer Dr. Maarten Aerts a 

R-factor below 2 was set as the limit, accompanied by extensive visual analyses. 

3.3.1.4 X-ray diffraction analyses of clay samples

A total number of 18 samples were selected for clay analyses by the use of XRD (Tab. 3.1). All 

samples were crushed by the use of a hammer and a portable piston crusher. This was done gently, 

with the goal of splitting grains by their grain boundaries. The amount of sample needed is 

dependent on the lithofacies, meaning a relatively large amount of sandstone is normally needed in 

order to extract the amount of clay needed for further analyses. 

The crushed samples were then suspended in 200 ml of sodium carbonate (Na2CO3) and put in a 

VWR Ultrasonic bath for 10 minutes. This was done in order to prevent flocculation and to further 

disaggregate the samples (See e.g. Genrich & Bremner, 1972). The samples were then left in their 

mixtures for >12 hours before further 400 ml of sodium carbonate was added. The mixtures were 

then stirred and left for 6.5 hours which, given by Stokes Law, is a time lap interval that allows for 

particles larger than clays to settle while there still are clays in suspension. The top ~400 ml of the 

mixtures was then extracted into plastic boxes by the use of a hose. 

The individual extracted sample-mixtures were then filtered through a Millipore filter by the use of 

the Millipore vacuum technique, concentrating the clay-minerals on the filter. Lastly, the filter was 

inverted and placed gently on a circular 2 cm in diameter Pyrex glass platform. This was done in 

order to transfer the clay minerals onto a platform compatible with the Bruker D8 Advance 

Diffractometer. 

The samples were subject to four different measurements and three different treatments at the XRD 

laboratory. Firstly, a measurement was made on the samples in their initial condition (Air dried). 
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Secondly, a measurement was made after ethylene glycol treatment. Thirdly, the samples were 

heated to 350°C and measured, and lastly they were heated to 550°C and measured. This procedure 

is well acknowledged and enables for identification of the clay minerals based on their behaviour 

under the different conditions (See e.g. Brindley, 1952; Biscaye, 1964; Moore & Reynolds, 1997).

Considerable cleansing of the equipment with ethanol was undertaken at all stages of the process in 

order to prevent contamination. 

3.3.1.5 DIFFRAC. EVA for analysis of clay samples

The results from the four treatments of the clay samples were evaluated by the use of 

DIFFRAC.EVA, using the methodology described by Moore & Reynolds (1997) and Biscaye 

(1964).

– Illite/Mica was identified by their 001 reflection at 10.0 Å.

– Kaolinite and Chlorite was first identified by their 001 reflection at 7.16 (Kaolinite) and 

7.08 (Chlorite) Å. Chlorite was then confirmed by its peak at 4.72 Å while Kaolinite was 

confirmed by its 002 peak at 3.58 Å and a small peak at 2.384 Å (Biscaye, 1964; Moore & 

Reynolds, 1997). 

– Smectite was identified by comparing the results from air-dried state to the ehtylene glycol- 

solvated prepared samples. When smectite is present there will be a strong a decrease in the 

reflection at the area between 14 to 15 Å , while the 16.9 Å increases significantly due to the 

increased size of the smectites (Moore & Reynolds, 1997). 

– Mixed layers of illite/smectite was identified by studying the broad peak in the area between 

10 – 14 Å. In the case of a smectite component a shift will be seen after the ethylene glycol 

treatment, while the illite component will give rise to a reflection at the 5 – 5.5 Å area 

(Moore & Reynolds, 1997).

3.3.1.6 NEWMOD

In order to conduct quantitative analysis on the mineralogical phases of the clay samples, the XRD 

analytical software package of Newmod 2.2 (Reynolds, 1985) was used. It is an integrated package 

for calculating diffraction patterns  for mixed-layered clays and can simulate natural samples for 

quantitative analysis. The program allows the user to generate animated series of patterns for a 

given diffraction pattern and provides a tool for combining up to eight theoretical patterns/phases in 

different percentage. Together, the patterns generate a theoretical fit for your experimental data.  

Visual analyses of the fit together with an ongoing discussion on the geological implications from 

the sedimentary log etc. is necessary for achieving good results (Fig. 3.6). Parameters and 
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modelling was undertaken under supervision by Senior Engineer Dr. Maarten Aerts.

Figure 3.6. Illustrating the procedure of identifying the clay phases present in a given sample by 

developing a theoretical fit. The red line is the measured intensity at the different 2-theta angles. 

The yellow line is the fit produced from the accumulated intensity of the clay phases added to the 

model. The blue line indicate the degree of misfit.

3.3.2 Optical mineralogy
3.3.2.1 Thin sections

Material from 20 samples (Tab. 3.2) were prepared by Salahalldin Akhaven at the Department of 

Geoscience, University of Oslo. The samples were impregnated with blue-stained epoxy to display 

porosity and glued to 2.5cm x 4.5 cm glass slides. The slides was then polished to a thickness of 30 

μm.

3.3.2.2 Petrographical description and point counting

The thin sections were studied by the use of a Nikon Labohot-Pol petrographic microscope with the 

aim of unravelling the mineralogical and textural relations in the samples. Notes were taken on the 

mineralogical composition, grain size, grain contacts, grain shape, grain orientation, sorting , 

matrix, cementation, primary porosity, secondary porosity, organic material, fossils and structures. 

Due to the limitations in magnification of the petrographic microscope (max 40x), the porosity 

values does not take into account the micro-porosity, while differing between secondary and 
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primary (Fig. 3.5). The classification on the degree of sorting in the samples was done by the use of 

the scheme made by Compton (1962) (Fig. 3.6).The classification on the grain shape in the samples 

was done by the use of the scheme made by Powers (1953).The classification of grain contacts in 

the samples was done by the use of the terminology introduced by Taylor (1950). Notes were also 

taken on the orientation of grains. This was done by keeping the thin sections in a fixed position 

while counting grains pointing up/down or left/right. The grains that display a ~45° where denoted 

as "indeterminable". 

Table 3.2. List of samples prepared for thin sections. *B on depth refers to the depth from TDP 

40B.

Sample name Depth (m) SEM
TDP40B 7/2 75 cm 15.6*B x

TDP40B 8/1 47-62 cm 17.5*B x
TDP40B 8/1 75-90 cm 17.8*B x

TDP40A 17/3 57-59 cm 43.9 x
TDP40A 19/2 1-25 cm 48.2 x
TDP40A 20/2 1-25 cm 51.4
TDP40B 21/3 25-50 cm 55.3*B
TDP40B 22/2 1-25 cm 57.1*B x

TDP40A 23/1 95-100 cm 60
TDP40B 23/3 0-5 cm 59.3*B

TDP40B 23/3 77-80 cm 60*B
TDP40A 23/3 20-24 cm*b 60.1 x
TDP40A 23/3 20-24 cm*a 60.1 x
TDP40A 25/1 23-26 cm 65.4
TDP40A 25/1 31-34 cm 65.5 x
TDP40A 26/1 90-93 cm 68.6
TDP40A 27/1 70-72 cm 72.5
TDP40A 28/2 66-68 cm 76.2
TDP40A 30/1 44-54 cm 79.5
TDP40A 33/2 56-58 cm  86.5 x

The feldspar grains were classified as plagioclas and k-feldspar series and further classified based 

on grain preservation. The relative stability and weathering rate of the different minerals can be 

partly predicted by the use of the Goldich dissolution series (Goldich, 1938). Here, the preservation 

of feldspars were divided in to five categories (Tab. 3.3), providing a statistical basis for discussing 
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the depositional conditions, maturity of the sediments and potential post-depositional processes.  

Table 3.3. The classification scheme for the degree of feldspar preservation (Based on the schemes 

used by Fossum (2012) and Nerbråten (2013)).

Category I II III IV V

Description

Fresh feldspar 
grains, 

showing very 
little signs of 
weathering

Feldspar grains 
show some 
evidence of 
weathering. 

Twins are fully 
preserved

Feldspar grains 
show signs of 
etching and 
twins are 

starting to look 
blurry

Feldspar grains 
show a very 
rough and 

etched surface. 
Twins are hard 

to recognize

Feldspar grains 
show extensive 

dissolution 
with parts 

totally 
dissolved. 
Twins are 

absent.

PPL

XPL

3.3.2.3 Scanning Electron Microscopy (SEM)

Ten thin sections (Tab. 3.2) of key samples were selected for analyses in a scanning electron 

microscope (SEM) at the Department of Geoscience, University of Oslo. Samples were carbon 

coated by Senior Engineer Berith Løken Berg on a Carbon Coater Cressington 208C before using 

backscatter electron image (BEI) to perform SEM analysis of the thin sections on a Hitachi SU5000 

FE-SEM, with a Dial Bruker Xflash30 EDSsystem. Three thin section where analysed by BEI on a 

Hitachi S4800 FE-SEM, with a Esprit 1.9 Bruker EDS system at the department of Biology, 

University of Oslo. The SEM's used a standard woldram dilament at which is run at 15 kV.

This was done in order to study the elemental composition of the detrital grains, matrix and cement 

which provided complementary data for the optical analyses. In addition, the relation between 

grains, matrix and cement was studied and photographed while notes were taken. Notes were also 

taken on authigenic mineral growth and surface structures of individual grains. The SEM petrology 

atlases made by Welton (1984) and Reed (2010) were used for support during the analysis.
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3.4 RATIOS
Several plots regarding the relative abundance ratio of certain minerals was made in order to 

evaluate mineralogical relations, diagenesis and depositional processes. Based on the Goldich 

dissolution series (Goldich, 1938) the ratios of K-feldspar/Plagioclase, Muscovite/Biotite, 

Quartz/Feldspar or Quartz/Rock fragments could be related to processes of the depositional system. 

Authigenic mineralogy such as pyrite and calcite cementation could be used in relation to detrital 

quartz as an indication of early diagenetic processes. Authigenically grown clays such as 

interlayered illite/smectite could be related to an increasing depth of diagenesis when related to 

smectite (See e.g. Velde & Vasseur, 1992). Allogenic clays such as clasts and pore filling residuals 

could be used as proxies for climatic conditions as the different groups display strong correlance to 

factors such as warm/cold or wet/dry (See e.g. Bjørlykke, 2001). Furthermore, ratios could be used 

to classify a given formation, distinguishing it from others by its characteristic mineralogy relations 

(See e.g. O'Connor, 1965).

3.5 SEQUENCE STRATIGRAPHY
As the infilling of a basin is controlled by tectonics, eustatic sea-level and climate variations (See 

e.g. Vail et al. 1977; Wagoner et al. 1988; Emery et al. 1996; Coe & Church, 2003), relating 

sedimentary sequences to sequence stratigraphical trends is useful. Based on the sedimentological 

developments found in TDP 40, concepts such as sediment supply (SS), accommodation space (AS),  

and system tracts are discussed. Those concepts can be used to divide sedimentary basin fills of 

parasequences into the larger genetic packages, sequences, that are bounded by unconformities and 

their correlative conformities (Emery et al., 1996). This is useful when making lateral correlations 

in a given basin or when comparing basins.

The different system tracts are typically bounded by surfaces recognizable as reflections in seismic 

data and are of great importance for understanding the evolution of sedimentary basins (Vail et al., 

1977). A depositional sequence starts with the falling stage system tract (FSST) which is the phase 

where the relative sea-level falls (AS < SS), regression,  after maximum flooding. In this phase 

rivers creates incised valleys and sediments gets forced further out in the basin, bypassing the 

alluvial, coastal and nearshore areas (Coe et al., 2003) . The FSST is therefore seldom preserved. 

The lowstand system tract (LST) is typically the lowermost depositional package found, marking 

the end of incision. It is bounded by a lower sequence boundary and an upper transgressive surface, 

and is deposited during the minimum point of relative sea-level (AS = SS) with a subsequent slow 
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relative sea-level rise, high percentage of siliclastic material and low percentage of carbonates. 

The transgressive sequence tract (TST) succeeds the LST after the transgressive surface (TS), 

which marks the point at which AS is larger than SS again and the sea-level rises (transgression). 

The TST leads typically to high deposition in the proximal areas of the basin, with a relatively low 

amount of siliclastic material, a high amount of carbonates and nutrient-rich conditions. 

The TST is terminated by the maximum flooding surface (MFS) at which the transgression rate is at 

its greatest (AS = SS), leading to sediment starvation in the distal parts of the basin and often 

accompanied by authigenic mineral growth and high potential for preservation of fossils in the 

proximate areas. The highstand system tract (HST) follows the MFS; initially by aggradational 

parasequences until AS is lower than SS again and progradational deposits becomes evident. It is 

bounded by the maximum rate of relative sea level rise (MFS) and the sequence boundary (SB), 

which marks the maximum relative sea level. The SB separates the HST from the FSST and the 

next depositional sequence. 
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4. RESULTS
4.1 SEDIMENTOLOGICAL DESCRIPTION

4.1.1 Sedimentary log
The log can be divided into three distinct sedimentary units separated by two unconformities; a 

lower section from 88.45 to 60.0 meter, a middle section from 60.0 to 17.9 meter, and a upper 

section from 17.9 to 0 meter. The lower section is a sandy, upward-coarsening unit, ending abruptly 

after two short-lived conglomerates. The middle section is a silty-clay, upward-fining unit, ending 

abruptly after an interval of fine claystones. The upper section is a sandy-silty unit with three 

intervals of upward fining sequences into clay-rich sediments.

4.1.2 Facies descriptions
Based on the criterias from chapter 3.2, the log was assigned 14 facies and 5 facies associations 

(FAs) (Fig. 4.1; Tab. 4.1). 

4.1.2.1 Lower section (88.45 – 60 meter)

F1) BIOTURBATED SANDY SILTSTONE (Fig. 4.1 & 4.2): This facies makes up the lower part of 

the core, consisting of silty sandstone of very fine sand. The sequence has two normally graded 

interval from very fine sand to silt, and three inverse graded intervals from silt to very fine sand 

(Fig. 4.1). Bedding-like structures are present, both horizontal beds and occasional cross bedding 

(Fig. 4.2.d), but are disturbed and altered by bioturbation (Fig. 4.2.e). Burrows are both horizontally 

and vertically oriented with a general diameter below 1.5 cm. Coal needles with a length of < 5 mm 

and a diameter of ~2 mm are present through the whole interval. Lastly, iron-rich clasts (~1 cm in 

dm) appears at several depths in the interval (Fig.4.2.b). This facies shows a grey-brownish colour 

and is generally weakly calcite cemented. 

F2) BIOTURBATED SILTY SANDSTONE (Fig. 4.1 & 4.2): This facies succeeds F1 gradually. The 

facies dominates the interval from 81.3 to 73.2 meter and is a sandstone consisting of very fine to 

fine sand (Fig. 4.2). The sequence follows a inversely graded pattern from very fine sand to fine 

sand and has a relatively higher amount of bioturbation than F1. Sedimentary structures seems to be 

present, with mud drapes and dish structures trapped in the sand, but are commonly disturbed by 

bioturbation (Fig. 4.2.a). Burrows are both horizontally and vertically with a general diameter 

below 1.5 cm. Plant fragments on the size of 0.5 to 1 cm are present (Fig. 4.2.c). Iron-rich clasts (~1 

to 2.5 cm in dm) appears at several depths in the interval. This facies show a relatively lighter grey-

brown colour than F1 with some light grey calcite cemented beds.
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Figure 4.1. The sedimentary log of TDP 40 with the assigned facies and facies associations. See Fig. 3.4 for legend.



Table 4.1. Sedimentary facies of TDP 40.
Facies Grain size Description Depth intervals (m) Figures
F1: 
Bioturbated 
sandy 
siltstone

Silt to very 
fine sand

Bedding structures disturbed by bioturbation. Cross 
bedding. Coal needles. Rounded, oxidized iron-rich clasts 
of pebble. Grey/brown colour.

87.2 – 81.4, 79.9 – 79.7 4.2.b
4.2.d
4.2.e

F2: 
Bioturbated 
silty 
sandstone

Very fine to 
fine sand

Increased degree of bioturbation. Bedding structures highly 
distorted. Mud drapes. Pillow structures. Plant fragments. 
Rounded, oxidized iron-rich clasts of pebble. Light 
grey/brown colour.

81.4 – 79.9, 79.6 – 72.8 4.2.a
4.2.c

F3: 
Bioturbated 
sandstone

Fine to 
medium 

sand

Bioturbated (>1 cm in dm). Plant fragments of increasing 
size (~1 cm long). Coal rich intervals. Light grey colour.  

72.8 – 72.4, 72.5 – 70.7 4.4.c

F4: Shelly 
sandstone

Fine to 
medium 

sand

Bioturbated. Shell fragments. Plant fragments. Clasts of 
calcite cemented sandstones present. Light grey colour.

72.5 – 71.4, 70.2 – 68.7 4.4.b

F5: 
Polymictic 
conglomerate

Clay to 
medium 

sand

Diamictic. Heterolithic well rounded clasts of pebble. 
Large plant fragments (2 cm long). Gradual coarsening of 
matrix to coarse sand. Brown/grey colour.

68.7 – 68.1 4.4.g

F6: Soft 
sediment 
deformed 
shelly 
sandstone

Medium to 
coarse sand

Occasional bioturbation (~2 cm in dm). Abundant shell 
fragments. Mud drapes. Dish structures. Flame structures. 
Load casts. Plant fragments. Light brown/grey colour.

68.1 – 67.9, 66.7 – 64.9, 62.2 
– 62.0

4.4.e
4.4.f

F7: 
Oligomictic 
conglomerate

Clay to 
coarse sand

Diamictic. Oligolithic well rounded clasts of pebbly calcite 
cemented sandstone. Occasional clasts of claystone. Clay 
dominated matrix. Plant fragments. Brown/grey colour.

60.5 - 60 4.4.a
4.4.d

F8: 
Bioturbated 
siltstone

Silt Bedding structures disturbed by bioturbaton (~0.5 cm in 
dm). Parallel laminations. Ophiomorpha nodosa. Coal 
needles. Sandy intervals interrupts background 
sedimentation. Brown/grey colour.  

60.0 – 53.1, 51.3 – 50.6, 49.5 
– 48.4, 48.2 – 48.1, 47.2 – 
47.0, 46.5 – 46.3, 40.1 – 38.9, 
35.0 – 34.8, 34.0 – 33.8, 33.1 
– 32.1, 28.2 – 27.9, 27.0 – 
25.9

4.5.a
4.5.b
4.5.d
4.5.e
4.6.b

F9: 
Laminated 
clayey 
siltstone

Clay to silt Bedding structures disturbed by bioturbation. Parallel 
laminations. Decreasing dm on bioturbation. Ophiomorpha 
nodosa. Carbonized twigs. Coal needles. Interrupted by 
both gradual and sharp transitions into F8. Clasts of pebbly 
calcite cemented sandstones found. Dark brown/grey 
colour.

53.1 – 51.3, 50.6 – 49.5, 48.5 
– 48.3,  48.1 – 47.2 47.0 – 
46.5, 46.3 – 40.1, 38.9 – 35.0, 
34.8 – 34.0 33.8 – 28.9, 28.7 
– 28.2, 27.9 – 27.0, 25.6 – 
25.0, 24.5 – 24.2, 22.9 – 22.8, 
18.6 – 17.9

4.5.c
4.6.c
4.6.f

F10: 
Claystone

Clay to silt Decreasing degree of bioturbation. Parallel laminations 
slightly disturbed by bioturbation. Preservation of macro 
fossils; ammonites. Scarcity of plant fragments. Interrupted 
by both gradual and sharp transitions into F9. Dark 
brown/grey colour.

25.0 – 24.5, 24.2 – 22.9, 22.8 
– 19.9, 18.9 – 18.6

4.6.a
4.6.d
4.6.e

F11: Mud-
clast bearing 
shelly 
sandstone

Medium to 
coarse sand

Well sorted and well rounded sand grains. Abundant shell 
fragments. Abundant well rounded mud-clasts of sand. 
Occasional well preserved shells. Occasional plant 
fragments present. 

17.9 – 16.9, 16.2 – 15.9 4.7.b
4.7.e

F12: Heavily 
bioturbated 
sandy 
siltstone

Silt to very 
fine sand

Heavily bioturbated. Bedding structures highly distorted. 
Plant fragments. Clasts of pebbly calcite cemented 
sandstones present. Light brown/grey to dark brown/grey 
colour (recent weathering).

15.9 – 12.9, 12.1 – 6.2, 6.1 – 
4.9, 3.3 – 2.8

4.7.a
4.8.a
4.8.b
4.8.d
4.8.e

F13: 
Bioturbated 
clayey 
siltstone

Clay to silt Bedding structures disturbed by bioturbation. Plant 
fragments present. Brown/grey to dark brown/grey colour 
(recent weathering).

14.4 – 12.9, 6.2 – 6.1, 2.8 – 
2.0 & 1.4 – 0.0

4.7.d
4.8.c

F14: 
Bioturbated 
claystone

Clay to silt Bioturbated. Parallel laminations. Coal needles present. 
Dark brown/grey colour (recent weathering.

12.9 – 12.1 4.7.c
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Figure 4.2. Facies 1(red) and 2 (orange) belonging to facies association 1 from the interval between 

88.45 and 72.8 meter of depth. a) dish structures at 74.8 meter. b) Oxidized iron rich clast at 84.1 

meter. c) Carbonized plant fragments at 73.9 meter. d) Cross bedding ripples at 86.8 meter. e) 

Calcite cemented horizontal and vertical burrows at 86.9 meter.

F3) BIOTURBATED SANDSTONE (Fig. 4.1 & 4.4): This facies succeeds F2 by a gradual 

coarsening of the grain size at 73.2 m, being distinct from F4 by its lack of shell fragments. The 

facies is present from 73.2 to 72.6 and 71.4 to 70.9 m, showing fluctuating grain size between fine 

to medium sand with one inversely graded interval and two normally graded intervals (Fig. 4.1). 

Burrows display vertical and horizontal orientation with a general diameter below 1 cm, although 

some are as large as ~2 cm in dm (Fig. 4.4.c).  Coal fragments, often 0.5 cm in diameter and 1 cm 

long, are generally more common than in F1 and F2. Coal-rich beds up to ~1 cm thick are present at 

several intervals. The facies is typically light grey coloured and weakly to moderately calcite 

cemented. Occasional beds are heavily calcite cemented, typically with a more crumbly and weakly 

cemented layer above.
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F4) SHELLY SANDSTONE (Fig. 4.1 & 4.4): This facies succeeds F3 by gradual transitions from 

absence to abundance of shell fragments (Fig. 4.4.b). The grain size is fine to medium sand, with a 

fluctuating grain size pattern and two normally graded intervals  and two inversely graded intervals 

are present (Fig. 4.1). The facies covers the interval from 72.6 – 71.4 and 70.1 to 68.6 meter and is a 

sandstone consisting of shell fragments and fine to medium sand. Significant bioturbation is 

present, with burrows both horizontally and vertically (diameters < 2 cm). Abundant plant 

fragments from 0.5 to 1 cm present. In the upper 1.5 meter of the interval the abundance of shell 

fragments intensify and several clasts of calcite cemented sandstone appear (1 – 2 cm in dm). At the 

same interval the degree of bioturbation decreases to zero. The facies display light grey colour with 

some calcite cemented sequences of white-grey colour.

F5) POLYMICTIC CONGLOMERATE (Fig. 4.1 & 4.4): This facies 

succeeds F4 by a gradual transition, which several larger clasts (1 – 

4 cm in dm) appear (Fig. 4.4.g), while bioturbation and shell 

fragments disappear. Covering the interval from 68.6 to 68.1 meter , 

it is a diamictic conglomerate consisting of fine to medium sand 

with heterolithic extraformational rounded clasts (Fig. 4.4.g). The 

clasts in the lower part of the interval are made up of quartz, 

claystone and rock fragments, accompanied by large fragments of 

coal (2x0.5x0.5cm). In the upper part of the interval a gradual 

transition from a polymictic to a oligomictic conglomerate occur, 

with clasts of calcite cemented material dominating (Fig. 4.3). The 

matrix is brown-grey in colour and partly calcite cemented. The 

conglomerate classifies as a petromict conglomerate. Figure 4.3. Upper part of F5

F6) SOFT-SEDIMENT DEFORMED SHELLY SANDSTONE (Fig. 4.1 & 4.4): This facies succeeds 

F5 at 68.1 meter by a gradual transition from a poorly sorted oligomictic conglomerate in to a 

moderate to well sorted medium to coarse grained shelly sandstone (Fig. 4.1). Shell fragments are 

relatively abundant compared to underlying facies (Fig. 4.4.e). Some larger shells on a diameter of 

1.5 cm with a pearly shine are intact. Mud drapes are found throughout the interval and several soft-

sediment deformation structures such as pillow structures, flame structures and load casts are 

present (Fig. 4.4.f). Coal fragments on 2-3 mm in diameter (Fig. 4.4.e) and 2 to 5 mm long and 

burrows of up to 2 cm in diameter is present. The colour of this facies is generally light brown-grey 

and heavy calcite cementation do occur in several beds.
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Figure 4.4. Facies 3(turquoise), 4 (purple), 5 (light yellow), 6 (green) and 7 (complexion) 

belonging to facies association 2 from the interval between 72.8 and 60.0 meter of depth. a) A 

rounded calcite cemented sandstone clast of the oligomictic conglomerate at 60.3 meter. b) A shell 

fragment at 69.2 meter. c) Large horizontal burrow at 72.5 meter. d) Several calcite cemented 

sandstone clasts and biogenic material from the oligomictic conglomerate at 60.1 meter. e) 

Abundant shell fragments at 63.2 meter. f) Load cast structures at 63.2 meter. g) Pebbly clasts of 

mudstone, quartz and iron oxide as well as a plant fragment from the polymictic conglomerate at 

68.4 meter.

F7) OLIGOMICTIC CONGLOMERATE (Fig. 4.1 & 4.4): The nature of the transition from F6 to F7 

is unknown due to core loss. Covering the intervals from 68.3 to 68.1 and 60.5 to 60 meter (Fig. 

4.1.), this facies is a diamictitic conglomerate consisting of a matrix of clayey silt and rounded 

clasts of extraformational calcite cemented sandstone (Fig. 4.4.a & 4.4.d). Large carbonized 

biogenic material are also found (Fig. 4.4.d). The matrix is poorly sorted with grains ranging in size 

from clay to very coarse sand. Coal fragments are present (typically 2-3 mm in diameter and 0.5 cm 

long). The termination of the conglomerate at 60 meter is abrupt, with a transition into parallel 

laminated siltstone. The conglomerate classifies as a petromict conglomerate, and the matrix is 

typically grey brown in colour and partly calcite cemented. 
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4.1.2.2 Middle section (60 – 17.9 meter)

F8) BIOTURBATED SILTSTONE (Fig. 4.1 & 4.5): This facies succeeds F7 at 60.0 meter depth 

abruptly with a transition from the oligomictic conglomerate in to a heavily bioturbated siltstone. 

The facies covers the interval from 60 to 52.7 meter and is a siltstone with a varying amount of clay 

and very fine sand. It also interrupts F8 and reoccur at several intervals from 51.3 to 25.9 meter 

(See Fig. 4.1). The grain size is rather stable, with parallel undulating laminations (Fig. 4.5.b) 

disturbed by intense bioturbation. The bioturbation (~0.5 cm in dm), both horizontally and 

vertically oriented, display a decrease in intensity in the uppermost parts of this facies. In two beds, 

large sand filled horizontal burrows of 2 cm in diameter and 5 cm in length occur (Fig.4.1 & 4.5.a). 

Plant fragments are present (Fig. 4.5.e). At two intervals; slightly coarser, very fine sand-rich 

intervals occur that are distinct by their high degree of calcite cementation (Fig 4.5.b). The facies is 

grey/brown in colour with light grey colour on calcite cemented beds. Above the calcite cemented 

beds the beds are often more crumbly with a slightly finer grain size. 

F9) LAMINATED CLAYEY SILTSTONE (Fig. 4.1, 4.5 & 4.6): This facies gradually succeeds F8 by 

a gradation from siltstone in to clayey siltstone at ~53.1 meter (Fig. 4.1). The facies is present from 

53.1 to 17.9 meter, being interrupted by several intervals of F8 from 51.3 to 25.9 meter, while 

interrupting F9 with four short-lived intervals from 24.5 to 17.9 meter. Beds commonly show 

undulating parallel laminations that are disturbed by bioturbation (Fig. 4.6.c; Fig. 4.6.f). Coal 

needles are present (Fig. 4.5.d) while most beds also show great abundance of carbonized twigs (a 

coal fragment 2.5 cm long and < 0.5 cm in diameter, with a rim of altered material orange in colour; 

Fig. 4.5.c). Several fluctuations with normally graded and inversely graded intervals occur (Fig. 

4.1). There are also several abrupt changes in grain size from clayey silt to silt and vice versa (Fig. 

4.1). At ~42 m a 1 cm in dm large calcite cemented sand clast was found. At ~30 m a large sand 

filled horizontal burrow of ~2 cm in diameter and 4 cm in length was found (Similar to Fig. 4.5.a). 

The facies is generally dark grey-brown with a slightly lighter colour in the calcite cemented beds 

(Fig. 4.6.b). 

F10) LAMINATED CLAYSTONE (Fig. 4.1 & 4.6): This facies gradually succeeds F9 by a fining of 

the grain size from clayey siltstones into claystones at ~25.0 m (Fig.4.1). The facies is characterized 

by beds of clay showing undulating laminations that are less disturbed by bioturbation compared to 

underlying units (Fig. 4.6.d). Occasional beds are well bioturbated still (Fig. 4.6.a) with burrows of 

both horizontal and vertical orientation, typically with a diameter below 0.5 cm.. A well preserved 

Ammonite with pearly shine is preserved from 24.5 meter of depth (Fig. 4.6.e). Coal needles are 
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relatively scarce. The facies is interrupted by two upward-fining beds from clayey siltstone (F9) to 

claystone at 24.5 and 22.9 meter. The facies ends at 18.7 meter by a gradual coarsening in to F9 

before an abrupt transition into mud-clast bearing shelly sandstone. The facies is dark brown/grey in 

colour (Fig. 4.6.d).

Figure 4.5. Facies 8 (blue) and 9 (brown) belonging to facies association 3 and 5 from the interval 

between 60.0 and 38.5 meter of depth. a) Large, horizontal sand filled burrow interpreted as 

Ophomorpha nodosa species from 53.2 meter of depth. b) A calcite cemented sand unit at 58.0 

meter of depth, interrupting the parallel laminated siltstone of F8. c) The remnants of a carbonized 

twig with a rim of oxidized material and a core of carbonized plant fragments at 40.0 meter of 

depth. d) Coal needles at 41.1 meter. e) Carbonized plant fragments at 58.3 meter. The fizzing is 

produced by the reaction between hydrochloric acid and the calcite cementation of those samples. 
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Figure 4.6. Facies 8 (blue), 9 (brown) and 10 (olive green) belonging to facies association 4 and 5 

from the interval between 38.5 and 17.9 meter of depth. a) Bioturbation in the claystone at 24.3 

meter. b) A calcite cemented siltstone unit from 34.0 meter. c) The parallel laminated clayey 

siltstone of F9 at 43.1 meter. d) The parallel laminated claystone of F10 at 24.4 meter. e) The two 

sides of an ammonite with preserved nacre at 24.4 meter. f) Intense bioturabtion in the siltstone at 

36.3 meter.

4.1.2.3 Upper section (17.9 – 0 meter)

F11) MUD-CLAST BEARING SHELLY SANDSTONE (Fig. 4.1& 4.7): This facies succeeds F10 

abruptly at 17.9 meter by a transition from clayey silt in to this mud-clast bearing shelly sandstone 

of medium sand. The facies is short lasting with a smaller interval lacking due to core loss (Fig. 

4.1). It is characterized by being a heavily calcite cemented, well sorted and shell rich unit (Fig. 

4.7.e) with occasional preservations of whole nacre shining shells. Small mud clasts of medium 

sand size are abundant (Fig. 4.7.b). The facies ends by a rapid transition in to fine grained sandy 

siltstones (Fig. 4.1). The facies is pearly white/purple in colour (Fig. 4.7.b& 4.7.e).
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Figure 4.7. Facies 11 (yellow), 12 (light blue), 13 (pink) and 14 (dark green) belonging to facies 

association 2, 3, 4 and 5 from the interval between 17.9 and 12.1 meter of depth. a) The weakly 

parallel laminated, calcite cemented sandy siltstone of F12 at 14.6 meter. b) The mud-clasts found 

in the calcite cemented sandstone of F11 at 16.5 meter. c) Bioturbation on a weathered sample of 

the claystone of F14 at 12.3 meter. d) A weathered sample of the parallel laminated clayey siltstone 

of F 13 at 13.2 meter. e) Shell fragments in the calcite cemented sandstone of F11 at 15.9 meter.

F12) HEAVILY BIOTURBATED SANDY SILTSTONE (Fig. 4.1, 4.7 & 4.8): This facies succeeds 

F11 by a rapid fining in to a sand rich siltstone at 15.9 m and F14 at 12.1 meter by a rapid transition 

from claystone (Fig. 4.1). The facies dominates the interval from 15.9 to 3.1 m and is characterized 

as a heavily bioturbated siltstone (Fig. 4.8.d & 4.8.e) with a slightly fluctuating amount of sand and 

clays. Burrows are both horizontally and vertically oriented, and typically 2 mm, 0.5 cm, 1 cm or 2 

cm in diameter. Larger coal fragments (~5 mm) and twigs are relatively abundant. At 7.4 m a calcite 

cemented sand clast 1 cm in diameter is present. Calcite cementation is generally intense (Fig. 4.7.a 

& 4.8.a) and the facies has two short-lived events where fine sand interrupts the more stable 

siltstone facies (Fig. 4.1 & 4.8.b). The facies is light grey in colour when unweathered (Fig. 4.7.a & 

4.8.e).
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Figure 4.8. Facies 12 (light blue) and 13 (pink) belonging to facies association 3 and 4 from the 

interval between 12.1 and 0.0 meter of depth. a) The weathered calcite cemented sandy siltstone of 

F13 at 2.5 meter. b) A heavily weathered sandy unit interrupting the weakly parallel laminated 

siltstone of F12 at 6.9 meter. c) Carbonized root structures in the silt claystone of F13 at 0.3 meter. 

d) Bioturbation marks on the siltstone of F12 at 6.4 meter. e) The application of hydrochloric acid 

expose burrows by dissolving the calcite cement filling them at 10.0 meter.

F13) BIOTURBATED CLAYEY SILTSTONE (Fig. 4.1 & 4): This facies succeeds F11 gradually at 

by upward-fining from siltstones into clay-rich siltstones (Fig. 4.1). The facies is characterized by a 

pronounced parallel lamination (Fig. 4.7.d) and a relatively high degree of bioturbation. Burrows 

are both horizontally and vertically, with a typical diameter below 0.5 cm. Coal needles are present 

in parts of the facies. The facies ends by a upward-fining in to clays at 11.9 m (Fig. 4.1), and is the 

last facies of the core from 2.8 to 0 m at which it displays carbonized root structures (Fig. 4.8.c). All 

samples of this facies were weathered, displaying a brown/grey colour (Fig. 4.7.d & 4.8.c).
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F14) WEAKLY BIOTURBATED CLAYSTONE (Fig. 4.1 & Fig. 4.7 ): A short-lived facies at which 

succeeds F13 gradually at 12.9 m by a upward-fining from clayey siltstone in to claystone (Fig. 4.1) 

and a reduction in the degree of bioturbation (Fig. 4.7.c). The facies covers the interval from 12.9 to 

12.2 m and is characterized by its fine laminations, relatively low degree of bioturbation and the 

presence of coal needles. The facies ends abruptly at 12.1 m where a sharp transition from claystone 

to siltstone (F11b) occur. The facies is weathered, displaying a dark grey/brown colour (Fig. 4.7.c).

4.1.3 Facies associations (Tab. 4.1)
Table 4.2. Overview of facies associations. See figure 4.1 for an overview of the log.

FA Association Facies
FA1 Silty sandstone dominated F1: Bioturbated sandy siltstone; F2: Bioturbated silty sandstone

FA2
Shelly sandstone 

dominated

F3: Bioturbated sandstone; F4: Shelly sandstone; F5: Polymictic 

conglomerate; F6: Soft sediment deformed shelly sandstone; F7: 

Oligomictic conglomerate; F11: Mud-clast bearing shelly sandstone

FA3 Siltstone dominated F8: Bioturbated siltstone; F12: Heavily bioturbated sandy siltstone

FA4 Clayey siltstone dominated F10: Claystone; F13: Bioturbated clayey siltstone

FA5 Claystone dominated F9: Laminated clayey siltstone; F14: Bioturbated claystone

FA1: THE SILTY SANDSTONE ASSOCIATION (88.45 – 73.2 m)

The lowermost facies association is a silt- rich sandstone, displaying minor fluctuations in grain size 

in its lower parts (Fig. 4.1). The overall trend is an upward decrease in the amount of silt, 

accompanied by a gradual coarsening of the grains from very fine to medium sand. Fine coal 

needles (< 0.5 cm long) are present in the lowermost interval (Fig. 4.2.e), succeeded by larger coal 

fragments (0.5 to 1 cm in length) in the uppermost interval (Fig. 4.2.c). Iron rich clasts (Fig. 4.2.b) 

and calcite cemented sandstone clasts appear at several depths (Fig. 4.1). Burrows are common in 

high abundance, both vertically and horizontally oriented, and with a typical diameter below 1.5 cm 

(Fig. 4.2.e). Bedding structures are present (Fig. 4.2.b & 4.2.d), but are greatly disturbed by the 

intense bioturbation, which is slightly more intense in the upper part than the lower part. Mud 

drapes and occasional soft sediment deformation structures are also found (Fig. 4.2.a). The whole 

association is weakly to moderately calcite cemented, displaying an increase in the degree of 

cementation in its upper parts as a higher abundance of short-lived strongly calcite cemented layers 

appears. FA1 ends at 73.2 m by a gradual coarsening of the grain size in to FA2.
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FA2: THE SHELLY SANDSTONE ASSOCIATION (73.2 – 60.0 & 17.9 – 15.9 m)

This facies association is characterized by the dominance of shell rich, medium grained sand (Fig. 

4.1) with occasional soft-sediment deformation structures (Fig. 4.4.f). It succeeds FA1 by a gradual 

transition from silty sands in to better sorted sands with a relatively low amount of silt (Fig. 4.1). 

Some fluctuations of grain size is present in its lower parts, accompanied by fluctuations in the 

abundance of shells (e.g. Fig. 4.4.b vs 4.4.e). The general trend is an upward coarsening of the grain 

size, interrupted by two beds of diamictic, poorly sorted conglomerates (Fig. 4.1). The the lower 

conglomerate (Fig. 4.4.g) is polymictic and the second one (Fig. 4.4.a & 4.4.d) is oligomictic. 

In FA2, coal fragments are abundant, and of higher abundance than in FA1, with a typical size of 

about 1 cm long and often 0.5 cm in diameter. In the two conglomerates coal fragments are as large 

as of 2 cm in length with a diameter of 0.5 cm (e.g. Fig. 4.4.g).

Burrows are found both horizontally and vertically with diameter of up to 2 cm (Fig. 4.4.c). This is 

not the case with the conglomerates, which are devoid of bioturbation. The soft-sediment 

deformation structures found are mainly restricted to the interval between 68.1 to 62 meter and 

include flame structures, load casts and dish structures (Fig. 4.4.f), often disturbed by bioturbation. 

Calcite cementation is very common in this association, with most intervals being heavily cemented 

(e.g. Fig. 4.4.e) . The two conglomerates are abnormally weakly calcite cemented.

The association reappear in the interval between 17.9 to 15.9 m, at which is distinct by its abundant 

mud clasts and shell fragments in a well sorted, heavily calcite cemented sandstone (Fig. 4.7.b & 

4.7.e). FA4 ends at both 60.0 and 15.9 meter by a sharp transition in to FA3 (Fig. 4.1).

FA3: THE SILTSTONE ASSOCIATION (60.0–53.1 m; 15.9–14.4 m; 12.1–6.2 m; 6.1–2.8 m)

This facies association is characterized by being a parallel laminated, bioturbated siltstone 

occasionally interrupted by thin units of sandy-silt (Fig. 4.5.b, 4.8.b, 4.8.d & 4.8.e). It appears in 

both the middle section and in the upper section of the core (Fig. 4.1). The lower occurrence is 

found at 60.0 meter, representing a sharp transition from the oligomictic conglomerate. Plant 

fragments such as coal needles (Fig. 4.5.d) and twigs (Fig. 4.5.c) are present and two sand-filled 

Ophiomorpha nodosa (Fig.4.5.a) were found. In the upper section, the association share the general 

characteristics with the lower occurrence, being a bioturbated laminated siltstone with beds of 

sandy-silt interrupting the background sedimentation (Fig. 4.8.b). The association is typically found 

as a transitional unit between sandy units and clayey units (Fig. 4.1)
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FA4: THE CLAYEY SILTSTONE ASSOCIATION (53.1 – 25.0 m; 14.4 – 12.9 m; 6.2 – 6.1 m; 

2.8 – 0 m)

This association is characterized by being a laminated, moderately bioturbated (Fig.4.6.f) clayey 

siltstone with coal fragments (Fig. 4.5.d) and frequent interruptions of silty short-lived beds (Fig. 

4.6.b). It dominates the middle section from 53.1 to 25.0 meter and do reoccur in the upper section 

at 14.4, 6.2 and 2.8 meter (Fig. 4.11). All occurrences succeeds FA3 by gradual transitions of 

normal grading, increased laminations and decreased degree of bioturbation. A species of 

Ophiomorpha nodosa is found in this facies at 30.0 m and clasts of calcite cemented sandstone at 

42.0 m are present (Fig. 4.1). 

FA5: THE CLAYSTONE ASSOCIATION (25.0 – 17.9 m; 12.9 – 12.1 m)

This facies association is characterized by a relatively low degree of bioturbation (Fig. 4.6.a), fine 

parallel laminations (Fig. 4.6.d), a lower abundance of coal fragments and a generally low degree of 

calcite cementation. The occurrence in the middle section (Fig. 4.1) are interrupted three times by 

silty and slightly more calcite cemented beds. The occurrence in the upper section (12.9 – 12.1 m) 

have finer coal fragments (coal needles) and show a slightly lower degree of bioturbation. The 

association supersedes FA4 gradually by a fining of the grain size at both 25.0 and 12.9 meter, being 

abruptly succeeded by sand or siltstones (Fig. 4.1) 
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4.2 MINERALOGICAL AND PETROGRAPHICAL 

DESCRIPTION
4.2.1 Optical mineralogy
The analyses of thin sections are first grouped into the section and facies association they represent 

before the general trends are presented. The results from the point counting are found in appendix 

tables 1 to 3. Table 4.3 displays an overview of the distribution of samples selected for thin section 

analyses. 

Table 4.3. An overview of the samples selected for thin section analysis. 1Conglomerates.

Section Depth (m) Sample nr. Facies Association Figures
Upper 
section

15.6*B TDP40B 7/2 75 cm 4 4.19 
4.2017.5*B TDP40B 8/1 47-62 cm 2

Middle 
section

17.8*B TDP40B 8/1 75-90 cm 5
4.17
4.1843.9 TDP40A 17/3 57-59 cm 4

48.2 TDP40A 19/2 1-25 cm 4

51.4 TDP40A 20/2 1-25 cm 4
4.15
4.1655.3*B TDP40B 21/3 25-50 cm 3

57.1*B TDP40B 22/2 1-25 cm 3

Lower 
section

601 TDP40A 23/1 95-100 cm 2

4.11
4.12
4.13
4.14

59.3*B1 TDP40B 23/3 0-5 cm 2

60*B TDP40B 23/3 77-80 cm 2

60.1 TDP40A 23/3 20-24 cm1 2

65.4 TDP40A 25/1 23-26 cm 2

65.5 TDP40A 25/1 31-34 cm 2

68.61 TDP40A 26/1 90-93 cm 2

72.5 TDP40A 27/1 70-72 cm 2

76.2 TDP40A 28/2 66-68 cm 1
4.9

4.1079.5 TDP40A 30/1 44-54 cm 1

86.5 TDP40A 33/2 56-58 cm 1

4.2.1.1 Lower section

FA1: The silty sandstones of the lower section (Fig. 4.1., 4.9 & 4.10)

Those samples all represent grain-supported, moderately to poorly sorted, silty sandstones of very 

fine sand (Appendix Tab. 3). The samples display a trend of inverse grading upward the core, 

correlative to the log (Fig. 4.1). The most common grain contact is tangential followed by long 
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contacts (App. Tab. 3). At 79.5 meter there is an increase in the concavo-convex type of grain 

contacts (Fig. 4.9.d), while at 76.2 meter there is an increase in the floating type of grain contacts. 

The most common grain shape is sub-angular accompanied by sub-rounded (Fig. 4.24). There is a 

decrease in angular grains accompanied by an increase in rounded grains upcore. Elongated grains 

show preferred orientation (Fig. 4.9.c; Fig. 4.22). At 86.5 meter clay clasts and clay filled burrows 

are common (Fig. 4.9.e). At 79.5 meter thin mud drapes are abundant (Fig. 4.9.c). At 76.2 meter the 

mud drapes are more massive (Fig. 4.9.a). The clay content vary between 12 to 17 percent while the 

porosity makes up ~18% (App. Tab. 2). Monocrystalline quartz dominates, with a slight increase in 

polycrystalline grains upcore. 

Figure 4.9. Lower section – Facies association 1. a) A large area of infiltration residuals in the 

porous matrix of fine sand. b) A rock fragment of silt and sand grains in a clayey matrix as well as a 

partly dissolved K-feldspar grain. c) Mud drapes. d) An almost completely dissolved plagioclase 

grains with hairy-illite. e) The infiltration residuals of smectite in a burrow. f) A glauconite clast 

together with a chlorite grain. 

39



The preservation of feldspar is generally low (App. Tab.1; Fig. 4.26), with feldspars being partly 

dissolved and replaced by clay minerals (Fig. 4.9.d). The amount of feldspar is slightly higher in the 

upper sample, with K-feldspars being generally more abundant than plagioclase (App. Tab.1). 

Clusters of pyrite (e.g. Fig.4.9.d) are common, often in relation to clays (Fig. 4.9.e) and several 

clasts of glauconite was observed (4.9.f). Authigenic K-feldspar, albitisation of K-feldspar and 

authigenic chlorite was observed during SEM studies (Fig. 4.10). Furthermore, by the use of SEM, 

the clay matrix were found to be dominated by interlayered smectite/illite with some areas solely 

dominated by illite (Fig. 4.10). Micas proved to be slightly deformed and often broken up, 

infiltrated by pyrite and calcite (Fig. 4.10.d). The association is classified as a feldspathic wacke 

stone (Fig. 4.23).

Figure 4.10. SEM pictures from 86.5 meter. a) Well developed euhedral K-feldspar crystals. b) The 

early phase of albitisation. c) Authigenic growth of chlorite. d) A broken biotite grain.

FA2: The shelly sandstones of the lower section (Fig. 4.1 & 4.11 to 4.15)

Sandstone samples.

Apart from the conglomerates, most samples of this association represent well to very well sorted, 

medium grained sandstones, displaying a inversely graded sequence (App. Tab. 3). The sample 

from 65.5 meter (See. Tab. 4.3) display a higher abundance of coarse sand. All samples, except 65.5 

and 60.0*B, are dominated by the tangential type of grain contact (e.g. 4.11.b; Fig.4.24). Those 
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samples (65.5 & 60.0*B) are heavily calcite cemented, and dominated by the floating type of grain 

contacts (Fig. 4.11.c & 4.12.h). The other samples display partly calcite cementation (Fig. 4.11.a) or 

are instead partly packed in clays (Fig. 4.12.e). The porosity varies in relation to the degree of 

calcite cementation or the clay content of the samples (App. Tab. 2). Grains displays increasing 

roundness upcore (Fig. 4.24), with 60.0*B meter displaying abundant well rounded grains. 

Figure 4.11. Lower section – Facies association 2. a) Plagioclase grains in one of the calcite 

cemented zones at 65.4 meter. b) A large polycrystalline quartz grain. c) Floating sand grains of 

quartz and plagioclase in the fully calcite cemented sample at 65.5 meter. Note the good 

preservation of the plagioclase grain. d) An ooid (See Fig. 4.13). e) The micritic matrix of the 

conglomerate at 68.6 meter. f) A partly dissolved plagioclase grain with sparite crystals on its grain 

boundaries. g) Sand grains and organic material in the fully calcite cemented sample at 72.5 meter. 

h) A zone lacking calcite cementation at 72.5 meter, with several silt grains. 
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Figure 4.12. Lower section – Facies association 2. a) A rock fragment broken up and coated by 

sparite crystals in a matrix of micrite. b) The transition zone between a the matrix at 60.0 meter and 

rip-up clast of similar texture and lithology. c) Intense pyritisation in the oligomictic conglomerate. 

d) An allogenic clast of apatite with grains of plagioclase, K-feldspar and quartz together with a 

shell fragment (See 4.15.b). e) A mud drape at 60.0*B meter. f) A broken quartz grain displays the 

dominant nature of 60.0*B meter with no pore filling cement or clay. g) A rock fragment of 

polycrystalline quartz and K-feldspar in the fully calcite cemented matrix at 60.1 meter. h) A broken 

plagioclase grain display the dominant nature at 60.1 meter with calcite cementation denying any 

pore space. Note the biogenic residuals in the upper left corner. 
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Elongated grains display a preferred orientation (Fig. 4.24). One sample, 59.3*B, is anomalously 

poorly sorted and have a relatively high amount of clays and silt (App. Tab. 2; Fig. 4.12.e). 

The sample from 65.5 meter displays an anomalously abundance in organic and biogenic structures 

commonly replaced by calcite (Figure 4.13). Here, coal fragments, curled tests, cell structures and 

ooids (Fig. 4.11.d) are found.

Figure 4.13. The nature of the sample from 65.5 meter with an area interpreted to be a rip up clast 

being rich on organic and biogenic material.

Quartz is the dominant mineral in all samples (App. Tab. 1), displaying a trend of an upward 

increase in abundance. Polycrystalline quartz (Fig. 4.11.b) display the same trend, and are together 

with rock fragments (Fig. 4.12.g) more common in FA2 than FA1. The preservation of feldspars is 

better than in FA1, but poorly preservation dominates still (Fig. 4.26; App. Tab. 1), with many 

partly dissolved feldspar grains (e.g. 4.11.f). In the fully calcite cemented samples the preservation 

is higher (e.g. Fig. 4.11.c). The amount of feldspars is reduced up throughout this association (App. 

Tab. 1) accompanied by an increasing amount of plagioclase relative to K-feldspar.

 Chlorite was only found in the sample at 59.3*B meter, while mica were absent from most 

samples, and only found at 59.3*B m as well as 65.5 m. 

SEM studies proved the dominating clay mineral in the matrix and clasts to the interlayered 

smectite/illite (Fig. 4.14). Well rounded clasts of smectite/illite were observed floating in a matrix of 

dolomite (Fig. 4.14.a) and coccoliths (Fig. 4.15.c) and calcispheres (Fig. 4.14.b) were abundant. 

43



Well developed euhedral dolomite crystals were found (Fig. 4.14.b) as well as authigenically grown 

K-feldspar (4.14.d). The diagenetic relation at 65.4 meter between detrital grains, the calcite 

cementation and the interlayered smectite/illite could be approached based on Figure 4.14.c and 

4.14.d. Pyrite was often found in association to dissolved grains and fossils (e.g. Fig. 4.14.b). The 

sandstones of FA2 classifies as a feldspathic arenite (Fig. 4.23).

Figure 4.14. SEM pictures from 65.4 meter. a) Allogenic clasts of smectite in a cement of dolomite. 

b) The nature of the sediment at 65.4 meter. An euhedral dolomite crystal, calcisphere and 

dissolution porosity filled by pyrite can be observed. c) The relation between the detrital grains, 

smectite/illite and the calcite cement. Detrital grains are packed in calcite cement at which is later 

filled by infiltration residuals of clays. d) Authigenic growth of K-feldspar. The growth precedes the 

calcite cementation.
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Conglomerate samples.

The diamictic conglomerates of FA2 (Tab. 4.3) displays two different textural and mineralogical 

patterns. The sample from 68.6 m is the polymictic conglomerate, comprising a very poorly sorted 

matrix, dominated by grain sizes from clay to medium sand (Fig. 4.11.e; App. Tab. 3). All grain 

shapes are represented (Fig. 4.24), with a slight tendency towards a higher degree of rounding. 

Elongated grains display a preferred orientation (Fig. 4.24). The sample is packed by a micritic clay 

that makes up 21% of the sample, displaying very low macroscopic porosity and occasional 

dissolved grains (Fig. 4.11.f). Some areas are observed to be partly calcite cemented and mud clasts 

are common and often associated with pyrite.

Figure 4.15. SEM pictures from 59.3*B meter. a) An incompletely developed euhedral dolomite 

crystal. b) An apatite clast bearing shell fragments and detrital grains. c) Rutile and coccoliths in the 

matrix of smectite/illite. d) A calcitic sphere with detrital grains in its core.
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The samples from 59.3*B and 60.0 meter represent the oligomictitc conglomerate, comprising a 

very poorly sorting matrix enriched in micritic clays (Fig. 4.12.a & 4.12.b). The grain size ranges 

from clays to medium sand, with the all grain shapes represented (Fig. 4.24). Elongated grains does 

not display any preferred orientation (Fig. 4.24). Allogenic rip up clasts of biogenic material, mud 

(Fig. 4.12.b) and apatite (Fig. 4.12.d & 4.15.b) were found. Pyritization show extensive distribution 

in certain areas (Fig. 4.12.c). Quartz is the dominant mineral in the samples, with a relative high 

amount of polycrastalline grains and rock fragments (App. Tab. 1 & 2). 

As with other samples of FA2, the clay matrix of the conglomerates were found to be dominated by 

interlayered smectite/illite in SEM studies (Fig.4.15.c). Euhedral dolomite was also found  (4.15.a) 

and small calcitic spheres interpreted as coccoliths (Fig. 4.15.c) and calcispheres (Fig. 4.15.d) were 

found to be abundant.

4.2.1.2 Middle section

FA3: The siltstones of the middle section (Fig. 4.1 & 4.16 to 4.18)

The samples represent grain- supported, poorly sorted, siltstones (App. Tab. 3; Fig. 4.16). The most 

common grain contact is tangential with a tendency towards longitudinal (Fig. 4.24; App. Tab. 3.) 

The most common grain shapes are sub-angular and sub-rounded (Fig. 4.24). Grains are typically 

covered by clays (Fig. 4.16.d). Elongated grains display a preferred orientation (Fig. 4.24). Being 

packed in clay or displaying calcite cementation, the porosity is relatively low (App. Tab.2). 

Mud drapes of smectite/illite are abundant in the sample from 57.1*B meter (Fig. 4.16.e). The 

samples do display similarities to the texture of FA1, but are more fined grained and display a 

distinctly higher abundance in clays. Burrows filled by infiltration residuals of clays or sparite are 

common (Fig. 4.16.c). Quartz is the dominant mineral, with no polycrystalline grains present (App. 

Tab.1). Feldspars are poorly preserved (Fig. 4.26) and is dominated by plagioclase grains (App. 

Tab.1). Micas were relatively abundant (App. Tab.2) and allogenic clasts of glauconite was found 

(Fig. 4.16.f). The clay matrix were found to be dominated by interlayered smectite/illite by the use 

of SEM. Some areas were solely dominated by smectite or illite (Fig. 4.19.b). Several large 

calcispheres were found, often with intensive pyrite growth in their core (Fig. 4.19.a). FA3 

classifies as a feldspathic wackstone (Figure 4.23).

FA4: The clayey siltstones of the middle section (Fig. 4.1 & 4.16 to 4.20)

Two thin sections comprises the dominant sediments of FA4 (Tab. 4.3), being a matrix- supported, 

poorly sorted, clayey siltstone. In those samples, the dominant grain contact types are tangential or 

floating (Fig. 4.24), with a trend of increase in the floating type. The most common grain shape is 
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sub-rounded and sub-angular. At 48.2 meter there is no dominant orientation of elongated grains, 

while they are strongly oriented at 43.9 meter (Fig. 4.24). Furthermore, the sample from 43.9 meter 

display abundant mud drapes (Fig. 4.17) with a texture similar to that of 57.1*B meter (Fig. 4.16.e).

However, the presence of several well preserved planktonic foraminiferal tests (Fig. 4.19.c & 

4.19.e) is a distinct property of this association compared to FA3. Quartz is the dominant mineral, 

with no polycrystalline quartz or rock fragments found. Feldspars are poorly preserved (App. Tab. 

1; Fig. 4.26) and are often partly dissolved or covered in clays (Fig. 4.19.d). The relative abundance 

of plagioclase towards K-feldspar is lower in the fine grained samples (App. Tab. 1).

Figure 4.16. Middle section – Facies association 3, 4 and 5. a) The nature of the matrix in FA4 at 

51.4 meter with clay rich areas and glauconite clasts. b) A glauconite clast in a micritic matrix. c) A 

burrowing structure filled by sparite. d) Detrital grains in the micritc matrix of FA3 at 55.3*B meter. 

e) Mud drapes at 57.1*B meter f) An allogenic clast of glauconite. 
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Figure 4.17. The thin section from 43.9 meter, displaying abundant mud drapes.

In the SEM, the matrix were found to be dominated 

by interlayered smectite/illite with abundant 

coccoliths (Fig. 4.20.e). Illite was found on etched 

surfaces of detrital minerals such as K-feldspar (Fig. 

4.18.c). Authigenically grown fluor-apatite was 

found, with ilmenite and magnetite in its matrix 

(Fig. 4.20.d). FA4 classifies as a feldspathic 

wackstone (Fig. 4.23).

FA5: The claystones of the middle section (Fig. 4.1 

& 4.19 to 4.20)

The sample from 17.8*B meter is from one of the 

more silty units of FA5, and is a part of an upward 

coarsening interval (Figure 4.1). The dominant grain 

size is silt packed in clays. The sample is matrix- 

supported, with most grains floating in the matrix 

(App. Tab. 3). The dominant grain shape are sub-

angular grains, with elongated grains not displaying 

any preferred orientation (Fig. 4.24). Burrowing 

structures are common, displaying an increased 

grain size (Fig. 4.19.a). Feldspars are poorly 

preserved and often covered by clays (Fig. 4.19.b).

Kaolinite, interpreted as authigenic, was observed in 

SEM (Fig. 4.20). Partly oxidized iron oxides and 

coccoliths were also found (Fig. 4.20.b). FA5 

classifies as a feldspathic wackstone (Fig. 4.23).

Figure 4.18. SEM pictures from 57.3*B and 

48.2 meter. a) A calcisphere with pyrite in its 

core from 57.3*B m. b) A clast of smectite 

(upper left) from 57.3*B m. c) A weathered 

K-feldspar with etched surfaces with illite 

growing on its surfaces from 48.2 meter. 
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Figure 4.19. Middle section – Facies association 3, 4 and 5. a) The nature of the matrix in FA5 at 

17.8*B meter with a burrow filled by coarser silt. b) An etched plagioclase grain partly covered in 

smectite/illite. c) A well preserved bulbous planktonic foraminifera with pyritization in its test. d) 

An etched plagioclase grain and secondary porosity partly covered by smectite/illite. e) A well 

preserved trochospiralic foraminifera. 
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Figure 4.20. SEM pictures from 59.3*B meter. a) An incompletely developed euhedral dolomite 

crystal. b) An apatite clast bearing shell fragments and detrital grains. c) Rutile and coccoliths in the 

matrix of smectite/illite. d) A calcitic sphere with detrital grains in its core.

4.2.1.3 Upper section 

FA2: The shelly sandstones of the upper section (Fig. 4.1, 4.21 & 4.22)

This sample represents a grain- supported, very well sorted, shelly sandstone of medium sand 

belonging to FA2. Most grains are floating in the calcite cement that dominate the sample (Fig. 

4.21.c & 4.21.d). Elongated grains display a dominant orientation (Fig. 4.24). Fossiliferous 

fragments that have been dissolved are common, displaying a second generation of calcite 

cementation (Fig. 4.21.c). A high amount of detrital grains displays a clay coating consisting of 

illite, apatite and calcite (Fig. 4.21.c, 4.21.d & Fig. 4.22.e). Mud clasts with silt grains of e.g. 

titanite, ilmenite and chlorite are abundant (Fig. 4.21.d & 4.22.d). 

Apart from calcite, the dominant mineral is quartz, being almost devoid of polycrystalline grains. 

Feldspars are few as distinct grains, displaying good preservation, but common in mud clasts. 
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A well rounded grain of pure apatite was also found by the use of SEM (Fig. 4.22.c). FA2 classifies 

as a sublithic arenite (Fig. 4.23).

Figure 4.21. Upper section – Facies association 2, 3 4 and 5. a) Erosional boundary between clay 

and sand. The claystone displays increasingly finer laminations before the erosional boundary. b) 

Detrital silt grains in a clayey matrix. c) The remnants of a dissolved fossil fragment. Note the two 

generations of calcite cement. d) A mud clast bearing silt grains in the fully calcite cemented sample 

from 17.5*B meter. Note the clay coating on the detrital grains.

FA3: The siltstones of the upper section (15.9 – 14.4 m)

The sample from 15.6*B m represent a  matrix- supported, poorly sorted siltstone (App. Tab. 3) 

with distinct areas of very fine sand and distinct areas of clay. Most grains are floating in the clay 

matrix of smectite/illite (Fig. 4.21.b). Grains are typically sub-angular or sub-rounded, and 

elongated grains display a slightly dominant orientation (Fig. 4.24). 

The sample display an example of an erosional contact between clayey silt and fine grained sand 

(Fig. 4.21.a). The clayey silt display fine laminations and occasional sand grains pressed into its 

matrix, while the sand display a normally graded sequence after the transition (Fig. 4.21.a). 

Quartz is the dominant mineral, with no polycrystalline grains and no rock fragments found. 

Feldspars are dominated by plagioclase and poorly preserved (App. Tab. 1; Fig. 4.23). SEM studies 
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proved several areas of the matrix to be dominated by pure illite (Fig. 4.22.a). Euhedral dolomite 

crystals was also observed, but displayed etched surfaces (Fig. 4.22.a).Coccoliths was also 

observed. Furthermore, detrital grains such as plagioclase displayed also a relatively more 

prominent etching of its surfaces (Fig. 4.22.b). FA3 classifies as a feldspathic arenite (Fig. 4.23). 

Figure 4.22. SEM pictures from 17.5*B meter and

15.6*B meter. a) A well developed euhadral dolomite

crystal showing etched boundaries at 15.6*B m. 

b) Detrital grains displaying etched surfaces at 

15.6* m. c) A well rounded apatite clast from 17.5*B

meter. d) Silt grains in a apatite and illite rich matrix.

e) A clay coated quartz grain. The coating has been 

infiltrated by calcite cement. 
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4.2.1.4 Summarizing the results and trends found by optical mineralogy

Quartz is the dominant detrital mineral throughout TDP 40 (25 – 45%). Some polyquartz (up to 4% 

of composition) are present in FA2 of the lower section. In FA2 of the lower section, the relative 

abundance of polyquartz display cycles from 1 to 4 % that generally correlates well with the trends 

found of rock fragments and feldspars, as well as changes in the muscovite/biotite ratio (App. 

Tab.6). When polycrystalline quartz are abundant; rock fragments, feldspars and biotite are 

abundant as well (App. Tab. 6). It should be noted that the quartz/feldspars ratio do show the same 

trend, generally increasing with increasing grain size.

Plagioclase grains are generally more abundant than k-feldspars in all samples, except at FA1 of the 

lower section (App. Tab. 6). Overall, the trend displayed by k-feldspar/plagioclase ratio shows an 

increase with increasing grain size as the dominance of plagioclase increases with increasing grain 

size (App. Tab. 6). Plagioclase grains display a lower degree of preservation than k-feldspar grains 

in samples with fine grain sizes (App. Tab.1) while there seems to be less of a difference in samples 

of larger grain sizes. Partly dissolved feldspars are typically replaced by clays (commonly illite or 

illite/smectite) or have left a cavity that acts as secondary porosity (e.g. Fig.4.14.b). The degree of 

preservation of feldspar grains correlates with grain size changes; larger grain sizes displays higher 

degree of preservation, while fine grain sizes displays a relatively low degree of preservation (App. 

Tab.1). Authigenic pyrite growth is typically associated with the clay-rich areas of samples (e.g. 

Fig. 4.12.c) or in cavities of biogenic material (e.g. Fig. 4.18.a). 

Most samples throughout TDP 40 display a relatively high abundance of calcitic components. Four 

distinct relations can be distinguished 

1. Fully calcite cemented samples. The samples show very little or no signs of porosity and are 

totally packed in sparite (e.g. Fig. 4.11.g). Traces of fossils are common (e.g. Fig. 4.21.c).

2. Partly calcite cemented samples (e.g. Fig. 4.8.1). The samples show a relatively high degree 

of porosity, having some areas fully packed in sparite cement while other areas are packed in 

micritic clay (e.g. Fig. 4.11.a). 

3. Clay rich samples or samples fully packed in micritc clay (e.g. Fig. 4.12.a or 4.19.a). The 

samples show a relatively high degree of microporosity, while being composed by micritic- 

smectitic/illitic clay with sparite occasionally present. Coccoliths (Fig. 4.20.c) and 

calcispheres (Fig. 4.18.a) are typically present together with preserved foraminifera tests 

(e.g. Fig. 4.19.c)  

4. Partly clay packed samples (e.g. Fig. 4.9.a). The samples show a relatively high degree of 

macroscopic porosity (18 – 19 %) and does not show signs of calcite cementation. Clay 
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clasts, spherical clay structures and clay lenses/mud drapes are common (e.g. Fig. 4.9.c or 

(4.9.c).

The highest degree of porosity is found in FA1 and in some sands of FA2 in the lower section (18 to 

20 %). Still; there are great uncertainties on the degree of porosity in the silty clay/clayey silt 

samples at which micro porosity has been observed to be abundant.

The maximum grain size in the samples throughout the core and the grain size distribution can be 

seen in Fig. 4.25. The lower section do show a upward increase in the maximum grain size from vf 

sand to vc sand, a trend that is broken by the oligomictic conglomerate, which display a slightly 

smaller maximum grain size.

The grain contact distribution (Fig. 4.24) shows several interesting cycles from being dominated by 

grains in a tangential or longitudinal type of contact to samples being dominated by floating grains. 

At least three cycles can be found in the lower section, while another one can be found in the mid- 

section, at which could be argued to continue in to the upper section.

The grain shape distribution (Fig. 4.24) correlates strongly with the grain size distribution (Fig. 

4.25). Larger grain sizes are commonly more rounded than the fine ones. The samples that displays 

the highest degree of roundness are the same samples as the ones being fully calcite cemented (e.g. 

Fig. 4.21.c). The roundness of grains (Fig. 4.24) do generally display the same trend as that of the 

grain shape. The elongated grains (the "longitudinal" grains from the roundness plot), display a 

preferred orientation in most of the samples throughout TDP 40 (Fig. 4.24). Four samples display 

orientation distributions without any preferred orientation. Anomalously, one sample (43.9m) 

displays an extreme dominance of preferred orientation as 100% of elongated grains are oriented in 

the same direction.

Figure 4.23. Classification of the facies associations throughout TDP 40 based on point counting
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Figure 4.24. Plots regarding the texture. The grain contact, grain shape, roundness and dominant orientation distribution throughout TDP 40 is based 

on 100 point counts. The red stapled lines marks the section borders.



Figure 4.25. Plots regarding the grain size. The maximum grain size is based on the absolute largest grain counted during point counting. The red 

stapled lines marks the section borders.



Figure 4.26. The distribution of feldspar preservation throughout TDP 40 (see Tab. 3.3). The red stapled lines marks the section borders.



4.2.2 XRD analysis 
The XRD results are first grouped into the section and facies association they represent, before the 

general trends are presented. Tables of the results can be found in appendix tables 4 to 6. The XRD- 

results regarding illite/mica will be refereed to as illite, as SEM analysis indicate that the clay 

fraction is dominated by illite. The XRD analysis from the conglomerates of FA2 were analysed by 

their matrix. See table 3.2 for an overview of samples chosen for XRD analyses. The results of the 

bulk analyses are represented in figure 4.27 and the clay analyses in figure 4.28.

4.2.2.1 Lower section (88.45 – 60 meter)

Here, twelve XRD analyses of the bulk and nine of the clay composition were made..

FA1: The silty sandstones of the lower section (88.45 – 73.2 m)

The results from the bulk composition shows a very similar composition for all the samples of FA1 

(Figure 4.27). The most common mineral is quartz, making up 47.0% to 51.2% of the composition. 

Feldspars makes up 29 to 33.7% of the composition, with a slight trend of increase upward the core. 

The results gives a Quartz/Quartz+Feldspar ratio and a k-feldspar/plagioclase ratio which 

correlates well with the results from the point counting (App. Tab.6). The amount of calcite in the 

samples are relatively low (2.55 – 5.52 %) and pyrite varies between 0 to 0.43%. The clay minerals 

displays a minor decrease upwards through the association. The results from the clay composition 

(Fig. 4.28) displays illite as the dominant clay mineral (31.1 – 36.7%), which also, together with 

smectite, occurs as an interstratified clay. Kaolinite decreases upwards the core throughout FA1 

from 22.0% to 16.2%, while chlorite displays the opposite trend, increasing from 15.2 to 29.4%. 

FA2: The shelly sandstones of the lower section (73.2 – 60.0 m)

The results from the bulk composition shows three compositional patterns for FA2 (Fig. 4.27): 

– A siliclastic-dominated composition with a relatively high abundance of clays (71.9 m, 68.6 

m & 59.3*B m)

– A carbonate-dominated composition with a relatively low abundance of clays (65.5 m, 

60.0*B m & 60.1 m) 

– A co-dominated composition of siliclastic material and carbonate (72.5 & 65.4 m).

The siliclastic-dominated composition  is dominated by quartz, making up 48.61% to 51.26% of 

composition. Feldspars makes up 33.49 to 34.75% of the composition, giving a 

Quartz/Quartz+Feldspar ratio of 0.58 to 0.60, correlating with the point counting (App. Tab.6). The 

k-feldspar/plagioclase ratio follows the trend observed in FA1 of an upward shift from k-feldspar 

dominance to a dominance of plagioclase, correlating to the point counting results (App.Tab.6).
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Figure 4.27. Bulk-XRD results throughout TDP 40. The red stapled lines marks the section borders.



Figure 4.28. Clay-XRD results throughout TDP 40. The red stapled lines marks the section borders.



The amount of calcite in the siliclastic-dominated samples are low (App.Tab.4). The results from 

the clay composition show that illite is the dominant clay mineral (29.7 – 29.8%), which also, 

together with smectite, occurs as an interstratified clay (App.Tab.5). 

The carbonate-dominated composition is dominated by calcite, making up 42.91 to 45.74% of the 

composition. The amount of quartz shows some variance , varying from 24.37 to 30.69%, while 

feldspars makes up 18.27 to 21.86% of the composition, with a Quartz/Quartz+Feldspar ratio and a 

k-feldspar/plagioclase ratio correlating with the point counting (App. Tab.6). 

The results from the clay composition show that chlorite is the dominant clay mineral at 65.5 m 

(28.2 %) closely followed by Illite and kaolinite (App.Tab.4), while illite is the dominant clay 

mineral at 60.0 m (35.9%). None interstratified clay where found at 65.5 m, while illite and smectite 

occurs as interstratified clay at 60.0 m (13.7%). 

The mixed composition of carbonate and quartz displays compositions that are dominated by quartz 

(35.35% to 45.19%) with a relatively high abundance of calcite (15.98% to 28.44%). Feldspars 

makes up 31.42 to 32.58% of the composition, with a dominance of plagioclase (App.Tab.4.  

The results from the clay composition show that smectite is the dominant clay mineral, making up 

26% of the sample, closely followed by kaolinite at 21.5%. The amount of illite is relatively low 

compared to other samples (App.Tab.5).

4.2.2.2 Middle section (60 – 17.9 meter)

FA3: The siltstones of the middle section (60.0 – 53.1 m)

The results from the bulk composition shows a very similar composition for all the samples for FA3 

in the middle section (Fig. 4.27). The most abundant mineral is quartz, making up 31.11% to 

33.44% of the composition, while Feldspars makes up 25.62% to 27.83% of the composition, 

giving a Quartz/Quartz+Feldspar ratio of 0.53 to 0.57, which is a bit lower than the results from 

the point counting. The k-feldspar/plagioclase ratio is 0.74 to 0.88, meaning a dominance of k-

feldspars (App.Tab.6). The amount of calcite in the samples show some variations, while pyrite is 

relatively abundant compared to FA1 and FA2 (App.Tab.4). The results from the clay composition 

show that interstratified illite/smectite is the dominant clay component (35.1 – 38.8%), while illite 

is the dominant clay mineral (29.1 – 31.1%). The amount of kaolinite is relatively low, which also is 

the case with chlorite (App.Tab.5), both having the maximum value at 58.0*B m.

FA4: The clayey siltstones of the middle section (53.1 – 25.0 m)

The results from the bulk composition shows a similar composition for all the samples of FA4 in the 

middle section (Fig. 4.27.). There is an obvious upward trend displaying a general reduction in 
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siliclastic material, illustrated by the trend of quartz which decrease from 33.56% to 28.57% . 

Feldspars displays also a reducing trend over the same interval (App.Tab.4). The k-

feldspar/plagioclase ratio displays an increasing trend, illustrating a relative increase in the amount 

of k-feldspar grains (App.Tab.6). This is the trends found from the point counting. The amount of 

calcite also display a general trend of decrease (Fig. 4.27; App.Tab.4), while pyrite still are 

relatively abundant. The amount of clay minerals displays a general increase upcore (Fig. 4.27). 

Interstratified illite/smectite is the dominant clay component (35.7 – 37.2%), while illite is the 

dominant clay mineral (32.0 – 32.6%). 

FA5: The claystones of the middle section (25.0 – 17.9 m)

The composition of the sample from FA5 m differs from those of FA4 by its abundance of clay 

minerals and relatively low amount of calcite, continuing the trends displayed in FA4 (Fig. 27; 

App.Tab.4). Quartz is the most abundant mineral, making up 27.2% of the composition, while 

feldspars makes up 25.70%. The amount of pyrite is relatively high with 1.19%. The results from 

the clay composition show that this association do differ from the samples from FA4 in the middle 

section (App.Tab.5; Fig. 4.28). Interstratified illite/smectite are rare, only accounting for 3.5% of 

the total composition, while illite shows a strong domination with making up 45.1%. Pure smectite 

do also show a higher abundance than in FA4, making up 15.3% of the composition. Furthermore, 

the amount of kaolinite and chlorite are relatively high, making up respectively 17.8% and 18.4% of 

the composition (App.Tab.5) 

4.2.2.3 Upper section (17.9 – 0 meter)

FA2: The shelly sandstones of the upper section (17.9 – 15.9 m)

The sample from the shelly sandstone found in the upper section after the abrupt transition from 

FA5 of the middle section display an anomalously dominance of quartz (43.69%) and calcite 

(49.55%), which together makes up 93.24% of the sample (Fig. 4.27). Furthermore, feldspars 

makes up only 4.33% of the composition, giving a Quartz/Quartz+Feldspar ratio of 0.91, which is 

by far the highest ratio found in TDP40 (App.Tab.6). This is a bit lower than the one found in the 

results of the point counting (0.96), where feldspar was found in rock fragments (Fig. 4.22.d).

The only clay found in the point counting and SEM-analyses were associated with the mud-clasts or 

clay coating of the detrital grains (Fig. 4.21.d). The results from the clay composition show a 

dominance of illite, which makes up 45.5% of the composition. Abnormally, no interstratified 

illite/smectite or smectite was found, while the amount of kaolinite was 34.4%, which is the highest 

found in TDP40. Furthermore, the amount of chlorite is relatively high (App.Tab.5). 
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FA3: The siltstones of the upper section (15.9 – 14.4, 12.1 – 6.2 & 6.1 – 2.8 m)

The samples of FA3 in the upper section compromises one sample from a stable sandy-siltstone unit 

(15.6*B), one sample from a stable siltstone unit (7.9 m) and one sample from an normally graded 

unit (6.4 m). They all display a similar composition, with some trends and differences correlating 

with changes in the grain size (Fig. 4.27). The most abundant mineral in the composition is quartz 

accounting for 28.97% to 43.64%, displaying a trend of decrease as the grain size gets finer 

(App.Tab.5), while the amount of feldspars are more stable. Calcite is found in a relatively low 

amount in all samples (4.68 – 4.99%), while pyrite is only found at 15.6*B m (Fig. 4.27).

The results from the clay composition displayed three different patterns. At 15.6*B m the 

composition is dominated by illite, up 41.5%. Chlorite makes up 17.9% of the composition, 

continuing the trend of the upper section with a relatively high clorite content compared to the 

middle section (App.Tab.5). 

At 7.9 m  the composition is dominated by the interstratified illite/smectite component,which makes 

up 43.6%, while illite is the dominant mineral with 36.2% of the composition. 

At 6.4 m the composition is dominated by the interstratified illite/smectite component and the illite 

component, which both makes up 29.1% of the composition. This results in a trend between those 

three samples that is related to grain size changes; the amount of interstratified illite/smectite 

increases with finer grain sizes while the amount of illite decreases (Fig. 4.28). Lastly, it should be 

noted that kaolinite display the lowest abundance of TDP 40 in those uppermost samples, 

decreasing towards 0 meter of depth.

 

FA5: The claystones of the upper section (12.9 – 12.1 m)

The sample from 12.3 m (Fig. 4.27) represent the short-lived interval of clay found in the upper 

section. Quartz dominate the sample by making up 21.96% of the composition, closely followed by 

mica/illite which makes up 21.42% of the sample. This is the highest amount of mica/illite and the 

lowest amount of quartz found in all the samples analysed from TDP40 (App.Tab.4). Feldspars 

makes up 19.93% of the composition, with a k-feldspar/plagioclase ratio of 3.33, which is 

anomalously high compared to the rest of TDP40 (App.Tab.6). The amount of calcite found at 12.3 

m is 7.86%, which is relatively low. No pyrite was found.

The amount of clay minerals was found to be the highest of all samples analysed in TDP40 (Fig. 

4.27). The results from the clay composition show a dominance of illite, which makes up 37.9% of 

the composition, while interstratified illite/smectite makes up 37.9%. The amount of kaolinite is 

very low, only making up 3.4% of the composition.
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4.2.2.4 General trends

In the bulk-composition (Fig. 4.27), quartz is the most common mineral in most samples, except 

samples corresponding to fully calcite cemented samples. The lower section is the section which 

shows greatest fluctuations in its composition; corresponding well with its many lithologies. The 

results on the clay and mica composition correspond well with that of the point counting. Pyrite 

proved to be absence in the upper most samples. 

In the clay-composition (Fig. 4.18), illite/mica is the most common mineral in most samples, often 

associated with a large component of interstratified illite/smectite. Chlorite display a trend at which 

seems to be generally following the grain size changes; as the grain size increases the relative 

abundance of chlorite increases. Still; the abundance of chlorite display also variations that cannot 

be related to grain size changes (e.g. TDP 40 27/1 70 cm; Fig. 4.27). Illite varies between 18 and 

37% in the lower section, remaining fairly stable in the middle section at 29 to 33 % until the FA5 

of the middle section at which it increases to 45%. In the upper section the relative abundance of 

illite remains high (29.1 to 45.5 %). Smectite displays a trend in the lower section at which is 

increasing from 5.4 to 12 % in the lower samples to 17.9 to 26% in the upper samples, while the 

opposite is true for the interstratified illite/smectite component (from 12.9 – 19.5% to 0 to 13.9 %). 

In the middle section smectite displays a decreasing trend (from 13.2 to 10.6%) and is again 

antiphased with interstratified illite/smectite (Fig. 4.28). In the upper section both smectite and 

interstratified illite/smectite is absent in the sandstone sample, and does not display a clear 

antiphased pattern as in the other samples. It should be noted that the samples devoid of the 

interstratified illite/smectite are typically fully calcite cemented (e.g. TDP 40 25/1 31 cm; Fig. 4.28) 

Kaolinite does not show an obvious trend in the lower section, varying between 15.6 to 26.8 %. In 

the middle section kaolinite is slightly increasing from 8.8 to 17.8%. In the upper section kaolinite 

has its peak at the sandstone sample (TDP 40 8/1 47 cm; Fig. 4.27), making up 34.4% of the 

composition, before it diminishes upcore from 7% to 1.3% throughout the rest of the upper section. 

The Quartz/Quartz+Feldspar ratio (App.Tab.6)

The quartz/quartz+feldspar (q/q+f) ratio correspond generally well with those found by point 

counting; when differences occur in samples the amount of rock fragments increases and feldspars 

are bound up in those. In the lower section, ratio displays a upward decreasing trend which 

stabilizes. In the middle section the ratio is relatively constant. In the upper section the ratio is high 

in the FA2 sample (0.91) while returning to the same ratio as the samples of the middle section in its 

upper samples. 
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The Quartz/Quartz+Calcite ratio (Fig. 4.30)

The quartz/quartz+calcite ratio (Fig. 4.30) is dominated by the quartz/calcite relation and is 

fluctuating according to the four behaviours distinguished by point counting; 1. Fully calcite 

cemented samples (e.g. TDP 40 8/1 47 cm); 2. Partly calcite cemented samples (TDP 40 26/1); 3. 

Clay rich samples packed in micritic clay (e.g. TDP 40 22/2 1 cm); and Partly clay packed samples 

low on calcite (e.g. TDP 40 32/2 0 cm). The greatest fluctuations in this ratio occur in the lower 

section, while the middle section is stable and the upper section displays a trend of an upward 

increase, meaning a relative reduction of calcite. 

The K-feldspar/Plagioclase ratio (Fig. 4.30)

The K-feldspar/Plagioclas (Kf/p) ratio found here corresponds well with the trend from the point 

counting results. In the lower section the ratio is decreasing with increasing grain size. The micritic 

rich conglomorates display a higher ratio than the sandstones, meaning a relative increase in K-

feldspars. In the middle section the same relation is present, with a general increase of the Kf/p ratio 

as the grain size decreases. Lastly, the same relation is found in the upper section where the Kf/p 

ratio is increasing again as the grain size decreases.  

The Quartz/Feldspar/Calcite relation (Fig. 4.29)

Fig. 4.29 illustrates the distribution of the facies associations based on the relative abundance of 

quartz, feldspar and calcite from the XRD-bulk results. The FA's from the middle and the the upper 

section plot in clusters with the main difference being the amount of calcite present. The lower 

section show a wide distribution that act as a function of the calcite component, aligned with both 

the other sections. The anomalously plot of FA2 is from the sandstone unit of the upper section. The 

plot indicate a relative constant Quartz/Feldspar relation throughout TDP40. Note the slightly 

higher abundance in calcite in the middle section compared to the upper section.

The Chlorite/Illite/Smectite relation (Fig.4.31)

Fig. 4.31 illustrates the distribution of the facies associations based on the relative abundance of 

chlorite, illite and smectite from the XRD-clay results. Apart from some outliers (especially FA5), 

the middle and upper section plots in the same cluster. The lower section show a broader 

composition distribution and seems to be varying mainly by the illite/smectite relation. The lower 

and middle section is separated from the lower section by its relatively low abundance of chlorite. 

The anomalously plot of FA2 is from the sandstone unit of the upper section.  
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The Chlorite/Smectite/Kaolinite relation (Fig. 4.32)

Fig. 4.32 illustrates the distribution of the facies associations based on the relative abundance of 

chlorite, smectite and kaolinite from the XRD-clay results. The middle section plot in a cluster and 

display a relatively stable relation between the three components. The lower section also plots in a 

cluster, displaying a broader distribution that mainly varies by the smectite/kaolinite relation. The 

upper section samples display a widespread distribution which mainly seems to be driven by their 

relatively low abundance of kaolinite.

Figure 4.29. Ternary diagram of the relation between quartz, feldspar and calcite from the XRD-

bulk results. 
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Figure 4.30. Selected ratio-plots from the bulk-XRD results. The red stapled lines marks the section borders.



Figure 4.31. Ternary diagram of the relation between chlorite, illite and smectite (with 

illite/smectite) from the XRD-clay results. 

Figure 4.32. Ternary diagram of the relation between chlorite, smectite and kaolinite from the 

XRD-clay results. 
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5. DISCUSSION
This chapter is divided into five sub-chapters. Firstly the diagenesis of TDP 40 will be discussed  

and classified. Secondly, TDP 40 will be stratigraphically correlated with the Mandawa basin  

stratigraphy and put in to relation with time equivalent formations. Thirdly, a short note on the  

sequence stratigraphical trends as well as the environmental interpretation of the facies  

associations will be discussed together with a note on stratigraphical challenges. Fourthly, TDP 40  

will be put in to relation with nearby basins of the Mandawa Basin, and a note on the depositional  

trends and climatic evolution of the time will are presented. Lastly, thoughts on further studies are  

discussed. Provenance will not be discussed here (See Nerbråten, 2014).

5.1 DIAGENESIS OF TDP 40 
This thesis partly aims to investigate the post-depositional processes that has taken place in the TDP 

40 sediments and provide a tool for the Mandawa Basin project to evaluate the validity of surface 

samples. Furthermore, another aim is to develop an environmental interpretation of the facies 

associations described in the results. It is crucial to understand the diagenetic processes that has 

taken place as they modify both compositional and textural features, and potentially complicates 

interpretations regarding sediment provenance and depositional environment. Table 5.1 summarizes 

the general lithological description of TDP40.

Table 5.1. The general lithological characteristics of TDP40.

Section Facies 
Association

Depth (m) Dominant lithology Notes

Upper FA3, 4 & 5 15.9 – 0 Silt and claystones Clay packed – micritc
FA2 17.9 – 15.9 Shelly sandstone Abundant clay clasts

Middle
FA5 25.0 – 17.9 Claystone Clay packed 
FA4 53.1 – 25.0 Clayey siltstone Clay packed - Micritic
FA3 60.0 – 53.1 Siltstone Clay packed – Micritc 

Lower

FA2 72.8 – 60.0 Shelly sandstone Short intervals of clay 
packed/micritc conglomerates

FA1 87.2 – 72.8 Silty sandstone Clay clasts and mud drapes
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5.1.1 Diagenesis and mineralogy
Meteoric leaching.

The early diagenetic process of meteoric leaching has potentially profound effects on the sediments 

as it would alter the initial composition through dissolution and precipitation of minerals (e.g. 

Bjørlykke, 1994). Framework grains such as micas, feldspars and igneous epiclasts are typically 

dissolved, generating secondary porosity that could later be filled by calcite cement or authigenic 

clays. Such processes alter the composition of any rock, resulting in a shift towards a quartz 

dominated sediment, complicating classification and environmental interpretation. This process will 

be continuously related to in this discussion.

Compaction.

The degree of sediment compaction is strongly related to the primary composition and texture, 

determining chemical reactions such as pressure solution or the degree of mechanical compaction 

by its framework grain size (Wright & Platt, 1982). The extent of bed thinning, porosity loss and 

pressure solution can be related to compaction. The optical analyses of TDP 40 show the concavo-

convex type of grain contact to be scarce (Fig. 4.24), as well as a relatively low degree of bended 

micas, indicating a relatively low degree of compaction. An interesting observation from the grain 

contact distribution, are the (at least) four sequences of grain contact cycles from longitudinal 

dominated to floating grains (Fig. 4.24). This indicates at least four events of continuous deposition, 

followed by compaction and consolidation. Both the upper and  middle section seems to belong to 

the same trend, while the lower section seems to have been deposited in several diachronic 

sequences. As the presence of clays tends to enhance compaction (Weller, 1959), the inter-granular 

volume (IGV) tend to be dramatically reduced in those samples. This is evident in TDP 40, at which 

do show a generally low IGV in clay packed and calcite cemented samples (App.Tab.2). 

Burial depth.

Based on the work by Hudson (2011), e.g. by the compilation of seismic lines, the burial depth for 

TDP 40 is unlikely to have been much more than 1000 to 1500 meter. The lower section do display 

features that could be a result of deeper burial than the mid- and upper section, but this could also 

be driven by the compositional and textural features as the lithology is distinctly different (Tab. 

5.1). The cores also belongs to a location in the Mandawa basin close to a basement high, 

suggesting it to be unlikely that the thickness found in time-equivalent beds north and south of TDP 

40 (See Kent, 1971; Mbede & Dualeh, 1997; Hudson, 2011) at which often displays units of ~1200 

meter thickness.
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Quartz.

The texture and appearance of the quartz- component found throughout TDP-40 suggests it to be of 

detrital origin. From the optical studies quartz grains are typically rounded or mechanically 

distorted (Fig. 4.21.c, 4.14.c or 4.12.f). Most quartz grains are free of accessory minerals but 

illitization has been observed both in the sandstones and siltstones (FA1, FA2 and FA4) on or in 

close relation to etched or broken quartz zones (Fig. 5.1 and Fig. 5.2). In one sample (TDP 40 8/1 

47 cm) illite was as well observed as a coating-like-layer around quartz grains. Such illite-coated 

grains are typically suggested to be of authigenic origin with smectite as a precursor and is of great 

interest as they have the potential to prevent quartz growth at larger burial depths, acting as a buffer 

for porosity preservation (e.g. Storvoll et al. 2002). 

The quartz component would potentially also play an important part in the stability of minerals 

during diagenesis as the amount of silica in aqueous solution greatly affect the ionic activity 

(Meunier, 2010; Bergaya & Lagaly, 2013). The absence of quartz cementation for the lower section 

would normally indicate burial depths of not more then 1 to 1.5 km , but do greatly differ between 

basins. Silica precipitation could also be altered by pH values above 9.0, but temperature is often 

suggested to be the major control on the solubility of the SiO2 minerals (Bjørlykke & Egeberg, 

1993).

Figure 5.1. Illite found on the etched surface of 
a quartz grain at 57.3*B m.

Figure 5.2. Illite found in the clay coating 
around well rounded quartz grains at 17.5*B m.

Feldspars.

The preservation of feldspars in TDP 40 show a strong correlation with grain size; Large grain sizes 

displays feldspars with a higher degree of preservation. It could be suggested that this indicates that 

the differences found in feldspar alteration are mainly driven by proximity to the source (transport), 

although it certainly could be the different post-depositional processes defined by the different 

depositional environments (the eogenetic regime). The less calcite cemented sandstones of TDP 40 

(FA 1 and FA 2) displays several examples of post-depositional dissolution of feldspars (e.g. Fig. 
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5.3), replaced by pyrite growth, illite or generating secondary porosity. The heavily calcite-

cemented samples show a generally high degree of preservation of feldspars and seems to be a 

“frozen” moment of newly and freshly deposited feldspar grains. This could be driven by the timing 

of the calcite cementation, at which can occur early after deposition , e.g. tens to thousand of years 

(James & Choquette, 1987), in warm, shallow waters and in areas with good water circulation that 

would provide a constant source of CaCO3 saturated fluids. This would typically be a carbonate 

platform. Furthermore, the difference found of potential post-depositional dissolution could be 

driven by pH differences due to the fluctuations in CaCO3 in solution, as studies indicate pH values 

between 7.5 and 10.0 to dramatically reduce feldspar dissolution (as shown by Zhu, 2004). This 

would alter the feldspar dissolution in CaCO3 – rich environments further and result in fresh-

feldspars grains with little evidence of dissolution, even if calcite cementation took longer time. In 

the clay-packed samples, the feldspar grains show a relatively higher degree of dissolution as well 

as being accompanied by illitization (Fig. 4.18.c). Those samples are relatively low on calcite 

compared to the calcite cemented samples, while still being relatively high on calcite compared to 

the partly-cemented samples. 

The differences observed in the K-feldspar/plagioclase ratio (App.Tab.6; Fig.4.26) do also show a 

trend at which seems to correlate well with grain size changes; at large grain sizes the relative 

abundance of plagioclase increases. Plagioclase is less stable than K-feldspars when exposed to the 

sedimentary cycle (Goldich, 1938), and same as with the preservation ratio of feldspars; this trend 

could also be argued to be driven either by the proximity to the source rocks or the eogenetic 

regime. 

Well developed euhedral crystals of K-feldspar has been observed in the sandstones of the lower 

section (e.g. Fig. 5.4). In FA1 (Fig. 4.10.a) those occur as discrete grains that have grown in the 

pores of the sandstone. In FA2 (Fig. 5.4) those occur as overgrowths around detrital cores of detrital 

K-feldspar. Such rock-forming silicates are normally of high-temperature origin, but K-feldspars are 

well-known to frequently occur as authigenic minerals in low-temperature, unmetamorphosed 

sandstones, typically from marginal sea environments (Kastner & Siever, 1979). The relatively 

restricted burial depth indicate that these euhedral crystals could be of such an origin. This 

geochemical process depend on the supply of dissolved silica and alkali metals, typically from 

seawater or detrital and diagenetic aluminosilicates. The potential donors of those essential 

components could in this case be other feldspars, mica, the illites, the smectites or other mafic 

minerals from the sedimentary environment (Fig. 5.6). An alternative hypothesis regarding this 

process is upward percolation of hydrothermal fluids carrying high concentrations of H4SiO4, Na+ 

and K+ into arkosic sediments with abundant nuclei and relatively low amounts of clay (Kastner & 
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Siever, 1979). This hydrothermal fluid hypothesis fits well with the observations done in the 

samples displaying evidence of discrete authigenic K-feldspar growth (e.g. authigenic chlorite), 

which together with the fact that this area was tectonically active during Cretaceous could indicate 

that this might be the mechanism behind those crystals. The authigenic overgrowth however does 

not co-occur with other minerals indicative of hydrothermal alteration, suggesting a marine model 

to be more appropriate (Fig. 5.6). It should be noted that authigenic feldspar overgrowth is found to 

be anthiphased with authigenic quartz overgrowth (Kastner & Siever, 1979).

In addition to the K-feldspar growth, one case of albitization of a K-feldspar grain was found (Fig. 

5.5). The albitization of K-feldspars in sedimentary rocks as a result of fluid circulation at low 

temperatures is a well-known phenomenon (Saigal et al., 1988; Holness, 2003). At least two of the 

criteria for suggesting the albitization to have occurred during burial by Saigal et al. (1988) are 

present in this case: 

1. Homogeneous and pure albite (>99%)

2. Absence of albitized grains in carbonate cemented zones

Pseudomorphic replacement of detrital K-feldspar grains by massive albite, lacking dissolution 

porosity and displaying a sharp transition to the relict K-feldspar as those found here (Fig.5.5) are 

typically believed to be due to a direct replacement of K-feldspar (Saigal et al., 1988):

KalSi3O8 + Na+ → NaAlSi3O8 + K+

Furthermore, Saigal et al. (1988) suggest albitization of K-feldspars to start at about 2.2 km depth 

with temperatures from 65°C. This suggests a relatively large depth of burial of the lower section of 

TDP 40, and is not consistent with other observations made. The total absence of quartz cement 

could also indicate such an burial depth to be unlikely. The presence of those albite lenses could be 

argued to support a relatively high geotherm as well as the presence of hydrothermal fluids during 

the diagenesis of the lower section.  

Regarding the general amount of feldspars, the XRD-results and the results from optical mineralogy 

are mainly in tune; where differences appear the presence of rock fragments increases. The fact that 

there has been observed feldspar grains in several rock fragments (e.g. Fig. 4.12.g), as well as the 

relative abundance of feldspars and rock fragments are antiphased (App.Tab.6), indicate strongly 

that the extra amount of feldspars found in the XRD-results are to be found in rock fragments. 

Lastly, it should be noted that the replacement reaction:

K-feldspar + Na+ = Albite + K+ 

is believed to be related to the chemical change to sandstones from adjacent shales at which 

experience the conversion of smectite to illite (Aagaard et al. 1990). The conversion of smectite to 

illite is found to be the prominent clay mineral reaction in those rocks as discussed later.
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Figure 5.3. A partly dissolved grain of K-
feldspar from 65.4 m.

Figure 5.4. Authigenically grown K-feldspar on a 
detrital K-feldspar grain.

Figure. 5.5. Albitisation of a K-feldspar grain.

Muscovite & biotie.

The muscovite to biotite ratio is yet another indicator that could be related to the eogenetic regime 

or proximity to the source. The results from TDP 40 (App.Tab.6) displays no clear pattern between 

the two; the ratio both increases and decreases with smaller grain sizes. This could be an indicator 

that the eogenetic regime play the dominant role when it comes to dissolution of micas. It should be 

noted still that there are certain samples that are devoid of mica; typically supermature samples. 

This is probably due to a high energetic environment at which mechanically break down micas 

quickly. Muscovite dominates over biotite in abundance, which is according to expected (Goldich, 

1938). The dissolution of mica would generally be a provider of aluminum, potentially fuelling the 

illite growth found throughout TDP 40 (together with the dissolved feldspars). Furthermore, the 

micas, together with K-feldspars would also be an important provider of the potassium found in the 

illite, while biotite would be an excellent provider of iron. It should be noted, as with the feldspars, 

that studies show that an alkaline pH can buffer the dissolution of micas (e.g. Malmström & 

Banwart, 1997). 
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Figure 5.6. A model for low-temperature precipitation of K-feldspar (Modified from Kastner & 

Siever, 1979).

Calcite cementation.

Most calcite cementation occur at shallow depths and is suggested to have the following drivers: 

Temperature, pressure (Affecting carbon dioxide partial pressure), salinity, ion composition of pore 

waters, grain size, fabric, mineralogy, porosity and permeability (Feazel & Schatzinger, 1985; 

Choquette & James, 1983). As many of these drivers will be co-occuring, it can be hard to 

distinguish the exact factor controlling the calcite cementation. In TDP 40, fully calcite cemented 

horizons only occur at grains sizes above fine to medium sand, indicating that grains size and 

permeability must have been important factors. Furthermore, the many traces of dissolved fossils 

and shell rich horizons (e.g. Fig.4.4.c & Fig. 4.21.c) suggests, at least, locally high abundance of 

calcite-rich sources. Many of those would be made up by aragonite, and as the rate of dissolution of 

aragonite is estimated by Schmalz (1967) to be tens of times quicker than the rate of calcite 
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precipitation, one could expect highly oversaturated pore waters. This is further supported by the 

environmental interpretation which will be discussed later; A potentially regionally shallow 

continental shelf with limited current action could lead to locally high amounts of CaCO3 in 

solution as well as relatively warm water condition due to the paleogeographic location (Fig.2.10). 

It is known that temperatures above 25°C promotes calcite cementation by several orders of 

magnitude (Sharp & Kennedy, 1965). 

Fig. 5.7. The nature of the fully cemented samples, partly cemented samples and micritic/clay rich 

samples.

Highly oversaturated pore waters of CaCO3 and insitu fossils is likely to have been the main sources 

for calcite cementation. There are at least two generations of calcite cement in the fully cemented 

samples of TDP 40 (Fig.5.7). The first one in time is likely to be the one that has developed around 

calcite-rich fossil fragments, at which is likely to be due to the development of pressure solution 

(Moore, 1989) during initial compaction of the sediments. This would lead to very local calcite 

cemented areas at which could later be cemented by the oversaturated pore waters. It is likely that 

those events are close in time, but as the calcite cement around fossil fragments consequently seems 

to be smeared out before the dominating cement developed it is likely that this was the first form of 

cementation. The second one would  be the dominant one, at which is a coarse mosaic sparite, 

filling every pore space available at the time, fuelled by the flux of oversaturated waters. In the 

partly calcite cemented samples, it can be suggested that those locally calcite cemented areas could 

be a result of the process of pressure solution of the calcitic fragments in the matrix. Lastly, some of 

the clay rich samples (FA2) do as well show developed calcite cement; around several grains of the 

conglomerates of FA2 there are bladed prismatic crystals a few micrometer thick and 0.5 mm long 

(Fig. 5.7). Those are typical for early calcite cementation (Boggs, 2009). The fact that medium sand 
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grained and fully calcite cemented horizons often withholds a relatively large amount of less stable 

minerals such as ilmenite and titanite indicate the cementation to have occurred early enough to 

prevent further dissolution, probably within the top ten meter. 

Dolomite. 

The presence of the classical dolomite crystals as euhedral rhombs (Fig. 5.8) in several samples of 

different grain sizes throughout TDP 40 show that dolomitization has occurred at several depths. 

Almost all dolomites are post-depositional (Machel, 2003), which is clearly the nature of the 

dolomites found here (due to their euhedral nature).

According to Machel (2004), there are certain criteria that must be fulfilled for dolomitization to 

occur:

1. A thermodynamic criteria: Supersaturation must be present for dolomite, while calcite and 

aragonite should have variable saturation states. In order for dolomite replacement to occur, 

undersaturation of calcium carbonate should be present as it otherwise would lead to 

dolomite cementation.

2. A kinetic criteria: The rate of dolomite formation must be equal or greater than the rate of 

calcium carbonate dissolution, otherwise there will be dissolution porosity.

3. A hydrologic criteria: Long lasting pore water flow high in magnesium must be present. 

Alternatively magnesium could be supplied through diffusion of seawater.

At TDP 40 the dolomite crystals found are either found in partly-cemented or clay-packed samples, 

at which, opposed to fully calcite cemented samples, are likely to have satisfied criteria 1. 

Furthermore, the fully cemented sandstones were unlikely to developed dolomite as it would require 

adequate porosity and permeability in order for fluids to fuel the reaction. 

Fig. 5.8. The nature of the dolomite found in TDP 40.
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There seems to be evidence for both well developed dolomite crystals that satisfy Machel's (2004) 

list, and several who do not (Fig. 5.7). A case of what could be argued to be dissolution porosity is 

found, as well as dolomite cement and a case of late dissolution of a well developed dolomite 

crystal. The latter is found in the upper sequence and is likely to be due to recent processes of 

dissolution. 

The formation of the dolomites are often strongly linked to the more regional depositional system 

and could be argued to fit with the seawater-dolomitization model at which argue the mechanism of 

“tidal-pumping” could create a hydrological model that brings Mg-rich fluids down into sediments 

of adequate permeability (Carballo et al., 1987). However, their well developed euhedral nature 

could be argued to indicate that a late diagenetic origin is more likely in this case (See e.g. Zenger, 

1983).

Pyrite.

Pyrite is a common mineral forming early in the diagenesis under anoxic, reducing conditions, and 

with sufficient supply of sulphate in solution. It was found in almost every samples throughout TDP 

40, apart from the three upper most samples. This is probably due to recent weathering at which 

have resulted in oxidation and dissolution of the pyrites. Pyrite do show a generally higher 

abundance in the finer grained sediments and the conglomerates, at which could be attributed to 

their apparently low energy regime that would enhance the potential for at least seasonally anoxic 

conditions. The pyrite would probably have been developing not long after deposition; many studies 

illustrate very early development of pyrite when the conditions are right (e.g. Einvik-Heitmann et 

al., 2014). In the more porous samples however, it is likely that pyritization was not completed 

before initial compaction began.
 
Glauconite.

Glauconite is a mineral that are diagnostic of the marine depositional environments of the 

continental shelf. It could be formed as pellets as partly lithified bottom sediments of micrite and 

clays becomes disaggregated due to e.g. a regression of the sea- level (Birch, 1979). The formation 

process typically takes place in low energy regimes under reducing conditions, typically shallow 

marine environments. It is analogous to illitization with a gradual alteration of neoformed Fe3+ rich 

smectite to Fe3+ glauconite together with a gradual increase in the K2O content (Odin, 1988; 

Bergaya & Lagal, 2013). Glauconite has been found as clasts in FA1 and FA3 (Fig. 4.9.f & 4.16.f), 

which all are sediments of finer grain sizes. It could be suggested that those are all pellets that have 

formed from the break-up and reworking of the old marine sea-bottom sediments from more 
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proximate coastal areas. In one sample, glauconite could be suggested to be of authigenic origin 

(Fig. 4.16.b)

Apatite.

Sedimentary apatite is commonly known to occur as an authigenic mineral at continental margins, 

typically related to zones of upwelling (Birch, 1979; Froelich et al. 1988). Upwelling outside the 

coast of Mandawa basin has not been discussed or identified by earlier work in the basin, 

suggesting upwelling processes generating apatite (See e.g. Jahnke, 1986) might be unlikely. 

Studies do show that upwelling is not necessary for authigenic apatite to form, with examples from 

both deltas and sounds (Ruttenberg & Berner, 1993), indicating that similar mechanisms of growth 

could be the cause of those apatite nodules. However, as discussed later, paleoclimatic models 

suggests upwelling to be present outside the Mandawa basin in the Cretaceous (Barron & Peterson, 

1989; Price et al., 1995), which together with the apatite nodules found here is an indication that 

upwelling might actually was present during the deposition of the TDP 40 sediments.

The apatite found here are fluorapatites (Ca5(PO4)3F), and are either found as allogenic clasts in the 

coarser sandstones or as authigenically grown apatite in clayey siltstones (Fig. 5.9). This strongly 

suggest that the fluorapatite of TDP 40 grew authigenically at the mid to outer shelf and were 

redeposited during regressions. This is a similar scenario as suggested for the glauconite, a scenario 

at which also has been suggested for deposits of the continental shelf off South Africa (Birch, 

1979). This is further supported by the fact that the sedimentary apatites typically precipitate in the 

upper few centimetres of marine mud high on organic carbon (Froulich et al. 1988) and in areas 

relatively impoverished in terrigenous detritus (Ruttenberg & Berner 1993), at which correlates well 

with some of the observations made in the siltstones and claystones of TDP 40. However, the 

apatite clast bearing shell fragments and angular detrital grains of silt and sand size in the 

conglomerate and sands of FA2 (Fig.5.10) suggest a more complex pattern. The angular nature and 

the exotic mineralogy (e.g. titanite and ilmenite) of the grains in those clasts suggests a rather quick 

deposition of detrital grains in to an environment capable of authigenic apatite growth. It could be 

suggested that those are likely to be driven by the ongoing tectonic activity of the time; either 

directly as faulting would occur or indirectly as saltdiapirc movement would be activated. Those 

processes would be capable of quick relative sea level changes, exposing basement that would be 

rapidly deposited in areas of additional accommodation space.
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Fig. 5.9. A well rounded allogenic clast of apatite from 17.5*B m, and authigenic apatite from 

59.3*B m. 

Fig. 5.10. Two examples of clast bearing apatite from the sandstone at 17.5*B meter and the 

conglomerate at 60.1 meter.
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Clay minerals.

The clay-sized particles in sedimentary rocks are typically composed of phyllosilicates, although 

smaller amounts of carbonates, feldspars and quarts often occur (Guggenheim and Martin, 1995). 

The clay cycle do inevitably start by the weathering of the crust (Bergaya & Lagaly, 2013), but can 

eventually be reflecting several different processes and sources (Dypvik et al., 2003): 

1. Direct precipitation from water solutions.

2. Detrital clay minerals inheriting their composition from their provenance area. 

3. Weathering of primary rocks resulting in degraded clay minerals. 

4. Composition-change during diagenesis (aggradation).

The many processes leading to the final composition of clays would eventually be divided in to the 

allogenic component and the authigenic component, making the understanding of diagenesis as the 

key to differ the two. 

In sedimentary rocks, allogenic clays would typically be present as:

1. Well rounded clay/mud clasts

2. Dispersed clay fragments from partly lithified mudstones or individual grains

3. Grain coating

4. Pore filling infiltration residuals

Those would be either deposited simultaneously as other detrital grains (1, 2 and possibly grains 

that have experienced 3) or not long after deposition due to the flux of clay-rich waters through the 

sediments (Wilson & Pittman, 1977; Matlack et al., 1989). 

The authigenic clays would be diagnostic by their euhedral nature, and would be the main link to 

the diagenetic processes. When distinguished, the total clay mineralogy would therefore be 

reflecting several factors; primary rock composition; erosion rates; temperature during burial; 

permeability; porosity; precipitation rates; and vegetation (Bjørlykke, 2001)

In TDP 40, chlorite, kaolinite, illite, smectite and interstratified illite/smectite were identified (Fig. 

4.11 & 4.18). Illite and chlorite as weathering products are typically related to cold regions with 

little rainfall and low rates of chemical weathering (Robert & Kennet, 1994; Bergaya & Lagaly, 

2013), making them potential proxies for colder climatic shifts. Smectite and kaolinite, on the other 

hand, are typical for warmer regions, with smectite being the weathering product dominating warm, 

dry, poorly drained areas while kaolinite is the main weathering product under warm, humid, 

tropical climates (Robert & Kennet, 1994; Bergaya & Lagaly, 2013). The relation between those 

could be proxies for climatic trends, but their relative abundance could be greatly affected by 

diagenesis, complicating interpretations. 
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Neoformation (direct precipitation) of kaolinite is common in sandstones during early diagenesis as 

a result of meteoric flushing (Lanson et al. 2002; Bergaya & Lagaly, 2013). Kaolinite proved to be 

present throughout TDP 40 (Fig. 4.28;App.Tab.5), and is likely to have been partially generated due 

to neoformation. 

Illite is known to replace kaolinite during deep 

burial diagenesis, typically 3.7 to 4.0 km 

(Bjørlykke, 1998), but this is not likely to be the 

case here. There are still studies showing that this 

could be happening at as low as 50°C if K-

feldspar is present (Bjørkum & Gjelsvik 1988), a 

temperature that could be likely for the lower 

section with a high temperature gradient. The 

fact that many of the sandstones of TDP 40 have 

experienced early and intense calcite cementation 

could suggest that the kaolinite found there are 

mainly of detrital origin. The sample of 
Figure 5.11. Authigenically grown Kaolinite.

authigenically grown kaolinite from the claystone at 17.8*B meter (Fig. 5.11) displays however that 

it is highly likely that early neoformation occurred. It should also be noted that the relative kaolinite 

abundance are dramatically reduced in the upper part of the upper section (Fig. 4.28), at which is 

likely to be due to recent weathering and dissolution of kaolinite. 

The observation of authigenically grown chlorite in the sample at 86.5 meter of FA1 in the lower 

section (Fig. 5.12) complicates diagenetic interpretations. Hydrothermal chlorite is known to 

replace biotite (Parry & Downey, 1982), which could be a plausible explanation, but this process is 

suggested to be taking place on temperatures above 200°C. Grigsby (2001) found authigenic 

chlorite growth, occurring as grain coatings and pore filling to be common in deltaic sandstones in 

Texas, and suggested them to be forming from a Fe-rich clay precursor at as low as 20°C at depths 

less than 1800 m. 

The chlorite found here are slightly magnesium rich (Mg/Fe+Mg = 0.52) and display a spectacular 

texture that could not be anything else than authigenically grown. To explain the process behind this 

feature by linking it up to the literature has not been completely successful, but it could be 

suggested that it is probably related to the same hydrothermal fluid that could have caused the K-

feldspar growth and albitization in the same sample. A low pH with abundant H+ could drive the 

biotite to chlorite reaction:

2KMg3AlSi3O10(OH)2 (Biotite) + 4H+ → Mg5Al2Si3O10(OH)8 (Chlorite) + 2K+ + Mg2+ + 3SiO2
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The quartz component here could have been consumed together with the K+ by the authigenic K-

feldspar growth observed in those samples. It should also be noted that authigenic chlorite may also 

be formed with smectite or kaolinite as precursors (Bergaya & Lagaly, 2013).

Fig. 5.12. Authigenically grown chlorite from 86.5 meter.

Smectite was found in all samples of TDP 40 except the sandstones of the upper section (Fig. 4.28). 

This fact is probably related to the fact that those sandstones are abundant in angular, clay packed 

and apatite packed rip-up-clasts (Fig. 5.10) that are suggested to have been deposited quickly due to 

tectonically triggered sea-level changes from an environment not favouring smectite growth. It 

could be suggested that a fast generation of accommodation space while the fluvial baseline was 

lowered exposed old marine sediments that where quickly eroded and deposited, preventing growth 

of smectites before deposition. As kaolinite is present in those sandstones, it could be the case that 

some dissolution of K-feldspars and precipitation of kaolinite did occur before calcite cementation 

was total.

The SEM studies proved smectite to be present as clasts, dispersed clay fragments and generally as 

pore filling residuals from mud-rich water flux (Fig. 5.14 & 5.15). Being allogenic, those were 

probably formed in nearby soil under the following conditions: base-rich parent rocks, poor 

drainage, low-lying topography, high pH, high silica activity and abundance of basic cations (Galán, 

2006). The smectite had at all depths experienced the commonly known process of illitization 

during diagenesis (Fig. 4.28, 5.13 & 5.15), a certain indicator of diagenetic evolution in sedimentary 

basins (Bergaya & Lagaly, 2013). This occurs as a gradual alteration of Fe3+ rich smectite to Fe3+ 

rich illite through an intermediate mixed-layered structure of illite/smectite, while the K+ is fuelled 

by the dissolution of feldspars and mica (Bergaya & Lagaly, 2013). This transformation-mechanism 

is not completely resolved yet (Meunier, 2010), although a two stage-model of the transition by a 
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Ostwald-type ripening process (Small grain dissolve and redeposit onto larger grains: See Morse & 

Casey, 1988) is the dominant explanation:

1. Random interstratification of 100 to 50% of smectite layers until the ratio of smectite/illite is 

0.5 and the structure stabilizes.

2. A gradual increase of particle thickness together with a decrease in particle defect density, 

lattice strain and compositional variability leading to complete illitization

(Peacor, 1992)

This would typically start at ~500 meters of 

burial depth according to the empirical kinetic 

proposed by Velde & Vasseur (1992) at which is 

based on data from seven basins differing in age 

from 1 to 200 Ma  (Fig. 5.16). The model 

assumes a two mechanisms: (1) The random 

interstratification of I/S (1. above) and (2) Stable 

ordered I/S. Figure 5.13. Interstratified illite/smectite

Fig. 5.14. Clasts and infiltration residuals of 
smectite.

Fig. 5.15. The boundary between a clast of pure 
smectite and the matrix of interstratified illite/smectite

The smectite / smectite+illite ratio indicate a less completed illitization in coarser grained samples 

and samples that have experienced a higher degree of compaction (Fig. 5.17). This is likely to be 

due to the fact that porosity reducing processes such as calcite cementation retards the illite 

reaction, preventing total illitization. In clays this would also be a potential effect as fine-grained 

sediments have a higher surface area than coarser grained sediments, resulting in a higher reactivity 

potential, enhancing solution-precipitation and recrystallization, as well as more readily 

compaction, eventually reducing water flux and preventing supply of cations such as K+. 
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Furthermore; the smectite/smectite+illite ratio do correlate with the general trend of compaction at 

the middle section (Fig.5.17), indicated by the grain contact types throughout TDP 40 (Fig.4.24). 

This observation could also be related to the distribution found in the ternary diagram of Chlorite-

Illite-Smectite(+Illite/smectite) in Fig. 4.31. Lastly, this complicates the potential for using the 

smectite/kaolinite ratio as a proxy for wet vs dry climate conditions as it could be argued that the 

differences found between the sections of TDP 40 (See e.g. Fig. 4.31) are rather driven by the 

degree of compaction and differences in lithology (both affecting diagenesis) than climatic driven 

erosion.

Figure 5.16. The potential reaction curve for TDP 40 regarding the development of interstratified 

illite/smectite, resulting in a gradual reduction of smectite. Reaction 1 is the the generation of 

random interstratification of illite/smectite with 100% to 50% of smectite in its structure. It is 

fuelled by the consumption of smectite. Reaction 2 is the amount of regularly ordered illite/smectite 

with 50% to 0% of smectite, also being fuelled by smectite. The combined lines (1+2) display the 

total amount of smectite left in solution. The conjugate point of Reaction to and the combined lines 

is the point at which no pure smectite is left in solution. (Velde & Vasseur, 1992; modified from 

Meunier, 2005). The restricted burial depth of TDP40 have resulted in a relatively high degree of 

smectites left (Fig.4.28). 
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The actual reaction curve for TDP 40 is difficult to diagnose (Fig. 5.17), but could be suggested to 

reach a maximum of ~50% smectite when taking in to regard the absolutely maximum burial depth 

and the ratio of smectite/smectite+illite throughout the core (Fig. 5.16). It should be noted that the 

lack of illitization of smectite in the fully calcite cemented samples (e.g. TDP 40A 25/1 31 in Fig. 

4.28) further support the suggestion that those samples are close to "frozen moments" of deposition. 

The fact that diagenetic processes has altered the relative abundance of smectite and illite 

complicates environmental interpretations. Still, plotting the relative abundance of smectite on the 

abundance of interstratified smectite/illite would then provide a proxy for compaction as discussed 

above (Fig. 5.17). Lastly, and in relation to hydrothermal alteration it should be noted that a great 

diversity of clay, among them minerals such as illite and interstratified smectite/illite, is produced 

during low temperatures as hydrothermal fluids mix with seawater and other fluids (Bergaya & 

Lagaly, 2013).

Fig. 5.17. The Smectite/Smectite+Illite ratio throughout TDP40.
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Hematite

The hematite found in the upper sample of the middle section (App.Fig.1) do have a morphology 

distinct for specular hematite at which is known to form in sedimentary environments either from 

the alteration of goethite or directly from ferrihydrite (See e.g. Walker et al. 1981; Catling & Moore, 

2003). Goethite formation is favoured at moderate temperatures under alkaline conditions while 

hematite is dominant at near neutral pH and higher temperatures (Fischer & Schwertmann, 1975), 

indicating that the goethite could have been the first to form during early diagenesis while the 

hematite probably developed later under higher temperatures.

5.1.2 Diagenetic plays
Four diagenetic plays have been distinguished for TDP 40, with the relative abundance of clay or 

calcite cementation setting the scene for the different plays:

1. Fully calcite cemented samples (Sandstones)

2. Partly calcite cemented samples (Sandstones and siltstones)

3. Clay rich or fully clay packed samples (Conglomerates, siltstones and claystones)

4. Partly clay packed samples (Sandstones and siltstones) 

The four plays put the diagenesis of the mineralogy in relation to the lithology and aims to solve the 

diagenetic sequence.

 

Fully calcite cemented samples (Sandstones): 

The fully calcite cemented samples are all sandstones of FA1. They do display an mineralogical 

assemblage and texture that could be argued to be a "frozen moment" not long after deposition. The 

high abundance of shell fragments and partially dissolved biogenic material strongly suggest that 

the pore water would have been saturated in regard to CaCO3. The initial compaction of those 

sediments would lead to pressure solution and are likely to be the cause of the generation of calcite 

cement at which surrounds many partly dissolved fossils. As soon as the temperature allowed the 

pore water to precipitate calcite, the pore space was quickly filled by this cement. This would be not 

long after deposition, and would dramatically reduce dissolution of the less stable minerals. The 

rock fragments and clay clasts together with their illites, titanites, magnetites etc. display angular 

grain shapes as well as being well preserved. There could have been some early dissolution and 

breakdown of less stable minerals that were not matrix supported as it is very little amounts of e.g. 

micas in those samples. Kaolinite could as well have been forming in the early part of the 

diagenesis due to the break down of feldspars, but this has not been successfully identified through 

SEM analysis. Later, during burial, the detrital smectites have been experiencing illitization.
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The diagenetic play can be distinguished into the following steps (Fig. 5.18):

1. Deposition of framework minerals in a energetic environment.

2. Initial dissolution and mechanical breakdown of shell material leads to oversaturation of 

CaCO3 / Initial dissolution and breakdown of less stable minerals as well as mica.

3. Initial precipitation of kaolinite fuelled by the initial breakdown of feldspars. 

4. Initial compaction leads to pressure solution of the biogenic carbonates. Growth of pyrite in 

areas with reducing conditions.

5. Complete calcite cementation due to the flux of oversaturated pore waters

6. Late dissolution of feldspars

7. Illitization of smectites

Partly calcite cemented samples (Sandstones): 

Only one partly calcite cemented sample is found in TDP 40; sample 25/1 23 – 26 of FA1 (Fig. 

4.11.a). The sample do show a composition similar to that of the fully calcite cemented samples, but 

have experienced a significantly higher degree of feldspar dissolution (Fig. 4.26), indicating this to 

be due to post-depositional processes. Rock fragments and allogenic clasts of smectite are found, 

while less stable minerals are gone. Several fragments of biogenic material, partly dissolved and 

with extensive pyrite growth as well as growth sparite are found. The areas that are calcite 

cemented are typically spherical in shape and do posses remnant structures of biogenic material (As 

with 4.21.c), indicating pressure solution to be the process behind the partly cemented expression. 

This process took place early in the diagenesis; probably before the infiltration residuals of smectite 

were deposited (Fig. 4.14.c). The authigenic K-feldspar growth found on detrital grains are 

suggested to be of low temperature origin early in the diagenesis: before the pressure solution of 

biogenic carbonates (Fig. 4.14.d). Figure 5.6 summarizes the conditions required for such K-

feldspars to precipitate (From Kastner & Siever, 1978), illustrating how the alkalinity of seawater 

together with the dissolution of micas and feldspars and other detritus would enhance the 

probability of K-feldspar dissolution if the pH is lowered by the increase of CO2 in solution. The 

relatively low amount of detrital clays would only buffer the H4SiO4 in solution for a short amount 

of time, leading to oversaturation and precipitation of K-feldspars. It is also likely that the slightly 

finer grain size in this bed relative to beds below and above in the stratigraphy led to low water flux, 

isolating the bed, reducing carbonate and oxygen in solution. Alternatively the percolation of 

hydrothermal fluids could have driven this process as well. Kaolinite is evident from the XRD-

analysis, but was not observed in the SEM. Dolimitzation (Fig. 4.14.b) did take place later in the 

diagenesis as undersaturation of calcium carbonate in regards to dolomite was likely to occur due to 
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the low degree of cementation. Lastly, illitization of both K-feldspars and smectites have taken 

place. 

The diagenetic play can be distinguished into the following steps (Fig. 5.19):

1. Deposition of framework minerals in a energetic environment. Clay-clasts and mud drapes 

mainly made up by smectite are deposited.

2. Dissolution of less stable minerals, e.g. biotite. Initial dissolution of biogenic carbonate and 

feldspars. Initial precipitation of kaolinite fuelled by the initial breakdown of feldspars.

3. Occasional infiltration of mud-rich waters leading to infiltration residuals of smectite. Initial 

sorption of silica by the clays. 

4. Precipitation of authigenic K-feldspar on detrital K-feldspar grains. Initial compaction leads 

to pressure solution of the biogenic carbonates. Growth of pyrite in areas with reducing 

conditions.

5. Dolomitization.

6. Illitization of feldspars and smectites.

Clay rich or fully clay packed samples: 

The clay/micritic packed samples are present in FA3, FA4 and FA5 as well as in the conglomerates 

of FA1. The composition of the latter do deviate from the other three, while diagenetically they do 

share several features; most importantly a clay rich-matrix of smectite/illite together with abundant 

coccoliths. 

The conglomerates have a relatively high abundance of heavy minerals such as rutile and  rock 

fragments as well as a relatively higher degree of feldspar preservation (Fig. 4.26). Furthermore, the 

micritic rich clay of the conglomerates has clearly experienced pressure solution, leading to intense 

sparite development (Fig. 4.12.a) and well developed prismatic calcite crystals around the larger 

grains. The dolomite found here do display dissolution porosity (Fig.5.8), indicating that the 

dissolution rate of calcite was higher than the precipitation rate of dolomite during dolomitization 

(Machel, 2004).

The clay- and siltstones do generally lack heavy minerals, show low degree of preservation of 

feldspars but a relatively high preservation of biotite compared to the sandstones (Same do 

conglomerates), indicating the mechanical weathering to play a crucial role in the preservation of 

biotite in TDP 40 (App.Tab.6). The relatively high abundance of calcite in those samples has not 

resulted in the intense development of sparite as with the conglomerates, at which is probably due 

to the dramatically different Qz/Calcite rate at which is much higher in those samples (App.Tab.6). 

The apatite of those samples are authigenically grown, and has probably developed not long after 
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deposition by being fuelled by organic and inorganic sources of phosphore from the shelf, possibly 

from upwelling, as well as calcite from the sediments. This is further supported by the fact that 

heavy minerals such as magnetite and ilmenite are preserved in areas of authigenic apatite (Fig.5.9). 

The glauconite is both found as of authigenic and allogenic origin, the latter probably due to erosion 

events of marine sediments. The authigenic glauconite was likely fuelled by early dissolution of 

feldspars and alteration of smectites under reducing conditions. The relatively high abundance of 

pyrite can be suggested to be an artefact of low flux due to the tight packing and early compaction. 

Dolomite is found in one sample of FA3; a well developed crystal in the upper section at which has 

experienced late dissolution due to recent weathering (Fig. 4.15.a). 

Two similar diagenetic plays can be distinguished for those samples (Fig. 5.20):

Conglomerates:

1. Deposition of framework minerals in a low energy environment. Large clasts of clay, quarts 

and heavy minerals as well as coccoliths and organic fragments deposited. Smectite rich 

clays makes up the matrix.

2. Early dissolution of minerals restricted by the low flux in the sediments due to the high 

abundance of clays and calcite. Pyrite growth in areas experiencing reducing conditions.

3. Initial compaction leads to pressure solution of the biogenic carbonates. Prismatic calcite 

crystals developed around larger grains. Heavy minerals gets preserved.

4. Dolomitization

5. Illitization of smectite and feldspars.

Silt- and claystones:

1. Deposition of silt- and clay in a low energy environment. Smectite makes up the matrix 

together with coccoliths. Occasional mud flow events brings rip up clast (e.g. of glauconite), 

larger grains and heavy minerals in to the sediment. Tests of marine animals such as 

foraminiferas and ammonites being preserved due to the low energy and dissolution rate.

2. Early dissolution of minerals restricted by the low flux in the sediments due to the high 

abundance of clays and calcite. Some growth of kaolinite. 

3. Authigenic growth of glauconite, pyrite and apatite.

4. Compaction.

5. Dolomitization.

6. Illitization of smectite and feldspars. 
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Partly clay packed samples:

The samples of FA1 (silty sandstones) are all partly clay packed and devoid of calcite cementation 

(Fig. 4.9). They have experienced a relatively high degree of compaction and do have the highest 

amount of porosity in all of TDP 40 (18 – 19%). They were deposited in a relatively energetic 

environment with deposition of mud drapes in the silty matrix. After deposition, bioturbation made 

it possible for infiltration residuals of further more clay to settle. Initial dissolution of feldspars and 

precipitation of kaolinite is likely to have occurred in the early face as kaolinite is present in those 

samples. Pyrite grew later in relation to those clay-rich zones. In the late diagenesis, illitization of 

feldspars and smectite occurred. The albitisation of K-feldspars, the authigenic growth of K-

feldspars and the authigenic growth of chlorite are all features that are interpreted to have bee 

occurring in the late diagenesis as an effect of the infiltration of hydrothermal fluids due to the 

active tectonic processes of the time. The diagenetic play can be distinguished into the following 

steps (Fig. 5.21):

1. Deposition of framework minerals in a medium energy environment. Clay-clasts and mud 

drapes are deposited. Rip up clasts of glauconite deposited.

2. Initial compaction. Bioturbation of the sediment leads to the infiltration of mud-rich waters. 

Initial dissolution of feldspars, micas and less stable minerals. Initial precipitation of 

kaolinite. Dissolution of organic material and biogenic carbonates. 

3. Pyrite growth in relation to clay rich areas. Continuous infiltration of mud-rich pore waters. 

4. Compaction leads to broken micas.

5. Illitization of smectites and feldspars

6. Infiltration of acidic hydrothermal fluids results in authigenic chlorite growth (Possibly from 

the alteration of biotite, at which would lead to of K+, buffering the pH by consuming H+), 

albitization of K-feldspars (direct replacement due to dissolution of plagioclase) and 

authigenic K-feldspar growth (From the surplus of K+).
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Figure 5.18. The diagenetic sequence suggested for fully calcite cemented samples.
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Figure 5.19. The diagenetic sequence suggested for partly calcite cemented samples.
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Figure 5.20. The diagenetic sequence suggested for clay/micritic packed samples.
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Figure 5.21. The diagenetic sequence suggested for partly clay packed samples.
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5.1.3 Diagenesis and stratigraphy
The following table display the relation between the diagenetic plays and the stratigraphy of TDP 

40:

Tab. 5.2. The relation between diagenesis, lithology and the stratigraphy of TDP 40 based on the 

thin sections studied. See App.Tab.3.

Facies Association Section Depth (m) Diagenetic play
FA3 Upper 14.5 Clay packed (Silt/clay)
FA2 Upper 17.2 Fully Cal-cemented
FA3, FA4, FA5 Middle 56.5, 54.9, 50.9, 48.1, 41.8, 17.8 Clay packed (Silt/clay)
FA2 Lower 68.2, 60.5, 60.2 Clay packed (Cong.)
FA2 Lower 65.4 Partly Cal-cemented
FA2 Lower 65.5, 62.2, 62.1 Fully Cal-cemented
FA1 Lower 86.5, 79.5, 76.2, 68.6 Partly clay packed.
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5.2 STRATIGRAPHIC CORRELATION
Before discussing the environmental interpretation as well as the sequence stratigraphical trends of  

TDP 40, a discussion on its stratigraphical ties is needed. Former work has been carried out by  

Berrosco et al. (2015), at which has provided an age model based on biostratigraphy for the middle  

and upper sections of the core. Here, a discussion of TDP 40's relation to the stratigraphically  

related TDP-sites, outcrop logs, exploration wells and nearby seismic lines will be served. Lastly,  

TDP 40 will be put into relation with the Mandawa Basin stratigraphy. Figure 5.22 show a map of  

the centre part of the Mandawa Basin with TDP40 and nearby seismic lines, deep wells and logged  

way points.

Fig. 5.22 The location of proximate seismic lines (green), deep wells (blue) and way points (WP) 

and their relation to TDP40. Way Point-92 is located further north on the northern block of the 

basin. TDP24 is located further south on the southern block of the basin (See Fig. 2.4 & 2.9) .
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5.2.1 Biostratigraphy
Berrosco et al. (2015) assigned several stratigraphical ties on the TDP 40 cores by the use of 

calcareous nannofossils, benthic foraminiferas and planctonic foraminiferas based on the work of 

Karega (2014). The main results of this work are summarized in table 5.3.

Tab. 5.3. The age intervals assigned to TDP40 based on the work of Karega (2014) and Berrosco et 

al. (2015). Note the changes in planktonic foraminifera throughout the core.

Section Depth (m) Nanno-age Foram-age Abundance of 
planktonic foraminiferas

Upper 15.9 – 0.0 Lower Albian Upper Aptian to 
middle Albian

Moderately to abundant 

Upper 17.9 – 15.9 Indeterminate Indeterminate Barren
Middle 60.0 – 17.9 Uppermost Barremian to 

Lower Aptian
Barremian to Lower 
Aptian

Scarce

Lower 88.45 – 60.0 Indeterminate Indeterminate Barren

The key observations from Berrosco et al. are:

1. The presence of the foraminifera M. renilaevis from 0.0 to 8.65 m, a reliable proxy for the 

Aptian/Albian boundary (Huber & Leckie, 2011; Petrizzo et al. 2011;2012)

2. The presence of the nannofossil of P. columnata, characteristic of lower Albian (Kennedy et 

al., 2000). is present throughout the upper section, but absent in the middle section.

3. The co-occurrence of the nannofossils of Hayesites irregularis, Flabellites oblongus and 

Retacapsa angustiforata, found in the middle section, restrict this sections age interval from 

the uppermost Barremian to the lower Aptian (Berrosco et al., 2015).

In addition to those key observations it should be noted that Berrosco et al. argues that there are 

signs in the nannofossil record for the uppermost middle section and lowermost upper section (32.2 

– 14.9 meter) of the globally known ocean anoxic event (OAE)- 1 (Leckie et al., 2002). 

Lastly, Berrosco et al. identified three unconformities at which correlates to three events of abrupt 

lithological change, correlating well with the results in of this thesis (Fig.3.4). 
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5.2.2 TDP-sites
Being the very first TDP site to penetrate through the Aptian/Albian boundary into further older 

sediments, only the upper part of the TDP 40 cores can be correlated to the former TDP sites. In 

describing the newly defined Lindi Formation, assigned a lower boundary of upper Albian age, 

Berrosco et al. 2015 summarizes the TDP-sites displaying this part of the stratigraphy (Fig. 5.23). 

The Kingongo Formation (Balduzzi et al. 1992; Veeken & Titov, 1996; Nicholas et al. 2006) has 

been ascribed to the part of the stratigraphy at which would be located below the Lindi formation 

(Fig.5.23: TDP24). A common denominator for all the sediments underlying the Lindi Formation 

are a rather fluctuating lithology (See Fig. 5.23) which could be suggested to be due to a period of 

fluctuating relative sea-level changes, possibly as an affect of tectonic activity. Assigning such a 

lithology to the Kingongo Formation is problematic as it formerly has been mainly denoted as a 

marl (Balduzzi et al. 1992). Interestingly, Shell, 1990 denotes it as a clay bedded sandstone 

formation (Hudson, 2011), implying a complex expression.

The upper section of the TDP 40 cores can be argued to share the pattern of a fluctuating lithology 

and is, as will be discussed later, interpreted to be the result of a tectonically active period, inducing 

relative sea-level changes. Furthermore, the age constrains put on this section suggests it to 

correlate to the Kingongo Formation of the former TDP 40 sites, in particular with TDP 24 

(Fig.5.23). The Kingongo Formation should in this case be assigned a more appropriate description, 

clearly distinguishing it from the upper Lindi Formation and allocating it from being a pure marl. 

The middle section of TDP 40 do display a lithology at which is challenging to distinguish from the 

upper section, but is distinct from the upper section first and foremost by its stable lithology as well 

as minor and less diagnostic features such as the relative scarcity of planktonic foraminifera 

(Tab.5.2). They are also separated by a clear unconformity (Fig. 3.4), at which is confirmed by 

biostratigraphy as discussed above.  

Based on the correlation with former TDP- sites, it can be suggested that the upper section of TDP 

40 belongs to the Kingongo Formation (Fig. 5.23), bounded by an unconformity at 17.9 meter to the 

middle section at which is diagnostically different, interpreted as a formation boundary (Tab.5.2; 

Fig.3.4; Fig.4.1).
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  Figure 5.23. The upper part of TDP 40 correlated with other TDP wells. Based on biostratigraphy, 

TDP 40 is close in time to the lower part of TDP 24. The underlying sediments of the Lindi 

formation displays at all sites a fluctuating mineralogy of core loss, sand, silt or clay units, similar 

to that of the upper part of TDP 40.

5.2.3 Lateral correlation with outcrop logs
Based on work from the Mandawa Basin research team, Hou (2015) logged and analysed outcrop 

samples in the field season of 2014, assigning the Kihuluhulu Formation to especially two 

interesting outcrops, namely WP 92 from the northern Mandawa block and WP 223 (Fig. 5.22). WP 

223 is located not more than a couple of kilometres Northwest of TDP 40. Based on the textural and 

mineralogical characteristics as well as the facies associations distinguished from this outcrops it 

can be suggested that they do correlate with parts of TDP40 (Fig.5.24). 

The 27 meter long log of WP 92 (Fig.5.24) displays an inversely graded lower section from silty 

clay through cross-bedded sandstones, into grain supported conglomerates. Apart from some minor 

lithological fluctuations the very same pattern is found in the lower sequence of TDP 40 (Fig.5.24). 

Hou suggest this section to be belonging to the Kipatimu Formation, but as will be discussed, it 
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does seem more appropriate to assign this section to the Nalwehe sandstones. Furthermore, above 

the conglomerates of WP 92 are a long lasting claystone section, enriched in belemnites and 

ammonites, interrupted by occasional sand beds, and interpreted to be the Kihuluhulu section (Hou, 

2015). This section correlates strongly to the middle section of TDP 40, although indicating a more 

distal facies (Fig.5.24). WP 223 is a relative short logged section (5 m) of what Hou interpreted to 

be the Kihuluhulu Formation. The section displays a silty claystone occasionally interrupted by 

coarser sand beds at which is abruptly cut by a coarse grained sandstone (Fig. 5.24). Those 

observations, together with the proximity to TDP40 strongly suggests that this section correlates to 

the uppermost part of the middle section of TDP40, indicating the middle section to be belonging to 

the Kihuluhulu fm. 

Figure. 5.24. Lateral 
correlation of TDP 
40 with outcrop logs 
from Hou, (2015). 
See Fig. 5.22 for the 
location of WP92.
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5.2.4 Exploration wells
Five of the seven deep exploration wells drilled in Mandawa basin can be used to shed further light 

on the lateral correlation of TDP 40 (Fig. 5.25). Based on the compilation made by Hudson (2011), 

three lines of correlation, one north, one south, and one west of the TDP 40 cores can be made (Fig. 

5.24), having implications for further interpretations. Correlation 1 (C1) is based on the Mita-

gamma-1 and the Kizimbani-1 wells.  Mita-gamma-1 is located about 28 km northwest of 

Kizimbani-1 at which is only 18 km north of TDP.40. 

Mita-gamma-1 (Fig.5.25) display several features of interests; The first 300 meters are identified as 

the Kihuluhulu Formation, with its calcareous clays and thin beds of carbonate cemented sandstones 

and planctonic foraminifera, interpreted as a quiet shelf deposited formation below the SWWB. 

Above it, and in some cases in its upper parts, a rapid transgressing denoted the Albian 

transgression, is identified (Hudson, 2011). This transgression appears to be widespread and is 

suggested to be linked to a tectonic phase with increased subsidence (Hudson, 2011). Below the 300 

meters of marine clays, separated by what is denoted as the Barremian unconformity, is the 

Nalwehe sandstone formation found. The boundary between these two are suggested to be the 

starting point of the second large transgression of the Mandawa basin, starting with the deposits of 

the Kihuluhulu formation. The Nalwehe formation show regressive trends and consists of two 

members; a upper part of fluvatile/deltaic poorly cemented sands with clay coated grains of 

Hauterivian to Lower Aptian age (Nalwehe sandstone member) and a lower part, consisting of 

shallow marine oolithic sand of Hauterivian age (Nalwehe limestone member). The latter of these 

share many features of what is found in the lower section of TDP 40 (as discussed later), indicating 

it to be a good candidate for correlation. 

The Kizimbani-1 well (Balduzzi et al., 1992; Fig.5.25) display clays down to 200 meter, divided 

into the Kingongo formation for the first 50 meter and the Kihuluhulu formation for the latter 150 

meter. Below these two are the Kizimbani evaporite at which originally were deposited in the Early 

Jurassic, being tectonically relocated during the Cretaceous (Hudson, 2011). Below this ~550 meter 

deep evaporite are the Mbaro marls of Jurassic age, indicating displacement of the sandy formations 

of the Mitole and the Nalwehe (Fig.5.25). 

C1 (Fig.5.25) display the suggested correlation between TDP 40 and the two wells north of the 

cores. The Albian transgression is interpreted to be present at 18 m , at the unconformity separating 

the Kingongo and the Kihuluhulu formations (Fig.3.4). The fact that Berrosco et al. (2015) reported 

a significant increase in planctonic foraminifera after this unconformity supports the interpretation 

of an increased degree of transgression. The unconformity between the middle section (now the 

Kihuluhulu formation) and the lower section (now the Nalwehe formation) is interpreted to be the 
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Figure 5.25. Correlation between TDP 40 and nearby exploration wells (Well data from Hudson, 

2011). The correlative lines in blue display 0 meter of depth. Only the northern wells display 

sediments correlative to TDP 40.

Barremian unconformity (See e.g. Mbede & Dualeh, 1997), while the lower section display features 

suggesting it to be correlative to the Nalwehe limestone member (Fig.5.25). The relatively low bed 
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thickness’s in the formations of TDP 40 correspond to the north-south and west-east trends in the 

Mandawa Basin with gently seaward dipping reflectors and a gradual deepening of the basin 

towards the north (Mbede & Dualeh, 1997).Correlation 2 and 3 (C2 & C3; Fig.5.24) displays this 

trend as well. East-Lika-1 is located ~39 km west of TDP 40, displaying no signs of the clays found 

in TDP 40 with the Jurassic Mitole formation as its uppermost formation together with a relatively 

shallow basement of ~1 900 meter. Lastly, the Nondwa evaporite dominates the Mandawa-7 well 

with a ~3 100 meter succession of salts, suggested to have been generated during the Cretaceous 

(Hudson, 2011). Both this deep wells have implications for the environmental interpretations of 

TDP 40.

5.2.5 Seismic lines
Five of the seismic lines interpreted by Hudson (2011) have implications to the environmental 

interpretation of TDP 40 as they display nearby salt diapirs, potential paleotopographic highs and 

the main characteristics of the regional faulting (Fig.5.26). The key observations from those lines in 

regard to TDP 40 are the following (See Fig.5.26):

– A basin high, correlating to the Late Triassic- Early Jurassic Kizimbani-Pande high 

(Hudson, 2011) is evident in the eastern parts of S1, S2 and S3.

– The salt diapirs from the Late Triassic to the Early Jurassic evaporites, suggested to have 

been allocated during the Cretaceous is evident both to the west, north and the south of TDP 

40.

– Several regional faults are penetrating sediments of Late Jurassic and Cretaceous age.

Those features indicate the regional depositional system to be bounded by a paleotopographic high 

to the north-east of TDP 40 (Fig.5.26). Hudson (2011) suggests this high to be playing a crucial role 

in the evaporitic deposits of the Late Triassic to the Early Jurassic (The Kizimbani-Pande high; 

Fig.2.5) as well as in to the lagoonal deposits of the Late Jurassic (Fig.2.6), acting as a barrier 

creating restricted environments. The role of this high in to the Cretaceous is not discussed by 

Hudson (2011), who do suggest it to be a result of the fault movements during the opening of the 

basin. S2 and S3 show that this high is mainly overlain by sediments of post Jurassic age, indicating 

it to eventually have been transgressed by the sea approximately around the Jurassic/Cretaceous 

boundary. It is likely that this paleotopographic high did play a crucial role in the depositional 

sequences of TDP 40, restricting current activity to be dominated by a SE to a NW flux. 

Furthermore, it could act as a barrier, limiting the amount of wave energy in to the basin, causing 

relatively calm conditions on a shallow shelf. Events of erosion of this high could have supplied the 

basin with freshly, mafic grains from a relative proximate source. 
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The salt diapirs located west, north and south (Fig.5.26), suggested to be of Cretaceous age 

(Hudson, 2011), would have been leading to dome-induced modifications in the sedimentation 

patterns. This would lead to fluctuations in high and lows in the sediment flux, known from similar 

scenarios (e.g. Seni & Jackson, 1983; Hodgson et al. 1992). Periods of active diapiric movement 

would be initiated by fault movements, resulting in relatively quick relative sea level changes, 

followed by longer periods of active diapirism and modifications of the depositional system.  

The faults penetrating Late Jurassic and Cretaceous sediments correspond to the last period of 

known tectonism as Madagascar moved south (Mbede & Dualeh, 1997), with active surfaces of 

both W-E (E-W) and N-S (S-N) strike lines, the latter probably as reactivation surfaces. 

Lastly, it should be pointed out that S4 clearly display the presence of a basin high SW of TDP 40, 

as well as a basin low to the SE of TDP 40 (Fig.5.26). This does, together with the basin high NE of 

TDP 40, indicate that the local area of TDP 40 have been a regional low with open ocean conditions 

to the present SE.  

Figure 5.26. TDP 40 in relation to nearby seismic lines (From the work of Hudson, 2011). The red 

dotted boxes on S3, S4 and S4 indicate an approximate location of TDP 40 in relation to the 

selected lines. The evaporites are of Late Triassic to Early Cretaceous age. Note the diapiric 

structures, the basement topography and the configuration of faults.
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5.2.6 Stratigraphy of TDP 40
Based on the discussion presented here, the three sections of TDP 40 can be correlated with the 

following formations:

Tab. 5.4. The stratigraphy of TDP 40 with the suggested age interval and formation assigned to the 

three sections.

Section Facies Association Depth interval (m) Age interval Formation
Upper FA2, FA3, FA4, FA5 17.9 – 0.0 Lower to middle Albian Kingongo Fm.
Middle FA3, FA4, FA5 60.0 – 17.9 Upper Barremian to 

lower Aptian
Kihuluhulu Fm.

Lower FA1, FA2 88.45 – 60.0 Berriasian to Hauterivian Nalwehe Fm.

5.2.7 Mandawa Basin stratigraphy
TDP 40 can be related to the Mandawa Basin stratigraphy suggested by Hudson (2011) (Fig.2.3). 

Figure 5.27 illustrates this correlation. Here, the Kingongo formation has been added as a 

transitional unit bounded two unconformities to the newly described Lindi formation (Berrosco et 

al. 2015) and the Kihuluhulu formation, belonging to a fluctuating mineralogy from claystones to 

sandstones, dominated by claystones. As discussed, the middle section can be related to the 

Kihuluhulu formation, while the lower section can be related to the lower Nalwehe formation.  

Figure 5.27. TDP 40 put in relation to a modified Mandawa Basin stratigraphy (Hudson, 2011).
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5.3 SEQUENCE STRATIGRAPHY AND ENVIRONMENTAL 

INTERPRETATION
In this sub-chapter TDP 40 is firstly assigned sequence stratigraphical trends and systems tracts,  

making up the framework for the environmental interpretations. A discussion regarding the  

interpretations of the respective facies and facies association follows, before two depositional  

models are presented. The terminology used is consequently related to the sequence or depth of  

TDP 40 and not the assigned formation, making correlation to the results less ambiguous.

5.3.1 Sequence stratigraphy of TDP 40
TDP 40 can be divided into ten separate parts at which could be argued to correspond with three 

type of systems tracts (Tab. 5.5 and Fig. 5.28). 

Tab. 5.5. The sequence stratigraphic developments found throughout TDP 40.

Facies Association Section (Formation) Depth (m) Systems tract
FA4 Upper (Kingongo) 2.6 – 0.0 High stand
FA3 Upper (Kingongo) 6.1 – 2.6 Transgressive
FA4 Upper (Kingongo) 6.2 – 6.1 Highstand
FA3 Upper (Kingongo) 11.1 – 6.2 Transgressive
FA4, FA5 Upper (Kingongo) 13.0 – 11.1 Highstand
FA3 Upper (Kingongo) 15.9 – 13.0 Transgressive
FA2, Upper (Kingongo) 17.9 – 15.9 Lowstand
FA4, FA5 Middle (Kihuluhulu) 53.0 – 17.9 Highstand
FA3, FA4 Middle (Kihuluhulu) 60.0 – 53.0  Transgressive
FA1, FA2 Lower (Nalwehe) 88.45 – 60.0 Lowstand

The lower section of TDP 40 show a clear trend of inverse grading from silty sand into coarse 

sands and eventually conglomerates, suggesting it to be a regressive development. The 

parasequences present throughout this section do indicate a prograding succession that would be 

accompanied by subaerial erosion of proximal areas, reducing accommodation space and forcing 

the shoreline to shift basinwards (Coe & Church, 2003). This is clearly the pattern of the lower 

section at which display a shift from a calcite-low, carbonate-low, bioturbated, silty sand rich units 

to shell rich, organic rich, sand units and even conglomerates lacking bioturbation (Fig. 4.1). 

Furthermore, the relative abundance plots and preservation ratios (Fig. 4.26 & App.Tab.2; 

App.Tab.6) do support this trend as it is evident that the same interval display;

1. An increase in polycrystalline quartz and rock fragments.
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2. A decrease in the K-feldspar/K-feldspar+Plagioclase ratio (confer Goldich dissolution 

series)

3. An increase in the preservation degree of feldspars

The grain size distribution and maximum grain size (Fig.4.25) found in this section do as well show 

an increasing transportation capacity (Fig.5.35) during this interval when related to the the maturity 

classification scheme made by Folk (1951). The upper part of this section is bounded by the erosive 

contact at which the middle section follows, serving as the sequence boundary. 

Figure. 5.28. The 
sequence stratigraphical 
developments of TDP 40.
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The middle section of TDP 40 show a clear trend of normal grading from silt to clay (Fig. 4.1), and 

could be suggested to be a transgressive development (Fig.5.28). The parasequences present 

throughout this interval indicate a retrograding succession that would be accompanied by a relative 

increase in accommodation space with the shoreline moving in a landward direction (Coe & 

Church, 2003). This is evident in this section which display a shift from a relatively coal rich, silt 

unit with several beds of sand in to a less coal rich, clay unit lacking sand units while displaying a 

relatively higher abundance in the preservation of fossil tests (Fig. 4.5, 4.6,  4.11). This is also 

supported by the preservation degree of feldspars at which do decrease throughout the middle 

section (Fig. 4.26), indicating increasing distance from the source area. Lastly, the grain size 

distribution do show an increasing trend in the clay component (Fig. 4.25), indicating an decreasing 

transportation capacity for the system during this interval (Fig.5.35). As mentioned, the middle 

section is bounded by an erosive contact with the lower section (Fig.5.28). This is the case with its 

upper part as well, at which is bounded by an erosive contact with sandstone deposited on top. This 

boundary is confirmed to be an unconformity by Berrosco et al. (2015) by the use of nannofossils.

The upper section of TDP 40 consists of three distinct sequence stratigraphical developments. The 

lower most one supersedes the middle section and is a normally graded sequence from coarse sand 

to clay (17.9 – 11.1 m; Fig. 3.4), suggesting a transgressive development (Fig.5.28). This sequence 

is succeeded by a second one after an erosional contact on 11.1 m (Fig.3.4). The second sequence is 

a normally graded sequence from sandy silt/silts to clayey silt (11.1 – 6.1 m), suggesting a 

transgressive development. The erosional boundary at 6.1 m serving as an unconformity (Fig.3.4) is 

also confirmed by Berrosco et al. (2015) by the use of foraminiferas. The upper part of this section 

(6.1 – 0.0 m) displays yet another normally graded sequence from sandy silt to clayey silt, 

suggesting a transgressive development. The data set acquired from XRD and optical studies of the 

upper section is not sufficiently enough to confirm all the three developments in detail. Still, the 

data available (Fig. 3.4, 4.7, 4.8, 4.21 & 4.27) are consistent with this trend:

1. The log illustrates this development

2. The thin section analyses from this section correspond to the development for the lower 

interval (17.9 – 11.1 m); feldspar abundance and preservation, rock fragment abundance and 

grain size analyses.

3. The XRD- results correlates with this trend for the lower and middle intervals (17.9 – 11.1 

& 11.1 – 6.1 m). 
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5.3.2 Environmental interpretation
5.3.2.1. The lowstand systems tract of the lower section (88.45 – 60 meter)

FA1 is the first association of this systems tract. It is interpreted to be the upper transitional zone 

deposits of the lower shoreface between nearshore and offshore (Howard & Reineck, 1981). It is 

suggested to be on the margin area of a barrier island system as a part of a generally shallow 

epicontinental sea/protected shelf (Discussed later). The association is interpreted to be belonging to 

the skolithos ichnofacies (Seilacher, 1967) with observations interpreted as skolithos (Haldeman, 

1840) and ophiomorpha (Lundgren, 1891) type of trace fossils (Fig.4.2.e). Furthermore, it is rich in 

mud drapes from quick deposition, displays occasional cross bedded ripples interpreted as parts of 

hummocky cross stratification structure (Fig.5.29) and has very fine grain size of sand. It belongs 

clearly to a moderate energy regime (Fig. 5.36; Hjulstrøm, 1939; Folk, 1951; Boyd et al. 2006). 

Furthermore, the increase in coal fragments from coal needles to larger coal fragments (Fig.4.2.c), 

together with the mineralogical trends are consistent with a gradual shallowing from the transitional 

shoreface to the margin of the middle shoreface. The occasional oxidized iron-oxides (Fig.4.2.b) are 

interpreted to be deposited during extreme events, being first oxidized on dry land before being 

flushed offshore, possibly due to processes like flash floods in a relatively dry area. 

Figure 5.29. Sedimentary structures of FA1. Note the plant debris on top of the ripple which is 

interpreted to be a part of a hummocky cross stratified structure.

Facies 1: Upper transitional zone deposits

This unit show cross bedding, coal needles, high abundance of mud-drapes , occasional clasts of 

oxidized iron-oxides (Fig.4.2.b) and intense bioturbation of skolithos type (Fig.4.9.e). Most 

sedimentary structures seems to be obscured by bioturbation, a common case in such environments 
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(Howard & Reineck, 1981). It is interpreted to be below the mean fair weather wave base (MFWB) 

and is mainly affected by occasional storms.

Facies 2: Lower shoreface deposits

This unit show cross bedding (Fig.4.2.d), abundant mud drapes (Fig.4.9.a & 4.9.c), larger coal 

fragments than F1 (Fig.4.2.c), occasional clasts of oxidized iron-oxides and intense bioturbation of 

skolithos type. It display a decreasing degree of silt and is interpreted to be a part of the lower 

shoreface on the margin to the middle shoreface. It is interpreted to be just below the MFWB.

FA2 succeeds FA1 gradually by a evident transition into an increasing degree of coal fragments, the 

appearance of shell fragments (Fig.4.4.e) giving a high degree of calcite cementation, as well as a 

strong reduction of silts (Fig.3.4). This association is interpreted to representing nearshore deposits 

dominated by the lower and upper shoreface facies. The two conglomerates are interpreted to be 

representing the erosional boundary of distributary channel (the polymictic conglomerate) and 

lagoonal deposits. FA2 is generally low on trace fossils, and display larger sized burrows than FA1, 

interpreted to be a thalassinoides (Ehrenberg, 1944) type of trace fossils (Fig.4.4.c). The general 

mineralogical trends displays strong support for a further shallowing of the basin with an increase in 

e.g. polycrystalline quartz and rock fragments (App.Tab.1 & 2). The intervals lacking due to core 

loss (See Fig.3.4) in the upper part of FA2 could be the remnants of barrier island deposits (See 

Reinson, 1979). Those could have been relatively porous due to their low degree of clays and 

biogenic carbon, resulting in a lower degree of consolidation, increasing the chance of core loss.

Facies 3: Lower shoreface deposits

Those units display a generally lower degree of bioturbation than underlying sediments, but with 

enlarged diameter (Fig.4.4.c) and interpreted to be of thalassinoides type. Some soft sediment 

deformation, clasts of oxidized iron-oxides, an increasingly larger grain size accompanied by larger 

coal fragments are present, all indicative of an increased energy in the environment compared to 

FA1 (Fig.5.36). The unit is interpreted to be close, but below the MFBW, which could be argued to 

be the driver for the evident increase in energy.

Facies 4: Middle shoreface deposits

Those units are distinct by the transition into shell rich units shell fragments (Fig.4.4.b; 4.11.g), 

increasing size on plant fragments and a further decrease in bioturbation. It is interpreted to be 

located in the upper shoreface zone above the MFBW, constantly being reworked (Fig.5.36) which 

have resulted in the high degree of sorting and rounding found (App.Tab.3).
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Facies 5: Distributary channel deposits

The polymictic conglomerate with the sandy matrix could be interpreted to be the base of a tidal 

channel at which display an erosional transition from the lower lying facies 3. It is devoid of shelly 

material, while carrying large detrital clasts of quartz, iron-oxides and plant fragments, clearly 

indicating long transportation(Fig.5.30). The lack of marine influence suggests it to be of fluvial 

origin, which correlates with Karegas (2014) interpretation based on microfossils. The deposition of 

calcite cemented sandstone clasts (Fig.4.3) in the upper parts of this conglomerate are interpreted to 

be of intraformational origin as this distributary channel eroded the underlying deposits. If this is 

the case; the fact that those clasts are fully calcite cemented indicate a early calcite cementation. 

The transition into coarse weakly consolidated sand (Fig.3.4) can be suggested to be a transition 

into a barrier island passing over the channel. 

It should be noted that this unit also display strong 

similarities to tide-worked conglomerates (See Boggs, 

2009) at which has been reported from modern marine 

environments (Phillips, 1984). Those are typically 

moderately to poorly sorted, irregularly graded, matrix 

supported and generally display

an upward fining trend with clasts diminishing in both 

size and abundance (Phillips, 1984). This description 

fits very well with that of facies 5. but as the 

depositional cycle is suggested to be large scale sand 

dunes and waves being transported by tidal currents 

Figure 5.30. The polymictic conglomerate 

interpreted to be the erosional base of a 

distributary channel

during spring tides; one would expect shell fragments to be present. 

Facies 6: Upper shoreface deposits

Being a mix of calcite-cemented (Fig.4.11.c), shell rich (Fig.4.4.e), soft-sediment deformed 

(Fig.5.31) well sorted and well rounded sand and porous sands almost devoid of shell fragments, 

together with a anomalously large degree of core loss, this unit is interpreted to be made up of 

barrier island related deposits. The facies is partly dominated by core loss which is interpreted to be 

due to a potentially low degree of preservation of the weaker consolidated aeolian deposits. It is 

succeeded by significant core loss before the oligomictic conglomerate, interpreted to be lagoonal 

deposits occur. The ooids found in this facies, together with what is interpreted to be a bryozoan 

animal, do further support the general interpretation of this section (Fig. 4.8.2), both being typical of 

warm shallow carbonate shelfs (See e.g. Bone & Wass, 1989).
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Facies 7: Lagoonal deposits

The oligomictic conglomerate with the micritc 

matrix is interpreted to be a lagoonal type of 

conglomerate. Its matrix is devoid of shell 

fragments and consists mainly of micrite that 

could have been washed in by tides. The clasts 

are all sedimentary rip-up clasts of former 

calcite-cemented sandstones, apatite cemented 

detrital and biogenic fragments, micritc-rich 

claystone from former sea-bottom or even partly 

consolidated clasts of the lagoonal conglomerate 

(Fig. 5.32). Those, interpreted to represent shelf 

and beach deposits, were probably deposited 

during flash flood -like events or linked to a 

lagoonal flood delta eroding former deposited 

sediments. The intense pyrite growth indicate as 

well of the lack of bioturbation indicate anoxia, 

which fits well with a lagoonal setting with 

Figure 5.31. A load cast in the fully calcite 

cemented shell rich deposits of F6.

Figure 5.32. A thin section of the oligomictic 

conglomerate, interpreted as the lagoonal 

deposits.
 relatively extreme conditions. Furthermore, a preserved fossil fragment interpreted to be an 

echinoderm indicate that anoxic conditions were likely in place. It should be noted that it could 

alternatively be interpreted to be belonging to a tidal delta plain 

5.3.2.2. The transgressive systems tract of the middle section (60 – 53.0 meter)

FA3 of the middle section (Kihuluhulu Fm.) is a siltstone interpreted to be of the lower

transition zone on the shallow continental shelf, 

well above the mean storm wave base (MSWB) 

and in proximity to the mean fair weather wave 

base. The background sedimentation would 

consists of rolling silts and deposition of 

suspended clay during calm weather conditions. 

The thin calcite-cemented sand beds (Fig.4.5.b) is 

interpreted as sediment gravity flow in the form of 

small scale submarine debris flow from slope 

failure in the shallow marine environment at which
Figure 5.33. Burrows from FA3 interpreted as 
arenicolite type. 
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Kiturika formation was deposited (Hudson, 2011; Fig.2.3). The potential triggers for those would be 

both storms and potential tidal channels as well as tectonic activity. The close-to-horizontal 

laminations of these beds are disturbed by trace fossils interpreted to be of the cruziana ichnofacies 

(Seilacher, 1967) as trace fossils interpreted to be arenicolites (Salter, 1857; Fig.5.33), aulichnites 

(Fenton & Fenton, 1937), thalassinoides and ophiomorpha are found here. This ichnofacies is 

typical for epicontinental seas and fits well with the idea of a relatively shallow shelf, while the 

presence of ophiamorpha (Fig.4.5.a) confirm the proximity to shallow waters (Seilacher, 1967). The 

many fine mm-scale clay lenses are interpreted as storm induced clay deposits (Fig.4.16.e). The 

many glauconite clasts indicate that old seabottom were eroded at the time and could potentially be 

linked to tectonic events. Lastly, it should be noted that the bedding and the dominant grain size 

indicate a low energy regime (Fig.5.36). 

Facies 8: Lower transition zone deposits

This facies is interpreted to be the background sedimentation of FA3 in the middle section. It 

display the characteristics discussed above, suggesting it to be a unit of a relatively low energy 

regime below the MFWB but above the MSWB.

5.3.2.3. The highstand systems tract of the middle section (53.0 – 17.9 meter).

FA4 of the middle section (Kihuluhulu Fm.) is a clayey siltstone interpreted as the distal parts of the 

transition zone, above the MSWB and well below the MFWB on the shelf. It succeeds FA3 

gradually by its finer grain size, increase in coal needles (Fig.4.5.d), increase in carbonates (Fig. 

4.27), increase in coccoliths, increased abundance of arenicolites trace fossils (Fig.5.33) while still 

belonging to the cruziana ichnofacies, being devoid of ophiomorpha trace fossils as well as the 

preservation of foraminiferal tests (Fig. 4.19.c). Those observations do suggest a lower energy 

regime and is accompanied by an increase in the clay component (Fig.4.28). Being the association 

of the middle section with the highest abundance in carbonates indicate that this part of the offshore 

transition zone acted as a carbonate-sill, which could have been an effect of being located on the 

margin of the MSWB. The association has experienced several events of a decrease in the relative 

sea level, at which could be driven by both tectonics or eustatic sea level changes. The presence of 

sedimentary rip-up clasts is interpreted to be due to faulting mechanisms that would have exposed 

those rocks for erosion. It should be noted that it could as well be deposited due to storm wave 

activity, eroding partly consolidated material.. The thin, abrupt coarser units that interrupt the 

background sedimentation at several depths are interpreted to be of the very same nature as the 

small scale submarine debris flow described in FA3. The presence of mm to cm scale mud drapes in 
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some samples (Fig. 4.17), indicate a location above the MSWB. The authigenic apatite found at 

some depths (Fig. 4.20.d) is interpreted to represent the mechanism at which serves as the source 

for the allogenic apatite found in other lithologies and is probably strongly linked to the potential 

upwelling zones of the time (discussed later).

Facies 9: Marginal offshore deposits

This facies is interpreted as the background sedimentation of FA4, located in the distal parts of the 

offshore transition zone. The unit show microscopic mud drapes interpreted as the result of storm 

waves, indicating that hummocky cross stratification might be present although not identified here 

as the core diameter put restrictions on the lateral observations. Furthermore, coal needles, 

occasional clasts and bioturbation of the cruziana ichnofacies supports this interpretation. The 

facies display both gradual and abrupt transition to calcite cemented sections of F8 (Fig.3.4) which 

is interpreted as gradual eustatic sea level changes, tectonically induced sea level changes or 

submarine debris flow deposits. Typically a complete gradual cycle display a gradual inverse 

grading into F8, succeeded by normal grading back to F9 (Fig.3.4). Some intervals display a 

gradual inverse grading into F8, succeeded by abrupt transitions back to F9  (Fig.3.4) and is 

interpreted as periods of infilling that were disturbed by tectonic events, resulting in rapid relative 

sea level rise. The abrupt and erosional contacts from the clayey silt of F9 to F8 either followed by a 

gradual normal grading or a relatively abrupt fining back to F9 is interpreted as small scale 

submarine debris flow. 

FA5 of the middle section (Kihuluhulu) is a silty clay, interpreted as the offshore part of this 

shallow continental shelf. It is below the MSWB and succeeds FA4 by a normal grading, decrease 

in carbonates (Fig. 4.28), increased preservation of larger fossil fragments (Fig.4.6.e) as well as an 

enrichment of clays. This clearly indicates a lower energy regime (Fig.5.36) with increased settling 

of clays from suspension, as displayed by its fine laminations (Fig.4.6.d). As with FA3 and FA4; the 

cruziana ichonfacies prevails as well as the occasional small scale submarine debris flow from slope 

failure in the shoreface area (Fig.3.4). The thin section studied in this interval show round features 

of silty material in the clay-dominated matrix at which is interpreted as bioturbation after a relative 

sea level rise (Fig. 4.19.a). 

Facies 10: Offshore deposits

This facies is interpreted as the background sedimentation of FA5, located in the offshore zone of 

the shallow continental shelf. Macrofossils and zones of intense pyritisation indicates sub- to anoxic 
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conditions, at least occasionally as bioturbation is intense in some beds (Fig.4.6). This is consistent 

with the features of this facies at which all suggests a low energy environment. F9 interrupts F10 by 

several abrupt coarsening events succeeded by normal grading (Fig.3.4), interpreted as gravity 

flows in the shape of small scale submarine debris flow. The upper most appearance of this facies is 

an inverse grading from facies 9 at which is interpreted as the result of periods of gradual infilling 

of the basin.

5.3.2.4. The lowstand systems tract of the upper section (17.9 – 15.9 meter)

FA2 of the upper section (Lindi Fm.) is a medium grained sandstone.

Facies 11: Upper shoreface deposits  

The facies abruptly succeeds the Kihuluhulu clays by an erosional contact and is interpreted to be 

the beach face of a high energy environment. It is supermature (Fig.5.36), consisting of well 

rounded (Fig.4.21.c) and well sorted quartz grains and mud clasts (Fig.5.34) in a matrix of calcite 

cement with remnants of biogenic material (Fig.5.34), indicating a shell rich- energetic environment 

being supplied by sedimentary rip-up clasts of former sea bottom (Fig. 5.34). The high abundance 

of those clasts strongly indicates rapid sea level changes that could have been tectonically induced. 

The presence of apatite clasts is interpreted to be linked to the apatite generating processes that are 

found in the middle section (Fig.4.20.d), possibly due to upwelling. The transition into sandy silts 

through upper and lower shoreface is rapid but gradational, suggesting a relatively quick relative 

sea-level rise.  

Fig. 5.34. The nature of the shell rich sandstone from the upper section interpreted to be beach 

deposits.
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5.3.2.5. The transgressive systems tracts of the upper section (15.9 – 13.0, 11.1 – 6.2 & 6.1 – 2.6 

meter)

The intervals of the upper section belonging to FA3 are interpreted to belong to the offshore 

transition zone. They share the feature of belonging to a silty grain size with a minor clay 

composition as well as a fluctuating abundance of very fine sand as well as being highly bioturbated 

(Fig. 5.35) to a degree that has distorted any sedimentary structures present. The ichnofacies is 

interpreted to be cruziana (Fig.5.35), as those intervals share the features described for FA3 of the 

middle section. The association acts as link between the proximal areas of the coast and the offshore 

areas, being succeeded by FA4 in all its intervals. The coarse grained sandy interruptions (Fig. 

4.8.b) are interpreted to be the result of the same small scale submarine debris flow processes as 

seen in the FA3 of the middle section. It should be noted that those do display a slightly coarser 

signature than those of the middle section, an observation that is true for the background 

sedimentation as well. This suggests that the FA3 of the upper section is belonging to a slightly 

more proximate part of the offshore transition zone than that of the middle section. Still, those are 

interpreted to be between the MFWB and the MSWB.

Figure 5.35. Intense bioturbation of the arenicolite type of ichnofossil in FA3.

5.3.2.6. The highstand systems tracts of the upper section (13.0 – 11.1, 6.2 – 6.1 & 2.6 – 0.0 

meter)

As in the middle section, FA4 supersedes FA3 (Fig.4.1). It is interpreted to be of the same 

depositional regime as the FA4 of the middle section. The dominating ichnofacies is still cruziana, 

and seems somewhat more intensely bioturbated in the upper section, which is interpreted to be an 

indication of enhanced bottom circulation. No coarse grained units were found to interrupt those 

intervals as with the FA4 of the middle section, but as the degree of weathering is relatively high in 

this part of the core it is not unlikely that there could be some that were not distinguished during 

logging. The carbonized roots (Fig. 4.8.e) found in the upper section is interpreted to be of recent 
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diagenesis as the result of relatively recent paleosoils. FA5 is only preserved in one interval of the 

upper section, but was likely deposited on top of FA4 in other intervals as well, only to be eroded 

during what could be suggested to be tectonically driven sea-level changes. One unconformity, 

identified by Berrosco et al. (2015) by the use of forams is confirmed by the erosional contact 

between the offshore sedimentation of FA4 at which is cut by a sand-rich unit of FA3.

Figure 5.36. Classification of the facies associations of TDP 40 according to maturity in relation to 

energy regimes and completeness of processes (Modified from Folk 1951).

5.3.2.7. Depositional systems

Based on the environmental interpretations (Tab. 5.6) of the facies of TDP 40, two depositional 

scenarios has been distinguished:

1. The barrier sedimentary system of the Nalwehe sandstone (lower section; Fig.5.37)) with a 

transition from the lower shoreface through the upper shoreface and foreshore into lagoonal 

deposits. This unit display a regressive trend, as well as possessing features indicating active 

tectonism.  

2. The shelf-dominated sedimentary system of the Kihuluhulu and Lindi silt- and claystones 
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(Fig.5.38) with sedimentation on a shallow continental shelf in the offshore transition and 

offshore zone, as well as one case of a beach deposits (Lindi Fm.). The units display 

transgressive trends, with the Lindi Fm. displaying a relative high degree of regressive 

parasequences bounded by erosional contacts, indicating frequent relative sea level changes. 

The Kihuluhulu Fm. display a rather stable pattern of regression with indications of a 

relatively less intense scale of relative sea level changes. It could be suggested that this 

indicate an increase in the degree of tectonic activity during early Albian times when the 

lower part of the Lindi Fm. was deposited.

5.3.3 STRATIGRAPHICAL CHALLENGES
The depositional models suggested here correlates well with those of the correlated formations. 

It should be noted though, that there are significant challenges regarding distinguishing between 

several formations. Hudson (2011) reported that the Nalwehe, Makonde & Kihuluhulu 

formations were chemically indistinguishable, while arguing the Makonde and the Nalwehe 

formations to be indistinguishable by their major trace and elemental geochemistry as well as 

their expression. It could be suggested, as Hudson also do, that the fluvial/deltaic sands of the 

Makonde formation, time-equivalent to the Kihuluhulu formation, are the very same formation 

as the Nalwehe formation at which in TDP 40 the Kihuluhulu formation are transgressed onto. 

Furthermore, it could be suggested that the clay-rich units of the Mbaro marls at which the 

Nalwehe regressed upon, resulting in the rip up clasts of marine clay and fluorapatites, could 

have a gradual transition into the Kihuluhu. 

The suggested transition between the Kihuluhulu formation and the Kingongo formation does 

seem appropriate in the results discussed here. It should be noted that Hudson were unable to 

distinguish between the two to such a degree that the Kingongo formation was left out of the 

stratigraphy and merged with the Kihuluhulu fm. A similar problem is also present for the 

transition into the Lindi formation, at which has been reported to be indistinguishable from the 

Kihuluhulu formation during field observations (K Fossum, 2015, pers. comm.). However, the 

results discussed and presented here indicate a transitional unit to be present between the 

Kihuluhulu and the Lindi formation, making the formerly used Kingongo formation a suitable 

name for this unit.
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Figure 5.37. Depositional model for the Lower Section, interpreted to be the Nalwehe formation deposited during Early Cretaceous times, possibly 

Hauterivian (Model is based on a hybridisation of the results in this thesis with the work of Hudson, 2011; Fig.2.3).



Figure 5.38. Depositional model for the Middle and Upper sections, interpreted to be the Kihuluhulu and Kingongo formations deposited from the 

Barremian to the Albian. The Kingongo formation is interpreted to have been deposited during a period of active tectonics as well as a relatively higher 

sea level than indicated here (Model is based on a hybridisation of the results in this thesis with the work of Hudson, 2011; Fig.2.3).



Table 5.6. The interpretation of the facies of TDP 40.

Facies Grain size Interpretation Depth intervals (m)
F1: Bioturbated 
sandy siltstone

Silt to very fine sand Middle transition zone deposits 87.2 – 81.4, 79.9 – 79.7

F2: Bioturbated 
silty sandstone

Very fine to fine sand Upper transition zone deposits 81.4 – 79.9, 79.6 – 72.8

F3: Bioturbated 
sandstone

Fine to medium sand Lower shoreface deposits 72.8 – 72.4, 72.5 – 70.7

F4: Shelly 
sandstone

Fine to medium sand Middle shoreface deposits 72.5 – 71.4, 70.2 – 68.7

F5: Polymictic 
conglomerate

Clay to medium sand Distributary channel deposits 68.7 – 68.1 

F6: Soft 
sediment 
deformed shelly 
sandstone

Medium to coarse sand Upper shoreface deposits 68.1 – 67.9, 66.7 – 64.9, 62.2 – 62.0

F7: Oligomictic 
conglomerate

Clay to coarse sand Lagoonal deposits (Tidal delta plain deposits) 60.5 - 60

F8: Bioturbated 
siltstone

Silt Lower transition zone deposits 60.0 – 53.1, 51.3 – 50.6, 49.5 – 48.4, 
48.2 – 48.1, 47.2 – 47.0, 46.5 – 46.3, 
40.1 – 38.9, 35.0 – 34.8, 34.0 – 33.8, 
33.1 – 32.1, 28.2 – 27.9, 27.0 – 25.9

F9: Laminated 
clayey siltstone

Clay to silt Marginal offshore deposits 53.1 – 51.3, 50.6 – 49.5, 48.5 – 48.3, 
48.1 – 47.2 47.0 – 46.5, 46.3 – 40.1, 
38.9 – 35.0, 34.8 – 34.0 33.8 – 28.9, 
28.7 – 28.2, 27.9 – 27.0, 25.6 – 25.0, 
24.5 – 24.2, 22.9 – 22.8, 18.6 – 17.9

F10: Claystone Clay to silt Offshore deposits 25.0 – 24.5, 24.2 – 22.9, 22.8 – 19.9, 
18.9 – 18.6

F11: Mud-clast 
bearing shelly 
sandstone

Medium to coarse sand Upper shoreface deposits 17.9 – 16.9, 16.2 – 15.9

F12: Heavily 
bioturbated 
sandy siltstone

Silt to very fine sand Lower transition zone deposits 15.9 – 12.9, 12.1 – 6.2, 6.1 – 4.9, 3.3 
– 2.8

F13: Bioturbated 
clayey siltstone

Clay to silt Marginal offshore deposits 14.4 – 12.9, 6.2 – 6.1, 2.8 – 2.0 & 1.4 
– 0.0

F14: Bioturbated 
claystone

Clay to silt Offshore deposits 12.9 – 12.1
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5.4 DEVELOPMENTS
Here, the trends of selected nearby basins and a note on the offshore deposits are presented. Lastly,  

this short review, together with the results of this thesis, culminates in a summarizing discussion on  

the main trends of the Cretaceous during the deposition of the succession of TDP 40 .  

Figure 5.38 (Modified from Engvik et al. 2007)

5.4.1 Rovuma Basin
South of the Rovuma Saddle are the Rovuma Basin located (Fig. 5.38). Recent work on its northern 

stratigraphy (e.g. Smelror et al. 2008; Key et al. 2008) display several interesting trends and 

depositional patterns of relevance to TDP 40 (Fig. 5.39).
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The oldest marine sediments of this basin are of Late Jurassic age, suggested to be controlled by the 

faulting mechanisms of the middle drift stage of Madagascar (Salman & Abdula, 1995; Smelror et 

al. 2008). This marine sequence has been denominated "Pemba formation" and extends in to the 

Albian, making in time-equivalent to TDP 40, which made Hudson (2011) claim it to partly 

correlate with the Kihuluhulu formation. 

Furthermore, the Mifume sandstone (Fig. 5.39) formation found at the Makonde plateau on the 

border between Tanzania and Mozambique correlates with the Makonde formation (Hudson, 2011), 

at which are time-equivalent to the Kihuluhulu and the Kingongo formations and probably the same 

unit as the Nalwehe formation. This formation display several facies association interpreted as 

lagoonal (Smelror et al. 2006), illustrating the lagoonal conditions suggested for the lower section 

of TDP 40 to be regionally widespread during the Early Cretaceous.

Three unconformities in the Rovuma basin stratigraphy are of interest;

1. A Barremian unconformity leading to an onshore transition from conglomerates to the 

paralic clastics of the Macomia formation. This transition display similarities to the 

lowermost unconformity of TDP 40 between the Nalwehe and the Kihuluhulu formation 

(Fig.3.4), although it should be noted that Rovuma display a transgressive trend both before 

and after the unconformity.

2. An Aptian-Albian unconformity correlating to the Austrian unconformity (discussed later), 

correlating to the unconformity between the Kihuluhulu formation and the Kingongo 

formation (Fig.3.4)

3. An upper Albian unconformity correlating to the unconformity evident from the lower part 

of several TDP cores, suggested to be the transition between the Kingongo formation and 

the newly described Lindi formation (Fig.5.23)

Above this third unconformity Pemba gets superseded by the Mifume formation at which is 

bounded by an unconformity in the end of the Campanian (Fig.5.39), correlating to the Lindi and 

the Nangurukuru formation (Fig.2.3), which, together with the ambiguous nature of the transition 

assigned between the two (See Berrosco et al. 2015), suggests a merging should be considered.

The end of the Mifume formation (Fig.5.39), with the widespread transgression found throughout 

the Cretaceous, is suggested to mark the end of separate basins in Eastern Africa, resulting in a 

unified East African basin (Smelror et al. 2008; Key et al. 2008).

The developments found in the Rovuma basin display several strong similarities to trends of TDP 

40, while the one difference could implicate a more locally induced pattern: Rovuma show 

transgression during the Early Cretaceous while Mandawa display regression.
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5.4.2 The Selous Basin
West and north, separated from the Mandawa basin by the Masai basement spur, is the Selous rift 

basin located (Fig. 5.38). Here, in tune with the Rovuma basin, a Late Jurassic transgression is 

found, but unlike what is found in the Rovuma basin it is followed by a regression in the Early 

Cretaceous (Mbede & Dualeh, 1997), correlating with the pattern found in the Mandawa Basin 

(Hudson, 2011) and TDP 40 (Fig. 5.39; Fig. 2.3). The regression is suggested to be of Barremian 

age, correlating with the Nalwehe formation. Furthermore, conglomerates of this age interval are 

reported to crop out north of Dar es Salam along Bagamoya road, interpreted as the result of 

tectonic activity (Mbede & Dualeh, 1997). This could be correlative to the clasts found in the lower 

section of TDP 40, further supporting the interpretation of them being tectonically induced. 

It should also be noted that the Jurassic shales reported in this basin, underlying these Early 

Cretaceous sandstones are likely to correlate with the deposits that delivered the allogenic apatite 

clasts found in the Nalwehe of TDP 40 (Fig.4.12.d). 

The Barremian regression in the Selous basin is mainly overlapped by Albian to Cenomanian 

marine sediments at which has been suggested to be due to the Austrian unconformity (Mbede & 

Dualeh, 1997). The Austrian unconformity is thought to have been induced by the Austrian orogeny, 

either as an early phase of the Alpine orogeny or a change in the rate and direction of opening of the 

Atlantic, following the separation of Africa and South America (Mitra & Leslie, 2003). It is known 

worldwide to truncate Barremian sediments (Ruffel, 1992), leading to sealing for source rocks in 

places like Tunisia (e.g. Azaïez et al., 2007). 

One borehole however, namely the Kisarawe-1 well, display Aptian marine sediments of siltstone 

interbedded with shale, interpreted as outer shelf deposits (Mbede & Dualeh, 1997). This strongly 

suggests a similar depositional setting in the Selous basin and the Mandawa basin during the Aptian 

as this correlates strongly to what is found in the Kihuluhulu formation of TDP40 (Fig.3.4). This is 

further supported by the observations of Kent (1971), claiming deposition in the Selous basin 

during the mid-Cretaceous to be strongly dominated by deep marine conditions.

Lastly, it should be noted that also the Makonde sandstone (time equivalent of the Kihuluhulu and 

the Kingongo formations; Fig.2.3) display strong lithological similarities to Cretaceous sandstones 

cropping out across the Selous basin and has been suggested to be the very same unit (Spence, 

1957), indicating that the rift and basin boundaries could have been partly transgressed already in 

the earlier periods of the Cretaceous.
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Figure 5.39. The correlation of the Mandawa basin and the Rovuma basin of southern Tanzania/Mozambique based on the work of Hudson (2011) and 

Key et al. (2006). The compilation of the Tanzanian coastal basins made by Mbede & Dualeh (1997) takes into account the correlation between the 

coastal parts of the Mandawa and the Selous basins.



5.4.3 Offshore deposition
The work done offshore of the Mandawa basin due to oil exploration can shed further lights on the 

depositional trends of the Cretaceous. Unfortunately, the abundant well and seismic data is not 

available at the time, but an EAGE conference on the Eastern Africa petroleum prospects in 2015 

shed some lights on the general trends.

Statoil, working with block 2, has several discoveries, namely Giligiliani, Zafarani and Vanilla, at 

which is of partly of Albian age, time equivalent to the Kingongo formation. Two channel systems 

of regional character are interpreted offshore Mandawa during the Cretaceous (Martinsen, pers.com. 

2015):

– One from the northern saddle point of Ruvu

– One from the southern saddle point of Rovuma

This suggests that the two highs enveloping the Mandawa basin were delivering large amount of 

sediments at the time, potentially isolating the Mandawa basin and indicating the amount of 

accommodation space available in the basin to be large enough to buffer the sediment supply from 

the Masai basement spur (Fig.5.38).

These large channel systems where supplying an area at which display continuous creation of 

accommodation space during the Cretaceous as a result of the activity on the Seagap fault (Jones, 

pers. com. 2015), at which together with the Davie fracture zone (Fig.5.40) probably play a crucial 

role in the petroleum play of these blocks. The BG-group report that block 1 displays a shift in the 

sediment provenance from the Rovuma saddle to the Ruvu during the Cretaceous (Andrade, 

pers.com. 2015), indicating a regional scale change in the depositional system surrounding the 

Mandawa basin during the deposition of TDP 40. 

Both Statoil and BG reports of contourite drift deposits (Martinsen, pers. com.2015; Selvage & 

Bolton, pers. com. 2015), with the onset of modifications in the sediment supply in the Late 

Jurassic, at which probably correlates with the first major transgression in the Mandawa basin. It 

should be noted that countorite deposits could be related to zones of upwelling (Rebesco et al. 

2014), potentially supporting the upwelling scenario suggested here. On the contrary, it has been 

suggested that the Davie fracture zone could have created marginal ridges offshore the Mandawa 

basin, at which are suggested to have restricted circulation below block 1 to 4, leading to the anoxic 

conditions and the development of the suggested Cretaceous source rocks (Fig. 5.39; Higgins & 

Sofield, 2011).

In relation to the constant sedimentation through the Aptian of TDP 40's Kihuluhulu sediments, a 

relatively passive tectonical phase could be argued to be further supported by the reports from BG 
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of constant sedimentation all through the Aptian (Selvage & Bolton, pers com. 2015). It seems that 

this period represents a loop- hole for constant sedimentation in the Mandawa basin, while being 

almost absent in the Selous basin, suggesting a more active phase to the north.

Furthermore, the clay analyses from Statoil display a trend of a diminish of mechanically weathered 

clays such as chlorite from the Lower to the Upper Cretaceous (Hjelseth, pers. com. 2015), 

correlating with the full transgression of the time as displayed by TDP 40 as well.

Interestingly, near-shore sediments of the Lower Cretaceous are suggested to be the origin of the 

source rock for the gas discoveries of Statoil and BP (Higgins & Sofield, 2011), actualizing the 

Mandawa basin project. Furthermore, the subarkosic sandstones of the Songo Songo gas field is 

assigned a upper shoreface setting of Aptian to Albian age (Williams, 2009; Berrosco et al. 2015), 

time equivalent and correlative to parts of TDP 40.

Lastly, it should be noted that the models presented for the Cretaceous from the work done offshore 

the Mandawa basin seldom take in to consideration the degree of transgression evident from cores 

such as TDP 40 (e.g. Fig. 5.40). 

Figure 5.40. A regional model for the offshore Tanzania during Cretacous times (Higgins & 

Sofield, 2011). A deepwater source rock time-equivalent to TDP 40 is suggested. Note the 

paleoshoreline.
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5.4.4 TDP 40 and the Lower Cretaceous
TDP 40 can be argued to be partly displaying or related to several local, regional and global trends. 

The tectonic evolution of not only East Africa, but the whole of Africa with the breakup of 

Gondwana did set the scene for the short window of deposition displayed in TDP 40. As East Africa 

and West Africa displays parallel faulting mechanisms for the Gondwanan break up (Furon, 1963; 

Kent, 1971), a unified stress regime has been suggested for the whole continent, framing the macro 

evolution of basins like the Mandawa basin. 

The faults of the Mandawa basin are dominated by vertical movements, complicating 

interpretations of the tectonically active periods as relatively large local variations do occur (Kent, 

1971). Kent (1971) suggests a minor phase of tectonic activity to have taken place during the Lower 

Cretaceous, correlative with the Nalwehe (Fig.5.41). This period was succeeded by a period of local 

faulting due to the movement of evaporites (identified by Dixey, 1946 & 1956), correlative with the 

deposition of the Kihuluhulu and the Kingongo formation. The area became tectonically stable 

during the Late Cretaceous, correlating to the boundary between the Kingongo formation and the 

Lindi formation (See. e.g. Mbede & Dualeh, 1997). This crustal instability during the Aptian – 

Albian has been reported from the whole coast of East Africa, displayed as arenaceous 

developments (Kent, 1971).

Figure 5.41. A cross section from the northern part of the Mandawa basin made by Kent (1971) The 

Kingongo formation, the Kihuluhulu formation as well as an underlying sandstone unit of 

Hauterivian – Barremian age all display lithological characteristic and formation boundaries 

correlating strongly to what is found in TDP40 (Fig.3.4)
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The suggestion of Berrosco et al., 2015, of the presence of Anoxic event 1 in the mid to upper 

section of TDP 40, together with the globally known transgression of the Aptian to the Cenomanian 

(See e.g. Schlanger & Jenkyns, 1976) suggests TDP 40 displays a eustatic sea level induced 

transgressive trend in its to upper sections. This is further supported by the suggested correlation to 

the Austrian unconformity for the Kihuluhulu and the Kingongo transition (Mbede & Dualeh, 1997, 

Hudson, 2011) at which was one of the major stratigraphical boundaries identified by Kent (1971). 

Kent noted that there are several locally induced transgressive and regressive trends at which could 

be correlated to local faulting and diapiric movements. TDP 40 does seem to display events of such 

locally induced relative sea level changes, especially in its upper section, correlating to the 

Kihuluhulu formation. This indicates that the block at which TDP 40 is situated underwent a 

relatively calm tectonically period during the deposition of the Nalwehe and the Kihuluhulu, with 

only minor fault movements and occasional deposition of allogenic fault induced clasts from nearby 

blocks, before undergoing an active period throughout the Albian during the deposition of the 

Kingongo formation. It is likely that nearby blocks would display a slightly different depositional 

sequence, complicating stratigraphical correlation. This is probably the driver for the stratigraphical 

confusion regarding the Kihuluhulu formation and the Kingongo formation.

The tectonical events creating this depositional sequence is likely to be related to the southward 

movement of Madagascar of the time, leading to new faults, reactivation of old faults and salt 

diapiric movement. It should be noted here that the tectonically active period after the deposition of 

the lower section of TDP 40 (Nalwehe Fm.) could have led to the percolation of hydrothermal fluids 

in to these sediments, generating authigenic chlorite growth, k-feldspar growth and albitisation as 

discussed in the diagenesis chapter. 

The basement high found northeast of TDP 40 is likely to have been of crucial importance 

regarding sedimentation until the global transgression of the Albian, leading to deposits like the 

Makonde (Fig.2.3), into downwarps inland, distinct from the seaward dipping post-Cretaceous beds 

(Kent, 1971). This structural feature is likely to have been setting the scene for the localized 

lagoonal settings suggested by Kent (1971), supporting the environmental interpretation of TDP 

40's lower section. Furthermore, Kent suggests, based on microfossils, limited circulation due to 

upwarps in the seaward parts of the basin to have been present into the mid-Cretaceous. This is 

further supported by the restricted faunas found in the Kihuluhulu formation of TDP 40 (Berrosco et 

al. 2015), further supporting that the faunal change, indicating open marine conditions, found into 

the Kingongo formation was due to the large transgression, ending the restrictions posed by this 

basement high.
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Global paleoclimatic models of the Lower Cretaceous could further shed lights on the depositional 

trends found in TDP 40. It is intriguingly interesting that the model developed by Price et al. (1995) 

suggests zones of upwelling to have been established outside the Mandawa basin by the end of 

Jurassic into the Cretaceous (Fig. 5.42), suggesting a link to the generation of the sedimentary 

apatite found throughout TDP 40. Furthermore, Price et al. (1995) suggests a change from a high 

pressure dominated weather system over the Mandawa basin to a low pressure dominated system 

west of the basin from the lower to the middle Cretaceous as the Mozambique channel opened. 

Models of surface oceanic circulation patterns could be argued to support the upwelling hypothesis 

as Barron & Peterson (1989) indicate that the current of warm surfaces from the Tethys sea could 

have developed a gyre north of the Mozambique channel in the transition zone to the cold current 

from the proximate oceans of Antarctica (Fig. 5.42).

.

Figure 5.42. A climatic model of the global pressure zones for the Early Cretaceous (Price et al., 

1995). The red square show the location of the Mozambique channel with Tanzania located to the 

west. The model suggests upwelling to be present.
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Figure 5.43. A climatic model of the oceanic surface currents for the Middle Cretaceous (Barren & 

Peterson, 1989). The red square show the location of the Mozambique channel with Tanzania 

located to the west. The model suggests a gyre the be present outside the margin of Tanzania.

5.5 FURTHER STUDIES
The results and discussion of this thesis leaves several aspects of the Mandawa Basin stratigraphy 

and depositional development which can be further investigated.

– Stratigraphically the relation between the Kihuluhulu, the Kingongo and the Lindi (or 

Nangurukuru) formations could be further investigated. Especially the nature of the 

Kingongo formation is interestingly; Is it always displaying such fluctuating cycles of 

sedimentation?

– The distinction between the Nalwehe and the Mitole formation is also another 

stratigraphically challenge; are they the same unit at which the Kihuluhulu is transgressing 

on?

– The authigenic chlorite growth in the lower section of Kihuluhulu should be further 

investigated; could it be due to other processes than tectonically induced percolation of 

hydrothermal fluids?

– The role of the basement high NE of TDP40 should be further investigated.

– The role of upwelling and the Davie fracture zones hypothetical ridges should be always 

considered in future work

– The upper section of TDP 40 could be studied in more detail
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6. CONCLUSIONS
This thesis discusses the diagenesis, stratigraphy and environmental interpretation of TDP 40, 

putting forward thoughts on the local, regional and global geological developments in the Mandawa 

Basin of the Early Cretaceous. Fig. 6.1 summarizes the results of this thesis.

Four diagenetic plays are suggested for the compositional and textural expression of these 

sediments. The key driver in the different plays are the dominant matrix mineral, at which is either 

clays or calcite cement. The fully calcite cemented sandstones display signs of early calcite 

cementation at which has dramatically reduced the effects of later diagenetic processes. The partly 

calcite cemented silt- and sandstones display signs of pressure dissolution induced calcite 

cementation in fossiliferous areas, as well as pyrite growth and limited infiltration residuals of 

smectite in the early diagenesis. In the late diagenesis, authigenic k-feldspar growth on detrital k-

feldspar grains under low temperature conditions, as well as dolomitization and illitization of 

smectites and feldspars has occurred. In the clay rich or fully clay packed conglomerates, siltstones 

or claystones, two related but slightly different sequence of events are found. In conglomerates, 

abundant calcite and clay material was deposited during restricted circulation, accompanied by 

pyrite growth. Initial pressure dissolution induced calcite cement developed and could  have 

stabilized the sediment package, reducing the later degree of compression. In the late diagenesis 

dolomitization and illitization of smectites and feldspars occurred. In the silt and claystones several 

macrofossils are preserved accompanied by pyrite, apatite and glauconite growth. In the late 

diagenesis dolomitization and illitization of smectites and feldspars occurred. In the partly clay 

packed silt- and sandstones an anomalously scarcity of CaCO3 is found. Limited pyrite growth and 

infiltration residuals of smectite occurred in the early diagenesis. In the late diagenesis illitization of 

smectites and feldspars, as well as authigenic chlorite and k-feldspar growth together with 

albitisation of detrital k-feldspar grains occurred. Those processes are suggested to be related to a 

tectonically active period of the Cretaceous as hydrothermal fluids percolated the sediments.

TDP 40 has been stratigraphically correlated with former TDP sites, outcrop logs, proximate 

exploration wells and seismic lines and linked to the Mandawa basin stratigraphy developed by 

Hudson (2011). The results suggests TDP 40 to be composed of three distinct units; The lower 

Nalwehe formation of Hauterivian age; the Kihuluhulu formation of Barremian to Aptian age; and 

the Kingongo formation of Albian age. The stratigraphical relation between the Kihuluhulu, the 

Kingongo and the newly described Lindi formation should be revised. 

The lower section of TDP 40, belonging to the Nalwehe formation, is interpreted to be a part of the 

regionally known regressive development in the earliest part of the Cretaceous with the transition 
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from transitional shoreface deposits into lagoonal or tidal deposits. Similar depositional regimes has 

been suggested for time-equivalent deposits in nearby basins (See e.g. Key et al. 2008) as well as in 

the Mandawa basin (See Kent, 1971). The middle section, belonging to the Kihuluhulu formation, is 

interpreted to be a part of a more local transgressive development at which is bounded by two 

regionally correlative unconformities; the Barremian unconformity below (Hudson, 2011) and the 

global Austrian unconformity of late Aptian age (See e.g. Mbede & Dualeh) above. The section 

display a transition from deposits from the offshore transition zone above the mean storm wave 

base and below the mean fair weather wave base to offshore deposits below the mean storm wave 

base. The upper section, belonging to the Kingongo formation, is interpreted to be a part of the 

globally known transgression at which led to the development of abundant epicontinental seas, 

finally ending the period of distinct East African basins (See e.g. Smelror et al, 2008). The section 

displays several transgressive developments from beach or offshore transition deposits to offshore 

deposits. Those developments are suggested to be partly driven by an active tectonically phase due 

to the southward drift of Madagascar. The reactivation of relict faults and developments of new 

faults led to salt diapiric movement at which where likely to modify the depositional system, 

complicating interpretations. 

A basement high NE of TDP 40 is interpreted to have been playing a crucial role in the deposition 

of especially the local expression of the Nalwehe formation but also the Kihuluhulu formation, 

creating a restricted environment at which is expressed by the lagoonal deposits of the Nalwehe and 

the restricted foraminiferal fauna of Kihuluhulu. The basement high lost its significance during the 

deposition of the Kingongo formation as a combined result of continuous erosion and the global 

transgression of the time. 

The results from TDP 40 is correlative to work done in the Selous and Rovuma basin, respectively 

north and south of the Mandawa basin, as well as the officially known trends from offshore 

exploration. Interestingly, the gas discoveries as well as the expected oil deposits offshore the 

Mandawa basin are suggested to have a Cretaceous source rock, time-equivalent of TDP 40, 

possibly due to regionally restricted conditions of the time as a result of marginal ridges created by 

the Davie Fracture zone further offshore. In relation to this hypothesis it is interesting to note that 

global circulation models for the Cretaceous suggests the process of upwelling to have been present 

at the time, supported by the relatively high presence of authigenic apatite throughout TDP 40. 

The sediments of TDP 40 displays features induced by global, regional and local processes, 

correlative to earlier work in the Mandawa basin and regional deposits. They belong to a period at 

which correlate with the last active tectonic phase of the Gondwanan break-up as well as the 

transition phase from distinct African basins to a large regionally connected basin.

134



Figure 6.1. A summation of trends related to TDP 40 in the frames of the geological time scale (Generated by the geological time scale generator; 

Gradstein, 2012). The global sea level trend is based on the work of Hardenbol (1998). Global reconstructions from Blakey (The Geologic time scale 

foundation, 2015).
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APPENDIXES

Appendix figure 1. SEM photo from FA5 of the middle section.



App.Fig.2. Logging sheet.



Appendix table 1. Point counting scheme for quartz, K-feldspar, plagioclase and matrix. 1 Point counted allogenic mudclast.
Point Counting Quartz K-Feldspar Plagioclase Matrix

Section/
Formation

Depth
(m)

Mono
%

Poly
%

Tot
%

I
%

II
%

III
%

IV
%

V
%

Tot
%

I
%

II
%

III
%

IV
%

V
%

Clay
%

CaCO3 

cement
%

Upper/
Kingongo Fm.

15.6*B 31 0 8 0 0 2 4 2 10 0 0 1 4 5 32 0
17.5*B 42 0 1 1 0 0 0 0 1 1 0 0 0 0 0 45

Middle/
Kihuluhulu

Fm.

17.8*B 26 0 8 0 0 2 3 3 8 0 0 1 3 4 40 0
43.9 28 0 7 0 0 1 3 4 12 0 0 0 5 6 32 2
48.2 27 0 7 0 0 1 2 4 12 0 0 1 4 6 29 6
51.4 29 0 9 0 0 1 4 3 11 0 0 3 3 4 23 6

55.3*B 31 0 9 0 1 1 4 4 12 0 0 2 5 5 18 9
57.1*B 33 0 8 0 0 2 3 3 11 0 0 2 4 5 27 7

Lower/
Nalwehe Fm.

60 24 4 4 0 0 1 2 1 8 0 1 3 2 2 54 0
59.3*B1 27 4 4 0 0 0 2 2 3 0 0 0 1 2 52 0
59.3*B 38 3 7 0 1 2 3 1 15 0 2 5 6 2 11 0
60*B 31 1 7 0 2 3 1 1 11 1 2 3 3 2 1 42
60.1 24 1 6 0 0 3 3 6 7 0 0 1 3 2 42 2
65.4 33 4 7 0 1 1 3 2 14 0 1 4 6 4 5 12
65.5 23 2 7 1 1 1 3 2 12 2 3 4 2 1 6 50
68.6 40 1 13 0 1 2 6 5 17 1 2 4 7 3 21 0
72.5 30 4 15 0 1 4 7 3 16 1 1 6 6 2 1 31
76.2 36 1 13 0 1 6 6 13 9 0 0 1 4 4 14 1
79.5 37 0 14 0 0 1 8 5 8 0 0 2 4 2 12 3
86.5 34 0 11 0 0 1 6 4 8 0 0 2 3 4 17 5



Appendix table 2. Point counting scheme for biogenic material, mica, porosity and other minerals. 1 Point counted allogenic mudclast.
Point Counting Biogenic Mica Other Porosity

Section/
Formation

Depth
(m)

Organic 
matter

%

Fossils
%

Muscovite
%

Biotite
%

Chlorite
%

Rock 
fragments

%

Pyrite
%

Fe-Oxides
%

Primary
%

Secondary
%

Upper/
Kingongo Fm.

15.6*B 4 0 3 1 5 1 0 0 2 7
17.5*B 0 2 0 0 0 0 0 0 0 1

Middle/
Kihuluhulu

Fm.

17.8*B 0 0 5 0 4 0 0 0 3 7
43.9 0 5 4 0 5 1 0 0 2 6
48.2 0 6 2 1 3 1 0 0 5 3
51.4 1 2 1 0 3 1 0 1 4 11

55.3*B 2 2 2 0 5 1 0 0 5 7
57.1*B 2 0 1 0 6 0 0 0 0 5

Lower/
Nalwehe Fm.

60 0 0 1 0 1 0 1 1 0 1
59.3*B1 0 8 1 0 1 0 0 0 0 0
59.3*B 1 0 1 1 1 0 0 5 11 8
60*B 0 0 0 0 0 0 0 4 0 4
60.1 0 2 2 0 2 1 0 2 6 4
65.4 0 0 1 0 0 0 0 5 17 3
65.5 0 0 0 0 0 0 0 1 0 0
68.6 0 1 2 0 2 1 0 1 1 1
72.5 0 0 0 0 0 0 0 2 1 1
76.2 1 1 2 0 1 0 1 2 9 9
79.5 0 1 3 1 1 1 0 1 11 8
86.5 1 1 3 1 1 1 0 1 11 7



Appendix table 3. Thin section descriptions. 1 Point counted allogenic mudclast.
Petrographic description

Section/
Formation

Depth
(m)

Lithology Framework
Configuration

Predominant 
Structures

Dominant 
Grain size

Dom Grain 
shape

Sorting Dom. Grain 
contact

Remarks

Upper/
Kingongo Fm.

15.6*B Clayey silt Matrix supported Erosional contacts Silt Sub-angular Poorly Floating Fine laminations in clay before 
erosional contacts wth sand.

17.5*B Sand Grain supported None Medium Well rounded Very well Tangential Fossiliferous. Mud/apatite clasts.

Middle/
Kihuluhulu

Fm.

17.8*B Silty clay Matrix supported None Clay Sub-angular Poorly Floating Biot. Structureless.

43.9 Clayey silt Matrix supported Parallel lamination Silt Sub-angular Poorly Floating Foraminifera. Alternating silt/clay.

48.2 Clayey silt Matrix supported None. Silt Sub-rounded Poorly Floating Foraminifera. Structureless.

51.4 Clayey silt Matrix supported Parallel lamination Silt Sub-rounded Poorly Floating Weak laminations. Glauconite clast.

55.3*B Clayey silt Matrix supported Parallel lamination Silt Sub-angular Poorly Floating Weak laminations. 

57.1*B Clayey silt Matrix supported Parallel lamination Silt Sub-angular Poorly Floating Glauconite clast. Clay fragments.

Lower/
Nalwehe Fm.

601 Mud clast Matrix supported Reworked Silt Sub-rounded V.  poorly Floating Micritic.

60 Conglomerate Matrix supported Heterogenic Fine/medium Sub-rounded V.  poorly Floating Mud clasts. Sparite. Micrite.

60.1 Conglomerate Matrix supported Heterogenic Very fine Rounded V.  poorly Floating Echinoderm. Pyrite. Apatite. Shells.

59.3*B Sand Grain supported Longit. mud  clasts Medium Rounded Poorly Tangential Long. Clay clasts.

60*B Sand Grain supported None Medium Rounded Very well Tangential Fully calcite cem. Round clay clasts

65.4 Sand Grain supported Bioturbation Medium Rounded Well Tangential Biot. Occasional calcite cement.

65.5 Sand Grain supported Reworking Coarse Rounded Very well Floating Ooids. Cell struct. Fossiliferous

68.6 Conglomerate Matrix supported Heterogenic Fine/medium Sub-angular V. Poorly Floating Matrix of conglomerate. Micrite.

72.5 Sand Grain supported None Medium Rounded Very well Tangential Fully calcite cemented. Horizons.

76.2 Sandy silt Grain supported Mud films/clasts Very fine Sub-rounded Moderate Tangential Biot. Long/round clay clasts

79.5 Sandy silt Grain supported Mud films/clasts Very fine Sub-angular Moderate Tangential Bioturb. Longitudinal clay clasts

86.5 Sandy silt Grain supported Mud films/clasts Silt/very fine Sub-angular Moderate Tangential Bioturb. Round clay-clasts-



Appendix table 4. Bulk XRD-results.
Section/

Formation
Depth

(m)
Quartz

%
K-Feldspar 

%
Plagioclase

%
Mica/Illite

%
Chlorite

%
Kaolinite

%
Smectite

%
Calcite

%
Ankerite

%
Pyrite

%

Upper/
Kingongo Fm.

6.4 37,4 13,8 16 12,7 3,1 5,4 6,6 5 0 0

7.9 29 12,8 13,9 19,2 7,9 7,7 4,9 4,7 0 0

12.3 22 15,3 4,6 21,4 7,7 12 9,2 7.9 0 0

15.6*B 43,6 13,3 15 8,9 2,9 4,3 4,6 4,9 1,8 0,7

17.5*B 43,7 1,7 2,6 0,9 0,2 0,8 0 49,6 0 0,6

Middle/
Kihuluhulu

Fm.

17.8*B 31 12,5 13,2 13,7 5,9 8,1 7,3 7,1 0 1,2

27.4 28,6 12,3 13,4 14,7 5,6 7,3 8 8,7 1,2 0,3

43.9 29,9 12,1 14 8,9 3,1 5,1 3,9 20,9 1 1,2

48.2 32,4 11,2 15,9 10,6 3,2 5,1 5,2 14,6 0 1,8

51.4 33,6 11,6 15,8 10,4 2,2 5,2 6,8 11,4 2 1

55.3*B 32,8 12,8 14,4 10,8 4 5,6 6,5 11 1 1

57.1*B 31,1 11,8 16 10 1,4 5,6 7,4 14,6 1 1,2

57.7 33,4 11,8 13,8 8,7 4,9 5,7 7,5 9,7 3,2 1,3

Lower/
Nalwehe Fm.

60.1 24,4 8,5 9,8 6,2 1,4 3 3 42,9 0 0,9

59.3*B 51,3 13 21,7 5 2,1 1,9 3 1,6 0 0,5

60*B 30,7 8 13,8 1,3 0,4 1,5 0,8 43,4 0 0,2

65.4 45,2 11,1 20,3 2,3 0,3 1,1 2,6 16 0,9 0,2

65.5 26,8 7,4 14,5 1,7 0,4 1,6 1,3 45,7 0,4 0,2

68.6 48,6 16,1 18,7 4,7 0,9 3 4,9 1,9 0,9 0,4

71.9 48,6 17,7 15,8 5,5 2,4 3 5,4 1 0 0,5

72.5 35,4 12,9 19,7 1,8 0,2 0,6 0,9 28,4 0 0,2

76.2 47,2 17,4 16,3 4,4 2,5 2,7 6 2,8 0,7 0

79.5 51,2 16,9 13,6 7,3 1 3 4 2,6 0 0,4

84.3 47 16 13 5,9 2,8 2,3 7,2 5,5 0 0,3

86.5 51,3 17 13,6 7,2 1 3 4,1 2,6 0 0,4



Appendix table 5. XRD-results of clay fraction.

Section/
Formation

Depth
(m)

Chlorite
%

Illite/Mica 
%

Interstratified 
Smectite/Illite

%

Kaolinite
%

Smectite
%

Upper/
Kingongo Fm.

6.4 15,4 29,1 29,1 13 25,1
7.9 6,6 36,2 43,6 6,2 7,4
12.3 18 37,9 25 3,4 15,7

15.6*B 17,9 41,5 24 7 9,6
17.5*B 20,1 45,5 0 34,4 0

Middle/
Kihuluhulu

Fm.

17.8*B 18,4 45,1 3,5 17,8 15,3
27.4 8,5 32 37,2 11,6 10,6
48.2 9,4 32,6 35,7 11,2 11,2

55.3*B 9 29,1 38,8 8,8 14,3
57.7 9,6 31,1 35,1 11 13,2

Lower/
Nalwehe Fm.

60.1 18,1 35,9 13,7 24,1 8,2
59.3*B 17,5 29,7 13,9 15,6 23,2

65.5 28,2 27,1 0 26,8 17,9
68.6 22,9 29,8 6,7 19,8 20,8
72.5 19,6 18,4 14,4 21,5 26
76.2 29,4 36,1 12,9 16,2 5,4
79.5 19 31,1 19,5 19,5 10,9
84.3 15,6 35,2 18,4 22 8,7
86 15,2 36,7 14,5 21,5 12



Appendix table 6. Ratios from point counting and XRD-analyses.
RATIOS Point counting XRD-results

Section/
Formation

Depth
(m)

Qz/
Qz+F.spar

Qz/
Qz+RF

K-F/ 
K-F.+Plag.

Muscovite/ 
Biotite

Qz/
Qz+F.spar

K-F/ 
Plag.

Qz/ 
Qz+Calcite

Qz/ 
Qz+Pyrite

Kao./ 
Kao.+Chlor.

Smect./
Smect.+Illite

Upper/
Kingongo Fm.

6.4!! 0.56 0.86 0.88 1 0.08 0.46

7.9!! 0.52 0.93 0.86 1 0.48 0.15

12.3!! 0.52 3.33 0.74 1 0.16 0.39

15.6*B!! 0.64 1 0.75 0.9 0.61 0.89 0.9 0.99 0.28 0.29

17.5*B!! 0.96 0.81 0.75 nan 0.91 0.66 0.47 0.99 0.63 0

Middle/
Kihuluhulu

Fm.

17.8*B!! 0.62 1 1 1 0.55 0.95 0.81 0.96 0.49 0.81

27.4!! 0.53 0.91 0.77 0.99 0.58 0.22

43.9 0.6 1 0.61 0.88 0.53 0.87 0.59 0.96

48.2!! 0.6 1 0.57 0.76 0.55 0.71 0.69 0.95 0.54 0.24

51.4 0.6 0.98 0.81 0.87 0.55 0.73 0.75 0.97

55.3*B!! 0.61 1 0.72 0.87 0.55 0.88 0.75 0.97 0.5 0.27

57.1*B 0.64 1 0.7 1 0.53 0.74 0.68 0.96

57.7!! 0.57 0.86 0.77 0.96 0.53 0.27

Lower/
Nalwehe Fm.

60 0.71 0.96 0.57 1

60.1!! 0.66 0.9 0.79 0.64 0.6 0.6 0.97 0.99 0.57 0.37

59.3*B!! 0.66 0.9 0.44 1 0.58 0.58 0.41 0.99 0.47 0.63

60*B 0.64 0.88 0.63 nan 0.57 0.86 0.36 0.96

65.4 0.64 0.88 0.5 nan 0.59 0.55 0.74 1

65.5!! 0.58 0.96 0.57 1 0.55 0.51 0.37 0.99 0.49 1

68.6!! 0.58 0.97 0.78 0.67 0.58 0.86 0.96 0.99 0.46 0.76

71.9 0.59 1.12 0.98 0.99

72.5!! 0.53 0.96 0.97 nan 0.52 0.65 0.55 0.99 0.52 0.64

76.2!! 0.63 0.96 1.35 0.83 0.58 1.07 0.94 1 0.35 0.29

79.5!! 0.64 0.98 1.8 0.5 0.63 1.24 0.95 0.99 0.51 0.36

84.3!! 0.62 1.22 0.89 0.99 0.59 0.32

86.5!! 0.63 0.99 1.36 0.63 0.63 1.24 0.95 0.99 0.59 0.45


