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ABSTRACT 

Cretaceous-Tertiary Periods marked the break-up of Gondwana, a large landmass composed 

of most of the present-day southern continents. In understanding the events of the 

supercontinental break-up, paleoenvironmental studies need to be carried out. In such studies, 

kaolinites could be used as paleoenvironmental proxies due to their small particle sizes and 

large surface area. It is in this context that this research sought to reconstruct the 

paleoenvironments in which selected Cretaceous-Tertiary kaolin deposits in the Douala Sub-

Basin in Cameroon formed.  

To achieve this objective, mineralogical and geochemical characterisations were carried out 

using x-ray diffractometry, scanning electron microscopy, Fourier transform infrared 

spectrometry, thermal analyses and x-ray fluorescence spectroscopy. Trace elements and 

stable isotopes were analysed using mass spectrometries. Ages of zircons in the kaolins were 

determined using laser ablation magnetic sector-field inductively coupled plasma mass 

spectrometry (LA-SF-ICP-MS) U-Pb geochronology. Diagnostic evaluation for industrial 

applications of the kaolins were carried out using particle size distribution, texture, moisture 

content, pH, and electric conductivity. 

Six kaolin deposits from Cretaceous-tertiary Formations of the Douala Sub-Basin were 

studied; namely, Bomkoul (Tertiary), Dibamba (Tertiary), Ediki (Cretaceous), Logbaba 

(Cretaceous), Missole (Tertiary) and Yatchika (Cretaceous). The nature and occurrences of 

these kaolin deposits in Cameroon were determined through thorough mineralogical and 

geochemical characterisations of bulk (< 2 mm size fraction), silt (2-63 µm size fraction) and 

clay samples (< 2 µm size fraction). By quantifying the mineral phases present, the 

morphology and the functional groups in the kaolins are presented as the mineralogical 

characteristics of kaolins of each study site; whereas, the major oxides geochemistry and the 

micro-elemental composition constitute the geochemical characteristics of these kaolins. The 

minerals’ geneses were also determined and the prevailing paleoenvironmental and 

paleoclimatic conditions in which they were formed were reconstructed using trace elements 

and stable isotopes of oxygen and hydrogen in kaolinite. The maximum age of the kaolins 

were determined using U-Pb LA-SFICP-MS dating of zircons in the kaolin deposits. Diagnostic 

evaluation of the kaolins was carried out, and involved the determination of physical 

characteristics (particle size, texture, colour and moisture content) and physico-chemical 

characteristics (pH and electrical conductivity). 

Results showed that kaolinite and quartz (as major phases), smectite and/or illite (as minor 

phases), anatase and rutile (as minor or trace phases), goethite and hematite (as trace 
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phases) were the mineral phases present in bulk and silt samples. Whereas, in the < 2 µm 

fractions, the mineral phases are made up of kaolinite and smectite (as major phases), 

smectite and/or illite (as minor phases), anatase and rutile (as minor or trace phases), goethite 

and hematite (as trace phases). The kaolins are mostly made up of thin platy or pseudo-

hexagonal particles or flakes, books or stacks of kaolinite. The Dibamba, Logbaba and Missole 

II kaolins have well-ordered structures. Exothermic peak temperatures were generally 

between 943-988oC. The most abundant major oxides are silica and alumina, followed by iron 

oxide and titania; though Logbaba and Missole II had higher titania than iron oxide. 85% of 

the kaolins, portrayed extreme silicate weathering (chemical index of alteration > 80%) and 

are compositionally mature (index of compositional variability > 0.78). The geochemical 

composition of the kaolins showed that source rocks of these kaolins vary between 

rhyolite/granite and rhyolite/granite + basalt. The geochemistry also suggested that the kaolins 

formed in a marine environment (except Logbaba samples). 

Trace elements results revealed that Cretaceous-Tertiary kaolins in the Douala Sub-Basin are 

mainly enriched in rare earth elements compared to the upper continental crust, and have 

negative Eu anomaly. Large ion lithophiles (mainly Rb and U) were highly enriched in samples, 

high field strength elements (Y and Nb) were enriched in studied samples of all fractions; and 

transition trace elements generally had concentrations quite similar to upper continental crust 

values. Stable isotopes showed that the kaolins were formed in a supergene environment; 

and temperatures of kaolinitisation (assuming equilibrium with the global meteoric water line) 

were 26.58oC ± 9.65oC for Cretaceous kaolins and 29.40oC ± 7.22oC for Tertiary kaolins. 

Assuming equilibrium with the local (Douala) meteoric water line, the temperatures of 

kaolinitisation were 24.64oC ± 9.48oC for Cretaceous and 27.42oC ± 7.08oC for Tertiary 

kaolins. 

Four main zircon populations were identified from radiogenic dating: the 1st between 550 and 

650 Ma, the 2nd between 950 and 1050 Ma, the 3rd around 1600 Ma and the 4th between 2800-

3200 Ma. These four zircon populations belong to the Proterozoic (Neo-, Meso- and 

Paleoproterozoic) and the Archean. The maximum depositional ages of the kaolins, reflected 

by the youngest weighted averages of zircon populations varied between 588 ± 2 Ma and 612 

± 2 Ma, all belonging to the Ediacaran Period (Neoproterozoic). 

The diagnostic evaluation of the kaolins revealed that the kaolins are very sandy, with 50% of 

the samples having a sandy loamy clay or sandy loam texture. The colour of the samples 

varied considerably from white to darker colours (dark grey); with 15% of the kaolins being 

light reddish brown. The moisture content was generally very low (< 2 wt %) in all size fractions, 

except in Yatchika samples (moisture content > 2 wt %). The kaolins are generally acidic, with 
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a pH(KCl) varying between 3.06 and 3.81, except in Missole I samples, which had a pH (KCl) < 

2. The electrical conductivity (EC) generally varied between 20 to ~ 50 µS/cm, except Dibamba 

and MSL II 01 samples which had EC values in the interval 50 µS/cm < EC < 80 µS/cm; and 

Missole I samples having an EC > 7500 µS/cm. 

In conclusion, no great distinction was found between Cretaceous and Tertiary kaolins of the 

Douala Sub-Basin based on their mineralogy and geochemistry. The best kaolins in terms of 

these characteristics, and in comparison with the Georgia Kaolins (known for their high 

kaolinite quality), were the Dibamba (Tertiary), Logbaba (Cretaceous) and Missole II (Tertiary) 

kaolins. Based on their compositional maturity and mineralogical characteristics, these three 

kaolins are considered to be second cycle sediments; unlike Bomkoul, Yatchika and Ediki 

kaolins, which are believed to be first cycle sediments. Based on the trace elements and stable 

isotopes composition, Cretaceous and Tertiary kaolins of the Douala Sub-Basin were derived 

from felsic rocks. However, Cretaceous kaolins were formed in a cooler anoxic reducing 

environment; whereas the Tertiary kaolins were formed in a warmer oxidising environment, 

with higher precipitation. Ages of zircons in Cretaceous-Tertiary kaolins suggested that the 

zircon formed during two main tectonic events: the Eburnean orogeny, during which older 

zircons crystallised and the Pan-African orogeny, during which younger zircons crystallised. 

The maximum depositional ages of the kaolins varied between 588 ± 2 Ma and 612 ± 2 Ma. 

The main identified sources of these zircons are the Archean Ntem Complex, the 

Paleoproterozoic Nyong Group and the Neoproterozoic Yaounde Group. The diagnostic 

evaluation indicated that the particle size greatly influences the mineralogy and geochemistry 

of the kaolins because the finer particles (< 2 µm) have higher amounts of kaolinite and Al2O3. 

The moisture content of the kaolins makes them suitable as paint fillers and in soap production. 

Paper coating, paper filler, ceramics, pharmaceutics and cosmetics are potential applications 

for the kaolins, though particle size reduction and beneficiation will give them a higher quality. 

However, because these kaolin deposits are not big and extensive, they cannot be 

recommended for large scale industrial applications; but they can be used for bricks, pottery 

and stoneware manufacturing. 

 

Keywords: Cretaceous-Tertiary Periods, Douala Sub-Basin, kaolin, paleoenvironmental 

reconstruction, stable isotopes 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Background 

Kaolin is a soft, white plastic clay made up fundamentally of kaolinite, a hydrated aluminum 

silicate of formula: Al2 Si2 O5 (OH)4 (Murray, 2002). It is a dioctahedral 1:1 phyllosilicate formed 

by superposition of silicon tetrahedral and aluminum octahedral sheets (Frost et al., 2010). 

Depending on their modes of formation, kaolin deposits could be primary (hydrothermal, 

residual or mixed hydrothermal and residual deposits) or secondary (erosion and 

transportation of clay particles and their deposition in lacustrine, paludal, deltaic and lagoonal 

environments) (Bloodworth et al., 1993; Ekosse, 2005). Hydrothermal kaolins result from the 

hydrothermal alteration of alumina-silicate rocks (Bloodworth et al., 1993). These types of 

kaolins are closely related to the tectonic framework of a deposit and the alteration of parent 

rocks (Sayin, 2007). Residual kaolins usually form in a high rainfall, subtropical or tropical 

climate. This is because high temperatures and rainfall increase the rate of weathering of the 

primary minerals to clay minerals (Harvey and Murray, 1997 and Obaje et al., 2013). 

Secondary kaolins are those that have been transported, sorted and deposited in a 

sedimentary basin (Harvey and Murray, 1997). The type and composition of secondary kaolins 

usually reflect the degree of hydrolysis that prevailed within the basin (Fagel and Boës, 2007).   

The formation of kaolins correlates with climatic factors, such as temperature and precipitation 

(Sheldon and Tabor, 2009). Kaolins also have small particle sizes and large surface area, 

which cause them to be affected by weathering, the relief, and climate (Moriarty, 1977; 

Heckroodt, 1991; Fürsich et al., 2005 and Fagel and Boës, 2007). In addition, weathering is 

controlled by climate change, which also affects soil formation and transport of terrigenous 

material into the sea (Das et al., 2013). Hence, the mineralogical, geochemical, and isotopic 

compositions of kaolins are potentially powerful proxies of paleoenvironmental conditions 

(Ortega et al., 1998 and Tabor et al., 2002).  

Kaolin occurrences are reported on all continents of the world except Antarctica; with one of 

the best known and highly utilised deposits being the sedimentary kaolins from the Amazon 

region of Brazil, South America (Murray, 1999, Costa et al., 2009). This Brazilian Amazonian 

kaolin contains 10% of the world reserves of kaolins (Souza et al., 2007). Georgia (USA) also 

hosts high grade sedimentary kaolin deposits (Lang et al., 1965); whereas, the world-known 

primary kaolins are the Cornwall kaolins which occur in south-western England, Europe 
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(Murray, 1999). The Pugu kaolin deposit in Tanzania, Africa (Bloodworth et al., 1989), is 

globally recognised for providing the standard kaolinite (29-1488) in X-ray diffraction (Mineral 

Diffraction, 2001). In South Africa, Grahamstown hosts the largest kaolin deposit in the 

country, with reserves in excess of 50 million tons (Madi et al., 2013). The village Kauling, 

from which the word “kaolin” was derived, is a known kaolin locality in China (Chen et al., 

1997).  

In elucidating on kaolin genesis, an investigation of its environment of formation and age aids 

in interpreting environments of formation. Geochronology is the study of the ages of rocks and 

minerals (Kearey, 2001). It gives the absolute ages of rocks and minerals. In understanding 

the progression of continents, the evolution of continents through the geologic time is very 

significant. Therefore, determining the absolute ages of rocks and minerals that constitute 

these continental masses is fundamental in understanding their evolution. 

The present research is part of the research project titled: “Cretaceous-Tertiary clay deposits 

and argillaceous sediments”, within the broader Clays and Clay Minerals in Africa programme.  

The research project covers the southern and south-western part of Africa (South Africa, 

Botswana, Namibia, Angola, Democratic Republic of Congo, Gabon, Cameroon and Nigeria) 

and eastern South America (Brazil and Argentina). This thesis, however, focuses on dating 

the Cretaceous-Tertiary kaolins of Cameroon, reconstructing the environments in which they 

were deposited, and promoting their exploitation, as paleoclimatic and paleoenvironmental 

reconstructions of kaolin deposits, and thus, provides useful guidelines for the kaolin 

exploration geologist (Harvey and Murray, 1997) to investigate Cretaceous and Tertiary 

argillaceous sediments. Outputs of this research also contribute to the body of knowledge. 

 

1.2 Statement of the problem 

The Cretaceous and Tertiary Periods were marked by a series of catastrophes and tectonic 

events, which affected both the geology and the climate of several countries in the world. 

These events included one of the five mass extinctions in the Earth’s history, which affected 

many groups of organisms; the Deccan Trap volcanism (Keller et al., 2009), the Chicxulub 

impact event (Sutherland, 1996 and Martinez-Ruiz et al., 2006) and the breakup of Gondwana. 

Gondwana was a large landmass composed of most of India, Australia, Africa, South America 

and Antarctica. The geology of each of the countries and correlation studies between different 

countries of the aforementioned continents have to be studied to better understand the events 

of the super continental break-up.  
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Several studies have been undertaken in Cameroon regarding the breakup of Gondwana, 

amongst which are studies by Congleton et al. (1992); Tchameni et al. (2000); Toteu et al. 

(2001; 2004); Penaye  (2004); Lerouge et al. (2006); and Oliveira et al. (2006). However, 

studies involving the correlation between South America and Cameroon, using kaolin deposits 

in sedimentary basins have not been carried out, despite the occurrence of at least 27 kaolin 

deposits in Cameroon (Ekosse, 2010).  

The Douala Sub-Basin is part of the West-Central Coastal Province delineated by Brownfield 

and Charpentier (2006). This province also includes the Kribi-Campo, Rio Muni, Gabon, 

Congo, Kwanza, Benguela, and Namib Basins, which together form the Aptian salt basins of 

equatorial west Africa (Brownfield and Charpentier, 2006). These basins formed during the 

breakup of Gondwana. Therefore, reconstructing the paleoenvironments in which Cretaceous-

Tertiary kaolins of the Douala Sub-Basin in Cameroon have been deposited will greatly 

contribute to the research on the Gondwana continent.  

Most kaolin deposits around the world have not been dated. Their ages are usually inferred 

from the ages of the formations in which they occur (Siddiqui and Ahmed, 2008; Baioumy, 

2014). This is the case with kaolin deposits in Cameroon (Diko and Ekosse, 2013; Logmo et 

al., 2013; Ngon Ngon et al., 2014). Successful dating of kaolin deposits has been a challenge 

due to their origin and small particle sizes (Gilg and Frei, 1997; Gilg, 2003). Using a different 

method to date Cretaceous-Tertiary kaolins could yield useful results. 

Cameroon is a low-middle income country with a population of 22.77 million people (World 

Bank, 2016a). It ranks 172 out of 189 on the Doing Business 2016 Report (World Bank, 

2016b). Average poverty stands at about 40%; which is high compared to other countries in 

the region with similar economic characteristics (World Bank, 2015). Boosting Cameroon’s 

economy will, therefore, require new investments; and kaolin exploration and exploitation 

could be one of these. Kaolin deposits in Cameroon are easily accessible, and can be 

processed and beneficiated for industrial uses (Ekosse, 2010). Therefore, determining the 

physical, chemical and mineralogical properties of Cameroon’s kaolin, will provide baseline 

knowledge for their exploitation, thereby contributing to Cameroon’s economic development. 

 

 

1.3 Motivation 

This research is part of a larger project (NRF CPRR UID 91559): “Cretaceous-Tertiary clay 

deposits and argillaceous sediments” that involves parts of South America (Brazil and 

Argentina) and parts of Southwestern Africa (South Africa, Botswana, Namibia, Angola, 
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Democratic Republic of Congo, Gabon, Cameroon and Nigeria). It will contribute to knowledge 

on clays and clay minerals in Africa. The fit of these two continents (South America and Africa) 

proposed by Bullard et al. (1965) has been widely recognised as one of the most precise 

continental reconstructions. Several studies and correlations have been made in these two 

parts of the world to confirm this fit. These studies were based on metamorphic and igneous 

rocks (Kusky and Polat, 1999; Carvalho et al., 2000; Pedrosa-Soares et al., 2001; Chaves and 

Neves, 2005; King, 2005; Rainaud et al., 2005; Lerouge et al., 2006; Oliveira et al., 2006; 

Babinski et al., 2012; Ernst et al., 2013), geodynamics and structural geology (Bullard et al., 

1965; Owen, 1976; Martin et al., 1981; Murphy and Nance, 1991; Brito Neves et al., 1999; 

Matos, 2000; Neves, 2003; Tohver et al., 2006; Aslanian et al., 2009) and sedimentary rocks 

(Pletsch et al., 2001; Brito Neves, 2002; Dickson et al., 2005; Guadagnin et al., 2013). None 

of these studies focused on continental argillaceous sediments. However, Petschnick et al. 

(1996) studied clay minerals’ distribution in surface sediments of the South Atlantic. They 

presented their sources, transport, and relation to oceanography, though their study was 

limited to marine argillaceous sediments.  

Unlike most of these previous studies, this research project focuses on clay deposits and 

argillaceous sediments. The present research particularly focuses on Cameroon kaolins, as 

kaolins could be important paleoenvironmental indicators. Without information on the 

distribution, modes of formation and ages of kaolins in eastern South America and southern 

West Africa, many assumptions could remain debatable. 

Environmental changes, such as climatic changes, occurring at present and predicted for the 

future, have increased interest on paleoclimatic and paleoenvironmental studies (Becker et 

al., 2006). Hence, records of paleoenvironments and paleoclimates (isotopic data and rare 

earth elements’ ratios) may elucidate the causes of climate change (Stern et al., 1997). 

Therefore, a better understanding of the environment in which we live and predicting future 

environmental changes is a motivation behind this research. 

Kaolin exploitation is a financially sustainable profit-making mining industry that continues to 

contribute positively to national economies of the world (Ekosse, 2010). The physical and 

chemical properties of kaolins are important in establishing their proper utilisation in various 

industrial applications; and help to identify impurities, such as Fe2O3, that gives the red 

colouration to kaolin and significantly decreases its industrial worth (Prasad et al., 1991; 

Murray and Kogel, 2005; Siddiqui and Ahmed, 2008). With increasing new industrial 

applications of kaolin, any promising deposit is worth exploiting, particularly in developing 

countries (Nyakairu et al., 2001 and Njoya et al., 2006). However, Ekosse (2010) 
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recommended that any exploration of kaolins in Africa should focus on Cretaceous-Tertiary 

kaolins. 

This research equally focused on thorough characterisation of the kaolins using mineralogy, 

geochemistry, stable isotopes, geochronology and diagnostic evaluation of kaolins for 

industrial uses. It, therefore, added new knowledge in understanding Cretaceous-Tertiary 

periods’ events. It also contributes to poverty alleviation by determining the industrial 

properties of kaolins in Cameroon, and beneficiating the kaolins for industrial uses. 

 

1.4 Hypotheses 

A. The studied Cretaceous-Tertiary kaolin deposits in Cameroon have similar 

mineralogical and geochemical characteristics. 

B. The studied Cretaceous-Tertiary kaolin deposits formed in similar paleoenvironmental 

conditions. 

C. Kaolinisation in Cretaceous-Tertiary Formations of the Douala Sub-Basin occurred 

during Cretaceous and Tertiary Periods. 

D. The physico-chemical properties of these kaolins can assist in determining their 

potential industrial applications. 

 

1.5 Research questions 

A. What are the mineralogical and geochemical characteristics of Cretaceous-Tertiary 

kaolins in Cameroon? 

B. In what paleoenvironmental conditions did they form? 

C. When were the kaolins deposited? 

D. What are potential industrial applications of the kaolins based on their physical and 

physico-chemical properties? 

 

1.6 Objectives 

 

1.6.1 Main objective 

The main objective of the study was to reconstruct the environments and time span in which 

Cretaceous-Tertiary kaolins in the Douala Sub-Basin in Cameroon were formed, and 

characterise them for possible industrial applications. 



6 
 

 

1.6.2 Specific objectives 

The specific objectives of the study were to: 

A. Investigate the nature and occurrence of selected kaolins of Cretaceous-Tertiary ages 

in the Douala Sub-Basin, by carrying out a thorough mineralogical and geochemical 

characterisation of kaolins of selected kaolin deposits. 

B. Determine the minerals’ geneses and reconstruct the prevailing paleoenvironmental 

conditions in which they formed, using trace elements and stable isotope ratios of 

kaolinite in the kaolin samples. 

C. Carry out radiogenic dating of zircons in the kaolins to constrain the time of 

kaolinisation. 

D. Carry out diagnostic evaluation on selected kaolin samples, by evaluating their particle 

size distribution and inferring their possible industrial applications. 

 

1.7 Study area 

The different countries investigated in the mega research project on “Cretaceous-Tertiary clay 

deposits and argillaceous sediments” are shown in Figure 1.1. This component of the research 

took place in Cameroon, and considered six Cretaceous-Tertiary kaolin deposits, namely; 

Bomkoul, Dibamba, Ediki, Logbaba, Missole and Yatchika kaolins, as shown Figure 1.2. 

 

Figure 1.1: Study area of the mega research project (www.google.co.za)  

 Countries related to the study in which Cretaceous-Tertiary kaolins are located 

 

http://www.google.co.za/
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Figure 1.2: Location map of the studied Cretaceous-Tertiary deposits in Cameroon (SNH/UD, 

2005) 

1.7.1 Geology of the study area 

The studied kaolin occurrences are found in the Douala Sub-Basin, which stretches on the 

South coast of Cameroon, covering a total surface area of 19, 000 km2 (Mbesse et al., 2012). 

It is subdivided into seven Formations (Logmo et al., 2013). The studied kaolins belong to four 

Cretaceous-Tertiary Formations: the Early Cretaceous Mundeck Formation made up of 

sandstones; the Late Cretaceous Logbaba Formation, made up of sandstones and clays with 

intercalations of sands and rare occurrence of limestones; the Paleocene to Middle Eocene 

Nkapa Formation composed of marls, shales and calcareous sandstones; and the Upper 

Eocene to Oligocene Souellaba Formation, composed of sandstones and marls, shales, 

clayey sands, sands and gravels (Effoudou-Priso et al., 2014). Figure 1.3 shows the geology 

of the Douala Sub-Basin. 
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Figure 1.3: Geologic map of the Douala Sub-Basin (SNH/UD, 2005) 

The geotectonic history of the Douala Sub-Basin described by Kenfack et al. (2012a, b) is as 

follows (Figure 1.4): 

 Pre-rift phase: Jurassic continental sediments were deposited in an Afro-Brazilian 

depression that extended over this Sub-Basin; 

 Rifting phase (Jurassic-Barremian): The stratigraphic sequence appeared to be 

controlled by listric faulting and associated roll over anticlines; 

 Syn-rift phase: Characterised by an intensive erosion activity of the highlands and 

deposition in the previously formed graben; 

 Rift-drift transition phase (Mid-Late Aptian): Marked by salt deposition and the 

transform direction resulting in a series of cross-faults which have segmented the rift 

structure; and 

 Post-rift phase (Albian-Present): Sedimentation was dominated by marginal clastic 

sedimentation with sporadic build ups between the Albian and Paleocene.  

 



9 
 

 
 
Figure 1.4: Generalised lithostratigraphy and geotectonic history of the Douala Sub-Basin 

(Brownfield and Charpentier, 2006) 

1.7.2 Climate  

The study areas have the Guinean type of the equatorial climate; resulting from the combined 

effect of convergence of the tropical oceanic low pressure zone and the inter-tropical front 

within the continent. There are two main seasons; namely a long rainy season which lasts 

from April to September, and a short dry season, which generally stretches from October to 

March. Between these two seasons are transitional seasons: the wet-dry season (September 

to November) and the dry-wet season (March to May). The climate is also characterised by 

Monsoon winds of the Guinea type, predominantly southwesterly (Folack and Gapche, 2000). 
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Annual rainfall locally reaches 5-10 m/year (CDC, 2010). Douala monthly temperatures and 

precipitation over the past years are shown in Figures 1.5 and 1.6, respectively. 

 

Figure 1.5: Average temperature in Douala over the past 16 years (1999-2015) 

(www.weatherbase.com)  

 

Figure 1.6: Average precipitation in Douala over the past 100 years (1915-2015) 

(www.weatherbase.com) 

There are two broad climatic zones in Cameroon: the equatorial climatic zone and the tropical 

climatic zone. The two climatic zones of Cameroon have been described by Pamo (2008) and 

summarised in Figure 1.7. 
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Equatorial domain

Guinea type

Characterised by four seasons (two rainy and
two dry) with rainfall ranging from 1 500 to 2
000 mm per year; it has two rainfall maxima
and high and fairly constant temperatures,
25°C on average.

(Study area)

Cameroonian type

Maritime Cameroonian type
It has high and constant
temperatures and high
atmospheric humidity.

Montane Cameroonian type Cool weather

Tropical domain

Sudan or humid
tropical

Two seasons: a rainy season lasting seven
months and five dry months. Temperatures are
cool, 21°C on average, but the average annual
ranges (6°C) are often greater than in the
Cameroon climate.

Sahel climate

Characterised by lower precipitation than the
Guinean type, usually below 900 mm per
year, and a dry season of at least seven
months

Figure 1.7: Climatic zones in Cameroon (Pamo, 2008) 
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CHAPTER 2 

LITERATURE REVIEW 
 

2.1 Preamble  

This chapter presents a review of available literature related to this research. It highlights on 

the Periods of the Geologic Time Scale, the Precambrian to Tertiary geology of Cameroon, 

kaolin genesis, Cretaceous-Tertiary paleoclimates, geochronology, the use of kaolins as 

paleoenvironmental and paleoclimatic proxies, occurrences of kaolins in Cameroon, 

paleoenvironmental reconstruction in the Douala Sub-Basin, and kaolin applications and 

beneficiation methods. 

 

2.2 Geologic Time Scale 

The Geologic Time Scale (GTS) is an “absolute time scale made up of standard stratigraphic 

divisions based on rock sequences” (Kearey, 2001). The old and new versions of the GTS are 

shown in Figures 2.1 and 2.2. 

 

Figure 2.1: Geologic Time Scale (Walker et al., 2013) 
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Figure 2.2: New International Chronostratigraphic Chart (Cohen et al., 2013) 
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The GTS is subdivided into two Eons (the Precambrian and Phanerozoic Eons), and ten Eras 

(the Hadean, Archean, Paleoproterozoic, Mesoproterozoic, Neoproterozoic, Paleozoic, 

Mesozoic and Cenozoic eras). The Cretaceous (145-66 Ma) is a Period of the Mesozoic 

whereas the Tertiary (66-23.03 Ma) is a Period of the Cenozoic. Each Period is divided into 

Epochs and each Epoch is divided into Ages. In the new Geologic Time Scale, the Tertiary is 

not mentioned; the Paleogene is the Period that follows the Cretaceous (Figure 2.2). 

 

2.3 Precambrian to Tertiary Geology of Cameroon 

The geology of Cameroon is highly dominated by Precambrian basement rocks. This section 

provides a synopsis of the geologic history of Cameroon. A geologic map of Cameroon is 

shown in Figure 2.3. 

 

2.3.1 The Precambrian Geology of Cameroon 

The oldest geologic unit in Cameroon is the Ntem Complex. It constitutes the Archean cratonic 

basement of southern Cameroon and the north-western part of the Congo Craton in Central 

Africa (Tchameni et al., 2000). The Ntem complex comprises Palaeoarchaean to 

Mesoarchaean and Late Archaean charnockites, Mesoarchaean greenstone formations, Late 

Archaean tonalite–trondhjemite–granodiorite (TTG) basement, dolerite dykes and high-K 

granites (Shang et al., 2010). The Ntem Complex is mainly made up of dome and basin 

tectonics related to diapiric movements in the mid to lower crust (Tchameni et al., 2001). Two 

major episodes of deformation affected the Ntem complex (Shang et al., 2004): The first 

episode is characterised by vertical foliation, stretching and vertical lineation and isoclinal 

folds; and the second episode is marked by the development of sinistral shear planes trending 

north–south to N45o E, and partial melting of charnockitic and tonalitic members of the TTG 

suite and the greenstone belt country rocks. 

The Ntem Complex is bordered on the west by the Palaeoproterozoic Nyong series 

metamorphic complex which formed as a result of the Eburnean-Trans-Amazonian orogeny, 

during the collision of the Congo and São Francisco cratons (Toteu et al., 2001). The Nyong 

series is a high-grade gneiss unit which includes the Kama, the Akongo and the Ngovayang 

Groups (Owona et al., 2013). These groups are dominated by biotite–hornblende gneisses, 

which locally appear as grey gneisses of TTG composition, orthopyroxene– garnet gneisses 

(charnockites), garnet–amphibole–pyroxenites, and banded iron formations (BIF) (Lerouge et 

al., 2006). It is also made up of magmatic rocks which include augen metadiorites, 

granodiorites, and syenites (Lerouge et al., 2006). 
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Figure 2.3: The geologic map of Cameroon. AF: Adamaoua fault, KCF: Kribi-Campo fault, SF: 
Sanaga fault and TBF: Tcholliré-Banyo fault (Toteu et al., 2001) 

The Proterozoic is also represented in Cameroon by the Yaounde Group (Late 

Neoproterozoic), which forms the southern limit of the Central African Fold Belt. It comprises 

low- to high-grade garnet-bearing metapelites, and orthogneisses metamorphosed under a 

medium to high-pressure metamorphism reaching the granulite facies (Stendal et al., 2006). 

It is also part of the Yaounde Belt (the southern limit of the Central African Fold Belt) (Oliviera 
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et al., 2006). Rock types in the Yaoundé series include chlorite-rich schists, garnet- and/or 

kyanite-bearing micaschists and garnet- and kyanite-bearing high-grade gneisses (Shang et 

al., 2010). 

Pan-African granitoids also occur in Cameroon. They are usually found along the Cameroon 

Orogenic Belt, and they intrude the older Paleoproterozoic basement gneisses, migmatites 

and granulites, and the Meso- to Neoproterozoic deformed and metamorphosed volcano-

sedimentary sequences (Djouka-Fonkwé et al., 2008). The Tcholliré-Banyo fault, the central 

Cameroon shear zone, the southwestern Cameroon shear zone, and the Sanaga fault are the 

major shearing and late-tectonic that occur in the Cameroon orogenic belt (Djouka-Fonkwé et 

al., 2008). 

 

2.3.2 The Paleozoic-Triassic Geology of Cameroon 

The Paleozoic to the Triassic rocks are either non-existent in Cameroon or they have not been 

reported. This could probably be periods of non-deposition. 

 

2.3.3 The Cretaceous-Tertiary Geology of Cameroon 

Cretaceous and Tertiary Periods in Cameroon are mostly represented by sedimentary basins 

(the Mamfe and the Douala/Kribi-Campo Basins) and the Cameroon Volcanic Line (CVL). The 

Mamfe Basin is a rifting basin formed during the separation of the South American and African 

plates (Nguimbous-Kouoh et al., 2012). It is a NW-SE splay segment of the Benue trough in 

Cameroon (Eseme et al., 2006). The Mamfe Basin is made up of Cretaceous sedimentary 

rocks (the Cross River sandstone series, the clayey sandstone series, the upper 

conglomeratic sandstone series, the Manyu sandy clay series, the lower conglomeratic 

sandstone series), which are underlain by Precambriam rocks consisting of gneisses, granites 

and schist (Eseme et al., 2002). 

The Douala/Kribi-Campo extends from the edge of the Niger Delta in Cameroon to the Walvis 

Ridge near the Angola–Namibia border (Ntamack-Nida et al., 2008). The stratigraphy of the 

Douala Sub-Basin is made up of the Mundeck, Logbadjeck, Logbaba, N’kapa, Souellaba, 

Matanda and Wouri Formations (Ngon Ngon et al., 2012a). The sediments of the Kribi-Campo 

Sub-Basin form a series of asymmetrical horst-and-graben basins; and they include 

continental conglomerates and arkosic sandstones interlayered with fluviatile-lacustrine black 

micaceous shales, and some intercalation of limestones and marls (Ntamack-Nida et al., 

2008). 
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Smaller Neocomian-Early Aptian sedimentary basins (130-118 Ma) have also been reported 

in northern Cameroon (Loule and Pospisil, 2013). They contain interstratified alkali basalt 

flows associated with dolerite dykes and sills, as well as post-sedimentary intrusive igneous 

bodies which cut through the sedimentary sequence also occur (Loule and Pospisil, 2013).  

The main Tertiary feature in Cameroon is the Cameroon Volcanic Line (CVL), which is an 

alignment (1600 km long) of Tertiary continental and oceanic volcanic massifs trending N30o 

from Pagulu Island to Lake Chad (Kamgang et al., 2013). The oceanic horsts are represented 

by the four Islands of the Gulf of Guinea (Pagalu, Bioko, Sao Tome and Principe) and the 

continental ones are of high relief (Mounts Cameroon, Rumpi, Manenguba, Bamboutos, 

Mbam, and Oku)  (Ngako and Njonfang, 2011). The CVL is made up of granites or syenites, 

to which subordinate intermediate, basic and ultrabasic rocks are sometimes associated 

(Ngako et al., 2006). Lavas from Mount Cameroon are generally mafic and they comprise 

basanites, alkali basalts, hawaiites and mugearites; whereas, the silicic lavas comprise 

benmoreites, trachytes, phonolites and/or rhyolites (Ngako et al., 2006). 

 

2.4 Kaolin genesis 

2.4.1 Kaolin mineralogy 

Four minerals constitute the kaolin group, namely; kaolinite (Al2Si2O5 (OH)4), halloysite 

(Al4Si4O10(OH)8.8H2O), nacrite (Al2Si2O5(OH)4) and dickite (Al2Si2O3(OH)4) (Kearey, 2001; 

Obaje et al., 2013). Halloysite is a fairly common mineral that develops in tropical and 

moderate-temperature soils and weathering crusts, particularly on basalts; and through a 

range of hydrothermal alterations that affect particularly volcaniclastic formations (Melka et al., 

2000). Nacrite is usually formed through hydrothermal processes or found in high temperature 

environments (Chen et al., 2001). Dickite is quite rare, and it isusually associated with 

hydrothermal alteration zones and veins of ore minerals, whereas kaolinite can form over a 

wide range of temperatures, as a result of weathering, diagenesis, or hydrothermal deposition 

and alteration (Schroeder and Hayes, 1968). 

 

2.4.2 Kaolinite chemistry 

Kaolinite is a two-layer clay (phyllosilicate mineral) which has a sheet of silica tetrahedral 

combined through octagonal hydroxyls which are shared with an alumina octahedral sheet 

(Murray, 1999). The kaolinite structure is shown in Figure 2.4. 
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The alumina octahedral sheet and the silica tetrahedral sheet share a common plane of 

oxygen atoms and repeating layers of the mineral are hydrogen bonded together (Miranda-

Trevino and Coles, 2003). The functional groups are principally made up of the outer and the 

inner hydroxyl groups (Frost, 1998). The theoretical formula of kaolin is 46.54% SiO2, 39.50% 

Al2O3 and 13.96% H2O (Deer et al., 1992).  

 

Figure 2.4: Kaolinite structure (Murray, 1999) 

 

2.4.3 Environments of formation 

Kaolin genesis could be either primary or secondary. Primary kaolins form in situ and they 

could either be hypogene or supergene. Hypogene kaolins form from the weathering of 

alumino-silicate rocks, whereas, hypogene kaolins result from hydrothermal activities (Gilg et 

al., 1999). Sometimes, primary kaolins could be formed as a combination of both supergene 

and hypogene processes (Gilg et al., 1999). Unlike primary kaolins, secondary (sedimentary) 

kaolins are those that have been formed elsewhere, then they were transported and deposited 

(Bloodworth et al., 1993). According to Dill et al. (1997), kaolin minerals are extensively 

developed in a wide range of lithologies and form in various depositional environments. 
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2.4.3.1 Primary kaolins 

The formation of residual kaolins is influenced by climate, topography, permeability of the 

parent rock and temperature of alteration (Harvey and Murray, 1997). Kaolinite is the main 

mineral in soils of humid climates, where abundant vegetation makes the pH of soils to be 

acidic (Obaje et al., 2013). An example of residual kaolin is the Lastarria kaolin in south-central 

Chile. These kaolins formed on two subvolcanic quartz porphyry stocks which cut across the 

low-grade metamorphic basement of the Chilean Andes (Gilg et al., 1999). 

For hypogene kaolins, there must be sufficient fractures in the host rock to allow the circulation 

of thermal groundwater, which will lead to hydrothermal alteration of the host rock (Bloodworth 

et al., 1993). For example, high-heat-flow granites may provide optimum thermal conditions 

required to drive groundwater convection cells (Bloodworth et al., 1993). Kaolinite may also 

form in humid soils formed from volcanic ash and pumice (Yuan et al., 2014). The Cornwall 

kaolins in southwestern England are an example of hydrothermal kaolins, where weathering 

occurred after a long hydrothermal alteration (Harvey and Murray, 1997).  

 

2.4.3.2 Secondary kaolins 

Secondary kaolins are those that are transported and deposited in a sedimentary basin 

(Murray, 1999). They often contain more than 60% of kaolinite (Bloodworth et al., 1993). 

According to Baouimy (2014a), the geochemistry of sedimentary kaolins is controlled by three 

main factors: (1) the detrital minerals (quartz, feldspars, zircon, rutile, and leucoxene) that 

reflect the source area composition; (2) the neo-minerals (kaolinite and non-clay minerals such 

as anatase) resulting from weathering; and (3) post-depositional alterations (diagenesis and 

weathering).  

The Pugu kaolins (Tanzania) are secondary kaolins whose source rocks are believed to be 

the Precambrian metamorphic rocks of the Uluguru Mountains (Schwaighofer and Muller, 

1987). These kaolins then resulted from a rapid erosion and transportation of sediments from 

the Pugu Hill Formation, which occurred during the Upper Cretaceous (Robertson et al., 1954). 

 

2.5 Cretaceous-Tertiary paleoclimates 

Extensive distribution of biota and sedimentary indicators only present in lower latitudes show 

that the Cretaceous climate was warm, non-varying and ice-free (Barron, 1983). According to 
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Valdes (2000) and Sijp et al. (2014), the Earth's surface was significantly hotter than today 

during the Cretaceous and the Tertiary, with the Cretaceous having one of the warmest climate 

extremes of the Phanerozoic (Barron, 1993). A summary of Cretaceous-Tertiary climates is 

given in Table 2.1. 

 

Table 2.1: Summary of the Cretaceous-Tertiary climates (Zachos et al., 1993; Keller, 2008; 

Sijp et al., 2014) 

PERIODS EPOCHS DESCRIPTION OF THE CLIMATE 

T
E

R
T

IA
R

Y
 

Pliocene 
 

Miocene 
 

Oligocene Glacial maximum  

Eocene No or only mild cooling of tropical waters but substantial 

cooling of high latitude waters (Sijp et al., 2014) 

PALEOCENE-EOCENE THERMAL MAXIMUM (PETM) 

Paleocene 
 

K-T BOUNDARY GRADUAL COOLING 

C
R

E
T

A
C

E
O

U
S

 

Maastrichtian Gradual cooling through most of the Maastrichtian; followed by 

an abrupt greenhouse warming 200-400 Ky before the end of 

the Cretaceous 

Campanian Rapid cooling of surface water 

Santonian Warming and Fluctuating climate conditions 

Coniacian 
Warm but reduced temperatures (28oC) 

Turonian 

Cenomanian Warming reaching maximum marine surface temperatures 

(28oC) in high southern latitudes 

Albian Significant cooling 

Aptian Increased warming and greenhouse conditions associated 

with the Ontong Java I volcanic province 

Barremian Warming associated with the Parana-Etendeka volcanic 

province 

Hauterivian Coolest temperatures 

Valanginian Cooling 

Berriasian 
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The breakup of Gondwana greatly influenced the climate of the southern hemisphere (Maley, 

1996), moderating seasonal thermal variations (Fluteau et al., 2007). The eastern part of 

Africa, for instance, experienced the most displacement, and their paleoclimates were greatly 

affected as a result of the drift of the Africa and South America, since the Upper Cretaceous 

(Maley, 1996). 

Norris et al. (2002) suggested that Uppermost Cenomanian tropical sea-surface temperatures 

may have been as much as 4–7oC warmer than the highest modern mean annual 

temperatures. Geological evidence for these Cretaceous sea level fluctuations could be 

recognised in regional unconformities (Flögel et al., 2011). This is further supported by isotopic 

data which support a gradual decrease in deep water temperatures from 15°C to 2-3°C 

throughout the Tertiary (Barron, 1983). The greenhouse warming that occurred during the end 

of the Cretaceous was linked to catastrophs such as the Deccan volcanism (65–66 Ma) and 

the Chicxulub impact (Keller, 2008). 

The Tertiary was characterised by a general cooling of global climates which ended with warm 

temperate in the mid-latitudes, and alternsting cool-temperate climates in the Late Neogene 

(Ehlers and Gibbard, 2007). However, the Early Paleogene is identified as a particularly warm 

period in Earth's history (Sewall and Sloan, 2001). Like the Early Aptian (Cretaceous), the 

Paleogene-Eocene boundary was characterised by a remarkable increase in temperature 

(Jenkyns, 2003). 

Zachos et al. (1993) distinguished two thermal events during the Tertiary: the first was the 

Paleocene-Eocene thermal maximum, characterised by reduced oceanic turnover and 

decreases in global δ13C and in marine productivity; the second was the Early Oligocene 

glacial maximum, which was accompanied by intensification of deep ocean circulation and 

elevated δ13C and productivity. 

The middle Eocene was marked by mild cooling of tropical waters; whereas there was 

insignificant cooling of high latitude waters (Sijp et al., 2014). In West Africa, the Eocene-

Oligocene transition determined a non-reversible turnover observed through rapid 

environmental evolution (Seranne, 1999). 

 

2.6 Geochronology  

2.6.1 Review of kaolin dating 

Several attempts have been made to date kaolin deposits. Gilg and Frei (1997) studied isotope 

dating of residual kaolin deposits in Europe, with the objective to explore the use of radiogenic 
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(K-Ar and Rb-Sr) and stable (H) isotopes in direct dating of kaolin formation in the 

Tirschenreuth (Germany) and St. Yrieix (France) residual kaolin deposits. They concluded that 

secondary kaolinites cannot be dated using the K-Ar or Rb-Sr methods because they 

preferentially incorporate Ar and Sr (daughter elements) from their precursor minerals. 

The most successful attempts to date kaolins were made using stable isotopes of oxygen and 

hydrogen (Gilg, 2000; 2013); as they are an indirect method of dating.  Gilg (2000) studied the 

stable isotope evidence of the timing of kaolinisation in Northeast Bavaria in Germany. He 

showed that under specific conditions, kaolins keep their original hydrogen isotope ratios and 

that they can yield valuable geochronological information. He further discussed the 

palaeoclimatic, palaeogeographic and palaeohydrological implications. Conclusions were 

obtained by comparing the hydrogen isotope ratios of the studied kaolins with those of 

sedimentary kaolins of known age. Therefore, stable isotope geochemistry can provide 

indirect evidence for the age of weathering products. The D/H ratios of the kaolins yielded Mid-

Cretaceous ages for the deposit. Hence, stable isotope data of kaolins have a good potential 

in constraining the timing of weathering (Gilg, 2000). 

Gilg (2003) reviewed isotopic tools for dating palaeoweathering in Europe. This review 

presented geochronological methods using radiogenic isotope systems (K-Ar, 40Ar-39Ar and 

Rb-Sr) and stable isotopes of oxygen and hydrogen; and their application in weathering 

ranging from Mesozoic to Cenozoic. The K-Ar method is suitable for dating K-rich minerals 

(Gilg, 2003). Several authors have used the K-Ar method to date potassium-rich clay minerals 

(Burley and Flisch, 1989; Środoń et al., 2002; Meunier et al., 2004; Zwingmann et al., 2004 

and Clauer et al., 1995, 2012 and 2014). The 40Ar-39Ar method, however, is usually not suitable 

for dating very fine-grained clay minerals due to 39Ar recoil during irradiation (Gilg, 2003). Due 

to the short half-times of 230Th and 234U, the uranium series are principally restricted to 

Quaternary samples. 

Souza et al. (2007) successfully used single zircon direct evaporation geochronology with the 

Pb-Pb method to determine the provenance of soft and flint kaolin facies of the Capim River 

(Brazil) by correlating ages found in the region. The zircon crystals in these kaolins were 

grouped into four morphologic types: type I, characterised by long and euhedral crystals; type 

II, characterised by intermediate, subhedral to subrounded crystals; type III, characterized by 

short euhedral crystals; and type IV, characterised by ovoid to spherical crystals. Type II 

zircons predominated at 39%, followed by type III with 32%, type IV with 17%, and type I with 

12%. Among the four age plateaus, 2.15 and 2.02 Ga were the best defined age intervals for 

the Capim kaolin zircons, because they corresponded to the intervals with the highest amount 

of zircons and four morphologic types. The results of this study identified two main sediment 
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sources: one located to the northeast of Capim River, in the Gurupi Region, and the other 

located in the southwestern and southern portion of the Amazon Craton.  

 

2.6.2 Pb-Pb geochronology 

The ability of zircon to fractionate radioactive uranium (U) and thorium (Th) from lead (Pb) 

during their crystallisation makes zircon an important mineral in provenance and 

geochronology studies (Kober, 1987). Pb-Pb geochronology uses the crystallisation ages of 

zircon to infer the ages of the samples being dated. The single zircon Pb-evaporation 

technique determines the 207Pb/206Pb age of a zircon grain through “step-by-step heating of 

the filament in a solid source thermal ionisation mass spectrometer” (Gaudette et al., 1998).  

The technique consists of loading an untreated single zircon grain in an outgassed Re filament 

(Kober, 1986). The sample is then heated in steps from about 1400 to about 1650oC. The Pb 

driven off from the zircon is deposited on a second filament and subsequently analysed for its 

isotopic composition. However, only 207Pb/206Pb ages are obtained because the zircon grains 

are not spiked (Ansdell and Kyser, 1993). 

 

2.7 Kaolins as paleoenvironmental and paleoclimatic proxies 

2.7.1 Use of stable isotopes of H and O of kaolinite  

2.7.1.1 Stable isotopes of H and O 

The isotopic abundances of several light elements, including oxygen and hydrogen, usually 

differ in different phases, different chemical compounds, and sometimes in different atomic 

positions within the same compound. These differences are caused by physico-chemical 

processes and reflect slight differences in the physical and chemical properties of the isotopes 

(Savin and Hsieh, 1998). The commonly used stable isotopes of oxygen and hydrogen are 

18O and 2H or deuterium (D). Their average relative abundances in natural systems are 0.204 

‰ and 0.015 ‰, respectively (Savin and Hsieh, 1998).  

Stable isotopes geochemistry of water was one of the first to be developed for natural systems, 

and Craig (1961) came up with the equation of the meteoric water line (Equation 2.1). 

Sheppard et al. (1969) developed the Hypogene-Supergene line which is equivalent to 

kaolinite in equilibrium with meteoric waters at about 35oC (Parnell et al., 2000). Later, studies 

by Savin and Epstein (1970) led to the development of the kaolinite line (Equation 2.2), which 

represents the location of isotopic data for pure kaolinites formed in approximate equilibrium 
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with meteoric water at surface temperatures (Faure, 1998). The meteoric water, supergene-

hypogene and kaolinite lines are illustrated in Figure 2.5. 

𝛿𝐷 = 8𝛿18𝑂 + 10                  (Eqn. 2.1) 

𝛿𝐷 = 7.5𝛿18𝑂 − 220                      (Eqn. 2.2) 

 

 

Figure 2.5: The meteoric water, supergene-hypogene and kaolinite lines (Modified from Gilg 

et al., 1999) 

The δD and δO values of meteoric water vary with change in latitude and altitude. Therefore, 

the stable isotope composition of secondary kaolins is considered to reflect the environment 

of formation (Mizotta and Longstaffe, 1996). The stable isotope composition of kaolins can 

also provide paleoenvironmental information on the isotope composition of soil waters, 

paleotemperatures, isotope values of gases in the soil and the partial pressure of soil and 

tropospheric gases (Sheldon and Tabor, 2009). Several studies have applied stable isotope 

geochemistry of clay minerals to various disciplines, such as: geothermometry; clay minerals’ 

genesis, diagenesis, and palaeoenvironments, amongst other disciplines (Sheppard and Gilg, 
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1996).  This is because oxygen and hydrogen isotopic signatures of naturally occurring kaolin 

minerals contain information about the conditions under which these minerals formed (Gilg 

and Sheppard, 1996; Savin and Hsieh, 1998). Several authors applied stable isotopes of 

oxygen and hydrogen to reconstruct paleoenvironments of formation of kaolins (Elliot et al., 

1997; Savin and Hsieh, 1998; Gilg et al., 1999; Tabor et al., 2002; Tabor and Montanez, 2005; 

Ekosse, 2007; Horbe, 2011; Das et al., 2013; Gilg et al., 2013; Roseneau and Tabor, 2013; 

Turc et al., 2013; Westermann et al., 2013 and Martinez-Ruiz et al., 2014). 

In their study on stable isotopes of clay minerals, Sheppard and Gilg (1996) proposed 

equations for the approximation of the equilibrium H- and O-isotope fractionations, based on 

experimental, empirical and/or theoretical data for kaolinite (Equations 2.3 and 2.4). Variations 

in kaolinite chemistry are generally too minor, causing the fractionation factor not to vary much; 

with an error margin in Equation (2.3) being of ± 5 (Gilg and Sheppard, 1996). 

Hydrogen: 1000 ln 𝛼𝑘𝑎𝑜𝑙𝑖𝑛𝑖𝑡𝑒−𝑤𝑎𝑡𝑒𝑟 = −2.2𝑥106𝑥 𝑇−2 − 7.7                                           (Eqn. 2.3) 

Oxygen: 1000 ln 𝛼𝑘𝑎𝑜𝑙𝑖𝑛𝑖𝑡𝑒−𝑤𝑎𝑡𝑒𝑟 = −2.76𝑥106𝑥 𝑇−2 − 6.75                                          (Eqn. 2.4) 

Where T is the temperature. 

 

2.7.1.2 Previous investigations of stable isotopes of H and O of kaolinites as 

paleoenvironmental and paleoclimatic proxies 

Elliot et al. (1997) interpreted palaeoclimates using pedogenic clay minerals from the 

Piedmont Province in Virginia, USA. The objective of the study was achieved by carrying out 

isotopic (stable oxygen isotope) and mineralogical studies of kaolinite. The relatively low 18O 

(18.3-19.9 ‰) led them to conclude that the kaolinite formed in a climate cooler than that of 

1997, probably during the Pleistocene. 

Gilg et al. (1999) carried out a study on the supergene origin of the Lastarria kaolin deposit in 

South-Central Chile; then addressed the palaeoclimatic implications. The objective of the work 

was to prove the supergene origin of the Lastarria kaolin deposit and to discuss the various 

criteria proposed to distinguish between supergene and hypogene kaolins. They determined 

the mineralogical composition of the kaolin samples, carried out differential thermal analysis 

(DTA), studied the fluid inclusions in the quartz phenocrysts and determined the oxygen and 

hydrogen isotopic compositions of the samples analysed. The results showed that there was 

no significant hydrothermal alteration of the quartz porphyries. Stable isotopes data indicated 

that the kaolin formed in a supergene environment, with higher mean annual air temperatures 



26 
 

than the mean temperatures in 1999. These results converged to show that the deposit had a 

supergene origin. 

Boulvais et al. (2000) determined the origin of kaolinisation of deposits overlying granites in 

Brittany (France), using the isotopic compositions of O and H. Kaolin deposits in Brittany occur 

abundantly in various types of rocks. Hence, the necessity to determine their origin. The 

results (δ18Okaolinite = 20.2 ± 1 ‰, δDkaolinite = - 55 ‰ to – 67 ‰) were coherent with a supergene 

origin. However, the association of kaolinite with quartz veins in deposits is probably as a 

result of an increase in permeability caused by a former hydrothermal alteration event.  

Gilg et al. (2013) studied D/H and 18O/16O ratios of kaolins from sites on the Fennoscandian 

Shield (Southern Sweden) in order to estimate groundwater palaeotemperatures during 

weathering and infer ages of phases of deep kaolinisation. Weathering profiles containing high 

concentrations of kaolinite occur on Proterozoic Shield rocks beneath Pleistocene glacial 

deposits. The oxygen and hydrogen isotopic ratios indicated weathering by cool groundwater 

under mean annual temperatures of 13-15oC, which are below Cretaceous mean annual 

temperatures (MATs), and slightly above Plio-Pleistocene MATs. The Cretaceous-Paleogene 

uplift might have caused a selective intense weathering of fractured shield rocks. Therefore, 

the assumption that kaolinisation only occurs in humid tropical environments is questionable 

(Gilg et al., 2013). 

 

2.7.2 Use of trace elements in kaolins 

2.7.2.1 Trace elements 

Some elements are less mobile during sedimentary processes. This enables them to stay in 

the solid phase during erosion and sedimentation, thereby preserving the chemical signatures 

of their source rocks (López et al., 2005). These elements constitute the group of trace 

elements, and include rare earth elements (REEs), large ion lithophile elements (LILE), high 

field strength elements (HFSE) and transition trace elements (TTE). 

The REEs are a group of elements belonging to the Lanthanides, with atomic numbers ranging 

from 57 (La) – 71 (Lu). Individual REE or group of REEs have similar but distinct geochemical 

behaviour in natural systems (Laveuf et al., 2008). The immobility of REEs during geological 

processes makes them useful indicators of provenance of sediments (Cavalcante et al., 2014). 

Like REEs, high field strength elements (HFSE) (Zr, Hf, Nb, U and Ta), Th, Sc, Ti, Y and Co 

are the most suitable ones for provenance determination (Nyakairu and Koeberl, 2001; 

Banner, 2004). 
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Large ion lithophile elements and TTEs include Cr, Se, Co, Pb, As, Ni and Cu, and U. Their 

mobility is depedent on the pH, sorbent nature, presence and concentration of organic and 

inorganic ligands, including humic and fulvic acids, root exudates and nutrients (Violante et 

al., 2010). Moreover, kaolinite is highly dependent on pH; this causes the adsorption of metals 

based on the pH of the environment (Bhattachryya and Gupta, 2008). 

Dill et al. (1997) showed that some REEs are more concentrated in kaolin during hydrothermal 

processes (Au and Ag), whereas others are more concentrated during weathering. Hence, 

unlike major oxides, trace elements are useful in interpreting the genesis of kaolinisation 

(Cravero et al., 2001; Laveuf et al., 2008).  

 

2.7.2.2 Previous investigations of trace elements as paleoenvironmental and 

paleoclimatic proxies 

Dill et al. (1997) studied the mineralogical and geochemical variations in hypogene and 

supergene kaolin deposits in a mobile fold belt of the Central Andes in north-western Peru. 

The aim of the study was to differentiate between hypogene and supergene kaolinisation using 

their trace elements’ chemistry and mineralogy. According to these authors, S, Ba, and Sr are 

more concentrated in kaolins during hypogene processes, unlike Cr, Nb, Ti and lanthanides 

which preferentially concentrate within a supergene environment. The P2O5 vs. SO3, Zr vs. Ti, 

Cr + Nb vs. Ti + Fe, and Ce + Y + La vs. Ba + Sr diagrams were used to determine the origin 

of the kaolin deposits. During the Lower Cretaceous, kaolins were deposited in flood plain to 

delta plain environments. In the magmatic arc/back-arc basin, kaolinisation occurred during 

uplift and peneplanation; and during the Late Miocene, kaolinisation of volcanic rocks was 

similar (Dill et al., 1997). 

Late Cretaceous sea-level changes in Tunisia were studied by Li et al. (2000) using a 

multidisciplinary approach. This approach included bulk rock and clay mineral compositions, 

carbon isotopes, total organic carbon (TOC), Sr/Ca ratios, and macro- and microfaunal 

associations. In this study, they used the kaolinite / (chlorite + mica) ratios to determine sea-

level changes. The results of clay mineral analyses led to the interpretation of ckimatictrends 

in Tunisia. The high kaolinite and variable mica and chlorite abundances suggested that the 

Late Maastrichtian was increasingly humid. The kaolinite distribution and abundance indicated 

that the overall climate in Tunisia was generally more humid during the late Maastrichtian. Low 

kaolinite / (chlorite + mica) ratios corresponded to low sea-levels, and warm or humid climates.  

Baioumy (2014) studied the geochemistry and origin of Cretaceous sedimentary kaolin 

deposits of the Red Sea in Egypt. The aim of the study was to determine the source of the 

aforementioned deposits using their mineralogy and geochemistry. Baioumy (2014) found that 



28 
 

the deposits were derived from a mixture of mafic, granitic and alkaline rocks. The REE 

pattern, the negative europium anomaly and the high Zr and Y contents suggested the 

contribution of granitic rocks; the relatively high TiO2 and Ti contents suggested the 

contribution of mafic rocks; and the abnormally high Nb indicated a contribution of alkaline 

rocks to the source rocks. The conclusion was that the Cretaceous sedimentary kaolins of the 

Red Sea were deposited in a non-marine depositional environment, due to abundant organic 

matter, absence of marine fossils and presence of kaolinite as single mineral phase. 

 

2.8 Occurrence of kaolins in Cameroon 

Ekosse (2010) reported the existence of 27 kaolin deposits in Cameroon (Table 2.2), of both 

primary and secondary origins. A summary of characterised kaolins in Cameroon is shown in 

Table 2.2. Other kaolin deposits in Cameroon include the Misselele, Dizangue, Mbanga, 

Bomkoul, Nkolbisson, Mbankomo, Etoug-Ege Mbe, Mbe, Mora and Lembo (Ekosse, 2010), 

amongst others. 

Table 2.2: Kaolin deposits in Cameroon (Ekosse, 2010) 

Deposits Genesis Minerals Applications 

Mayouom Hydrothermal alteration of gneiss 

mylonite and magmatic intrusive 

veins 

Kaolinite, quarts, 

illite/muscovite, anatase 

Ceramics 

Bana Primary, from alteration of Bana 

Tertiary ring complex 

Quartz, illite, hematite, 

kaolinite 

Ceramics 

Balengou Meteoric alteration of granites of 

the Bana ring complex 

  

Ntamuka 

(Bafut) 

Primary, from alteration of 

trachyte 

Halloysite  

Santa Primary, from weathering of 

trachyte and phonolite from 

Mount Bamenda 

Kaolinite, Quartz Ceramics 

 

Bali Residual weathering of trachyte 

and phonolite from Mount 

Bamenda 

Kaolinite, quartz and 

halloysite 

Ceramics, 

pottery, bricks 
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Deposits Genesis Minerals Applications 

Bambili Secondary, from weathering of 

feldspathic arenites within the 

Douala sedimentary basin 

Kaolin  Ceramics 

Sabga Primary, from alteration of 

ferrugineous lateritic profiles 

Kaolinite, quartz, goethite Bricks  

Banga Primary, from alteration of 

granites 

Kaolin  Bricks, pottery 

Of these deposits, only four have been studied, namely; the Mayouom, Ediki, Missole and 

Bomkoul kaolins. 

 

2.8.1 Mayouom kaolins 

The Mayouom kaolin deposit is located in the Foumban shear zone (550-660 Ma) (Njoya et 

al., 2006). Njoya et al. (2006) studied the genesis of the Mayouom kaolin deposit. The sand-

rich and the sand-poor kaolins were the two main facies distinguished in this deposit. In 

addition to the quantitative analyses, semi-quantitative analyses using X-ray diffraction 

spectroscopy (XRD), scanning electron microscopy (SEM) and Fourier Transform Infrared 

(FTIR) techniques were also carried out. Results obtained from this study showed that the 

Mayouom kaolin deposit is of hydrothermal origin, formed from the kaolinisation of veins and 

neighbouring mylonite. 

Sequel to the study made by Njoya et al. (2006), Tassongwa et al. (2014) studied the 

geochemistr and mineralogy of the Mayouom kaolin deposit. The study focused on a particular 

outcrop in the deposit, suggesting a possible vertical variation of the Mayouom kaolin. 

Determination of the chemical index of alteration (CIA) was included in the study in order to 

determine the degree of alteration of the samples. The industrial suitability of the Mayouom 

kaolin deposit was evaluated by Nkoumbou et al. (2009). Mayouom kaolins were 

recommended for ceramic applications (porcelain, ceramic glass, sanitary ware and silico-

alumina-based refractory ceramics).  
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2.8.2 Ediki kaolins 

The Ediki kaolin deposit occurs within the Mungo River (Logbadjeck) Formation of Turonian-

Cenomanian ages (93.9-72.1 Ma) of the Douala Sub-Basin (Diko and Ekosse, 2012). The 

Ediki kaolin is acidic, with quartz and kaolinite as the dominant mineral phases, and muscovite 

+ microcline and illite + goethite as the minor and trace phases, respectively. Kaolinisation 

was favoured by a hot humid tropical climate, and low pH (Diko and Ekosse, 2012). Two kaolin 

facies can be distinguished from this deposit (Diko and Ekosse, 2013): the sand-rich and the 

sand-poor facies. The difference in mineralogy and geochemistry between the two facies were 

attributed to physical controls on weathering (Diko and Ekosse, 2013). 

 

2.8.3 Missole II kaolins  

The Missole II kaolin deposit is found in the Paleocene-Eocene N’Kapa Formation of the 

Douala Sub-Basin (Logmo et al., 2013). According to the study carried out by Logmo et al. 

(2013), the main minerals of this deposit are kaolinite, illite and quartz. A study conducted by 

Ngon Ngon et al. (2012a) showed that average elemental ratio values of Eu/Eu* (0.5), La/Sc 

(8.0), Th/Sc (0.99), La/Co (26.9), Th/Co (4.1), and Cr/Th (8.3); coupled with light rare earth 

elements (LREE) enrichment and flat heavy rare earth elements (HREE) of the kaolins favour 

a felsic rocks source for Missole II kaolins. This was later confirmed by Ngon Ngon et al. 

(2014). The Missole II kaolins are suitable for the manufacturing of bricks and tiles (Logmo et 

al., 2013). 

 

2.8.4 Bomkoul kaolins 

The Bomkoul kaolins are found in the Matanda-Wouri-Formation (Miocene-Pliocene age), on 

the eastern part of the Douala Sub-Basin (Ngon Ngon et al., 2012b). The kaolin deposit is 

mainly made up of kaolinite and smectite, and could be used for pottery and manufacturing of 

bricks and tiles. Ngon Ngon et al. (2014) investigated the Bomkoul kaolins deposit to identify 

its parent rocks. The high CIA depicted extreme weathering if the kaolins under humid tropical 

climate before and after its deposition in the coastal plain. The values of elemental ratios, 

together with the chrondrite-normalised rare earth elements (REE) patterns, and the negative 

Europium anomaly corroborated a silicic or felsic parent rock. 
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2.9 Paleoenvironmental reconstruction in the Douala Sub-Basin 

The Douala- Kribi-Campo Basin has usually been studied for its hydrocarbon potential. 

However, in the past decade, paleoenvironmental research on the Douala Sub-Basin 

sediments focused on the use of palynostratigraphy and the study of the lithology of some 

outcrops in this Sub-Basin (Ngaha, 2005; Kenfack et al., 2012b, Mbesse et al., 2013; Chavom 

et al., 2014). 

Kenfack et al. (2012b) proposed a paleoenvironmental reconstruction (geochronology and 

paleoecological interpretations) of the sediments in the Northern border of the Douala Sub-

Basin using fossils dinoflagellates. All the collected dinoflagellates belonged to the 

Dinophyceae class. Correlating these results with those obtained in other studies gave a 

Maastrichtian-Paleocene age to sediments, which is in accordance with the hosting 

Formation’s age. The results also proved that the sediments were deposited in a shallow 

marine coastal environment, with warm waters and normal salinity (Kenfack et al., 2012b). 

Mbesse et al. (2012) suggested a paleoenvironmental reconstruction of the Paleocene-

Eocene boundary of the Douala Sub-Basin, using palynostratigraphy (Dinocysts’ ecology and 

the Dinoflagellates/Pollen-Spores’ ratio in the studied sequences). An important marine 

transgression phase took place from the Lower to Mid Paleocene, while one of the study sites 

(Moulongo) showed a clear regression phase during the Lower Eocene (Mbesse et al., 2012). 

The two other sites showed a break in sedimentation, which was interpreted as the beginning 

of the tectonic activity, which caused a general regression in the Douala Sub-Basin.  

Chavom et al. (2014) used the lithology, grain size and sedimentary structures of selected 

Tertiary outcrops of the Douala Sub-Basin to reconstruct the paleoenvironments of deposition 

of its sediments. They came up with five depositional environments, namely; the fluvial-braided 

channels, meandered channels, delta plain, continental shelf and the marginal-littoral. 

 

2.10 Kaolin applications and beneficiation methods 

2.10.1 Kaolin applications 

Kaolin genesis has a direct link to its industrial applications (Ekosse, 2000). Mineralogical and 

chemical characteristics are important properties for a good quality control of kaolins, and 

physical properties are closely related to the mineralogy and chemistry (Cravero et al., 1997). 

Moreover, the wide applications of kaolins in industry strongly depend on their purities. 
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The excellent firing properties and relatively high melting point of kaolin (Aja and Randy, 2013) 

have made kaolin an intensively used industrial mineral (Choudhary et al., 2012). The wide 

range of applications of kaolins include construction, agricultural, textile, paper, 

pharmaceutical, ceramic, electrical, paint, nuclear energy, polymer and petroleum industries 

(Heckroodt, 1991; Ekosse, 2000; Matike et al., 2011; Obaje et al., 2013 and Tassongwa et al., 

2014).  

In the soap production industry, kaolin is used as a filler and it gives the structure and acts as 

a riser (Aja and Randy, 2013). Kaolin is also used as a filler and coater in the paper industry 

(Jepson, 1984). Kaolins could also be used for ceramics. Ceramic applications if kaolins 

include the production of sanitary ware, tableware, fine china, electrical porcelain, wall tiles 

and floor tiles, whereas, in the paint and polymer industry, kaolins are used as extenders due 

to their fineness, aspect ratio and whiteness (Jepson, 1984). Testing for the physico-chemical 

characteristics of kaolins is known as diagnostic evaluation, and the degree of response to 

beneficiation determines the specific industrial application of a kaolin deposit (Ekosse, 1994). 

 

2.10.2 Diagnostic evaluation 

Diagnostic evaluation consists of evaluating the physical properties of kaolins, such as the 

grain size distribution, viscosity, colour, pH, electrical conductivity, and plastic and liquid limits. 

The liquid limit is taken as the water content of the soil at which it will just begin to flow when 

jarred in a specific manner, while the plastic limit is the minimum water content at which the 

soil can just be rolled by hand into threads 3 mm thick without crumbling (Bain, 1971). 

 

2.10.3 Beneficiation methods  

Beneficiation enhances kaolin applications (Ajayi and Adefila, 2012). The two principal 

objectives of kaolin beneficiation are the removal of impurities and production of a desired 

particle size distribution (Kirabira et al., 2007). 

Particle size reduction could be done by conventional sieving and/or by using a sedigraph 

(Ngon Ngon et al., 2012b). 

Magnetic separation processes are simple and economic; they therefore, hold great promise 

for the clay manufacturer (Oder and Price, 1973). Cravero et al. (1997) determined the 

technological properties of three kaolin deposits in the Neuquén Basin (Argentina) and 

suggested their most suitable uses. The degree of plasticity of the kaolins positively correlated 
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with illite/smectite ratio content; whereas the kaolin’s viscosity and pH correlated negatively. 

These results led to the conclusion that kaolins could be used as stoneware clays in ceramic. 

Bacterial leaching involves three main processes (Roy et al., 2010): isolation and cultivation 

of the bacteria; bioleaching of the kaolin; and the identification of the bacteria. Bacteria of 

Bacillus species are the most widely used because they break down the silicate structure 

during weathering and in the genesis of kaolins (Štyriaková and Štyriak, 2000). The most 

commonly used bacteria in bioleaching is the Aspergillus niger, which is used commercially in 

the production of organic acids, such as citric acid, oxalic acid, and gluconic acid (Ajayi and 

Adefila, 2012).  

 

2.11 Concluding remarks 

In this Chapter, a concise literature review on aspects discussed in this research is presented. 

It covered the Periods of the Geologic Time Scale, the Precambrian to Tertiary geology of 

Cameroon, kaolin genesis, Cretaceous-Tertiary paleoclimates, geochronology, the use of 

kaolins as paleoenvironmental and paleoclimatic proxies, occurrences of kaolins in 

Cameroon, paleoenvironmental reconstruction in the Douala Sub-Basin, and kaolin 

applications and beneficiation methods 
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CHAPTER 3 

METHODS 
 

3.1 Preamble 

This chapter presents the methods used throughout this research. They cover methods used 

during fieldwork and sampling, sample preparation techniques, analytical methods, and 

methods used for data analysis and interpretation. Samples used for analyses were in three 

fractions: bulk (< 2 mm), silt (between 2 µm and 63 µm) and clay (< 2 µm). 

 

3.2 Fieldwork and sampling 

3.2.1 Fieldwork 

Fieldwork was carried out in December 2015 at the different study sites in Cameroon. A Global 

Positioning System (Garmin Etrex H) was used to determine the location and elevation of 

kaolin deposits. The thickness of outcrops and the distance between sampling points were 

measured using a tape. At each study site, records of the lithologies and physical 

characteristics of kaolins outcrops were made in a field book, and photographs were taken.  

 

3.2.2. Sampling 

Sampling was done during fieldwork at the different study sites. The method of sampling was 

judgemental (Tan, 1996), based on the presence of kaolin deposits in known Cretaceous-

Tertiary Formations of the Douala Sub-Basin. The number of samples and sampling intervals 

were a function of the availability of the outcrop, and the size and differences in lithological 

characteristics of the kaolin occurrences (Diko and Ekosse, 2012).  

The collection of samples was done using a trowel (Figure 3.1). Prior to the collection of 

samples, the exposed surface of outcrops was cleared to enable the collection of fresh 

samples (Figure 3.1). Samples were either collected vertically or laterally, depending on the 

presence of profile. Approximately 500 g of fresh sample was collected and stored in labelled 

air tight sample bags. After field work, samples were air-dried and preserved for sample 

preparation (van Reeuwijk, 2002). The location of studied kaolin deposits is found in Table 

3.1. 
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Figure 3.1: Collection of fresh kaolin sample with a trowel 

 

Table 3.1: Location of studied kaolin deposits 

Period Deposits Location Coordinates 

Cretaceous Ediki kaolin 

 

Ediki, Mbonge Sub-Division, Meme 

Division, South-West Region 

N04o33’25.4” 

E09o27’59.9” 

Logbaba kaolin Douala, Douala 3eme Sub-Division, 

Wouri Division, Littoral Region 

N04o01’42.9” 

E09o45’25.7” 

Yatchika kaolin Douala, Douala 3eme Sub-Division, 

Wouri Division, Littoral Region 

N03o58’28.8” 

E09o48’16.8” 

Tertiary Bomkoul kaolin Douala, Douala 5eme Sub-Division, 

Wouri Division, Littoral Region 

N04o05’49.1” 

E09o48’16.7” 

Dibamba kaolin Dibamba, Sanaga Maritime Division, 

Littoral Region 

N04o00’30.4” 

E09o51’48.3” 

Missole kaolin Missole, Mouanko Sub-Division, 

Sanaga Maritime Division, Littoral 

Region 

N03o58’27.9” 

E09o56’03.7” 

 

Fresh kaolin 

Exposed weathered surface of the outcrop 
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3.1.2 Sample coding 

The collected samples were given codes for ease of handling and processing of results, 

according to their locations as in Table 3.2. 

Table 3.2: Sample codes according to their locations 

Location Sample Sample code 

Bomkoul Bomkoul 01 BKL 01 

Bomkoul 02 BKL 02 

Bomkoul 03 BKL 03 

Dibamba Dibamba DBB 

Dibamba clay nodule 01 DBB CN 01 

Dibamba clay nodule 02 DBB CN 02 

Ediki Ediki 01 EDK 01 

Ediki 02 EDK 02 

Ediki 03 EDK 03 

Logbaba Logbaba 01 LBB 01 

Logbaba 02 LBB 02 

Logbaba 03 LBB 03 

Missole 

 

Missole I 01 MSL I 01 

Missole I 02 MSL I 02 

Missole II 01 MSL II 01 

Missole II 02 MSL II 02 

Yatchika Yatchika 01 YTK 01 

Yatchika 02A YTK 02A 

Yatchika 02B YTK 02B 

Yatchika 03 YTK 03 

 

 

3.3 Sample preparation 

Sample preparation involved sieving, removal of organic matter, dispersion, particle size 

separation and packaging. Sieving, removal of organic matter and dispersion were carried out 

in the Soil Science Laboratory in the School of Agriculture; whereas particle size separation 

was done in the Hydrology and Water Resources Laboratory in the School of Environmental 

Sciences. Both laboratories are in the University of Venda. 
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3.3.1 Sieving 

Air-dried samples were gently crushed, to ensure that the internal structure of the particles 

were not destroyed, with a mortar and pestle in order to disaggregate clods. After being gently 

crushed, samples were placed in a nest of sieves comprising from top to bottom of 2 mm, 1 

mm, 125 µm, 105 µm, 63 µm sieves and the collection plate. This nest of sieves was then 

placed on a Fritsch Spartan Analysette3-Pulverisette 0 electric sieve (Figure 3.2). The 

samples were sieved for 10 minutes.  

 

Figure 3.2: Nest of sieves comprising 2 mm, 1 mm, 125 µm, 105 µm, 63 µm sieves and the 

collection plate 
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The collected < 63 µm samples were used afterwards to separate the clay fraction from silt 

fraction. Whereas, for bulk samples, the collected samples from the field were sieved using 

the 2 mm sieve, and samples < 2 mm were used as bulk samples (van Reeuwijk, 2002). 

 

3.3.2 Removal of organic matter 

The presence of organic matter in samples can affect analyses; for example by producing 

broad X-ray diffraction peaks, increasing the background, and inhibiting dispersal of other 

minerals. The method used to remove organic matter from samples was slightly modified from 

that described in van Reeuwijk (2002), which involves the use of hydrogen peroxide (H2O2). 

Fifty grams of samples were used instead of 20 g. The reason for this is because more than 

10 g of < 2 µm fraction were needed for mineralogical, geochemical and isotopic analyses. An 

amount of 50 g instead of 20 g of sample would not affect the results (GTM-13, 2015). 

Hence, 50 g of < 63 µm of each sample were transferred into 600 ml beakers. Twenty millilitres 

of (H2O2) were added to the samples. Distilled water was then added to a volume of 300 ml. 

The samples were placed in a sand bath (Figure 3.3) at a temperature of 200oC for 

approximately 4 hours until the supernatant was clear, indicating that the decomposition of 

organic matter was completed. The samples were then removed from the sand bath and let 

to cool for about one hour. They were allowed to settle and the supernatant was then 

decanted. 

 

Figure 3.3: Samples being heated in a sand bath for oxidation of organic matter 
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For analysed bulk samples, organic matter was removed from < 2 mm samples. The samples 

were then dried in an oven at 105oC, then packaged for subsequent mineralogical, 

geochemical and isotopic analyses. 

 

3.3.3 Dispersion 

While the samples were cooling, a dispersing agent (calgon) was prepared using 40 grams of 

sodium hexametaphosphate (NaPO3)6 and 10 grams of soda (Na2CO3) (van Reeuwijk, 2002). 

This solution was transferred in a 1 L volumetric flask and filled to volume with distilled water. 

Twenty ml of calgon was then added in each cooled beaker and distilled water was also added 

up to 300 ml volume. The solutions in the beakers were allowed to stand overnight. The 

following day, each solution was mixed for 15 minutes using an Eijkelkamp Mechanical 

Analysis Stirrer. Immediately after which each mixed solution was either transferred to one 

litre polyethylene bottles for particle size separation (Section 3.3.4) and eventual 

mineralogical, geochemical and isotopic analyses; or to a sedimentation cylinder, for particle 

size determination (Section 3.4.4.2).  

 

3.3.4 Particle size separation 

Particle size separation was carried out to obtain the silt and clay fractions. Particle size 

separation is based on the principle of Stoke’s Law of sedimentation of spherical particles 

falling freely at a steady velocity under the influence of gravity, and with the fluid’s viscosity 

being the only resistance (Gaspe et al., 1994). The principle is illustrated in Equation 3.1. 

𝑉 =
𝑔(𝑑𝑝−𝑑𝑤)𝐷2

18𝜂
               Eqn. 3.1 

Where, V is the settling velocity in cm/sec, 

D is the particle diameter in cm,  

η is the viscosity in poises 

g is the gravitational constant (980 cm/sec2) 

dp is the density of the liquid in g.cm-3 

dw is the density of water in g.cm-3 
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3.3.4.1. Silt fraction (2-63 µm fraction) 

Silt fraction was separated for six samples, one sample for kaolin deposit. For those six 

samples, the mixed solution transferred in polyethylene bottles (Section 3.3.3) were vigorously 

agitated and immediately poured into 250 ml beakers, at a height of 7 cm. The 7 cm depth 

solutions were allowed to stand undisturbed for 4 hours and 54 minutes. This is the appropriate 

time for particles > 2 µm, with a specific gravity of 2.65 to settle in a 7 cm suspension at a 

temperature of 25oC (Jackson et al., 1979; CRC Press, 2005) (Figure 3.4). After 4 hours and 

54 minutes, the supernatant was poured in another beaker for clay size fraction separation. 

The silt fraction deposited in previous beakers was dried in an oven at 105oC for at least one 

hour. 

 

Figure 3.4: Settled silt fraction and supernatant containing the < 2µm fraction 

 

3.3.4.2 Clay fraction (< 2µm)  

As in Section 3.3.4.1, the mixed solution transferred in polyethylene bottles were vigorously 

agitated and immediately poured into 250 ml beakers, at a height of 7 cm. The 7 cm depth 

solutions were allowed to settle undisturbed for four hours and 54 minutes. This time is the 

approximate time needed for all particles with a specific gravity of 2.65 and a particle size ≥ 2 

Supernatant containing the < 2µm fractions 

Settled silt fraction 
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µm to settle in a 7 cm suspension at 25oC (Jackson et al., 1979; CRC Press, 2005). The 

supernatant was then transferred to centrifuge tubes (Figure 3.5); then centrifuged at least 

twice at a speed of 2400 rpm for about 50 minutes, using a Grant-bio LMC-3000 centrifuge, 

so as to also get the finest particles (0.2 µm) (Jackson et al., 1979). The collected < 2µm 

fraction from the centrifuge tubes (Figure 3.6) were oven-dried at 105oC for about 3 hours. 

 

Figure 3.5: Collection of the settled < 2µm fraction from a centrifuge bottle by author 

 

Figure 3.6: Collected < 2µm fraction from centrifuge bottles 
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3.3.5 Packaging 

After drying the different fractions of samples (bulk, silt and < 2µm samples), samples were 

let to cool and they were later packaged in air-tight bags and labelled (Figure 3.7).  

 

Figure 3.7: Labelled samples in polyethylene bags 

 

3.4 Laboratory analyses 

Laboratory analyses involved mineralogical analyses (X-ray diffraction, scanning electron 

microscopy, Fourier transform infrared spectroscopy and, thermogravimetric analysis and 

differential scanning calorimetry), geochemical analyses (X-ray fluorescence spectroscopy 

and energy-dispersive X-ray spectroscopy), trace elements analysis (Inductively coupled 

plasma mass spectroscopy) and stable isotopes analyses, radiogenic dating of zircons in 

kaolins (U/Pb) and analyses to determine physico-chemical characteristics of samples 

(diagnostic evaluation). A summary of analyses carried out, particle sizes that were analysed 

and number of samples analysed is shown in Table 3.3. 

 

 



43 
 

Table 3.3: Summary of analyses carried out, analysed particle sizes and number of samples 

analysed 

Analyses Particle sizes analysed No. of samples 

X-ray diffraction 

Bulk samples 

Silt samples 

< 2 µm samples 

20 

06 

20 

Scanning electron microscopy < 2 µm samples 20 

Fourier transform infrared 

spectroscopy 
< 2 µm samples 20 

Thermogravimetric analysis and 

Differential scanning calorimetry 
< 2 µm samples 20 

X-ray fluorescence spectroscopy 

Bulk samples 

Silt samples 

< 2 µm samples 

20 

06 

20 + 1* 

Energy-dispersive X-ray spectroscopy < 2 µm samples 20 

Inductively coupled plasma mass 

spectroscopy 

Bulk samples 

Silt samples 

< 2 µm samples 

20 

06 

20 + 1* 

Stable isotopes analyses < 2 µm samples 09 

U/Pb dating of zircons Bulk samples 06 

Analyses to determine physico-

chemical characteristics of samples 

(diagnostic evaluation) 

Bulk samples 20 

(*): One duplicate sample for quality assurance 

Samples for stable isotopes analyses were chosen based on their high kaolinite content (> 85 

wt%) and less amount of other minerals. Two samples per kaolin deposits were chosen, 

except Ediki kaolins which contained < 70 wt% in all samples. Therefore, the sample with the 

highest kaolinite content was chosen.  Composite samples of each kaolin deposit were used 

for U/Pb dating of zircons, this gave a total of 6 samples (one sample per kaolin deposit). 
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3.4.1 Mineralogical and geochemical analyses 

3.4.1.1 Mineralogical analyses 

X-ray diffraction analysis (XRD) 

X-ray diffraction (XRD) is a very useful and non-destructive analytical technique used in 

identifying mineral phases and their abundances in a sample. The method uses Bragg’s Law, 

which relates the 2θ angle of the incident beam of X-rays and the spacing between ordered 

layers or sheets of atoms. Bragg’s Law, shown in Equation 3.2 and illustrated in Figure 3.8. 

nλ = 2d X sinθ             Eqn. 3.2 

Where: 

n = order of the reflection. This number is an integer. 

λ = wavelength of the incident beam of x-rays. 

d = spacing of the layers or sheets of atoms in Angstroms (Å). 

θ = angle between the incident beam and the atomic planes of the layers or sheets. 

 

Figure 3.8: Illustration of Bragg’s Law 

 

X-ray diffraction analysis was done at the Extraction & Engineering Metallurgy Department’s 

Laboratory at the University of Johannesburg using a Rigaku Ultima IV diffractometer (Figure 

3.9), working with 40 kV and 30 mA, and using a cobalt source (λ = 1.789 Å) and an alpha 

filter (CoKα). Samples were scanned from 3o 2θ to 90o 2θ at a rate of 2o per minute, though 

results are reported up to 40o 2θ.  Mineral phase identification and quantitative analysis of 
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these mineral phases were carried out at XRD Analytic and Consulting cc. The mineral phases 

were identified using X’Pert Highscore Plus Software. The relative phase amounts (weight %) 

were estimated using the Rietveld method. 

 

 

Figure 3.9: Rigaku Ultima IV X-ray diffractometer used for XRD analysis of samples 

 

Scanning Electron Microscopy with an energy dispersive X-ray spectrum (SEM-EDX) 

Scanning Electron Microscopy (SEM) with an energy dispersive X-ray spectrum (EDX) was 

used to determine the micromorphological and microchemical characteristics of the kaolin 

samples. The method used was similar to that described in Ekosse (2000). Particle images 

were obtained with a secondary electron detector. Samples were mounted on Al stumps using 

a conductive glue. Very small amounts of the < 2 µm fraction of each sample was set on 

carbon tapes. They were then coated with carbon using a Quorum Q150T carbon coater 
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(Figure 3.10). Samples were viewed from a VEGA3 TESCAN analytical scanning electron 

microscope (Figure 3.11). The analysis was carried out at the Extraction & Engineering 

Metallurgy Laboratory at the University of Johannesburg.  

 

Figure 3.10: Quorum Q150T carbon coater, which was used to coat the samples  

 

Figure 3.11: VEGA3 TESCAN equipment used for SEM-EDX analysis 
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Fourier transform infrared spectroscopy (FTIR)  

The FTIR spectroscopy is used to characterise functional groups in clay minerals and to 

fingerprint specific minerals (Madejová and Komadel 2001; Ekosse 2005). It has proven to be 

a rapid and cost-effective technique in determining the degree of structural disorder of clay 

minerals (Madejová and Komadel 2001). In this research, FTIR was carried out using a 

reflectance technique attenuated total reflectance (ATR) at the Ecology and Resource 

Management Laboratory in the School of Environmental Sciences at  the University of Venda.  

The method used was that described by Madejová and Komadel (2001): Each sample was 

placed in contact with an ATR crystal (ZnSe), and the evanescent wave was attenuated in the 

regions of infrared (IR) spectrum, where the sample transmits (absorbs) energy. The IR 

spectra were recorded using a Brucker Alpha Platinum ATR FTIR spectrometer (Figure 3.12), 

in the mid-infrared regions (MIR) (4000-400 cm-1) and with a resolution of 4 cm-1.  

 

Figure 3.12: Brucker Alpha Platinum ATR FTIR spectrometer used to determine the functional 

groups in the samples 
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The peaks obtained were compared to those of the Georgia kaolins (KGa-1b and KGa-2), 

known for their high grade (high purity and crystallinity), which were also analysed using ATR 

(Madejová and Komadel, 2001). Peaks were reported based on % transmittance to given 

wavelengths. The samples were later described as ordered, partially ordered, poorly ordered 

and disordered based on the empirical classification of Vaculíková et al. (2011). 

 

Thermogravimetric analysis and Differential scanning calorimetry (TGA-DSC)  

Thermogravimetric analysis and differential scanning calorimetry are thermal analyses (TA) 

techniques which involve a recording of a change of a material (in this case, kaolin) as it is 

being heated. Changes in heat content of the analysed sample are indicated by deflections 

(called peaks) shown by curves representing the differential temperature, and peak 

temperature (Tm) values are obtained from the classic Equation 3.3 (Kissinger, 1956).The 

curves show the weight changes during heating (TGA) and the effect of energy changes 

(endothermic or exothermic reactions) in a sample (DSC) (Guggenheim and van Groos, 

2001).Thermal analyses have also been successfully used as a method to determine the 

kaolinite disorder degree (Vaculíková et al., 2011; Diko et al., 2016).  

ln(𝜃𝑇𝑚
−2) = 𝐶 − 𝐸(𝑅𝑇𝑚

−2)             Eqn. 3.3 

Where θ is the heat rate, 

Tm is the peak temperature, 

C is an integrating constant, 

E is the activation energy and  

R is the gas constant  

The TGA-DSC analysis was carried out at the Department of Chemistry Laboratory at 

University of Johannesburg. The method used was similar to that in Diko et al. (2016). An 

average mass of 10 mg of sample was heated in nitrogen atmosphere at a rate of 10 °C/min, 

from 25 °C to 1000 °C using a TA instrument SDT Q600 (Figure 3.13). Thermal gravimetric 

analysis (TGA), derivative thermal gravimetric (DTG) analysis and heat flow were reported. 
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Figure 3.13: TA instrument SDT Q600 used for TGA-DSC analyses of samples  

 

3.4.1.2 Geochemical analyses 

X-ray fluorescence (XRF) spectrometry 

X-ray fluorescence (XRF) spectrometry is an X-ray technique used for chemical analyses of 

rocks, minerals, sediments and fluids. It is based on wavelength-dispersive spectroscopic 

principles. Fluorescent rays are emitted as samples are being irradiated by an intense X-ray 

beam. The emitted fluorescent rays are detected by a wavelength-dispersive detector, which 

identifies and quantifies elements or oxides of elements present in samples, based on the 

intensity of the X-rays. It is one of the most widely used techniques for major elements (oxides) 

in rocks, minerals and sediments due to the simple and cost efficient samples preparation. 

X-ray fluorescence spectrometry analysis was carried out at the Extraction & Engineering 

Metallurgy Laboratory at the University of Johannesburg. Prior to analysis, pellets (Figure 

3.14) were produced using a hydraulic press and a die set (die body, base, plunger, and two 

polished metal disks), made up of tungsten alloy. Then the pressed pellets were placed in an 

oven at 105oC for one hour. After removal from the oven, the pellets were allowed to cool; 

then XRF analysis was carried out using a Rigaku ZSX Primus II XRF spectrometer (Figure 

3.15). 
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Figure 3.14: Pellets of samples produced with a hydraulic press 

 

Figure 3.15: Rigaku ZSX Primus II XRF spectrometer used for XRF analysis of samples 
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Loss on ignition (LOI) 

The LOI is an essential part of major oxides determination, which accounts for constituents 

such as H2O and CO2, which cannot be measured by XRF and are lost during glass formation, 

so requiring a correction to be made in the determination of the major elements (Ramsey et 

al., 1995). Loss on ignition was determined at the Extraction & Engineering Metallurgy 

Laboratory at the University of Johannesburg. 

To determine the LOI, samples were initially heated for 24 hours at 105oC. Then, they were 

weighed to determine their moisture content. Thereafter, the samples were placed in a muffle 

furnace and heated at 1000oC for two hours. After two hours, the samples were removed from 

the furnace and were placed in desiccators. When cooled, samples were weighed, and LOI 

was calculated using Equation 3.4 (van Reeuwijk, 2002). 

𝑀𝐶 =
𝑚𝐴−𝑚𝐵

𝑚𝐵−𝑚𝐶
𝑥100               Eqn 3.4 

Where, MC is the moisture content  

mC is the mass of tin (g) 

mA is the mass of kaolin sample after heating for 24 hours at 105oC + tin (g) 

mB is the mass of kaolin sample heating for two hours at 1000oC + tin (g) 

 

3.4.2 Trace elements and stable isotopes analyses 

3.4.2.1 Inductively coupled plasma-mass spectrometry (ICP-MS) 

Inductively coupled plasma-mass spectrometry (ICP-MS) is a powerful tool used to analyse 

trace elements in samples. It was used to determine trace elements, including rare earth 

elements.  Inductively coupled plasma-mass spectrometry combines a high-temperature ICP 

source with an MS. The ICP source converts the atoms of the elements in the sample to ions, 

which are then separated and detected by the mass spectrometer. Before carrying out the 

analysis, the samples were digested using an Anton Paar Multiware GO Microwave Digestion 

System (Figure 3.16). The analysis was carried out at the Environmental Analytical Chemistry 

Laboratory at the Witwatersrand University using an Agilent 7700 series ICP-MS spectrometer 

(Figure 3.17).  
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Figure 3.16: Multiware GO Microwave Digestion System used to digest the samples 

 

Figure 3.17: Agilent 7700 series ICP-MS spectrometer used for trace elements analysis 
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A quantity of 250 mg of each sample was weighed and placed in a Teflon tube. Nine millilitres 

of HCl, 3 ml HNO3 and 1 ml HF were added to each sample. The samples were then placed 

in an Anton Paar Multiware GO Microwave Digestion System for about one hour. After 

digestion, 6 ml boric acid was added to the samples to remove excess fluoride. Samples were 

then diluted with distilled water and filled up to 50 ml. Trace elements were then measured 

using an Agilent 7700 series ICP-MS spectrometer. This ICP-MS spectrometer measures the 

concentrations of elements in triplicates and provides mean concentrations and standard 

deviations of each element. 

 

3.4.2.2 Stable isotopes analyses 

Stable isotopes analyses were carried out at the Stable Isotopes Laboratory in the Department 

of Geological Sciences at the University of Cape Town.  The samples analysed were the < 2 

μm fraction, enriched in kaolinite and with less amounts of other minerals based on the XRD 

results, in order to avoid oxygen contamination from other minerals. The method used for 

stable isotopes analyses was similar to the method described by Harris et al. (1999). 

Approximately 20 mg of each sample was placed in a glass container and attached to the 

vacuum line. The content was then frozen in liquid nitrogen. The air in the sample was then 

outgassed and the absorbed water was cryogenically distilled to a second vessel by heating 

the sample at 150oC with an air gum. The mass of the original sample and the produced water 

were measured and used to determine the wt % of absorbed water. Figure 3.18 shows the 

set-up for sample preparation; whereas Figure 3.19 shows Finnegan DeltaXP mass 

spectrometer used to determine oxygen and hydrogen stable isotopes.   

 

Figure 3.18: Set up for sample preparation for oxygen and hydrogen stable isotopes ratios 
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Figure 3.19: Finnegan DeltaXP mass spectrometer used for stable isotopes analyses 

 

Oxygen isotopes 

The samples were outgassed under high vacuum at 200oC for 2 hours, after being dried in an 

oven at 110oC. Then, the samples were reacted with an excess of ClF3 at ~560oC for 12-16 

hours. The evolved O2 was quantitatively converted to CO2 using a hot platinised carbon rod. 

The 𝛿18O of the CO2 was then measured using the Finnegan DeltaXP mass spectrometer. 

Duplicate splits of the MQ quartz standard were analysed with each batch of eight samples. 

These values were used to normalise the raw 𝛿18O to the SMOW scale, using 𝛿18O = 10.1‰ 

for MQ. 

 

Hydrogen isotopes 

Prior to analysis, three replicate analyses of the kaolinite standard, Bulk Serina Kao (SB8) 

from Serina Mine near Cape Town, gave structural water contents 11.93, 12.24 and 12.56 

wt%, and a mean 𝛿D value of -57 wt% (Appendix 3.1). The extracted absorbed water were 

converted to hydrogen gas using a variation of the closed tube Zn reduction (Harris et al., 

1999). Hydrogen isotopic composition was then measured on the Finnegan DeltaXP mass 

spectrometer (Figure 3.19) calibrated using SMOW. Internal standards (CTMP2010 and 

RMW, exactly 2 mg) were used to calibrate the raw data to the SMOW scale. This was done 

by correcting the raw data versus the reference gas value, then adjusted so that CTMP2010 

= -7.4, then “stretched” so that RMW = -131.4. The silicates were then adjusted so that 

kaolinite = -57 (i.e. the 𝛿D value of SB8, used as kaolinite standard). 
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3.4.3 Radiogenic dating of kaolins 

Radiogenic dating of kaolins was carried out using laser ablation magnetic sector-field 

inductively coupled plasma mass spectrometry (LA-SF-ICP-MS) U-Pb geochronology on 

detrital zircons in kaolin samples. Six composite samples, representing each location, were 

analysed. The analysis was carried out at the Central Analytical Facilities (CAF) ICP-MS & 

XRF Laboratory at Stellenbosch University, and it involved heavy mineral separation, cathodo-

luminescence (CL) imaging, LA-SF-ICP-MS U-Pb geochronology and data processing. 

 

3.4.3.1 Heavy mineral separation 

Heavy mineral separation was carried out in eight steps: crushing, sieving, panning, magnetic 

separation, picking, mounting and polishing. 

Crushing 

An amount of 3 Kg of each whole sample was crushed to about pea size using a Jaw crusher 

(Figure 3.20a). The size was tested by passing each sample through 1 cm sieve and bigger 

pieces were re-crushed. The crushed pea-size samples were fed in scoops through a Disc 

mill (Figure 3.20b).  

a)   b)  

Figure 3.20: a) Jaw crusher; b) Disc mill used to crush samples 

The first milling was done at 1 cm spacing, the second at 5 mm, the third at 2 mm and the 

fourth at 1 mm. The Disc mill gave sand size grains of individual minerals. 
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Sieving 

The product of the Disc mill was sieved through a 350 µm sieve. All the material that passed 

through the sieve was placed in a bag and labelled < 350 µm; whereas the material that did 

not go through the sieve was placed in a bag and labelled > 350 µm.  

 

Panning 

Each < 350 µm milled sample was hand-washed by placing it in a large 5 L beaker. The beaker 

was filled to the top with water while stirring the sample. After waiting for 20 seconds for grains 

to settle, the water containing the clay fraction was poured out (Figure 3.21). This decanting 

process was repeated several times until there were no more suspended clay particles and 

water was clear. 

 

Figure 3.21: Hand-washing of < 350 µm sample 

After hand-washing samples to remove clay-size fractions, spoons of each sample were 

consecutively placed in a Super Panner (Figure 3.22). The Super Panner is a small scale 

water table which aids in the gravitational separation of samples less than 500 g. Two main 
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taps were opened (one for water flow and one for suction). The small spout on the narrow end 

of the pan was also opened to start water flow over the pan, which was slightly inclined towards 

the wide end of the pan. The motor (used for shaking mechanism) was switched on.  

 

Figure 3.22: Super Panner used for separating heavy minerals from light minerals 

 

A spoon full of each sample was placed at the narrow end of the pan. The water flow and the 

tilt were adjusted to create a continuous flow, where heavy minerals (on narrow end) remained 

more or less in one place, moving slowly towards the wider end, and the light minerals moved 

at a more rapid pace towards the wider end into the suction hose. Heavy minerals were 

identified by a change in colour from the light minerals (Figure 3.23).  
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Figure 3.23: Separation of heavy minerals from light minerals  

The heavy minerals were collected using a disposable pipette and they were placed in a petri-

dish. The petri-dishes containing heavy minerals of each sample were placed in an oven to 

dry at 40oC. The light minerals were placed in a beaker, covered with a paper towel and placed 

in an oven to dry. 

 

Magnetic separation 

Magnetic separation was carried out in three steps. The first step involved the use of a hand 

magnet to remove ferro-magnetic minerals such as magnetite and pyrrhotite, as follows: A 

small amount of sample was spread on a clean sheet of A4 paper and the hand magnet 

(wrapped in small wax paper) was passed through the sample. The hand magnet was then 

lifted from the sample and tapped to free loosely bound grains. Then the magnet was removed 

to another clean sheet of paper and the wax paper was unwrapped to free the magnetic grains. 

The process was repeated with each sample until no further magnetic material was picked up. 

The ferro- magnetic sample was stored in a tube and labelled “FM” (ferro-magnetic). 

The second step was to remove paramagnetic minerals from the non-ferro-magnetic sample. 

This was done using the Franz magnetic separator (Figure 3.24 and 3.25). The magnetic 

separation of minerals was made according to the intensity of the current generated by the 

Franz magnetic separator (Table 3.4). 

Heavy minerals  

Light minerals 
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Figure 3.24: Franz magnetic separator used for separating paramagnetic minerals 

 

Figure 3.25: Short glasses containing non-magnetic heavy minerals (left) and paramagnetic 

minerals (right) 

Feed tube 

Short glass containing the 

non-magnetic heavy minerals  Short glass containing para-

magnetic heavy minerals  
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Table 3.4: Magnetic separation of minerals according to the intensity of the current of the Franz 

separator 

Magnetic at 0.4 A Magnetic at 0.8 A Magnetic at 1.5 A Non-Magnetic at 1.5 A 

Garnet Biotite Muscovite Zircon 

Ilmenite Hornblende Spinel Rutile 

Chromite Hypersthene Enstatite Sphene 

Chloritoid Augite Tourmaline Leucoxene 

Olivine Actinolite Clinozoisite Apatite 

  Staurolite Diopside Corundum 

  Epidote Tremolite Barite 

  Chlorite 
 

Fluorite 

    
 

Sillimanite 

      Kyanite 

 

Two clean short glass tubes (Figure 3.25), marked “M” (magnetic) and “NM” (non-magnetic), 

were placed on the split end. Using a side slope of 20° and a tilt of 25°, each sample was run 

slowly and steadily through the feed tube at 0.4 amperes. The non-magnetic fraction obtained 

after running the sample at 0.4 amperes was run through the feed tube for the second time, 

but at 0.8 amperes; and a third time at 1.5 amperes. The magnetic sample obtained from the 

Franz magnetic separator was placed in a tube and labelled “PM” (paramagnetic); whereas, 

the non-magnetic sample, obtained after separation at 1.5 amperes, was placed in a tube and 

labelled “NM” (non-magnetic). 

The third step was to carry out heavy liquid separation on the non-magnetic sample obtained 

from the previous steps. Heavy liquid separation is used to further concentrate heavy minerals 

by removing other non-magnetic minerals found in the NM sample and which are not heavy 

minerals. Heavy liquid separation was done using Tetrabromoethane (TBE) of density 2.96. 

The principle was to set up a separatory funnel on the high stand and two conical funnels on 

low stands on either side of separatory funnel (Figure 3.26). A small glass beaker (marked 

Pure TBE) with conical funnel and filter paper (marked HM + sample code) was placed under 

the separatory funnel. A conical funnel marked “TBE” was placed on top of the separatory 

funnel. The separatory funnel valve was set in the “close” position. Then, TBE was carefully 

poured into the separatory funnel, filling to the infection point of the glass. The “TBE” funnel 

was then removed and set aside in a glass beaker marked “Waste”.  
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Figure 3.26: Set up for heavy liquid separation 

The sample funnel marked “Sample Code” was placed on top of the separatory funnel. Then 

slowly and carefully, the sample (non-magnetic fraction) was poured into the separatory 

funnel. The glass tube and the plastic funnel were tapped a few times to ensure that all grains 

were removed. The plastic funnel was then removed. A glass rode was inserted to gently stir 

the mixture until the sample clouds the liquid; then it was slowly retracted to minimise grains 

sticking to it. The rod was lightly shaken to remove excess TBE and was placed in a beaker 

marked “waste”. After the 30 minutes (allowed for grains settlement and separation), the TBE 

was gently stirred with the glass rod by trying not to disrupt settled grains at the bottom. After 

another 30 minutes (or more), the grains completely separated. Once the complete separation 

of grains was achieved, the stopcock was quickly turned open and closed to release heavy 

Stopcock 

Conical funnel 

Separatory 

funnel with 

TBE 

Glass beaker 
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minerals onto the filter paper below. The stopcock was quickly turned open and closed in the 

opposite direction to ensure no grains were stuck between the valve and the glass. The TBE 

was then allowed to drain from the heavy minerals grains in the filter paper. 

Another small glass beaker marked “pure TBE” with conical funnel and filter paper (marked 

“Light Mineral + Sample Code”) was placed under the separatory funnel. The stopcock was 

opened to drain all TBE and light minerals fraction (LM) onto the filter paper. The TBE was 

allowed to drain off the light minerals grains in the filter paper. The heavy and light minerals 

filter papers were each placed on separate glass beakers marked “Waste – TBE + DI 

(deionised water) + Acetone”. Both the HM and LM grains were washed first with acetone, 

then with DI (until the TBE smell disappeared), all draining into waste beakers. After the TBE 

was removed from the HM and LM, the filter papers were placed in separate glass beakers, 

marked “HM + Sample Code” and “LM + Sample code”. They were then placed in an oven to 

dry. The “Pure TBE” was poured back in the original TBE bottle using a TBE funnel. 

 

Handpicking and mounting 

The dried heavy mineral grains obtained from the heavy liquid separation were placed in a 

petri-dish. This petri-dish was placed under the microscope. A glass mounting plate with 

double sided tape was prepared. About 120 zircon grains were handpicked using a needle, 

from the petri dish to the double sided taped-mount. The zircon grains were placed in a row 

for each sample. In order to avoid confusion, a mount map was created to distinguish between 

samples on the mount (Figure 3.27). 

 

Figure 3.27: Mount map reflecting the location of samples on the mount 
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After all zircon grains were picked, a mould ring was placed over the mounted grains, and 

epoxy was poured into the mould. The mould was then placed in an oven to set. Epoxy was 

obtained by mixing SpeciFix Resin and SpeciFix-40 Curing Agent (2.5 parts of Resin into 1 

part of Curing Agent by weight). The curing time was 3 hours and 30 minutes at 50oC. Stirring 

was done thoroughly for about 5 minutes to avoid the formation of many bubbles.  

 

Polishing 

The following day, the mould ring was removed from the oven and the mount was removed 

from the mould. The sticky residue on the mount’s surface, caused by the double sided tape, 

was removed. A coarse sand paper was made wet, then used to grind the bottom rim of the 

mount. The mount was then polished using a 3-micron polishing pad and a 3 micron diamond 

paste for 10 minutes; then using a 1-micron pad and a 1-micron diamond paste for 5 minutes 

(Table 3.5) using a Struers Rotopol-35 (Figure 3.28). Care was taken not to polish too long in 

order to avoid very small grains plucking out of the mount.  

 

 Figure 3.28: Struers Rotopol-35 used for mount polishing 
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Table 3.5: Polishing materials and their application 

Polishing 

pad 

Composition Abrasive/grain 

size 

Applicable 

Suspension 

Polishing 

Time (min) 

Application 

MD-Dac Satin woven 

acetate 

Diamond/9-3 

μm 

DiaPro-

Dac3 (3 μm) 

3-5  Polishing of all 

materials 

MD-Nap Synthetic 

short nap 

Diamond, oxide 

polishing/≤1μm 

DiaPro-Nap 

B1 (1 μm) 

3-5 Final polishing of 

all materials 

 

 

3.4.3.2 Cathodo-luminescence imaging 

After the mounts were polished, they were coated with gold using an S150A sputter coater 

(Figure 3.29). The gold-coated mounts were then inserted in a Zeiss MERLIN Field Emission 

Scanning Electron Microscope (FE-SEM) (Figure 3.30).  The Zeiss MERLIN Field Emission 

Scanning Electron Microscope (FE-SEM) was used for the acquisition of cathodo-

luminiscence (CL) and backscatter (BS) images of zircon grains. Cathodo-luminescence 

images distinguished between different zonings in the zircon grains (core and rims); whereas 

BS images were used to best view parts of the zircon grains that had cracks and holes.   

 

 Figure 3.29: S150A sputter coater used for gold coating of mounts 



65 
 

 

Figure 3.30: Zeiss MERLIN Field Emission Scanning Electron Microscope (FE-SEM) used for 

CL and BS imaging 

 

3.4.3.3 U-Pb dating for determination of zircon ages  

Determined zircon ages were U-Pb ages. These ages were acquired using a laser ablation – 

single collector – magnetic sector field – inductively coupled plasma – mass spectrometry (LA-

SFICP-MS), employing a Thermo Finnigan Element 2 mass spectrometer coupled to a 

NewWave UP213 laser ablation system (Figure 3.31). The instrumentation and analysis are 

described in detail by Gerdes and Zeh (2006) and Frei and Gerdes (2009). Data were obtained 

by single spot analyses, with spots of 30 μm diameter and a crater depth of approximately 15-

20 μm. Decision on the location of the spots on the zircon grain to be ablated was taken based 

on the CL and BS images, by avoiding cracks and holes (using BS images) and by choosing 

single cores and/or rims (using CL images) in each zircon grain. Each spot was referred to 

“unknown zircon”. 
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Figure 3.31: Laser ablation – single collector – magnetic sector field – inductively coupled 

plasma – mass spectrometer (LA-SFICP-MS) associated to a Thermo Finnigan Element 2 

mass spectrometer coupled to a NewWave UP213 laser ablation system 

 

During the analysis of “unknown zircons”, the primary zircon reference material, GJ1 (608 ± 1 

Ma) , was also analysed and used for correction of uncertainties due to elemental fractionation 

and instrumental mass bias on measured isotopic ratios (Jackson et al., 2004). The Plešovice 

zircon (337 ± 1 Ma) (Slama et al., 2008) and M127 zircon (524 ± 1 Ma) (Nasdala et al., 2016) 

were equally analysed and used as secondary reference materials for quality control 

purposes. In order to analyse all six samples, a total of two sequences were analysed. The 

first sequence was made up of four samples (Bomkoul, Dibamba, Ediki and Logbaba) and the 

second sequence was made up of two samples (Missole and Yatchika). In the first sequence, 

34 GJ1 zircons, 10 Plešovice zircons, seven M127 and 460 “unknown zircons” (zircons from 

Bomkoul, Dibamba, Ediki and Logbaba kaolins) were analysed; whereas in the second 

sequence, 18 GJ1 zircons, 15 Plešovice zircons, eight M127 zircons and 199 “unknown 

zircons’ (zircons from Missole and Yatchika kaolins) were analysed. Each sequence began 

with three analyses of GJ1 zircon and ended with two or three analyses of GJ1 zircon. The 

Thermo Finnigan Element 2 

Mass Spectometer 

NewWave UP213 

laser ablation 
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remaining GJ1 zircons, as well as all Plešovice and M127 zircons were randomly analysed in 

between analyses of “unknown zircons”. 

 

3.4.3.4 Data processing 

The processing of U-Pb data was done using the LA-ICP-MS data reduction software package 

Iolite v.3.1 (Paton et al., 2011), combined with VizualAge (Petrus and Kamber, 2012). A 

detailed description of the data processing is found in Frei and Gerdes (2009). The calculation 

of zircon population ages and plotting of weighted average diagrams, were performed using 

Isoplot/Ex 3.0 (Ludwig, 2003). Zircon ages were reported as 206Pb/238U ages for ages < 1300 

Ma, and as 207Pb/206Pb ages for ages > 1300 Ma. For both primary and secondary reference 

materials (GJ1, Plešovice and M127), concordant ages were calculated and presented in 

concordia diagrams. Whereas, for each kaolin sample, a concordia (showing both discordant 

and concordant ages), a probability density plot (showing different zircon populations) and 

weighted average plots of each zircon population were displayed. Concordance filters for each 

plot was as in Table 3.6. 

Table 3.6: Plotted diagrams and corresponding discordance rejection and concordance filters  

Diagrams Discordance rejection Concordance filter 

Concordia diagrams for reference 

materials  

> 3 % 97-103 

Probability density plots for zircons 

in kaolin samples 

> 10 % 90-110 

Weighted average plots for zircons 

in kaolin samples 

> 5 % 95-105 

Concordia diagrams for zircons in 

kaolin samples 

No rejection (discordant and 

concordant ages plotted) 

No filter 

 

 

3.4.4 Diagnostic evaluation  

Diagnostic evaluation of samples involved the determination of physical (particle size, texture, 

colour and moisture content) and physico-chemical (pH and electrical conductivity) 

characteristics. These analyses were carried out at the Soil Science Laboratory in the School 
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of Agriculture at University of Venda; except moisture content which was determined at the 

Extraction & Engineering Metallurgy Laboratory at the University of Johannesburg. 

 

3.4.4.1 Particle size distribution 

The particle size distribution of samples was determined using a Microtrac S3500 equipment 

(Figure 3.32). The system uses a tri-laser system, which in turn uses precise angular 

measurement of scattered light through a full 180 degree angular range with three lasers and 

two detector arrays (www.batatekinc.com). A small amount of the sample was placed in the 

equipment, where a built-in ultrasonic probe is used to disperse the sample and data were 

generated. 

 

Figure 3.32: Microtrac S3500 used to determine the particle size distribution 

 

3.4.4.2 Texture 

The first step to determining the texture of the samples was the determination of different 

particle size fractions (sand, silt and clay). The hydrometer method was used to achieve this, 

as described by van Reeuwijk (2002). After carrying out dispersion and mixing the solution for 

15 minutes using a milkshake, the dispersed solution was transferred to 1 L sedimentation 

cylinders (Section 3.3.3) (Figure 3.33). A blank solution was prepared with 20 ml calgon, then 

poured in a sedimentation cylinder and filled to volume (1 L) with distilled water.  

http://www.batatekinc.com/
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Figure 3.33: Solutions poured in sedimentation cylinders for particle size determination 

Each sedimentation cylinder was vigorously shaken for about one minute, then let to settle. 

Immediately after letting the cylinder to settle, the temperature of the solution was measured 

in both the solutions containing the sample and the blank, using an alcohol and mercury 

thermometer. After 5 minutes of settling, the first hydrometer reading was taken in both the 

solution containing the sample (R1) and the blank (Rbl1), and recorded. The second hydrometer 

reading was taken after two hours for both the solutions containing the sample (R2) and the 

blank (Rbl2), and recorded. At each hydrometer reading, the temperature of both solutions were 

taken. Hydrometer readings were taken after dropping an ASTM 152H soil hydrometer in the 

solution and letting it rise and stabilise in the solution. The time between each reading was 

recorded using a stopwatch. 

Hydrometer readings from the solution containing the sample (R1 and R2) were corrected using 

readings from the blank using the equation below (van Reeuwijk, 2002): 

𝐶𝑛 = 𝑅𝑛 − 𝑅𝑏𝑙𝑛               Eqn 3.5 

Where, n is 1 or 2 (first or second reading) 

The summation percentage of clay particles (PClay) was determined using Equation 3.6. 
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𝑃𝐶𝑙𝑎𝑦 =
𝐶2

50
 × 100                   Eqn 3.6 

The summation percentage of silt particles (PSilt) was determined using Equation 3.7. 

𝑃𝑆𝑖𝑙𝑡 =
𝐶1

50
 × 100                   Eqn 3.7 

The summation percentage of sand particles (PSand) was determined using Equation 3.8. 

𝑃𝑆𝑎𝑛𝑑 = 100 − (𝑃𝐶𝑙𝑎𝑦 + 𝑃𝑆𝑖𝑙𝑡)                  Eqn 3.8 

Where, 50 stands for the mass of the sample before removal of organic matter (Section 3.3.2), 

C2 is the corrected R2 reading, 

C1 is the corrected R1 reading. 

The second step was to plot the different particle size percentages (PSand, PSilt and PClay) in a 

texture triangle (Figure 3.34). The texture of each sample corresponds to the field in which the 

sample plotted. 

 

 

Figure 3.34: Texture triangle showing different textures based on particle sizes 
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3.4.4.3 Colour 

The colour of samples was determined using the Munsell ® Soil Colour Charts (2000). These 

charts use the Munsell Colour System (Figure 3.35), which is based on three attributes, being 

hue, value and chroma (Torrent and Barrón, 1993). The hue is the angular displacement from 

an arbitrary position. It is also known as the specific colour of the sample; the valueis the 

vertical distance to the basal plane of the sample; and the chroma is the distance to the central 

black-white axis.  

 

Figure 3.35: Munsell colour system 

Each sample was placed on a white paper and was visually compared with soil colours in the 

Munsell Soil Colour Charts to obtain its hue, value and chroma characteristics (Matike et al., 

2011). The colour of the sample was then deduced from its characteristics.  

 

 

3.4.4.4 Moisture content 

The method used to determine the moisture content was the method described by van 

Reeuwijk (2002). Five grams of each sample was weighed in a 2.11 g tin. The samples were 
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heated in an oven for 24 hours at 105oC. After removing the samples from the oven, they were 

placed in a desiccator in order to preserve the moisture (Figure 3.36). Each sample was 

weighed again to note the weight difference. The moisture content (MC) was calculated using 

Equation 3.9 (van Reeuwijk, 2002). 

𝑀𝐶 =
𝑚2−𝑚3

𝑚3−𝑚1
𝑥100               Eqn 3.9 

Where, MC is the moisture content  

m1 is the mass of tin (g) 

m2 is the mass of wet kaolin + tin (g) 

m3 is the mass of dry kaolin + tin (g) 

 

Figure 3.36: Samples placed in desiccators after heating for 24 hours 

 

3.4.4.5 pH 

The pH was determined using the method modified from that described in The Non-Affiliated 

Soil Analysis Working Committee (1990). Prior to measurements, a Crison BasiC 20 pH meter 

(Figure 3.37) was calibrated with buffers of pH = 7 and pH = 4.  

Ten grams of dry sample (< 2 mm) was weighed and placed in a beaker. 50 ml of 1 M 

potassium chloride (KCl) solution (74.5 g KCl dissolved in 1 L of distilled water) was added in 

the beaker. The mixture was stirred rapidly for 5 seconds, using a glass rod then allowed to 



73 
 

stand. After 50 minutes, the mixture was stirred again, then allowed to stand for 10 minutes. 

Then the pH was measured with the calibrated pH meter, with the electrodes placed in the 

supernatant.   

 

Figure 3.37: Crison BasiC 20 pH meter 

 

3.4.4.6 Electrical conductivity 

Prior to measurement, a Crison BasiC 30 Conductimeter was calibrated using a standard of 

EC = 1413 µS/cm at a temperature of 25oC (Figure 3.38). The EC was determined by weighing 

10 g of each sample and placing it in a beaker. Distilled water was then added to the sample 

and the mixture was vigorously stirred using a glass rod. The EC was then measured using 

the calibrated conductimeter, with the electrode placed in the supernatant.  
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Figure 3.38: The Crison BasiC 30 Conductimeter being calibrated 

 

3.4.5 Quality assurance 

The following measures were taken for quality assurance: 

Precautions were taken during sampling to avoid contamination by other samples. 

During sample preparation, all instruments (mortar, sieves, pestle, glass rods, beaker, 

milkshake mixer, etc.) were thoroughly cleaned with distilled water before using them for other 

samples, in order to avoid contamination. 

For most analyses (those related to abundance quantification), a duplicate coded sample of 

MSL II 01 < 2 µm (MSL II 03) was analysed. 
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3.5 Data analysis 

Data analyses were carried out using several programs such as Excel 2013 for basic plots, 

Origin Pro 8 for XRD Diffractograms, FTIR spectra and particle size distribution, Triplot version 

2 for all ternary diagrams excluding texture and ProSim Ternary Diagram for texture analysis.  

Several indices, ratios and geochemical discrimination plots were used for data interpretation. 

These are, but are not restricted to:  

3.5.1 Weathering indices 

From the oxides determined by ICP-MS, chemical weathering indices or alteration indices 

(chemical index of alteration (CIA), chemical index of weathering (CIW), index of compositional 

variability (ICV) and silica-titania index (STI)) were calculated (Equations 3.10-3.12). These 

indices are commonly used for characterising modern and ancient weathering profiles and as 

proxies to subtle geochemical changes such as hydrothermal alteration along a fault and/or 

alteration at the water table (Price and Velbel, 2003). For example, very strong chemical 

weathering implies specific paleoclimatic conditions (humid and warm) in the source area 

(López et al., 2005). 

The CIA is interpreted as a measure of the extent of the conversion of feldspar to clays and it 

is a good measure of the degree of weathering (Shao et al., 2012). It is defined as: 

𝐶𝐼𝐴 = [
𝐴𝑙2𝑂3

𝐴𝑙2𝑂3+𝐶𝑎𝑂+𝑁𝑎2𝑂+𝐾2𝑂
] 𝑥 100 (Nesbitt and Young, 1982)                      (Eqn. 3.10) 

The CIW is defined as:  

𝐶𝐼𝑊 = [
𝐴𝑙2𝑂3

𝐴𝑙2𝑂3+𝐶𝑎𝑂+𝑁𝑎2𝑂
] 𝑥 100 (Fiantis et al., 2010)                                 (Eqn. 3.11)                                                            

The ICV is used to measure the abundance of Al2O3 relative to the other major oxides in the 

kaolins. It is defined in Equation 3.12, in which SiO2 is excluded to eliminate problems of quartz 

dilution (Cox et al., 1995). 

ICV =
CaO+K2O+Na2O+Fe2O3(t)+MgO+MnO+Ti2O

Al2O3
  (Cox et al., 1995)   (Eqn.3.12) 

For calculation of these indices, all values are in molar contents, with CaO being the amount 

of CaO incorporated in the silicate fraction of the rock. 
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3.5.2 Elemental ratios 

La/Sc, Th/Co, Th/Sc, Zr/Sc and Cr/Th ratios 

The La/Sc, Th/Co, Th/Sc, Zr/Sc and Cr/Th ratios when compared with the Upper Continental 

Crust (UCC) values can be used to determine the source-area composition (Taylor and 

McLennan, 1985) of kaolins. 

 

3.5.3 Geochemical discrimination diagrams 

Binary and ternary scatter plots of selected element abundances were used as “geochemical 

discrimination diagrams” for inferring the character or tectonic setting of source rocks to a 

clastic sedimentary basin and the amount of weathering that the detrital sediments have 

undergone (Baioumy et al., 2014). These plots (Figures 3.39 to 3.41) include the TiO2/Al2O3 

binary plot (Ekosse, 2001), the La-Th-Sc ternary diagram and the Th/Co vs La/Sc binary plot 

(López et al., 2005). 

 

Figure 3.39: TiO2/Al2O3 binary plot of kaolinitic samples (Modified from Ekosse, 2001) 
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Figure 3.40: Th/Co vs La/Sc binary plot (Modified from López et al., 2005) 

 

Figure 3.41: La-Th-Sc ternary diagram (Modified from López et al., 2005) 

 

Basalt 

Granite 

Granodiorite 
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3.6 Concluding remarks  

This chapter presented the different methods that were used from field work to data analysis 

through laboratory analyses. Several precautions, listed under quality assurance, were taken 

to ensure the reliability of the results. 
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CHAPTER 4 

NATURE AND OCCURRENCES OF CRETACEOUS-

TERTIARY KAOLINS: MINERALOGICAL AND 

GEOCHEMICAL CHARACTERISATION 
 

4.1 Preamble 

The objective of this chapter is to investigate the nature and occurrence of Cretaceous-Tertiary 

kaolins in the Douala Sub-Basin, by carrying out a thorough mineralogical and geochemical 

characterisation of kaolins of selected kaolin deposits (Specific Objective A). It presents a field 

description and reports on the mode of occurrence and characteristics of the mineralogy and 

geochemistry of bulk, silt and < 2 µm samples of studied Cretaceous-Tertiary kaolins in Douala 

Sub-Basin. The quantification of the mineral phases present, the morphology and the 

functional groups in the kaolins are presented as the mineralogical characteristics of kaolins 

of each study site; whereas, the major oxides geochemistry and the micro-elemental 

composition constitute the geochemical characteristics of these kaolins. This chapter is based 

on Hypothesis A. 

HYPOTHESIS A: The studied Cretaceous-Tertiary kaolin deposits in Cameroon have similar 

mineralogical and geochemical characteristics. 

 

4.2 Field description of studied kaolins 

4.2.1 Bomkoul kaolin 

The exposure of the studied Bomkoul kaolin occurrence varied between 80 cm to ~1.5 m thick, 

with no distinct horizons (Figure 4.1). Bomkoul kaolins are characterised by three facies 

(mottled, grey and dark grey clayey materials) with generally fine particles (Ngon Ngon et al., 

2012b). The area is found in the Cameroon coastal plain, which is characterised by hills with 

flat and sharp summits and is deeply dissected by V- and U-shaped valleys (Ngon Ngon et 

al., 2012b).  
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Figure 4.1: Bomkoul kaolin occurrence showing the mottled texture of the kaolin 

 

4.2.2 Dibamba kaolin 

Dibamba kaolin is embedded in the Dibamba Sandstone deposit 1.5 to 3 m thick. The Dibamba 

Sandstone deposit occurs as layers 1mm to few centimetres thick of yellowish, pinkish, 

reddish and whitish sandstones. The embedded kaolins occur as whitish layers (5-10 cm thick) 

and nodules, and they have a soapy feel. The whitish layers are found between two reddish 

sandstone layers, whereas the nodules are surrounded by yellowish or pinkish layers (Figure 

4.2). In some places of the outcrops, the different laminae and layers of sandstones are 

deposited in a cross-bedding structure (Figure 4.3). 
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Figure 4.2: Kaolin layer and nodules occurring in Dibamba sandstones 

 

Figure 4.3: Cross-bedding occurring in Dibamba sandstones 

Kaolin nodules 

Kaolin layer 

Cross-bedding 
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4.2.3 Ediki kaolin 

Ediki kaolin is embedded in the Ediki Sandstone deposit varying between 2 - 3 metres thick. 

The Ediki Sandstones are weathered grey to greenish sandstone unit with a gradient of 35 to 

40° (Diko and Ekosse, 2013). The thickness of the studied kaolin occurrence varied between 

30-60 cm. Though there are no clear profiles in these outcrops, the kaolins can be 

distinguished into two main facies, as described by Diko and Ekosse (2013); namely, a sand-

rich facies and a sand-poor facies. The latter is pink, orange and grey (Figure 4.4). Whereas 

the former is greyish green (Figure 4.5). 

 

Figure 4.4: Sandy kaolins at Ediki  

 

Figure 4.5: Clayey kaolins at Ediki  
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4.2.4 Logbaba kaolin 

Logbaba kaolin in found in Logbaba, which is a gas field. The gas condensate is found in 

Campanian and Santonian sandstones reservoirs of the Logbaba Formation (Blackwatch, 

2016). These sandstones source rocks are capped by shales, which also make up the 

Logbaba Formation. Though few studies (reports) have been made on the Logbaba gas field, 

none reported on the kaolins in this Formation. The studied outcrop of the Logbaba kaolins is 

a whitish outcrop. The deposit, of about 5 metres high and 16 metres wide (Figure 4.6), is 

made up of clayey sand with no distinct profiles (Figure 4.7).  

 

Figure 4.6: Logbaba kaolin outcrop  

 

Figure 4.7: White clayey sands in Logbaba 
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4.2.5 Missole kaolins 

Missole is found in the Cameroon coastal plain, having low altitudes (40-120 m). The 

geomorphology shows hills with flat and sharp summits and is deeply dissected by V and U 

shape valleys, with MBongo, Bongougou, Missolo and Bongo being the main rivers in the area 

(Ngon Ngon et al., 2012b). Two facies were distinguished in the area: a dark grey sand-rich 

kaolin at Missole I, and a white clay-rich kaolin at Missole II. The dark grey sand-rich kaolin is 

about 70 cm thick and outcrops on the road side. It is overlain by sandstones (Figure 4.8). 

Whereas, the white clay-rich kaolin is found close to a spring and it is about 50 cm thick (Figure 

4.9). 

 

Figure 4.8: Dark grey sand-rich kaolin occurring at Missole I 

 

Figure 4.9: White clay-rich kaolin occurring at Missole II 
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4.2.6 Yatchika kaolin 

Yatchika kaolin has an exposure of ~5 m high and 20 m wide with an overburden of about 10 

cm thick. The deposit is mainly characterised by alternating layers of reddish white and brown 

kaolins and layers of white and pink kaolins (Figure 4.10). The former show weak kaolinisation. 

Where there is alternation, these layers are separated by a thin iron-rich layer (Figure 4.11).  

 

Figure 4.10: Layer of kaolins with pink tints occurring at Yatchika 

 

 

Figure 4.11: Iron-rich layer within the Yatchika kaolins 

Iron-rich layers 
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4.3 Mineralogical characterisation 

4.3.1 Mineral phases present in the studied kaolins 

4.3.1.1 Qualitative analysis 

Diffractograms of samples are shown in Figures 4.12-4.25. The qualitative analysis of kaolin 

samples did not show great variations between mineral phases present in bulk, silt and < 2 

µm samples. Mineral phases present were anatase, goethite, illite, kaolinite, quartz, rutile and 

smectite. In addition, Ediki samples were the only ones containing microcline and Yatchika 

samples were the only ones containing hematite (Table 4.1).    

Table 4.1: Minerals identified by XRD in Cretaceous-Tertiary kaolins in the Douala Sub-Basin 

Name of 

mineral Compound name Chemical formula 

Main diagnostic 

peaks (dÅ ) 

Anatase Titanium oxide TiO2 3.51 

Goethite 

Iron oxide 

hydroxide FeO(OH) 4.15 

Hematite Iron oxide  Fe2O3 2.71 

Illite Potassium 

magnesium 

aluminum silicon 

oxide hydroxide 

hydrate 

K0.78Mg0.34Al2.34Si3.35O10(H2O)0.15 4.32, 9.94, 4.47 

Kaolinite Aluminum silicate 

hydroxide 

Al2Si2O5(OH)4 7.13, 4.36, 4.16, 

3.57 

Microcline 

Potassium 

aluminum silicate K(AlSi3O8) 4.22, 3.24 

Quartz Silicon oxide SiO2 4.25, 3.34 

Rutile Titanium oxide TiO2 3.25 

Smectite Calcium aluminum 

magnesium 

silicate hydroxide 

hydrate 

Na0.3(Al,Mg)Si4O10(OH)2.xH2O 12.52 

Sodium aluminum 

magnesium 

silicate hydroxide 

hydrate 

Ca0.2(Al,Mg)2Si4O10(OH)2.4H2O 15, 5.01, 4.50 
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Figure 4.12: Diffractograms of Bomkoul bulk samples. An: Anatase, Go: Goethite, Il: Illite, Ka: 

Kaolinite, Qz: Quartz, Ru: Rutile, Sm: Smectite  

 

Figure 4.13: Diffractograms of Dibamba bulk samples. An: Anatase, Il: Illite, Ka: Kaolinite, Qz: 

Quartz, Sm: Smectite  
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Figure 4.14: Diffractograms of Ediki bulk samples. An: Anatase, Go: Goethite, Il: Illite, Ka: 

Kaolinite,  Mx : Microcline, Qz: Quartz, Ru: Rutile, Sm: Smectite  

 

Figure 4.15: Diffractograms of Logbaba bulk samples. An: Anatase, Go: Goethite, Il: Illite, Ka: 

Kaolinite, Qz: Quartz, Ru: Rutile, Sm: Smectite  
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Figure 4.16: Diffractograms of Missole bulk samples. An: Anatase, Go: Goethite, Il: Illite, Ka: 

Kaolinite, Qz: Quartz, Ru: Rutile, Sm: Smectite  

 

Figure 4.17: Diffractograms of Yatchika bulk samples. An: Anatase, Go: Goethite, Hm: 

Hematite, Il: Illite, Ka: Kaolinite, Qz: Quartz, Ru: Rutile, Sm: Smectite  
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Figure 4.18: Diffractograms of BKL 03, DBB and EDK 02 silt samples. An: Anatase, Go: 

Goethite, Il: Illite, Ka: Kaolinite, Qz: Quartz, Ru: Rutile, Sm: Smectite  

 

 

Figure 4.19: Diffractograms of LBB 02, MSL II 02 and YTK 02A silt samples. An: Anatase, Go: 

Goethite, Il: Illite, Ka: Kaolinite, Qz: Quartz, Ru: Rutile, Sm: Smectite  
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Figure 4.20: Diffractograms of Bomkoul < 2 µm fraction samples. An: Anatase, Go: Goethite, 

Il: Illite, Ka: Kaolinite, Qz: Quartz, Ru: Rutile, Sm: Smectite  

 

Figure 4.21: Diffractograms of Dibamba < 2 µm fraction samples. An: Anatase, Go: Goethite, 

Il: Illite, Ka: Kaolinite, Qz: Quartz, Ru: Rutile, Sm: Smectite  
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Figure 4.22: Diffractograms of Ediki < 2 µm samples. An: Anatase, Go: Goethite, Il: Illite, Ka: 

Kaolinite, Mx: Microline, Qz: Quartz, Ru: Rutile, Sm: Smectite  

 

Figure 4.23: Diffractograms of Logbaba < 2 µm samples. An: Anatase, Go: Goethite, Il: Illite, 

Ka: Kaolinite, Qz: Quartz, Ru: Rutile, Sm: Smectite  
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Figure 4.24: Diffractograms of Missole < 2 µm samples. An: Anatase, Go: Goethite, Il: Illite, 

Ka: Kaolinite, Qz: Quartz, Ru: Rutile, Sm: Smectite  

 

Figure 4.25: Diffractograms of Yatchika < 2 µm samples. An: Anatase, Go: Goethite, Hm: 

Hematite, Il: Illite, Ka: Kaolinite, Qz: Quartz, Ru: Rutile, Sm: Smectite  
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4.3.1.2 Semi-quantitative and quantitative analyses 

Bulk kaolins (< 2 mm fraction) 

Results of semi-quantitative and quantitative analyses of minerals identified in bulk 

Cretaceous-Tertiary kaolin samples in the Douala Sub-Basin are shown in Appendix 4.1 and 

Table 4.2.  

Table 4.2: Results of semi-quantitative analysis of minerals identified in bulk samples 

 Kaolinite Illite Smectite Quartz Microcline Anatase Rutile Goethite Hematite 

BKL 01 +++ ++ ++ +++ - ++ + + - 

BKL 02 +++ ++ ++ +++ - ++ + - - 

BKL 03 +++ ++ +++ +++ - + + ++ ++ 

DBB +++ ++ ++ +++ - + - ++ - 

DBB CN 01 +++ ++ ++ +++ - ++ - - - 

DBB CN 02 ++ ++ ++ +++ - + - - - 

EDK 01 +++ +++ +++ +++ - ++ ++ - - 

EDK 02 +++ ++ ++ +++ +++ + + + - 

EDK 03 +++ ++ ++ +++ +++ ++ ++ - - 

LBB 01 +++ ++ ++ +++ - ++ + - - 

LBB 02 +++ ++ ++ +++ - ++ - ++ - 

LBB 03 +++ ++ ++ +++ - ++ - + - 

MSL I 01 +++ + ++ +++ - + - + - 

MSL I 02 ++ ++ ++ +++ - + - - - 

MSL II 01 +++ ++ ++ +++ - ++ - - - 

MSL II 02 +++ ++ ++ +++ - ++ - - - 

YTK 01 +++ +++ ++ +++ - + + ++ + 

YTK 02A +++ ++ +++ +++ - ++ + ++ + 

YTK 02B +++ +++ +++ +++ - + + + + 

YTK 03 +++ ++ ++ +++ - ++ + ++ ++ 

(+++) Major, (++) Minor, (+) Trace, (-) Not detected 

Samples BKL 01, BKL 02, DBB, LBB 01, LBB 02, MSL II 01, MSL II 02, YTK 01, YTK 02B and 

YTK 03 had kaolinite and quartz as the most abundant mineral phase with abundances of 
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55.82, 57.64, 53.5, 50.23, 53.8, 52.43, 55.9, 41.50, 46.24 and 58.43 wt %, respectively; 

constituting 50 % of the samples (Figure 4.26). Smectite was the second most dominant clay 

mineral, with abundances of 35.53 and 38.07 wt % for EDK 01 and EDK 03, respectively 

(Figure 4.27), constituting 10% of the samples. Illite was most dominant in EDK 01 (12.24 wt 

%). 

 

Figure 4.26: Abundance in wt% of kaolinite and quartz in bulk kaolin samples 

 

Figure 4.27: Abundance in wt% of other minerals in bulk kaolin samples 
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Quartz was the dominant mineral in 40% of the samples; namely, BKL 03, DBB CN 01, DBB 

CN 02, EDK 02, LBB 03, MSL I 01, MSL I 02 and YTK 02A, with abundances of 54.43, 73.40, 

84.95, 32.08, 51.66, 79.40, 88.19 and 40.75 wt %, respectively (Figure 4.26). Microcline was 

only present in EDK 02 and EDK 03 in abundances of 27.61 and 14.53 wt%, respectively. Fe-

bearing minerals were present in trace to minor amounts, as goethite and hematite. Goethite 

was more abundant than hematite, with abundances ranging from 0 (in 35% of the samples) 

to 5.09 wt % (YTK 02A). Hematite was only present in YTK samples, with a mean abundances 

of 0.27 wt %. Ti-bearing minerals, anatase and rutile, were mainly present in minor and trace 

amounts, having means of 1.20 and 0.37 wt % for anatase and rutile, respectively (Figure 

4.27). 

 

Silt samples (2-63 µm fraction) 

Results of semi-quantitative and quantitative analyses of minerals identified in silt fractions of 

Cretaceous-Tertiary kaolin samples in the Douala Sub-Basin are shown in Appendix 4.2 and 

Table 4.3.  

Table 4.3: Results of semi-quantitative analysis of minerals identified in silt samples 

 
Kaolinite Illite Smectite Quartz Microcline Anatase Rutile Goethite Hematite 

BKL 03 ++ ++ ++ +++ - + + - - 

DBB +++ ++ ++ +++ - + + - - 

EDK 02 +++ ++ ++ +++ +++ + + - - 

LBB 02 +++ + ++ +++ - + + + - 

MSL II 02 +++ ++ ++ +++ - + + - - 

YTK 02A +++ ++ +++ +++ - + + + + 

(+++) Major, (++) Minor, (+) Trace, (-) Not detected 

Kaolinite was the most abundant clay mineral in DBB, EDK 02, LBB 02 and MSL II 02, with 

abundances of 67.6, 27.77, 19.44 and 36.74 wt %, respectively (Figure 4.28). Smectite was 

the second most abundant clay mineral, ranging from 2.66 wt % (DBB) and 40.55 wt % (YTK 

02A). Whereas, illite concentrations ranged from 0.95 wt % (LBB 02) to 5.6 wt % (YTK 02A) 

(Figure 4.28). 

Quartz was the most dominant mineral phase in BKL 03, LBB 02 and MSL II 02, with 

abundances of 87.49, 73.92 and 49.93 wt %, respectively (Figure 4.29). Microcline only 

occurred in the EDK 02 (32.02 wt %) and it was the most dominant mineral in this sample. Ti-

bearing minerals were present in all samples, with anatase being more abundant than rutile, 

except in BKL 03. However, Fe-bearing minerals were not present in all samples. Goethite 
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was only present in traces in LBB 02 (0.57 wt %), and in minor amounts in YTK 02A (3.21 wt 

%); whereas traces of hematite were detected in YTK 02A (0.9 wt %) (Figure 4.29).  

 

Figure 4.28: Abundance in wt% of clay minerals in silt samples 

 

 

Figure 4.29: Abundance in wt% of other minerals in silt samples 

 

Clay samples (< 2 µm fractions) 

Results of semi-quantitative and quantitative analyses of minerals identified in < 2 µm samples 

of Cretaceous-Tertiary kaolin in the Douala Sub-Basin are shown in Appendix 4.3 and Table 
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Table 4.4: Results of semi-quantitative analysis of minerals identified in < 2 µm samples 

 Kaolinite Illite Smectite Quartz Microcline Anatase Goethite Hematite Rutile 

BKL 01 +++ ++ ++ - - ++ - - + 

BKL 02 +++ ++ ++ - - ++ - - + 

BKL 03 +++ ++ +++ - - ++ - - + 

DBB +++ ++ ++ - - ++ - - + 

DBB CN 01 +++ ++ ++ - - ++ - - + 

DBB CN 02 +++ ++ ++ - - ++ - - + 

EDK 01 +++ +++ +++ ++ - ++ - - ++ 

EDK 02 +++ ++ +++ ++ - + - - ++ 

EDK 03 ++ +++ +++ ++ +++ ++ - - ++ 

LBB 01 +++ ++ ++ - - ++ - - + 

LBB 02 +++ ++ ++ - - ++ - - + 

LBB 03 +++ ++ ++ - - ++ - - + 

MSL I 01 +++ ++ +++ +++ - ++ - - + 

MSL I 02 +++ + ++ +++ - + + - + 

MSL II 01 +++ ++ ++ + - ++ - - + 

MSL II 02 +++ ++ ++ + - ++ - - + 

YTK 01 +++ - ++ + - ++ ++ + + 

YTK 02A +++ - +++ +++ - + +++ ++ - 

YTK 02B +++ ++ +++ - - + - ++ + 

YTK 03 +++ ++ ++ + - + - + + 

(+++) Major, (++) Minor, (+) Trace, (-) Not detected 

Figure 4.30 shows the abundance of clay minerals in < 2 µm samples. Kaolinite was the most 

dominant clay mineral in 90% of the samples, with abundances ranging from 8.00 wt % (EDK 

03) to 92.17 wt % (DBB CN 01). Except in Ediki samples (EDK 01, EDK 02 and EDK 03), MSL 

I 01, MSL I 02 and YTK 02A, kaolinite was the most dominant mineral phase (>80 wt % in 

most samples).Smectite was the most dominant clay mineral in EDK 03 (41.6 wt %) and YTK 

02A (20.48 wt %). Illite was the least abundant clay mineral (mean of 4.69 wt %); however, it 

is the most abundant clay mineral in EDK 03 (21.9 wt %), after smectite (41.6 wt %).  
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Figure 4.30: Abundance in wt% of clay minerals in < 2 µm samples 

 

 

Figure 4.31: Abundance in wt% of other minerals in < 2 µm samples 
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Non-clay minerals (Figure 4.31) constituted < 10 wt % in 80% of the samples. MSL I 02 had 

quartz as the most dominant mineral phase. Samples MSL I 01 and YTK 02A had > 15 wt % 

of quartz. Microcline was only present in EDK 03 (16.03 wt %). Goethite was the most 

dominant mineral in YTK 02A (48.70 wt %). It was present as minor phase in YTK 01 (8.42 wt 

%), and as trace in MSL I 02 (0.23 wt %). As in bulk samples, hematite was present only in 

YTK samples, as minor phase in YTK 02A and YTK 02B (1.69 and 1.93 wt %, respectively), 

and as trace phase in YTK 01 and YTK 03 (0.69 and 0.70 wt %, respectively). Anatase was 

the most abundant Ti-bearing mineral phase, with concentrations >2.70 wt % in Dibamba, 

Logbaba and Missole II samples. Rutile was mostly present in traces in all samples, except in 

Ediki samples in which it was more abundant than anatase. 

 

4.3.2 Morphology of studied kaolins 

Scanning electron microscopy images showing the different morphologies of Cretaceous-

Tertiary kaolins of the Douala Sub-Basin are depicted in Figures 4.32-4.51. Different 

morphologies present can be grouped into three categories:   

 Pseudo-hexagonal particles or flakes and thin platy particles: Dibamba (DBB, DBB CN 

01 and DBB CN 02), EDK 02, LBB 02, LBB 03, MSL I 01, MSL I 02, Bomkoul (BKL 01, 

BKL 02 and BKL 03), LBB 03, MSL I 01, YTK 01, YTK 02A, YTK 02B and YTK 03. 

 

 Books or stacks of kaolinite: Made up of well-formed, unaltered pseudo-hexagonal 

plates, and observed in EDK 01, MSL II 01 and MSL II 02. This texture is reported to 

occur during transport of kaolinite flakes (Keller, 1978). 

 

 Swirl texture: Characterised by a tight binding or agglutination of these plates into 

laminar ribbon-like structures, which could have been caused by movement during 

packing, settling, dewatering, or other soft-rock deformation (Keller, 1978). It was 

depicted in EDK 03 and LBB 01. 
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Figure 4.32: SEM image of BKL 01 showing thin platy kaolinite particles 

 

Figure 4.33: SEM image of BKL 02 showing thin platy kaolinite particles 
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Figure 4.34: SEM image of BKL 03 showing thin platy kaolinite particles 

 

 

Figure 4.35: SEM image of DBB showing pseudo-hexagonal kaolinite particles 



103 
 

 

Figure 4.36: SEM image of DBB CN 01 showing pseudo-hexagonal kaolinite particles 

 

 

Figure 4.37: SEM image of DBB CN 02 showing thin platy particles and stacks of kaolinite 
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Figure 4.38: SEM image of EDK 01 showing a kaolinite book 

 

 

Figure 4.39: SEM image of EDK 02 showing stacks of pseudo-hexagonal kaolinite particles 



105 
 

 

Figure 4.40: SEM image of EDK 03 showing swirl texture with face to face arrangement of 

kaolinite grains 

 

Figure 4.41: SEM image of LBB 01 showing a swirl texture of kaolinite particles 
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Figure 4.42: SEM image of LBB 02 showing pseudo-hexagonal kaolinite particles 

 

 

Figure 4.43: SEM image of LBB 03 showing thin platy kaolinite particles 
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Figure 4.44: SEM image of MSL I 01 showing thin platy kaolinite particles 

 

 

Figure 4.45: SEM image of MSL I 02 showing thin platy kaolinite particles 
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Figure 4.46: SEM image of MSL II 01 showing stacks of kaolinite particles 

 

 

Figure 4.47: SEM image of MSL II 02 showing stacks of pseudo-hexagonal kaolinite particles  
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Figure 4.48: SEM image of YTK 01 showing thin platy kaolinite particles 

 

 

Figure 4.49: SEM image of YTK 02A showing thin platy kaolinite particles 
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Figure 4.50: SEM image of YTK 02B showing thin platy kaolinite particles 

 

 

Figure 4.51: SEM image of YTK 03 showing thin platy kaolinite particles
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4.3.3 Functional groups in the kaolins 

Fourier transform infrared spectra of the OH stretching hydroxyl group, OH stretching of water, 

Si-O stretching bands, OH deformation of inner-surface hydroxyl groups and OH deformation 

of inner hydroxyl groups, and the Si-O band were analysed.  Figures 4.52-4.54 show FTIR 

spectra of studied Cretaceous-Tertiary kaolin samples in the Douala Sub-Basin, and 

Appendices 4.4 – 4.6 summarise the assignment of the different bands. 

OH stretching of hydroxyl group 

The OH stretching of hydroxyl groups is an important band region because it provides 

information on the environment of formation of different minerals, such that mineral groups 

portray almost similar transmittance/absorption in this region (Farmer and Russel, 1967). It 

also determines the order/disorder in the kaolin mineral’s structure. Kaolin minerals usually 

have four distinguishable bands in the hydroxyl stretching region (3695, 3670, 3650 and 3620 

cm-1), with bands around 3695 and 3620 cm-1 being specific to kaolin minerals (Vaculíková et 

al., 2011). 

OH stretching of hydroxyl group is found between 3500 and 4000 cm-1. Figures 4.52 A-F show 

FTIR spectra of studied Cretaceous-Tertiary kaolin samples in the Douala Sub-Basin, and 

Appendices 4.4 – 4.6 summarise the assignment of the different bands. Most of the samples 

had the four distinguishable bands, though the second transmittance band (3670 cm-1) had 

low intensities. This band usually appears in well crystallised kaolinite (Fehli et al., 2008). This 

transmittance band was not present in BKL 03, EDK 03, MSL I 01, MSL I 02 and YTK 02A, 

which therefore were not well crystallised. The 3695 cm-1 band had a low intensity in all Ediki 

samples (EDK). EDK 03 specifically showed broadening of the four hydroxyl stretching bands. 

Transmittance bands 3670 and 3650 cm-1 were totally absent in YTK 02B; this is indicative of 

the disorder in the kaolinite’s structure (Vaculíková et al., 2011).        

OH stretching of water 

OH stretching of water bands (3457 and 3442 cm-1 for KGa-1b and KGa-2, respectively) was 

not present in all the samples. It was mainly observed in all Logbaba samples at 3443 cm-1 for 

LBB 01 and LBB 03, and 3445 cm-1 for LBB 02 (Figure 4.53). Besides the band corresponding 

to the OH stretching of water, all three Logbaba samples had an additional band around 3530 

cm-1 (3526, 3530 and 3527 cm-1 for LBB 01, LBB 02 and LBB 03, respectively). This is similar 

to the Cretaceous-Tertiary kaolins from Sidi El Bader in Tunisia (Fehli et al., 2008), it is 

attributed to H bonding between surface OH groups and adsorbed water (Ece et al., 2003).
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Figure 4.52: FTIR spectra of kaolin samples between 3500 and 4000 cm-1  

A- Bomkoul; B-Dibamba C-Ediki D-Logbaba E-Missole F-Yatchika 
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Figure 4.53: FTIR spectra of kaolin samples between 1200 and 3500 cm-1  

A- Bomkoul; B-Dibamba C-Ediki D-Logbaba E-Missole F-Yatchika 
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Figure 4.54: FTIR spectra of kaolin samples between 420 and 1200 cm-1  

A- Bomkoul; B-Dibamba C-Ediki D-Logbaba E-Missole F-Yatchika 
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The 3439 cm-1 band in BKL 03 could either be attributed to the OH stretching of water in this 

sample or to the presence of smectite (Ojima, 2003; Ekosse, 2005). EDK 01 (3425 cm-1), EDK 

03 (3421 cm-1), YTK 01 (3433 cm-1), YTK 02A (3400 cm-1) and YTK 03 (3421 cm-1) also had 

a band around 3426 cm-1. Bomkoul kaolins are reported to also be smectitic (Ngon Ngon et 

al., 2012b; Ngon Ngon et al., 2014). This explains the presence of a band around 3426 cm-1. 

Si-O stretching bands 

Longitudinal mode Si-O stretching bands were observed in all samples at 1114 cm-1, except 

in EDK 03 (1111 cm-1) and YTK 02B (1118 cm-1); whereas the perpendicular mode Si-O 

stretching bands was only exhibited in MSL I 02. The first in-plane Si-O stretching was 

observed between 983-1002 cm-1 in all samples (Figure 4.54), and the second in-plane Si-O 

stretching bands were observed in all the samples between 1022 and 1028 cm-1. 

OH deformation of inner-surface hydroxyl groups and OH deformation of inner hydroxyl 

groups 

OH deformation of inner-surface hydroxyl and inner hydroxyl groups were observed around 

937 and 935 cm-1, respectively for KGa kaolinites (Madejová and Komadel, 2001). In the 

studied kaolins, OH deformation of inner-surface hydroxyl groups were observed between 926 

cm-1 (MSL II 02) and 936 cm-1 (BKL 03) (Figure 4.54), with most samples having this OH 

deformation at 934 cm-1. OH deformation of inner hydroxyl groups occurred between 908 and 

912 cm-1. These two bands reflecting OH deformation of inner-surface hydroxyl and inner 

hydroxyl groups were very visible in the BKL, DBB, LBB and MSL II samples; slightly visible 

in all the YTK samples, EDK 01 and EDK 02; and not visible in MSL I 01, MSL I 02 and EDK 

03.  

Si-O band 

Two weak bands of about equal intensities around 795 and 758 cm-1 were observed in BKL, 

DBB, LBB, EDK 02, MSL II 01, MSL II 02, and YTK 03 samples. These bands are not visible 

in the remaining samples (Figure 4.54). 

Classification of the degree of structural order of kaolinite in the samples 

Vaculíková et al. (2011) used an empirical method to classify the degree of structural order of 

kaolinite. Four attributes were taken into consideration: 1) Distinguishable four bands 3695, 

3670, 3650 and 3620, 2) General broadening of all bands was  not observed, 3) OH 

deformation bands around 938 and 916 were visible, 4) two weak bands of about equal 

intensities were found around 795 and 758.  Table 4.5 shows a summary of the classification 

of studied Cretaceous-Tertiary kaolins of the Douala Sub-Basin. BKL 01, BKL 02, DBB, DBB 
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CN 01, DBB CN 02, LBB 01, LBB 02, LBB 03, MSL II 01 and MSL II 02 had ordered kaolinite 

structures. BKL 03, YTK 01 and YTK 03 had partially ordered kaolinite structures. EDK 01, 

EDK 02, YTK 02A and YTK 02B exhibited poorly ordered structures; whereas MSL I 01 and 

MSL I 02 had disordered structures. The poorly and partially ordered kaolins might contain 

some amounts of smectite and/or illite, causing some variance in their IR spectra (Vaculíková 

et al. 2011). 

Table 4.5: Classification of the degree of structural order in the studied Cretaceous-Tertiary 

kaolins of the Douala Sub-Basin 

 
Attributes Class 

 
1 2 3 4 

 

BKL 01 Y Y Y Y 

Ordered 

BKL 02 Y Y Y Y 

DBB Y Y Y Y 

DBB CN 01 Y Y Y Y 

DBB CN 02 Y Y Y Y 

LBB 01 Y Y Y Y 

LBB 02 Y Y Y Y 

LBB 03 Y Y Y Y 

MSL II 01 Y Y Y Y 

MSL II 02 Y Y Y Y 

BKL 03 N Y Y Y 

Partially ordered YTK 01 Y Y N Y 

YTK 03 Y Y Y N 

EDK 01 Y N Y N 

Poorly ordered 
EDK 02 Y N Y N 

YTK 02A N N N Y 

YTK 02B N N N Y 

EDK 03 N N N N 

Disordered MSL I 01 N N N N 

MSL I 02 N N N N 

Attributes used by Vaculíková et al. (2011) as described in-text. Y = Yes, N = No
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4.3.4 Thermogravimetric analyses and differential scanning calorimetry (TGA-

DSC) 

Four main reactions occur with increasing heating of kaolinite. The first is an endothermic 

reaction, which involves dehydroxylation of kaolinite to form metastable kaolinite between 450-

700oC (dehydroxylation peak temperatures (Td)) (Equation 4.1); the second is an exothermic 

reaction involving the formation of cubic spinel and amorphous silica (transformation into 

crystalline phases) between 925-1050oC (transformation peak temperatures (Tt))  (Equation 

4.2); the third is an exothermic reaction involving the formation of mullite between 1050-

1200oC (Equation 4.3); and the fourth reaction occurs above 1200oC and it involves the 

crystallisation of cristobalite from amorphous silica (Equation 4.4) (Ptáček et al., 2010; Fodvari, 

2011; Diko et al., 2016). 

𝐴𝑙2𝑂3. 2𝑆𝑖𝑂2. 2𝐻2𝑂 → 𝐴𝑙2𝑂3. 2𝑆𝑖𝑂2 + 2𝐻2𝑂          Eqn. 4.1 

2(𝐴𝑙2𝑂3. 2𝑆𝑖𝑂2) → 2𝐴𝑙2𝑂3. 3𝑆𝑖𝑂2 + 𝑆𝑖𝑂2 (𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠)         Eqn. 4.2 

3(2𝐴𝑙2𝑂3. 3𝑆𝑖𝑂2) → 2(3𝐴𝑙2𝑂3. 2𝑆𝑖𝑂2) + 5𝑆𝑖𝑂2          Eqn. 4.3 

𝑆𝑖𝑂2 (𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠) → 𝑆𝑖𝑂2 (𝑐𝑟𝑖𝑠𝑡𝑜𝑏𝑎𝑙𝑖𝑡𝑒)           Eqn. 4.4 

Moreover, release of adsorbed water in pores occurs at T ≤ 150oC (Ptáček et al., 2010) or at 

T ≤ 200oC (Ilić et al., 2010) and pre-dehydroxylation of kaolinite can occur between 200 and 

450oC, causing a mass loss due to reorganisation in the octahedral layer (Ilić et al., 2010). 

Results of TGA-DSC are shown in Tables 4.6-4.7 and Figures 4.55-4.74. Three endothermic 

peaks were noted. The low temperature endothermic peak in each sample was observed 

between 48-109oC. It was present in all the samples and it was linked to the dehydration of 

samples. The second low temperature peak was observed between 223-285oC. This 

temperature peak was only present in BKL 01, BKL 02, DBB CN01, LBB 01, LBB 02, LBB 03, 

MSL I 02, YTK 01 and YTK 02A. This peak was attributed to the pre-hydroxylation of the 

samples. The third endothermic peak was found between 469-531oC, and it was attributed to 

the dehydroxylation of the kaolins.  

One exothermic peak, corresponding to the formation of mullite, was observed between 943-

988oC. However, in YTK 02A, it was observed at 905oC; and in BKL 01, BKL 03, EDK 01, EDK 

02, EDK 03, MSL I 01, YTK 01 and YTK 03, it was greater than 1000oC. Samples were heated 

up to 1000oC, therefore exothermic peak temperatures above 1000oC were not recorded. 
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Table 4.6: TGA-DSC endothermic and exothermic peak temperatures and main reactions of 

< 2 µm kaolin samples 

 
Endothermic Peak Temperatures Exothermic Peak 

Temperatures# 

Reactions Dehydration* 

(T ≤ 200oC) 

Pre-dehydroxylation* 

(200 ≤T≤ 450oC) 

Dehydroxylation# 

(450≤Td≤700oC) 

Mullite formation 

from 

metakaolinite 

(925≤Tt≤1050oC) Samples 

BKL 01 56.54 266.89 483.81 nr 

BKL 02 68 244.25 494.23 971.56 

BKL 03 86.74 - 478.34 nr 

DBB 50 - 494.34 985.4 

DBB CN 01 57.49 238.15 496.5 987.39 

DBB CN 02 47.76 - 492.25 974.47 

EDK 01 68.36 - 524.56 nr 

EDK 02 56.03 - 517.38 nr 

EDK 03 84.91 - 530.77 nr 

LBB 01 73.17 234.26 492.85 983.79 

LBB 02 56.43 234.19 492.21 985.26 

LBB 03 66.23 223.76 482.18 986 

MSL I 01 108.84 - 505.17 nr 

MSL I 02 65.02 266.82 491.8 981.68 

MSL II 01 50.34 - 496.12 968.03 

MSL II 02 54.75 - 498.65 970.11 

YTK 01 60.83 284.01 478.82 nr 

YTK 02A 64.92 266.54 491.5 905.86 

YTK 02B 82.37 - 469.53 943.56 

YTK 03 55.69 - 491.67 nr 

Minimum 
47.76 223.76 469.53 905.86 

Maximum 
108.84 284.01 530.77 987.39 

*Dehydration and pre-dehydroxylation temperatures were derived from TGA-DTG curves 
#Dehydroxylation and exothermic peak temperatures were derived from DSC curves 

(-): No peak; (nr): Not recorded, Tt > 1000oC 
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Weight loss at T ≤ 450oC varied between 0.6% (DBB CN 01) and 6% (MSL I 01); it was due 

to the release of adsorbed water in pores. Dehydroxylation of kaolinite caused higher weight 

loss, varying from 5.6% (EDK 03)-13.6% (DBB CN 01). 

Table 4.7: Weight loss during heating of kaolin samples 

Samples 
Weight loss at 

T ≤ 450oC 

Weight loss at 

450oC ≤ Td ≤ 700oC 
Total weight loss 

BKL 01 2.0% 12.0% 14.0% 

BKL 02 1.6% 12.3% 13.9% 

BKL 03 0.8% 5.7% 6.5% 

DBB 0.8% 13.5% 14.3% 

DBB CN 01 0.6% 13.6% 14.2% 

DBB CN 02 1.6% 12.6% 14.2% 

EDK 01 1.0% 6.6% 7.6% 

EDK 02 - 8.6% 8.6% 

EDK 03 0.9% 5.6% 6.5% 

LBB 01 1.4% 12.8% 14.2% 

LBB 02 1.6% 12.8% 14.4% 

LBB 03 1.6% 12.9% 14.5% 

MSL I 01 6.0% 9.2% 15.2% 

MSL I 02 1.6% 12.6% 14.2% 

MSL II 01 0.8% 12.4% 13.2% 

MSL II 02 - 12.2% 12.2% 

YTK 01 4.0% 10.2% 14.2% 

YTK 02A 4.0% 9.2% 13.2% 

YTK 02B 2.8% 8.4% 11.2% 

YTK 03 2.0% 11.0% 13.0% 

Minimum 0.6% 5.6% 6.5% 

Maximum 6% 13.6% 15.2% 

(-): No weight loss 
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Figure 4.55: Thermal analysis of BKL 01: A) TGA-DTG curve; B) DSC curve 
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Figure 4.56. : Thermal analysis of BKL 02: A) TGA-DTG curve; B) DSC curve 
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Figure 4.57: Thermal analysis of BKL 03: A) TGA-DTG curve; B) DSC curve 
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Figure 4.58: Thermal analysis of DBB: A) TGA-DTG curve; B) DSC curve 
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Figure 4.59: Thermal analysis of DBB CN 01: A) TGA-DTG curve; B) DSC curve 
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Figure 4.60: Thermal analysis of DBB CN 02: A) TGA-DTG curve; B) DSC curve 
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Figure 4.61: Thermal analysis of EDK 01: A) TGA-DTG curve; B) DSC curve 
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Figure 4.62: Thermal analysis of EDK 02: A) TGA-DTG curve; B) DSC curve 
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Figure 4.63: Thermal analysis of EDK 03: A) TGA-DTG curve; B) DSC curve 
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Figure 4.64: Thermal analysis of LBB 01: A) TGA-DTG curve; B) DSC curve 
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Figure 4.65: Thermal analysis of LBB 02: A) TGA-DTG curve; B) DSC curve 
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Figure 4.66: Thermal analysis of LBB 03: A) TGA-DTG curve; B) DSC curve 
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Figure 4.67: Thermal analysis of MSL I 01: A) TGA-DTG curve; B) DSC curve 
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Figure 4.68: Thermal analysis of MSL I 02: A) TGA-DTG curve; B) DSC curve 
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Figure 4.69: Thermal analysis of MSL II 01: A) TGA-DTG curve; B) DSC curve 
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Figure 4.70: Thermal analysis of MSL II 02: A) TGA-DTG curve; B) DSC curve 
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Figure 4.71: Thermal analysis of YTK 01: A) TGA-DTG curve; B) DSC curve 
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Figure 4.72: Thermal analysis of YTK 02A: A) TGA-DTG curve; B) DSC curve 
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Figure 4.73: Thermal analysis of YTK 02B: A) TGA-DTG curve; B) DSC curve 
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Figure 4.74: Thermal analysis of YTK 03: A) TGA-DTG curve; B) DSC curve 
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4.4 Geochemical characterisation 

4.4.1 Major oxides geochemistry  

Results of the chemical analysis of bulk samples, silt and < 2 µm fractions are summarised in 

Appendices 4.7 - 4.9.  

 

4.4.1.1 Bulk kaolins (< 2 mm samples) 

SiO2 and Al2O3 

DBB, DBB CN 01, DBB CN 02, LBB 03, MSLI 01, MSLI 02 bulk samples had SiO2 

concentrations greater than 60.5%. Other bulk samples had SiO2 concentrations varying 

between 46.87-60.31 wt %. Al2O3 varied between 9.14 wt % (DBB CN 02) to 32.90 wt % (MSL 

II 01) (Figure 4.75). Bulk samples portrayed an inverse relationship between Al2O3 and SiO2 

concentrations, with r2 =0.72 (Figure 4.76) 

 

 

Figure 4.75: Al2O3 and SiO2 concentrations of bulk samples 
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Figure 4.76: Scatter plot diagram of SiO2 versus Al2O3 concentrations of bulk samples 

 

CaO, Na2O, K2O and MgO 

Concentrations of CaO, Na2O, K2O and MgO in bulk samples are plotted in Figure 4.77. CaO 

had very low concentrations in all samples. CaO was < 0.1 wt %. Na2O had concentrations 

less than 0.1 wt %, except BKL03 (0.13 wt %) and EDK 02 (0.11 wt %). Na2O was not detected 

in DBB CN 01, DBB CN 02 and LBB 03. Ediki samples had the highest K2O concentrations 

(mean of 7.95 wt %). Other samples had K2O concentrations < 2 wt %.  

MgO concentrations were generally less than 1.00 wt% (Figure 4.77). However, EDK 01 and 

EDK 03 had MgO concentrations of 1.08 and 1.57 wt%, respectively. In YTK 02A and YTK 

02B, MgO concentrations did not vary with particle size. Logbaba samples had the lowest 

MgO concentrations (< 0.1 wt %). 

70% of bulk samples had the sum of CaO, Na2O, K2O and MgO (CNKM) less than 2 wt%. 

Ediki samples had the highest CNKM (>6 wt %). BKL 03, YTK 02A and YTK 02B had CNKM 

varying between 2.33 and 3.05 wt % (Figure 4.78). 
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Figure 4.77: CaO, Na2O, K2O and MgO concentrations in bulk samples  

 

 

Figure 4.78: Sum of CaO, Na2O, K2O and MgO concentrations in bulk samples  
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Fe2O3 concentrations (> 6.00 wt %) were found in Yatchika and Bomkoul samples, except in 

YTK 02B (4.56 wt %). 

 

Figure 4.79: TiO2 and Fe2O3 concentrations in bulk samples  

 

P2O5 and SO3 

Bulk samples had P2O5 concentrations less than 0.40 wt %, except DBB CN 01, which had a 

P2O5 concentration of 0.93 wt%. SO3 was less than 0.20 wt%; the only exception being in MSL 

I 01 and MSL I 02, in which SO3 concentration was slightly above 3.00 wt% (Figure 4.80). 

 

 

Figure 4.80: P2O5 and SO3 concentrations in bulk samples  
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K2O/Al2O3 

The plot of K2O/Al2O3 is shown in Figure 4.81. Logbaba and Dibamba samples had the lowest 

ratio (≤ 0.01), whereas Ediki samples had a K2O/Al2O3 ratio greater than 0.250, with EDK 03 

having a K2O/Al2O3 ratio greater than 0.300. 

 

Figure 4.81: Plot of the K2O/Al2O3 ratio of bulk samples showing most samples having a ratio 

< 0.3 

 

4.4.1.2 Silt samples (2-63 µm fraction) 
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Silica (SiO2) was most abundant in BKL 03 (75.18 wt %) and least abundant in DBB (51.34 wt 

%). Whereas, Al2O3 varied between 9.86 wt % (BKL 03) and 32.29 wt % (DBB) (Figure 4.82). 

Therefore, there was an inverse relationship between SiO2 and Al2O3, with r2 = 0.93 (Figure 

4.83). 
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Figure 4.83: Scatter plot diagram of SiO2 versus Al2O3 concentrations of silt samples  
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Figure 4.84: CaO, Na2O, K2O and MgO concentrations in silt samples 
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The sum of CaO, Na2O, K2O and MgO (CNKM) is < 1 wt % in DBB and LBB 02. In other 

samples, it varied between 1.71 wt % (MSL II 02) and 8.93 wt % (EDK 02) (Figure 4.85).  

 

Figure 4.85: Sum of CaO, Na2O, K2O and MgO concentrations in silt samples 
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P2O5 and SO3 

SO3 had concentrations less than 0.05 wt % in all samples. However, P2O5 had abnormally 

high concentrations, varying between 0.29 wt % (MSL II 02) and 0.98 wt % (LBB 02) (Figure 

4.87). 

 

Figure 4.87: P2O5 and SO3 concentrations in silt samples 

 

K2O/Al2O3 

Values of K2O/Al2O3 are less than 0.1, except in BKL 03 (0.34) and EDK 02 (0.31) (Figure 

4.88). 

 
Figure 4.88: Plot of the K2O/Al2O3 ratio of silt samples 
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4.4.1.3 Clay samples (< 2 µm fraction) 

SiO2 and Al2O3 

In the < 2 µm samples, MSLI 02 had the highest SiO2 concentration (54.70 wt %), whereas all 

other samples had SiO2 concentrations < 50.00 wt % (Figure 4.89).  

 

Figure 4.89: Al2O3 and SiO2 concentrations in < 2 µm samples 

YTK 01 had the lowest SiO2 concentration (36.99 wt %). Logbaba samples had high Al2O3 

concentrations (37.91, 38.21 and 37.82 wt % for LBB 01, LBB 02 and LBB 02, respectively). 

MSLI 01 and MSLI 02 had Al2O3 concentrations less than 26 wt % (Figure 4.89). The < 2 µm 

samples portrayed a slight inverse relationship between Al2O3 and SiO2 concentrations, with 

r2 =0.18 (Figure 4.90). 

 

Figure 4.90: Scatter plot diagram of SiO2 versus Al2O3 concentrations of < 2 µm samples  
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CaO, Na2O, K2O and MgO 

Concentrations of CaO, Na2O, K2O and MgO of < 2 µm samples are plotted in Figure 4.91. 

CaO had very low concentrations in all samples. Most CaO concentrations were slightly lower 

in the < 2 µm samples than in bulk samples, except the < 2 µm sample of DBB CN 01, which 

had CaO concentration of 0.11 wt%.  

NaO2 had higher concentrations (> 0.25 wt %). Logbaba and Missole I samples had the lowest 

NaO2 concentrations (≤ 0.35 wt %). Ediki and Yatchika samples had relatively higher NaO2 

content (between 0.48 and 1.61 wt %). Ediki samples had the highest K2O concentrations 

(mean of 6.31 wt %). Other samples had K2O concentrations < 2 wt%. All < 2 µm samples had 

K2O concentrations lower than their corresponding bulk samples. MgO concentrations were 

generally less than 1.00 wt % and showed a similar trend as in bulk samples, with EDK 01 

and EDK 03 having the highest MgO concentrations (1.33 and 1.83 wt %, respectively). 

Though < 2 µm samples had lower MgO concentrations than their corresponding bulk 

samples, exceptions were found in BKL 03 and all Ediki samples, whose < 2 µm samples had 

higher MgO concentrations than their corresponding bulk samples. In YTK 02A and YTK 02B, 

MgO concentrations did not vary with particle size. Logbaba samples had the lowest MgO 

concentrations (< 0.1 wt %). 

 

Figure 4.91: CaO, Na2O, K2O and MgO concentrations in < 2 µm samples 

60% of clay fraction samples had the sum of CaO, Na2O, K2O and MgO (CNKM) less than 2 

wt%. Ediki samples had the highest CNKM (> 6 wt %) in < 2 µm samples. BKL 03, YTK 02A 

and YTK 02B had CNKM varying between 2.52 and 3.31 wt % (Figure 4.92). 
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Figure 4.92: Sum of CaO, Na2O, K2O and MgO concentrations in < 2 µm samples 

 

TiO2 and Fe2O3 

As in bulk samples, DBB CN 01 and DBB CN 02 also had the lowest TiO2 concentrations in 

both bulk samples and clay fractions (< 0.40 wt %). High titania contents were observed in 

MSL II 01 and MSL II 02 (> 3.00 wt %). Fe2O3 was higher than TiO2 in all samples, except in 

Logbaba and Missole II samples. As a general trend, Fe2O3 was higher in clay fractions than 

in bulk samples (Figure 4.93). High Fe2O3 concentrations (>6.00 wt %) were found in Bomkoul, 

MSL I 01 and Yatchika samples. 

 

Figure 4.93: TiO2 and Fe2O3 concentrations in < 2 µm samples 
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P2O5 and SO3 

< 2 µm samples had higher P2O5 concentrations than their corresponding bulk samples (up to 

7.56 wt% in MSL I 01). SO3 was less than 0.20 wt% in < 2 µm samples; the only exception 

being in MSL I 01 and MSL I 02, in which SO3 concentration was up to 4.48 wt% (Figure 4.94).  

 

Figure 4.94: P2O5 and SO3 concentrations in < 2 µm samples 

 

K2O/Al2O3 

The plot of K2O/Al2O3 of < 2 µm samples is shown in Figure 4.95. Logbaba and Dibamba 

samples had the lowest ratio (≤ 0.01), whereas Ediki samples had a K2O/Al2O3 ratio between 

0.15 and 3.00. 

 

Figure 4.95: Plot of the K2O/Al2O3 ratio of < 2 µm samples 
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4.4.2 Hacker diagrams 

Hacker diagrams (Figure 4.96) show the relationship between alumina and various oxides, 

silica and titania, loss on ignition (LOI) and CaO and Al2O3. In general, these relationships 

were weak, either positive or negative. Positive correlations were noted between Al2O3 and 

Na2O (r2 = 0.04), Al2O3 and TiO2 (r2 = 0.06), Al2O3 and LOI (r2 = 0.54) and SO3 and P2O5 (r2 = 

0.39). Negative relationships were noted between Al2O3 and CaO, Al2O3 and K2O, Al2O3 and 

P2O5, and CaO and LOI, with r2 values of 0.07, 0.03, 0.03 and 0.14, respectively.  

 

Figure 4.96: Hacker diagrams showing relationships between various oxides and alumina, 

silica and LOI  
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4.4.3 Microelemental composition of < 2 µm fraction of kaolin samples 

The microelemental composition of kaolin samples was in agreement with the major oxides 

composition of these samples. In general, concentrations of elements in samples were in the 

following order of abundance: O > Si > Al > Fe > Ti > P > Na > K > Mg. In samples from 

Dibamba, Logbaba and Missole II, Mg was not detected; whereas in Bomkoul, Ediki, Missole 

I and Yatchika samples, Mg concentrations could be up to 0.87% (EDK 01). Potassium was 

generally less than 1%, except in Ediki samples in which it varied between 3.68 and 5.73%. 

Missole II and Logbaba had Ti concentrations greater than Fe concentrations, as in their major 

oxides, where TiO2 concentrations were greater than Fe2O3 concentrations. Fe concentration 

was high in Bomkoul, Ediki, Missole I and Yatchika samples, with its concentration being up 

to 9.3% in MSL I 01. High Fe concentrations corresponded to high Mg concentrations. 

Some elements, like Cu and S were only detected in one or two samples. Copper was only 

detected in DBB CN 01 and EDK 01; whereas S was only detected in Missole I samples, with 

the highest concentration being 3.05%. The microelemental composition of kaolin samples is 

given in Table 4.8 and plotted in Figures 4.97-4.102. 

Table 4.8: Percentage of different elements present in studied kaolins 

 Na Mg Al Si P S K Ti Fe Cu O Total 

BKL 01 0.34 nd 20.32 24.13 0.48 nd 0 1.13 5.09 nd 48.51 100 

BKL 02 0.41 nd 20.49 24.08 0.41 nd 0.24 1.31 4.53 nd 48.54 100.01 

BKL 03 0.8 0.44 16.76 25.11 0.74 nd 0.82 1.14 6.41 nd 47.79 100.01 

DBB 0.43 nd 21.59 25.91 0.42 nd nd 0.44 1.16 nd 50.05 100 

DBB CN 01 0.49 nd 21.49 25.07 1.46 nd 0.05 nd 0.95 0.36 50.12 99.99 

DBB CN 02 0.36 nd 20.99 25.03 0.58 nd nd nd 3.87 nd 49.17 100 

EDK 01 0.56 0.87 15.68 26.48 0.26 nd 4.77 1.02 2.4 0.32 47.64 100 

EDK 02 0.42 0.43 18.49 25.93 0.24 nd 3.68 0.79 1.57 nd 48.45 100 

EDK 03 0.61 1.1 14.13 26.26 0.43 nd 5.73 1.15 3.65 nd 46.95 100.01 

LBB 01 0.39 nd 22.16 24.75 0.42 nd nd 1.33 1.14 nd 49.8 99.99 

LBB 02 0.37 nd 22.07 24.86 0.42 nd nd 1.42 1 nd 49.86 100 

LBB 03 0.46 nd 21.56 25.31 0.53 nd 0.14 1.19 0.9 nd 49.93 100.02 

MSL I 01 1.32 0.34 11.79 20.4 4.39 3.05 0.81 0.68 9.3 nd 47.92 100 

MSL I 02 0.3 0.3 8.26 30.22 2.24 1.54 0.94 1.12 5.33 nd 49.74 99.99 

MSL II 01 0.42 nd 20.69 24.89 0.38 nd 0.73 1.89 1.7 nd 49.29 99.99 

MSL II 02 0.36 nd 20.83 25.27 0 nd 0.94 1.81 1.5 nd 49.28 99.99 

YTK 01 0.77 nd 18.2 23.01 0.81 nd 0.29 0.82 9.16 nd 46.95 100.01 

YTK 02A 0.96 0.62 16.8 24.1 0.92 nd 0.77 0.81 7.77 nd 47.25 100 

YTK 02B 1.92 0.62 15.63 23.14 3.74 nd 0.49 0.5 5.71 nd 48.24 99.99 

YTK03 0.57 0.26 19.06 24.34 0.35 nd 0.52 1.08 5.82 nd 48 100 

nd = not detected 
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A)  

B)  

C)  

Figure 4.97: Microelemental composition of Bomkoul samples: A) BKL 01, B) BKL 02, C) BKL 

03 
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A)  

B)  

C)  

Figure 4.98: Microelemental composition of Dibamba samples; A) DBB, B) DBB CN 01, C) 

DBB CN 02 
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A)  

B)  

C)  

Figure 4.99: Microelemental composition of Ediki samples; A) EDK 01, B) EDK 02, C) EDK 03 
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A)  

B)  

C)  

Figure 4.100: Microelemental composition of Logbaba samples; A) LBB 01, B) LBB 02, C) 

LBB 03 
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A)  

B)  

C)  

D)  

Figure 4.101: Microelemental composition of Missole samples; A) MSL I 01, B) MSL I 02, C) 

MSL II 01, D) MSL II 02 
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A)  

B)  

C)  

D)  

Figure 4.102: Microelemental composition of Yatchika samples; A) YTK 01, B) YTK 02A, C) 

YTK 02B, D) YTK 03 
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4.5 Discussion 

4.5.1 Mineralogy and geochemistry of Cretaceous-Tertiary kaolins in the Douala 

Sub-Basin 

Kaolins are secondary minerals, which result from the alteration of primary minerals from host 

rocks (Dhannoun et al., 2010). Hence, their mineralogy and geochemistry strongly depend on 

the mineralogy and geochemistry of their source rocks and minerals. 

The main mineral phases present in studied Cretaceous-Tertiary kaolins of the Douala Sub-

Basin are kaolinite > smectite > illite, with mean values of 33.01 wt % > 11.20 wt % > 4.41 wt 

%, 28.52 wt % > 10.87 wt % > 3.54 wt %, and 72.23 wt % > 10.69 wt % > 4.69 wt %, in bulk, 

silt and clay fractions of kaolins, respectively. The increase of kaolinite in clay fractions was 

associated with an increase in Al2O3 and a decrease in SiO2 concentrations in the samples, 

hence the negative correlation between these two oxides (Figures 4.89 and 4.90). 

The relatively higher CaO and Na2O concentrations in clay fractions is associated with the 

presence of smectite and illite, which could also be linked to decrease in particle size. Higher 

CaO and Na2O concentrations in clay fractions justify the relatively lower values of the 

chemical index of alteration (CIA) and chemical index of weathering (CIW) in some of the < 2 

µm samples (Appendix 4.9), because CIA and CIW are inversely proportional to CaO and 

Na2O concentrations (Nesbitt and Young, 1982; Fiantis et al., 2010). 

The main impurities in these kaolins are TiO2 and Fe2O3, which are also reflected in the 

mineralogy by the presence of rutile (TiO2), anatase (TiO2), goethite (αFeO.OH) and hematite 

(Fe2O3). Anatase was present in minor amounts, whereas rutile was mainly in trace. Baioumy 

(2014b) also reported anatase to be the principal Ti-bearing mineral phase in Cretaceous 

kaolins in Egypt, though other Ti-bearing minerals (rutile, ilmenite and leucoxene) were in trace 

amounts. High TiO2 concentrations corresponded to high anatase content e.g. in Missole II 

and Logbaba samples. Schroeder et al. (2003) evaluated the difference between total TiO2 

and anatase-TiO2 in selected kaolin deposits, including the Cretaceous-Tertiary kaolins from 

Georgia and Brazil. They all had an amount of anatase that was slightly equal to their TiO2 

content. Therefore, anatase accounted for most of the TiO2 content. 

Logbaba samples, which had lower Fe2O3 concentrations than TiO2, also had very high CIA 

(> 98%) in both bulk and < 2 µm fraction (Appendices 4.7 and 4.9). This could suggest that 

anatase, in these samples, is derived from the oxidation of Fe-Ti-bearing precursors, as in 

Georgia kaolins (Schroeder et al., 2004). However, the absence of Fe-Ti-bearing mineral 

phases, such as ilmenite, and Fe-bearing mineral phases, such as goethite and hematite, in 
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these kaolins is explained by the extreme weathering undergone by the kaolins. Dibamba 

kaolins also displayed similar characteristics as Logbaba kaolins. 

Unlike anatase and rutile, goethite and hematite were mostly present in minor or trace 

amounts, and in few of the samples. The possible substitution of Fe3+ into octahedral sites 

(made up of Al3+) in these samples may be associated with interlayer oxides or hydroxides. 

This possible substitution may have affected the crystallinity of the kaolinite structure of these 

samples (Ekosse, 2000), giving them a partially to poorly ordered structure. Moreover, kaolins 

in tropical areas are usually associated with oxide and oxyoxide minerals, such as goethite 

and hematite (Sheldon and Tabor, 2009).The substitution of Al3+ by Fe3+ was more evident in 

YTK 02A, in which kaolinite, smectite and illite abundances considerably dropped from 15.93, 

4.97 and 31.23 wt %, respectively in bulk samples to 11.91, 0 and 20.48 wt %, respectively in 

< 2 µm fraction; whereas, goethite abundance increased from 5.09 wt % in bulk sample to 

48.07 wt % in the < 2 µm fraction. A particularity about Yatchika kaolin is that they were the 

only samples having hematite in both bulk and clay fractions. It is believed that the hematite 

might have been derived from the dehydroxylation of goethite, or vice versa depending on 

prevailing conditions, according to Equation 4.5. 

2𝛼. 𝐹𝑒𝑂𝑂𝐻 ⇌ 𝛼. 𝐹𝑒2𝑂3 + 𝐻2𝑂            Eqn. 4.5 

Goethite Hematite        

The general trend of Ediki samples (EDK) confirmed the results obtained by Diko and Ekosse 

(2012; 2013); and Diko et al. (2016). The presence of microcline, illite and smectite in these 

samples are consistent with the relatively high K2O and Na2O concentrations in their 

geochemistry. As a consequence, the CIA of these samples were the lowest (< 86%), 

indicating moderate silicate weathering; the index of compositional variability values (ICV) 

were the highest (0.61 and 0.65 in bulk and clay fractions, respectively) (Appendices 4.7 and 

4.9); and K2O/Al2O3 ratios were the highest. These indicators showed the compositional 

immaturity of Ediki kaolin (Cox et al., 1995; Nagarajan et al., 2013). The high degree of 

structural disorder in the kaolinite structure of Ediki samples reported in Diko et al. (2016) was 

also observed. 

Missole samples were in two categories, both reported in previous works by Logmo et al. 

(2013) and Ngon Ngon et al. (2014). The dark grey Missole I kaolins, hosted in shales of the 

Nkapa Formation, had more quartz and less kaolinite in the bulk samples, and the clay 

fractions were more kaolinitic and smectitic. The geochemistry of Missole I kaolins reflected 

their mineralogy; relatively higher SiO2 and lower Al2O3 concentrations. In addition, Missole I 

kaolins had high SO3, P2O5, MgO and Fe2O3 in both bulk samples and clay fraction. High SO3 

and P2O5 concentrations were also reported in Cretaceous-Tertiary hypogene kaolins in Peru 
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(Dill et al., 1997) and in Tertiary hypogene kaolins from the El-Gideda iron ore in Egypt 

(Baioumy and Hassan, 2004). The absence of high temperature minerals in Missole I samples, 

the relatively high SO3 and P2O5 concentrations in these samples but negative correlations 

between SO3 and Al2O3, and P2O5 and Al2O3 (Figure 4.96)  showed that SO3 and P2O5 

contents may have been favoured by organic matter contained in shales (Yaalon, 1961). High 

MgO contents could be attributed to the presence of altered femic minerals (such as 

hornblende), which may not be detected by diffractometry (Ligas et al., 1997). However, high 

MgO concentrated in the clay fractions could also be attributed to presence of smectite (Manju 

et al., 2001). For example, the smectite mineral identified in YTK 02A is saponite 

[Mg2Al)(Si3Al)O10(OH)2⋅4H2O], which is the Mg-rich member of smectites. 

The whitish Missole II kaolin was predominantly made up of kaolinite in both bulk and < 2 µm 

fraction (up to 87.33 wt %), and contained illite in minor amounts, as reported by Logmo et al. 

(2013) and Ngon Ngon et al. (2014). The only impurities found in Missole II kaolins was 

anatase, which was more abundant in these samples than in other samples. No Fe-bearing 

mineral was detected, hence their whitish colour. These kaolins were well structured and fell 

under the class of well-ordered kaolins based on FTIR analysis. 

Thermogravimetric analyses and differential scanning calorimetry (TGA-DSC) of the < 2 µm 

samples showed that dehydroxylation temperatures (Td) were lower than that of the 

Cretaceous-Tertiary Georgia kaolin Standard (576 °C) (Vaculíková et al., 2011). In the latter, 

well-ordered kaolin samples had a Td > 571 °C, ordered sample had Td between 561-570 °C, 

poorly ordered kaolin samples had Td between 546 and 560 °C, and disordered kaolin samples 

had values of Td < 545 °C. All studied Cretaceous-Tertiary kaolins of the Douala Sub-Basin 

had Td < 545 °C.  

However, this classification by Vaculíková et al. (2011) based on dehydroxylation 

temperatures of kaolins could not be applied in this research because (i) this classification is 

applicable only if analyses were carried out under the same conditions (Vaculíková et al., 

2011), (ii) the particle size of samples and the size of individual crystals affect all reactions 

involving water (Guggenheim and van Gross, 2001), (iii) differences in the purging technique 

will produce difference in Td values (Guggenheim and van Gross, 2001; Ilić et al., 2010). The 

results obtained by Diko et al. (2016) also confirmed that this classification cannot be used in 

all circumstances. Moreover, the total weight loss recorded during heating of the kaolin 

samples are similar to the LOI, as shown in Figure 4.103. 
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Figure 4.103: Comparison of the total weight loss during heating and the LOI of < 2 µm 

samples 

 

4.5.2 Paleoenvironmental reconstruction using major oxides 

4.5.2.1 Paleoweathering 

CIA vs CIW 

Ninety percent of bulk kaolins exhibited extreme silicate weathering (CIA > 80%) against 10% 

(Ediki kaolins) that exhibited moderate silicate weathering (Figure 4.104). Clay fractions had 

lower CIA and CIW values than bulk samples. Logbaba and Dibamba samples had higher CIA 

values (> 98%). 

On the plot of CIA vs CIW of silt samples, EDK 02 and BKL 03 portrayed moderate silicate 

weathering (CIA < 80%); unlike DBB, LBB 02, MSL II 02 and YTK 02A, which portrayed 

extreme silicate weathering, with DBB and LBB 02 having the highest CIA (> 95%) (Figure 

4.105). 

In the clay fractions, 95% of samples exhibited extreme silicate weathering against 5% (EDK 

03) that exhibited moderate silicate weathering (Figure 4.106). Clay fractions had lower CIA 

and CIW values than their corresponding bulk samples, this is due to higher amounts of Na2O 

in < 2 µm fractions. Logbaba and Dibamba samples had higher CIA (> 98%) and CIW (> 99%) 

values. 
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Figure 4.104: Chemical index of weathering (CIW) versus chemical index of alteration (CIA) 

of bulk samples 

 

 

Figure 4.105: Chemical index of weathering (CIW) versus chemical index of alteration (CIA) 

of silt samples  
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Figure 4.106: a) Chemical index of weathering (CIW) versus chemical index of alteration (CIA) 

of < 2 µm samples; b) CIW versus CIA of < 2 µm kaolins, expanded from Box A 
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(Figure 4.108). Of the six samples, BKL 03 was the sample with the highest ICV value in its 

corresponding bulk sample (0.52).  

 

 

Figure 4.107: ICV of bulk samples 

 

Figure 4.108: ICV of silt samples 

The ICV values of < 2 µm samples ranged from 0.07 (DBB and DBB CN 01) to 0.65 (EDK 03). 

This is a similar trend as in bulk samples. Dibamba, Logbaba and Missole II had ICV values < 

0.22 (Figure 4.109).  
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Figure 4.109: ICV of < 2 µm samples 

 

4.5.2.2 Sedimentary provenance 

Major oxides geochemistry of clay minerals could be a best indicator for their compositional 

variability, thereby giving insights on their provenance, as well as environmental conditions 

prevailing during diagenesis (Cox et al., 1995). Geochemical discrimination diagrams could 

be used to deduce the provenance of kaolins. An example, the relationship between climate 

and the degree of weathering shows that higher rainfall corresponds to increased weathering 

and higher CIA values in the resulting sediments (Ahmad et al., 2014). A similar positive 

relationship exist between the intensity of weathering and CIW due to the immobility of Al and 

higher mobility of Na, K, and Ca (Akinyemi et al., 2014). However, as weathering progresses, 

ICV decreases due to conversion of feldspars to Al-bearing clays, such as kaolins. 

The lowest ICV values (< 0.22) were observed in Dibamba, Logbaba and Missole II samples. 

Low ICV values correspond to high degree of maturity of the samples. Therefore they might 
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of second cycle deposits; unlike immature sediments which tend to be found in tectonically 

active settings and are characteristic of first-cycle deposits (Cox et al., 1995). Though other 

samples did not have very low ICV values, their values however, fall in the range for clay 

minerals (0.03-0.78), which confirm the mineralogy varying from dominant clay minerals to 

minor feldspars (Nagarajan et al., 2013). 

The TiO2-Al2O3 binary plots of both bulk and < 2 µm samples (Figures 4.110 and 4.111) 
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rhyolite/granite + basalt, with Missole I samples being the closest to the rhyolite/granite + 

basalt line. 

 

Figure 4.110: TiO2-Al2O3 binary plot of bulk samples (Fields are from Ekosse, 2001) 

 

 

Figure 4.111: TiO2-Al2O3 binary plot of < 2 µm samples (Fields are from Ekosse, 2001) 

The A-CN-K ternary plots (Figures 4.112 and 4.113) were used to evaluate the geochemical 

alteration of studied kaolins and infer their possible provenance (Fedo et al., 1995; Bahlburg 
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and Dobrzinski, 2009). Most samples plotted close to the kaolinite point. Unlike the 

mineralogy, however, these plots show that the kaolins had more illite than smectite. Ediki 

kaolins plotted in the illite field, this is because Ediki kaolins contained microcline; therefore 

the excess K2O in the samples was taken for illite. 

 

 

Figure 4.112: A-CN-K plot of bulk samples  

 

 

Figure 4.113: A-CN-K plot of < 2 µm samples 

As in the A-CN-K plots, the A-CNK-FM plots (McLennan et al., 1993) of both bulk and < 2 µm 

kaolins (Figures 4.114 and 4.115) showed that kaolinite was the most dominant mineral, with 

few amounts of illite in Ediki kaolins. Dibamba, Logbaba and Missole II kaolins plotted very 

close to the kaolinite point. 
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Figure 4.114: A-CNK-FM plot of bulk samples 

 

Figure 4.115: A-CNK-FM plot of < 2 µm samples 

 

4.5.2.3 Environments of formation or deposition 

The plot of log (K2O/Al2O3)/log (MgO/Al2O3) has been used by Mousa et al. (2014) to 

discriminate between marine and non-marine environments or formation or deposition. For the 

studied kaolins, the plot of log (K2O/Al2O3)/log (MgO/Al2O3) showed that the kaolins are 

dominantly of marine origin, except the Logbaba samples, which show a non-marine/deltaic 

environment (Figures 4.116 and 4.117). The Logababa samples are found in the Upper 

Cretaceous Logbaba Formation, which is believed to have sediments of lacustrine origin 

(Chavom et al., 2014). 
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Figure 4.116: Plot of log (K2O/Al2O3)/log (MgO/Al2O3) of bulk kaolins showing a marine 

environment of formation  

 

 

Figure 4.117: Plot of log (K2O/Al2O3)/log (MgO/Al2O3) of < 2 µm kaolins showing a marine 

environment of formation  
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4.6 Synopsis 

The objective of this chapter was to investigate the nature, occurrence, mineralogy and 

geochemistry of Cretaceous-Tertiary kaolins of the Douala Sub-Basin (Specific Objective A). 

The following results were obtained: 

 Generally, Cretaceous-Tertiary kaolins of the Douala Sub-Basin are hosted by sandstone 

deposits. They occur as layers varying from 1 mm to 5 m thick. Texturally, the kaolins can 

be divided into two facies: sandy and clayey kaolins. 

 The mineral phases present in bulk and silt samples are kaolinite and quartz (as major 

phases), smectite and/or illite (as minor phases), anatase and rutile (as minor or trace 

phases), goethite and hematite (as trace phases). In the clay fractions, the mineral phases 

are made up of kaolinite and smectite (as major phases), smectite and/or illite (as minor 

phases), anatase and rutile (as minor or trace phases), goethite and hematite (as trace 

phases); though goethite was a major phase in YTK 02A. Dibamba, Logbaba and Missole 

II kaolins contained the highest amount of kaolinite (> 85 wt %) in all samples; whereas, 

Ediki kaolins contained the least amount of kaolinite and were mostly smectitic. Anatase 

was the main impurity in most of the samples.  

 The kaolins are mostly made up of thin platy or pseudo-hexagonal particles or flakes, 

books or stacks of kaolinite. A swirl texture was also noted in a sample (EDK 03). The 

Dibamba, Logbaba and Missole II kaolins have well-ordered structures, based on the 

FTIR classification of Vaculíková et al. (2011). Bomkoul and part of Yatchika kaolins have 

partially to well-ordered kaolinite structure; and Ediki and Missole I kaolins have poorly 

ordered or disordered kaolinite structures. 

 The three main reactions occurring during kaolin heating were observed in all samples. 

In addition, pre-dehydroxylation reaction occurred in all Logbaba samples. 

Dehydroxylation temperatures were generally lower than those of the Cretaceous-Tertiary 

Georgia kaolins used as standards, but this difference was attributed to difference in 

parameters used in the analysis. Exothermic peak temperatures were between 943-

988oC; though all of Ediki samples and some of Bomkoul, Missole I and Yatchika samples 

had exothermic peak temperatures above 1000oC. The total weight loss were close to 

respective LOI of samples. 

 The most abundant major oxides are silica and alumina, followed by iron oxide and titania; 

though Logbaba and Missole II had higher titania than iron oxide. Potassium and 

magnesium oxides were relatively higher in some samples. All kaolins, portrayed extreme 

silicate weathering, except Ediki kaolins, which portrayed moderate silicate weathering. 

This was also supported by ICV values, which showed that Cretaceous-Tertiary kaolins 
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of the Douala Sub-Basin are compositionally mature, but Ediki kaolins are less mature. 

The geochemical composition of the kaolins showed that source rocks of these kaolins 

vary between rhyolite/granite and rhyolite/granite + basalt; and they are mostly enriched 

in kaolinite with some amounts of illite (Ediki kaolins). The geochemistry also suggested 

that the kaolins formed in a marine environment (except Logbaba samples). 

 

Validation of hypothesis: Cretaceous-Tertiary kaolins of the Douala Sub-Basin have similar 

mineralogical and geochemical parameters, depending on their composition variability. 
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CHAPTER 5 

PALEOENVIRONMENTAL RECONSTRUCTION OF 

CRETACEOUS-TERTIARY KAOLINS  

 

5.1 Preamble 

This chapter attempted to determine the genesis of studied Cretaceous-Tertiary kaolins in 

Douala Sub-Basin and reconstruct the prevailing paleoenvironmental conditions in which they 

formed (Specific Objective B). Trace elements geochemistry (trace elements’ abundances, 

elemental ratios, binary and/or ternary plots) and stable isotopes geochemistry, from which 

the genesis and paleoenvironmental reconstruction are deduced, are presented. This chapter 

is based on Hypothesis B. 

HYPOTHESIS B: The studied Cretaceous-Tertiary kaolin deposits formed in similar 

paleoenvironmental conditions. 

 

5.2 Trace elements geochemistry 

5.2.1 Rare earth elements (REEs)  

Results of REEs are found in Appendices 5.1-5.3. Holmium (Ho) was not detected in all the 

samples. Other elements such as Ce, Nd, Eu, Tm and Lu were not detected in some samples. 

Therefore, the traditional spider diagrams were substituted to histograms to show the 

enrichment or depletion of REEs in Cretaceous-Tertiary kaolins relative to upper continental 

crust (UCC) values (Rudnick and Gao, 2003). 

Bulk samples 

The normalised concentrations of REEs to UCC values in bulk samples is shown in Figure 

5.1. Bomkoul samples were enriched in most REEs relative to UCC, except La and Yb (BKL 

01). Dibamba samples were mostly enriched in REEs; however, La and Pr were depleted in 

DBB CN 02 (0.40 and 0.44 for La and Pr, respectively) and DBB Cn 01 was depleted in Yb 

(0.20). Ediki samples (EDK 01 and EDK 02) and all Logbaba samples were also depleted in 

La and Yb. Logbaba samples were also depleted in Ce. Unlike other kaolins, Missole kaolinss 

were mostly enriched in La and Yb. All kaolins were mostly enriched in Er, with normalised 



175 
 

values ranging from 100.06 (DBB CN 01) to 3557.55 (BKL 03). Europium was enriched in BKL 

03 (2.17), DBB CN 01 (3.39), EDK 02 (1.60), EDK 03 (2.34) and all Missole samples (1.56-

14.67); and it was depleted in DBB (0.79), DBB CN 02 (0.40), EDK 01 (0.20) and all Logbaba 

samples (0.58-0.79). Europium was not detected in Yatchika samples. However, all samples 

in which it was detected had a negative Eu anomaly. 

 

 

 

    

Figure 5.1: Normalised concentrations of REEs to UCC values in bulk samples from A) 

Bomkoul, B) Dibamba, C) Ediki, D) Logbaba, E) Missole, F) Yatchika 

Silt samples 

All silt samples were enriched in most REEs, with Er being the most abundant (1038.69-

3731.22) (Figure 5.2). All samples were depleted in Yb (0.40-0.80). Samples BKL 03 and MSL 
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II 02 were also depleted in La (0.22 and 0.47, respectively). A negative Eu anomaly (0.40) was 

observed in MSL II 02 and in EDK 02 (1.78). Eu was not detected in BKL 03, DBB, LBB 02 

and YTK 02A. 

 

Figure 5.2: Normalised concentrations of REEs to UCC values in silt samples 

 

< 2 µm fraction samples 

Unlike in their corresponding bulk samples, the < 2 µm fraction samples were mostly enriched 

in La (Figure 5.3). However, they were also depleted in Yb. Er was the most abundant REE, 

with values ranging between 203.94 (DBB CN 01) to 3755.80 (MSL II 02). Europium was 

enriched in BKL 02 (1.40), DBB CN 01 (15.17) and all Logbaba samples (1.56 - 1.77); and it 

was depleted in DBB (0.58) and DBB CN 02 (0.40). Eu was not detected in Missole and 

Yatchika samples. In samples where Eu was detected, there was a negative Eu anomaly. 

 

A negative anomaly was observed in BKL 02 (1.40), DBB (0.58) and DBB CN 02 (0.40); 

whereas a positive Eu anomaly was observed in DBB CN 01 (15.17) and all Logbaba samples 

(1.56 - 1.77). Eu was not detected in Missole and Yatchika samples. 
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Figure 5.3: Normalised concentrations of REEs to UCC values in < 2 µm fraction samples 

from A) Bomkoul, B) Dibamba, C) Ediki, D) Logbaba, E) Missole, F) Yatchika 
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5.4-5.6. Tungsten (W) was not detected in all the samples. Other elements such as Co, Cu, 

Hf, Nd, Ta and Th were not detected in some samples. Therefore, as for REEs, the traditional 

spider diagrams were substituted with histograms to show the enrichment or depletion of 

Cretaceous-Tertiary kaolins relative to UCC values (Rudnick and Gao, 2003) in trace 

elements. 
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Bulk samples 

For the LILE (Rb, Ba, Sr, Th and U), Sr and Ba were depleted in all samples relative to UCC, 

with normalised values varying between 0.10 and 1.00 in Bomkoul, Ediki and Missole samples; 

and up to < 0.1 in Dibamba, Logbaba and Yatchika samples (Figure 5.4). Rb, Th and U were 

enriched in all samples, though Th, where detected, was generally similar to UCC values. The 

normalised values of Rb and U were > 100 in all samples. 

 

  

    

Figure 5.4: Normalised concentrations of trace elements to UCC values in bulk samples from 

A) Bomkoul, B) Dibamba, C) Ediki, D) Logbaba, E) Missole, F) Yatchika 
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Logbaba, Missole and Yatchika, though slightly depleted (Figure 5.4). Zirconium was more 

depleted in Dibamba, with normalised values being up to 0.1. Niobium (Nb) was enriched in 

all samples relative to UCC but was below detection limit in all Dibamba samples. Hf was only 

detected in Dibamba clay nodules (DBB CN 01 and DBB CN 02) and EDK 02 (Appendix 5.4) 

and with concentrations varying between 229.63 ppm (EDK 02) and 1666.67 ppm (DBB CN 

01). 

Transition trace elements (V, Co, Cu, Ni and Sc): Vanadium, Co, Cu and Ni concentrations 

are quite similar to UCC values, except in Dibamba samples in which normalised values could 

be below 0.10. Scandium was mainly depleted in all samples, but had similar values to UCC 

in Yatchika, Missole and some Bomkoul samples (Figure 5.4). 

 

Silt samples 

LILE (Rb, Ba, Sr, Th and U): Rubidium and U were more enriched in all samples relative to 

UCC, with normalised values being > 100 in all samples. Ba was depleted in all samples but 

was slightly enriched in EDK 02 relative to UCC. Strontium was depleted in all samples; and 

Th had slightly similar values as UCC (Figure 5.5). 

 

Figure 5.5: Normalised concentrations of trace elements to UCC values in silt samples 

High field strength elements (Y, Zr, Nb and Hf): Yttrium and Nb were enriched in all samples 

relative to UCC (Figure 5.5). Zirconium values were slightly similar to UCC values. Zirconium 

enriched in DBB and LBB 02, but depleted in BKL 03, EDK 02, MSL II 02 and YTK 02A. Hf 

was only detected in EDK 02, with a concentration of 565.03 ppm.  

0.01

0.10

1.00

10.00

100.00

1000.00

Rb Sr Ba Y Zr V Cr Co Ni Cu Zn Th Pb Sc

Sa
m

p
le

/U
C

C

BKL 03 DBB EDK 02 LBB 02 MSL II 02 YTK 02A



180 
 

Transition trace elements (V, Co, Cu, Ni and Sc): Copper and Sc were depleted in all samples, 

relative to UCC. Vanadium, Co and Ni had values similar to UCC, though V was mainly 

depleted in EDK 02 and Co was mainly depleted in MSL II 02. 

 

< 2 µm fraction samples 

The LILE (Rb, Ba, Sr, Th and U): As in other fractions, Rb and U were highly enriched in all 

samples relative to UCC (Figure 5.6). Barium and Sr were depleted in all samples relative to 

UCC. In Bomkoul, Ediki, Missole and Yatchika samples, Th concentrations were similar to 

UCC; but Th was more enriched in Logbaba samples. 

  

  

    

Figure 5.6: Normalised concentrations of trace elements to UCC values in < 2 µm fraction 

samples from A) Bomkoul, B) Dibamba, C) Ediki, D) Logbaba, E) Missole, F) Yatchika 
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High field strength elements (Y, Zr, Nb and Hf): Yttrium and Nb were enriched in all the 

samples, as in other fractions. Zr was mainly depleted in all samples relative to UCC, except 

in Bomkoul and Logbaba samples; though Logbaba samples had Zr concentrations very 

similar to UCC (Figure 5.6). Hafnium was only detected in DBB CN 01 (1666.67 ppm) and 

DBB CN 02 (243.12 ppm).  

Transition trace elements (V, Co, Cu, Ni and Sc): Averagely, TTEs were very similar to UCC 

values in all samples (Figure 5.6). 

 

5.3 Stable isotopes geochemistry 

Eleven samples were analysed for 18O and D stable isotopes. δ18O and δD of the samples are 

shown in Table 5.1 and plotted in Figure 5.7. For reference, the local meteoric water line 

(LMWL) for Douala (Wirmvem et al., 2016), the global meteoric water line (GMWL) (Craig, 

1961), the supergene-hypogene line (Sheppard et al., 1969) and the kaolinite line (Savin and 

Epstein, 1970) are also plotted in Figure 5.7, according to Equations 5.1-5.4. 

Local meteoric water line for Douala: 𝛿𝐷 = 7.92𝛿18𝑂 + 12.99                (Eqn. 5.1) 

Global meteoric water line: 𝛿𝐷 = 8𝛿18𝑂 + 10                         (Eqn. 5.2) 

Supergene-hypogene line: 𝛿𝐷 = 7.5𝛿18𝑂 − 185             (Eqn. 5.3) 

Kaolinite line: 𝛿𝐷 = 7.5𝛿18𝑂 − 220                                (Eqn. 5.4) 

Table 5.1: δ18O and δD values of analysed Cretaceous-Tertiary kaolins 

 
δ18O  δD 

BKL01 15.3 -68 

BKL02 18.2 -69 

DBB 21.0 -57 

DBB CN02 20.5 -60 

EDK02 16.9 -48 

LBB 03 20.3 -64 

LBB01 20.1 -63 

MSL(2)01 18.7 -53 

MSL(2)01 18.7 -53 

YTK01 18.6 -68 

YTK03 20.2 -64 

Mean 19.0 -60.5 

Standard deviation 1.6 6.7  
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Figure 5.7: δ18O versus δD plot of clay fractions of selected samples: The LMWL, GMWL, S/H 

line and the kaolinite line were plotted for reference. Values of the Cretaceous-Tertiary Georgia kaolins 

in USA (Hassapinak and Elsinger, 1985), Cretaceous Rio Capim kaolins in Brazil (Santos et al., 2007), 

Cretaceous Aswan kaolins in Egypt (Baouimy, 2013) and Tertiary Variscan kaolins in Spain (Clauer et 

al., 2015) were also included for comparison. 

The δ18O values varied between 15.3‰ (BKL 01) and 21.0‰ (DBB); whereas, δD values 

varied between -69‰ (BKL 02) and -53‰ (MSL II 01 and MSL II 02). The means of δ18O and 

δD are 19.0 ± 1.6‰ and -60.5 ± 6.7‰, respectively, indicating that δ18O have homogenous 

values. About 82% of the samples fall between the kaolinite line and supergene-hypogene 

line. Two samples (EDK 02 and BKL 01) fall on the left of the supergene-hypogene line, 

suggesting a possible hypogene genesis for these two samples. However, Clauer et al. (2015) 

suggested that supergene kaolins could plot in the hypogene field if they formed in isotopic 

equilibrium with their parental fluid without subsequent isotopic exchange or alteration. 

Dibamba and Logbaba samples (DBB, DBB CN 02, LBB 01 and LBB 03) plot very close to 

the kaolinite line. These samples all have a kaolinite content > 90.0 wt %. Missole II kaolins 

(MSL II 01 and MSL II 02) plot on the right side of the supergene-hypogene line, but closer to 

this line than other samples. These kaolins have an illite content of 4.94 and 6.18 wt %, for 

LBB 03
LBB01

EDK02

BKL01

BKL02

MSL II 01

MSL II 02

YTK01

YTK03

DBB

DBB CN02

Rio Capim kaolins

Georgia Kaolins

Aswan Kaolins

Variscan Kaolins

-80

-70

-60

-50

-40

-30

-20

-10.0 -5.0 0.0 5.0 10.0 15.0 20.0 25.0 30.0

δ
D

δ18O

Samples LMWL GMWL Supergene/Hypogene Line Kaolinite Line



183 
 

MSL II 01 and MSL II 02, respectively; and lower kaolinite content 87.33 and 85.87 wt %, for 

MSL II 01 and MSL II 02, respectively. EDK 02, which plots more to the left of the supergene-

hypogene line, has the lowest kaolinite content (63.4 wt %) and the highest illite content (9.69 

wt %) than all other samples. The isotopic composition of illite and kaolinite in equilibrium with 

meteoric waters at 20oC are similar (Gilg et al., 1999). Therefore, the lower the amount of 

kaolinite, the farther the sample from the kaolinite line.  

 

5.4 Discussion 

5.4.1 Paleoenvironmental reconstruction based on trace elements and major 

oxides geochemistry 

Trace elements, including REEs, high field strength elements (Zr, Hf, Y and Nb) and transition 

trace elements (TTE) e.g. Sc, Co, Cr and Ni are relatively immobile during sedimentary 

processes and thus they are used as geochemical proxies to determine paleoenvironments of 

formation (Madukwe et al., 2016). Paleoenvironmental reconstruction of Cretaceous-Tertiary 

kaolins of the Douala Sub-Basin using trace elements and some major oxides involved the 

determination of the following: sedimentary provenance, hydraulic sorting and sediment 

recycling, and paleo-redox conditions. 

 

5.4.1.1 Sedimentary provenance 

The concentration of some trace elements and/or their ratios varies in different source rocks 

composition (silicic or acidic and basic). Of these trace elements, Th, Sc, Cr, Ni and Co, which 

are among the least soluble, are the widely used for provenance studies, because they are 

transported almost exclusively in the terrigenous component of a sediment and, therefore, 

reflect the chemistry of their source rocks (Lopez et al., 2005). Felsic rocks are richer in Th, 

and La; whereas, mafic rocks are richer in Co, Sc, Ni and Cr (Armstrong-Altrin et al., 2013). 

Hence, these elements and their ratios (La/Sc, Th/Sc, Th/Co, and Cr/Th) could be used to 

infer the sedimentary provenance or source rock composition (Cullers, 1995; 2000). The 

Th/Co vs La/Sc and TiO2 vs Ni plots and the Th/Sc, Th/Co, Cr/Th ratios (Figure 5.8-5.12) all 

showed that Cretaceous-Tertiary kaolins in the Douala Sub-Basin have a silicic or felsic 

source. 
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Figure 5.8: Th/Co vs La/Sc showing the source rocks of Cretaceous-Tertiary kaolins (bulk, silt 

and clay) samples  

 

 

Figure 5.9: Plot of Th/Sc of bulk samples  
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Figure 5.10: Plot of Th/Sc of < 2 µm fraction samples showing the silicic source of the kaolins 

 

 

Figure 5.11: Plot of Th/Co of < 2 µm fraction samples showing the felsic source of the kaolins  
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Figure 5.12: Plot of Cr/Th of < 2 µm fraction samples showing a felsic to intermediate source  

Titanium and Ni are immobile elements that can be used to determine the composition of rocks 

and discriminate between a basic source and a felsic (acidic) source (Madukwe et al., 2016). 

Most samples plotted in the acidic field or close to the acidic field, suggesting that the kaolins 

have intermediate to acidic sources (Figures 5.13 and 5.14). 

 

Figure 5.13: TiO2 vs Ni plot showing intermediate to acidic source rocks of bulk samples  
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Figure 5.14: TiO2 vs Ni plot showing intermediate to acidic source rocks in clay samples  

High Cr (> 150 ppm) and Ni (> 100 ppm) concentrations, low Cr/Ni ratios (between 1.3 and 

1.5) and a high correlation coefficient between Cr and Ni (> 0.90) are indicative of ultramafic 

rocks source; whereas a Cr/Ni ration > 2.0 indicates mafic-volcanic detritus (Garver et al., 

1996). In this research, concentrations of Cr and Ni were very varied, even among samples in 

the same location. In general, samples had Ni concentrations < 100 ppm; Cr concentrations 

were > 150 ppm mainly in Missole. Moreover, there was a very weak positive correlation (r2 = 

0.09) between Cr and Ni. These show that the ultramafic or mafic source rock cannot be 

deduced from the Cr and Ni concentrations in this research; and, Cr and Ni input in 

Cretaceous-Tertiary kaolins in the Douala Sub-Basin might have been from different sources, 

other than ultramafic (mafic). 

 

5.4.1.2 Hydraulic sorting and sediment recycling 

The concentration of some trace elements, such as Zr and Th can be controlled by hydraulic 

sorting in sedimentary rocks (Nagarajan et al., 2015). McLennan et al. (1993) used the Th/Sc 

vs Zr/Sc bivariate plot to illustrate hydraulic sortng and sedimentary recycling. Thorium is 

incompatible but Sc is compatible in igneous systems (Lee, 2009). Hence, the Th/Sc ratio is 

a good proxy for igneous chemical differentiation processes. Unlike Zr which is strongly 

enriched in zircon, Sc is not enriched but generally preserves a signature of the provenance. 

The ratio Zr/Sc is a useful index of zircon enrichment (McLennan et al., 1993). Trend 1, in 

Figures 5.15 and 5.16, shows the normal igneous differentiation trend, which does not involve 

BKL 01
BKL 02

BKL 03

DBB

DBB CN 01
DBB CN 02

EDK 01

EDK 02

EDK 03

LBB 01

LBB 02 LBB 03

MSL II 01 MSL II 02

YTK 01YTK 02A

YTK 02B

YTK 03

0.00

1.00

2.00

3.00

4.00

5.00

0 10 20 30 40 50 60 70 80 90 100

Ti
O

2
(w

t 
%

)

Ni (ppm)



188 
 

zircon enrichment. An enrichment of zircon occurs during sedimentary sorting or recycling 

(Trend 2) (Nagarajan et al., 2015) (Figures 5.15 and 5.16). 

 

Figure 5.15: Th/Sc versus Zr/Sc plot showing sedimentary recycling in bulk samples  

 

 

Figure 5.16: Th/Sc versus Zr/Sc plot showing sedimentary recycling in < 2 µm fraction samples 
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Thorium was below detection limit in most of the bulk samples. However, Logbaba kaolins 

aligned according to Trend 2, indicating sediment recycling and zircon enrichment. Other 

samples followed Trend 1. In < 2 µm fraction samples, Logbaba and Bomkoul kaolins 

portrayed sediment recycling. Two of Yatchika samples and one Dibamba sample also aligned 

according to Trend 2. Other samples showed compositional variations (Trend 1). 

 

5.4.1.4 Paleo-redox conditions and environments of deposition 

Some trace elements such as Ni, V, Cr and Co can be used to evaluate paleo-redox conditions 

during the time of formation of deposition of kaolins. Nickel and V are preferentially preserved 

under anoxic conditions; whereas, Cr and Co are believed to be related to the detrital fraction 

and they are not affected by redox conditions (Sari and Koca, 2012). Several studies used the 

Ni/Co, V/Cr and V/(V+Ni) to deduce the redox conditions during the deposition or formation of 

sediments (Rimmer, 2004; Sari and Koca, 2012; Kuscu et al., 2015; Tobia and Shangola, 

2016). For example, the V/Cr ratio is suggested as a paleo-oxidation indicator, and high Ni/Co 

ratios are believed to be related to anoxic conditions (Rimmer, 2004). 

Figures 5.17-5.20 show cross-plots of different paleo-redox indicators used in this research. 

The Ni/Co ratios in bulk samples showed that 75% of studied kaolins were formed (deposited) 

under oxic conditions, against 25% that were formed under suboxic to anoxic conditions 

(Figures 5.17-5.20). Whereas in the clay fractions, the Ni/Co ratios showed that all samples 

formed in oxic conditions, except BKL 03, which formed in dysoxic conditions. The V/Cr ratio 

in both bulk and clay samples showed that all the samples were formed under oxic conditions 

(Figures 5.17 and 5.18). The V/(V+Ni) ratios showed that most samples (bulk and clay) formed 

under anoxic conditions, and few (10% in bulk and 11.11% in clay samples) formed under 

euxenic conditions (Figure 5.19 and 5.20).  

Samples that are suboxic or anoxic (Ni/Co proxy) or dysoxic to anoxic (V/(V+Ni) proxy) are 

mainly Cretaceous samples. This suggests that Cretaceous kaolins were deposited in an 

anoxic reducing environment; whereas Tertiary kaolins were deposited in an oxic or oxidising 

environment. This is in accordance with the low oxygen levels recorded in several Cretaceous 

stratigraphic units (Turgeon and Brumsack, 2006). 
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Figure 5.17: Cross-plot of V/Cr and Ni/Co used as paleo-redox indicators in bulk samples 

 

 

Figure 5.18: Cross-plot of V/Cr and Ni/Co used as paleo-redox indicators in < 2 µm fraction 

samples 
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Figure 5.19: Cross-plot of V/(V+Ni) and Ni/Co used as paleo-redox proxies for bulk samples 

(Fields from Rimmer, 2004)  

 

 

Figure 5.20: Cross-plot of V/(V+Ni) and Ni/Co used as paleo-redox proxies in clay samples 

(Fields from Rimmer, 2004) 

 

BKL 01

BKL 02
BKL 03

EDK 01

EDK 03
LBB 01

LBB 02

LBB 03

MSL I 01

MSL I 02

MSL II 01

MSL II 02

YTK 01YTK 02A
YTK 02B

YTK 03

0.50

0.60

0.70

0.80

0.90

1.00

0.00 5.00 10.00 15.00 20.00

V
/(

V
+N

i)

Ni/Co

Oxic Dysoxic Suboxic/Anoxic

D
ys

o
xi

c
A

n
o

xi
c

Eu
xe

n
ic

BKL 01

BKL 02 BKL 03

EDK 01
EDK 02

EDK 03

LBB 01

LBB 02

LBB 03

MSL II 01

MSL II 02

YTK 01
YTK 02A

YTK 02B

YTK 03

0.50

0.60

0.70

0.80

0.90

1.00

0.00 5.00 10.00 15.00 20.00

V
/(

V
+N

i)

Ni/Co

Oxic Dysoxic Suboxic/Anoxic

D
ys

o
xi

c
A

n
o

xi
c

Eu
xe

n
ic



192 
 

5.4.2 Paleoenvironmental reconstruction based on stable isotope data 

5.4.2.1 Assessing the influence of modern meteoric water 

The studied kaolins are exposed occurrences, which might have been formed through 

interactions with modern local meteoric water. Knowing the present day mean isotopic 

composition of meteoric water in Douala, -3.09 and -10.22‰ for δ18OW and δDW, respectively 

(Wirmvem et al., 2016) and present day mean annual temperature (26.95oC) (IAEA/WMO, 

2017), it is possible to evaluate the influence of modern local meteoric water on the 

kaolinisation of Cretaceous-Tertiary sediments in the Douala Sub-Basin. This could be done 

by computing the isotopic composition of Cretaceous-Tertiary kaolins in the Douala Sub-Basin 

in two ways (dos Santos et al., 2007): 

By determining the isotopic composition of kaolinite using the mean isotopic composition of 

modern meteoric water in Douala, and equilibrium fractionation factors between kaolinite and 

water as in Equations 5.5 and 5.6 by Savin and Epstein (1970): 

𝛼𝐾−𝑊
𝑂 =

𝛿18𝑂𝐾+1000

𝛿18𝑂𝑊+1000
             (Eqn 5.5) 

𝛼𝐾−𝑊
𝐷 =

𝛿𝐷𝐾+1000

𝛿𝐷𝑊+1000
             (Eqn 5.6) 

Where, 𝛼𝐾−𝑊
𝑂  and 𝛼𝐾−𝑊

𝐷  are equilibrium fractionation factors between kaolinite and water 

(meteoric water) with respect to oxygen and hydrogen, respectively; and they have values of 

1.027 and 0.97, respectively (Lawrence and Taylor, 1971).  

Hence, kaolinites in equilibrium with modern meteoric water should have an isotopic 

composition of 23.83 and -39.91‰ for δ18OK and δDK, respectively. However, these values are 

much heavier than those obtained for Cretaceous-Tertiary kaolins in the present research, 

and it implies that Cretaceous-Tertiary kaolins of the Douala Sub-Basin are not in equilibrium 

with modern meteoric water. 

 

By determining the isotopic composition of kaolinite using the modern mean annual 

temperature (26.95oC in 2015) (IAEA/WMO, 2017), as in Equations 5.7 and 5.8 (Gilg and 

Sheppard, 1996; Sheppard and Gilg,1996): 

Hydrogen: 1000 ln 𝛼𝑘𝑎𝑜𝑙𝑖𝑛𝑖𝑡𝑒−𝑤𝑎𝑡𝑒𝑟 = −2.2𝑥106𝑥 𝑇−2 − 7.7                             (Eqn. 5.7) 

Oxygen: 1000 ln 𝛼𝑘𝑎𝑜𝑙𝑖𝑛𝑖𝑡𝑒−𝑤𝑎𝑡𝑒𝑟 = 2.76𝑥106𝑥 𝑇−2 − 6.75                                      (Eqn. 5.8) 

Where, T is the temperature (oK) and 𝛼𝑘𝑎𝑜𝑙𝑖𝑛𝑖𝑡𝑒−𝑤𝑎𝑡𝑒𝑟 is the equilibrium isotopic fractionation 

factors between kaolinite and water. 

Hence, kaolinites that formed under modern mean annual temperature should have an 

isotopic composition of 20.84 and -39.91‰ for δ18OK and δDK, respectively. 
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The δDK value is the same using both methods; whereas, δ18OK values are close. Though DBB 

has a slightly heavier δ18OK, Cretaceous-Tertiary kaolins have lighter δ18OK and δDK than 

computed modern kaolins. Thus, it can be concluded that Cretaceous-Tertiary kaolins of the 

Douala Sub-Basin are not in equilibrium with modern meteoric water. 

 

5.4.2.2 Temperature of kaolinisation 

The stable isotope composition of kaolins, as well as other clay minerals, is a function of the 

isotopic composition of the water from which they formed. The equilibrium isotopic 

fractionation factors between kaolinite and water were developed by Gilg and Sheppard (1996) 

and Sheppard and Gilg (1996) (Equations 5.7 and 5.8).  These fractionation factors are a 

function of the temperature of kaolinisation; therefore, the isotopic composition of kaolinite can 

provide information about its genesis (Fernandez-Caliani et al., 2010).  

Delgado and Reyes (1996) developed an equation of the formation temperature of smectite, 

based on the assumption of plausible formation in an open system with high water (meteoric 

water) – rock (clay mineral) ratios and near-surface temperatures. This equation was 

extrapolated for a kaolinite-water system by Clauer et al. (2015), using Equations 5.2, 5.7 and 

5.8.  The derived equation of the temperature of water from which kaolinite formed is as 

follows: 

3.04𝑥106𝑇−2 = 𝛿𝑂𝑘 − 0.125𝛿𝐷𝑘 + 7.04       (Eqn. 5.9) 

Temperatures of kaolinisation (TG) of studied kaolins were computed and presented in Table 

5.2. Kaolins found in Cretaceous Formations had a mean TG of 21.83oC ± 2.19oC; whereas 

those found in Tertiary Formations had a mean TG of 27.09oC ± 6.17oC. These temperatures 

suggest that kaolins hosted in Cretaceous Formations formed at temperatures about 5oC 

cooler than those found in Tertiary Formations; and both Cretaceous and Tertiary 

temperatures are humid temperatures, favouring the formation of kaolins. 

The local meteoric water line of Douala was developed for the years 2013 and 2014 by 

Wirmvem et al. (2016) (Equation 5.1). Using the same method and based on the same 

assumptions as in Delgado and Reyes (1996) and Clauer et al. (2015), the temperature of 

kaolinisation in equilibrium with the local meteoric water line of Douala is derived as follows: 

3.04𝑥106𝑇−2 = 𝛿𝑂𝑘 − 0.126𝛿𝐷𝑘 + 7.42       (Eqn. 5.10) 
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Hence, the temperatures of kaolinisation (TL) of studied kaolins in equilibrium with the local 

meteoric water line were computed and presented in Table 5.2. The TL values were slightly 

lower than TG values, with Cretaceous kaolins having a mean of 19.97oC ± 2.14oC; and 

Tertiary kaolins having a mean of 25.16oC ± 6.07oC. These values also show that kaolins 

hosted in Cretaceous Formations formed at temperatures about 5oC cooler than those found 

in Tertiary Formations. Moreover, in both cases (kaolinites in equilibrium with the global 

meteoric water line or with the local meteoric water line), kaolinisation temperatures in Tertiary 

kaolins (the warmest) are slightly higher than present day mean annual temperatures in 

Douala (26.95oC) (IAEA/WMO, 2017). 

Table 5.2: Kaolinisation temperatures TG and TL of analysed samples 

 d18O  dD TG(oC) TL(oC) 

T
e
rt

ia
ry

 

BKL01 15.28 -67.93 40.98* 38.72 

BKL02 18.21 -68.75 26.56 24.59 

DBB 20.98 -57.35 20.77 18.96 

DBB CN02 20.53 -59.85 21.37 19.54 

MSL II 01 18.68 -53.16 33.32 31.28 

MSL II 02 18.73 -52.59 33.45 31.42 

 Mean 
  

27.09 25.16 

Standard Deviation   6.17  6.07 

C
re

ta
c
e

o
u
s
 

EDK02 16.92 -47.74 45.57* 43.31 

LBB 03 20.28 -64.00 20.23 18.40 

LBB01 20.13 -62.58 21.61 19.77 

YTK01 18.64 -68.20 24.99 23.06 

YTK03 20.25 -63.78 20.48 18.65 

Mean 
  

21.83 19.97 

Standard Deviation   2.19  2.14 

Values with an * were not taken into consideration while calculating the means and standard deviations 

 

5.4.2.3 Stable isotope composition of the meteoric water in equilibrium with 

Cretaceous-Tertiary kaolinites in the Douala Sub-Basin and equilibrium fractionation 

factors 

The positioning of the Ediki sample (EDK 02) in the hypogene field could be interpreted as 

being formed in isotopic equilibrium with its parental fluid, without subsequent isotopic 

exchange with meteoric water (Clauer et al., 2015). However, Lawrence and Meaux (1993) 
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argued that the high salinity of formation fluids might not favour the formation of kaolinite.  In 

the regional stratigraphy of Ediki, the sandstones and clays are overlain by Tertiary 

undifferentiated basalts from Mount Cameroon (Diko and Ekosse, 2012). But the studied 

kaolin occurrence is exposed to the surface. Therefore, it is believed that the Ediki kaolins 

might have been buried at some point in geologic time, during which they might have 

interacted with low temperature hydrothermal fluids; and later, they might have been exposed 

due to uplift in the area.  

One of the Bomkoul samples (BKL 01) had the lowest δ18O. It is believed that at this location, 

the kaolin might have had isotopic exchange with surface water depleted in oxygen, causing 

the low δ18O in this sample. Hence, the values of BKL 01 and EDK 02 were not taken into 

consideration in the calculation of the isotopic composition of ancient meteoric waters. 

Mean temperatures of kaolinisation determined using the GMWL and LMWL were used to 

determine the mean stable isotope composition of the meteoric water in equilibrium with 

Tertiary kaolins (300.24oK and 298.39oK ) and Cretaceous kaolins (294.98oK and 293.12oK), 

using Equations 5.5-5.8. The results are shown in Table 5.3. Using the GMWL equation, the 

mean isotopic composition of the meteoric water in equilibrium with Cretaceous kaolins is -

5.15 and -31.67‰, for δ18OW and δDW, respectively; whereas its mean isotopic composition 

when in equilibrium with Tertiary kaolins is -4.44 and -26.24‰, for δ18OW and δDW, respectively 

(Table 5.3 and Figure 5.21). This shows that the meteoric water is becoming enriched 

(heavier) in δ18OW and δDW when moving from Cretaceous to Recent, with present day mean 

values of -3.09 and -10.22‰ for δ18OW and δDW, respectively (Wirmvem et al., 2016). 

Table 5.3: Mean isotopic composition of meteoric water in equilibrium with Cretaceous and 

Tertiary kaolins and kaolinite-water fractionation factors 

 δ18OK δDK T (oK) δ18OW δDW αK-W 18O αK-W D 

Present day compositions 20.84 -39.91 300.10 -3.09 -10.22 1.024 0.97 

GMWL 

Tertiary 19.43 -58.34 300.24 -4.44 -26.24 1.024 0.97 

Cretaceous 19.82 -64.64 294.98 -5.15 -31.67 1.025 0.97 

LMWL 

Tertiary  19.43 -58.34 298.39 -4.82 -25.93 1.024 0.97 

Cretaceous 19.82 -64.64 293.12 -5.55 -31.33 1.026 0.97 
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Figure 5.21: Plot showing the mean isotopic composition of meteoric water in equilibrium with 

Cretaceous and Tertiary kaolins 

Using the LMWL equation, the mean isotopic composition of Tertiary meteoric waters (in 

equilibrium with Tertiary kaolins) is -4.82 and -25.93‰, for δ18OW and δDW, respectively; 

whereas the mean isotopic composition of Cretaceous meteoric waters (in equilibrium with 

Cretaceous kaolins) is -5.55 and -31.33‰, for δ18OW and δDW, respectively (Table 5.3 and 

Figure 5.21). These results, as well as the temperature of kaolinisation, are slightly lower than 

results obtained when using the GMWL equation.  

However, the equilibrium fractionation factor of δD between kaolinite and water (αK-W D) using 

the GMWL or the LMWL has remained constant from Cretaceous to present (αK-W D = 0.97). 

Whereas, the equilibrium fractionation factor of 18O between kaolinite and water (αK-W 18O) has 

decreased from 1.025 or 1.026, during the Cretaceous, to 1.024 since the Tertiary. 
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5.4.2.4 Paleoenvironmental reconstruction 

The isotopic composition of Cretaceous-Tertiary kaolins in the Douala Sub-Basin indicates 

that they are of weathering origin; therefore, they were formed in a supergene environment. 

As indicated by Bird and Chivas (1988), kaolins in a supergene environment generally have 

δ18O values between 17 and 23‰, and δD values between -80 and -40‰. This is sustained 

by the isotopic compositions of other kaolins formed by weathering, amongst which, the 

Cretaceous-Tertiary Georgia kaolins in the USA (Hassapinak and Elsinger, 1985), the Tertiary 

Lastarria kaolins (Gilg et al., 1999), the Cretaceous-Tertiary Rio Capim semi-flint kaolins in 

Brazil (Santos et al., 2007), the Permian Variscan kaolins in Spain (Fernandez-Caliani et al., 

2010; Clauer et al., 2015), the Cambrian Burela kaolin deposit in Spain (Galan et al., 2016) 

and the Cretaceous-Tertiary Patagonia kaolins in Argentina (Dominguez et al., 2016).  

Since kaolinite mostly preserves its original δ18O compositions, isotopic exchange after 

deposition is unlikely (Boulvais, 2000).  However, the little oxygen isotopic exchange between 

kaolinite and water reported by several authors was exhibited in the studied kaolins from 

Cretaceous (19.4‰) to present (20.8‰). An increase in δ18O values with time was also 

observed in Australian kaolinites (Bird and Chivas, 1989). In the present research, this 

increase corresponds to an interaction of the kaolins with isotopically heavier meteoric waters 

with time, which is due to the upward migration of Cameroon towards the Equator since the 

Cretaceous (Figures 5.22-5.23). 

Conversely, hydrogen isotopic exchange between kaolinite and water occurs more at more 

rapidly and is responsible for the displacement of samples from the kaolinite line (Bird and 

Chivas, 1989). Cretaceous-Tertiary kaolins in the Douala Sub-Basin become heavier from 

Meteoric water in the study area is shown to become heavier when moving from Cretaceous 

to present. Therefore, the samples have been undergoing continual low-temperature isotopic 

exchange with meteoric waters of successively heavier isotopic compositions since their 

formation. This is a contrary trend from to values of Bavaria kaolins obtained by Gilg (2000). 

Subsequently, kaolinisation temperatures of Cretaceous-Tertiary kaolins in the Douala Sub-

Basin (< 45oC) reflect supergene environments, with Tertiary temperatures being higher than 

Cretaceous temperatures. This suggests a cooler climate during the Cretaceous than the 

Tertiary. An increase in precipitation usually corresponds to an increase in δD, either in 

kaolinite or its corresponding meteoric water (Sheppard and Gilg, 1996). Therefore, the 

increasing mean δD values of kaolins in the Douala Sub-Basin means there has been an 

increase in precipitation in the study area since the Cretaceous, favouring the formation of 

kaolins. 
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Figure 5.22: Paleoclimate maps from Upper Cretaceous to Lower Eocene (Scotese, 2001) 



199 
 

 

Figure 5.23: Paleoclimate maps from Middle and Upper Eocene to Miocene (Scotese, 2001) 
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The Douala Sub-Basin is found in the Equatorial domain, which has precipitations ranging 

between 1 500 to 2 000 mm, and mean temperatures around 25 °C (Pamo, 2008). In west 

and Central Africa, this Equatorial domain has a humid tropical climate, due to their low-

altitudes (Tardy et al., 1991). Regarding temperatures, Tardy et al. (1991) argued that West 

and Central Africa have higher temperatures at the Equator (> 5-6oC) and at the Tropics (> 

20oC) than the same latitudes in South America (Brazil) and East Africa. Hence, when moving 

northwards from the Equator to the Tropic of Cancer, temperatures increase; whereas when 

moving southwards from the Equator to the Tropic of Capricorn, temperatures decrease 

(Tardy et al., 1991).  

Using the paleolatitude calculator for paleoclimatic studies developed by van Hinsbergen et 

al., (2015) and the reference frame for paleoclimate studies by Torsvik and Van der Voo (2002) 

on www.paleolatitude.org, the paleolatitude of the Douala Sub-Basin has been moving 

northwards, towards the Tropic of Cancer from Cretaceous to Present (Figure 5.24). According 

to the argument of Tardy et al. (1991), the climate in the Douala Sub-Basin has been becoming 

warmer from Cretaceous to present. Results obtained in this research converge towards this 

conclusion, showing that the Cretaceous had cooler temperatures than the Tertiary in the 

Douala Sub-Basin (19.97oC ± 2.14oC and 25.16oC ± 6.07oC, respectively); with mean annual 

temperatures between 2006 and 2015 being 27.08 oC ± 0.35.  

Though warm temperatures are required for kaolin formation, precipitation and leaching are 

the main factors influencing the formation of kaolins (Bird and Chivas, 1988). According to the 

rainfall patterns during the Mesozoic to Cenozoic derived by Parrish et al. (1982), Douala and 

its environs fall in the high rainfall domain since the Cretaceous. However, the wettest months 

(June-October) also correspond to the coolest months. Therefore, the formation of 

Cretaceous-Tertiary kaolins in the Douala Sub-Basin was more influenced by high 

precipitation than high temperatures; and seasonal characteristics show that these kaolins 

were formed in a humid tropical climate. it implies that Douala had a humid climate during the 

Cretaceous, and the climate is gradually becoming hotter as concluded by Tardy et al. (1991), 

regarding the climate in West and Central Africa; but more humid. 

 

http://www.paleolatitude.org/
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Figure 5.24: Paleolatitudinal evolution of the Douala Sub-Basin from Cretaceous to Present 

(van Hinsbergen et al., 2015). Eqt = Equator. 

 

5.5 Synopsis  

Trace elements geochemistry and stable isotopes of Cretaceous-Tertiary kaolins in Douala 

Sub-Basin were studied to determine their genesis and paleoenvironmental conditions during 

the time of kaolinisation. The trace elements geochemistry revealed the following: 

 Cretaceous-Tertiary kaolins in the Douala Sub-Basin are mainly enriched in REEs 

compared to the upper continental crust, and they all have a negative Eu anomaly. 

Large ion lithophiles (mainly Rb and U) were highly enriched in samples, HFSEs (Y 

and Nb) were enriched in studied samples of all fractions; and TTEs generally had 

concentrations quite similar to UCC values. 
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 Studied kaolins are mainly derived from felsic or acidic rocks. 

 Bomkoul, Dibamba and Logbaba samples generally showed enrichment in Zr, due to 

sediment sorting or recycling; unlike Ediki, Missole and Yatchika samples, which had 

a normal igneous differentiation trend. 

 Cretaceous kaolins were deposited in an anoxic reducing environment; whereas 

Tertiary kaolins were deposited in an oxic or oxidising environment. 

Stable isotopes geochemistry revealed the following: 

 Cretaceous-Tertiary kaolins in Douala Sub-Basin were formed in a weathering 

(supergene) environment.  

 The temperatures of kaolinitisation (assuming equilibrium with the global meteoric 

water line) are 21.83oC ± 2.19oC for Cretaceous kaolins and 27.09oC ± 6.17oC for 

Tertiary kaolins. Assuming equilibrium with the local (Douala) meteoric water line, the 

temperatures of kaolinitisation were 19.97oC ± 2.14oC for Cretaceous and 25.16oC ± 

6.07oC for Tertiary kaolins.  

 The mean isotopic composition of the meteoric water in equilibrium with Tertiary 

kaolins (300.24oK and 298.39oK) and Cretaceous kaolins (294.98oK and 293.12oK), 

using the GWML,  is -5.15 and -31.67‰, for δ18OW and δDW, respectively during the 

Cretaceous and -4.44 and -26.24‰, for δ18OW and δDW, respectively during the 

Tertiary. Whereas present day mean isotopic composition of meteoric water in Douala 

is -3.09 and -10.22‰ for δ18OW and δDW, respectively. This suggests that the meteoric 

water in Douala is becoming enriched (heavier) in δ18OW and δDW when moving from 

Cretaceous to present. 

 Douala had a cooler and rainy climate during the Cretaceous, and the climate is 

gradually becoming hotter but more humid. 

 

Validation of hypothesis: The studied Cretaceous-Tertiary kaolin deposits formed in different 

paleoredox conditions but in similar paleoclimatic conditions. 
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CHAPTER 6 

RADIOGENIC DATING OF CRETACEOUS-TERTIARY 

KAOLINS  

 

6.1 Preamble 

The objective of this chapter was to carry out radiogenic dating of zircons in Cretaceous-

Tertiary kaolins in order to constrain their time of kaolinisation (Specific Objective C). It 

involved dating detrital zircons using U-Pb LA-SFICP-MS, determining the different zircon 

populations present in each sample, determining the maximum deposition age of the kaolins, 

and inferring the possible sources of these kaolins. This chapter is based on an identified 

hypothesis (Hypothesis C).  

HYPOTHESIS C: Kaolinisation in Cretaceous-Tertiary Formations of the Douala Sub-Basin 

occurred during Cretaceous and Tertiary Periods. 

6.2 Description of zircon grains (shape and texture) 

Backscattered images of zircons in each kaolin are shown in Appendices 6.1-6.6. The 

description of textures is based on Corfu et al. (2003). 

6.2.1 Zircons in Bomkoul kaolin 

The size of zircon grains in Bomkoul kaolin varies between 90 and 300 µm. The shapes of the 

grains could be grouped into needle-like, oval to rounded, short to intermediate subhedral to 

subrounded and euhedral. Of these four shapes, two main shapes dominate: the oval to 

rounded and the short to intermediate subhedral to subrounded, suggesting that these grains 

might have travelled a long distance. As texture, growth or oscillatory zonings are dominant, 

with small rims. Few homogeneous unzoned grains and xenocryst cores were also present. 

Figure 6.1 shows cathodoluminescence images of representative zircons in Bomkoul kaolins 

and indicates the different shapes and textures present.   
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Figure 6.1: Cathodoluminescence images of zircons in Bomkoul kaolin: 1) Short to intermediate 

subhedral to subrounded grains, 2) Oval to rounded grains, 3) Euhedral grains, 4) Needle-like grains and A) Growth 
or oscillatory zoning, B) Homogeneous unzoned grains 
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6.2.2 Zircons in Dibamba kaolin 

Dibamba zircons are 80 to ~200 µm in size (Figure 6.2). The grains are mainly short to 

intermediate subhedral to subrounded in shape, but they also have an oval to rounded shape 

and few a needle-like.  Oscillatory and sector zoning are predominant, few xenocryst cores 

are observed, having a different colour from the rims (lighter or darker), depending on the 

uranium content. 

 

Figure 6.2: Cathodoluminescence images of zircons in Dibamba kaolin: 1) Needle-like grains, 2) 

Short to intermediate subhedral to subrounded grains, 3) Oval to rounded grains, and A) Oscillatory zoning, B) 

Sector zoning, C) Xenocryst cores 
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6.2.3 Zircons in Ediki kaolin 

Zircons in Ediki kaolins have sizes varying between 90 and ~200 µm. The zircons are mainly 

short to intermediate subhedral to subrounded and oval to rounded. This suggests a long 

travel distance. Euhedral grains are present either with well-defined oscillatory zones or with 

no zoning (homogenous unzoned grains). Xenocryst cores are also present (Figure 6.3). 
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Figure 6.3: Cathodoluminescence images of zircons in Ediki kaolin: 1) Euhedral grains, 2) Short to 

intermediate subhedral to subrounded grains, 3) Needle-like grains, 4) Oval to rounded grains, and A) Oscillatory 

zoning, B) Xenocryst cores, C) Homogenous unzoned grains 

 

6.2.4 Zircons in Logbaba kaolin 

Zircons in Logbaba kaolins were 100-300 µm. The grains are intermediate euhedral to 

subrounded (Figure 6.4). More euhedral shapes are observed and few oval to rounded shapes 

are present. The zircons are characterised by oscillatory and sector zonings.  
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Figure 6.4: Cathodoluminescence images of zircons in Logbaba kaolin: 1) Intermediate subhedral 

to subrounded grains, 2) Oval to rounded grains, 3) Euhedral grains, and A) Sector zoning, B) Oscillatory zoning, 

C) Xenocryst cores, D) Homogenous unzoned grains, E) Irregular concentric zoning, F) Chaotic texture 
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Xenocryst cores are present in some grains, whereas other grains are homogeneous. Two of 

the grains had unusual texture; one with irregular concentric zoning and the other with a 

chaotic texture giving an impression of flow. 

 

6.2.5 Zircons in Missole kaolin 

Few zircons were obtained from Missole kaolins. The size of the zircons generally varied from 

100 to about 200 µm (Figure 6.5). Two groups of shapes were observed: intermediate 

subhedral to subrounded grains and euhedral grains, with the former being more abundant. 

Irregular concentric zoning was present in two grains; whereas the remaining grains contained 

oscillatory zoning and/or xenocryst cores. 

 

Figure 6.5: Cathodoluminescence images of zircons in Missole kaolin: 1) Intermediate subhedral 

to subrounded grains, 2) Euhedral grains, and A) Oscillatory zoning, B) Xenocryst cores, C) Irregular concentric 

zoning 
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6.2.6 Zircons in Yatchika kaolins 

Yatchika kaolins contained both small grains and larger grains. The sizes ranges between 50 

to about 500 µm. Most large grains were euhedral (Figure 6.6). Other shapes present were 

intermediate subhedral to subrounded and oval to rounded grains. Sector zoning was more 

evident in these zircons. Xenocryst cores with larger rims were present, some of which had 

oscillatory zoning showing growth of new crystals. Few homogenous grains were also present. 
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Figure 6.6: Cathodoluminescence images of zircons in Yatchika kaolin: 1) Euhedral grains, 2) 

Intermediate subhedral to subrounded grains, 3) Oval to rounded grains, and A) Growth/oscillatory zoning, B) 

Sector zoning, C) Xenocryst cores, D) Homogenous unzoned  grains 
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6.3 Uranium/thorium ratio (Th/U) in zircons 

Figures 6.7 and 6.8 show the Th/U ratios of zircons against their 238U/207Pb or 207Pb/206Pb ages. 

The ages used are 90-110% concordant. In Bomkoul kaolin, the Th/U ratio of zircons varied 

between 0.1 and 4.6, though most zircons had a ratio between 0.3 and 2.5 (Figure 6.7A). 

Younger zircons in Dibamba kaolins (< 700 Ma) had Th/U ratios up to 2.8; whereas older ones 

(> 700 Ma) had Th/U ratios varying between 0.4 and 1.3 (Figure 6.7B). The Th/U ratios of 

zircons from Ediki were < 2 (Figure 6.7C).  

 
Figure 6.7: Th/U ratios of zircons from A) Bomkoul kaolin, B) Dibamba kaolin and C) Ediki 

kaolin 

A 

B 

C 
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Figure 6.8: Th/U ratios of zircons from A) Logbaba kaolin, B) Missole kaolin and C) Yatchika 

kaolin 

Logbaba, Missole and Yatchika kaolins had zircons with Th/U ratios less than 3.5, though an 

analysis in zircons in Logbaba kaolin yielded a Th/U ratio of 7. In general, all Th/U ratios of 

studied zircons were > 0.1, except one or two analyses in each location, which were carried 

out on rims. 

 

 

A 

B 

C 



215 
 

6.4 Detrital zircon population ages 

6.4.1 Concordant ages of reference materials 

The U/Pb ages of primary reference material (GJ1) and secondary reference materials 

(Plešovice and M127 zircons) are shown below (Figures 6.9-6.14). Published ages of GJ1 and 

Plešovice zircon are 602 ± 1 Ma and 337 ± 1 Ma (Horstwood et al., 2016); whereas the age 

of M127 zircon is 524 ± 1 Ma (Nasdala et al., 2016). Results of the analyses of reference 

materials are shown in Appendices 6.7 and 6.8. 

6.4.1.1 Sequence 1 

Sequence 1 was made up of four samples, namely Bomkoul, Dibamba, Ediki and Logbaba. 

Thirty-four analyses of GJ1 were carried out, 10 of which were > 3% discordant. The concordia 

age of GJ1, calculated using the 24 analyses that were ≤ 3% discordant, is 602 ± 1 Ma (as 

published), with a mean squared weighted average (MSWD) of 0.98 (Figure 6.9).   

 

Figure 6.9: Concordia showing the age of analysed GJ1 zircons 

Ten analyses of Plešovice zircon were carried out, 5 of which were ≤ 3% discordant. The 

analysis of the ≤ 3% discordant gave a concordia age of 339 ± 2 Ma, with an MSWD = 0.21 

(Figure 6.10). The calculated age of Plešovice zircon during this sequence was very similar to 

its published age (337 ± 1 Ma). 
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Figure 6.10: Concordia showing the age of analysed Pleşovice zircons 

Seven analyses of M127 were carried, with all seven analyses being ≤ 3% discordant. The 

Concordia age obtained from the seven analyses is 527 ±1 Ma, with an MSWD of 0.79 (Figure 

6.11). This age is close to the published age (524 ± 1 Ma). 

 

Figure 6.11: Concordia showing the age of analysed M127 zircons 
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6.4.1.2 Sequence 2 

In sequence 2, zircons from two sites were analysed, Missole and Yatchika zircons. Eighteen 

GJ1 analyses were carried out, 16 of which were ≤ 3% discordant. These 16 concordant GJ1 

analyses gave a concordia age of 602 ± 1 Ma, with an MSWD of 0.83 (Figure 6.12). Fifteen 

analyses of Plešovice were carried out, 6 of which were ≤ 3% discordant. The 6 concordant 

analyses gave a Concordia age of Plešovice to be 340 ± 1 Ma, with an MSWD of 1 (Figure 

6.13). Eight M127 analyses were carried; 6 of these analyses were ≤ 3% discordant and gave 

a concordia age of 527 ± 1 Ma, with an MSWD of 0.88 (Figure 6.14).  

 

Figure 6.12: Concordia showing the age of analysed GJ1 zircons 

 

Figure 6.13: Concordia showing the age of analysed Pleşovice zircons 
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Figure 6.14: Concordia showing the age of analysed M127 zircons 

The results of the analyses of all three reference materials used for error propagation and 

quality control during the analyses of zircons found in Cretaceous-Tertiary kaolins were in 

agreement with published data. Therefore, all uncertainties caused during analyses were 

properly corrected during data reduction using these reference materials. 

 

6.4.2 Bomkoul kaolins 

Results of the analysis of zircons from Bomkoul kaolin are shown in Appendix 6.9. 

 

6.4.2.1 Concordia of concordant and discordant ages of zircons in Bomkoul kaolin 

Figure 6.15 shows the concordia for both concordant and discordant ages of zircons in 

Bomkoul kaolins, with 114 analyses. Two zircons have 206Pb/238U ages < 100 Ma (57 ± 1 Ma 

and 60 ± 3 Ma); however, these results were the most discordant (16 and 55% concordant, 

respectively). Figure 6.15A shows that most zircon ages< 1500 Ma are found on the concordia, 

with two main clusters, one around 600 Ma and another around 1000 Ma. The few analyses 

that are not on the concordia are believed to have lost common lead (204Pb). 
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Figure 6.15: Concordia of concordant and discordant ages of zircons in Bomkoul kaolins, A) 

Ages < 1500 Ma, B) Ages < 1500 Ma 
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Above 1500 Ma, the analyses were more discordant, due to the loss of 204Pb in older grains, 

with the oldest grain having a 207Pb/206Pb age of 2940 ± 11 Ma (Figure 6.15B). A main cluster 

of grains is found between 1900 and 2100 Ma. 

 

6.4.2.2 Probability density plot of Bomkoul zircons 

The probability density plot of ages of zircons from Bomkoul kaolins, showing the different 

clusters in zircon ages (≤ 10% discordant), is shown in Figure 6.16. The main cluster is 

between 600 and 650 Ma, with about 60% of analyses yielding ages in this age range. The 

second cluster is between 1000 Ma and 1050 Ma, with about 10% of analyses. Little clusters 

with < 10% analyses were mainly found in older grains. 

 

Figure 6.16: Probability density plot of Bomkoul zircons showing different clusters of zircon 

ages. Bin width = 50 Ma 

 

6.4.2.3 Weighted averages of zircon populations in Bomkoul 

Seven zircon populations were obtain from ages ≤ 5% discordance (Figure 6.17). The 

youngest zircon population (P1) in Bomkoul kaolins has a weighted average of 606.4 ± 2.8 

Ma (MSWD = 1.9, N = 9). The 2nd population (P2) has a weighted average of 621.3 ± 1.5 Ma 

(MSWD = 1.8, N = 23) and it is the population with the largest amount of analyses (N = 23).  
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Figure 6.17: Weighted average plots of zircon populations in Bomkoul kaolins, in increasing 

population age, A) Youngest population (P1), B) P2, C) P3, D) P4, E) P5, F) P6, G) P7. Ages 

are in Ma, N = Number of analyses 
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The 3rd population (P3) has a weighted average of 635.6 ± 2.7 Ma (MSWD = 1.2, N = 8). These 

first three populations form a larger cluster between 591 and 639 Ma. The 4th population (P4) 

has a weighted average of 1004.6 ± 6.9 Ma (MSWD = 1.8, N = 4). The 5th population (P5) has 

a weighted average of 2028 ± 14 Ma (MSWD = 0.35, N = 3). The 6th population (P6) has a 

weighted average of 2072 ± 11 Ma (MSWD = 0.37, N = 4); and the last population (P7) has a 

weighted average of 2850 ± 12 Ma (MSWD = 0.17, N = 3). 

 

6.4.3 Dibamba kaolins 

Results of the analysis of zircons from Dibamba kaolins are shown in Appendix 6.10.  

6.4.3.1 Concordia of concordant and discordant ages of zircons in Dibamba kaolins 

Concordant and discordant ages of zircons found in Dibamba kaolins are shown in Figure 

6.18. A total of 110 analyses were carried out. Only one analysis was < 500 Ma (63 ± 1 Ma). 

For ages < 1500 Ma (Figure 6.18A), most ages were concordant. A first cluster was around 

600 Ma, a 2nd cluster was found between 900 and 1000 Ma. Above 1500 Ma (Figure 6.18B), 

there was no cluster of analyses. Most ages were discordant due to the loss of 204Pb over 

time. 

 

A 
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Figure 6.18: Concordia of concordant and discordant ages of zircons in Dibamba kaolins, A) 

Ages < 1500 Ma, B) Ages < 1500 Ma 

 

6.4.3.2 Probability density plot of Dibamba zircons 

Of the 110 analyses, 82 were ≤ 10% discordant. These 82 analyses displayed a main age 

peak 550 Ma and 650 Ma, represented by about 54% of 82 analyses (Figure 6.19). 

Insignificant clusters were found above 2000 Ma. 

 

Figure 6.19: Probability density plot of Dibamba zircons showing different clusters of zircon 

ages. Bin width = 50 Ma 

B 
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6.4.3.3 Weighted averages of zircon populations in Dibamba 

Out of the 110 analyses, 66 were ≤ 5% discordant. These data were used to determine the 

different zircon populations in the kaolins. Six zircon population were determined in Dibamba 

kaolins (Figure 6.20). The youngest population (P1) had a weighted average of 607.8 ± 1.9 

Ma (MSWD = 0.88, N = 7). The 2nd population (P2), with a weighted average of 620.7±1.3 Ma 

(MSWD = 0.88, N = 22), was the most abundant of all populations.  

  

  

  

Figure 6.20: Weighted average plots of zircon populations in Dibamba kaolins, in increasing 

population age, A) Youngest population (P1), B) P2, C) P3, D) P4, E) P5, F) P6. Ages are in 

Ma, N = Number of analyses  
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The 3rd and 4th populations had weighted averages of 631.0 ± 2.1 Ma (MSWD = 0.64, N = 8) 

and 644.9 ± 2.9 Ma (MSWD = 0.80, N = 8), respectively. These first four populations re made 

up of ages varying between 600 and 648 Ma. The 5th population (P5) has a weighted average 

of 777 ± 13 Ma (MSWD = 1.5, N = 3); and the oldest population (P6) has a weighted average 

of 960 ± 12 Ma (MSWD = 1.6, N = 3). 

 

6.4.4 Ediki kaolins 

Results of the analysis of zircons from Ediki kaolins are shown in Appendix 6.11.  

6.4.4.1 Concordia of concordant and discordant ages of zircons in Ediki kaolins 

The concordia, showing concordant and discordant ages of 120 zircon analyses, is displayed 

in Figure 6.21. Though several analyses were discordant, two main clusters are observed for 

ages < 1500 Ma (around 600 Ma and 1000 Ma) and one cluster in found in ages > 1500 Ma 

(between 1600 and 1700 Ma). Only five grains were older than 1700 Ma. 

 
A 
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Figure 6.21: Concordia of concordant and discordant ages of zircons in Ediki kaolins, A) Ages 

< 1500 Ma, B) Ages < 1500 Ma 

 

6.4.4.2 Probability density plot of Ediki zircons 

The probability density plot of ages of zircons found in Ediki kaolins is shown in Figure 6.22. 

The data used were the ≤ 10% discordant (90 analyses). Two main zircon populations are 

observed between 550 and 650 Ma. Two small clusters are found around 1000 Ma and a 3rd 

small cluster is found around 1600 Ma. 

B 
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Figure 6.22: Probability density plot of Ediki zircons showing different clusters of zircon ages. 

Bin width = 50 Ma 

 

6.4.4.3 Weighted averages of zircon populations at Ediki 

Using analyses that yielded ages ≤ 5% discordant (72 analyses), six zircon populations were 

obtained (Figure 6.23). The first and youngest population (P1) had a weighted average of 

587.6 ± 2.3 Ma (MSWD = 1.8, N = 13), the 2nd population (P2) had a weighted average of 

607.8 ± 2.6 Ma (MSWD =1.8, N = 9). The 3rd and most abundant population (P3) had a 

weighted average of 622.3 ± 1.6 Ma (MSWD = 1.7, N = 23). The 4th population (P4) had a 

weighted average of 637.4 ± 6.0 Ma (MSWD = 1.7, N = 4). The 5th population (P5) had a 

weighted average of 947 ± 12 Ma (MSWD = 1.9, N = 4), and the 6th and last population (P6) 

had a weighted average of 1589 ± 15 Ma (MSWD = 0.58, N = 6).  

Though having a ≤ 5% discordance, some analyses did not belong to a population because 

they were not up to three (at least three analyses are needed to form a population). Two 

younger ages than P1 were obtained (571 ± 8 Ma and 578 ± 6 Ma).  Two ages were around 

1000 Ma. Two ages older than P6 were also obtained (2107 ± 39 Ma and 2607 ± 9 Ma). 
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Figure 6.23: Weighted average plots of zircon populations in Ediki kaolins, in increasing 

population age, A) Youngest population (P1), B) P2, C) P3, D) P4, E) P5, F) P6. Ages are in 

Ma, N = Number of analyses 

 

6.4.5 Logbaba kaolins 

6.4.5.1 Concordia of concordant and discordant ages of zircons in Logbaba kaolins 

Concordant and discordant ages of 115 analyses are shown in a concordia (Figure 6.24). 

Below 1500 Ma, one main cluster is observed between 600 and 650 Ma (Figure 6.24A). Two 
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very discordant analyses yielded ages below 10 Ma. Above 1500 Ma (Figure 6.24B), there 

were more discordant analyses and a main cluster between 2000 and 2100 Ma. 

 

 
 

Figure 6.24: Concordia of concordant and discordant ages of zircons in Logbaba kaolins, A) 

Ages < 1500 Ma, B) Ages < 1500 Ma 
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6.4.5.2 Probability density plot of Logbaba zircons 

A total of 106 analyses were ≤ 10% discordant. Two main peaks were obtained on the 

probability density plot (Figure 6.25). The most dominant peak was around 600-650 Ma, with 

about 40 of the analyses. The second peak was between 2000 and 2100 Ma, with about 35 

of analyses. Little clusters showed Archean ages (> 2500 Ma). 

 

Figure 6.25: Probability density plot of Logbaba zircons showing different clusters of zircon 

ages. Bin width = 50 Ma 

 

6.4.5.3 Weighted averages of zircon populations at Logbaba 

Eighty-eight analyses were ≤ 5% discordant. These gave 6 zircon populations (Figure 6.26). 

The first and youngest population (P1) had a weighted average of 587.7 ± 4.4 Ma (MSWD = 

0.99, N = 3), the 2nd population (P2) had a weighted average of 610.8 ± 2.5 Ma (MSWD = 1.8, 

N = 10), the 3rd population (P3) had a weighted average of 622.8 ± 2.2 Ma (MSWD = 1.2, N = 

7), the 4th population (P4) had a weighted average of 1969 ± 17 Ma (MSWD = 1.6, N = 6). The 

5th and 6th populations (P5 and P6, respectively) were the most abundant. They had a 

weighted average of 2047.0 ± 4.9 Ma (MSWD = 1.18, N = 26) and 2075.9 ± 4.6 (MSWD = 

0.92; N = 20), for P5 and P6 respectively. At a discordancy ≤ 5%, older ages were dominant, 

unlike at a discordance ≤ 10%, younger ages were more dominant.   
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Figure 6.26: Weighted average plots of zircon populations in Logbaba kaolins, in increasing 

population age, A) Youngest population (P1), B) P2, C) P3, D) P4, E) P5, F) P6. Ages are in 

Ma, N = Number of analyses 

 

6.4.6 Missole kaolins 

6.4.6.1 Concordia of concordant and discordant ages of zircons in Missole kaolin 

Due to the small particle sizes and the presence of cracks in zircons in Missole kaolin, only 72 

analyses were carried out, most of which were discordant. The results are showed in Figure 

6.27. Below 1500 Ma, a cluster was obtained between 500 and 700 Ma; whereas above 1500 
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Ma, no clusters were obtained. The presence of cracks contributed to a gain in 204Pb, which 

resulted in discordant ages. 

 

 

Figure 6.27: Concordia of concordant and discordant ages of zircons in Missole kaolins, A) 

Ages < 1500 Ma, B) Ages < 1500 Ma 
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6.4.6.2 Probability density plot of Missole zircons 

Of the 72 analyses carried out, 41 yielded ages that were ≤ 10% discordant. One main peak 

was obtained around 600 Ma, with 18 analyses. A second peak, around 1000 Ma was made 

up of 4 analyses. About 7 analyses gave ages between 1800 and 2200 Ma, and two analyses 

gave ages around 2600 Ma (Figure 6.28). 

 

Figure 6.28: Probability density plot of Missole zircons showing different clusters of zircon 

ages. Bin width = 50 Ma 

 

6.4.6.3 Weighted averages of zircon populations at Missole 

Twenty-nine analyses gave ages ≤ 5% discordant, resulting in three populations (Figure 6.29). 

The first population (P1) had a weighted average of 611.5 ± 2.2 Ma (MSWD = 1.17, N = 6), 

the 2nd population (P2) had a weighted average of 619.9 ± 2.5 Ma (MSWD = 0.95, N = 4), and 

the 3rd and last population (P3) had a weighted average of 631.7 ± 1.9 Ma (MSWD = 0.63, N 

= 6). 

Thirteen ≤ 5% discordant ages did not fall in any populations because they didn’t form a 

cluster. The youngest age was 587 ± 4 Ma (96% concordant); whereas the oldest age was 

2163 ± 23 Ma (95% concordant). 
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Figure 6.29: Weighted average plots of zircon populations in Missole kaolins, in increasing 

population age, A) Youngest population (P1), B) P2, C) P3. Ages are in Ma, N = Number of 

analyses 

 

6.4.7 Yatchika kaolin 

6.4.7.1 Concordia of concordant and discordant ages of zircons in Yatchika kaolin 

Figure 6.30 shows concordant and discordant ages of zircons in Yatchika kaolin. Below 1500 

Ma, few discordant ages are observed and a cluster between 500 and 700 Ma (Figure 6.30A). 

The youngest age was 558 ± 2 Ma (95% concordant). Above 1500 Ma, most of the discordant 

ages plotted close to the concordia. A main cluster is found between 1900 and 2100 Ma 

(Figure 6.30B). Another cluster, though made up of discordant ages, is found around 2500 

Ma. The oldest grain was 3250 ± 13 Ma (99% concordant). 
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Figure 6.30: Concordia of concordant and discordant ages of zircons in Yatchika kaolins, A) 

Ages < 1500 Ma, B) Ages < 1500 Ma 
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6.4.7.2 Probability density plot of Yatchika zircons 

The probability density plot of zircon ages that were ≤ 10% discordant is shown in Figure 6.31, 

with 111 analyses. The most dominant peak was around 600 Ma and contained about 36 

analyses, the second peak was around 2100 Ma. Many analyses yielded ages between 2300 

and 3300 Ma.  

 

Figure 6.31: Probability density plot of Yatchika zircons showing different clusters of zircon 

ages. Bin width = 50 Ma 

 

6.4.5.3 Weighted averages of zircon populations at Yatchika 

Eight-nine analyses yielded ages that were ≤ 5% discordant (95-105% concordant), and 9 

populations were derived. The first and youngest population (P1) had a weighted average of 

596.4 ± 4.0 Ma (MSWD = 1.9, N = 6), the 2nd and largest population (P2) had a weighted 

average of 610.9 ± 1.8 Ma (MSWD = 1.9, N = 18). The 3rd population (P3) had a weighted 

average of 628.6 ± 3.1 Ma (MSWD = 1.9, N = 8), the 4th population (P4) had a weighted 

average of 656.2 ± 5.0 Ma (MSWD = 0.65, N = 3), the 5th population (P5) had a weighted 

average of 1586 ± 19 Ma (MSWD = 0.30, N = 3), the 6th population (P6) had a weighted 

average of 1988 ± 12 Ma (MSWD = 0.87, N = 4), the 7th population (P7) had a weighted 

average of 2029.5 ± 7.2 Ma (MSWD = 0.68, N =10), the 8th population (P8) had a weighted 
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average of  2075.7 ± 5.6 Ma (MSWD = 0.59, N =13). The 9th and oldest population (P9) had a 

weighted average of 2492 ± 10 Ma (MSWD = 0.90, N =3). 
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Figure 6.32: Weighted average plots of zircon populations in Yatchika kaolins, in increasing 

population age, A) Youngest population (P1), B) P2, C) P3, D) P4, E) P5, F) P6, G) P7, H) P8, 

I) P9. Ages are in Ma, N = Number of analyses 

Twelve older ages between 2523 ± 10 Ma and 3250 ± 13 Ma were also ≤ 5% discordant but 

did not form clusters of three to make a population. 

 

6.5 Discussion 

6.5.1 Maximum deposition age of kaolins 

The maximum possible age of deposition of the kaolins was inferred using the weighted 

average of the youngest zircon population at 95% confidence (Tucker et al., 2013). Table 6.1 

shows the youngest zircon population age in each kaolin deposit and its corresponding Period. 

Table 6.1: Youngest zircon population age (P1) in kaolins and their corresponding Periods 

Kaolin deposit 
Age of host 

Formation 
P1 Period Era 

Bomkoul Tertiary  606 ± 3 Ma 

Ediacaran  

(630-542 Ma) 

Neoproterozoic 

(1000-542 Ma) 

Dibamba Tertiary 608 ± 2 Ma 

Ediki Cretaceous  588 ± 2 Ma 

Logbaba Cretaceous 588 ± 4 Ma 

Missole Tertiary 612 ± 2 Ma 

Yatchika Cretaceous 596 ± 4 Ma 

Therefore, the maximum deposition of Cretaceous-Tertiary kaolins in the Douala Sub-Basin 

was during the Ediacaran Period. It is, however, important to note that the maximum 

deposition ages of Tertiary kaolins are older than those of Cretaceous kaolins. This could be 
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due to the fact that the youngest populations in Cretaceous kaolins were obtained from the 

analysis of zircon rims (therefore having older cores); whereas the youngest populations in 

Tertiary kaolins were obtained from the analysis of zircon cores. 

 

6.5.2 Provenance of Cretaceous-Tertiary kaolins of the Douala Sub-Basin and 

implications to tectonics 

Figure 6.33 shows probability density plots of zircon ages in kaolin deposits in the Douala Sub-

Basin. In this Figure, plots of Cretaceous Formations are separated from Tertiary ones, to 

better visualise the age clusters of zircons. All six locations have prominent peaks between 

650 and 550 Ma, corresponding to the Ediacaran. In all locations, except Yatchika 

(Cretaceous), peaks are observed between 1050 and 950 Ma, corresponding to Late Stenian 

and Tonian (1000-850 Ma) Periods. The Cryogenian (850-635 Ma), which is the Period 

between Tonian and Ediacaran is represented in all zircons, except Logbaba zircons. All three 

Periods (Ediacaran, Cryogenian and Tonian) belong to the Neoproterozoic Era (1000-541 

Ma). 

A peak around 1600 Ma, which marks the boundary between the Paleoproterozoic (2500-

1600 Ma) and the Mesoproterozoic (1600-1000 Ma), is present in all Cretaceous Formations 

but absent in Tertiary Formations. The Paleoproterozoic is greatly present in Cretaceous 

Formations; mainly in Logbaba and Yatchika kaolins (~2200-1900 Ma), which also contain 

Mesoarchean (3200-2800 Ma) zircons. 

Two main orogenies occurred in Central Africa, the Eburnean at ~2400 to 1800 Ma (Owona 

et al., 2013) and the Pan African at ~730-550 Ma (Black and Liegeois, 1993). The main age 

clusters of zircons in this study show that the zircons probably originated from both orogenies. 

The Douala Sub-Basin is bounded to the Northeast by the Benue Trough, to the East by the 

Late Proterozoic Pan-African mobile belt and to the Southeast by the Archean to Early 

Proterozoic Congo Craton (Meyers et al., 1996). The sediments found in the Douala Sub-

basin should have their sources from any of these geologic formations. However, the Benue 

Trough, which is made up of Cretaceous-Tertiary sediments (Petters, 1978), cannot be 

considered a source of zircons in Cretaceous-Tertiary kaolins in the Douala Sub-Basin 

because the youngest zircon populations in this study are dated Neoproterozoic. The Benue 

Trough will therefore not be discussed. 

The oldest zircon populations found in Yatchika and Logbaba kaolins (Mesoarchean) might 

have been derived from the Congo Craton, mainly the Ntem Complex, which is its north-
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western part and the oldest (Archean age) geologic unit in Cameroon. Due to high Th/U ratios 

(> 0.1), reflecting the magmatic origin of the zircons (Verma et al., 2016), it is suggested that 

these older zircons derived from the Late Archaean tonalite–trondhjemite–granodiorites (TTG) 

and/or high-K granites found in the Ntem Complex (Shang et al., 2010). 

Tertiary Formations Cretaceous Formations 

 

 

 

 

 

 

Figure 6.33: Probability density plots of zircon ages in kaolin deposits in the Douala Sub-Basin, 

A) Bomkoul, B) Dibamba, C) Missole, D) Ediki, E) Logbaba and F) Yatchika 
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Zircons of Paleoproterozoic ages (1600-2500 Ma) may have been derived from rocks of the 

Paleoproterozoic Nyong Group. This Group is believed to have been affected by the Eburnean 

orogeny, which gave rise to metasedimentary and metaplutonic rocks (Lerouge et al., 2006); 

and it is associated to the Borborema and Oaxaquia Provinces in Northeast Brazil and Mexico, 

respectively (Owona et al., 2013).  

More than one-third of zircon ages solely fall within the Neoproterozoic Era (541-1000 Ma). 

Tectonically, this Era is marked by the Pan-African orogeny (730-550 Ma). The Pan-African 

orogeny was marked by intense reworking of Paleoproterozoic geologic units (Penaye et al., 

2004). The Yaounde Series is believed to have a Neoproterozoic source marked by the ~650–

620 Ma plutonism related to the Pan-African orogeny (Stendal et al., 2006). This plutonism 

(reworking) probably led to the recrystallisation of older zircons or the crystallisation of new 

zircons and/or zircon rims. The age groups obtained in this research are in agreement with 

results obtained by Kalsbeek et al. (2013), who dated zircons from quartzite, micaceous 

quartzite and garnet-kyanite paragneiss, all belonging to the Yaounde Group. These zircons 

yielded ages of Archaean, Palaeoproterozoic, Mesoproterozoic and Neoproterozoic.  

Souza et al. (2007) dated detrital zircons in sediments of the Cretaceous-Tertiary Capim River 

kaolins in Brazil; four age plateaus were obtained: 2150, 2020, 1870, and 1510 Ma, belonging 

to the Paleo- and Mesoproterozoic. Ages between 510 and 800 Ma were also obtained. The 

most abundant age plateaus were 2150 and 2020 Ma, which were correlated to the 

Transamazonian orogeny (corresponding to the Eburnean orogeny in Africa). The 2150 and 

2020 Ma were also present in Cretaceous kaolins of the Douala Sub-Basin, though they were 

not the most dominant. The 510 and 800 Ma age plateau were correlated with the Brasiliano 

orogeny (corresponding to the Pan-African orogeny in Africa). Few Archean ages were also 

obtained. 

Moreover, Kalsbeek et al. (2013) also correlated ages of detrital zircons in West Africa to those 

in the Borborema Province in Northeast Brazil. Analysis of detrital zircons from Brazil yielded 

two main age ranges, the 1st between 2200-2000 Ma (Paleoproterozoic), the most dominant, 

and the second between 1000-600 Ma (Neoproterozoic). These ages correspond to the 

Eburnean (Amazonian in South America) and the Pan-African (Brasiliano in South America) 

orogenies, respectively. 

It is important to note that the detrital zircons from Northern and Northeast Brazil are 

dominated by older zircons (Eburnean/Transamazonian age); whereas, detrital zircons from 

Central and West Africa are dominated by younger zircons (Pan-African/Brasiliano age). 
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6.5.3 Geochronological implications in the paleoclimatic setting of the Douala 

Sub-Basin and time of kaolinisation 

The maximum depositional age of Cretaceous-Tertiary kaolins, obtained from the youngest 

population ages of zircons contained in these kaolins, indicated Neoproterozoic ages. 

However, the Neoproterozoic is believed to have been characterised by periods with a global 

glaciated Earth, referred to as the Snowball Earth (Donnadieu et al., 2003; 2004). Hence, 

kaolins of the Douala Sub-Basin could not have been deposited during the Neoproterozoic. A 

humid climate characterised by warm temperatures and high rainfall are environmental 

conditions that favour formation (Harvey and Murray, 1997) and deposition of kaolins. 

However, the Late Cretaceous and Early) Tertiary Periods experienced warm temperatures 

particularly at the Equator, non-varying and without ice (Barron, 1983; 1993; Valdes, 2000; 

Sijp et al., 2014). Moreover, analyses of stable oxygen and hydrogen in studied kaolins 

showed that kaolinitisation during the Cretaceous occurred at temperatures about 3oC cooler 

than the Tertiary (26.58oC ± 9.65oC for Cretaceous kaolins and 29.40oC ± 7.22oC for Tertiary 

kaolins). A 2-3°C temperature change in deep water temperatures was also observed from 

Mid-Cretaceous throughout the Tertiary by Baron (1983). 

In addition, since the Late Cretaceous (Maastrichtian), the Douala Sub-Basin has been in a 

high rainfall regime (Parrish et al., 1982; Tardy et al., 1991), due to its proximity to the Equator. 

The high rainfalls during these Periods would have greatly favoured kaolinisation and resulted 

to deposition of the studied Cretaceous-Tertiary kaolins in the Douala Sub-Basin.  

Therefore, Neoproterozoic maximum depositional ages reflected by the youngest zircon 

populations probably refer to maximum depositional ages of primary materials that altered in 

a humid climate during the Cretaceous-Tertiary leading to kaolinisation in the Douala Sub-

Basin. 

 

6.6 Synopsis 

Radiogenic dating of Cretaceous-Tertiary kaolins in the Douala Sub-Basin using U-Pb LA-

SFICP-MS was carried out. Four main zircon populations were identified: the 1st between 650 

and 550 Ma, the 2nd between 1050 and 950 Ma, the 3rd around 1600 Ma and the 4th between 

3200-2800 Ma. These four zircon populations belong to the Proterozoic (Neo-, Meso- and 

Paleoproterozoic) and the Archean. The maximum depositional ages of the kaolins, reflected 

by the youngest weighted averages of zircon populations varied between 588 ± 2 Ma and 612 

± 2 Ma, all belonging to the Ediacaran Period (Neoproterozoic).  
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It is proposed that the zircons in Cretaceous-Tertiary kaolins originated from primary minerals 

that formed during two main tectonic events: the Eburnean orogeny, during which older zircons 

crystallised and the Pan-African orogeny, during which younger zircons crystallised. The main 

identified sources of these zircons are the Archean Ntem Complex, the Paleoproterozoic 

Nyong Group and the Neoproterozoic Yaounde Group. Correlation with studies from Brazil 

showed that though ages of detrital zircons from Brazil and Cameroon correlate with the 

Eburnean/Transamazonia and Pan-African/Brasiliano orogenies, detrital zircons from Brazil 

are dominantly older (Eburnean/Transamazonian ages) than those from Cameroon, which are 

dominantly younger (Pan-African/Brasiliano). 

The glacial climate during the Neoproterozoic was not favourable for kaolinisation, which 

requires a humid climate with warm temperatures and high rainfall. Therefore, Cretaceous-

Tertiary kaolins of the Douala Sub-Basin altered from Neoproterozoic primary materials in a 

humid climate during Cretaceous and Tertiary Periods. 

 

Validation of hypothesis: Kaolinisation in Cretaceous-Tertiary Formations of the Douala 

Sub-Basin occurred during Cretaceous and Tertiary Periods. 
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CHAPTER 7 

DIAGNOSTIC EVALUATION OF CRETACEOUS-TERTIARY 

KAOLINS  

 

7.1 Preamble 

The diagnostic evaluation of Cretaceous-Tertiary kaolins from the Douala Sub-Basin was 

carried out and reported in this chapter (Specific Objective D). The evaluation involved the 

determination of physical characteristics (particle size, texture, colour and moisture content) 

and physico-chemical characteristics (pH and electrical conductivity). The relationship of 

physical and physico-chemical components to mineralogical and geochemical characteristics 

of the studied kaolins were diagnostically evaluated and linked to the paleoenvironments of 

formation. Potential industrial applications of the Cretaceous-Tertiary kaolins in the Douala 

sub-basin will were then be inferred. This chapter is based on Hypothesis D. 

HYPOTHESIS D: The physical and physico-chemical properties of studied Cretaceous-

Tertiary kaolins will aid in assessing their exploitation in Cameroon. 

 

7.2 Physical characteristics 

7.2.1. Particle size distribution 

Figures 7.1-7.6 show the particle size distribution (PSD) curves of Cretaceous-Tertiary kaolins 

in the Douala Sub-Basin. These kaolins are mainly rich in sand and have little or no clay size 

fractions. In Bomkoul kaolins, BKL 01 and BKL 02 had more silt than BKL 03. Dibamba kaolin 

layer (DBB) was slightly finer than the clay nodules (DBB CN 01 and DBB CN 02). Ediki and 

Missole II samples were the finest, though they contained little amounts of clay size fraction. 

Logbaba, Missole I and Yatchika samples were very rich in sands.  
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Figure 7.1: Particle size distribution curves of Bomkoul kaolins 

 

 

Figure 7.2: Particle size distribution curves of Dibamba kaolins 
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Figure 7.3: Particle size distribution curves of Ediki kaolins 

 

 

Figure 7.4: Particle size distribution curves of Logbaba kaolins 
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Figure 7.5: Particle size distribution curves of Missole kaolins 

 

 

Figure 7.6: Particle size distribution curves of Yatchika kaolins 
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7.2.2 Texture 

Cretaceous-Tertiary kaolin samples of the Douala Sub-Basin have textures that vary from clay 

to sandy loam, with most samples containing sand (Figures 7.7-7.9). Only 15% of samples 

had a clay texture (BKL 02, MSL II 02 and YTK 03), 5% had a clay loam texture (EDK 03), 5% 

had a loamy sand texture (MSL I 02). Sandy clay (BKL 01, Logbaba samples and MSL II 02), 

sandy loamy clay (BKL 03, DBB, EDK 01, EDK 02 and YTK 01), and sandy loam (DBB CN 

01, DBB CN 02, MSL I 02, YTK 02A and YTK 02B) textures were represented by 25% of 

samples each. 

 

Figure 7.7: Ternary diagram showing kaolins’ textures 
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Figure 7.8: Percentage distribution of particle size in studied samples 

 

 

 

 

 

Figure 7.9: Percentage distribution of different textures found in studied kaolins 
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7.2.3 Colour 

Pure kaolin usually has a whitish colour; but most often impurities (iron and titanium) contained 

in kaolins will cause the colour to have a different tint. Different minerals present in kaolins 

could also influence their colour. The presence of orthoclase and/or iron-bearing minerals in 

kaolins will give them a pink, brown, orange or reddish colour. The colour of Cretaceous-

Tertiary kaolins of the Douala Sub-Basin, using the hue, value and chroma of samples, is 

shown in Table 7.1. 

Table 7.1: Colour of Cretaceous-Tertiary kaolins of the Douala Sub-Basin 

Sample Hue/Value/Chroma Colour 

BKL 01 5YR/6/4 Light Reddish Brown 

BKL 02 5YR/6/4 Light Reddish Brown 

BKL 03 10YR/6/6 Brownish yellow 

DBB 5YR/8/2 Pinkish white 

DBB CN 01 5YR/8/2 Pinkish white 

DBB CN 02 10YR/8/6 Yellow 

EDK 01 GLEY 1/2/5G Pale green 

EDK 02 GLEY 1/8/5GY Light greenish grey 

EDK 03 GLEY 1/7/5G Pale green 

LBB 01 2.5Y/7/1 Light grey 

LBB 02 2.5Y/8/1 White 

LBB 03 2.5Y/7/1 Light grey 

MSL I 01 5Y/5/1 Grey 

MSL I 02 5Y/4/1 Dark grey 

MSL II 01 GLEY 1/8/N White 

MSL II 02 GLEY 1/8/10Y Light greenish grey 

YTK 01 10YR/7/8 Yellow 

YTK 02A 7.5YR/6/6 Reddish Yellow 

YTK 02B 5YR/7/3 Pink 

YTK 03 5YR/6/4 Light reddish brown 

 

The colour of Cretaceous-Tertiary kaolins in the Douala Sub-Basin varied greatly in hue, value 

and chroma; hence, different colours were determined. Bomkoul kaolins were light reddish 

brown (BKL 01 and BKL 02) and brownish yellow (BKL 03). The Dibamba kaolin layer (DBB) 

and some clay nodules (DBB CN 01) were pinkish white, whereas the other clay nodule (DBB 

CN 02) was yellow. Ediki samples were pale green (EDK 01 and EDK 03) and light green 

(EDK 02). The colour of Logbaba samples varied from white (LBB 02) to light grey (LBB 01 

and LBB 03). Missole I samples were grey (MSL I 01) and dark grey (Missole I 02); whereas 

Missole II samples were white (MSL II 01) and light greenish grey (MSL II 02). Yatchika 

samples were yellow (YTK 01), reddish yellow (YTK 02A), pink (YTK 02B) and light reddish 
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brown (YTK 03). Hence, the most dominant colour was light reddish brown, i.e. 15% of kaolins; 

and the least colours were brownish yellow, dark grey, grey, pink and reddish yellow, each 

represented by 5% of the kaolins (Figure 7.10). 

 

 

Figure 7.10: Percentage distribution of different colours of studied Cretaceous-Tertiary kaolins  
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Figure 7.11: Moisture content of bulk kaolins 

 

 

Figure 7.12: Moisture content of silt fraction of kaolins 
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Figure 7.13: Moisture content of < 2 µm fraction of kaolins 
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whereas Logbaba samples had the highest pH values (Figure 7.14). 

 

Figure 7.14: pH values of studied Cretaceous-Tertiary kaolins 
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7.3.2 Electrical conductivity (EC) 

The EC of Cretaceous-Tertiary kaolins varied 98 µm/cm (LBB 03) to 8710 µS/cm (MSL I 02). 

Missole I samples had very high EC compared to other samples, 7860 and 8710 µm/cm for 

MSl I 01 and MSL I 02, respectively. Excluding these two samples, the mean of EC for all 

other samples was 35.73 µS/cm. Figure 7.15 shows the EC of studied kaolin samples, 

excluding MSL I 01 and MSL I 02. 

 

Figure 7.15: Electrical conductivity values of studied Cretaceous-Tertiary kaolins 
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the Georgia kaolins which are second cycle kaolins having a white colour (Schroeder et al., 

2004). However, some Georgia kaolins are grey. Schroeder et al. (2004) indicated that the 

grey colour in some Georgia kaolins could be more due to the presence of SO3 than to the 

presence of organic matter in the kaolins. This was later supported by Pruett (2016), according 

to whom the grey Georgia kaolins were originally deposited in a reduced anoxic environment 

in the presence of organic matter and iron sulphides, causing the grey colour. 

However, Manju et al. (2001) argued that oxidised weathering conditions can enhance the 

dissolution of the FeS2 present in the grey kaolins, creating an environment with very low pH, 

and consequently high EC. Such very acidic environment favours reworking of microcrystalline 

quartz and authigenic kaolinite (Manju et al., 2001).  Therefore, similarly to the Georgia grey 

kaolins, the grey Missole I kaolins were deposited or formed in a reducing environment; then 

the environment became oxidising, producing the very low pH observed in these kaolins. The 

V/(V+Ni) ratios of the Missole I kaolins also suggest formation under anoxic to eunixic 

conditions. The oxidation of the Missole I kaolins led to the formation of the light grey and 

subsequently white Missole II kaolins by oxidative alteration that removed iron sulfides and 

formed goethite (Schroeder et al., 2004; Pruett, 2016). This confirms that Missole II kaolins 

are second cycle sediments formed from post-depositional alteration of Missole I kaolins. The 

light grey and white Logbaba kaolins might have formed in the same conditions, though their 

colour might be as result of anatase contamination.  

The low pH of the kaolins, indicating high acidity (pH < 4), is also an indicator of continuous 

weathering (Manju et al., 2001) and intense hydrolysis processes (Santos et al., 2014). The 

lower the pH of the environment of deposition, the higher the EC, as shown in Figure 7.16.  

The yellowish, reddish and brownish colours portrayed in Bomkoul, Dibamba and Yatchika 

kaolins is indicative of an oxygen-rich environment (oxic), favouring the alteration of feldspar 

and the presence of goethite. But with reducing oxygen levels in Yatchika samples (according 

to their Ni/Co, V/Cr and V/(V+Ni) ratios), hematite was formed. The greenish colour of Ediki 

samples is as a result of the weathering of microcline. 

 



256 
 

 

Figure 7.16: Correlation between EC and pH 
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Figure 7.18: Mineralogical composition of DBB with decreasing particle size  

 

Figure 7.19: Mineralogical composition of EDK 02 with decreasing particle size  

 

Figure 7.20: Mineralogical composition with of LBB 02 decreasing particle size  
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Figure 7.21: Mineralogical composition of MSL II 02 with decreasing particle size  

 

 

Figure 7.22: Mineralogical composition of YTK 02A with decreasing particle size  
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In EDK 02, there was a similar relationship between kaolinite and quartz relative to decreasing 

particle size. However, microcline was more abundant in the silt fraction, though not detected 

in the < 2 µm fraction. Illite, gradually increased with decreasing particle size, probably due to 

the weathering of microcline; though smectite was more abundant in the < 2 µm sample than 

illite (Figure 7.19).  

A different trend was observed in YTK 02A. The abundance of the primary mineral (quartz) 

decreased with decreasing particle size (Figure 7.22). Kaolinite also decreased with 

decreasing particle size. Illite was more abundant in the silt fraction, and it was not detected 

in the < 2 µm fraction. Smectite was more abundant in the silt fraction, and it was the most 

abundant clay mineral in the < 2 µm fraction. The abundance of goethite was least in the silt 

fraction (where smectite and illite were highest) and its abundance was highest (48.7 wt %) in 

the < 2 µm fraction (where all clay minerals were least). It could, therefore be assumed that 

Fe3+ gradually replaced the Al3+ in the clay minerals to form goethite. 

The other three samples (BKL 03, LBB 02 and MSL II 02) had a lower kaolinite content in the 

silt fraction than in the bulk and < 2 µm fraction, with the highest kaolinite content present in 

the < 2 µm fraction. Higher quartz content and lower kaolinite in the silt fraction could be due 

to reworking and silicification of the kaolins. Therefore, the kaolinite present in the < 2 µm 

fraction could be second cycle sediments, as Cretaceous-Tertiary kaolins of Middle Georgia 

(Ece et al., 2003). This is also supported by the white colour of LBB 02 and MSL II 02, which 

could be due to a subsequent stage of deferritisation (Keller, 1978). These two samples also 

have similar micromorphologies as Georgia kaolins (Keller, 1978). Moreover, the higher 

concentrations of smectite in the silt fractions relative to the < 2 µm fraction in LBB 02 and 

MSL II 02 could be due to a solid-state mechanism in which one smectite layer transformed 

into one kaolinite layer by stripping of a tetrahedral sheet and the adjacent interlayer region 

(Amouric and Olives, 1998). 

 

7.4.2.2 Influence of particle size on the geochemistry of kaolin   

The major oxides geochemistry of bulk, silt and < 2 µm fractions of six samples (BKL 03, DBB, 

EDK 02, LBB 02, MSL II 02 and YTK 02A) are presented to evaluate the geochemical evolution 

with decreasing particle sizes (Figures 7.23-7.28). Geochemical differences among sand, silt 

and < 2 µm fractions is due to the sorting and recycling of sediments (Hossain et al., 2014). 

Therefore, it is important to assess the differences in kaolins’ geochemistry of different particle 

sizes. 
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Figure 7.23: Geochemical evolution with decreasing particle size of BKL 03 

 

Figure 7.24: Geochemical evolution with decreasing particle size of DBB 

Figure 7.25: Geochemical evolution with decreasing particle size of EDK 02 
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Figure 7.26: Geochemical evolution with decreasing particle size of LBB 02 

 

Figure 7.27: Geochemical evolution with decreasing particle size of MSL II 02 

Figure 7.28: Geochemical evolution with decreasing particle size of YTK 02A 

0.01

0.10

1.00

10.00

100.00

Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO Fe2O3 LOI

C
o

n
c
e

n
tr

a
ti
o

n
 (

w
t 
%

)

Bulk Silt Clay

0.01

0.10

1.00

10.00

100.00

Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO Fe2O3 LOI

C
o

n
c
e

n
tr

a
ti
o

n
 (

w
t 
%

)

Bulk Silt Clay

0.01

0.10

1.00

10.00

100.00

Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO Fe2O3 LOI

C
o

n
c
e

n
tr

a
ti
o

n
 (

w
t 
%

)

Bulk Silt Clay



262 
 

The most dominant major oxides, SiO2 and Al2O3 have two major trends with decreasing 

particle size. The first trend is an increasing Al2O3 and a decreasing SiO2 with decreasing 

particle size, observed in DBB, EDK 02 and YTK 02A. This is the normal trend because Al2O3 

is more concentrated in the < 2 µm fraction due to the presence of clay minerals, and there is 

an inverse relationship between SiO2 and Al2O3. The second trend is lower Al2O3 in the silt 

fraction and a higher SiO2 in the silt fraction compared to other fractions. This trend was 

observed in BKL 03, LBB 02 and MSL II 02. The higher concentration of SiO2 in the silt 

fractions of these samples indicates reworking of the kaolins (Nagarajan et al., 2013). 

The concentration of Na2O increased with decreasing particle size, this is due to the increase 

in smectite in the < 2 µm fraction. Logbaba were the only ones in which Na2O was more 

abundant in the silt fraction. This is consistent with a gradual transformation of smectite into 

kaolinite (Amouric and Olives, 1998). The concentration of CaO and K2O were highest in silt 

fractions and lowest in < 2 µm fractions. The high CaO in silt fractions also suggests the 

transformation of smectite to kaolinite because both the Ca- and Na-rich smectite were 

identified in the samples. 

However, the high K2O concentrations in silt fractions suggest the transformation of illite to 

kaolinite resulting from K+ dissolution (Lanson et al., 2002). It should be noted that K-feldspars 

and micas were not detected in these samples, except in Ediki samples, where microcline 

occurred as minor to major mineral.  Therefore, the main source of K2O in the other samples 

would be due to the presence of illite. 

There was no preferred variation in the concentration of TiO2 according to decreasing particle 

sizes. However, second cycle sediments (BKL 03, LBB 02 and MSL II 02) had a high TiO2 

concentration in their silt fractions. The concentration of Fe2O3 was generally higher in < 2 µm 

fractions, due to the concentration of goethite in this size fraction. The loss on ignition was 

highest in the < 2 µm fraction due to more presence of hydrous aluminosilicates in this size 

fraction. 

 

7.4.3 Potential applications of Cretaceous-Tertiary kaolins of the Douala Sub-

Basin 

World known and exploited kaolins are the Cornwall (England), Capim River (Brazil), Georgia 

(USA) and Cape York Peninsula (Australia). One of the common characteristics among these 

kaolin deposits is their location in Cretaceous-Tertiary sedimentary basins, next to granitic 

rocks (Harvey and Murray, 1997). These kaolins are exploited for various industrial 

applications including paper coating, paper filler, ceramics, soap, pharmaceutics and 
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cosmetics. Therefore, the chemical and physico-chemical characteristics of the Cretaceous-

Tertiary kaolins were compared to standards (Prasad et al., 1991) set for paper coating, paper 

filler, ceramics, pharmaceutics and cosmetics (Table 7.2). 

The ranges of major oxides and LOI do not correspond to the standards in Table 7.2, except 

the recommended values for CaO in kaolins to be used in pharmaceutics and cosmetics. 

However, Dibamba, Logbaba and Missole II kaolins’ clay fractions fall in the ranges set for 

major oxides to be used for paper coating, paper filler, ceramics, pharmaceutics and 

cosmetics. Therefore, in order for these kaolins to be used for any of these applications, 

particle size separation must be carried out to obtain the < 2 µm fraction.  

Table 7.2: Chemical composition ranges of Cretaceous-Tertiary kaolins of the Douala Sub-

Basin compared with standard chemical composition ranges for different applications  

Chemical 

composition 

Paper 

coating* 

Paper 

filler* 
Ceramics* 

Pharmaceutics 

and cosmetics* 
Bulk Clay 

SiO2 45–49 46–48  48-50 44.6–46.4 46.87-87.88 36.99-54.70 

Al2O3 36-38 37-38 36-38 38.1–39.5 9.14-32.90 18.24-38.21 

TiO2 0.5-1.3 0.5–1.5  0.02-0.1 0-1.4 0.18-3.70 0.20-3.21 

Fe2O3 0.5-1.0 0.5-1.0 0.6-1 0.1-.02 0.58-11.26 1.41-14.34 

MnO - - - - 0.00-0.01 0.00-0.02 

MgO - - - 0.1-0.2 0.07-1.57 0.07-1.83 

CaO - - - 0.1-0.2 0.01-0.09 0.01-0.11 

Na2O - - - 0-0.1 0.00-0.13 0.27-1.61 

K2O 0.5-1.5 0.5-1.5 1.2-2.7 0-0.2 0.04-8.09 0.06-7.55 

P2O5 - - - - 0.06-0.93 0.21-7.56 

LOI - - 11.2-12.5 13.8-13.9 1.21-9.68 6.80-14.57 

*Standards from Prasad et al. (1991) 

In general, the presence of impurities in kaolin usually hinders its potential uses in industries. 

Such impurities include the presence of Fe2O3 and TiO2. The relatively high Fe2O3 averages 

in Cretaceous-Tertiary kaolins of the Douala Sub-Basin are caused by intense oxidation of 

iron-bearing silicate minerals (Ariffin et al., 2008). High titania in kaolins also reduces their 

quality. In Cretaceous-Tertiary kaolins of the Douala sub-basin, iron oxides are found in 

goethite and hematite; whereas titanium oxide is found in anatase. Though these impurities 

are present in the studied kaolins, it is to be noted that some of their characteristics could be 

useful for specific industries. For example, the low moisture content indicates that the samples 

are very dry. This characteristic makes the kaolins suitable for use as paint fillers and for soap 

production, which should not exceed 2% (Ariffin et al., 2008; Aja and Randy, 2013).  
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Moreover, pH and EC of kaolins are used to detect impurities and salts. High EC values of 

Missole I kaolin correspond to the presence of SO3 in these kaolins. Therefore, unlike other 

deposits which have low EC values, Missole I kaolin cannot be used for ceramics because the 

presence of salts will lead to the formation of blisters. 

 

7.5 Synopsis 

A diagnostic evaluation of Cretaceous-Tertiary kaolins of the Douala Sub-Basin was carried 

out. The evaluation involved the determination of physical and physico-chemical properties of 

studied kaolins, which are as follows: 

 The particle size distribution and texture of the kaolins showed that the studied kaolins 

are very rich in sands, with textures varying from clay to sandy loam, with 50% of the 

samples having a sandy loamy clay or sandy loam texture. The colour of the samples 

varied considerably. The different colours identified were: dark grey, light grey, light 

greenish grey, grey, light reddish brown, pale green, pink, pinkish white, reddish 

yellow, brownish yellow, yellow and white; with the most dominant colour being light 

reddish brown (15% of samples). The moisture content was generally very low (< 2 wt 

%) in all size fractions, except in Yatchika samples (moisture content > 2 wt %). 

 The kaolins are generally acidic, with a pH (KCl) varying between 3.06 and 3.81, 

except in Missole I samples, which had a pH (KCl) < 2. The EC generally varied 

between 20 to ~ 50 µS/cm, except Dibamba and MSL II 01 samples having EC values 

in the interval 50 µS/cm < EC < 80 µS/cm; and Missole I samples having an EC > 7500 

µS/cm. 

 The physical and physico-chemical characteristics of studied kaolins showed that the 

kaolins have an acidic parent rock from which feldspars and/or micas altered to form 

the kaolins. There is reworking and continuous weathering of the kaolins leading to low 

pH and whitening of some of the kaolins. The environment of formation/deposition 

varied from euxenic/dysoxic to oxic. 

 The particle size greatly influenced the mineralogy and geochemistry of the kaolins 

because the finer particles (< 2 µm) have higher amounts of kaolinite and Al2O3. But in 

general, the geochemical composition of samples did not vary much with change of 

particle size because particle size reduction is a physical process which has little or no 

change on the chemical composition. 

 The moisture content of the kaolins makes them suitable as paint fillers and in soap 

production. Paper coating, paper filler, ceramics, pharmaceutics and cosmetics are 
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potential applications for the kaolins, though particle size reduction and beneficiation 

will give them a higher quality. 

Validation of hypothesis: The physical and physico-chemical properties of studied 

Cretaceous-Tertiary kaolin clearly identified their potential uses. 
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CHAPTER 8 

CONCLUSIONS AND RECOMMENDATIONS 
 

8.1 CONCLUSIONS 

Conclusions drawn from this research are as follows: 

A) The mineralogical and geochemical characterisations led to the following conclusions: 

 Cretaceous-Tertiary kaolins of the Douala Sub-Basin are hosted by sandstone 

deposits and occur as layers of sandy and clayey kaolins of 1 mm to 5 m thick. 

 The mineralogical characterisation showed that quartz and kaolinite were the most 

dominant mineral phases in bulk and silt fractions; whereas kaolinite was the major 

mineral phase in clay fractions, with Dibamba, Logbaba and Missole II kaolins, and 

Ediki kaolin containing the least amount of kaolinite. Other mineral phases identified 

were: smectite and/or illite (minor phases), anatase and rutile (minor or trace phases), 

and goethite and hematite (as trace phases). The kaolins exhibited four main 

morphologies, namely; thin platy or pseudo-hexagonal particles or flakes, books or 

stacks of kaolinite and swirl texture. Based on the kaolinite’s structure, Dibamba, 

Logbaba and Missole II were well-ordered; Bomkoul and part of Yatchika kaolins have 

partially to well-ordered; and Ediki and Missole I kaolins have poorly ordered or 

disordered. Dehydroxylation temperatures in all the kaolins occurred below 570 oC (as 

in Georgia Kaolin), and exothermic peak temperatures occurred between 943-988oC. 

 The geochemistry generally confirmed that silica and alumina were the most dominant 

major oxides. Due to the presence of illite and smectite, and probable femic minerals 

in some kaolins (Ediki, Yatchika and Missole I), potassium and magnesium oxides 

were relatively higher in these kaolins. Possible inferred source rocks of these kaolins 

vary between rhyolite/granite and rhyolite/granite + basalt, which have undergone 

moderate to extreme silicate weathering. An analysis of the geochemistry of 

Cretaceous-Tertiary kaolins of the Douala Sub-Basin suggest that kaolinisation 

occurred in a marine environment, except that of Logbaba kaolin, which was a non-

marine (probably lacustrine environment). 

 

In general, there was no great distinction between Cretaceous and Tertiary kaolins of the 

Douala Sub-Basin based on their mineralogy and geochemistry. The best kaolins in terms 

of these characteristics, and in comparison with the Georgia Kaolins (known for their high 

kaolinite quality), are the Dibamba (Tertiary), Logbaba (Cretaceous) and Missole II 

(Tertiary) kaolins. Based on their compositional maturity and mineralogical 
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characteristics, these three kaolins are believed to be second cycle sediments; unlike 

Bomkoul, Yatchika and Ediki kaolins, which are believed to be first cycle sediments. 

 

B) Trace elements and stable isotopes composition showed that Cretaceous-Tertiary kaolins 

in the Douala Sub-Basin were mainly derived from felsic rocks. Sediment sorting and 

recycling were evident in Bomkoul, Dibamba and Logbaba kaolins. Kaolinisation during 

the Cretaceous occurred in an anoxic reducing environment, which became oxic during 

the Tertiary. The temperatures were 26.58oC ± 9.65oC during the Cretaceous and 29.40oC 

± 7.22oC during the Tertiary. The mean isotopic composition of the meteoric water during 

the Cretaceous was -5.15 and -31.67‰, for δ18OW and δDW, respectively and -4.44 and 

-26.24‰, for δ18OW and δDW, respectively during the Tertiary; present day mean isotopic 

composition of meteoric water in Douala is -3.09 and -10.22‰ for δ18OW and δDW, 

respectively. Therefore, Douala had a cooler and humid climate during the Cretaceous, 

and the climate is gradually becoming hotter but more humid. 

 

C) The ages of zircons in Cretaceous-Tertiary kaolins suggested that the zircons formed 

during two main tectonic events: the Eburnean orogeny, during which older zircons 

crystallised and the Pan-African orogeny, during which younger zircons crystallised. The 

main identified sources of these zircons are the Archean Ntem Complex, the 

Paleoproterozoic Nyong Group and the Neoproterozoic Yaounde Group. The maximum 

depositional ages of the kaolins varied between 588 ± 2 Ma and 612 ± 2 Ma. However, 

the glacial climate during the Neoproterozoic was not favourable for kaolinisation. 

Therefore, Neoproterozoic primary materials altered in a humid climate to form kaolins in 

the Douala Sub-Basin during Cretaceous and Tertiary Periods. 

 

D) According to the diagnostic evaluation, Cretaceous-Tertiary kaolins of the Douala Sub-

Basin are rich in sands, with 50% of the samples having a sandy loamy clay or sandy 

loam texture. The most dominant colour of the kaolins was reddish brown (15% of 

kaolins); other occurring colours in the kaolins were dark grey, light grey, light greenish 

grey, grey, light reddish brown, pale green, pink, pinkish white, reddish yellow, brownish 

yellow, yellow and white. The pH(KCl) mostly varied between 3.06 and 3.81; rendering the 

kaolins acidic. The EC generally varied between 20 to ~ 80 µS/cm, with an inverse 

relationship existing between pH and EC. The physical and physico-chemical 

characteristics of the kaolins also confirmed that they altered from acidic parent rocks in 

a euxenic/dysoxic to oxic environment, and there is reworking and continuous weathering 

of the kaolins leading to low pH and whitening of some of the kaolins. The particle size 

greatly influenced the mineralogy and geochemistry of the kaolins because the finer 
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particles (< 2 µm) have higher amounts of kaolinite and Al2O3. Paper coating, paper filler, 

ceramics, pharmaceutics, cosmetics, bricks, pottery and stoneware manufacturing are 

potential applications for the kaolins, though particle size reduction and beneficiation will 

give them a higher quality.  

 

8.2 RECOMMENDATIONS 

Though this research on the paleoenvironmental reconstruction of Cretaceous-Tertiary kaolins 

of the Douala Sub-Basin in Cameroon filled identified gaps in the body of knowledge of Clays 

and Clay Mineral and on Gondwana, it also gave room for future research. The following are 

recommendations for future research: 

 Further characterisation of Cretaceous-Tertiary kaolins in the Douala Sub-Basin should 

be carried out to confirm the order-disorder in kaolinites, using 27Al and 29Si magic-angle-

spinning nuclear magnetic resonance (MASNMR) spectroscopy or other novel technique. 

Titanium and iron, which were the main impurities in the kaolins, should be better 

characterised using Raman and Mössbauer spectroscopies, as this will be critical in 

determining kaolin processing strategies. 

 

 Stable isotopes of African kaolinites of all ages should be investigated to reconstruct 

African paleoclimates through the geologic time scale. 

 

 The U-Pb LA-SF-ICPMS of other accessory minerals in kaolins, such as rutile and apatite, 

should be carried out to complement the results obtained from the U-Pb LA-SF-ICPMS of 

zircons. Moreover, potassium-argon (K-Ar) dating of illites present in Cretaceous-Tertiary 

Formations of the Douala Sub-Basin should be carried out to better constrain the 

deposition age of the sediments. 

 

 Beneficiation of the kaolin deposits should be carried out to improve their quality for 

industrial uses. Dibamba, Logbaba and Missole II kaolins, which might not require 

beneficiation could be used in a wide range of industries. However, because these kaolin 

deposits are not big and extensive, they cannot be recommended for large scale industrial 

applications; but they can be used for bricks, pottery and stoneware manufacturing. 
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APPENDICES 
 

Appendix 3.1: Replicate samples analyses of Serina Standard 

 A B C  

Sample Bulk Serina kao 1  Bulk Serina kao 2 Bulk Serina kao 3 Mean 

dD raw (‰) -61.6 -62.8 -64.0  

d D cor (‰) -54.5 -55.8 -56.9  

dD corr2 (‰) -55.5 -56.8 -57.9  

dD corr3 (‰) -57.4 -58.7 -59.9 -58.1 

dD corr4 (‰) -56.3 -57.6 -58.8 -57.0 

Wt sample 15.34 15.13 15.87  

P 38.3 37.3 39.4  

Mass 2 V 4.264 4.316 4.646  

mg water 1.83 1.85 1.99  

wt.% water 11.93 12.24 12.56  

  



II 
 

Appendix 4.1: Results in wt% of quantitative analysis of minerals identified in bulk samples 

 Kaolinite Illite Smectite Quartz Microcline Anatase Rutile Goethite Hematite Total 

BKL 01 55.82 3.84 2.52 35.76 - 1.3 0.6 0.15 - 99.99 

BKL 02 57.64 3.31 6.3 30.96 - 1.68 0.14 - - 100.03 

BKL 03 28.4 1.16 12.9 54.43 - 0.52 0.86 1.67 - 99.94 

DBB 53.5 2.5 5.92 36.83 - 1 - 0.23 - 99.98 

DBB CN 01 14.15 6.39 4.9 73.4 - 1.11 - - - 99.95 

DBB CN 02 8.49 2.7 3.78 84.95 - 0.07 - - - 99.99 

EDK 01 15.6 12.24 35.53 32.4 - 2.14 2.15 - - 100.06 

EDK 02 24.77 4.44 9.56 32.08 27.61 0.41 0.35 0.79 - 100.01 

EDK 03 12.91 9.94 38.07 20.76 14.53 1.71 2.12 - - 100.04 

LBB 01 50.23 3.11 1.99 42.53 - 1.76 0.39 - - 100.01 

LBB 02 53.8 1.08 8.2 32.99 - 1.82 - 2.1 - 99.99 

LBB 03 40.5 1.5 3.95 51.66 - 1.47 - 0.89 - 99.97 

MSL I 01 11.51 0.86 7.4 79.4 - 0.16 - 0.71 - 100.04 

MSL I 02 5.28 2.5 3.47 88.19 - 0.57 - - - 100.01 

MSL II 01 52.43 2.73 3.66 38.32 - 2.08 0.79 - - 100.01 

MSL II 02 55.9 4.51 5.64 32.16 - 1.79 - - - 100 

YTK 01 41.5 5.15 8.71 40.86 - 0.61 0.07 2.66 0.42 99.98 

YTK 02A 15.93 4.97 31.23 40.75 - 1.4 0.24 5.09 0.35 99.96 

YTK 02B 46.24 5.55 15.57 31.38 - 0.78 0.04 0.14 0.29 99.99 

YTK 03 58.43 4.78 2.77 26.14 - 1.55 0.1 3.21 3.01 99.99 

Min 5.28 0.86 1.99 20.76 0 0.07 0 0 0  

Max 58.43 12.24 38.07 88.19 27.61 2.14 2.15 5.09 3.01  

Mean 33.01 4.41 11.20 46.16 2.48 1.20 0.37 0.93 0.27  
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Appendix 4.2: Results in wt% of quantitative analysis of minerals identified in silt samples 

 
Kaolinite Illite Smectite Quartz Microcline Anatase Rutile Goethite Hematite 

BKL 03 3.95 1.4 4.85 87.49 0 0.06 2.24 0 0 

DBB 67.6 3.81 2.66 23.68 0 1.55 0.7 0 0 

EDK 02 27.77 4.78 7.57 26.72 32.02 1.03 0.11 0 0 

LBB 02 19.44 0.95 4.04 73.92 0 0.96 0.12 0.57 0 

MSL II 02 36.74 4.72 5.55 49.93 0 1.99 1.08 0 0 

YTK 02A 15.59 5.6 40.55 31.02 0 1.75 1.33 3.21 0.9 

Mean 28.52 3.54 10.87 48.79 5.34 1.22 0.93 0.63 0.15 
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Appendix 4.3: Results in wt% of quantitative analysis of minerals identified in < 2 µm samples  

 Kaolinite Illite Smectite Quartz Microcline Anatase Goethite Hematite Rutile Total 

BKL 01 88.45 3.77 4.48 - - 2.52 - - 0.78 100 

BKL 02 88.73 3.6 4.06 - - 2.83 - - 0.78 100 

BKL 03 81.6 3.74 10.44 0.76 - 2.49 - - 0.96 100 

DBB 90.61 2.91 2.95 - - 2.72 - - 0.82 100 

DBB CN 01 92.17 1.97 2.29 - - 2.8 - - 0.77 100 

DBB CN 02 88.94 2.49 4.84 - - 2.8 - - 0.93 100 

EDK 01 41 14.34 39.67 2.32 - 1.4 - - 1.24 100 

EDK 02 63.4 9.69 23.39 1.17 - 0.42 - - 1.97 100 

EDK 03 8.00 21.9 41.6 6.07 16.03 2.90 - - 3.5 100 

LBB 01 90.43 2.54 3.23 - - 3.05 - - 0.76 100 

LBB 02 90.33 4.1 1.61 - - 3.07 - - 0.89 100 

LBB 03 91.14 2 2.9 - - 3.19 - - 0.77 100 

MSL I 01 58.5 2.6 16.84 20.16 - 1.1 - - 0.75 100 

MSL I 02 31.3 0.9 9.98 57 - 0.1 0.23 - 0.5 100 

MSL II 01 87.33 4.94 2.71 0.05 - 4.28 - - 0.69 100 

MSL II 02 85.87 6.18 3.05 0.34 - 3.81 - - 0.74 100 

YTK 01 83.3 - 4.39 0.77 - 1.79 8.42 0.69 0.68 100 

YTK 02A 11.91 - 20.48 16.3 - 0.94 48.7 1.69 - 100 

YTK 02B 84.07 2.08 10.47 - - 0.85 - 1.93 0.62 100 

YTK 03 87.46 4.06 4.33 0.16 - 2.4 - 0.7 0.89 100 

Min 8 0 1.61 0 0 0.1 0 0 0  

Max 92.17 21.9 41.6 57 16.03 4.28 48.7 1.93 3.5  

Mean 72.23 4.69 10.69 5.26 0.80 2.27 2.87 0.25 0.95  
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Appendix 4.4: Position and assignment of transmittance bands (cm-1) in the IR spectra < 2 µm fractions of Bomkoul, Dibamba and Ediki 

samples 

KGa-
1b 

KGa-2 BKL 
01 

BKL 
02 

BKL 
03 

DBB DBB 
CN 01 

DBB 
CN 02 

EDK 
01 

EDK 
02 

EDK 
03 

Assignment 

3689 3691 3690 3690 3690 3688 3690 3688 3586 3684 3688 OH stretching of inner-surface hydroxyl 
groups 

3669 - 3665 3667 - 3667 3667 3667 3665 3667 - OH stretching of inner-surface hydroxyl 
groups 

3651 3650 3649 3649 3647 3651 3649 3651 3647 3647 3645 OH stretching of inner-surface hydroxyl 
groups 

3619 3619 3621 3619 3618 3619 3621 3619 3619 3619 3619 OH stretching of inner hydroxyl groups 

3457 3442 - - 3439  - 3435 3431 - - - OH stretching of water 

3426  - 3435 3431  - 3433 - - 3425 - 3421 Smectite 

1635 1630 1636 1634 1634 1640 1640 1634 1636 1636 1636 OH deformation of water 

1115 1114 1114 1114 1114 1114 1114 1114 1114 1114 1111 Si–O stretching (longitudinal mode) 

1102 1105 - - - - - - - - - perpendicular Si–O stretching 

1027 1028 1024 1026 1026 1024 1026 1026 1024 1022 - in-plane Si–O stretching 

1005 1004 997 999 999 997 997 997 991 993 983 in-plane Si–O stretching 

937 935 934 934 936 934 934 934 934 932 - OH deformation of inner-surface 
hydroxyl group 

912 912 910 910 910 910 908 910 908 908 908 OH deformation of inner hydroxyl 
groups 

788 789 789 790 791 791 790 790 790 790 790 Si–O 

751 750 747 748 749 747 749 749 749 747 750 Si–O, perpendicular 

681 684 683 679 681 683 681 687 681 681 687 Si–O, perpendicular 

645 641 640 640 636 636 636 638 - 636 - Si–O 

541 540 522 526 518 524 538 538 530 522 514 Al–O–Si deformation 

472 470 473 477 473 473 465 469 473 469 467 Si–O–Si deformation 

432 430 430 420 424 426 430 426 428 434 432 Si–O deformation 

(–) not detected 
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Appendix 4.5: Position and assignment of transmittance bands (cm-1) in the IR spectra of < 2 µm fractions of Logbaba and Missole I samples 

KGa-1b KGa-2 LBB 01 LBB 02 LBB 03 MSL I 01 MSL I 02 Assignment 

3689 3691 3690 3690 3690 3692 3694 OH stretching of inner-surface hydroxyl groups 

3669 - 3667 3665 3665 - - OH stretching of inner-surface hydroxyl groups 

3651 3650 3649 3647 3649 3649 3651 OH stretching of inner-surface hydroxyl groups 

3619 3619 3621 3621 3621 3621 3619 OH stretching of inner hydroxyl groups 

3457 3442 3443 3445 3443 - - OH stretching of water 

3426 - - - - - - Smectite 

1635 1630 1636 1640 1634 1624 1624 OH deformation of water 

1115 1114 1114 1114 1114 1114 1114 Si–O stretching (longitudinal mode) 

1102 1105 - - - - 1097 perpendicular Si–O stretching 

1027 1028 1024 1024 1026 1026 1028 in-plane Si–O stretching 

1005 1004 997 997 997 1002 1002 in-plane Si–O stretching 

937 935 934 930 934 934 932 OH deformation of inner-surface hydroxyl group 

912 912 910 910 910 910 912 OH deformation of inner hydroxyl groups 

788 789 789 789 789 791 789 Si–O 

751 750 749 747 748 747 749 Si–O, perpendicular 

681 684 687 679 683 685 685 Si–O, perpendicular 

645 641 636 640 638 638 638 Si–O 

541 540 530 528 526 526 529 Al–O–Si deformation 

472 470 469 471 475 475 471 Si–O–Si deformation 

432 430 432 430 432 432 434 Si–O deformation 

(–) not detected  



VII 
 

Appendix 4.6: Position and assignment of transmittance bands (cm-1) in the IR spectra of Missole II and Yatchika samples 

KGa-1b KGa-2 MSL II 01 MSL II 02 YTK 01 YTK 02A YTK 02B YTK 03 Assignment 

3689 3691 3690 3690 3692 3694 3694 3692 OH stretching of inner-surface hydroxyl groups 

3669 - 3666 3667 3665 - - 3665 OH stretching of inner-surface hydroxyl groups 

3651 3650 3649 3649 3651 3647 
 

3649 OH stretching of inner-surface hydroxyl groups 

3619 3619 3619 3619 3621 3621 3620 3621 OH stretching of inner hydroxyl groups 

3457 3442 - - - - - - OH stretching of water 

3426 - - - 3433 3400 N 3421 Smectite 

1635 1630 1636 1630 1636 1630 1634 1636 OH deformation of water 

1115 1114 1114 1114 1114 1114 1118 1114 Si–O stretching (longitudinal mode) 

1102 1105 - - - - - - perpendicular Si–O stretching 

1027 1028 1024 1024 1026 1024 1026 1024 in-plane Si–O stretching 

1005 1004 997 997 1002 995 999 997 in-plane Si–O stretching 

937 935 928 926 932 934 - 932 OH deformation of inner-surface hydroxyl group 

912 912 910 910 910 908 908 910 OH deformation of inner hydroxyl groups 

788 789 789 789 793 793 793 791 Si–O 

751 750 746 747 749 749 747 749 Si–O, perpendicular 

681 684 681 677 681 685 681 677 Si–O, perpendicular 

645 641 640 638 - - - 636 Si–O 

541 540 526 526 524 518 522 520 Al–O–Si deformation 

472 470 469 471 471 475 - 471 Si–O–Si deformation 

432 430 432 434 430 430 426 426 Si–O deformation 

(–) not detected 
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Appendix 4.7:  Major oxides concentrations (wt %) of bulk kaolin samples 

 
Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO Fe2O3 LOI Total CIA CIW CNKM ICV 

BKL 01 0.03 0.20 30.18 49.01 0.12 0.11 0.56 0.07 2.08 0.01 8.47 8.72 99.55 97.86 99.69 0.86 0.38 

BKL 02 0.01 0.21 32.02 47.41 0.10 0.13 0.45 0.05 2.12 0.00 7.23 9.68 99.42 98.41 99.80 0.73 0.31 

BKL 03 0.13 0.54 22.51 60.21 0.16 0.11 2.30 0.08 1.90 0.00 6.84 4.72 99.49 89.97 99.08 3.05 0.52 

DBB 0.03 0.16 29.04 64.80 0.15 0.11 0.07 0.05 0.84 0.00 0.85 3.83 99.92 99.49 99.73 0.31 0.07 

DBB CN 01 0.00 0.13 21.78 71.73 0.93 0.15 0.08 0.09 0.27 0.00 0.58 3.42 99.15 99.19 99.57 0.30 0.05 

DBB CN 02 0.00 0.10 9.14 87.88 0.10 0.08 0.04 0.05 0.18 0.00 1.15 1.21 99.94 98.95 99.41 0.19 0.17 

EDK 01 0.07 1.08 25.93 54.83 0.09 0.03 7.71 0.04 1.58 0.00 2.68 5.51 99.56 76.82 99.58 8.91 0.51 

EDK 02 0.11 0.48 28.09 56.36 0.10 0.04 8.04 0.07 1.14 0.00 0.82 4.29 99.53 77.36 99.35 8.70 0.38 

EDK 03 0.06 1.57 25.87 53.46 0.15 0.05 8.09 0.05 1.58 0.01 4.32 4.29 99.50 75.93 99.58 9.77 0.61 

LBB 01 0.03 0.09 30.32 60.31 0.18 0.10 0.19 0.04 2.48 0.00 1.10 4.95 99.78 99.16 99.77 0.35 0.13 

LBB 02 0.03 0.09 32.28 58.45 0.18 0.15 0.18 0.04 2.46 0.00 1.07 4.87 99.81 99.20 99.77 0.35 0.12 

LBB 03 0.00 0.07 26.36 65.38 0.19 0.10 0.18 0.04 2.12 0.00 0.94 4.46 99.84 99.19 99.86 0.29 0.13 

MSL I 01 0.07 0.32 13.15 74.12 0.32 3.07 1.18 0.04 1.83 0.00 2.87 2.63 99.57 91.11 99.22 1.60 0.48 

MSL I 02 0.08 0.44 13.78 72.27 0.29 3.33 1.36 0.03 1.99 0.00 2.91 3.04 99.51 90.38 99.21 1.91 0.49 

MSL II 01 0.07 0.14 32.90 52.00 0.09 0.08 0.78 0.03 3.70 0.00 2.38 7.47 99.64 97.37 99.69 1.02 0.22 

MSL II 02 0.05 0.13 32.35 55.67 0.07 0.08 0.74 0.05 3.09 0.00 1.76 5.79 99.78 97.46 99.68 0.97 0.18 

YTK 01 0.08 0.60 29.83 50.53 0.24 0.18 0.52 0.03 1.57 0.00 7.73 8.06 99.37 97.93 99.64 1.23 0.35 

YTK 02A 0.07 0.87 25.50 54.55 0.08 0.11 1.40 0.03 1.71 0.01 7.44 7.72 99.51 94.42 99.60 2.38 0.45 

YTK 02 B 0.04 0.99 28.53 54.68 0.06 0.08 1.30 0.01 1.57 0.00 4.56 7.82 99.64 95.48 99.82 2.33 0.30 

YTK 03 0.04 0.41 28.98 46.87 0.08 0.16 0.72 0.03 1.93 0.00 11.26 9.02 99.51 97.36 99.76 1.20 0.50 
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Appendix 4.8: Major oxides concentrations (wt %) of silt fraction of kaolin samples 

 

 Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO Fe2O3 LOI Total CNKM CIA CIW 

BKL 03 0.43 0.28 9.86 75.18 0.90 0.04 3.33 0.29 1.70 0.00 5.65 1.81 99.48 4.33 70.89 93.23 

DBB 0.27 0.13 32.29 51.34 0.43 0.02 0.21 0.03 3.02 0.03 2.37 9.68 99.83 0.65 98.43 99.05 

EDK 02 0.27 0.25 26.30 57.39 0.44 0.01 8.27 0.14 1.59 0.00 0.52 4.18 99.36 8.93 75.19 98.48 

LBB 02 0.39 0.11 17.30 69.75 0.98 0.03 0.29 0.15 4.34 0.03 1.43 4.78 99.58 0.94 95.42 96.94 

MSL II 02 0.27 0.18 27.07 57.46 0.29 0.01 1.22 0.04 4.28 0.00 1.86 6.80 99.49 1.71 94.65 98.86 

YTK 02A 0.87 0.89 25.02 53.86 0.82 0.04 1.73 0.05 1.72 0.01 7.20 7.36 99.58 3.54 90.43 96.45 
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Appendix 4.9: Major oxides concentrations (wt %) of < 2 µm fraction of kaolin samples 

 
Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO Fe2O3 LOI TOTAL CIA CIW ICV CNKM 

BKL 01 0.27 0.14 34.84 40.34 0.54 0.06 0.27 0.04 1.88 0.00 7.27 14.14 99.79 98.35 99.11 0.28 0.72 

BKL 02 0.27 0.12 35.83 41.76 0.49 0.05 0.28 0.02 2.03 0.00 5.64 13.03 99.54 98.43 99.18 0.23 0.69 

BKL 03 0.78 0.72 30.19 43.05 0.92 0.06 0.95 0.06 1.70 0.00 9.02 12.22 99.68 94.39 97.28 0.44 2.52 

DBB 0.35 0.14 38.02 44.67 0.55 0.06 0.07 0.01 0.67 0.00 1.62 13.74 99.88 98.88 99.06 0.07 0.57 

DBB CN 01 0.48 0.14 37.27 42.18 2.04 0.14 0.10 0.11 0.20 0.00 1.41 13.82 97.89 98.19 98.45 0.07 0.83 

DBB CN 02 0.38 0.12 36.68 42.34 0.68 0.07 0.06 0.03 0.38 0.00 5.71 13.46 99.89 98.76 98.92 0.18 0.58 

EDK 01 0.59 1.33 29.06 48.24 0.37 0.04 6.28 0.02 1.74 0.01 4.17 7.76 99.61 80.83 97.95 0.49 8.22 

EDK 02 0.48 0.79 33.78 47.46 0.30 0.05 5.09 0.02 1.11 0.00 2.60 8.14 99.83 85.79 98.54 0.30 6.39 

EDK 03 0.71 1.83 26.42 48.61 0.52 0.03 7.55 0.04 1.53 0.01 5.63 6.80 99.68 76.11 97.24 0.65 10.12 

LBB 01 0.28 0.07 37.91 42.39 0.58 0.10 0.20 0.02 2.12 0.00 1.51 14.57 99.76 98.70 99.22 0.11 0.57 

LBB 02 0.31 0.07 38.21 42.60 0.62 0.08 0.21 0.02 2.22 0.00 1.48 14.01 99.82 98.62 99.15 0.11 0.60 

LBB 03 0.35 0.07 37.82 42.66 0.62 0.07 0.21 0.01 2.22 0.00 1.50 14.29 99.82 98.52 99.06 0.12 0.64 

MSL I 01 0.68 0.52 21.95 38.47 7.56 4.48 1.04 0.03 1.39 0.00 10.10 13.25 99.48 92.62 96.88 0.63 2.27 

MSL I 02 0.29 0.52 18.24 54.70 4.69 3.22 1.30 0.03 2.09 0.00 5.95 8.30 99.34 91.82 98.26 0.56 2.15 

MSL II 01 0.31 0.14 36.12 42.74 0.27 0.05 0.89 0.01 3.21 0.00 2.91 12.70 99.35 96.78 99.13 0.21 1.35 

MSL II 02 0.28 0.13 36.23 43.04 0.21 0.05 1.01 0.01 3.20 0.00 2.68 12.96 99.79 96.53 99.20 0.20 1.43 

MSL II 03* 0.30 0.12 36.20 43.14 0.26 0.04 0.91 0.01 3.17 0.00 2.92 12.80 99.88 96.75 99.16 0.52 1.33 

YTK 01 0.57 0.41 31.01 36.99 1.31 0.10 0.44 0.03 1.28 0.01 14.34 13.26 99.76 96.77 98.10 0.55 1.45 

YTK 02A 0.99 0.87 29.80 42.15 1.70 0.09 0.86 0.02 1.35 0.01 10.80 11.23 99.87 94.08 96.72 0.50 2.74 

YTK 02B 1.61 0.98 29.49 43.97 4.47 0.11 0.70 0.02 0.85 0.00 7.89 9.75 99.84 92.65 94.74 0.41 3.31 

YTK 03 0.45 0.36 32.89 41.21 0.51 0.09 0.69 0.02 1.97 0.00 9.18 12.50 99.86 96.62 98.62 0.38 1.51 

TK* - - 39.80 46.30 - - - - - - - 13.90 100.00 - - 
 

- 

*MSL 03: Duplicate sample; TK: Theoretical kaolin (Deer et al., 1992) 
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Appendix 5.1: Rare earth elements concentrations (ppm) in bulk samples 

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

BKL 01 3.12 nd 185.67 nd nd nd 25.58 nd 14.25 nd 5544.71 nd 0.59 1.56 

BKL 02 44.26 nd 181.87 13.14 nd nd 32.66 nd 36.34 nd 6155.78 nd 2.51 1.93 

BKL 03 24.22 nd 140.21 10.04 nd 2.17 29.15 nd 313.31 nd 8182.36 nd 1.97 1.38 

DBB 31.72 69.19 0.00 7.73 nd 0.79 6.54 nd 9.71 nd 565.03 0.20 nd nd 

DBB CN 01 207.58 468.39 25.75 114.97 nd 3.39 18.36 nd 15.37 nd 230.14 1.40 0.40 nd 

DBB CN 02 12.53 27.86 nd nd nd 0.40 5.37 nd 3.18 nd 246.32 1.19 nd nd 

EDK 01 3.58 nd 61.11 nd nd 0.20 12.74 nd 11.15 nd 4042.60 0.00 0.20 nd 

EDK 02 44.13 84.27 7.79 24.76 nd 1.60 10.18 nd 28.15 nd 1427.72 0.20 0.80 nd 

EDK 03 88.87 109.57 90.23 59.18 nd 2.34 25.98 nd 35.35 nd 3401.37 0.39 2.54 2.54 

LBB 01 34.33 46.37 11.44 10.46 nd 0.79 9.67 nd 19.34 nd 5801.10 nd 0.59 nd 

LBB 02 28.10 50.93 nd 5.02 nd 0.75 10.79 nd 10.04 nd 3913.70 nd 0.25 nd 

LBB 03 25.52 31.36 6.82 5.06 nd 0.58 8.57 nd 11.10 nd 4411.76 nd 0.19 nd 

MSL I 01 314.82 800.99 372.70 406.14 nd 14.67 93.08 nd 55.14 nd 3959.72 nd 5.67 2.35 

MSL I 02 254.56 711.50 251.59 289.68 nd 8.93 70.83 nd 48.81 nd 4553.57 nd 4.76 2.38 

MSL II 01 30.13 nd 40.10 nd nd 1.96 16.04 nd 379.50 nd 6905.32 nd nd 0.20 

MSL II 02 21.45 nd 15.99 nd nd 1.56 10.73 nd 370.32 nd 4290.17 nd nd nd 

YTK 01 63.18 nd 367.98 11.31 nd nd 53.24 nd 24.18 nd 2808.11 nd 1.76 nd 

YTK 02A 34.54 2.18 106.23 9.19 nd nd 19.77 nd 20.37 nd 3224.84 nd 1.40 2.00 

YTK 02B 48.98 99.92 73.67 14.50 nd nd 17.24 nd 25.67 nd 3221.00 nd 1.57 1.96 

YTK 03 14.19 nd 283.21 nd nd nd 38.43 nd 12.81 nd 5015.77 nd 1.38 nd 

nd: not detected 



XII 
 

 

 

Appendix 5.2: Rare earth elements concentrations (ppm) in silt samples 

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

BKL 03 6.79 nd 59.93 nd nd nd 13.18 nd 4.59 nd 3106.27 nd 1.00 0.60 

DBB 56.28 73.79 57.65 25.19 nd 0.98 17.71 nd 30.70 nd 7802.05 nd 1.18 0.59 

EDK 02 45.40 92.78 2.58 27.95 nd 1.78 10.11 nd 36.88 nd 2388.98 nd 0.79 nd 

LBB 02 31.78 34.33 25.50 15.10 nd 0.98 13.93 nd 14.12 nd 8581.80 nd 0.98 nd 

MSL II 02 14.42 nd 29.83 0.00 nd 0.40 12.45 nd 16.40 nd 7042.67 nd 0.99 0.40 

YTK 02A 33.43 nd 132.71 5.17 nd nd 24.87 nd 27.46 nd 4058.89 nd 1.59 2.79 

 

nd: not detected 

  



XIII 
 

Appendix 5.3: Rare earth elements concentrations (ppm) in < 2 µm fraction of kaolin samples 

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

BKL 01 36.18 0.00 152.88 10.54 nd nd 24.06 nd 43.94 nd 5188.87 nd 1.59 2.98 

BKL 02 63.47 38.32 143.31 30.14 nd 1.40 26.55 nd 48.70 nd 6317.37 nd 2.79 2.40 

BKL 03 47.79 0.00 202.11 26.09 nd nd 34.65 nd 42.81 nd 5029.87 nd 4.38 2.59 

DBB 26.49 46.36 22.79 0.00 nd 0.58 9.74 nd 25.71 nd 1121.93 nd 0.78 0.97 

DBB CN 01 1257.49 2395.21 188.22 578.84 nd 15.17 81.44 nd 72.85 nd 469.06 1.80 2.79 0.20 

DBB CN 02 116.58 160.82 126.54 37.27 nd 0.40 23.52 nd 44.44 nd 1119.97 1.00 0.80 2.19 

EDK 01 27.17 nd 93.70 13.58 nd 0.59 21.06 nd 36.22 nd 4753.94 nd 1.18 1.97 

EDK 02 3.95 nd 51.58 0.00 nd nd 13.83 nd 37.55 nd 2994.07 1.58 0.59 0.59 

EDK 03 62.62 24.42 137.46 36.83 nd 0.98 29.54 nd 39.78 nd 4302.88 0.98 1.38 2.76 

LBB 01 62.48 91.67 29.97 29.39 nd 1.75 14.99 nd 50.21 nd 5975.09 nd 0.78 0.39 

LBB 02 54.19 77.39 29.43 28.46 nd 1.56 14.42 nd 15.59 nd 5838.21 nd 0.58 nd 

LBB 03 57.31 86.25 29.54 29.15 nd 1.77 14.18 nd 36.83 nd 5848.76 nd 0.59 nd 

MSL II 01  31.61 28.65 54.38 3.73 nd nd 14.92 nd 50.26 nd 8441.30 nd 0.59 0.39 

MSL II 02 38.17 12.59 50.18 7.08 nd nd 11.02 nd 45.26 nd 8638.33 nd 0.59 0.39 

YTK 01 64.21 nd 316.50 22.47 nd nd 45.53 nd 39.96 nd 3121.27 nd 1.59 nd 

YTK 02A 65.89 nd 235.62 24.36 nd nd 35.54 nd 20.97 nd 764.78 2.00 1.60 0.80 

YTK 02B 44.49 26.74 114.92 9.18 nd nd 22.15 nd 36.31 nd 1167.20 1.20 1.20 1.20 

YTK 03 40.32 0.00 163.07 6.59 nd nd 24.55 nd 40.72 nd 5053.89 nd 1.40 2.00 

nd: Not detected 
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Appendix 5.4: Trace elements concentrations (ppm) in bulk samples 

Sample Rb Sr Ba Y Zr V Cr Co Ni Cu Zn Th Pb Sc 

BKL 01 11733.70 31.43 57.01 216.71 286.22 127.29 91.76 13.47 40.02 40.61 40.61 nd 50.96 0.20 

BKL 02 14814.46 52.96 56.24 270.78 300.35 144.76 99.73 14.11 37.88 35.18 52.38 18.55 61.27 12.18 

BKL 03 16345.02 73.65 172.71 2028.36 290.07 145.92 109.49 10.44 50.81 27.37 61.24 nd 46.28 11.42 

DBB 11449.25 9.71 7.53 38.66 42.03 16.26 12.49 nd 13.88 nd 19.83 nd 27.16 1.59 

DBB CN 01 12564.87 182.24 131.54 14.77 24.69 16.17 18.17 nd 24.55 nd 15.17 9.98 123.35 4.15 

DBB CN 02 8306.80 6.76 5.97 12.14 10.35 9.95 6.17 nd 22.48 nd 14.33 nd nd 0.80 

EDK 01 5965.37 27.87 228.30 208.60 91.36 103.70 94.15 17.91 17.71 34.24 78.82 nd 75.04 0.60 

EDK 02 15305.51 214.26 599.04 75.68 54.71 33.15 30.15 nd 36.14 nd 37.74 17.77 62.10 4.59 

EDK 03 11774.41 256.84 621.09 170.51 56.64 86.91 78.32 5.86 52.34 23.44 92.19 24.02 120.12 13.67 

LBB 01 13891.08 34.73 40.06 249.21 161.40 61.96 76.16 12.43 40.45 nd 34.33 13.02 55.84 5.92 

LBB 02 11527.85 24.59 29.35 173.11 97.34 49.17 55.69 6.77 26.59 3.26 48.67 nd 53.69 5.02 

LBB 03 13283.99 22.40 24.93 210.36 95.83 49.08 46.75 8.96 15.97 2.14 32.53 10.91 49.28 4.09 

MSL I 01 14450.53 48.69 105.79 275.32 213.41 263.59 247.14 12.51 36.57 54.36 57.29 53.58 77.63 17.95 

MSL I 02 23551.59 40.48 102.78 249.40 188.69 216.87 198.25 7.34 67.86 33.93 54.37 35.71 51.98 13.26 

MSL II 01 10406.89 37.56 62.99 428.40 89.01 213.03 172.73 23.87 39.52 nd 22.69 17.41 56.53 12.72 

MSL II 02 7819.81 26.13 45.83 336.00 77.03 144.89 118.17 15.41 34.71 nd 18.72 nd 43.10 9.56 

YTK 01 13367.78 21.26 49.34 126.17 130.07 70.01 52.26 4.88 61.43 66.69 51.09 nd 46.61 9.36 

YTK 02A 12040.73 26.36 71.88 139.58 142.41 66.29 42.33 5.79 52.12 13.78 48.12 nd 43.73 6.92 

YTK 02B 12061.13 26.45 69.95 145.77 122.65 63.48 51.72 5.29 50.35 5.29 46.83 nd 47.61 8.23 

YTK 03 10622.78 16.75 37.25 222.11 198.46 144.26 103.47 12.02 37.84 52.82 47.89 nd 47.50 5.12 

nd: Not detected 
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Appendix 5.5: Trace elements concentrations (ppm) in silt samples 

Sample Rb Sr Ba Y Zr V Cr Co Ni Cu Zn Th Pb Sc 

BKL 03 13134.24 52.34 176.79 146.82 120.85 55.93 49.14 3.40 30.76 4.79 26.17 nd 34.36 3.20 

DBB 12544.27 38.96 36.99 352.62 236.52 99.37 86.58 22.83 38.96 6.69 53.13 8.66 79.69 6.89 

EDK 02 20003.97 327.72 802.93 115.58 84.66 25.18 27.16 nd 41.83 14.67 28.15 16.26 83.07 3.37 

LBB 02 12602.98 46.10 46.88 418.99 261.28 105.14 183.41 24.91 68.85 1.57 50.02 19.62 76.89 9.61 

MSL II 02 9976.29 17.19 72.30 401.22 96.01 200.91 140.46 21.34 22.72 nd 24.69 24.69 60.65 11.85 

YTK 02A 16066.45 47.95 131.12 184.04 156.78 86.35 65.86 7.16 65.26 16.12 44.37 7.96 51.73 8.75 

 

nd: Not detected 
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Appendix 5.6: Trace elements concentrations (ppm) in < 2 µm fraction of kaolin samples 

Sample Rb Sr Ba Y Zr V Cr Co Ni Cu Zn Th Pb Sc 

BKL 01 11729.62 57.26 42.35 230.22 308.35 125.65 156.00 11.13 41.35 33.40 66.60 14.31 70.58 6.56 

BKL 02 13972.06 77.84 53.89 312.38 381.44 119.56 102.79 14.57 31.34 26.55 66.07 23.95 80.44 10.98 

BKL 03 11338.11 82.64 59.74 237.95 467.34 207.89 187.18 9.76 56.95 42.81 97.37 15.33 72.88 18.12 

DBB 21071.29 11.49 12.27 73.43 167.90 61.55 69.93 nd 42.07 7.60 58.24 nd 75.77 2.14 

DBB CN 01 13732.53 858.28 678.64 57.09 121.56 84.03 105.39 nd 37.72 4.19 48.10 70.66 538.92 14.57 

DBB CN 02 6514.55 92.07 34.68 49.62 113.19 119.57 101.43 nd 18.33 27.50 47.23 8.77 105.02 1.99 

EDK 01 14694.88 172.44 97.24 209.06 62.40 146.06 147.64 15.55 58.46 38.39 134.06 11.22 80.31 13.39 

EDK 02 14377.47 156.52 75.10 130.63 56.13 133.40 141.90 10.67 53.56 22.92 130.83 nd 82.21 7.11 

EDK 03 16689.64 212.49 374.16 194.56 50.81 143.95 137.65 13.19 64.59 43.13 145.53 22.65 169.16 16.15 

LBB 01 10325.03 75.32 94.39 312.18 218.18 115.22 160.57 16.54 34.64 3.89 63.45 27.44 98.09 7.79 

LBB 02 9522.42 75.44 185.19 293.18 206.04 115.79 149.32 15.98 30.80 9.16 54.19 24.76 93.57 5.07 

LBB 03 16394.25 72.47 89.41 299.33 211.50 108.51 144.35 15.75 38.01 7.29 66.36 28.16 95.51 6.50 

MSL II 01  12122.10 46.53 70.08 329.80 42.18 242.25 162.16 27.48 23.36 15.51 22.97 10.40 87.95 11.94 

MSL II 02 12249.11 54.11 87.56 364.03 48.41 237.50 196.77 24.60 33.06 11.61 19.48 9.05 79.10 6.10 

YTK 01 10516.90 50.30 89.26 161.23 114.71 123.06 92.64 7.95 34.79 58.65 53.88 17.30 89.86 8.35 

YTK 02A 66.29 22.56 33.95 46.73 8.39 86.06 73.48 7.39 18.37 54.71 81.27 12.58 59.11 9.38 

YTK 02B 828.01 16.76 33.72 55.07 7.58 81.60 97.77 8.18 26.54 36.51 57.66 10.77 48.88 8.18 

YTK 03 10227.54 37.52 49.70 222.36 152.50 103.59 95.81 9.98 40.12 26.35 61.68 8.38 70.26 13.17 

nd: Not detected 
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Appendix 6.1: Backscattered images of zircons in Bomkoul kaolin 
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Appendix 6.2: Backscattered images of zircons in Dibamba kaolin 
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Appendix 6.3: Backscattered images of zircons in Ediki kaolin 
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Appendix 6.4: Backscattered images of zircons in Logbaba kaolin 
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Appendix 6.5: Backscattered images of zircons in Missole kaolin 
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Appendix 6.6: Backscattered images of zircons in Yatchika kaolin 
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Appendix 6.7: Results of analyses of GJ1, PLES and M127 in Sequence 1 

      RATIOS AGES [Ma] 

Analysis 
Sampl

e 
U 

[ppm]a 
Pb 

[ppm]a 
Th/
Ua 

206/2
04 

207Pb/235

Ub 2 σd 

206Pb/238

Ub 2 σd rhoc 

207Pb/206

Pbe 2 σd 

207Pb/23

5U 
2 
σ 

206Pb/23

8U 
2 
σ 

207Pb/206

Pb 
2 
σ 

Conc.
% 

                    
A_112.FIN

2 M127 887 1075 0.54 -6000 0.6800 
0.01
60 0.0856 

0.00
07 

0.16
56 0.0580 

0.00
14 526 10 530 4 519 54 102 

A_220.FIN
2 M127 899 999 0.52 100 0.6740 

0.01
10 0.0849 

0.00
05 

0.25
40 0.0578 

0.00
10 523 7 525 3 516 37 102 

A_273.FIN
2 M127 875 958 0.52 

-
25000 0.6818 

0.00
92 0.0853 

0.00
06 

0.31
09 0.0581 

0.00
08 528 6 528 4 526 29 100 

A_056.FIN
2 M127 953 1063 0.51 

-
60000 0.6870 

0.01
10 0.0851 

0.00
05 

0.07
30 0.0582 

0.00
09 531 6 526 3 530 35 99 

A_383.FIN
2 M127 884 955 0.50 

-
21000 0.6860 

0.01
70 0.0852 

0.00
07 

0.24
15 0.0585 

0.00
14 530 10 527 4 541 51 97 

A_165.FIN
2 M127 616 826 0.54 700 0.6860 

0.01
30 0.0849 

0.00
08 

0.23
22 0.0585 

0.00
11 530 8 525 5 541 43 97 

A_328.FIN
2 M127 879 953 0.50 -1600 0.6841 

0.00
98 0.0849 

0.00
06 

0.38
55 0.0584 

0.00
08 529 6 525 4 541 29 97 

                    
GJ1_036.FI

N2 GJ1 4 263 23 0.03 -1800 0.8130 
0.01
70 0.0986 

0.00
07 

0.05
91 0.0595 

0.00
13 603 9 606 4 572 48 106 

GJ1_444.FI
N2 

GJ1 
29 285 25 0.03 120 0.8060 

0.01
30 0.0981 

0.00
06 

0.04
48 0.0594 

0.00
10 599 7 603 3 571 37 106 

GJ1_376.FI
N2 

GJ1 
25 294 27 0.03 -3000 0.8090 

0.01
30 0.0983 

0.00
06 

0.05
31 0.0596 

0.00
10 601 7 604 3 574 36 105 

GJ1_070.FI
N2 GJ1 6 290 26 0.03 -2100 0.8100 

0.01
50 0.0977 

0.00
05 

0.29
82 0.0597 

0.00
11 601 8 601 3 576 39 104 

GJ1_274.FI
N2 

GJ1 
19 279 26 0.03 -200 0.8100 

0.01
20 0.0983 

0.00
06 

0.16
50 0.0598 

0.00
09 602 7 604 3 584 33 103 

GJ1_377.FI
N2 

GJ1 
26 283 25 0.03 -4400 0.8130 

0.01
40 0.0980 

0.00
05 

0.08
36 0.0601 

0.00
10 604 8 603 3 587 38 103 

GJ1_308.FI
N2 

GJ1 
21 284 26 0.03 3500 0.8150 

0.01
30 0.0982 

0.00
05 

0.21
12 0.0601 

0.00
10 605 7 604 3 590 36 102 

GJ1_071.FI
N2 GJ1 7 289 24 0.03 -3700 0.8130 

0.01
30 0.0979 

0.00
06 

0.26
47 0.0600 

0.00
10 603 8 602 4 589 36 102 

GJ1_240.FI
N2 

GJ1 
17 289 26 0.03 100 0.8120 

0.01
30 0.0981 

0.00
06 

0.09
89 0.0600 

0.00
10 602 7 603 3 593 36 102 

GJ1_513.FI
N2 

GJ1 
34 294 26 0.03 -2900 0.8120 

0.01
60 0.0979 

0.00
06 

0.09
82 0.0603 

0.00
12 603 9 602 3 596 43 101 

GJ1_003.FI
N2 GJ1 3 282 26 0.03 8500 0.8080 

0.01
60 0.0975 

0.00
06 

0.00
02 0.0603 

0.00
13 600 9 600 4 594 46 101 

GJ1_173.FI
N2 

GJ1 
14 287 25 0.03 540 0.8090 

0.01
30 0.0976 

0.00
06 

0.04
85 0.0603 

0.00
11 601 8 600 3 597 39 101 



XXIV 
 

GJ1_343.FI
N2 

GJ1 
24 290 27 0.03 

-
40000 0.8120 

0.01
30 0.0975 

0.00
05 

0.01
16 0.0601 

0.00
10 602 8 600 3 598 36 100 

GJ1_001.FI
N2 GJ1 1  288 28 0.03 700 0.8200 

0.01
50 0.0981 

0.00
07 

0.05
92 0.0606 

0.00
12 607 9 603 4 605 43 100 

GJ1_478.FI
N2 

GJ1 
31 288 27 0.03 420 0.8110 

0.01
30 0.0977 

0.00
06 

0.05
83 0.0602 

0.00
10 603 7 601 3 603 35 100 

GJ1_103.FI
N2 GJ1 8 292 28 0.03 -2500 0.8150 

0.01
70 0.0984 

0.00
08 

0.08
87 0.0604 

0.00
14 605 10 605 5 607 48 100 

GJ1_172.FI
N2 

GJ1 
13 286 27 0.03 450 0.8190 

0.01
60 0.0982 

0.00
06 

0.05
29 0.0606 

0.00
12 606 9 604 3 607 44 99 

GJ1_037.FI
N2 GJ1 5 302 26 0.03 790 0.8180 

0.01
40 0.0978 

0.00
06 

0.09
36 0.0605 

0.00
10 606 8 601 4 606 38 99 

GJ1_104.FI
N2 GJ1 9 270 27 0.03 -2400 0.8160 

0.01
50 0.0978 

0.00
05 

0.10
87 0.0606 

0.00
12 604 8 602 3 610 41 99 

GJ1_512.FI
N2 

GJ1 
33 279 25 0.03 -3100 0.8180 

0.01
50 0.0978 

0.00
06 

0.15
68 0.0605 

0.00
11 606 9 601 4 611 41 98 

GJ1_241.FI
N2 

GJ1 
18 288 25 0.03 720 0.8170 

0.01
30 0.0978 

0.00
05 

0.16
86 0.0606 

0.00
10 605 7 601 3 613 34 98 

GJ1_206.FI
N2 

GJ1 
15 276 25 0.03 1730 0.8080 

0.01
70 0.0972 

0.00
07 

0.21
97 0.0603 

0.00
12 600 10 598 4 615 41 97 

GJ1_445.FI
N2 

GJ1 
30 291 26 0.03 4000 0.8200 

0.01
40 0.0979 

0.00
05 

0.08
46 0.0608 

0.00
10 608 8 602 3 620 37 97 

GJ1_342.FI
N2 

GJ1 
23 285 26 0.03 

-
30000 0.8210 

0.01
20 0.0977 

0.00
06 

0.36
09 0.0609 

0.00
09 608 7 601 4 619 33 97 

GJ1_105.FI
N2 

GJ1 
10 290 29 0.03 -2300 0.8200 

0.01
50 0.0980 

0.00
07 

0.01
33 0.0609 

0.00
12 607 8 603 4 621 42 97 

GJ1_479.FI
N2 

GJ1 
32 286 25 0.03 1760 0.8210 

0.01
40 0.0978 

0.00
06 

0.13
74 0.0607 

0.00
11 608 8 602 3 620 36 97 

GJ1_138.FI
N2 

GJ1 
11 294 26 0.03 1120 0.8100 

0.02
70 0.0973 

0.00
11 

0.12
26 0.0609 

0.00
21 601 15 599 7 617 73 97 

GJ1_309.FI
N2 

GJ1 
22 288 25 0.03 5400 0.8130 

0.01
20 0.0972 

0.00
05 

0.15
68 0.0606 

0.00
10 603 7 598 3 618 33 97 

GJ1_275.FI
N2 

GJ1 
20 296 27 0.03 150 0.8250 

0.01
50 0.0979 

0.00
06 

0.22
04 0.0610 

0.00
11 610 8 602 4 625 38 96 

GJ1_410.FI
N2 

GJ1 
27 287 24 0.03 -8600 0.8200 

0.01
20 0.0980 

0.00
06 

0.18
27 0.0610 

0.00
09 607 7 602 4 625 34 96 

GJ1_207.FI
N2 

GJ1 
16 300 25 0.03 1080 0.8220 

0.01
30 0.0979 

0.00
05 

0.14
01 0.0610 

0.00
10 608 7 602 3 625 35 96 

GJ1_139.FI
N2 

GJ1 
12 256 24 0.03 -470 0.8180 

0.01
40 0.0977 

0.00
07 

0.12
38 0.0609 

0.00
11 606 8 601 4 625 40 96 

GJ1_411.FI
N2 

GJ1 
28 284 26 0.03 -3800 0.8190 

0.01
40 0.0975 

0.00
06 

0.07
79 0.0611 

0.00
11 606 8 600 3 628 38 95 

GJ1_002.FI
N2 GJ1 2 293 24 0.03 350 0.8170 

0.01
70 0.0974 

0.00
08 

0.17
14 0.0611 

0.00
13 605 10 599 5 630 47 95 

                    
A_334.FIN

2 
PLES 

6 490 66 0.10 210 0.3889 
0.00
86 0.0540 

0.00
03 

0.00
94 0.0527 

0.00
13 334 7 339 2 299 54 113 
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A_509.FIN
2 

PLES 
10 547 85 0.10 650 0.3947 

0.00
92 0.0543 

0.00
04 

0.09
40 0.0529 

0.00
13 337 7 341 3 310 53 110 

A_498.FIN
2 

PLES 
9 505 77 0.10 280 0.3966 

0.00
69 0.0541 

0.00
03 

0.00
92 0.0531 

0.00
10 339 5 340 2 316 40 107 

A_168.FIN
2 

PLES 
3 622 96 0.11 700 0.3970 

0.01
10 0.0542 

0.00
04 

0.12
79 0.0534 

0.00
16 339 8 340 3 333 68 102 

A_280.FIN
2 

PLES 
5 459 66 0.10 -1200 0.3999 

0.00
85 0.0540 

0.00
03 

0.09
06 0.0537 

0.00
12 341 6 339 2 341 47 99 

A_114.FIN
2 

PLES 
2 590 100 0.11 880 0.3980 

0.01
30 0.0540 

0.00
08 

0.09
30 0.0538 

0.00
20 340 10 339 5 351 84 97 

A_390.FIN
2 

PLES 
7 539 75 0.10 560 0.4010 

0.01
20 0.0540 

0.00
05 

0.11
54 0.0537 

0.00
15 342 8 339 3 353 64 96 

A_224.FIN
2 

PLES 
4 432 63 0.10 240 0.4007 

0.00
93 0.0541 

0.00
05 

0.06
92 0.0537 

0.00
13 342 7 339 3 354 57 96 

A_443.FIN
2 

PLES 
8 499 72 0.10 510 0.4020 

0.01
40 0.0538 

0.00
04 

0.16
19 0.0543 

0.00
18 342 10 338 3 367 74 92 

A_057.FIN
2 

PLES 
1 717 102 0.10 680 0.4030 

0.01
20 0.0537 

0.00
05 

0.27
22 0.0543 

0.00
15 343 8 337 3 367 62 92 
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Appendix 6.8: Results of analyses of GJ1, PLES and M127 in Sequence 2 

      RATIOS       AGES [Ma]     
Con
c. 

Analysis 
Sampl

e 
U 

[ppm]a 
Pb 

[ppm]a 
Th/
Ua 

206/2
04 

207Pb/235

Ub 2 σd 

206Pb/238

Ub 2 σd rhoc 

207Pb/206P
be 2 σd 

207Pb/23

5U 
2 
σ 

206Pb/23

8U 
2 
σ 

207Pb/206

Pb 
2 
σ % 

                    
A_039.FIN

2 M127 809 955 0.52 300 0.6810 
0.016

0 0.0852 
0.000

5 
0.073

6 0.0578 
0.001

4 527 9 527 3 515 51 102 
A_107.FIN

2 M127 837 988 0.53 -1000 0.6810 
0.015

0 0.0850 
0.000

6 
0.049

9 0.0581 
0.001

3 527 9 526 4 525 50 100 
A_073.FIN

2 M127 844 985 0.52 14000 0.6820 
0.012

0 0.0851 
0.000

5 
0.199

3 0.0583 
0.001

0 528 7 527 3 532 38 99 
A_141.FIN

2 M127 858 997 0.52 -2100 0.6820 
0.011

0 0.0848 
0.000

5 
0.263

1 0.0583 
0.001

0 528 7 525 3 533 39 98 
A_209.FIN

2 M127 880 1000 0.52 18000 0.6844 
0.008

2 0.0851 
0.000

4 
0.056

9 0.0583 
0.000

7 529 5 526 2 536 28 98 
A_238.FIN

2 M127 844 981 0.52 200 0.6858 
0.008

9 0.0853 
0.000

4 
0.112

7 0.0584 
0.000

8 530 5 528 2 539 29 98 
A_239.FIN

2 M127 887 981 0.52 -2000 0.6930 
0.013

0 0.0854 
0.000

5 
0.138

3 0.0586 
0.001

1 534 8 528 3 546 41 97 
A_175.FIN

2 M127 883 1016 0.52 6100 0.6890 
0.010

0 0.0854 
0.000

4 
0.144

6 0.0588 
0.000

9 532 6 528 3 552 32 96 

                                        
GJ1_036.FI

N2 GJ1 4 279 24 0.03 -1880 0.8130 
0.014

0 0.0982 
0.000

6 
0.010

7 0.0598 
0.001

0 603 8 604 3 580 38 104 
GJ1_207.FI

N2 GJ1 16 282 26 0.03 -690 0.8060 
0.013

0 0.0976 
0.000

6 
0.161

4 0.0598 
0.000

9 599 7 601 3 587 34 102 
GJ1_002.FI

N2 GJ1 2 288 26 0.03 400 0.8040 
0.012

0 0.0976 
0.000

5 
0.065

6 0.0598 
0.000

9 599 7 600 3 591 34 102 
GJ1_138.FI

N2 GJ1 11 288 26 0.03 3000 0.8120 
0.013

0 0.0978 
0.000

5 
0.142

4 0.0601 
0.001

0 602 7 602 3 593 35 101 
GJ1_001.FI

N2 GJ1 1 294 26 0.03 490 0.8140 
0.013

0 0.0979 
0.000

5 
0.073

5 0.0604 
0.001

0 604 7 602 3 600 38 100 
GJ1_240.FI

N2 GJ1 17 291 25 0.03 -340 0.8130 
0.015

0 0.0977 
0.000

6 
0.108

2 0.0603 
0.001

1 603 8 601 3 603 42 100 
GJ1_104.FI

N2 GJ1 9 291 27 0.03 
-

39000 0.8150 
0.015

0 0.0980 
0.000

6 
0.045

5 0.0603 
0.001

2 605 8 603 4 605 40 100 
GJ1_172.FI

N2 GJ1 13 302 27 0.03 380 0.8140 
0.014

0 0.0980 
0.000

6 
0.033

2 0.0605 
0.001

1 604 8 603 4 606 41 99 
GJ1_105.FI

N2 GJ1 10 280 24 0.03 9700 0.8140 
0.012

0 0.0980 
0.000

5 
0.117

4 0.0603 
0.000

9 604 7 603 3 606 31 99 
GJ1_070.FI

N2 GJ1 6 296 28 0.03 -2000 0.8140 
0.015

0 0.0977 
0.000

5 
0.009

9 0.0605 
0.001

1 603 8 601 3 605 41 99 
GJ1_139.FI

N2 GJ1 12 281 26 0.03 510 0.8170 
0.014

0 0.0976 
0.000

5 
0.098

7 0.0606 
0.001

1 605 8 600 3 605 39 99 
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GJ1_103.FI
N2 GJ1 8 289 26 0.03 1130 0.8150 

0.014
0 0.0979 

0.000
6 

0.100
0 0.0604 

0.001
0 604 8 602 3 607 37 99 

GJ1_241.FI
N2 GJ1 18 278 25 0.03 -940 0.8170 

0.014
0 0.0977 

0.000
6 

0.103
2 0.0606 

0.001
1 605 8 601 4 609 39 99 

GJ1_037.FI
N2 GJ1 5 283 26 0.03 230 0.8140 

0.011
0 0.0974 

0.000
5 

0.055
0 0.0604 

0.000
8 604 6 599 3 609 31 98 

GJ1_206.FI
N2 GJ1 15 283 26 0.03 280 0.8230 

0.013
0 0.0983 

0.000
5 

0.108
8 0.0608 

0.001
0 609 7 604 3 618 35 98 

GJ1_173.FI
N2 GJ1 14 282 26 0.03 -1400 0.8170 

0.013
0 0.0980 

0.000
5 

0.020
2 0.0607 

0.001
0 606 7 602 3 620 35 97 

GJ1_071.FI
N2 GJ1 7 283 24 0.03 160 0.8180 

0.012
0 0.0980 

0.000
4 

0.084
8 0.0608 

0.000
9 606 7 602 3 623 31 97 

GJ1_003.FI
N2 GJ1 3 280 26 0.03 -360 0.8260 

0.011
0 0.0981 

0.000
5 

0.029
7 0.0612 

0.000
9 611 6 603 3 631 32 96 

                                        
A_234.FIN

2 
PLES 

15 548 86 0.10 650 0.3940 
0.012

0 0.0541 
0.000

4 
0.010

4 0.0528 
0.001

6 337 8 340 3 305 66 111 
A_208.FIN

2 
PLES 

8 750 119 0.11 960 0.3943 
0.007

8 0.0541 
0.000

4 
0.147

2 0.0529 
0.001

1 337 6 340 3 317 45 107 
A_230.FIN

2 
PLES 

11 706 111 0.11 860 0.3965 
0.009

0 0.0540 
0.000

4 
0.112

3 0.0531 
0.001

2 339 7 339 2 320 51 106 
A_140.FIN

2 
PLES 

6 672 94 0.10 590 0.3950 
0.007

8 0.0538 
0.000

4 
0.090

7 0.0531 
0.001

1 338 6 338 2 321 46 105 
A_231.FIN

2 
PLES 

12 683 105 0.11 560 0.3963 
0.009

2 0.0540 
0.000

4 
0.277

8 0.0531 
0.001

2 339 7 339 2 326 50 104 
A_212.FIN

2 
PLES 

9 728 125 0.12 780 0.4002 
0.009

2 0.0544 
0.000

3 
0.007

8 0.0534 
0.001

3 342 7 341 2 336 54 102 
A_174.FIN

2 
PLES 

7 751 110 0.11 530 0.3965 
0.008

2 0.0539 
0.000

4 
0.317

2 0.0534 
0.001

0 339 6 339 2 339 43 100 
A_233.FIN

2 
PLES 

14 635 101 0.10 930 0.4020 
0.010

0 0.0542 
0.000

4 
0.143

7 0.0537 
0.001

4 343 8 340 2 346 57 98 
A_217.FIN

2 
PLES 

10 782 124 0.11 800 0.4010 
0.008

4 0.0542 
0.000

4 
0.039

3 0.0535 
0.001

1 342 6 340 2 346 49 98 
A_106.FIN

2 
PLES 

5 604 85 0.10 650 0.3988 
0.009

9 0.0538 
0.000

4 
0.166

2 0.0537 
0.001

3 340 7 338 3 344 54 98 
A_005.FIN

2 
PLES 

2 457 67 0.10 422 0.3998 
0.008

5 0.0538 
0.000

4 
0.254

7 0.0539 
0.001

1 341 6 338 2 350 46 97 
A_038.FIN

2 
PLES 

3 398 60 0.10 390 0.4045 
0.008

7 0.0540 
0.000

3 
0.164

1 0.0544 
0.001

2 344 6 339 2 367 49 92 
A_004.FIN

2 
PLES 

1 460 66 0.10 472 0.4038 
0.007

8 0.0537 
0.000

4 
0.043

9 0.0545 
0.001

1 344 6 337 2 376 44 90 
A_232.FIN

2 
PLES 

13 745 114 0.11 670 0.4061 
0.007

7 0.0540 
0.000

4 
0.126

9 0.0545 
0.001

0 346 6 339 2 381 43 89 
A_072.FIN

2 
PLES 

4 505 78 0.10 460 0.4042 
0.009

5 0.0537 
0.000

4 
0.317

4 0.0547 
0.001

2 344 7 337 3 386 51 87 
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Appendix 6.9: Results of the analysis of zircons from Bomkoul kaolin 

      RATIOS       AGES [Ma]     
Con
c. 

Analysis 
Sampl

e 
U 

[ppm]a 
Pb 

[ppm]a 
Th/
Ua 

206/2
04 

207Pb/235

Ub 2 σd 

206Pb/238

Ub 2 σd rhoc 

207Pb/206P
be 2 σd 

207Pb/23

5U 
2 
σ 

206Pb/23

8U 
2 
σ 

207Pb/206

Pb 
2 
σ % 

                    
A_302.FI

N2 
BKL 
042 169 48 1.22 0 0.0683 

0.006
6 0.0089 

0.000
2 

0.091
2 0.0566 

0.005
5 67 6 57 1 360 

19
0 16 

A_370.FI
N2 

BKL 
104 107 18 0.71 13 0.0660 

0.014
0 0.0094 

0.000
4 

0.075
6 0.0520 

0.011
0 64 13 60 3 110 

34
0 55 

A_325.FI
N2 

BKL 
063 523 570 0.44 850 0.8510 

0.016
0 0.0926 

0.000
8 

0.134
0 0.0667 

0.001
3 624 9 571 5 817 42 70 

A_283.FI
N2 

BKL 
023 221 158 0.31 430 0.7660 

0.021
0 0.0927 

0.001
0 

0.090
3 0.0601 

0.001
8 576 12 571 6 588 67 97 

A_292.FI
N2 

BKL 
032 78 547 2.90 170 0.7790 

0.031
0 0.0933 

0.001
0 

0.120
0 0.0604 

0.002
4 581 18 576 6 563 85 102 

A_317.FI
N2 

BKL 
055 363 232 0.28 2800 0.8800 

0.013
0 0.0945 

0.001
1 

0.130
8 0.0677 

0.001
4 640 7 582 7 843 42 69 

A_269.FI
N2 

BKL 
013 129 446 1.42 210 0.7770 

0.020
0 0.0951 

0.000
7 

0.004
6 0.0593 

0.001
6 581 11 586 4 542 57 108 

A_278.FI
N2 

BKL 
019 243 959 1.71 190 0.7950 

0.016
0 0.0958 

0.000
8 

0.045
5 0.0602 

0.001
3 594 9 591 5 597 48 99 

A_315.FI
N2 

BKL 
053 340 656 0.87 60000 0.8510 

0.014
0 0.0968 

0.000
6 

0.258
2 0.0637 

0.001
1 624 8 595 3 715 37 83 

A_339.FI
N2 

BKL 
075 8 31 1.33 20 0.8000 

0.120
0 0.0971 

0.004
0 

0.267
7 0.0588 

0.008
5 599 80 597 23 480 

30
0 124 

A_345.FI
N2 

BKL 
079 239 490 0.83 

-
19000 0.8230 

0.023
0 0.0976 

0.000
9 

0.028
1 0.0613 

0.001
8 608 13 600 5 636 61 94 

A_267.FI
N2 

BKL 
011 146 51 0.14 226 0.8210 

0.023
0 0.0976 

0.000
9 

0.123
4 0.0608 

0.001
6 606 13 600 5 625 62 96 

A_366.FI
N2 

BKL 
100 93 531 2.38 132 0.8180 

0.034
0 0.0977 

0.001
4 

0.005
3 0.0608 

0.002
8 604 19 601 8 586 97 102 

A_365.FI
N2 

BKL 
099 108 363 1.35 0 0.8070 

0.043
0 0.0977 

0.001
6 

0.142
8 0.0600 

0.003
2 597 25 601 9 560 

12
0 107 

A_263.FI
N2 

BKL 
007 61 170 1.13 76 0.8280 

0.036
0 0.0980 

0.001
4 

0.059
3 0.0616 

0.002
9 607 20 603 8 600 

10
0 100 

A_337.FI
N2 

BKL 
073 478 839 0.83 690 0.9790 

0.016
0 0.0981 

0.001
6 

0.331
1 0.0724 

0.001
5 693 8 603 9 986 41 61 

A_304.FI
N2 

BKL 
044 403 304 0.31 830 0.8190 

0.018
0 0.0984 

0.000
7 

0.085
9 0.0604 

0.001
3 607 10 605 4 602 49 100 

A_324.FI
N2 

BKL 
062 248 599 0.97 7300 0.8260 

0.017
0 0.0985 

0.000
8 

0.120
7 0.0609 

0.001
2 611 9 605 5 618 44 98 

A_295.FI
N2 

BKL 
035 104 278 1.09 100 0.8170 

0.026
0 0.0989 

0.001
0 

0.128
5 0.0599 

0.001
9 604 15 608 6 561 71 108 

A_284.FI
N2 

BKL 
024 131 267 0.81 -4300 0.8160 

0.024
0 0.0990 

0.001
0 

0.116
4 0.0599 

0.001
8 604 13 609 6 567 64 107 
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A_371.FI
N2 

BKL 
105 52 198 1.46 77 0.8210 

0.031
0 0.0991 

0.001
0 

0.094
4 0.0602 

0.002
2 606 17 609 6 561 81 109 

A_262.FI
N2 

BKL 
006 21 53 0.95 29 0.9060 

0.051
0 0.0992 

0.001
8 

0.092
1 0.0662 

0.003
8 645 28 609 10 700 

12
0 87 

A_369.FI
N2 

BKL 
103 86 344 1.52 154 0.8370 

0.024
0 0.0992 

0.000
9 

0.069
7 0.0611 

0.001
8 614 14 609 5 606 65 101 

A_258.FI
N2 

BKL 
002 87 76 0.33 110 0.8350 

0.023
0 0.0992 

0.000
9 

0.128
4 0.0614 

0.001
8 613 13 610 5 609 60 100 

A_257.FI
N2 

BKL 
001 182 190 0.46 133 0.8340 

0.028
0 0.0992 

0.001
2 

0.098
3 0.0613 

0.002
2 614 15 610 7 625 79 98 

A_319.FI
N2 

BKL 
057 196 140 0.28 280 0.8460 

0.025
0 0.0993 

0.000
8 

0.233
6 0.0618 

0.001
8 621 14 610 5 641 61 95 

A_268.FI
N2 

BKL 
012 258 457 0.75 420 0.8470 

0.027
0 0.0993 

0.001
1 

0.124
0 0.0621 

0.002
0 622 15 611 7 659 67 93 

A_285.FI
N2 

BKL 
025 112 236 0.83 -600 0.8260 

0.022
0 0.0997 

0.000
8 

0.013
1 0.0602 

0.001
7 609 12 612 5 576 60 106 

A_259.FI
N2 

BKL 
003 87 265 1.27 87 0.8440 

0.038
0 0.0999 

0.001
3 

0.138
9 0.0616 

0.002
8 618 22 614 8 640 

11
0 96 

A_336.FI
N2 

BKL 
072 301 659 0.91 230 0.8420 

0.021
0 0.1002 

0.000
9 

0.428
2 0.0615 

0.001
4 619 12 615 5 643 49 96 

A_340.FI
N2 

BKL 
076 142 397 1.08 198 0.8340 

0.024
0 0.1003 

0.000
9 

0.172
7 0.0603 

0.001
7 613 13 616 5 580 61 106 

A_291.FI
N2 

BKL 
031 57 167 1.16 1800 0.8530 

0.039
0 0.1004 

0.001
4 

0.110
4 0.0613 

0.002
8 621 22 617 8 604 99 102 

A_279.FI
N2 

BKL 
020 114 327 1.14 226 0.8270 

0.023
0 0.1004 

0.000
8 

0.091
0 0.0602 

0.001
8 613 14 617 5 570 64 108 

A_330.FI
N2 

BKL 
067 186 681 1.47 160 0.8380 

0.021
0 0.1004 

0.000
9 

0.096
1 0.0605 

0.001
6 616 12 617 5 600 58 103 

A_375.FI
N2 

BKL 
109 303 499 0.65 470 0.8430 

0.017
0 0.1005 

0.000
8 

0.028
1 0.0609 

0.001
3 620 10 617 5 621 47 99 

A_276.FI
N2 

BKL 
017 84 358 1.71 128 0.8550 

0.033
0 0.1006 

0.001
3 

0.174
5 0.0617 

0.002
4 623 18 618 8 627 80 99 

A_261.FI
N2 

BKL 
005 79 90 0.44 109 0.8510 

0.035
0 0.1007 

0.001
2 

0.082
7 0.0615 

0.002
5 621 19 619 7 604 87 102 

A_294.FI
N2 

BKL 
034 108 390 1.44 1000 0.8510 

0.025
0 0.1007 

0.001
0 

0.111
4 0.0615 

0.001
8 623 14 619 6 622 66 99 

A_363.FI
N2 

BKL 
097 114 370 1.26 910 0.8470 

0.025
0 0.1008 

0.000
9 

0.252
8 0.0611 

0.001
8 622 14 619 5 606 63 102 

A_265.FI
N2 

BKL 
009 109 215 0.73 225 0.8740 

0.029
0 0.1008 

0.001
0 

0.020
7 0.0629 

0.002
2 637 16 619 6 673 76 92 

A_311.FI
N2 

BKL 
049 444 439 0.41 720 0.8380 

0.014
0 0.1009 

0.000
7 

0.199
0 0.0603 

0.001
0 618 8 620 4 605 37 102 

A_300.FI
N2 

BKL 
040 290 102 0.14 3400 0.8520 

0.016
0 0.1011 

0.000
7 

0.282
8 0.0610 

0.001
1 625 9 621 4 626 39 99 

A_353.FI
N2 

BKL 
087 223 461 0.78 440 0.8520 

0.023
0 0.1013 

0.000
7 

0.003
2 0.0609 

0.001
7 624 13 622 4 611 61 102 

A_351.FI
N2 

BKL 
085 115 168 0.55 3900 0.8560 

0.023
0 0.1013 

0.000
9 

0.127
5 0.0613 

0.001
7 625 13 622 5 616 61 101 
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A_374.FI
N2 

BKL 
108 76 210 1.06 110 0.8480 

0.037
0 0.1015 

0.001
3 

0.296
2 0.0605 

0.002
5 620 20 623 7 592 89 105 

A_341.FI
N2 

BKL 
077 146 597 1.58 248 0.8590 

0.021
0 0.1016 

0.000
9 

0.050
4 0.0614 

0.001
6 628 12 624 5 639 56 98 

A_316.FI
N2 

BKL 
054 154 456 1.24 70000 0.8400 

0.030
0 0.1017 

0.001
5 

0.078
8 0.0600 

0.002
2 622 19 624 9 630 78 99 

A_327.FI
N2 

BKL 
065 167 148 0.35 800 0.8600 

0.021
0 0.1017 

0.000
8 

0.091
2 0.0614 

0.001
6 629 11 624 5 639 55 98 

A_355.FI
N2 

BKL 
089 304 367 0.43 550 0.8600 

0.014
0 0.1018 

0.000
6 

0.001
3 0.0611 

0.001
1 629 8 625 4 633 40 99 

A_289.FI
N2 

BKL 
029 313 6 0.01 760 0.8480 

0.018
0 0.1018 

0.000
7 

0.409
0 0.0604 

0.001
2 622 10 625 4 613 44 102 

A_266.FI
N2 

BKL 
010 266 187 0.29 490 0.8590 

0.023
0 0.1019 

0.000
9 

0.086
2 0.0615 

0.001
8 629 13 626 5 638 66 98 

A_364.FI
N2 

BKL 
098 132 312 0.92 290 0.8790 

0.029
0 0.1019 

0.001
1 

0.028
1 0.0624 

0.002
1 638 16 626 6 654 76 96 

A_323.FI
N2 

BKL 
061 57 231 1.56 56 0.8680 

0.042
0 0.1021 

0.001
5 

0.395
2 0.0618 

0.002
9 629 23 626 9 610 

10
0 103 

A_288.FI
N2 

BKL 
028 64 303 1.90 4400 0.8710 

0.036
0 0.1022 

0.001
2 

0.004
6 0.0620 

0.002
7 632 20 627 7 623 92 101 

A_312.FI
N2 

BKL 
050 185 511 1.09 270 0.8490 

0.026
0 0.1023 

0.000
9 

0.247
5 0.0602 

0.001
8 624 15 628 5 594 66 106 

A_356.FI
N2 

BKL 
090 85 290 1.24 400 0.8730 

0.025
0 0.1027 

0.000
9 

0.085
7 0.0617 

0.001
9 634 14 630 5 620 66 102 

A_367.FI
N2 

BKL 
101 77 209 1.08 1800 0.8740 

0.040
0 0.1028 

0.001
5 

0.084
6 0.0623 

0.002
7 638 20 631 9 642 93 98 

A_368.FI
N2 

BKL 
102 60 238 1.36 700 0.8790 

0.041
0 0.1033 

0.001
4 

0.019
0 0.0617 

0.003
0 636 23 634 8 610 

11
0 104 

A_272.FI
N2 

BKL 
016 132 337 0.95 206 0.8680 

0.025
0 0.1035 

0.000
9 

0.196
5 0.0608 

0.001
7 632 13 635 6 601 60 106 

A_271.FI
N2 

BKL 
015 317 931 1.22 -1100 0.8800 

0.025
0 0.1036 

0.001
0 

0.204
3 0.0617 

0.001
7 639 14 636 6 660 57 96 

A_354.FI
N2 

BKL 
088 207 345 0.63 300 0.8760 

0.020
0 0.1038 

0.000
9 

0.149
1 0.0614 

0.001
3 638 11 637 5 636 47 100 

A_320.FI
N2 

BKL 
058 259 1021 1.57 230 0.8690 

0.021
0 0.1039 

0.000
8 

0.175
4 0.0603 

0.001
4 634 12 637 5 609 55 105 

A_307.FI
N2 

BKL 
047 112 24 0.05 246 0.8920 

0.025
0 0.1041 

0.001
0 

0.065
5 0.0620 

0.001
8 645 13 639 6 654 63 98 

A_379.FI
N2 

BKL 
111 112 359 1.21 0 0.8850 

0.029
0 0.1043 

0.001
1 

0.073
5 0.0616 

0.002
2 641 15 639 7 618 75 103 

A_318.FI
N2 

BKL 
056 110 597 2.07 223 0.9180 

0.037
0 0.1047 

0.001
2 

0.205
5 0.0638 

0.002
8 658 19 642 7 694 94 93 

A_306.FI
N2 

BKL 
046 377 1047 1.24 2400 0.8970 

0.014
0 0.1048 

0.000
6 

0.152
7 0.0622 

0.001
0 651 7 642 4 673 32 95 

A_326.FI
N2 

BKL 
064 145 173 0.45 270 0.9010 

0.026
0 0.1053 

0.001
0 

0.018
5 0.0623 

0.001
9 650 14 646 6 656 65 98 

A_321.FI
N2 

BKL 
059 264 659 0.98 3100 0.8860 

0.027
0 0.1059 

0.001
1 

0.141
2 0.0608 

0.001
9 643 15 649 7 613 67 106 
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A_270.FI
N2 

BKL 
014 269 1083 1.57 451 0.8940 

0.019
0 0.1063 

0.000
9 

0.165
1 0.0611 

0.001
3 647 10 651 5 633 47 103 

A_301.FI
N2 

BKL 
041 55 181 1.11 630 1.0580 

0.050
0 0.1192 

0.001
7 

0.187
1 0.0646 

0.003
0 726 25 726 10 700 

10
0 104 

A_314.FI
N2 

BKL 
052 240 430 0.45 80000 1.5530 

0.025
0 0.1515 

0.001
2 

0.078
4 0.0744 

0.001
3 950 10 910 7 1042 36 87 

A_282.FI
N2 

BKL 
022 373 1462 1.07 1000 1.5950 

0.022
0 0.1589 

0.001
0 

0.193
1 0.0729 

0.001
0 968 9 951 6 1003 29 95 

A_296.FI
N2 

BKL 
036 79 287 0.93 197 1.7130 

0.036
0 0.1678 

0.001
1 

0.096
7 0.0739 

0.001
6 1009 13 1000 6 1011 44 99 

A_297.FI
N2 

BKL 
037 247 439 0.46 400 1.7100 

0.024
0 0.1685 

0.001
0 

0.071
8 0.0735 

0.001
1 1011 9 1004 5 1023 29 98 

A_357.FI
N2 

BKL 
091 162 661 0.94 580 1.6980 

0.032
0 0.1691 

0.001
3 

0.097
3 0.0728 

0.001
4 1006 12 1007 7 995 41 101 

A_281.FI
N2 

BKL 
021 92 226 0.64 280 1.7240 

0.040
0 0.1698 

0.001
4 

0.155
9 0.0736 

0.001
7 1016 14 1011 8 1011 46 100 

A_303.FI
N2 

BKL 
043 42 178 0.95 280 2.2160 

0.060
0 0.1749 

0.001
7 

0.145
2 0.0917 

0.002
5 1179 19 1039 10 1425 53 73 

A_277.FI
N2 

BKL 
018 54 447 1.24 90 3.6800 

0.072
0 0.2739 

0.002
0 

0.128
1 0.0976 

0.002
0 1564 16 1560 10 1559 40 100 

A_298.FI
N2 

BKL 
038 84 613 1.12 1100 3.7380 

0.059
0 0.2767 

0.001
8 

0.227
0 0.0980 

0.001
5 1579 13 1575 9 1579 29 100 

A_372.FI
N2 

BKL 
106 222 697 0.46 

-
60000 5.2400 

0.059
0 0.2809 

0.002
0 

0.598
9 0.1349 

0.001
2 1857 10 1595 10 2159 16 74 

A_361.FI
N2 

BKL 
095 253 2061 1.06 7600 5.2560 

0.058
0 0.3053 

0.002
4 

0.456
8 0.1246 

0.001
2 1861 9 1717 12 2024 18 85 

A_347.FI
N2 

BKL 
081 179 592 0.43 

-
37000 5.7260 

0.075
0 0.3244 

0.002
6 

0.416
3 0.1283 

0.001
6 1936 12 1811 13 2072 23 87 

A_349.FI
N2 

BKL 
083 762 294 0.06 4200 5.4320 

0.031
0 0.3253 

0.001
4 

0.424
9 0.1209 

0.000
7 1890 5 1815 7 1968 10 92 

A_310.FI
N2 

BKL 
048 1084 2183 0.61 1047 9.0200 

0.100
0 0.3283 

0.003
7 

0.919
8 0.1988 

0.000
9 2338 10 1829 18 2816 7 65 

A_344.FI
N2 

BKL 
078 266 994 0.74 1350 9.2600 

0.540
0 0.3350 

0.017
0 

0.985
3 0.1993 

0.002
1 2333 52 1851 83 2818 17 66 

A_373.FI
N2 

BKL 
107 85 1285 1.89 

-
13000 5.8000 

0.110
0 0.3372 

0.003
0 

0.130
2 0.1248 

0.002
4 1944 16 1873 14 2019 34 93 

A_384.FI
N2 

BKL 
115 152 1028 0.88 -200 5.5510 

0.086
0 0.3425 

0.002
4 

0.000
5 0.1181 

0.002
0 1907 13 1898 12 1922 30 99 

A_290.FI
N2 

BKL 
030 28 1078 4.60 1100 5.9400 

0.120
0 0.3433 

0.003
9 

0.229
1 0.1251 

0.002
8 1964 18 1902 19 2016 41 94 

A_333.FI
N2 

BKL 
070 147 1836 1.52 780 6.0410 

0.085
0 0.3504 

0.002
8 

0.273
6 0.1251 

0.001
7 1980 12 1936 13 2030 25 95 

A_382.FI
N2 

BKL 
114 62 401 0.75 170 5.9100 

0.120
0 0.3538 

0.005
2 

0.772
8 0.1208 

0.001
7 1956 19 1951 25 1961 25 99 

A_332.FI
N2 

BKL 
069 129 1210 1.13 290 6.1290 

0.095
0 0.3535 

0.002
8 

0.174
6 0.1259 

0.002
1 1993 14 1951 13 2037 29 96 

A_335.FI
N2 

BKL 
071 126 1158 1.09 580 6.1070 

0.076
0 0.3551 

0.002
5 

0.359
6 0.1246 

0.001
5 1991 11 1959 12 2022 22 97 



XXXII 
 

A_293.FI
N2 

BKL 
033 155 121 0.11 910 6.6800 

0.120
0 0.3575 

0.002
9 

0.776
6 0.1350 

0.001
7 2066 15 1970 14 2157 21 91 

A_305.FI
N2 

BKL 
045 190 964 0.62 5600 6.3270 

0.060
0 0.3593 

0.002
1 

0.233
8 0.1278 

0.001
3 2022 8 1979 10 2066 18 96 

A_381.FI
N2 

BKL 
113 159 907 0.67 100 6.4740 

0.087
0 0.3667 

0.003
2 

0.355
8 0.1287 

0.001
8 2041 12 2014 15 2078 24 97 

A_378.FI
N2 

BKL 
110 92 1605 2.02 670 6.6430 

0.081
0 0.3754 

0.002
3 

0.152
6 0.1283 

0.001
6 2065 10 2054 11 2072 22 99 

A_352.FI
N2 

BKL 
086 103 1609 1.71 470 6.7650 

0.096
0 0.3794 

0.003
1 

0.069
4 0.1291 

0.002
0 2080 13 2073 15 2081 28 100 

A_380.FI
N2 

BKL 
112 217 982 0.51 810 6.9480 

0.064
0 0.3797 

0.002
1 

0.503
8 0.1328 

0.001
1 2104 8 2075 10 2134 14 97 

A_286.FI
N2 

BKL 
026 306 1012 0.54 1940 11.3900 

0.150
0 0.4021 

0.004
7 

0.807
0 0.2057 

0.001
6 2554 12 2178 21 2871 13 76 

A_359.FI
N2 

BKL 
093 57 610 1.14 8700 8.4000 

0.120
0 0.4060 

0.003
3 

0.216
7 0.1501 

0.002
2 2273 13 2196 15 2340 25 94 

A_329.FI
N2 

BKL 
066 124 587 0.50 1330 8.9900 

0.140
0 0.4257 

0.003
3 

0.312
8 0.1531 

0.002
2 2335 14 2286 15 2383 26 96 

A_360.FI
N2 

BKL 
094 135 942 0.70 690 9.7100 

0.110
0 0.4375 

0.002
9 

0.253
2 0.1610 

0.001
8 2407 10 2339 13 2463 19 95 

A_264.FI
N2 

BKL 
008 62 522 0.84 

-
12000 9.7800 

0.120
0 0.4400 

0.002
8 

0.242
3 0.1615 

0.002
0 2412 12 2350 12 2465 21 95 

A_350.FI
N2 

BKL 
084 335 424 0.13 35000 12.5580 

0.089
0 0.4427 

0.003
3 

0.473
0 0.2059 

0.001
6 2647 7 2363 15 2873 12 82 

A_260.FI
N2 

BKL 
004 29 219 0.74 137 10.6000 

0.250
0 0.4480 

0.004
6 

0.278
4 0.1720 

0.004
0 2483 22 2385 21 2563 39 93 

A_313.FI
N2 

BKL 
051 273 1944 0.70 1850 12.5700 

0.120
0 0.4537 

0.003
7 

0.738
6 0.2004 

0.001
3 2647 9 2411 17 2828 11 85 

A_358.FI
N2 

BKL 
092 91 987 1.02 29000 10.6600 

0.170
0 0.4705 

0.004
9 

0.172
1 0.1646 

0.002
9 2493 15 2485 22 2500 29 99 

A_362.FI
N2 

BKL 
096 25 243 1.07 220 12.6100 

0.450
0 0.4813 

0.008
7 

0.702
5 0.1894 

0.005
0 2638 34 2530 38 2722 44 93 

A_299.FI
N2 

BKL 
039 386 2256 0.52 2800 14.8100 

0.160
0 0.4988 

0.003
5 

0.834
4 0.2147 

0.001
4 2801 10 2608 15 2940 11 89 

A_322.FI
N2 

BKL 
060 49 1928 3.34 580 15.0900 

0.180
0 0.5383 

0.004
2 

0.171
4 0.2036 

0.002
6 2820 11 2776 18 2851 21 97 

A_331.FI
N2 

BKL 
068 141 1602 0.94 1250 16.0900 

0.120
0 0.5438 

0.003
2 

0.498
3 0.2145 

0.001
5 2882 7 2799 13 2938 11 95 

A_348.FI
N2 

BKL 
082 205 4027 1.56 1680 15.5700 

0.087
0 0.5447 

0.002
6 

0.363
2 0.2067 

0.001
2 2850 5 2803 11 2880 10 97 

A_287.FI
N2 

BKL 
027 48 1187 2.05 

-
16000 15.5100 

0.200
0 0.5540 

0.004
3 

0.453
9 0.2030 

0.002
4 2845 12 2841 18 2846 19 100 

A_338.FI
N2 

BKL 
074 30 570 1.51 320 15.5900 

0.230
0 0.5543 

0.004
8 

0.169
0 0.2038 

0.003
2 2849 14 2842 20 2855 25 100 
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Appendix 6.10: Results of the analysis of zircons from Dibamba kaolin 

      
RATIOS 

      
AGES [Ma] 

    
Conc. 

Analysis Sample U [ppm]a Pb [ppm]a Th/Ua 206/204 207Pb/235Ub 2 σd 206Pb/238Ub 2 σd rhoc 207Pb/206Pbe 2 σd 207Pb/235U 2 σ 206Pb/238U 2 σ 207Pb/206Pb 2 σ % 

                    
A_004.FIN2 DBB 001 1372 254 0.68 198 0.0657 0.0030 0.0098 0.0001 0.0052 0.0488 0.0023 65 3 63 1 139 98 45 

A_012.FIN2 DBB 009 611 516 0.78 980 0.7430 0.0140 0.0810 0.0008 0.1756 0.0668 0.0012 564 8 502 5 825 39 61 

A_101.FIN2 DBB 092 991 389 0.16 880 0.7880 0.0100 0.0818 0.0012 0.0671 0.0705 0.0016 589 6 507 8 923 44 55 

A_016.FIN2 DBB 013 556 1064 0.82 670 0.8920 0.0130 0.0901 0.0006 0.3005 0.0718 0.0010 647 7 556 3 980 29 57 

A_054.FIN2 DBB 049 491 387 0.54 710 0.8590 0.0190 0.0911 0.0008 0.2225 0.0683 0.0015 629 10 562 5 867 44 65 

A_099.FIN2 DBB 090 495 863 0.82 990 0.8200 0.0120 0.0941 0.0006 0.4080 0.0635 0.0009 607 7 579 4 720 29 80 

A_019.FIN2 DBB 016 249 600 1.00 480 0.8030 0.0250 0.0969 0.0009 0.2021 0.0602 0.0018 597 14 596 5 586 67 102 

A_066.FIN2 DBB 059 112 616 2.09 180 0.8320 0.0280 0.0974 0.0010 0.0393 0.0617 0.0022 612 15 599 6 627 75 96 

A_120.FIN2 DBB 106 235 664 1.12 740 0.8280 0.0220 0.0975 0.0009 0.1904 0.0616 0.0015 611 12 600 5 651 57 92 

A_009.FIN2 DBB 006 179 413 0.90 450 0.8780 0.0270 0.0978 0.0011 0.0924 0.0652 0.0021 638 15 601 7 768 72 78 

A_078.FIN2 DBB 069 170 101 0.25 248 0.8200 0.0250 0.0979 0.0012 0.0867 0.0608 0.0019 606 14 602 7 623 65 97 

A_030.FIN2 DBB 027 369 40 0.15 820 0.8250 0.0190 0.0986 0.0009 0.1261 0.0607 0.0014 610 11 606 5 614 52 99 

A_094.FIN2 DBB 085 154 548 1.31 330 0.8170 0.0230 0.0987 0.0009 0.1014 0.0604 0.0018 604 13 607 5 588 66 103 

A_091.FIN2 DBB 082 177 1260 2.75 298 0.8220 0.0210 0.0988 0.0009 0.0929 0.0604 0.0016 607 12 607 5 596 57 102 

A_052.FIN2 DBB 047 43 35 0.32 75 0.9710 0.0500 0.0989 0.0015 0.0768 0.0713 0.0037 681 26 608 9 890 110 68 

A_123.FIN2 DBB 109 95 158 0.61 210 0.9220 0.0330 0.0989 0.0012 0.2288 0.0680 0.0024 660 17 608 7 828 74 73 

A_038.FIN2 DBB 033 154 132 0.35 280 0.8380 0.0230 0.0990 0.0010 0.1969 0.0610 0.0018 616 13 608 6 624 60 97 

A_045.FIN2 DBB 040 159 147 0.35 320 0.8370 0.0230 0.0990 0.0010 0.0310 0.0611 0.0018 616 13 609 6 616 64 99 

A_011.FIN2 DBB 008 368 1207 1.34 890 0.8470 0.0270 0.0991 0.0009 0.0039 0.0625 0.0021 622 15 609 5 687 66 89 

A_062.FIN2 DBB 055 329 115 0.13 920 0.8310 0.0180 0.0993 0.0006 0.0201 0.0605 0.0013 613 10 611 4 606 49 101 
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A_093.FIN2 DBB 084 71 201 1.05 195 0.8860 0.0380 0.0993 0.0013 0.0091 0.0649 0.0030 640 20 612 8 714 97 86 

A_074.FIN2 DBB 065 89 386 1.75 190 0.8540 0.0420 0.0997 0.0017 0.0285 0.0630 0.0035 628 25 613 10 650 120 94 

A_110.FIN2 DBB 098 111 357 1.23 140 0.8420 0.0280 0.1000 0.0012 0.1711 0.0615 0.0020 618 15 614 7 621 73 99 

A_092.FIN2 DBB 083 201 1088 2.10 318 0.8490 0.0290 0.1002 0.0012 0.1402 0.0618 0.0022 622 16 616 7 643 78 96 

A_044.FIN2 DBB 039 158 349 0.90 160 0.8610 0.0360 0.1004 0.0014 0.0071 0.0620 0.0028 629 19 617 9 645 96 96 

A_060.FIN2 DBB 053 206 702 1.38 300 0.8380 0.0240 0.1005 0.0011 0.1255 0.0603 0.0018 617 13 617 7 595 65 104 

A_124.FIN2 DBB 110 53 144 1.03 70 0.8520 0.0400 0.1005 0.0013 0.2081 0.0619 0.0028 619 22 617 8 597 95 103 

A_032.FIN2 DBB 029 21 83 1.58 35 0.8760 0.0830 0.1007 0.0026 0.0748 0.0639 0.0065 623 45 618 15 590 200 105 

A_050.FIN2 DBB 045 233 538 1.01 530 0.8570 0.0220 0.1006 0.0010 0.2617 0.0615 0.0016 627 12 618 6 640 54 97 

A_027.FIN2 DBB 024 93 189 0.81 222 0.8490 0.0310 0.1007 0.0011 0.0153 0.0613 0.0023 622 17 618 7 612 83 101 

A_081.FIN2 DBB 072 178 251 0.55 -300 0.8700 0.0430 0.1007 0.0012 0.2896 0.0626 0.0029 633 23 619 7 660 100 94 

A_035.FIN2 DBB 032 333 338 0.42 460 0.8500 0.0230 0.1008 0.0009 0.1201 0.0612 0.0017 624 13 619 5 631 62 98 

A_084.FIN2 DBB 075 76 231 1.13 217 0.8520 0.0300 0.1010 0.0010 0.0818 0.0608 0.0021 622 16 620 6 607 79 102 

A_010.FIN2 DBB 007 172 622 1.39 2500 0.8410 0.0280 0.1010 0.0009 0.1480 0.0607 0.0020 617 15 620 5 596 70 104 

A_061.FIN2 DBB 054 46 99 0.78 67 0.8720 0.0350 0.1011 0.0017 0.1108 0.0619 0.0024 637 20 621 10 659 90 94 

A_021.FIN2 DBB 018 50 298 2.40 130 0.8600 0.0440 0.1012 0.0015 0.0913 0.0621 0.0033 624 24 621 9 600 110 104 

A_048.FIN2 DBB 043 352 1251 1.44 720 0.8530 0.0160 0.1012 0.0006 0.0492 0.0610 0.0012 625 9 621 4 632 41 98 

A_077.FIN2 DBB 068 177 895 1.94 320 0.8460 0.0220 0.1012 0.0009 0.0326 0.0607 0.0017 621 12 622 5 605 60 103 

A_058.FIN2 DBB 051 266 223 0.34 840 0.8510 0.0200 0.1012 0.0009 0.0176 0.0609 0.0015 624 11 622 5 618 56 101 

A_008.FIN2 DBB 005 357 1169 1.31 620 0.8540 0.0180 0.1013 0.0008 0.0367 0.0615 0.0014 626 10 622 5 642 52 97 

A_039.FIN2 DBB 034 235 949 1.68 520 0.8530 0.0280 0.1013 0.0011 0.0760 0.0612 0.0021 625 15 622 6 621 76 100 

A_083.FIN2 DBB 074 173 342 0.75 310 0.8470 0.0220 0.1015 0.0009 0.1007 0.0606 0.0016 621 12 623 5 599 60 104 

A_090.FIN2 DBB 081 62 182 1.07 169 0.8600 0.0310 0.1016 0.0014 0.2467 0.0616 0.0023 626 17 624 8 621 84 100 

A_109.FIN2 DBB 097 335 600 0.75 610 0.8460 0.0140 0.1017 0.0009 0.2883 0.0608 0.0010 623 8 624 6 627 37 100 



XXXV 
 

A_080.FIN2 DBB 071 102 232 0.85 228 0.8460 0.0260 0.1017 0.0012 0.0684 0.0600 0.0019 620 14 624 7 585 70 107 

A_089.FIN2 DBB 080 75 252 1.24 116 0.8720 0.0380 0.1019 0.0016 0.0513 0.0623 0.0029 633 21 625 9 637 97 98 

A_041.FIN2 DBB 036 105 224 0.86 188 0.8880 0.0330 0.1020 0.0011 0.0477 0.0632 0.0025 642 18 626 7 669 85 94 

A_085.FIN2 DBB 076 281 523 0.71 710 0.8650 0.0220 0.1021 0.0011 0.2399 0.0613 0.0016 632 12 627 6 636 56 99 

A_049.FIN2 DBB 044 212 415 0.78 580 0.8510 0.0250 0.1022 0.0009 0.0793 0.0603 0.0018 623 14 627 6 589 65 107 

A_072.FIN2 DBB 063 164 712 1.51 460 0.8610 0.0220 0.1024 0.0008 0.0007 0.0605 0.0016 630 11 629 5 601 57 105 

A_100.FIN2 DBB 091 68 281 1.51 177 0.9000 0.0430 0.1026 0.0016 0.1278 0.0640 0.0031 648 23 629 9 690 110 91 

A_075.FIN2 DBB 066 45 171 1.34 116 0.8760 0.0390 0.1026 0.0011 0.0474 0.0619 0.0028 631 21 629 7 592 96 106 

A_107.FIN2 DBB 095 189 480 0.93 -610 0.8590 0.0220 0.1026 0.0009 0.1579 0.0611 0.0016 628 12 630 5 620 55 102 

A_115.FIN2 DBB 101 68 180 0.92 202 0.8690 0.0300 0.1027 0.0011 0.1033 0.0617 0.0021 633 16 630 6 629 71 100 

A_015.FIN2 DBB 012 233 486 0.84 640 0.8620 0.0200 0.1028 0.0010 0.1899 0.0612 0.0016 630 11 631 6 626 59 101 

A_014.FIN2 DBB 011 229 336 0.63 -26000 0.8950 0.0280 0.1032 0.0010 0.2021 0.0633 0.0020 648 15 633 6 695 67 91 

A_069.FIN2 DBB 062 74 260 1.33 217 0.8770 0.0330 0.1033 0.0011 0.0606 0.0618 0.0024 638 18 634 7 616 82 103 

A_122.FIN2 DBB 108 61 93 0.53 165 0.8700 0.0360 0.1033 0.0012 0.1105 0.0612 0.0026 631 19 634 7 630 97 101 

A_029.FIN2 DBB 026 4 18 2.14 6 1.0100 0.1800 0.1040 0.0063 0.0840 0.0810 0.0160 630 100 635 36 630 370 101 

A_046.FIN2 DBB 041 100 251 0.95 186 0.8840 0.0280 0.1035 0.0011 0.0260 0.0620 0.0021 640 15 635 6 634 74 100 

A_007.FIN2 DBB 004 200 439 0.76 500 0.9310 0.0210 0.1049 0.0009 0.1313 0.0644 0.0015 668 12 643 5 738 47 87 

A_087.FIN2 DBB 078 369 782 0.80 1270 0.8840 0.0200 0.1050 0.0009 0.0709 0.0612 0.0014 642 11 643 5 631 49 102 

A_026.FIN2 DBB 023 295 1687 2.25 620 0.8970 0.0200 0.1051 0.0009 0.2232 0.0621 0.0014 651 10 644 5 673 46 96 

A_031.FIN2 DBB 028 67 279 1.22 116 1.5200 0.1000 0.1051 0.0017 0.2927 0.1041 0.0066 932 45 644 10 1670 130 39 

A_102.FIN2 DBB 093 194 649 1.20 500 0.9030 0.0250 0.1057 0.0009 0.2182 0.0622 0.0017 652 13 648 5 660 60 98 

A_055.FIN2 DBB 050 223 587 0.98 860 0.9010 0.0200 0.1066 0.0007 0.0952 0.0609 0.0014 651 11 653 4 614 50 106 

A_108.FIN2 DBB 096 45 67 0.10 132 1.6100 0.1800 0.1069 0.0018 0.8138 0.1100 0.0110 939 63 654 11 1540 170 42 

A_117.FIN2 DBB 103 547 280 0.19 400 0.9200 0.0110 0.1075 0.0006 0.2381 0.0626 0.0007 662 6 658 4 689 24 96 



XXXVI 
 

A_042.FIN2 DBB 037 52 117 0.95 16 0.9340 0.0740 0.1087 0.0023 0.0619 0.0625 0.0050 670 42 665 14 630 170 106 

A_067.FIN2 DBB 060 347 751 0.80 900 0.9440 0.0230 0.1097 0.0009 0.0884 0.0627 0.0016 674 12 671 5 678 56 99 

A_118.FIN2 DBB 104 88 38 0.41 290 0.9710 0.0380 0.1103 0.0016 0.2334 0.0643 0.0025 685 20 676 9 726 86 93 

A_020.FIN2 DBB 017 206 197 1.33 450 1.0150 0.0180 0.1107 0.0014 0.2384 0.0667 0.0012 711 9 676 8 812 39 83 

A_053.FIN2 DBB 048 190 320 0.49 350 1.0990 0.0330 0.1151 0.0014 0.4931 0.0689 0.0018 750 16 702 8 884 53 79 

A_034.FIN2 DBB 031 196 417 0.57 570 1.0740 0.0310 0.1208 0.0012 0.3968 0.0642 0.0017 739 15 735 7 734 55 100 

A_076.FIN2 DBB 067 80 338 1.31 120 1.1610 0.0400 0.1218 0.0017 0.2312 0.0688 0.0023 781 18 741 10 861 74 86 

A_047.FIN2 DBB 042 477 337 0.23 680 1.1700 0.0250 0.1278 0.0012 0.1178 0.0664 0.0015 786 12 775 7 811 46 96 

A_024.FIN2 DBB 021 245 352 0.40 730 1.1690 0.0300 0.1285 0.0014 0.1454 0.0660 0.0020 785 14 779 8 791 62 98 

A_088.FIN2 DBB 079 302 189 0.17 700 1.2090 0.0520 0.1316 0.0044 0.8870 0.0665 0.0013 800 23 796 25 812 41 98 

A_028.FIN2 DBB 025 115 160 0.42 276 1.3260 0.0320 0.1335 0.0012 0.0971 0.0720 0.0018 856 14 808 7 965 53 84 

A_119.FIN2 DBB 105 273 413 0.39 680 1.2860 0.0200 0.1380 0.0012 0.3685 0.0677 0.0010 838 9 834 7 850 31 98 

A_022.FIN2 DBB 019 194 357 0.53 620 1.4620 0.0380 0.1480 0.0017 0.2215 0.0720 0.0019 913 15 890 10 970 53 92 

A_113.FIN2 DBB 100 374 1503 1.13 1470 1.4860 0.0260 0.1513 0.0012 0.1346 0.0717 0.0014 924 11 908 7 969 39 94 

A_068.FIN2 DBB 061 70 261 0.91 258 1.5180 0.0560 0.1544 0.0018 0.0848 0.0709 0.0027 933 23 926 10 915 83 101 

A_006.FIN2 DBB 003 291 1024 0.85 950 1.5540 0.0350 0.1568 0.0013 0.3111 0.0723 0.0016 951 14 939 7 987 43 95 

A_023.FIN2 DBB 020 156 375 0.58 960 1.5360 0.0340 0.1586 0.0018 0.3815 0.0700 0.0014 944 14 949 10 920 42 103 

A_095.FIN2 DBB 086 69 191 0.63 271 1.6010 0.0410 0.1600 0.0015 0.1722 0.0727 0.0019 969 15 957 8 990 54 97 

A_064.FIN2 DBB 057 189 841 1.13 -1700 1.5920 0.0340 0.1605 0.0011 0.0111 0.0719 0.0016 965 13 960 6 967 47 99 

A_043.FIN2 DBB 038 77 224 0.73 250 1.6090 0.0470 0.1621 0.0019 0.0766 0.0720 0.0022 970 18 968 10 957 62 101 

A_059.FIN2 DBB 052 230 418 0.42 630 1.7680 0.0270 0.1730 0.0011 0.0957 0.0738 0.0011 1033 10 1029 6 1036 30 99 

A_063.FIN2 DBB 056 165 503 0.68 420 1.7740 0.0260 0.1735 0.0010 0.2394 0.0738 0.0011 1035 10 1031 6 1033 29 100 

A_040.FIN2 DBB 035 74 1280 0.68 35 11.4700 0.9600 0.1824 0.0079 0.7589 0.4410 0.0240 2498 80 1077 42 4001 87 27 

A_005.FIN2 DBB 002 183 862 0.66 670 2.8360 0.0860 0.2142 0.0044 0.7437 0.0960 0.0019 1361 23 1250 23 1540 38 81 



XXXVII 
 

A_116.FIN2 DBB 102 102 1255 1.55 1050 4.4690 0.0640 0.2807 0.0022 0.2845 0.1161 0.0017 1724 12 1595 11 1888 26 84 

A_051.FIN2 DBB 046 43 246 0.80 210 4.3800 0.1200 0.2829 0.0032 0.1403 0.1117 0.0031 1704 22 1606 16 1821 47 88 

A_096.FIN2 DBB 087 254 829 0.37 1960 5.5200 0.1200 0.3127 0.0054 0.8743 0.1283 0.0013 1900 18 1753 27 2072 18 85 

A_098.FIN2 DBB 089 224 2284 0.91 1440 7.0700 0.2500 0.3213 0.0093 0.9545 0.1597 0.0018 2111 32 1793 45 2450 19 73 

A_073.FIN2 DBB 064 183 1566 0.57 294 11.8200 0.1400 0.3713 0.0052 0.7112 0.2297 0.0025 2588 11 2034 24 3047 17 67 

A_121.FIN2 DBB 107 365 2444 0.70 1440 10.5540 0.0860 0.3861 0.0026 0.7030 0.1992 0.0012 2484 8 2104 12 2819 10 75 

A_086.FIN2 DBB 077 53 273 0.55 610 7.0800 0.1300 0.3888 0.0034 0.1020 0.1316 0.0026 2118 16 2119 17 2116 34 100 

A_106.FIN2 DBB 094 60 320 0.58 -300 7.2000 0.1700 0.3917 0.0051 0.1079 0.1343 0.0034 2134 20 2130 24 2147 44 99 

A_111.FIN2 DBB 099 224 1747 0.81 940 11.0400 0.2300 0.3940 0.0075 0.9576 0.2046 0.0013 2525 19 2138 34 2863 11 75 

A_065.FIN2 DBB 058 157 1798 1.21 1350 7.8230 0.0850 0.3979 0.0029 0.3937 0.1419 0.0016 2210 10 2159 14 2252 18 96 

A_018.FIN2 DBB 015 111 449 0.40 840 9.9200 0.1500 0.4558 0.0052 0.6828 0.1584 0.0020 2426 14 2420 23 2436 21 99 

A_033.FIN2 DBB 030 124 803 0.47 820 13.6700 0.3100 0.4806 0.0077 0.9184 0.2047 0.0022 2719 23 2527 34 2860 18 88 

A_079.FIN2 DBB 070 208 1583 0.68 900 11.8790 0.0810 0.4824 0.0023 0.3418 0.1782 0.0013 2594 7 2538 10 2634 12 96 

A_082.FIN2 DBB 073 135 1226 0.78 2830 12.9600 0.1600 0.4965 0.0035 0.7762 0.1889 0.0017 2675 12 2598 15 2731 15 95 

A_017.FIN2 DBB 014 198 2750 1.12 1650 14.0900 0.1400 0.5309 0.0040 0.3425 0.1926 0.0018 2755 10 2745 17 2764 15 99 

A_097.FIN2 DBB 088 104 742 0.51 1060 15.8000 0.1900 0.5583 0.0051 0.7260 0.2050 0.0017 2863 11 2858 21 2864 13 100 

A_013.FIN2 DBB 010 103 1075 0.80 1720 16.8200 0.1700 0.5722 0.0041 0.4679 0.2126 0.0020 2923 10 2916 17 2923 15 100 

A_025.FIN2 DBB 022 280 1437 0.40 -72000 23.9200 0.2300 0.6137 0.0055 0.5634 0.2828 0.0021 3265 9 3084 22 3378 11 91 

 



XXXVIII 
 

Appendix 6.11: Results of the analysis of zircons from Ediki kaolin 

      RATIOS       AGES [Ma]     
Con
c. 

Analysis 
Sampl

e 
U 

[ppm]a 
Pb 

[ppm]a 
Th/
Ua 

206/2
04 

207Pb/235

Ub 2 σd 

206Pb/238

Ub 2 σd rhoc 

207Pb/206P
be 2 σd 

207Pb/23

5U 
2 
σ 

206Pb/23

8U 
2 
σ 

207Pb/206

Pb 
2 
σ % 

                    
A_199.FI

N2 
EDK 
069 827 1291 0.27 121 1.3930 

0.019
0 0.0592 

0.000
5 

0.320
5 0.1719 

0.002
4 885 8 371 3 2574 23 14 

A_157.FI
N2 

EDK 
031 327 270 0.62 296 0.8430 

0.025
0 0.0621 

0.001
0 

0.338
2 0.0993 

0.002
7 620 14 389 6 1600 53 24 

A_228.FI
N2 

EDK 
094 356 707 1.11 433 0.7830 

0.018
0 0.0754 

0.001
3 

0.142
7 0.0759 

0.002
1 587 10 469 8 1083 55 43 

A_127.FI
N2 

EDK 
003 508 593 0.36 240 1.0620 

0.026
0 0.0795 

0.000
9 

0.064
7 0.0979 

0.002
8 734 13 493 5 1574 52 31 

A_186.FI
N2 

EDK 
056 171 317 0.91 90 0.7240 

0.018
0 0.0818 

0.000
9 

0.219
5 0.0643 

0.001
6 551 11 507 5 725 53 70 

A_229.FI
N2 

EDK 
095 254 235 0.50 240 0.7920 

0.021
0 0.0851 

0.000
6 

0.407
3 0.0674 

0.001
7 590 12 526 4 839 50 63 

A_181.FI
N2 

EDK 
051 155 291 0.78 230 0.7690 

0.023
0 0.0905 

0.001
0 

0.117
6 0.0617 

0.001
8 577 13 558 6 644 66 87 

A_225.FI
N2 

EDK 
091 195 568 1.26 170 0.8780 

0.021
0 0.0910 

0.001
1 

0.173
7 0.0704 

0.001
8 638 11 562 6 917 52 61 

A_164.FI
N2 

EDK 
038 526 1159 0.84 650 0.9970 

0.026
0 0.0911 

0.001
2 

0.552
7 0.0803 

0.002
8 701 13 562 7 1185 69 47 

A_158.FI
N2 

EDK 
032 327 249 0.35 1130 0.8050 

0.016
0 0.0926 

0.000
7 

0.043
4 0.0639 

0.001
4 599 9 571 4 723 48 79 

A_244.FI
N2 

EDK 
108 93 270 1.31 171 0.7600 

0.036
0 0.0926 

0.001
4 

0.134
4 0.0599 

0.002
9 570 21 571 8 550 

10
0 104 

A_133.FI
N2 

EDK 
009 125 151 0.49 239 0.7970 

0.043
0 0.0927 

0.001
9 

0.220
7 0.0631 

0.003
5 593 24 571 11 720 

14
0 79 

A_179.FI
N2 

EDK 
049 96 351 1.54 200 0.7580 

0.028
0 0.0930 

0.000
9 

0.150
8 0.0591 

0.002
1 569 16 573 6 541 78 106 

A_180.FI
N2 

EDK 
050 152 184 0.51 150 0.7690 

0.022
0 0.0938 

0.001
0 

0.033
1 0.0598 

0.001
8 577 13 578 6 568 66 102 

A_217.FI
N2 

EDK 
085 186 433 0.90 249 1.1310 

0.025
0 0.0939 

0.000
8 

0.115
4 0.0880 

0.002
0 766 12 579 5 1380 45 42 

A_211.FI
N2 

EDK 
079 81 166 0.85 350 0.7970 

0.049
0 0.0939 

0.001
7 

0.080
1 0.0621 

0.003
8 591 27 579 10 620 

13
0 93 

A_156.FI
N2 

EDK 
030 168 421 1.14 230 0.8890 

0.040
0 0.0940 

0.001
3 

0.221
0 0.0693 

0.003
0 644 22 579 8 913 79 63 

A_212.FI
N2 

EDK 
080 102 229 0.95 160 0.7780 

0.030
0 0.0945 

0.001
0 

0.199
4 0.0604 

0.002
2 583 17 582 6 574 78 101 

A_141.FI
N2 

EDK 
015 123 13 0.04 238 0.7840 

0.022
0 0.0948 

0.000
9 

0.088
6 0.0604 

0.001
7 586 12 584 5 590 61 99 

A_256.FI
N2 

EDK 
120 190 659 1.50 260 0.7810 

0.024
0 0.0949 

0.000
8 

0.013
5 0.0599 

0.001
9 584 14 585 5 567 71 103 



XXXIX 
 

A_135.FI
N2 

EDK 
011 389 1250 1.32 675 0.9240 

0.016
0 0.0950 

0.000
9 

0.515
5 0.0709 

0.001
1 663 9 585 5 943 31 62 

A_142.FI
N2 

EDK 
016 108 393 1.40 380 0.7920 

0.022
0 0.0950 

0.000
9 

0.004
1 0.0609 

0.001
8 590 13 585 5 597 65 98 

A_171.FI
N2 

EDK 
043 78 56 0.30 185 0.7950 

0.035
0 0.0950 

0.001
4 

0.496
6 0.0610 

0.002
6 591 20 585 8 599 93 98 

A_188.FI
N2 

EDK 
058 429 1603 1.42 638 0.9780 

0.016
0 0.0950 

0.000
6 

0.109
2 0.0751 

0.001
3 692 8 585 4 1061 35 55 

A_128.FI
N2 

EDK 
004 144 530 1.42 233 0.7880 

0.026
0 0.0951 

0.000
9 

0.181
4 0.0606 

0.002
0 588 15 585 6 601 76 97 

A_234.FI
N2 

EDK 
100 48 137 1.22 65 0.7870 

0.036
0 0.0951 

0.001
3 

0.070
9 0.0604 

0.002
9 586 21 586 8 550 

10
0 106 

A_251.FI
N2 

EDK 
115 64 144 0.96 95 0.7760 

0.034
0 0.0952 

0.001
0 

0.150
1 0.0593 

0.002
6 581 20 586 6 526 93 111 

A_243.FI
N2 

EDK 
107 578 1187 0.90 1310 0.7900 

0.016
0 0.0953 

0.000
7 

0.117
3 0.0603 

0.001
4 591 9 587 4 604 50 97 

A_235.FI
N2 

EDK 
101 228 579 1.02 740 0.8360 

0.024
0 0.0955 

0.000
9 

0.118
8 0.0638 

0.001
9 618 14 588 5 724 65 81 

A_125.FI
N2 

EDK 
001 118 325 1.02 145 0.7980 

0.022
0 0.0956 

0.000
9 

0.113
7 0.0611 

0.001
7 593 12 589 5 607 60 97 

A_197.FI
N2 

EDK 
067 104 239 0.98 290 0.7930 

0.027
0 0.0958 

0.001
0 

0.184
5 0.0605 

0.002
0 593 15 590 6 588 74 100 

A_213.FI
N2 

EDK 
081 246 839 1.32 260 0.8030 

0.021
0 0.0960 

0.000
9 

0.052
4 0.0608 

0.001
7 597 12 591 5 620 56 95 

A_227.FI
N2 

EDK 
093 206 688 1.45 610 0.8020 

0.024
0 0.0962 

0.001
1 

0.095
4 0.0608 

0.001
9 596 14 592 6 613 69 97 

A_216.FI
N2 

EDK 
084 405 2498 2.65 550 0.8280 

0.014
0 0.0963 

0.000
7 

0.102
6 0.0627 

0.001
1 612 8 593 4 688 38 86 

A_204.FI
N2 

EDK 
074 156 431 1.16 120 0.7830 

0.030
0 0.0963 

0.001
3 

0.165
5 0.0595 

0.002
4 588 18 593 7 563 93 105 

A_163.FI
N2 

EDK 
037 230 151 0.15 620 0.9770 

0.023
0 0.0966 

0.000
8 

0.443
7 0.0737 

0.001
6 690 12 594 5 1031 40 58 

A_146.FI
N2 

EDK 
020 292 855 1.17 730 0.8040 

0.019
0 0.0966 

0.000
9 

0.217
7 0.0608 

0.001
4 598 11 594 5 618 51 96 

A_189.FI
N2 

EDK 
059 420 741 0.53 312 1.3380 

0.023
0 0.0970 

0.001
0 

0.024
5 0.1012 

0.002
0 861 10 597 6 1636 37 36 

A_178.FI
N2 

EDK 
048 119 54 0.18 222 0.8350 

0.050
0 0.0971 

0.001
6 

0.185
7 0.0620 

0.003
6 613 27 597 10 670 

13
0 89 

A_215.FI
N2 

EDK 
083 408 142 0.14 210 0.8070 

0.021
0 0.0971 

0.001
3 

0.069
1 0.0599 

0.002
3 600 12 597 8 618 58 97 

A_136.FI
N2 

EDK 
012 328 748 0.88 560 0.8120 

0.035
0 0.0973 

0.001
4 

0.303
7 0.0612 

0.002
6 603 19 598 9 629 88 95 

A_176.FI
N2 

EDK 
046 670 4720 1.75 90 2.9700 

0.120
0 0.0974 

0.000
8 

0.039
5 0.2224 

0.009
2 1391 32 599 5 2968 72 20 

A_161.FI
N2 

EDK 
035 101 257 0.99 180 0.8160 

0.028
0 0.0975 

0.001
1 

0.082
6 0.0616 

0.002
3 603 16 600 7 623 79 96 

A_134.FI
N2 

EDK 
010 50 96 0.74 182 1.0960 

0.055
0 0.0977 

0.001
5 

0.093
2 0.0824 

0.004
4 745 27 601 9 1180 

11
0 51 



XL 
 

A_219.FI
N2 

EDK 
087 72 196 1.09 66 0.8150 

0.052
0 0.0983 

0.001
7 

0.129
6 0.0606 

0.003
8 600 29 604 10 560 

13
0 108 

A_193.FI
N2 

EDK 
063 150 451 1.21 440 0.8260 

0.034
0 0.0983 

0.001
4 

0.296
8 0.0616 

0.002
5 609 19 605 8 652 94 93 

A_169.FI
N2 

EDK 
041 368 920 0.96 850 0.8160 

0.012
0 0.0986 

0.000
5 

0.100
1 0.0603 

0.000
9 605 7 606 3 608 34 100 

A_143.FI
N2 

EDK 
017 146 360 0.94 380 0.8210 

0.019
0 0.0987 

0.000
7 

0.119
4 0.0605 

0.001
3 607 10 607 4 607 51 100 

A_170.FI
N2 

EDK 
042 268 1045 1.51 380 0.9250 

0.024
0 0.0988 

0.000
9 

0.093
8 0.0685 

0.002
0 663 13 607 5 864 59 70 

A_131.FI
N2 

EDK 
007 160 72 0.17 450 0.8160 

0.023
0 0.0990 

0.000
9 

0.038
0 0.0603 

0.001
8 604 13 608 5 585 65 104 

A_177.FI
N2 

EDK 
047 130 231 0.72 290 0.8190 

0.025
0 0.0991 

0.001
1 

0.091
3 0.0604 

0.001
9 605 14 609 6 602 71 101 

A_201.FI
N2 

EDK 
071 364 492 0.55 460 0.8280 

0.017
0 0.0991 

0.001
0 

0.102
9 0.0610 

0.001
4 612 10 609 6 640 55 95 

A_187.FI
N2 

EDK 
057 218 795 1.47 1030 0.8350 

0.026
0 0.0995 

0.001
0 

0.142
7 0.0614 

0.001
9 615 15 611 6 628 70 97 

A_194.FI
N2 

EDK 
064 463 1119 0.97 660 0.8380 

0.024
0 0.0997 

0.000
9 

0.186
7 0.0614 

0.001
7 617 13 613 5 636 61 96 

A_175.FI
N2 

EDK 
045 156 603 1.54 260 0.8250 

0.033
0 0.0997 

0.001
4 

0.120
1 0.0605 

0.002
5 609 19 613 8 595 89 103 

A_254.FI
N2 

EDK 
118 160 364 0.93 221 0.8230 

0.024
0 0.0998 

0.001
0 

0.065
8 0.0601 

0.001
8 608 14 613 6 580 67 106 

A_218.FI
N2 

EDK 
086 522 779 0.61 180 0.8610 

0.018
0 0.0999 

0.000
9 

0.103
7 0.0627 

0.001
3 630 10 614 5 699 47 88 

A_223.FI
N2 

EDK 
090 270 259 0.39 170 0.8410 

0.013
0 0.0999 

0.000
7 

0.373
2 0.0614 

0.001
0 619 7 614 4 640 34 96 

A_230.FI
N2 

EDK 
096 129 432 1.40 272 0.8630 

0.036
0 0.1001 

0.001
3 

0.034
4 0.0630 

0.002
8 629 20 615 7 669 94 92 

A_210.FI
N2 

EDK 
078 142 374 1.12 230 0.8430 

0.034
0 0.1002 

0.001
0 

0.098
6 0.0614 

0.002
5 617 18 615 6 609 84 101 

A_247.FI
N2 

EDK 
111 104 206 0.77 202 0.8510 

0.028
0 0.1006 

0.001
0 

0.018
9 0.0617 

0.002
2 622 15 618 6 616 75 100 

A_147.FI
N2 

EDK 
021 290 462 0.61 770 0.8450 

0.020
0 0.1006 

0.000
9 

0.140
9 0.0614 

0.001
4 621 11 618 5 651 48 95 

A_167.FI
N2 

EDK 
040 388 1188 1.22 1480 0.8580 

0.020
0 0.1007 

0.001
0 

0.285
6 0.0622 

0.001
4 628 11 619 6 669 49 92 

A_245.FI
N2 

EDK 
109 125 241 0.79 110 0.8450 

0.029
0 0.1008 

0.001
1 

0.008
3 0.0611 

0.002
2 619 16 619 6 608 78 102 

A_198.FI
N2 

EDK 
068 267 697 1.07 450 0.8430 

0.022
0 0.1008 

0.001
1 

0.036
6 0.0612 

0.001
8 620 12 619 7 629 61 98 

A_160.FI
N2 

EDK 
034 118 317 0.99 460 0.8520 

0.036
0 0.1008 

0.001
0 

0.099
1 0.0618 

0.002
8 622 19 619 6 618 94 100 

A_250.FI
N2 

EDK 
114 78 190 0.95 118 0.8530 

0.030
0 0.1008 

0.000
9 

0.063
6 0.0614 

0.002
2 622 16 619 6 601 75 103 

A_246.FI
N2 

EDK 
110 212 423 0.80 210 0.8430 

0.021
0 0.1009 

0.000
8 

0.003
4 0.0608 

0.001
6 619 12 620 5 620 59 100 



XLI 
 

A_249.FI
N2 

EDK 
113 88 275 1.27 96 0.8680 

0.030
0 0.1009 

0.000
9 

0.109
9 0.0625 

0.002
2 631 16 620 5 648 74 96 

A_162.FI
N2 

EDK 
036 191 351 0.66 1020 0.8460 

0.018
0 0.1010 

0.000
7 

0.121
1 0.0611 

0.001
3 622 10 620 4 628 46 99 

A_252.FI
N2 

EDK 
116 219 613 1.16 430 0.8540 

0.030
0 0.1013 

0.001
2 

0.124
4 0.0615 

0.002
3 625 16 622 7 632 80 98 

A_159.FI
N2 

EDK 
033 201 325 0.63 690 0.8530 

0.019
0 0.1016 

0.000
9 

0.265
1 0.0613 

0.001
3 625 10 624 5 637 48 98 

A_190.FI
N2 

EDK 
060 85 202 0.91 105 0.8510 

0.034
0 0.1016 

0.001
2 

0.097
0 0.0613 

0.002
6 622 19 624 7 618 94 101 

A_191.FI
N2 

EDK 
061 271 510 0.72 430 0.8580 

0.016
0 0.1017 

0.000
7 

0.197
5 0.0616 

0.001
2 628 9 624 4 650 40 96 

A_248.FI
N2 

EDK 
112 278 624 0.90 380 0.8570 

0.019
0 0.1017 

0.000
9 

0.091
6 0.0613 

0.001
4 627 10 624 5 634 49 98 

A_255.FI
N2 

EDK 
119 33 129 1.57 51 0.8610 

0.037
0 0.1018 

0.001
5 

0.054
7 0.0622 

0.002
8 625 21 625 9 603 95 104 

A_200.FI
N2 

EDK 
070 84 184 0.86 -30 0.8590 

0.046
0 0.1019 

0.001
5 

0.229
9 0.0616 

0.003
3 624 26 626 9 600 

11
0 104 

A_137.FI
N2 

EDK 
013 308 614 0.68 590 0.8470 

0.017
0 0.1019 

0.000
9 

0.202
3 0.0604 

0.001
3 622 10 626 5 606 46 103 

A_126.FI
N2 

EDK 
002 224 723 1.16 425 0.8430 

0.019
0 0.1019 

0.000
9 

0.064
3 0.0607 

0.001
5 621 11 626 5 617 50 101 

A_130.FI
N2 

EDK 
006 47 102 0.71 176 0.8680 

0.038
0 0.1021 

0.001
7 

0.230
0 0.0618 

0.002
7 630 21 626 10 619 94 101 

A_214.FI
N2 

EDK 
082 166 347 0.84 259 0.8500 

0.032
0 0.1020 

0.001
1 

0.186
8 0.0608 

0.002
3 622 18 626 6 606 81 103 

A_242.FI
N2 

EDK 
106 184 380 0.86 321 1.2420 

0.045
0 0.1022 

0.000
9 

0.316
2 0.0885 

0.003
1 817 20 627 5 1374 66 46 

A_152.FI
N2 

EDK 
026 105 308 1.03 350 0.8560 

0.024
0 0.1024 

0.000
9 

0.250
1 0.0610 

0.001
7 625 13 628 5 605 58 104 

A_153.FI
N2 

EDK 
027 151 379 0.95 320 0.8700 

0.032
0 0.1026 

0.001
0 

0.235
3 0.0620 

0.002
2 634 17 629 6 650 78 97 

A_154.FI
N2 

EDK 
028 275 689 0.87 850 0.8640 

0.016
0 0.1034 

0.000
7 

0.114
6 0.0606 

0.001
1 631 9 634 4 619 40 102 

A_192.FI
N2 

EDK 
062 137 419 1.11 220 0.8650 

0.022
0 0.1037 

0.000
8 

0.166
9 0.0607 

0.001
5 631 12 636 5 599 56 106 

A_155.FI
N2 

EDK 
029 142 343 0.96 350 0.8710 

0.037
0 0.1041 

0.001
4 

0.040
3 0.0613 

0.002
7 633 20 638 8 615 95 104 

A_149.FI
N2 

EDK 
023 88 258 0.96 10 0.8920 

0.041
0 0.1042 

0.001
6 

0.333
0 0.0623 

0.002
7 644 22 639 9 644 95 99 

A_237.FI
N2 

EDK 
103 25 68 1.04 21 0.8910 

0.048
0 0.1044 

0.001
8 

0.097
9 0.0622 

0.003
6 635 26 640 10 570 

12
0 112 

A_151.FI
N2 

EDK 
025 48 160 1.26 103 1.0770 

0.048
0 0.1044 

0.001
9 

0.273
6 0.0756 

0.003
3 735 24 640 11 1016 92 63 

A_150.FI
N2 

EDK 
024 155 260 0.59 420 0.8800 

0.021
0 0.1047 

0.000
9 

0.071
1 0.0614 

0.001
5 639 11 642 5 627 54 102 

A_129.FI
N2 

EDK 
005 111 131 0.39 470 0.9120 

0.046
0 0.1090 

0.001
3 

0.279
4 0.0610 

0.003
0 662 21 667 8 634 91 105 



XLII 
 

A_132.FI
N2 

EDK 
008 149 665 1.49 600 0.9320 

0.020
0 0.1091 

0.000
9 

0.150
2 0.0624 

0.001
3 667 10 667 5 672 48 99 

A_221.FI
N2 

EDK 
088 208 386 0.71 190 0.9920 

0.027
0 0.1128 

0.001
0 

0.151
0 0.0642 

0.001
7 698 14 689 6 740 56 93 

A_148.FI
N2 

EDK 
022 109 326 0.44 207 1.9100 

0.120
0 0.1248 

0.002
0 

0.716
9 0.1111 

0.006
2 1069 45 758 11 1760 

11
0 43 

A_209.FI
N2 

EDK 
077 119 354 0.90 270 1.1240 

0.030
0 0.1253 

0.001
1 

0.092
1 0.0653 

0.001
8 762 14 761 6 754 59 101 

A_184.FI
N2 

EDK 
054 91 234 0.41 254 1.5190 

0.048
0 0.1394 

0.001
8 

0.007
7 0.0798 

0.002
7 935 19 841 10 1178 66 71 

A_208.FI
N2 

EDK 
076 38 211 1.59 -90 1.5300 

0.110
0 0.1556 

0.003
2 

0.164
9 0.0721 

0.004
9 935 43 932 18 930 

15
0 100 

A_222.FI
N2 

EDK 
089 75 282 0.97 200 1.5550 

0.036
0 0.1579 

0.001
4 

0.012
9 0.0718 

0.001
8 950 15 945 8 974 48 97 

A_144.FI
N2 

EDK 
018 48 191 1.02 40 1.5670 

0.069
0 0.1585 

0.002
8 

0.132
5 0.0725 

0.003
2 952 27 948 16 959 95 99 

A_174.FI
N2 

EDK 
044 55 163 0.80 190 1.6320 

0.089
0 0.1596 

0.003
3 

0.161
9 0.0749 

0.004
0 977 35 954 19 1020 

12
0 94 

A_205.FI
N2 

EDK 
075 80 357 1.16 160 1.5810 

0.059
0 0.1596 

0.001
8 

0.189
8 0.0722 

0.002
6 957 23 955 10 964 74 99 

A_231.FI
N2 

EDK 
097 146 745 1.31 350 1.5750 

0.034
0 0.1609 

0.001
3 

0.115
5 0.0713 

0.001
6 958 13 962 7 949 45 101 

A_183.FI
N2 

EDK 
053 104 313 0.73 160 1.7070 

0.038
0 0.1688 

0.001
6 

0.009
6 0.0739 

0.001
8 1009 14 1006 9 1023 49 98 

A_239.FI
N2 

EDK 
105 107 245 0.59 1370 1.6930 

0.043
0 0.1697 

0.002
8 

0.185
7 0.0729 

0.002
1 1004 16 1010 15 999 58 101 

A_226.FI
N2 

EDK 
092 8 38 1.11 0 1.9800 

0.130
0 0.1719 

0.003
6 

0.097
9 0.0846 

0.005
6 1078 45 1021 20 1130 

14
0 90 

A_145.FI
N2 

EDK 
019 336 739 0.38 1900 2.7120 

0.076
0 0.1764 

0.003
4 

0.828
8 0.1122 

0.001
8 1328 21 1047 19 1831 30 57 

A_196.FI
N2 

EDK 
066 289 1044 0.90 630 3.8200 

0.046
0 0.2127 

0.002
0 

0.307
6 0.1312 

0.001
7 1596 10 1243 10 2111 23 59 

A_238.FI
N2 

EDK 
104 37 276 1.15 155 3.5200 

0.120
0 0.2570 

0.002
9 

0.138
3 0.0995 

0.003
3 1529 27 1474 15 1597 66 92 

A_233.FI
N2 

EDK 
099 79 612 1.18 320 3.6230 

0.091
0 0.2705 

0.003
2 

0.166
2 0.0973 

0.002
5 1552 20 1543 16 1562 50 99 

A_236.FI
N2 

EDK 
102 97 1167 1.78 370 3.6910 

0.060
0 0.2717 

0.002
0 

0.206
5 0.0988 

0.001
6 1569 12 1549 10 1598 30 97 

A_253.FI
N2 

EDK 
117 106 786 1.06 450 3.7400 

0.110
0 0.2726 

0.004
0 

0.105
1 0.0993 

0.003
2 1577 24 1554 20 1601 62 97 

A_185.FI
N2 

EDK 
055 57 462 1.18 20 3.6850 

0.065
0 0.2737 

0.002
1 

0.076
7 0.0981 

0.001
8 1564 14 1559 10 1572 35 99 

A_166.FI
N2 

EDK 
039 145 1577 1.48 400 3.7160 

0.059
0 0.2738 

0.002
1 

0.021
8 0.0987 

0.001
8 1574 13 1560 11 1595 33 98 

A_232.FI
N2 

EDK 
098 78 800 1.57 220 3.7650 

0.071
0 0.2772 

0.002
1 

0.012
0 0.0992 

0.002
1 1585 16 1578 10 1597 39 99 

A_182.FI
N2 

EDK 
052 194 1186 0.75 2400 5.8270 

0.072
0 0.3352 

0.003
1 

0.723
6 0.1270 

0.001
4 1949 11 1863 15 2054 19 91 



XLIII 
 

A_203.FI
N2 

EDK 
073 193 532 0.34 310 5.9510 

0.061
0 0.3445 

0.002
2 

0.152
3 0.1258 

0.001
4 1968 9 1908 11 2037 19 94 

A_202.FI
N2 

EDK 
072 95 320 0.39 240 6.7100 

0.160
0 0.3755 

0.004
4 

0.188
5 0.1304 

0.003
1 2071 21 2055 21 2107 39 98 

A_195.FI
N2 

EDK 
065 335 1507 0.45 3800 9.8250 

0.089
0 0.4396 

0.002
9 

0.546
7 0.1632 

0.001
3 2418 8 2349 13 2487 13 94 

A_140.FI
N2 

EDK 
014 360 2868 0.66 4400 11.5160 

0.067
0 0.4790 

0.002
3 

0.520
3 0.1753 

0.000
9 2566 6 2523 10 2607 9 97 

  



XLIV 
 

Appendix 6.12: Results of the analysis of zircons from Logbaba kaolin 

      RATIOS       AGES [Ma]     
Con
c. 

Analysis 
Sampl

e 
U 

[ppm]a 
Pb 

[ppm]a 
Th/
Ua 

206/2
04 

207Pb/235

Ub 2 σd 

206Pb/238

Ub 2 σd rhoc 

207Pb/206P
be 2 σd 

207Pb/23

5U 
2 
σ 

206Pb/23

8U 
2 
σ 

207Pb/206

Pb 2 σ % 

                    
A_385.FI

N2 
LOG 
001 59 198 1.30 76 0.8460 

0.031
0 0.1008 

0.001
2 

0.006
8 0.0611 

0.002
4 620 17 619 7 591 80 105 

A_386.FI
N2 

LOG 
002 44 1244 3.06 227 7.1300 

0.100
0 0.3997 

0.002
9 

0.249
3 0.1290 

0.001
9 2125 13 2167 13 2080 25 104 

A_387.FI
N2 

LOG 
003 91 264 1.09 110 0.8680 

0.032
0 0.1034 

0.001
2 

0.075
9 0.0609 

0.002
2 631 17 634 7 599 79 106 

A_388.FI
N2 

LOG 
004 286 342 0.46 370 0.8360 

0.017
0 0.0996 

0.000
6 

0.061
6 0.0610 

0.001
2 616 9 612 4 620 46 99 

A_389.FI
N2 

LOG 
005 81 140 0.67 132 0.8330 

0.027
0 0.1002 

0.000
8 

0.021
1 0.0604 

0.002
0 611 15 616 5 570 73 108 

A_391.FI
N2 

LOG 
006 193 752 0.50 1640 5.7820 

0.052
0 0.3355 

0.001
8 

0.021
7 0.1253 

0.001
3 1944 8 1865 9 2030 19 92 

A_392.FI
N2 

LOG 
007 91 232 0.31 460 5.9770 

0.078
0 0.3470 

0.002
6 

0.196
9 0.1251 

0.001
7 1972 11 1920 12 2025 23 95 

A_393.FI
N2 

LOG 
008 240 1292 0.64 1260 6.2650 

0.057
0 0.3604 

0.001
9 

0.455
6 0.1264 

0.001
1 2014 8 1984 9 2048 15 97 

A_394.FI
N2 

LOG 
009 253 1481 0.67 1750 6.3080 

0.068
0 0.3629 

0.002
8 

0.392
5 0.1264 

0.001
4 2019 9 1996 13 2046 19 98 

A_395.FI
N2 

LOG 
010 253 413 0.63 610 0.8510 

0.025
0 0.1019 

0.000
8 

0.261
2 0.0606 

0.001
7 624 14 625 5 608 62 103 

A_396.FI
N2 

LOG 
011 91 1899 2.42 500 6.5500 

0.110
0 0.3736 

0.003
1 

0.121
5 0.1276 

0.002
3 2050 15 2046 14 2058 32 99 

A_397.FI
N2 

LOG 
012 45 402 1.00 210 6.5200 

0.096
0 0.3747 

0.002
7 

0.203
7 0.1262 

0.001
9 2045 13 2051 13 2039 27 101 

A_398.FI
N2 

LOG 
013 59 512 1.01 330 6.4700 

0.110
0 0.3710 

0.002
8 

0.178
9 0.1269 

0.002
2 2039 15 2034 13 2051 30 99 

A_399.FI
N2 

LOG 
014 115 1559 1.61 660 6.4480 

0.087
0 0.3667 

0.002
5 

0.143
5 0.1282 

0.001
8 2037 12 2014 12 2069 25 97 

A_400.FI
N2 

LOG 
015 831 4800 0.58 8000 10.7100 

0.079
0 0.4480 

0.002
6 

0.521
6 0.1741 

0.001
1 2498 7 2386 12 2598 11 92 

A_401.FI
N2 

LOG 
016 318 3477 1.33 2010 6.5480 

0.057
0 0.3733 

0.002
3 

0.359
9 0.1279 

0.001
1 2052 8 2045 11 2068 15 99 

A_402.FI
N2 

LOG 
017 71 712 1.04 160 6.8010 

0.097
0 0.3808 

0.002
9 

0.038
3 0.1298 

0.002
2 2084 13 2080 14 2096 29 99 

A_403.FI
N2 

LOG 
018 111 801 0.81 880 6.5670 

0.075
0 0.3756 

0.002
5 

0.268
9 0.1273 

0.001
5 2053 10 2055 12 2059 21 100 

A_404.FI
N2 

LOG 
019 12 0 0.02 17 0.8270 

0.070
0 0.0952 

0.002
2 

0.028
9 0.0637 

0.005
6 586 39 586 13 560 170 105 

A_405.FI
N2 

LOG 
020 167 1246 0.64 1510 17.3100 

0.140
0 0.5541 

0.003
4 

0.394
4 0.2279 

0.001
9 2952 8 2842 14 3036 13 94 



XLV 
 

A_406.FI
N2 

LOG 
021 122 1335 0.88 1170 17.9400 

0.120
0 0.5704 

0.003
6 

0.362
4 0.2294 

0.001
7 2986 6 2909 15 3046 12 96 

A_407.FI
N2 

LOG 
022 107 74 0.28 152 0.8160 

0.023
0 0.0995 

0.001
1 

0.166
1 0.0605 

0.001
9 608 14 612 6 589 67 104 

A_408.FI
N2 

LOG 
023 14 35 0.88 23 0.9000 

0.120
0 0.1015 

0.003
3 

0.021
8 0.0657 

0.008
9 625 66 623 19 580 280 107 

A_409.FI
N2 

LOG 
024 239 1890 0.92 1970 6.6780 

0.071
0 0.3763 

0.002
2 

0.414
1 0.1294 

0.001
3 2069 9 2059 10 2087 17 99 

A_412.FI
N2 

LOG 
025 131 1374 1.19 990 6.5300 

0.072
0 0.3714 

0.003
3 

0.317
7 0.1275 

0.001
5 2049 10 2036 15 2065 22 99 

A_413.FI
N2 

LOG 
026 95 631 0.85 -9600 6.1180 

0.088
0 0.3530 

0.002
7 

0.376
8 0.1264 

0.001
7 1991 12 1948 13 2044 24 95 

A_414.FI
N2 

LOG 
027 132 518 1.55 -1700 0.8430 

0.026
0 0.1003 

0.001
0 

0.021
6 0.0614 

0.002
0 618 14 616 6 628 68 98 

A_415.FI
N2 

LOG 
028 98 906 1.12 

-
26000 6.1930 

0.097
0 0.3623 

0.002
9 

0.160
6 0.1246 

0.002
1 2002 14 1998 14 2017 29 99 

A_416.FI
N2 

LOG 
029 121 1183 1.13 

-
46000 6.0370 

0.061
0 0.3587 

0.001
7 

0.292
8 0.1223 

0.001
2 1980 9 1976 8 1986 18 99 

A_417.FI
N2 

LOG 
030 99 420 1.71 173 0.8440 

0.033
0 0.0999 

0.001
2 

0.078
5 0.0617 

0.002
5 618 18 614 7 635 92 97 

A_418.FI
N2 

LOG 
031 121 714 2.47 166 0.8630 

0.043
0 0.1018 

0.001
3 

0.223
4 0.0621 

0.003
4 629 24 625 8 640 120 98 

A_419.FI
N2 

LOG 
032 61 1242 2.62 500 5.7900 

0.130
0 0.3508 

0.003
8 

0.156
6 0.1206 

0.002
8 1942 20 1938 18 1963 41 99 

A_420.FI
N2 

LOG 
033 65 367 0.87 2500 3.7770 

0.064
0 0.2818 

0.002
0 

0.057
8 0.0978 

0.001
8 1586 13 1600 10 1571 33 102 

A_421.FI
N2 

LOG 
034 142 1624 1.26 790 6.6070 

0.061
0 0.3761 

0.002
2 

0.204
9 0.1281 

0.001
3 2060 8 2058 10 2068 18 100 

A_422.FI
N2 

LOG 
035 130 1229 1.10 820 6.5520 

0.070
0 0.3722 

0.002
1 

0.172
4 0.1282 

0.001
5 2052 10 2040 10 2069 20 99 

A_423.FI
N2 

LOG 
036 182 1321 0.92 780 6.1680 

0.068
0 0.3553 

0.002
5 

0.192
5 0.1267 

0.001
5 1999 10 1960 12 2050 21 96 

A_424.FI
N2 

LOG 
037 74 1141 1.41 570 12.1400 

0.150
0 0.4895 

0.004
2 

0.474
5 0.1809 

0.002
1 2614 12 2568 18 2658 19 97 

A_425.FI
N2 

LOG 
038 81 625 0.86 440 7.3100 

0.250
0 0.3560 

0.010
0 

0.914
1 0.1491 

0.002
2 2139 33 1959 49 2335 26 84 

A_426.FI
N2 

LOG 
039 148 397 1.08 220 0.8250 

0.023
0 0.0996 

0.000
9 

0.087
5 0.0604 

0.001
7 610 13 612 5 596 63 103 

A_427.FI
N2 

LOG 
040 63 729 1.03 250 12.8500 

0.220
0 0.5111 

0.004
2 

0.398
7 0.1832 

0.002
8 2666 16 2661 18 2678 25 99 

A_428.FI
N2 

LOG 
041 86 395 0.91 220 2.1930 

0.065
0 0.1814 

0.002
3 

0.146
9 0.0883 

0.002
7 1175 21 1074 12 1378 57 78 

A_429.FI
N2 

LOG 
042 72 242 1.30 133 0.8160 

0.030
0 0.0987 

0.001
1 

0.149
6 0.0599 

0.002
1 603 17 607 6 570 79 106 

A_430.FI
N2 

LOG 
043 93 157 0.66 166 0.8550 

0.033
0 0.1017 

0.001
2 

0.003
4 0.0613 

0.002
5 624 18 625 7 602 86 104 

A_431.FI
N2 

LOG 
044 118 724 0.92 520 4.4640 

0.061
0 0.2832 

0.002
3 

0.307
6 0.1146 

0.001
6 1723 11 1607 11 1872 25 86 



XLVI 
 

A_432.FI
N2 

LOG 
045 120 898 0.84 250 6.5080 

0.067
0 0.3734 

0.002
0 

0.211
4 0.1269 

0.001
3 2045 9 2045 10 2053 17 100 

A_433.FI
N2 

LOG 
046 100 784 0.88 410 6.5200 

0.079
0 0.3721 

0.002
2 

0.359
8 0.1274 

0.001
5 2047 11 2039 10 2058 21 99 

A_434.FI
N2 

LOG 
047 56 339 0.69 0 6.5000 

0.120
0 0.3699 

0.003
0 

0.080
0 0.1279 

0.002
6 2043 16 2028 14 2059 36 98 

A_435.FI
N2 

LOG 
048 42 829 2.40 170 6.5900 

0.220
0 0.3704 

0.005
4 

0.010
6 0.1301 

0.004
7 2054 28 2031 26 2085 62 97 

A_436.FI
N2 

LOG 
049 15 6 0.16 27 0.6940 

0.074
0 0.0851 

0.002
7 

0.084
1 0.0617 

0.007
0 525 48 526 16 480 220 110 

A_437.FI
N2 

LOG 
050 159 44 0.11 4900 0.7300 

0.045
0 0.0901 

0.001
7 

0.180
1 0.0588 

0.004
0 555 27 556 10 530 150 105 

A_438.FI
N2 

LOG 
051 99 3 0.60 0 0.0140 

0.010
0 0.0009 

0.000
2 

0.438
4 0.2600 

0.200
0 14 10 6 1 400 

160
0 1 

A_439.FI
N2 

LOG 
052 139 2045 1.64 330 6.6040 

0.074
0 0.3754 

0.002
1 

0.141
9 0.1278 

0.001
5 2059 10 2054 10 2065 21 99 

A_440.FI
N2 

LOG 
053 117 1460 1.44 580 6.6580 

0.084
0 0.3720 

0.002
6 

0.269
9 0.1301 

0.001
6 2066 11 2038 12 2096 22 97 

A_441.FI
N2 

LOG 
054 421 1696 0.51 45000 5.6910 

0.047
0 0.3388 

0.002
0 

0.442
6 0.1224 

0.001
0 1930 7 1881 10 1991 14 94 

A_442.FI
N2 

LOG 
055 827 1028 0.18 3300 5.0430 

0.038
0 0.3075 

0.001
8 

0.609
5 0.1193 

0.000
7 1826 6 1728 9 1945 11 89 

A_446.FI
N2 

LOG 
056 183 4 0.80 28 0.0065 

0.002
5 0.0008 

0.000
1 

0.053
9 0.0790 

0.032
0 7 3 5 1 -270 620 -2 

A_447.FI
N2 

LOG 
057 264 1761 0.80 1900 6.1500 

0.051
0 0.3519 

0.001
9 

0.495
3 0.1271 

0.000
9 1997 7 1943 9 2058 13 94 

A_448.FI
N2 

LOG 
058 432 2732 0.75 2800 6.3380 

0.053
0 0.3608 

0.002
0 

0.493
4 0.1279 

0.000
9 2023 7 1986 9 2069 13 96 

A_449.FI
N2 

LOG 
059 309 1752 0.69 1560 6.0430 

0.066
0 0.3499 

0.002
1 

0.532
0 0.1259 

0.001
2 1981 10 1936 11 2039 16 95 

A_450.FI
N2 

LOG 
060 81 687 0.83 670 10.7200 

0.200
0 0.4718 

0.004
6 

0.245
3 0.1655 

0.002
8 2497 17 2491 20 2515 31 99 

A_451.FI
N2 

LOG 
061 48 186 0.45 300 6.5300 

0.100
0 0.3644 

0.003
1 

0.088
2 0.1308 

0.002
3 2050 14 2002 14 2104 31 95 

A_452.FI
N2 

LOG 
062 52 1175 1.97 450 13.1500 

0.130
0 0.5082 

0.003
5 

0.298
2 0.1886 

0.002
1 2691 10 2648 15 2726 18 97 

A_453.FI
N2 

LOG 
063 104 1316 1.50 690 6.3150 

0.070
0 0.3587 

0.002
3 

0.326
0 0.1283 

0.001
4 2020 10 1976 11 2070 19 95 

A_454.FI
N2 

LOG 
064 164 3084 2.25 510 6.2830 

0.073
0 0.3588 

0.002
5 

0.332
1 0.1274 

0.001
4 2015 10 1976 12 2061 20 96 

A_455.FI
N2 

LOG 
065 98 300 0.38 590 5.9360 

0.089
0 0.3515 

0.002
5 

0.169
6 0.1235 

0.001
9 1965 13 1942 12 2003 28 97 

A_456.FI
N2 

LOG 
066 49 162 1.24 57 0.8720 

0.032
0 0.1017 

0.001
1 

0.089
7 0.0624 

0.002
3 631 18 624 6 626 80 100 

A_457.FI
N2 

LOG 
067 222 3515 1.84 100 6.4310 

0.061
0 0.3633 

0.002
0 

0.333
3 0.1290 

0.001
2 2036 8 1998 10 2082 16 96 

A_458.FI
N2 

LOG 
068 333 708 0.87 530 0.8170 

0.018
0 0.0987 

0.000
9 

0.213
2 0.0606 

0.001
4 607 10 607 5 618 46 98 



XLVII 
 

A_459.FI
N2 

LOG 
069 137 987 1.12 600 3.6340 

0.045
0 0.2634 

0.001
6 

0.153
8 0.1004 

0.001
3 1555 10 1507 8 1624 24 93 

A_460.FI
N2 

LOG 
070 98 1438 1.11 930 19.4100 

0.150
0 0.5955 

0.003
6 

0.353
3 0.2373 

0.002
0 3062 8 3011 14 3100 13 97 

A_461.FI
N2 

LOG 
071 178 83 0.18 230 0.7800 

0.024
0 0.0951 

0.001
0 

0.067
2 0.0599 

0.002
0 583 14 585 6 569 72 103 

A_462.FI
N2 

LOG 
072 35 522 1.65 230 7.7400 

0.150
0 0.3953 

0.004
2 

0.215
9 0.1430 

0.002
9 2198 18 2147 19 2253 36 95 

A_463.FI
N2 

LOG 
073 54 485 1.07 370 6.6000 

0.120
0 0.3748 

0.003
1 

0.136
6 0.1286 

0.002
5 2057 17 2052 14 2068 35 99 

A_464.FI
N2 

LOG 
074 157 930 0.71 850 5.9240 

0.094
0 0.3562 

0.003
6 

0.492
5 0.1212 

0.001
7 1963 14 1964 17 1969 25 100 

A_465.FI
N2 

LOG 
075 30 158 1.34 92 1.5220 

0.052
0 0.1560 

0.001
9 

0.046
4 0.0713 

0.002
5 935 21 934 10 907 75 103 

A_466.FI
N2 

LOG 
076 148 1193 0.91 2100 7.6600 

0.100
0 0.3886 

0.002
9 

0.384
4 0.1438 

0.001
8 2190 12 2116 14 2271 22 93 

A_467.FI
N2 

LOG 
077 89 775 1.01 1300 6.3430 

0.083
0 0.3632 

0.002
5 

0.197
4 0.1272 

0.001
7 2023 11 1997 12 2054 23 97 

A_468.FI
N2 

LOG 
078 31 212 1.05 130 3.7200 

0.099
0 0.2735 

0.003
1 

0.169
7 0.0992 

0.002
7 1569 21 1560 15 1582 51 99 

A_469.FI
N2 

LOG 
079 175 2545 1.62 2800 6.5760 

0.084
0 0.3731 

0.002
5 

0.287
8 0.1282 

0.001
7 2056 12 2044 12 2069 23 99 

A_470.FI
N2 

LOG 
080 111 1248 1.40 1900 5.6310 

0.068
0 0.3396 

0.001
9 

0.267
4 0.1205 

0.001
4 1919 10 1884 9 1960 20 96 

A_471.FI
N2 

LOG 
081 206 4528 2.68 2600 6.3370 

0.068
0 0.3603 

0.002
7 

0.061
1 0.1278 

0.001
5 2023 9 1983 13 2070 22 96 

A_472.FI
N2 

LOG 
082 365 9880 3.48 500 6.1330 

0.053
0 0.3509 

0.002
1 

0.393
6 0.1274 

0.001
1 1994 8 1939 10 2061 15 94 

A_473.FI
N2 

LOG 
083 124 164 0.53 610 0.7650 

0.020
0 0.0942 

0.000
9 

0.099
9 0.0590 

0.001
6 575 11 580 5 540 62 107 

A_474.FI
N2 

LOG 
084 139 768 0.64 1360 6.7800 

0.079
0 0.3682 

0.002
6 

0.308
4 0.1342 

0.001
6 2082 10 2020 12 2149 22 94 

A_475.FI
N2 

LOG 
085 66 175 0.33 80 5.5570 

0.086
0 0.3377 

0.003
0 

0.356
1 0.1196 

0.001
7 1907 13 1875 15 1948 26 96 

A_476.FI
N2 

LOG 
086 137 757 0.50 330 10.0400 

0.110
0 0.4558 

0.002
4 

0.394
6 0.1593 

0.001
6 2438 10 2421 11 2446 17 99 

A_477.FI
N2 

LOG 
087 217 1237 0.72 140 6.1290 

0.081
0 0.3287 

0.003
0 

0.629
2 0.1353 

0.001
4 1992 12 1832 15 2165 19 85 

A_480.FI
N2 

LOG 
088 51 538 1.19 340 6.4370 

0.095
0 0.3706 

0.002
9 

0.087
4 0.1263 

0.002
1 2035 13 2032 14 2041 30 100 

A_481.FI
N2 

LOG 
089 34 94 1.05 114 0.8450 

0.047
0 0.1003 

0.001
5 

0.058
2 0.0610 

0.003
4 612 26 616 9 560 120 110 

A_482.FI
N2 

LOG 
090 171 50 0.10 340 0.8250 

0.020
0 0.0996 

0.001
0 

0.022
7 0.0605 

0.001
6 609 11 612 6 598 58 102 

A_483.FI
N2 

LOG 
091 125 2102 1.95 500 6.6100 

0.120
0 0.3700 

0.002
5 

0.160
9 0.1300 

0.002
3 2058 15 2029 12 2092 31 97 

A_484.FI
N2 

LOG 
092 32 2016 6.94 70 6.4800 

0.130
0 0.3708 

0.003
3 

0.128
8 0.1268 

0.002
6 2038 17 2033 15 2038 37 100 



XLVIII 
 

A_485.FI
N2 

LOG 
093 239 3687 1.74 470 6.3330 

0.051
0 0.3673 

0.001
9 

0.322
5 0.1251 

0.001
0 2022 7 2016 9 2029 14 99 

A_486.FI
N2 

LOG 
094 44 116 0.28 320 7.5800 

0.220
0 0.4049 

0.005
9 

0.002
1 0.1371 

0.004
5 2179 26 2191 27 2176 57 101 

A_487.FI
N2 

LOG 
095 75 1064 1.63 340 6.3000 

0.100
0 0.3619 

0.003
6 

0.192
4 0.1268 

0.002
2 2019 14 1990 17 2047 31 97 

A_488.FI
N2 

LOG 
096 118 1965 1.87 590 6.4170 

0.087
0 0.3692 

0.002
7 

0.286
4 0.1264 

0.001
7 2033 12 2025 13 2044 24 99 

A_489.FI
N2 

LOG 
097 79 1111 1.53 480 6.5040 

0.088
0 0.3735 

0.002
9 

0.233
3 0.1270 

0.001
8 2046 12 2045 14 2052 26 100 

A_490.FI
N2 

LOG 
098 146 4490 3.40 1000 6.5930 

0.080
0 0.3726 

0.002
7 

0.145
1 0.1282 

0.001
7 2057 11 2043 13 2070 24 99 

A_491.FI
N2 

LOG 
099 358 85 0.09 610 0.8350 

0.017
0 0.1007 

0.000
8 

0.064
0 0.0607 

0.001
3 616 10 618 5 621 46 100 

A_492.FI
N2 

LOG 
100 235 434 0.68 6300 0.8580 

0.024
0 0.1018 

0.001
1 

0.187
3 0.0612 

0.001
9 628 13 625 6 626 68 100 

A_493.FI
N2 

LOG 
101 154 811 0.58 970 6.5120 

0.088
0 0.3726 

0.003
1 

0.171
1 0.1271 

0.001
8 2046 12 2041 14 2054 26 99 

A_494.FI
N2 

LOG 
102 46 86 0.71 61 0.8090 

0.037
0 0.0962 

0.001
3 

0.021
6 0.0609 

0.002
8 594 21 592 8 563 98 105 

A_495.FI
N2 

LOG 
103 191 102 0.23 80 0.7630 

0.025
0 0.0941 

0.000
8 

0.023
5 0.0592 

0.002
0 574 14 580 5 558 75 104 

A_496.FI
N2 

LOG 
104 44 333 1.22 115 3.6940 

0.073
0 0.2452 

0.002
3 

0.185
6 0.1096 

0.002
1 1568 15 1413 12 1781 36 79 

A_497.FI
N2 

LOG 
105 102 1234 1.94 260 3.9840 

0.067
0 0.2488 

0.002
3 

0.526
0 0.1161 

0.001
7 1627 14 1432 12 1888 27 76 

A_499.FI
N2 

LOG 
106 79 984 1.56 170 5.6800 

0.082
0 0.3284 

0.002
4 

0.222
3 0.1255 

0.001
8 1926 12 1830 12 2035 26 90 

A_500.FI
N2 

LOG 
107 37 838 2.48 4000 6.5600 

0.140
0 0.3694 

0.003
5 

0.050
8 0.1290 

0.002
9 2053 19 2028 17 2077 41 98 

A_501.FI
N2 

LOG 
108 31 505 1.94 -2200 6.2200 

0.210
0 0.3653 

0.004
3 

0.181
7 0.1244 

0.004
1 2000 29 2007 20 1997 60 101 

A_502.FI
N2 

LOG 
109 102 1147 1.26 530 6.6230 

0.074
0 0.3748 

0.002
3 

0.240
9 0.1288 

0.001
5 2061 10 2052 11 2077 20 99 

A_503.FI
N2 

LOG 
110 136 316 0.88 220 0.8140 

0.028
0 0.0986 

0.001
1 

0.129
4 0.0603 

0.002
2 605 16 606 6 593 82 102 

A_504.FI
N2 

LOG 
111 158 367 0.91 230 0.8130 

0.021
0 0.0985 

0.000
9 

0.145
0 0.0606 

0.001
6 602 12 605 5 602 58 101 

A_505.FI
N2 

LOG 
112 723 778 0.11 5700 9.4130 

0.057
0 0.4404 

0.001
9 

0.491
3 0.1558 

0.000
8 2379 6 2352 9 2410 9 98 

A_506.FI
N2 

LOG 
113 34 748 2.51 140 6.2900 

0.120
0 0.3635 

0.003
2 

0.145
9 0.1262 

0.002
6 2012 17 1998 15 2031 36 98 

A_507.FI
N2 

LOG 
114 100 169 0.63 156 0.8440 

0.024
0 0.1000 

0.000
9 

0.075
3 0.0618 

0.001
9 618 14 614 5 621 66 99 

A_508.FI
N2 

LOG 
115 123 1725 1.72 750 5.7170 

0.068
0 0.3318 

0.002
1 

0.099
2 0.1258 

0.001
7 1933 10 1847 10 2035 23 91 

Appendix 6.13: Results of the analysis of zircons from Missole kaolin 
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      RATIOS       AGES [Ma]     
Con
c. 

Analysis 
Sampl

e 
U 

[ppm]a 
Pb 

[ppm]a 
Th/
Ua 

206/2
04 

207Pb/235

Ub 2 σd 

206Pb/238

Ub 2 σd rhoc 

207Pb/206P
be 2 σd 

207Pb/23

5U 
2 
σ 

206Pb/23

8U 
2 
σ 

207Pb/206

Pb 
2 
σ % 

                    
A_166.FI

N2 
MSL 
017 174 274 0.60 350 0.8420 

0.025
0 0.1029 

0.001
1 

0.119
7 0.0595 

0.001
8 618 14 632 6 558 68 113 

A_161.FI
N2 

MSL 
012 77 77 0.38 157 0.8370 

0.031
0 0.1006 

0.001
2 

0.196
4 0.0605 

0.002
2 614 17 618 7 577 80 107 

A_219.FI
N2 

MSL 
060 44 125 1.10 63 0.8530 

0.035
0 0.1014 

0.001
1 

0.124
9 0.0612 

0.002
5 624 20 622 7 595 86 105 

A_200.FI
N2 

MSL 
047 173 114 0.26 -2200 0.8570 

0.018
0 0.1026 

0.000
8 

0.154
8 0.0607 

0.001
3 627 10 629 5 606 46 104 

A_216.FI
N2 

MSL 
058 198 6 0.01 510 0.9590 

0.017
0 0.1117 

0.000
7 

0.089
7 0.0622 

0.001
2 681 9 683 4 666 41 103 

A_188.FI
N2 

MSL 
035 54 7 0.01 -120 0.9560 

0.044
0 0.1102 

0.001
4 

0.215
5 0.0632 

0.002
7 676 22 674 8 658 90 102 

A_179.FI
N2 

MSL 
026 247 609 0.99 400 0.8200 

0.021
0 0.0989 

0.000
8 

0.235
6 0.0602 

0.001
5 607 12 608 5 595 54 102 

A_180.FI
N2 

MSL 
027 176 288 0.66 310 0.8240 

0.027
0 0.0991 

0.001
0 

0.066
9 0.0606 

0.002
0 609 15 609 6 597 73 102 

A_178.FI
N2 

MSL 
025 116 324 1.07 193 0.8520 

0.022
0 0.1013 

0.000
8 

0.018
4 0.0613 

0.001
7 624 12 622 5 618 59 101 

A_157.FI
N2 

MSL 
008 216 1005 1.79 400 0.8860 

0.022
0 0.1047 

0.000
9 

0.062
2 0.0615 

0.001
6 643 12 642 5 639 58 100 

A_214.FI
N2 

MSL 
056 270 244 0.42 330 0.8650 

0.016
0 0.1028 

0.000
7 

0.035
8 0.0611 

0.001
2 632 9 631 4 628 44 100 

A_215.FI
N2 

MSL 
057 181 7 0.02 270 0.9430 

0.024
0 0.1095 

0.001
0 

0.110
6 0.0625 

0.001
6 673 13 670 6 671 55 100 

A_202.FI
N2 

MSL 
049 129 193 0.58 130 0.8440 

0.031
0 0.1000 

0.001
3 

0.056
1 0.0614 

0.002
3 619 17 615 8 617 81 100 

A_193.FI
N2 

MSL 
040 76 402 0.70 332 5.1100 

0.110
0 0.3289 

0.003
1 

0.149
5 0.1131 

0.002
5 1836 19 1833 15 1841 41 100 

A_199.FI
N2 

MSL 
046 190 622 1.22 -2900 0.9030 

0.021
0 0.1057 

0.000
7 

0.123
0 0.0621 

0.001
5 651 11 648 4 654 51 99 

A_190.FI
N2 

MSL 
037 252 69 0.10 480 0.8710 

0.021
0 0.1030 

0.000
8 

0.060
4 0.0614 

0.001
6 635 12 632 5 639 56 99 

A_169.FI
N2 

MSL 
020 217 952 0.46 7200 6.9100 

0.110
0 0.3812 

0.003
8 

0.327
6 0.1317 

0.002
0 2099 14 2082 18 2119 26 98 

A_183.FI
N2 

MSL 
030 128 677 1.20 323 1.6840 

0.034
0 0.1667 

0.001
3 

0.174
8 0.0735 

0.001
5 1000 13 994 7 1013 42 98 

A_194.FI
N2 

MSL 
041 95 227 0.88 185 0.8410 

0.023
0 0.0996 

0.000
9 

0.008
9 0.0615 

0.001
8 617 13 612 5 627 63 98 

A_168.FI
N2 

MSL 
019 242 811 1.30 610 0.8450 

0.019
0 0.1006 

0.000
7 

0.055
5 0.0614 

0.001
5 621 10 618 4 634 51 97 

A_162.FI
N2 

MSL 
013 186 2930 1.78 1280 6.5450 

0.065
0 0.3689 

0.002
2 

0.210
9 0.1289 

0.001
3 2051 9 2024 10 2081 18 97 



L 
 

A_197.FI
N2 

MSL 
044 324 1406 1.74 480 0.8690 

0.019
0 0.1029 

0.000
8 

0.128
4 0.0614 

0.001
4 634 10 631 5 649 47 97 

A_195.FI
N2 

MSL 
042 105 81 0.24 70 1.1410 

0.060
0 0.1248 

0.001
8 

0.062
6 0.0665 

0.003
7 769 28 758 10 780 

11
0 97 

A_176.FI
N2 

MSL 
023 185 174 0.34 250 0.8770 

0.018
0 0.1034 

0.000
7 

0.167
2 0.0619 

0.001
2 638 10 634 4 653 45 97 

A_196.FI
N2 

MSL 
043 236 1190 1.15 810 1.6730 

0.025
0 0.1660 

0.001
0 

0.257
8 0.0735 

0.001
1 999 10 990 6 1019 30 97 

A_220.FI
N2 

MSL 
061 174 23 0.41 210 0.8820 

0.035
0 0.1032 

0.001
4 

0.108
3 0.0620 

0.002
5 641 19 633 8 653 85 97 

A_150.FI
N2 

MSL 
001 380 471 0.52 490 0.7970 

0.016
0 0.0954 

0.000
7 

0.266
6 0.0606 

0.001
2 594 9 587 4 613 41 96 

A_177.FI
N2 

MSL 
024 295 22 0.03 470 0.8420 

0.017
0 0.0999 

0.000
8 

0.072
4 0.0614 

0.001
4 620 9 614 5 641 47 96 

A_160.FI
N2 

MSL 
011 202 13 0.01 200 0.8530 

0.028
0 0.1007 

0.001
1 

0.271
9 0.0615 

0.001
9 624 15 618 7 647 74 96 

A_228.FI
N2 

MSL 
069 62 274 0.46 390 7.0340 

0.098
0 0.3777 

0.002
5 

0.347
9 0.1348 

0.001
8 2115 12 2065 12 2163 23 95 

A_189.FI
N2 

MSL 
036 329 372 0.42 270 0.8410 

0.022
0 0.1000 

0.001
1 

0.094
9 0.0612 

0.001
8 619 12 615 6 648 71 95 

A_165.FI
N2 

MSL 
016 193 859 0.54 2300 5.9080 

0.071
0 0.3440 

0.002
2 

0.284
3 0.1248 

0.001
5 1962 11 1906 11 2023 21 94 

A_185.FI
N2 

MSL 
032 122 4 0.01 155 0.8220 

0.028
0 0.0979 

0.001
4 

0.183
8 0.0611 

0.002
2 608 16 602 8 639 82 94 

A_170.FI
N2 

MSL 
021 141 2249 1.44 -4800 11.5480 

0.091
0 0.4701 

0.002
1 

0.165
0 0.1787 

0.001
5 2569 7 2484 9 2639 14 94 

A_164.FI
N2 

MSL 
015 120 269 0.28 680 5.8700 

0.082
0 0.3420 

0.002
8 

0.408
3 0.1247 

0.001
7 1956 12 1896 13 2021 23 94 

A_184.FI
N2 

MSL 
031 308 1292 1.92 510 0.8940 

0.015
0 0.1041 

0.001
1 

0.107
9 0.0626 

0.001
2 648 8 639 6 684 40 93 

A_163.FI
N2 

MSL 
014 343 427 0.49 1380 0.8740 

0.019
0 0.1018 

0.000
9 

0.108
4 0.0624 

0.001
5 637 10 625 5 677 51 92 

A_210.FI
N2 

MSL 
053 84 1518 2.18 480 6.1800 

0.100
0 0.3468 

0.003
1 

0.443
9 0.1294 

0.001
9 2000 14 1919 15 2084 26 92 

A_187.FI
N2 

MSL 
034 670 244 0.40 

-
50000 0.8730 

0.019
0 0.1018 

0.000
9 

0.094
6 0.0624 

0.001
4 637 10 625 5 680 48 92 

A_154.FI
N2 

MSL 
005 226 180 0.35 820 0.8380 

0.022
0 0.0981 

0.001
0 

0.158
5 0.0620 

0.001
7 617 13 603 6 657 60 92 

A_159.FI
N2 

MSL 
010 25 122 1.25 29 1.6500 

0.100
0 0.1562 

0.002
7 

0.112
1 0.0771 

0.005
0 975 39 935 15 1020 

14
0 92 

A_167.FI
N2 

MSL 
018 103 1816 1.55 1590 11.1200 

0.130
0 0.4533 

0.003
9 

0.491
4 0.1784 

0.001
9 2532 11 2409 17 2635 18 91 

A_158.FI
N2 

MSL 
009 136 237 0.44 300 1.4510 

0.039
0 0.1452 

0.001
2 

0.206
0 0.0723 

0.002
1 908 16 874 7 985 57 89 

A_186.FI
N2 

MSL 
033 313 551 0.73 440 0.8290 

0.030
0 0.0970 

0.001
1 

0.027
5 0.0627 

0.002
5 612 16 597 7 673 85 89 

A_203.FI
N2 

MSL 
050 192 448 1.18 7500 0.8600 

0.035
0 0.0987 

0.001
1 

0.108
6 0.0631 

0.002
6 628 19 607 6 687 90 88 



LI 
 

A_222.FI
N2 

MSL 
063 749 2825 1.66 30000 0.8650 

0.017
0 0.0994 

0.000
8 

0.027
3 0.0631 

0.001
3 632 9 611 5 704 45 87 

A_182.FI
N2 

MSL 
029 36 67 0.49 400 1.3750 

0.082
0 0.1350 

0.001
7 

0.195
4 0.0735 

0.004
1 867 34 816 10 960 

12
0 85 

A_192.FI
N2 

MSL 
039 160 121 0.27 -490 0.8900 

0.027
0 0.1010 

0.000
9 

0.233
5 0.0641 

0.001
9 644 14 620 5 730 66 85 

A_198.FI
N2 

MSL 
045 300 1229 2.24 60000 0.8390 

0.017
0 0.0965 

0.000
7 

0.172
7 0.0632 

0.001
3 619 9 594 4 706 44 84 

A_236.FI
N2 

MSL 
072 129 10 0.09 120 0.9040 

0.030
0 0.1014 

0.001
2 

0.116
5 0.0646 

0.002
1 652 16 623 7 753 74 83 

A_155.FI
N2 

MSL 
006 107 301 0.67 310 1.6340 

0.055
0 0.1517 

0.001
2 

0.034
1 0.0777 

0.002
3 973 18 911 7 1103 61 83 

A_227.FI
N2 

MSL 
068 1020 2168 0.80 3600 1.2200 

0.014
0 0.1258 

0.001
0 

0.644
7 0.0701 

0.000
7 809 6 764 6 929 19 82 

A_223.FI
N2 

MSL 
064 815 2635 1.41 400 0.8550 

0.021
0 0.0971 

0.001
0 

0.365
5 0.0637 

0.001
5 627 12 598 6 728 50 82 

A_235.FI
N2 

MSL 
071 596 197 0.23 

-
21000 1.0000 

0.021
0 0.1089 

0.001
6 

0.530
7 0.0668 

0.001
3 703 11 666 10 823 41 81 

A_152.FI
N2 

MSL 
003 84 94 0.42 145 0.9460 

0.027
0 0.1031 

0.000
9 

0.171
3 0.0667 

0.002
0 674 15 633 6 789 63 80 

A_153.FI
N2 

MSL 
004 118 437 1.44 190 0.9120 

0.035
0 0.1010 

0.001
2 

0.271
2 0.0661 

0.002
7 659 20 620 7 782 89 79 

A_204.FI
N2 

MSL 
051 279 678 2.18 520 0.8110 

0.017
0 0.0924 

0.001
2 

0.449
7 0.0636 

0.001
2 602 10 570 7 722 42 79 

A_221.FI
N2 

MSL 
062 553 524 0.56 

-
10000

0 0.8370 
0.014

0 0.0945 
0.000

6 
0.187

0 0.0642 
0.001

0 617 8 582 4 739 34 79 
A_151.FI

N2 
MSL 
002 181 235 0.57 210 0.8860 

0.020
0 0.0981 

0.000
8 

0.082
1 0.0653 

0.001
6 643 11 603 5 773 51 78 

A_211.FI
N2 

MSL 
054 426 229 0.58 1400 4.4850 

0.053
0 0.2685 

0.001
5 

0.446
1 0.1211 

0.001
3 1727 10 1534 7 1971 19 78 

A_226.FI
N2 

MSL 
067 144 280 0.54 570 1.2710 

0.041
0 0.1253 

0.001
5 

0.220
9 0.0736 

0.002
4 830 18 761 8 1005 65 76 

A_218.FI
N2 

MSL 
059 501 112 0.25 730 1.0370 

0.031
0 0.1077 

0.001
1 

0.425
4 0.0697 

0.001
9 721 15 659 7 910 56 72 

A_213.FI
N2 

MSL 
055 345 442 3.27 420 0.8290 

0.018
0 0.0910 

0.000
9 

0.312
8 0.0661 

0.001
3 612 10 561 5 798 43 70 

A_224.FI
N2 

MSL 
065 119 217 0.28 4700 3.7410 

0.087
0 0.2307 

0.002
2 

0.521
9 0.1174 

0.002
3 1577 18 1338 12 1908 36 70 

A_201.FI
N2 

MSL 
048 348 875 3.60 2000 0.8390 

0.013
0 0.0900 

0.000
6 

0.270
5 0.0676 

0.001
0 618 7 556 3 852 31 65 

A_229.FI
N2 

MSL 
070 404 1005 0.36 5600 6.3790 

0.062
0 0.2711 

0.002
0 

0.581
1 0.1703 

0.001
4 2029 9 1546 10 2560 14 60 

A_225.FI
N2 

MSL 
066 727 988 2.00 1900 2.3050 

0.031
0 0.1634 

0.001
4 

0.790
0 0.1019 

0.001
0 1213 10 976 8 1660 17 59 

A_191.FI
N2 

MSL 
038 252 812 3.28 670 2.0650 

0.044
0 0.1533 

0.002
2 

0.483
2 0.0978 

0.001
9 1135 14 919 12 1574 36 58 

A_156.FI
N2 

MSL 
007 273 694 1.46 500 2.4640 

0.075
0 0.1684 

0.003
9 

0.862
1 0.1060 

0.001
7 1256 22 1003 22 1725 29 58 



LII 
 

A_181.FI
N2 

MSL 
028 700 679 0.85 4600 2.7420 

0.087
0 0.1767 

0.004
2 

0.953
4 0.1125 

0.001
3 1335 24 1049 23 1838 21 57 

A_205.FI
N2 

MSL 
052 558 1322 2.62 580 0.8500 

0.013
0 0.0838 

0.001
1 

0.340
3 0.0740 

0.001
3 625 8 519 6 1032 35 50 

A_171.FI
N2 

MSL 
022 1 8 0.03 3 6.3300 

0.990
0 0.1930 

0.013
0 

0.245
5 0.2480 

0.037
0 1740 

18
0 1137 70 2490 

37
0 46 

  



LIII 
 

Appendix 6.14: Results of the analysis of zircons from Yatchika kaolin 

      RATIOS       AGES [Ma]     
Con
c. 

Analysis 
Sampl

e 
U 

[ppm]a 
Pb 

[ppm]a 
Th/
Ua 

206/2
04 

207Pb/235

Ub 2 σd 

206Pb/238

Ub 2 σd rhoc 

207Pb/206P
be 2 σd 

207Pb/23

5U 
2 
σ 

206Pb/23

8U 
2 
σ 

207Pb/206

Pb 
2 
σ % 

                    
A_069.FI

N2 
YTK 
060 37 7 0.03 -4100 1.1310 

0.071
0 0.1282 

0.002
9 

0.325
2 0.0631 

0.003
7 754 34 777 17 640 

12
0 121 

A_020.FI
N2 

YTK 
015 16 54 1.24 50 0.9270 

0.059
0 0.1069 

0.001
9 

0.109
7 0.0628 

0.003
9 653 31 654 11 580 

13
0 113 

A_079.FI
N2 

YTK 
066 65 88 0.51 99 0.8580 

0.035
0 0.1021 

0.001
1 

0.090
6 0.0611 

0.002
5 623 19 627 7 580 90 108 

A_021.FI
N2 

YTK 
016 125 174 0.52 250 0.9100 

0.022
0 0.1075 

0.000
8 

0.016
3 0.0612 

0.001
6 655 12 658 5 623 56 106 

A_050.FI
N2 

YTK 
041 74 61 0.30 132 0.9240 

0.044
0 0.1081 

0.001
8 

0.396
7 0.0617 

0.002
6 657 23 661 10 630 97 105 

A_051.FI
N2 

YTK 
042 201 673 1.31 640 0.8470 

0.021
0 0.1015 

0.000
8 

0.004
6 0.0602 

0.001
5 622 12 623 5 600 56 104 

A_132.FI
N2 

YTK 
114 46 89 0.68 80 0.9970 

0.044
0 0.1132 

0.001
5 

0.010
0 0.0637 

0.002
9 694 22 691 9 666 95 104 

A_116.FI
N2 

YTK 
098 128 421 1.26 -30 0.8250 

0.028
0 0.0987 

0.000
9 

0.019
9 0.0606 

0.002
1 608 16 607 5 585 76 104 

A_056.FI
N2 

YTK 
047 58 112 0.76 91 0.8370 

0.043
0 0.0992 

0.001
4 

0.117
0 0.0614 

0.003
3 612 24 610 8 590 

11
0 103 

A_115.FI
N2 

YTK 
097 144 334 0.89 -5600 0.8360 

0.022
0 0.1002 

0.000
9 

0.091
3 0.0605 

0.001
6 615 12 616 5 596 58 103 

A_017.FI
N2 

YTK 
012 72 154 0.61 124 0.9820 

0.043
0 0.1121 

0.001
4 

0.164
2 0.0634 

0.002
8 689 22 685 8 663 95 103 

A_063.FI
N2 

YTK 
054 238 414 0.67 420 0.8310 

0.018
0 0.0999 

0.000
7 

0.256
7 0.0603 

0.001
3 613 10 614 4 595 46 103 

A_078.FI
N2 

YTK 
065 95 333 1.32 153 0.8630 

0.029
0 0.1024 

0.000
9 

0.076
3 0.0611 

0.002
1 630 15 628 5 609 76 103 

A_121.FI
N2 

YTK 
103 35 123 1.35 38 0.8240 

0.038
0 0.0975 

0.001
2 

0.017
3 0.0616 

0.003
0 603 21 599 7 581 98 103 

A_111.FI
N2 

YTK 
093 57 141 0.95 -164 0.8470 

0.037
0 0.0998 

0.001
2 

0.085
5 0.0616 

0.002
7 617 21 613 7 595 94 103 

A_089.FI
N2 

YTK 
076 53 138 1.03 

-
12000 0.8510 

0.036
0 0.1003 

0.001
2 

0.119
4 0.0618 

0.002
7 619 20 616 7 600 90 103 

A_075.FI
N2 

YTK 
062 78 190 0.92 81 0.8400 

0.030
0 0.0996 

0.000
9 

0.013
2 0.0612 

0.002
2 614 16 612 5 597 77 103 

A_088.FI
N2 

YTK 
075 63 256 1.58 780 0.8360 

0.037
0 0.0992 

0.001
4 

0.082
0 0.0614 

0.002
8 615 20 610 8 595 96 102 

A_074.FI
N2 

YTK 
061 114 394 1.33 198 0.8360 

0.022
0 0.1002 

0.000
9 

0.192
2 0.0607 

0.001
6 615 12 616 5 602 57 102 

A_064.FI
N2 

YTK 
055 134 143 0.40 370 0.9030 

0.027
0 0.1071 

0.001
7 

0.360
5 0.0617 

0.001
7 650 14 655 10 643 57 102 



LIV 
 

A_033.FI
N2 

YTK 
028 361 495 0.53 7800 0.8610 

0.017
0 0.1025 

0.000
8 

0.190
6 0.0607 

0.001
2 630 9 629 5 618 42 102 

A_144.FI
N2 

YTK 
122 94 370 1.39 -900 0.8780 

0.027
0 0.1031 

0.001
1 

0.125
6 0.0618 

0.001
9 636 15 632 7 624 66 101 

A_124.FI
N2 

YTK 
106 175 411 0.91 50 0.8250 

0.025
0 0.0990 

0.000
8 

0.018
8 0.0604 

0.001
9 612 15 608 5 603 72 101 

A_008.FI
N2 

YTK 
003 140 316 0.85 240 0.8750 

0.023
0 0.1036 

0.001
0 

0.091
2 0.0612 

0.001
7 638 13 636 6 630 60 101 

A_044.FI
N2 

YTK 
035 63 776 1.35 490 6.8690 

0.091
0 0.3841 

0.002
8 

0.374
0 0.1288 

0.001
5 2092 12 2095 13 2079 22 101 

A_094.FI
N2 

YTK 
081 68 1650 2.72 2200 6.5560 

0.094
0 0.3763 

0.002
8 

0.195
5 0.1266 

0.001
9 2051 13 2058 13 2045 26 101 

A_043.FI
N2 

YTK 
034 346 81 0.10 220 0.7980 

0.017
0 0.0962 

0.000
7 

0.181
4 0.0599 

0.001
2 595 9 592 4 589 45 101 

A_114.FI
N2 

YTK 
096 130 511 1.55 1800 0.8100 

0.022
0 0.0969 

0.000
8 

0.052
2 0.0606 

0.001
7 600 12 596 5 593 62 101 

A_133.FI
N2 

YTK 
115 38 65 0.60 100 0.9630 

0.045
0 0.1101 

0.001
6 

0.184
5 0.0639 

0.003
1 684 25 673 9 670 

10
0 100 

A_120.FI
N2 

YTK 
102 45 225 1.95 60 0.8610 

0.037
0 0.1004 

0.001
2 

0.017
5 0.0628 

0.002
8 626 20 617 7 614 94 100 

A_146.FI
N2 

YTK 
124 81 174 0.92 -1770 0.8440 

0.032
0 0.0996 

0.001
1 

0.066
1 0.0616 

0.002
3 617 17 612 7 610 83 100 

A_085.FI
N2 

YTK 
072 127 408 1.24 227 0.8670 

0.024
0 0.1025 

0.000
8 

0.053
7 0.0615 

0.001
7 632 13 629 5 627 62 100 

A_147.FI
N2 

YTK 
125 74 135 0.70 -2800 0.8230 

0.029
0 0.0980 

0.001
0 

0.053
5 0.0613 

0.002
3 608 17 603 6 602 77 100 

A_045.FI
N2 

YTK 
036 121 441 1.42 490 0.8410 

0.024
0 0.0995 

0.000
9 

0.037
4 0.0612 

0.001
8 617 13 611 5 611 64 100 

A_096.FI
N2 

YTK 
083 65 835 1.48 1700 6.6200 

0.120
0 0.3754 

0.004
5 

0.316
9 0.1272 

0.002
1 2059 16 2054 21 2054 29 100 

A_057.FI
N2 

YTK 
048 154 411 1.06 300 0.8370 

0.023
0 0.0993 

0.000
7 

0.205
4 0.0610 

0.001
6 615 13 610 4 611 59 100 

A_093.FI
N2 

YTK 
080 75 230 0.34 1440 6.3270 

0.073
0 0.3676 

0.002
3 

0.377
0 0.1247 

0.001
4 2020 10 2018 11 2022 20 100 

A_048.FI
N2 

YTK 
039 67 989 1.21 400 15.2000 

0.130
0 0.5489 

0.003
3 

0.301
0 0.2006 

0.001
9 2827 8 2820 14 2829 15 100 

A_082.FI
N2 

YTK 
069 13 42 0.33 77 6.9200 

0.200
0 0.3822 

0.004
8 

0.065
0 0.1316 

0.003
9 2089 25 2085 22 2092 53 100 

A_055.FI
N2 

YTK 
046 85 218 1.00 154 0.8760 

0.041
0 0.1022 

0.001
4 

0.135
0 0.0621 

0.002
9 635 22 628 8 630 

10
0 100 

A_081.FI
N2 

YTK 
068 72 2061 3.22 430 6.4690 

0.096
0 0.3715 

0.002
7 

0.183
6 0.1267 

0.001
9 2041 13 2036 13 2045 27 100 

A_040.FI
N2 

YTK 
031 119 251 0.82 170 0.8470 

0.031
0 0.0996 

0.000
9 

0.102
9 0.0614 

0.002
3 620 17 612 6 615 80 100 

A_067.FI
N2 

YTK 
058 68 728 1.55 290 3.7230 

0.060
0 0.2757 

0.002
1 

0.055
5 0.0983 

0.001
8 1573 13 1569 11 1578 34 99 

A_059.FI
N2 

YTK 
050 75 428 0.54 550 10.4900 

0.130
0 0.4663 

0.003
4 

0.258
3 0.1630 

0.002
1 2478 11 2467 15 2483 21 99 



LV 
 

A_014.FI
N2 

YTK 
009 124 222 0.70 270 0.8660 

0.022
0 0.1023 

0.000
9 

0.076
0 0.0614 

0.001
7 632 12 628 5 632 59 99 

A_090.FI
N2 

YTK 
077 75 727 1.13 9700 6.1510 

0.083
0 0.3615 

0.002
3 

0.156
2 0.1236 

0.001
7 1995 12 1989 11 2003 24 99 

A_054.FI
N2 

YTK 
045 149 892 0.41 1090 23.3900 

0.180
0 0.6496 

0.004
0 

0.308
9 0.2607 

0.002
1 3243 7 3226 16 3250 13 99 

A_097.FI
N2 

YTK 
084 141 811 0.41 12700 18.0500 

0.530
0 0.5870 

0.013
0 

0.970
7 0.2221 

0.002
0 2981 26 2971 52 2994 14 99 

A_031.FI
N2 

YTK 
026 196 1457 0.69 31000 11.2600 

0.110
0 0.4807 

0.002
9 

0.286
9 0.1694 

0.001
4 2544 9 2530 13 2551 14 99 

A_091.FI
N2 

YTK 
078 136 2246 1.96 5000 6.1990 

0.087
0 0.3627 

0.002
8 

0.252
6 0.1240 

0.001
7 2003 12 1995 13 2012 24 99 

A_012.FI
N2 

YTK 
007 82 700 0.97 430 6.7250 

0.096
0 0.3769 

0.002
4 

0.117
4 0.1292 

0.002
0 2074 13 2062 11 2082 27 99 

A_134.FI
N2 

YTK 
116 32 459 1.70 -130 6.4100 

0.130
0 0.3677 

0.003
4 

0.007
9 0.1260 

0.002
8 2029 18 2018 16 2039 38 99 

A_135.FI
N2 

YTK 
117 126 794 0.76 7600 5.9670 

0.068
0 0.3549 

0.002
0 

0.222
4 0.1217 

0.001
4 1970 10 1958 10 1978 21 99 

A_145.FI
N2 

YTK 
123 152 2720 2.00 -6900 6.6260 

0.066
0 0.3737 

0.002
1 

0.312
7 0.1283 

0.001
3 2062 9 2047 10 2073 17 99 

A_126.FI
N2 

YTK 
108 72 77 0.42 -100 0.8070 

0.029
0 0.0971 

0.001
1 

0.058
9 0.0607 

0.002
3 600 17 597 7 605 79 99 

A_123.FI
N2 

YTK 
105 129 400 0.82 -60 1.4340 

0.045
0 0.1482 

0.001
3 

0.112
5 0.0701 

0.002
2 900 19 891 8 904 66 99 

A_065.FI
N2 

YTK 
056 348 283 0.31 430 0.8210 

0.013
0 0.0986 

0.000
5 

0.117
8 0.0605 

0.001
0 609 7 606 3 616 35 98 

A_049.FI
N2 

YTK 
040 69 1169 1.42 8100 15.1800 

0.230
0 0.5429 

0.005
4 

0.149
1 0.2023 

0.003
5 2826 15 2795 23 2842 28 98 

A_019.FI
N2 

YTK 
014 275 1533 2.17 2800 0.8990 

0.023
0 0.1050 

0.000
8 

0.143
3 0.0619 

0.001
6 650 12 644 4 655 55 98 

A_149.FI
N2 

YTK 
127 207 1751 0.96 -2200 6.5790 

0.057
0 0.3713 

0.002
0 

0.191
1 0.1282 

0.001
3 2056 8 2036 10 2072 17 98 

A_042.FI
N2 

YTK 
033 110 1862 2.01 7500 5.9430 

0.083
0 0.3523 

0.002
5 

0.191
9 0.1222 

0.001
8 1968 12 1946 12 1983 26 98 

A_077.FI
N2 

YTK 
064 111 1522 1.54 720 6.6510 

0.074
0 0.3734 

0.002
3 

0.304
2 0.1295 

0.001
4 2065 10 2045 11 2087 19 98 

A_083.FI
N2 

YTK 
070 62 758 1.11 440 11.7800 

0.170
0 0.4864 

0.004
1 

0.187
3 0.1758 

0.002
7 2585 13 2555 18 2609 26 98 

A_092.FI
N2 

YTK 
079 70 793 1.05 1100 10.7000 

0.150
0 0.4663 

0.003
3 

0.126
2 0.1667 

0.002
4 2496 13 2467 14 2523 23 98 

A_110.FI
N2 

YTK 
092 72 797 1.29 1700 6.2170 

0.090
0 0.3597 

0.002
2 

0.062
3 0.1252 

0.002
1 2007 13 1982 11 2028 28 98 

A_053.FI
N2 

YTK 
044 65 672 1.57 230 3.6730 

0.084
0 0.2706 

0.002
6 

0.025
7 0.0984 

0.002
4 1563 18 1544 13 1581 46 98 

A_034.FI
N2 

YTK 
029 92 8 0.01 90 0.9350 

0.047
0 0.1068 

0.001
3 

0.175
9 0.0632 

0.003
1 666 25 654 7 670 

11
0 98 

A_086.FI
N2 

YTK 
073 215 4445 2.34 600 6.5650 

0.048
0 0.3699 

0.001
5 

0.183
3 0.1290 

0.001
0 2054 7 2029 7 2082 13 97 



LVI 
 

A_117.FI
N2 

YTK 
099 81 208 0.97 590 0.8480 

0.027
0 0.0996 

0.001
1 

0.068
2 0.0618 

0.002
0 620 15 612 6 628 70 97 

A_052.FI
N2 

YTK 
043 194 1749 1.37 850 3.7100 

0.054
0 0.2722 

0.001
7 

0.070
1 0.0987 

0.001
5 1573 11 1552 9 1594 28 97 

A_143.FI
N2 

YTK 
121 186 1682 1.03 11300 6.5400 

0.060
0 0.3682 

0.001
7 

0.169
7 0.1287 

0.001
2 2050 8 2021 8 2077 17 97 

A_080.FI
N2 

YTK 
067 144 1278 0.84 1290 10.2710 

0.096
0 0.4563 

0.002
6 

0.427
0 0.1634 

0.001
4 2459 9 2423 12 2492 14 97 

A_113.FI
N2 

YTK 
095 48 125 1.01 440 0.8300 

0.033
0 0.0970 

0.001
1 

0.031
6 0.0622 

0.002
6 608 18 597 7 614 88 97 

A_129.FI
N2 

YTK 
111 136 718 0.60 2100 6.4920 

0.063
0 0.3660 

0.001
9 

0.158
7 0.1282 

0.001
4 2044 9 2011 9 2070 19 97 

A_100.FI
N2 

YTK 
087 192 4151 1.84 

-
19000 12.9410 

0.080
0 0.5037 

0.002
4 

0.234
7 0.1862 

0.001
2 2675 6 2629 10 2708 11 97 

A_029.FI
N2 

YTK 
024 64 877 1.62 390 5.9200 

0.097
0 0.3488 

0.002
7 

0.069
8 0.1228 

0.002
3 1962 14 1929 13 1989 34 97 

A_136.FI
N2 

YTK 
118 132 629 0.37 -4900 18.3000 

0.150
0 0.5793 

0.003
0 

0.366
9 0.2288 

0.001
9 3005 8 2946 12 3042 13 97 

A_058.FI
N2 

YTK 
049 28 666 2.88 99 6.1600 

0.220
0 0.3551 

0.005
7 

0.182
1 0.1260 

0.004
7 1992 32 1958 27 2022 68 97 

A_148.FI
N2 

YTK 
126 76 2492 3.17 -1100 10.4500 

0.250
0 0.4563 

0.005
6 

0.812
4 0.1655 

0.002
7 2469 23 2422 25 2506 27 97 

A_108.FI
N2 

YTK 
090 75 555 0.72 1300 9.1000 

0.110
0 0.4294 

0.003
7 

0.220
3 0.1536 

0.002
0 2348 10 2303 17 2383 22 97 

A_035.FI
N2 

YTK 
030 217 1044 0.54 -500 7.1590 

0.061
0 0.3813 

0.002
1 

0.241
6 0.1356 

0.001
3 2132 8 2082 10 2170 16 96 

A_122.FI
N2 

YTK 
104 156 1656 1.21 1900 6.3710 

0.061
0 0.3602 

0.001
8 

0.077
5 0.1281 

0.001
3 2027 9 1983 9 2068 19 96 

A_087.FI
N2 

YTK 
074 182 3209 2.08 430 6.0890 

0.059
0 0.3526 

0.001
8 

0.308
3 0.1255 

0.001
2 1988 9 1947 9 2033 17 96 

A_060.FI
N2 

YTK 
051 88 1212 1.42 750 9.5050 

0.093
0 0.4348 

0.002
4 

0.103
8 0.1582 

0.001
8 2387 9 2327 11 2434 19 96 

A_098.FI
N2 

YTK 
085 179 2371 1.16 22000 12.6040 

0.086
0 0.4926 

0.002
5 

0.268
3 0.1857 

0.001
4 2650 6 2582 11 2703 12 96 

A_095.FI
N2 

YTK 
082 69 205 1.19 1130 0.8460 

0.035
0 0.0983 

0.001
1 

0.087
0 0.0624 

0.002
5 618 19 605 6 633 87 96 

A_006.FI
N2 

YTK 
001 42 482 1.09 250 11.0200 

0.180
0 0.4643 

0.004
6 

0.242
1 0.1727 

0.003
1 2526 16 2458 20 2578 30 95 

A_119.FI
N2 

YTK 
101 228 2121 1.09 5000 6.0430 

0.051
0 0.3495 

0.001
7 

0.304
9 0.1249 

0.001
0 1981 7 1932 8 2027 14 95 

A_022.FI
N2 

YTK 
017 43 588 1.74 100 6.1200 

0.140
0 0.3509 

0.004
5 

0.193
5 0.1262 

0.003
1 1989 21 1938 22 2034 44 95 

A_137.FI
N2 

YTK 
119 40 440 1.29 20 6.3100 

0.120
0 0.3564 

0.003
5 

0.220
1 0.1279 

0.002
4 2016 17 1965 16 2064 34 95 

A_068.FI
N2 

YTK 
059 663 473 0.30 800 0.7397 

0.008
5 0.0904 

0.000
4 

0.206
6 0.0597 

0.000
7 562 5 558 2 587 25 95 

A_118.FI
N2 

YTK 
100 92 886 0.88 3300 11.5500 

0.120
0 0.4715 

0.002
7 

0.514
8 0.1771 

0.001
6 2567 10 2490 12 2625 15 95 



LVII 
 

A_128.FI
N2 

YTK 
110 22 125 0.62 300 6.3500 

0.140
0 0.3568 

0.004
0 

0.134
3 0.1300 

0.003
3 2027 20 1966 19 2077 44 95 

A_109.FI
N2 

YTK 
091 65 502 0.89 1500 7.1200 

0.120
0 0.3755 

0.003
4 

0.139
3 0.1370 

0.002
4 2124 15 2055 16 2188 31 94 

A_130.FI
N2 

YTK 
112 88 1285 1.31 1200 11.6800 

0.100
0 0.4700 

0.002
3 

0.398
3 0.1799 

0.001
5 2579 8 2483 10 2649 14 94 

A_131.FI
N2 

YTK 
113 34 182 0.68 230 5.3190 

0.097
0 0.3237 

0.003
5 

0.338
9 0.1196 

0.002
2 1871 16 1807 17 1935 33 93 

A_112.FI
N2 

YTK 
094 123 1132 1.07 4800 6.3920 

0.077
0 0.3552 

0.002
1 

0.261
5 0.1304 

0.001
6 2030 11 1959 10 2099 21 93 

A_066.FI
N2 

YTK 
057 149 334 0.25 710 5.9390 

0.057
0 0.3436 

0.002
2 

0.220
2 0.1258 

0.001
3 1966 8 1904 10 2040 18 93 

A_030.FI
N2 

YTK 
025 174 158 0.36 390 0.8310 

0.027
0 0.0976 

0.000
8 

0.100
5 0.0615 

0.002
1 613 15 600 5 646 77 93 

A_125.FI
N2 

YTK 
107 63 522 1.01 -1010 5.9290 

0.090
0 0.3390 

0.002
3 

0.108
9 0.1267 

0.002
0 1963 13 1881 11 2045 29 92 

A_032.FI
N2 

YTK 
027 283 589 0.26 4100 5.5390 

0.055
0 0.3275 

0.001
5 

0.198
6 0.1222 

0.001
2 1906 9 1826 7 1986 18 92 

A_142.FI
N2 

YTK 
120 134 508 0.46 3700 5.5510 

0.051
0 0.3278 

0.001
6 

0.223
6 0.1227 

0.001
2 1907 8 1828 8 1993 17 92 

A_102.FI
N2 

YTK 
089 217 1606 0.77 -600 8.4160 

0.067
0 0.3995 

0.001
8 

0.111
8 0.1530 

0.001
4 2276 7 2167 8 2378 15 91 

A_047.FI
N2 

YTK 
038 362 417 0.13 2400 10.8100 

0.470
0 0.4421 

0.008
4 

0.968
8 0.1751 

0.004
6 2489 41 2358 37 2592 45 91 

A_099.FI
N2 

YTK 
086 420 1975 0.46 15000 8.7600 

0.110
0 0.4053 

0.002
8 

0.828
3 0.1567 

0.001
3 2313 12 2193 13 2420 15 91 

A_084.FI
N2 

YTK 
071 39 196 0.59 222 6.4400 

0.160
0 0.3500 

0.003
7 

0.017
8 0.1339 

0.003
5 2033 21 1934 18 2135 45 91 

A_061.FI
N2 

YTK 
052 162 679 0.45 970 8.6500 

0.084
0 0.4022 

0.002
3 

0.389
5 0.1560 

0.001
4 2301 9 2179 11 2411 16 90 

A_062.FI
N2 

YTK 
053 139 1008 0.72 1030 8.3640 

0.089
0 0.3956 

0.002
2 

0.509
8 0.1535 

0.001
4 2270 10 2148 10 2382 16 90 

A_011.FI
N2 

YTK 
006 39 517 1.73 520 5.7100 

0.120
0 0.3270 

0.003
8 

0.025
5 0.1265 

0.003
0 1929 18 1823 19 2042 41 89 

A_127.FI
N2 

YTK 
109 27 67 0.31 -20 5.2900 

0.140
0 0.3100 

0.004
4 

0.422
1 0.1234 

0.003
0 1859 24 1740 21 1985 45 88 

A_101.FI
N2 

YTK 
088 59 351 0.75 -850 6.3140 

0.089
0 0.3403 

0.002
4 

0.219
3 0.1346 

0.001
8 2020 12 1888 11 2156 23 88 

A_076.FI
N2 

YTK 
063 29 489 2.31 91 4.4840 

0.095
0 0.2818 

0.002
7 

0.231
3 0.1154 

0.002
4 1722 18 1602 14 1878 40 85 

A_046.FI
N2 

YTK 
037 98 273 1.04 280 0.9070 

0.029
0 0.1010 

0.000
9 

0.008
7 0.0651 

0.002
1 652 15 620 5 734 70 84 

A_015.FI
N2 

YTK 
010 143 1091 0.88 520 8.9800 

0.120
0 0.3840 

0.003
6 

0.710
8 0.1692 

0.001
7 2334 13 2094 17 2547 16 82 

A_024.FI
N2 

YTK 
019 260 78 0.10 2200 0.8950 

0.021
0 0.0999 

0.000
8 

0.161
4 0.0645 

0.001
6 648 11 614 5 751 55 82 

A_025.FI
N2 

YTK 
020 101 276 0.89 40 0.9830 

0.033
0 0.1059 

0.001
0 

0.219
2 0.0672 

0.002
2 692 17 649 6 809 73 80 



LVIII 
 

A_041.FI
N2 

YTK 
032 47 109 0.87 -670 0.9600 

0.043
0 0.1018 

0.001
3 

0.096
6 0.0681 

0.003
0 678 23 625 8 801 98 78 

A_016.FI
N2 

YTK 
011 43 78 0.74 160 0.8510 

0.051
0 0.0925 

0.001
8 

0.244
8 0.0666 

0.003
8 619 28 570 11 760 

12
0 75 

A_018.FI
N2 

YTK 
013 146 36 0.06 230 1.7300 

0.100
0 0.1381 

0.004
9 

0.924
4 0.0885 

0.003
0 999 41 832 28 1363 68 61 

A_009.FI
N2 

YTK 
004 203 517 1.29 349 1.0630 

0.034
0 0.0983 

0.000
7 

0.265
1 0.0783 

0.002
4 738 18 605 4 1139 69 53 

A_023.FI
N2 

YTK 
018 101 222 0.88 183 1.0540 

0.044
0 0.0965 

0.001
4 

0.343
9 0.0785 

0.003
0 726 22 594 8 1119 82 53 

A_026.FI
N2 

YTK 
021 374 587 0.26 980 3.0830 

0.051
0 0.1796 

0.003
4 

0.280
3 0.1243 

0.002
8 1427 13 1064 19 2012 39 53 

A_010.FI
N2 

YTK 
005 439 2218 2.29 408 1.7030 

0.023
0 0.1209 

0.001
7 

0.400
0 0.1020 

0.001
4 1009 9 735 10 1660 27 44 

A_028.FI
N2 

YTK 
023 113 288 0.45 177 2.2300 

0.110
0 0.1358 

0.001
3 

0.148
8 0.1184 

0.005
6 1176 31 821 7 1871 75 44 

A_013.FI
N2 

YTK 
008 11 18 0.25 39 2.0400 

0.150
0 0.1121 

0.003
8 

0.059
2 0.1340 

0.010
0 1097 51 684 22 2000 

16
0 34 

A_007.FI
N2 

YTK 
002 436 573 2.50 280 1.5060 

0.030
0 0.0953 

0.001
1 

0.010
8 0.1142 

0.002
4 932 12 587 7 1867 41 31 

A_027.FI
N2 

YTK 
022 60 142 0.26 59 2.2850 

0.092
0 0.1074 

0.001
5 

0.028
3 0.1551 

0.006
6 1198 29 657 9 2371 74 28 

 

 


