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Summary 

Paleoecology is the study of the history of an ecosystem using sedimentary records. Analyses of 

the mineralogical, chemical, isotopic and biological composition of the sediment can provide clues on 

the past environmental conditions of a particular ecosystem. The topic is of particular importance 

today since many lakes, river deltas or marshlands are subjected to increasing anthropogenic influence 

related to population growth and a parallel increase in agricultural and industrial activity. In many 

cases, these ecosystems are of important social, ecological, and economic value to the population 

living within the watershed of this precious water resource. Wetlands in arid climates represent unique 

ecosystems and are of major importance for an often specialized flora and fauna. They represent a life-

supporting water source in an otherwise inhospitable environment. These environments are, however, 

particularly fragile ecosystems as they respond sensitively to any climatic or environmental changes. 

The present study focuses on the regions of the Caprivi in Namibia and of northern Botswana. 

These regions hold the second largest endorheic delta system in the world. This specific landscape is 

the result of an active tectonic activity related to the East African Rift system and accommodating 

differential movements between different plates and rigid cratons. It results in a deformation zone 

called Okavango Graben that presents normal faults all along these two regions. These normal faults 

affect and control the course of the Okavango, Kwando and Zambezi Rivers and form a complex system 

of rivers and waterbodies. A minor change in tectonism and faulting can influence the morphology and 

hence the drainage pattern of the entire system. The Okavango Delta has been described through 

numerous studies already. In contrast, the region of the Linyanti-Chobe Basin with Lake Liambezi in its 

middle remains poorly studied or understood. Moreover, studies on the Quaternary climate evolution 

in northern Namibia and Botswana demonstrated the difficulty to find or target paleo-environmental 

archives with well-dated proxies and results might show inconsistencies or even contradictions. 

Therefore, the choice was made to focus on this extraordinary region, showing a high complexity of 

connection between the different rivers and waterbodies. 

Lake Liambezi has been investigated through a number of sediment cores using a multidisciplinary 

approach including mineralogy, geochemistry, organic matter composition and a novel use of bacterial 

DNA populations. A climatic and environmental evolution of the lake and its surroundings is proposed 

for the last 5400 years BP. This highlighted an alternation of relatively dry and wet periods, and changes 

in the hydrological lake regime. However, major evolutions and changes in shape and environmental 

settings of the lake can also be related to the tectonic activity linked to the Okavango Graben. This was 

supported by the marked presence of thermophilic bacteria. A first sediment record is estimated at 

about 5420 years BP and is described as the tectonic opening of Lake Liambezi’s north basin. An 

extension of this basin was likely developed at around 1650 years BP. The second basin of the lake was 

probably created during the last known tectonic event dated at around 1000 years BP. Successively, 

the resulting depressions are filled with lacustrine and fluvio-deltaic sediments. The watershed, the 

climate and the morphology of the site define the environmental conditions of the lake and therefore 

control the sediment types and content. 

To target paleo-environmental archives with well-dated proxies is challenging, certainly in 

tectonically active continental systems. The present work demonstrates the relevance of using a 

multidisciplinary approach in such complex systems. The integrated approach of using 

multidisciplinary methods does allow for an elaboration of a coherent age model for Lake Liambezi 

with a coherent environmental and climatic evolution. This approach also demonstrated the potential 

of using bacterial DNA (total and/or lysis-resistant) to identify changes and variability in the 

environmental conditions of such an environment. The multidisciplinary approach including 

characterization of bacterial DNA populations might therefore be developed for future projects in 

diverse types of environments.  
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Résumé 

La paléoécologie est l'étude de l'histoire d'un écosystème à l'aide d’enregistrements 

sédimentaires. L’étude des conditions environnementales passées d'un écosystème particulier se fait 

grâce à l’analyse de la composition minéralogique, chimique, isotopique et biologique de ses 

sédiments. Le sujet revêt aujourd'hui une importance particulière avec un impact grandissant de 

l’influence anthropique liée à la croissance démographique et à l’augmentation parallèle de l'activité 

agricole et industrielle subie par de nombreux lacs, deltas ou marais. En plus de représenter une 

précieuse ressource en eau, ces écosystèmes se révèlent également être importants pour le tissu 

social, écologique et économique des populations présentes au sein du bassin versant. Les milieux 

humides en climat aride représentent un type d’écosystème particulier d’importance majeure pour 

une flore et une faune souvent spécialisées dont la présence d’eau dans ce milieu inhospitalier 

représente une source vitale. Cependant, ces milieux représentent des écosystèmes particulièrement 

fragiles car ils réagissent de manière sensible à tout changement climatique ou environnemental. 

L’étude présente se concentre sur les régions de Caprivi, en Namibie ainsi que du nord Botswana. 

Ces régions contiennent le deuxième plus grand delta endoréique du monde. La spécificité de ce 

paysage est le résultat d’une activité tectonique active liée au rift est-africain et de l’accommodation 

de cette dernière avec les mouvements différentiels entre plaques tectoniques et cratons rigides. Il en 

résulte une zone de déformation appelée Okavango Graben qui se traduit par la présence de failles 

normales sur toute la surface de ces deux régions. Ce réseau de failles affecte et contrôle le cours des 

rivières Okavango, Kwando et Zambèze. Il en résulte un réseau complexe de chenaux et de plans d’eau. 

Un mouvement de faille liée à l’activité tectonique de la région, même mineur, peut démontrer une 

redistribution complète du réseau de rivières suite à l’impact géomorphologique. De nombreuses 

études se sont concentrées sur le delta de l’Okavango. En revanche, le bassin de Linyanti-Chobe ainsi 

que le lac Liambezi situé en son centre n’ont été que peu étudiés et de nombreux sujets restent à 

découvrir. De plus, les études sur le climat du Quaternaire dans les régions du nord de la Namibie et 

du Botswana ont démontré la difficulté d’obtenir des archives paléo-environnementales contenant un 

matériel permettant une datation fiable et précise. Les résultats obtenus présentent parfois des 

incohérences, voire même des contradictions. Le choix s’est donc porté sur cette région d’une richesse 

naturelle exceptionnelle, montrant une grande complexité de connexion entre les rivières et les 

différents plans d’eau. 

Le lac Liambezi a été étudié à l’aide de carottes de sédiments en utilisant une approche 

multidisciplinaire incluant la minéralogie, la géochimie, la composition de la matière organique ainsi 

qu’une méthode novatrice visant à l’utilisation de l’ADN de populations de bactéries. Une 

reconstruction de l’évolution climatique et environnementale pour la région du lac Liambezi 

comprenant les derniers 5400 ans AP est proposée. Il en résulte la description de l’alternance de 

périodes relativement sèches et humides ainsi que l’observation de changements dans le régime 

hydrologique du lac Liambezi. Toutefois, les modifications majeures au sein du lac, tel que l’évolution 

de sa forme ainsi que l’évolution de ses conditions environnementales, semblent être reliées à 

l’activité tectonique liée au graben de l’Okavango. La présence importante de bactéries thermophiles 

soutient cette hypothèse. Une première datation estimée à 5420 ans AP semble démontrer l’ouverture 

tectonique du bassin nord du lac Liambezi. L’extension de ce premier bassin intervient probablement 

aux alentours de 1650 ans AP. Le bassin sud se forme lors du dernier événement tectonique enregistré, 

daté à environ 1000 ans AP. Les dépressions ainsi formées se remplissent dès lors de sédiments de 

types lacustres et fluvio-deltaïques. Le type de sédiment est contrôlé par les conditions 

environnementales qui découlent du bassin versant, du climat et de la géomorphologie du site. 

Les matériaux permettant une datation précise au sein d’archives paléo-environnementales de 

milieux continentaux avec une activité tectonique sont difficiles à cibler. Le travail présent démontre 

la pertinence d’une approche multidisciplinaire dans un milieu aussi complexe. L’utilisation intégrée 
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des diverses méthodes a permis la construction d’un modèle d’âge cohérent pour les sédiments du lac 

Liambezi ainsi qu’une reconstruction paléo-environnementale et paléo-climatique pertinentes. Cette 

approche a permis en outre de démontrer le potentiel indéniable de l’utilisation d’ADN de bactérie 

(populations totales et/ou sporulantes) pour identifier les changements et la variabilité des conditions 

environnementales d'un tel milieu. Une telle approche, y incluant l’utilisation d’ADN de bactérie est 

tout-à-fait pertinente pour une utilisation à plus large spectre d’environnements. 
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Preface 

Paleoecology is of particular importance today since many lakes, river deltas or marshlands are 

subjected to increasing anthropogenic influence related to population growth and a parallel increase 

in agricultural and industrial activity. In order to be relevant, paleoecology may ask to use methods 

from a wide variety of fields. This multidisciplinary approach requires the coordination of sometimes 

distant fields with methods specific to each. Technical and scientific progress also makes it possible to 

develop new methods or new perspectives on known methods. This makes it possible to highlight 

aspects previously unheard of or to observe a given site from a new angle. This reflection is at the 

origin of the current project and aims at the development and validation of a new approach in 

microbiology and was funded by the SNF. 

Spore-forming bacteria have been recently proposed as an innovative proxy for the 

reconstruction of past environments by the laboratory of Microbiology at the University of Neuchâtel. 

The method has been developed with samples from Lake Geneva and from Lake Baikal. The results for 

Lake Geneva demonstrated a direct and identifiable link in the evolution of microbiological 

communities and the environmental evolution of the lake. Thus, major climatic events such as a 

particularly cold winter or technological development in wastewater treatment or even a political 

decision to ban the use of certain products are reflected in the composition of the microbiological 

communities of the lake (see the description of the project in the Appendix). The development of such 

a new method ask therefore for a well-documented and known environmental history to allow an 

easier understanding of the microbiological results. The extension of the project was then to evaluate 

the potential of generalizing the combined approach of endospores and complimentary chemical 

methods to lakes of diverse environmental settings. In this context, the choice of the site was crucial. 

The site had to demonstrate a different environment type and climate. However, even with different 

settings, the choice for a lake with well understood environmental settings and well-described 

environmental history was important in order to facilitate the evaluation of generalizing the combined 

approach endospores and complimentary chemical methods. Therefore, the choice fell on a lake in 

India as well as a group of lakes in Graubünden. The Indian lake was supposed to be the main topic of 

my thesis work where the group of lakes in Graubünden was a side project and has been in fact covered 

in a Master thesis (Fatton-Hayoz, 2018). 

The choice of the lake in India was made through the development of an exchange program for 

researchers between the Faculty of Geosciences and Environment at the University of Lausanne and 

the School of Biotechnology, KIIT University (Kalinga Institute of Industrial Technology) in 

Bhubaneswar, headed by Prof. M. Suar, and in agreement with the Chilika Development Authority 

(CDA), headed by Dr. A.K. Pattnaik. In this context, the research group of the Stable Isotope Laboratory 

at the University of Lausanne has conducted an exploratory work on that lake through numerous 

Master thesis. These various projects aimed at a better understanding of the hydrological cycle, 

geochemical cycle as well as the sedimentologic and ecological evolution of Chilika Lake in the county 

of Orissa in India (Bourgeois, 2015; Delavy & Ecuyer, 2014; Hostettler, 2015; Lange, 2014). It did permit 

to bring additional information to existing works aiming at the ecological evolution and environmental 

history of the lake (e.g., Khandelwal et al., 2008). Chilika Lake, the largest lagoon on the Asian continent 

and second-largest lagoon on Earth, is located on the east coast of India, just south of the Bay of Bengal. 

This lagoon has been selected for the present study as it is situated in a completely different climatic 

zone and has quite different hydrologic conditions compared to Lake Geneva but, analogous to Lake 

Geneva or other lakes and estuarine systems, the anthropogenic influence on Chilika Lake has 

substantially changed over the past century (e.g., Ghosh and Pattnaik, 2005). It is thus of interest to 

examine the use of spore-forming bacteria as paleolimnological proxies under these different 

conditions. The aim was to collect three sediment cores at specific sites of about 2.5 to 3 m 

corresponding ideally to the last 2’000 to 4’000 years following estimation made after previous works 
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of Khandelwal et al. (2008) and Zachmann et al. (2009). The last several thousand of years are of 

particular interest to the microbiological and biogeochemical studies as the previous work on pollen 

by Khandelwal et al. (2008) has shown substantial biological changes, some of them likely 

anthropogenic in origin. In addition, the agricultural practices have changed drastically and as a result 

processes of siltation and the nutrient cycles have been impacted (Ghosh & Pattnaik, 2005). 

 

At the same time, under my impulse and the support of my supervisor, a collaboration was 

undertaken between the research group of the Stable Isotope Laboratory at the University of Lausanne 

and the VanThuyne-Ridge Research Center in Botswana in order to conduct scientific missions in the 

region that covers northern Botswana. The collaboration focused on various environmental aspects 

related to hydrology as well as the geochemistry of plant cover and its relationship to soils. This 

collaboration was built through two MSc thesis, which were to serve as a basis for future work (Ballif, 

2018; Dyer, 2017). As part of this exploratory work carried out in August 2016, one of the main missions 

was also to assess the potential of the northern Botswana region for future work. To do this, the two 

MSc thesis covered a wide region. However, human stories triggered a total overhaul of the project 

and a drastic redirection of the original goals. 

Following changes at the head of several working groups on the Indian side (including the regional 

government of the state of Orissa as well as at the School of Biotechnology, KIIT University in 

Bhubaneswar), the exchange program as well as current projects were stopped immediately and the 

collaboration unilaterally cancelled by the Indian side. This happened only two months before our 

team was supposed to fly to India. Material, day-to-day program, visa applications and team were 

booked and ready to go. These cancellations led to an urgent overhaul of the project. Carrying out 

exploratory work in parallel in the northern region of Botswana, a redirection of the initial project in 

this region was evaluated. In the urgency of a project redirection, Lake Liambezi, drawing the border 

between Namibia and Botswana was chosen as a replacement site. 

As the thesis will describe in the following chapters, with the exception of a study on the limnology 

of Lake Liambezi (Seaman et al., 1978) as well as a study on its fish population (Peel et al., 2015), Lake 

Liambezi and its direct region have only been very little studied. In addition, the environmental history 

of the North Botswana region is debated and the various studies concerned are not all in agreement 

(e.g., Thomas et al., 2012) and many studies remain to be done. The work in this region is therefore 

completely exploratory and the use of spore-forming bacteria is also carried out as an exploratory 

method. The conclusions obtained from the results of the present work can therefore be subject to 

discussion and above all, to evolution. It is legitimate that future work on the region will make it 

possible to complete and provide details on certain sedimentation mechanisms as well as on the 

interpretation of the sediments and the environmental history of Lake Liambezi site. 

The present work offers a description of the sedimentology of the lake as well as an estimation 

of the environmental history of the lake. It provides a solid description of the sediment and its different 

components. It provides also a large panel of methods and demonstrates what utility for each method. 

This thus facilitates planning for future studies on this site, or at least on the Lake Liambezi region in 

the choice of methods and subjects. 

The present study has demonstrated a Lake Liambezi preserved from a measurable 

anthropogenic impact. This study therefore makes it possible to draw up an inventory before 

anthropogenic modification of this environment. This is very interesting information because it shows 

that the surrounding populations have a way of life that do not show a measurable impact on water 

or on sediments with the methods used by the present study. It will therefore be interesting to come 

back to these results in a few years in order to see if the current economic development of Angola will 

be sufficiently important to be observed in the water and sediments of Lake Liambezi. Being an 

environment allowing the development of a lake in an arid environment, the site of Lake Liambezi is 
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unique, with the development of a specific flora and fauna. However, due to these characteristics, it is 

also a very fragile environment and extremely sensitive to the climatic and environmental evolution 

(as demonstrated by the present work). It is therefore also interesting to be able to offer a current 

inventory in order to better understand the future evolution linked to the current climate change. 

The Lake Liambezi sampling campaign was therefore carried out in March 2017. New field, new 

issues… The fate seeming to be bitter about the field authorizations, three weeks before leaving, the 

expected permits were refused to us. The reason was that the authorities in Botswana wished to 

reform the issuance of permits and in the meantime, all permits have been suspended. The lake being 

located between Namibia and Botswana, we therefore urgently took steps to obtain a sampling permit 

from the Namibian authorities (thank you Torsten!). These steps finally allowed us to leave as planned. 

Regarding the field campaign itself, we faced a hardware problem with unsuitable pipes. It was agreed 

that we would get some on site and unfortunately this could not be the case. So we had to use 

replacement pipes. Despite these various misadventures (probably typical in the organization of an 

explorative work), the field campaign was completed and allowed us to bring back three sediment 

cores. The material problems we faced did not allow us to take any additional one. Furthermore, the 

sediment depth was much shallower than expected and sediment cores were thus shorter than 

expected. However, these various disappointments are part of the game and will serve as an 

experience for the organization of future work in this region. 

As a final preamble, this project was built to lie at the intersection of several independent 

disciplines: limnogeology, aqueous geochemistry and microbiology. It was then meant to be an 

interdisciplinary research. Indeed, although the study of microbial community composition in 

sediments can be done in an isolated way, only when the environmental context is considered, can the 

interpretation of the changes observed take its full dimension. In this case, the interdisciplinary 

approach will allow not only the valorisation of a significant sampling effort of sediment cores, but also 

the global validation of a novel biological approach for the reconstruction of the environmental history 

of freshwater bodies. Each approach to be used has its own strengths and weaknesses in terms of 

being able to trace the original ecological conditions that may have existed in the past. The data are 

complementary and each method did permit to refine the possible interpretations that can be made. 

The work presented below is therefore a total success from this perspective. 
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Foreword to the main chapters 

 

Vegetation and soil carbon and nitrogen contents and stable isotope compositions in savannas of 

northern Botswana as environmental proxies 

This chapter aims at the geochemical investigation of the soils and vegetation of the Linyanti-

Chobe Basin. A few rivers are investigated as well and bring additional information about the 

geochemistry of sediments coming from the watershed of Lake Liambezi. 

This chapter partly takes up the work presented by Léandre Ballif in his master's thesis entitled 

“Carbon and nitrogen stable isotope compositions as environmental proxies in savannas of northern 

Botswana (unpubl. Master of Science in Biogeosciences, UNIL)”. The project was thought out, written 

and organized by T. Vennemann and myself. The field was then designed in a collaborative way 

between T. Vennemann, L. Ballif and myself. Field work and sampling has been made with the same 

team in August 2016. The analyses as well as the interpretation of the results were then carried out by 

L. Ballif and are summarized in his master's thesis (Ballif, 2018). I subsequently took up his writings and 

summarized them in the present chapter. However, I added a number of sub-chapters to them. These 

sub-chapters notably contain the results and interpretations of river sediments as well as work on the 

construction of a regional vegetation transect and a humidity gradient. I therefore reorganized the 

work of L. Ballif into a thesis chapter and estimate my share of work for this chapter at one third of the 

total work. 

 

Sedimentology, mineralogy and geochemistry of sediments from Lake Liambezi, Namibia-Botswana 

This chapter aims at the first investigation on Lake Liambezi’s sedimentology. A precise 

description of the material found in the sediments is made with a discussion on their origin and quality. 

The storyline of the chapter as well as all the different descriptions and discussions were written 

by myself. These discussions were then discussed and improved with the co-authors. Prof. Eric 

Verrecchia has also largely contributed to a few specific subjects such as the descriptions made using 

SEM as well as the grain-size distribution. 

 

Cross correlation of bacterial communities and geological proxies in paleoecology: a holistic 

approach for the study of past environmental history 

This chapter introduces the novel approach using microbiology. It is made through a precise 

description of the evolution of the sediments through depth. In this context, data acquired with more 

classical methods are added to obtain a direct comparison of the results and to build a global discussion 

of the evolution of each sampled site. This chapter allows the validation of the use of the microbiology 

as an environmental tracer in lake sediments; not only in actual sediments, but also in older sediments 

corresponding to past environmental conditions. Thus, the microbiological approach used in the 

present work did permit to trace and characterize past environmental conditions. 

Description of the bacterial communities were produced by Dr. Christophe Paul and already 

presented in his Ph.D. thesis. However, many improvements have been made to the first text and this 

is an improved version written by myself and subsequently edited by the co-authors of this chapter. 

 

Dating the sediments of Lake Liambezi, Namibia-Botswana 

After a precise description on the sediment sources and the evolution of the cored sites regarding 

the sedimentology, this chapter aims at giving a chronological framework to the sediments. The chosen 

multidisciplinary method shows all its strength in this exercise. The age model is built after a 

combination of multiple methods. Radiocarbon dating is complemented with diverse relative dating 

methods using clay mineralogy and microbiology datasets. 



Foreword to the main chapters 

10 

The storyline of the chapter as well as the different descriptions and discussions were written by 

myself. A few sections have been reworked and improved by Dr. Christophe Paul. It was then also 

discussed and improved with the co-authors. 

 

Lake Liambezi: a climatic and environmental record for the last 5500 years BP through a 

multidisciplinary study 

This chapter is a compilation of all the previous studies and aims at giving a precise environmental 

and climatic history for Lake Liambezi. 

Dr. Christophe Paul helped in the discussion of some sections of the chapter. It was then also 

subsequently edited by the co-authors of this chapter. 

 

General conclusion 

The general conclusion aims at summarising all results and main findings. It provides a general 

view of the environmental and climatic context of northern Botswana. It also reviews the initial 

questions. It concludes with various perspectives for further possible investigations. 

 

Appendix: Poster presentations, data and collaborations 

This chapter brings together the posters and their summaries of the two conferences to which I 

presented my work. These are the poster presentation session of the 16th Swiss Geoscience Meeting 

in Bern, Switzerland, 1st December 2018 and the poster presentation session of the EGU General 

Assembly in Vienna, Austria, 7–12 April 2019.  

All the analyses carried out within the framework of this thesis are to be found next. First, there 

is the data from water analyses collected in northern Botswana and presented in the work of Dyer 

(2017). Then there are data on vegetation, soils and sedimentological analyses of rivers in northern 

Botswana. Data on the sedimentology of Lake Liambezi are presented next. A chapter also presents a 

selection of photos taken at Lake Liambezi during the two field campaigns. The chapter also offers a 

photo of the two tributaries Linyanti and Chobe Rivers as well as a photo of the sample collection work 

for the microbiology and sedimentology laboratories in controlled atmosphere and sterilized 

equipment at the VanThuyne-Ridge Research Center. The photos of all the other sampling sites can be 

found in the digital version of the thesis. A final data chapter brings together the data from all the 

water and sediment analyses that were carried out for the Joeri Lakes. Part of this data is used in the 

work of Fatton-Hayoz (2018). Microbiological data for the rivers of northern Botswana, for Lake 

Liambezi as well as for the Joeri Lakes can be found in more detail in the work of Paul (2019) and 

Fatton-Hayoz (2018). The details of the data carried out in XRD analyses can be found in the digital 

version of the present work (calculations of peaks, mineralogical curves, etc.). 

The paper from the collaboration between the microbiology and isotope teams is added in this 

appendix chapter. Its title is “”Bacterial spores, from ecology to biotechnology” and is a review 

summarizing the current knowledge on bacterial spores, with a particular emphasis on their 

environmental significance and their application in biotechnology. It was published as a book chapter. 

Spore formation is a common feature widespread among the tree of life. It consists on the ability of an 

organism to enter a dormant state to withstand unfavorable environmental conditions. As a review, 

this paper went over the different types of spores known among bacteria, and their cellular process, 

but also present new discoveries such as an unsuspected diversity of potential spore-formers, and 

propose different possible applications, from ARG tracking to sustainable agriculture.” As explained in 

Paul, 2019 – Ph.D. Thesis. 

As member of the doctoral program in Earth Surface Processes & Paleobiosphere of the 

Conférence Universitaire de Suisse Orientale (CUSO), I get the opportunity to participate in an 

ecological survey campaign in the Maldives. This campaign was then fixed in three publications. My 
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participation in these publications lies in data collection as well as group discussions aimed at 

understanding the data and their interpretation. A first paper is entitled “Responses of reef 

bioindicators to recent temperature anomalies in distinct areas of the North Ari and Rasdhoo atolls 

(Maldives)” from Beccari et al. (2020). It aims at the survey of environmental evolution of reef 

sediments in the North Ari Atoll in the Maldives. It uses the survey of various indicators of water 

quality, community structure, and processes such as grazing and bioerosion. A second paper is entitled 

“Photic stress on coral reefs in the Maldives: The Amphistegina bleaching index” from Stainbank et al. 

(2020). It aims at the verification and application of a bleaching index developed in the Florida Reef 

Tract. It targets to measure the photoinhibitory stress status of coral reefs on coral reefs in the Rasdhoo 

and North Ari Atolls in the Maldives. The last paper of these three is entitled “A snapshot of reef 

conditions in North Ari Atoll (Maldives) following the 2016 bleaching event and Acanthaster planci 

outbreak” from Caragnano et al. (2021). This study explored the benthic community structure (biotic 

and abiotic benthic cover and coral composition) at three islands (Rasdhoo, Maayafushi and 

Vihamaafaru) in the central Maldivian archipelago, 2 years after the 2016 El Ninõ–Southern Oscillation 

(ENSO) and the associated mass-bleaching events. These three publications can be found in the 

computer version of my thesis. 

 

 

References cited above are to be found in the respective chapters. 
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1. General Introduction 

 

1.1. Introduction 

Wetlands in arid climates represent unique ecosystems and are of major importance for an often 

specialized flora and fauna. They represent a source of life-supporting water in an otherwise 

inhospitable environment. These environments are, however, particularly fragile ecosystems as they 

respond sensitively to any climatic or environmental change. The region located in the north of 

Botswana offers a unique example of this type of environment, being the second largest endorheic 

delta system in the world. This unique ecosystem is established by the two endorheic Okavango and 

Kwando rivers, but also with changing contributions from the Zambezi River. These three rivers form 

a complex network controlled by tectonic faults (Haddon & McCarthy, 2005). A minor change in 

tectonism and faulting can significantly influence the morphology and hence the drainage pattern of 

the entire system. This has been clearly demonstrated by the work of Burrough & Thomas, 2008 for 

the evolution of the paleolakes of the middle Kalahari, also considered to be the cradle of humanity 

(Cavaillé-Fol, 2020). 

The Quaternary period shows oscillations between glacial and interglacial states in the global 

climatic system (e.g., Walker et al., 2005). Climate cyclicity in the tropics is driven by the variations in 

the latitudinal migration of the Intertropical Convergence Zone (ITCZ). As this zone is responsible for 

delivering moisture to the tropical areas (e.g., deMenocal et al., 2000; Truc et al., 2013), these areas 

are very sensitive to the climatic oscillations (Pastouret et al., 1978). Climate variations during the 

Quaternary in northern Namibia and Botswana is poorly documented and understood (Thomas et al., 

2012; Burrough et al., 2007; Chevalier et al., 2015). Paleo-environmental archives with well-dated 

proxies are difficult to find or target and results might show inconsistencies and even contradictions 

(Thomas et al., 2012; Burrough et al., 2007 but more specifically Chapter 4 of the present thesis). It is 

thus particularly important to find archives which are exploitable not only for questions of dating, but 

of climatic tracing as well. The archives must be well documented and contain the proxies that can be 

used for these purposes. The study of these different subjects is called paleoecology and represents 

the study of ecosystem history and evolution using sedimentary records. 

As summarized by Wiese et al. (2020), interpretations of late Quaternary climate variation in the 

Kalahari are controversial. Tools as speleothem records are rare and dating of aeolian sediments to 

reconstruct aridity periods show considerable uncertainties. Furthermore, the complex tectonic 

activity of the region as well as the climate evolution in the catchment area much further in the north 

in another climate zone renders the exercise even more complex. Thus hydrological signals in 

paleolakes may not or only partly reflect Kalahari palaeoclimate (Wiese et al., 2020). The same 

statement might be true for actual lakes. Sediments description in Lake Liambezi fully reflect and agree 

with Wiese et al. (2020) considerations. Lake Liambezi offers a current environmental system that 

allows good comparison to paleolakes systems. We demonstrate in the present work the weak 

correlation between environmental evolution of Lake Liambezi (in its water level in particular) and the 

regional climate evolution. Furthermore, we describe efficient tools allowing for a better 

understanding of this weak correlation and the understanding of the difference between 

environmental and climatic considerations. The environmental evolution of Lake Liambezi is related to 

a group of factors including the shape of the lake basin (morphology), its evolution, its environmental 

condition, and the climate of the region. 

This is particularly true as lakes are part of an environment of interactions and exchanges with 

the surrounding environmental systems. The geological substrate, the surrounding soils, the flora and 

fauna colonizing the lake and its surroundings, its tributaries and the regional climate form a set of 

environmental interactions. The sediments are recording in their content the components and the 

information of these interactions and constitute therefore unique archives. Fossil organic and 
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inorganic matter as well as microorganisms offer physicochemical parameters and biological indicators 

to read these archives and are therefore used for paleoecological studies in lake sediments. Lakes offer 

then precious and unique environments for recording morphological, climatic and environmental 

changes not only of the site itself, but of the region in which it is also located. 

The understanding of Lake Liambezi as a whole system had to encompass all its environmental 

spheres as surrounding vegetation and soils and surrounding water sources. The geochemical 

interactions between vegetation, soils and sediments have been investigated and are resumed in 

Chapter 2. The water origin of the Linyanti-Chobe Basin and of the Okavango has been resumed in 

Dyer (2017). 

All ecosystems, even the most extremes have been colonized by bacteria and they are involved 

in all biochemical cycles of elements. Their community are shaped by the environment, which is shaped 

by bacterial activity in response. However, to date, no general marker, representative for all bacteria, 

exists in paleoecology. This statement is of major importance since bacteria are the most abundant 

and diverse group of organisms among all domains of life. A biological marker targeting bacteria would 

be undoubtedly of main interest for paleoecological studies. In the past decades, due to advances in 

the field of metagenomics, the use of DNA have been proposed as a possible bio-indicator. However, 

DNA and vegetative cells are subjected to degradation, and therefore, their use remains uncertain. 

Due to their ability to withstand degradation for extended times, spores or other lysis-resistant 

structures might represent an ideal marker for paleoecology. A close collaboration has been conducted 

with the Laboratory of Microbiology at the Institute of Biology of the University of Neuchâtel.  

Endospore-forming Firmicutes as paleoecological indicators in lake sediments is a novel approach 

for paleoecology studies. The current work is part of a more global project aiming to validate the 

application of this novel approach in comparison to other complimentary methods used for 

paleoecological and paleoenvironmental interpretations of aquatic systems. This work is more 

specifically in the generalization of the use of this method in various environmental settings. As the 

sedimentology of Lake Liambezi and in fact its environmental history have never been studied, the 

microbiology approach would therefore serve as an exploratory method, in the same way as the more 

traditional methods. The method has demonstrated its full potential in this exercise. Indeed, it made 

it possible to highlight aspects that would probably have gone unnoticed with the conventional 

methods chosen beforehand (e.g., the presence of hydrothermal activity). The types of analyses 

carried out could therefore be adapted in order to confirm, when possible, the observations made 

using microbiology. The microbiological approach has also helped to refine certain results such as the 

dating of sediments. The different uses of the method are described in the following chapters. The 

method has therefore fully found its place in the information it can provide in the study of a site devoid 

of any description. 
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1.2. Regional settings 

1.2.1. Linyanti-Chobe Basin 

A multitude of ecosystems with a large diversity in fauna and flora is found in the wetlands not 

only of the Okavango Delta (Milzow et al., 2009) but also in the different delta, swamps, lake and rivers 

of the Linyanti-Chobe basin. In addition to their natural wealth, this environment provides a traditional 

livelihood for the local communities (Figure 1) and are the basis of a tourism industry that generates 

substantial revenue for the whole of Botswana (Milzow et al., 2009). Local traditional subsistence 

fisheries as well as exporting fisheries to Zambia are of major importance for local communities of the 

Caprivi and Linyanti-Chobe Basin regions. Lake Liambezi produced more than 600 tonnes of fish in year 

1973-74 (Van Der Waal, 1990). The annual yield for 2011-12 after yet several years of drying was 

estimated at 2’700 tonnes (Peel et al., 2015). 

 

 
Figure 1 Community settlements around Lake Lyambezi (Mutelo, 2013). 

The combination of a highly seasonal inflow and local dry and wet seasons offers a multitude of 

different environments and ecological niches. The special hydrological setting does permit the large 

biodiversity found in the wetlands of this region (Milzow et al., 2009). Linyanti-Chobe Basin includes in 

its western part the Kwando River terminal with the Mamili swamps, the Linyanti River and its Linyanti 

swamps, their terminal with Lake Liambezi in the center of the basin and finally, at its eastern side, the 

Chobe enclave and the Chobe River (Figure 2). 
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Figure 2 Map of the Linyanti-Chobe Basin. Rivers and their courses as well as their interactions are described in Chapter 1.2.4. 
Borders between the different countries are drown in dashed lines. 

1.2.2. Geology and tectonism 

Southern African Subcontinent crust is made of two Archean cratonic units, the Kalahari and 

Congo cratons. These two units are surrounded and separated by a network of Proterozoic orogenic 

belts (Figure 3). However, the Phanerozoic cover occurring in the Kalahari region of Botswana and 

adjacent parts of Zimbabwe, Zambia, Angola, Namibia, and South Africa impedes the understanding of 

the tectonic evolution of these belts stems. Cover of this Precambrian basement in this region, located 

on the Kalahari Desert, is made of Carboniferous to Jurassic Karoo strata. Cenozoic units of the Kalahari 

Group are then overlaying with thin but extremely widespread deposits (Singletary et al., 2003). In Late 

Cretaceous, these different geologic units experienced a down-warp towards the interior of the 

subcontinent and an epeirogenic uplift. These structural changes formed a vast confined area called 

Kalahari basin (Figure 4 and Figure 5). This led to the erosion of units of the Kalahari Group and the 

consequent deposit of large amount of sediments in the Kalahari basin during Phanerozoic times 

(Haddon & McCarthy, 2005; Singletary et al., 2003; Jones et al., 1980). 
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Figure 3 EARS block limits and velocities (in mm/year, relative to adjacent blocks), South Africa velocity relative to the Nubian 
plate. In the SWEA (South Western Extension Area), increasing saturation represents observed fault density and hence 
probably increased deformation, revealing the distribution of the lithospheric weakness and conjugated influences of the 
southern Africa displacement and the EARS opening. RP: Rovuma plate, VP: Victoria plate (Pastier et al., 2017). 
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Figure 4 Elevation model with hydromorphological setting of the Kalahari in southern Africa (Wiese et al., 2020). It shows the 
high plateau forming a vast confined area called Kalahari basin.  
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Figure 5 The axes of late Tertiary and Quaternary uplift, rifting/subsidence and seismicity in the Kalahari basin (Haddon & 
McCarthy, 2005). 

The Kalahari Basin, as an epeirogenic feature which remained depressed as the marginal 

mountains of Southern Africa's Great Escarpment, rose during the Tertiary (Jones et al., 1980). It forms 

a depression of about 2700 km long and 1800 km wide (McCarthy, 2013). This basin lies within the 

Proterozoic Damaran belt, which is bounded by the Congo Craton to the northwest and the Zimbabwe 

and Kaapvaal cratons to the southeast (Kinabo et al., 2008; Jones et al., 1980; Bufford et al., 2012). The 

north part of the basin is crossed by an incipient continental graben found at the terminal of the 

southwestern branch of the East African Rift System (EARS) (Figure 6) (Pastier et al., 2017, Bufford et 

al., 2012; Haddon & McCarthy, 2005; Jones et al., 1980). It forms a topographic depression filled with 

Quaternary lacustrine and fluvio-deltaic sediments and is bounded by northeast-trending normal faults 

(Figure 7). These faults affect the course of the rivers Okavango, Kwando and Zambezi and causes an 

endorheic basin for the two rivers Okavango and Kwando and the partial deviation of the Zambezi 

named Chobe (Bufford et al., 2012). It forms a network of about 100 km long and 40 to 80 km wide 

Quaternary rift basins distributed along an approximately 250 km wide corridor extending for about 
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1700 km west of the Tanganyika and Malawi rifts (Bufford et al., 2012). This graben, situated all along 

the northwestern part of Botswana, is named Okavango Graben (Pastier et al., 2017). The presence of 

an incipient graben was highlighted by a significant tectonic activity and morphologic features that 

have been associated to the East African Rift system (Pastier et al., 2017). The tectonic activity as well 

as the faulting system (Figure 8 and Figure 9) of the Kalahari Basin have been interpreted as an incipient 

rifting zone described as an extension of the East Africa Rift system and called Okavango Rifting Zone 

(Pastier et al., 2017, Bufford et al., 2012; Haddon & McCarthy, 2005; Jones et al., 1980). It forms the 

extreme south-western extent of the southwestern branch of the East African Rift System (Bufford et 

al., 2012; Kinabo et al., 2008). It lies within the Proterozoic Damaran belt, which is bounded by the 

Congo Craton to the northwest and the Zimbabwe and Kaapvaal cratons to the southeast (Kinabo et 

al., 2008; Jones et al., 1980; Bufford et al., 2012).However, the region does not show similarities with 

classical definition of a rift system. There is no clear horizontal extension, no lithosphere thinning or 

neither no pronounced seismicity (Pastier et al., 2017). It is thought to be therefore not an incipient 

rifting zone, but more a deformation zone accommodating differential movements between different 

plates and rigid cratons (Figure 3) (Pastier et al., 2017). Therefore, Pastier et al. (2017) proposed to 

change the commonly used but genetically loaded name “Okavango Rifting Zone” to a more 

geologically neutral, descriptive, “Okavango Graben”. 

 
Figure 6 The East African Rift system (McCarthy, 2013). 
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Figure 7 Distribution of alluvial sediments in the Okavango–Linyanti depression and their relationship to major faults in the 
region (Haddon & McCarthy, 2005). 

 
Figure 8 Recorded earthquakes from 2004 to 2016, with magnitude over 3 (International Seismological Centre, 2016). The 
black star indicates the location of the recent M6.5 earthquake (Pastier et al., 2017). 
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Figure 9 Location of the Okavango Graben and the three studied permanent AfricaArray GPS stations (MA: MAUA, MO: 
MONG, RU: RUND). 26 GPS stations complete the network. The EARS (East African Rift System) and SWEA (South Western 
Extension Area) main faults are compiled from different works referenced in Pastier et al. (2017). The SWEA extent is filled 
with light grey. Af: Afar Depression, Al: Lake Albert, Ba: Lake Bangweulu, Ct: Chicoa trough, CK: central Kalahari, Ka: Lake 
Kariba, Ki: Lake Kivu, Kr: Kenyan rifts, Lu: Luangwa Valley, Ma: Lake Malawi, MER: Main Ethiopian Rift, Mk: Makgadikgadi 
Pans, Mw: Lake Mweru, Ta: Lake Tanganyika, Td: Tanzanian divergence, Up: Upemba trough, Zf: Zoetfontein fault (Pastier et 
al., 2017). 

Quaternary unconsolidated lacustrine and fluvio-deltaic sediments occurring around the 

Okavango Graben are underlain by lacustrine and fluvio-deltaic sediments of varying thickness 

(Bufford, 2012). These pre-Okavango geologic units include marls, clays, gravels, aeolian sands, 

calcrete, and silcretes and build the 230 meters-thick Cenozoic Kalahari beds (Kinabo et al., 2008). 

Bedrock is dominated by Precambrian crystalline rocks of the Damara and Ghanzi-Chobe orogenic belt 

and are exposed to the northwest and southeast of the southwestern end of the Okavango Graben 

(Bufford et al., 2012). 

Drainage of the region is strongly influenced by the fault system (McCarthy, 2013). The basin 

contains the three drainage systems of the Okavango Delta, Kwando and Zambezi Rivers that flow to 

the southeast. The graben is composed of three depocenters represented by Ngami sub-basin in the 

southwest and the Mababe and Linyanti-Chobe sub-basins to the northeast (Figure 4 and Figure 7) 

(Bufford et al., 2012). If the Ngami and the Mababe sub-basins are well described, the Linyanti-Chobe 
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basin is less studied and described (Bufford et al., 2012; Burrough et al., 2007; Burrough & Thomas, 

2008). Faults escarpments of the East African Rift System are well developed and reach hundreds of 

meters. Faults escarpments of the Okavango Graben are very small and are in a range of 6 m along the 

Ngami sub-basin, 12-18 m around the Mababe sub-basin to a maximum of 44 m around the Linyanti-

Chobe sub-basin (Kinabo et al., 2008). The orientation of the Okavango Graben below the surface is 

influenced by the pre-existing regional fabric of the Precambrian Damara and Ghanzi-Chobe orogenic 

belt (Bufford et al., 2012; Kinabo et al., 2007; Kinabo et al., 2008). 

The age of initiation of the Okavango Graben remains unknown. Paleoenvironmental 

reconstruction from the sediments of the Ngami sub-basin suggests that southeast-flowing rivers 

related to the today’s Okavango and Kwando Rivers network flowed to the southeast beyond the 

Thamalakane and Kunyere faults into the Makgadikgadi pans until ~120 Ka (Figure 10) (Bufford et al., 

2012; McCarthy, 2013). The uplift along the Zimbabwe-Kalahari axis and displacement along the 

northeast-trending faults of the Okavango Graben between ~120 Ka and ~40 Ka resulted in the 

development of the proto-Okavango, Kwando, and the upper Zambezi Rivers and the development of 

the proto-Linyanti-Chobe, Ngami, and Mababe sub-basins. The graben and its related faulting in the 

Okavango region may have been then initiated between ~40 Ka and ~27 Ka. This temporality is 

supported by paleo-environmental studies from the Mababe sub-basin which suggest neotectonic 

activity in this zone (Bufford et al., 2012). Major changes in the sedimentation and hydrologic regime 

during the same period in the Mababe sub-basin is also attributed to possible movement along the 

Linyanti fault (Gamrod et al., 2009). 

 

 
Figure 10 Schematic diagrams illustrating the evolution of the Okavango, Kwando and Zambezi Rivers system (McCarthy, 
2013). 

Kwando watershed is made of the Kalahari units (Figure 11). It brings in transported sediments a 

composition rich in quartz with an amount of K-feldspar up to 11% and a low abundance or even 

absence of plagioclase and calcite (Haddon and McCarthy, 2005; Setti et al., 2014). Smaller streams 

are also transporting the Proterozoic Choma-Kalomo Block containing mostly granites and gneisses as 

well as metasedimentary rocks (Vainer et al., 2020). Sediments issued of this watershed show variable 

phyllosilicate levels but up to 30%. Clays are composed of a significant amount of smectite (> 40%), 10-
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40% of mica and kaolinite and the absence of chlorite. Calcite comes from continental (pedogenic) 

carbonates found locally along the Kalahari (Setti et al., 2014). Zambezi watershed is made of the 

Kalahari units as well but in addition with the Karoo basalts and some other mafic and sedimentary 

units (Figure 11) (Gärtner et al., 2013; Setti et al., 2014). Those different units are notably composed 

of the granite-greenstone Zimbabwe Craton and the Kasai Craton that lies to the north of the Okavango 

Basin and includes granulites, amphibolites, granitoids, and gabbros. It also drains the copper-bearing 

volcanics and metasediments of the Neoproterozoic Lufilian Belt (Vainer et al., 2020). Transported 

sediment then show a composition dominated by detrital quartz and feldspars (63-85%) and significant 

amounts of phyllosilicates (up to 40%). Calcite is found again in small amount (<5%) and comes again 

probably from local continental carbonates. Concerning clays, smectite is dominant where kaolinite 

varies from 4% to 36% and chlorite is minor or absent (Setti et al., 2014). In continental environments, 

if mica and chlorite are usually inherited from ancient rocks, modified by physical or moderate 

chemical weathering, kaolinite forms through long-term weathering processes. Smectite figure of 

intermediate stage (Setti et al., 2014, and references therein). 

 
Figure 11 Overview of the areal distribution and surface geology of the catchment areas of the Kunene, Cubango–Okavango, 
Cuando and Zambezi River systems upstream of the sample localities (made after a compilation of various works referenced 
in Gärtner et al. (2013)). The legend specifies the main rock types in the working area by their estimated age and their 
petrologic characteristics (Gärtner et al., 2013). 
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1.2.3. Hydrothermal activity 

The presence of a few water sources showing hydrothermal activity in the Linyanti-Chobe basin 

is known (personal communication from the guide Ali Mainga of the VanThuyne-Ridge Research 

Center, Chobe Enclave, Botswana). Furthermore, a low temperature hydrothermal activity (up to 50° 

C) is described for hydrothermal vents along the Chobe in Kasane (Mukwati et al., 2018). The tectonic 

activity linked to the Okavango Graben seems to make the presence of hydrothermal vents plausible 

in this region. 

 

1.2.4. Cuando, Kwando, Linyanti, Chobe and Zambezi Rivers 

The Cuando River has its source in Angola (Figure 12). Numerous channels in a wide swamp 

corridor along the Angola and Zambia border characterize it until it enters into Namibia through the 

Caprivi Strip and takes the name of Kwando River (Kurugundla et al., 2010). The Kwando River is then 

redirected by the Linyanti fault (Haddon & McCarthy, 2005; Burrough & Thomas, 2008; Kinabo et al., 

2007) and the water flow continues to the east through the Linyanti swamps (Figure 2). Some water 

may flow to the west through the Selinda Spillway as well as to the Savuti. Selinda Spillway may 

eventually connect the Okavango system to the Mamili swamps of the Kwando River depending on the 

water amount in the Okavango system. It may then run through the Savuti channel and may reach the 

small Mababe Marsh in the Mababe depression (Shaw, 1984). In the Linyanti swamps, Kwando River 

has the name of Linyanti River. It flows through the swamps to reach Lake Liambezi (Kurugundla et al., 

2010). 

Zambezi River has its source in Zambia (Figure 12). After a short intrusion in Angola, it flows into 

Zambia again before marking the border with Namibia and then Botswana. It then flows along the 

Zimbabwe border, across Mozambique and finally into the Indian Ocean (Moore et al., 2007). The 

Zambezi reaches the Namibian border up to Katima-Mulilo (Namibia) and Sesheke (Zambia), two 

villages facing each other (Figure 2). It then spreads into large wetlands. Some channels of these 

wetlands reach the Chobe fault and form the Chobe River. Chobe River and Zambezi River meet in 

Kazungula (Zambia), a rare quadruple border point (Zambia, Zimbabwe, Namibia and Botswana). 

During the peak flood, the Zambezi River may reverse its flow and flow along the Chobe fault to the 

west and spreads into the Chobe floodplain. The end point of this reverse flow is Lake Liambezi 

(Schlettwein et al., 1992). Flood events higher than 8 meters permit to the Zambezi River to overflow 

its floodplain (in its large wetlands along the Namibia-Zambia border) and to create a several 

kilometre-wide sea river that reach Lake Liambezi through the Bukalo channel (Schlettwein et al., 

1992). 
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Figure 12 Regional map of the Middle Kalahari and the hydrological systems of the Okavango, Kwando and Zambezi 
catchments in relation to the sump basins (Lake Ngami, the Mababe Depression and the Makgadikgadi pans) (Burrough et 
al., 2009). 

1.2.5. Climate and flood system 

Watershed and sources of Kwando River are in Angola, Zambia and Namibia. Those of the Zambezi 

River are in Democratic Republic of Congo, Angola and Zambia. Both watersheds are situated in 

equatorial regions with a humid subtropical climate and a mean annual precipitation of about 1300 

mm (Milzow et al., 2009). Hydrologic year for this region is counted from the beginning of the wet 

season in November. Precipitations are then distributed seasonally depending on the fluctuations of 

the Intertropical Convergence Zone (ITCZ) and fall mostly between November and March (Pricope et 

al., 2013; Milzow et al., 2009). Reaching points of Okavango, Kwando and Chobe rivers are located 

further south in a semi-arid climatic region with mean annual precipitation around 400 mm (Thomas 

& Shaw, 1991). The Linyanti-Chobe basin receives a mean annual precipitation amount of about 570 

mm. Precipitation are mostly under the form of summer thunderstorms occurring almost exclusively 

during the rainy season from November to March (Ballif, 2018). 

Rainwater is relatively dispersed spatially and generally concentrated in the Lake Liambezi region 

or shallow depressions in the landscape as a result of local and regional precipitation primarily. 

Nevertheless, the resulting rise in river levels causes annual flood pulses that reach each terminal 

swamp or water body at a specific time, depending on specific characteristic of each river. Flood pulses 

of the Kwando reach the Mamili swamps (Figure 2) toward the end of June-July (Pricope et al., 2013). 

It then takes to the water 3 to 6 months to percolate through Mamili and Linyanti swamps and to pour 

out in Lake Liambezi (Schlettwein et al., 1990; Burke et al., 2016). The Zambezi River has earlier 

discharge peaks starting in mid-March and April. It first spreads out across the Zambezi wetlands 

(Figure 2) but is also being pushed as backflow into the main Chobe channel. The flood pulse reaches 

thus the floodplain of the Chobe at the end of March. Lake Liambezi and the surrounding lower 
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floodplain of the Chobe-Linyanti are then reached at the maximum extent of the floods in April and 

May, when the water recedes from the Zambezi wetlands and the northeastern part of the basin. As 

Kwando’s flood pulse is situated later in the year, the Chobe River might receive water through 

sporadic connections from Linyanti channel by the middle of the dry season and depending on the 

hydro-climatological nature of the year (Pricope et al., 2013). During exceptional floods, the Okavango 

water penetrate in the Linyanti-Chobe basin via the Selinda Spillway. There may have been more 

exchange in the past, during more humid phases in the Quaternary, even the formation of large paleo-

lakes (Burrough & Thomas, 2008), which have left inherited geomorphological features in the 

landscape. Regarding the nature of the hydro-climatological year, the main channels of the Linyanti-

Chobe Basin as well as Lake Liambezi on average contain surface water for more than 8 months of the 

year. In contrast, all the other annually inundated surfaces of the Linyanti-Chobe Basin are only 

inundated for three months or less per year (Pricope et al., 2013). 

Water table level plays a critical role to the flood extent. Flood’s magnitude is diminished or 

enhanced according to the water table level (Gumbricht et al., 2004). Flood extent is then also directly 

determined by groundwater characteristics such as fingering density points and memory effect of 

previous hydrological years (Gumbricht et al., 2004; Bauer et al., 2006). 

 

1.2.6. Soils 

An important part of the active global carbon budget at the Earth’s surface depends of the 

terrestrial vegetation together with the soil organic matter reservoir (e.g., Killops & Killops, 2005). The 

complex interplay of factors such as climate, soil texture, vegetation cover, land use, fire frequency 

and topography determines the inventory of any soil profile in its total organic carbon (TOC) and 

carbon isotope composition of the organic matter (expressed in δ13CTOC) (e.g., Bird et al., 2004). These 

two measurements are part of the most valuable techniques and direct tracers for the global cycling 

of carbon between the geological, terrestrial, marine and atmospheric reservoirs, and the many 

smaller reservoirs of carbon within each of these four broad subdivisions (e.g., Bird et al., 2004). TOC 

has the characteristic to integrate the isotopic composition of local vegetation over several years. It 

thus provides a useful tool to measure the representative carbon isotope composition of regional 

biomass as a function of environmental conditions prevailing (e.g., Bird et al., 2004). In the present 

study, the spatial distribution of the isotopic composition of carbon within the TOC pool is used to 

understand the spatial distribution as well as the related environmental controls on it of the C3 – and 

C4 – type vegetation biomass in the actual environment. The related results are presented in Chapter 

2. If δ13C value is relevant for modern environment, this turn out to be the case for past environments 

as well (e.g., Bird et al., 2004). TOC content and δ13C value are then used to trace the evolution of 

biomass cover signature in Lake Liambezi’s sediment. It does permit reliable reconstructions of the 

past environment (following chapters). 

In the tropics and sub-tropics, TOC and δ13C value are largely controlled by precipitation. 

However, water availability such as groundwater is of major importance as revealed by Chapter 2 of 

the present work but as revealed in Bird et al. (2004) as well. Indeed, water availability has a direct 

control on the type and the amount of standing biomass that will be then represented as type and 

amount of organic carbon input to the soils (e.g., Bird et al., 2004). Bird et al., 2004 reveal low carbon 

inventories with the preference to C4 plants where precipitation is low. Carbon inventories rise and 

δ13C of TOC decreases where precipitation rise as a result of increasing carbon inputs to the soil from 

trees and shrubs using the C3 photosynthetic pathway. However, the heterogeneous distribution of C3 

and C4 vegetation in the landscape and its implication into the TOC inventories and the δ13C value is to 

be taken into consideration in the discussion (Bird et al., 2004). Groundwater distribution and 

circulation demonstrates the same implication to be considered (as shown by Chapter 2). 
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Despite considerable spatial heterogeneity, coherent trends in both TOC inventories and δ13C 

value of TOC are observed in Bird et al. (2004). They further demonstrate the relevance of using the 

method of ‘bulking’ many individual samples in order to smooth local heterogeneity and obtain a 

coherent picture of regional trends (Bird et al., 2004). General trends of δ13C values along important 

transects present a decrease of δ13C values with increasing mean annual precipitation. It reflects the 

increasing dominance of C3 over C4 photosynthesis as mean annual precipitation increases. However, 

regions where plants have a year-round access to groundwater do not accord with the above described 

trend. Access to groundwater reveals stronger than mean annual precipitation influence and results in 

higher weighted TOC inventories and lower weighted δ13C values than what would be predicted based 

on regional trends alone (e.g., Bird et al., 2004). 

Soil cover in the Linyanti-Chobe Basin is mainly described as completely covered by Arenosols 

(Figure 13) (Romanens et al., 2019 and references therein). They are acidic and nutrient poor (Wang 

et al., 2007). However, considering the multiple actors and the complex microtopography of the basin, 

soils are in fact much more diverse (Romanens et al., 2019). Factors participating in the soil formation 

in the region such as hydric conditions, topography, nature of the soil parent material (i.e. aeolian or 

alluvial), impact of biological activity (termites and plants), as well as fires (natural or caused by arson) 

lead to an important soil heterogeneity and diversity. Five groups of soils are reported: Chernozems-

Phaeozems, Arenosols, salty/sodic soils (Solonchak-Solonetz), Kastanozems, and Calcisols (Romanens 

et al., 2019). Sandvelds, dry floodplains grasslands and Baikiaea forests demonstrate a good 

correlation with Arenosols. A good correlation is also observed between mixed riverine forests and 

Combretum hereroense woodlands with Kastanozems. The dambo grasslands are associated to 

Chernozems or Chernic Phaeozems and grouped with the wet floodplain grasslands. Colophospemum 

mopane woodlands are associated to salty/sodic soils (Romanens et al., 2019). Calcisols, Fluvisols or 

Luvisols are also found depending on the connection to water availability in geographic features such 

as delta, rivers, and marshes (Mendelson et al., 2004). 

Majority of the soils are not covered by litter. The litter, if existent, is made of fresh plant debris 

from the year. A fast decomposition or integration into the soil is helped by termites and/or 

combustion due to fires (Romanens et al., 2019). 

 
Figure 13 Distribution of the observed and/or sampled soils in the Chobe Enclave (Romanens et al., 2019).  
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1.2.7. Vegetation 

Northern Botswana is covered by a savannah biome. It consist of a cover dominated by grasses 

and more or less wooded component which is however neither grassland nor forest (Scholes & Archer, 

1997, Skarpe & Ringrose, 2014). The region along the Chobe river was classified under five land cover 

types: floodplain, Capparis tomentosa shrubland, Combretum shrubland, mixed woodland, and 

Baikiaea plurijuga woodland (Skarpe et al., 2004). Complement studies permitted to enlarge and detail 

the region into eight groups: Sandveld, Baikiaea forest, Dry floodplain grassland, Colophospemum 

mopane woodland, Mixed riverine forest, Combretum hereroense woodland, Dambo grassland and 

Wet floodplain grassland (Figure 14) (Vittoz et al., 2020; Romanens et al., 2019). 

 

 
Figure 14 Vegetation map of the Chobe Enclave, delineated by the white line (Vittoz et al., 2020). 

Islands are characterized with various tree species such as Combretum hereroense, Terminalia 

prunioides, Acacia nigrescens, Acacia tortilis or Acacia hebeclada. Floodplains are dominated by C4 

grasses such as Aristida spp. A specific forest dominated by Colophospermum mopane is found on the 

islands of the south-west of the Chobe Enclave. Red sands along the Chobe fault are colonized with 

Baikiaea plurijuga and Combretum elaeagnoides woodland (Romanens, 2017). 

The present work aimed at the understanding of the geochemical link between vegetation cover 

and soil organic matter. It is based on the classification made after Romanens et al. (2019). However, 

this classification is revisited through geochemical results and therefore, describe the northern 

Botswana region slightly differently. Compared to Romanens et al. (2019), the humid areas along the 

rivers have been more studied. However, always in a geochemical purpose and therefore it is not to 

be read as a rigorous vegetation cover study. The purpose of the research presented in Chapter 2 was 

to obtain methods and tools to better trace past biomes of the region through geochemical values. 
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1.2.8. Lake Liambezi and its ecology 

Lake Liambezi is subject to significant variations in its extent, size and depth. It thus demonstrates 

periods of complete drying up which can last years (e.g., Peel et al., 2015; Mutelo et al., 2013). Peel et 

al. (2015) demonstrated the fast recolonization of the lake after several years of total drying by aquatic 

macrophytes and fishes. Lake vegetation is dominated by emergent aquatic macrophyte Phragmites 

australis that forms dense stands covering large parts of the lake and extensive beds of submerged 

Lagarosiphon ilicifolius and Najas horrida occurring in shallower areas (Peel et al., 2015). 46 species of 

fish in total were reported in the lake where 29 species were recorded in experimental gillnets with a 

domination by Brycinus lateralis and Schilbe intermedius, contributing 39.5% and 38.5% by weight of 

the catches, respectively (Peel et al., 2015). Nutrient input into the lake is mostly via the two Kwando 

and Zambezi slow-flowing rivers. So, the surrounding reed swamp appears to act as a nutrient sponge 

which absorbs available nutrients and releases nutrients in detrital form into the open lake (Seaman 

et al., 1978). The slightly alkaline pH of the lake (values about 7.5-8.5) is not favourable to C4 Papyrus 

that prefers slightly acidic waters (Peel et al., 2015; Seaman et al., 1978). C3 Phragmites are then the 

dominant primary producers of Lake Liambezi (Seaman et al., 1978). 

The lake area represents a mosaic of land use and management units (Pricope, 2013). It forms an 

important part of the local fishery when fulfilled and supports biodiversity, livelihoods and transport 

systems. When the lake dries up partly or completely, the lakebed is utilised for crop and livestock 

farming by local communities (Mutelo et al., 2013). It holds subsistence communal lands 

predominantly utilized for livestock grazing or agricultural lands, differently managed forest reserves 

in both countries, a national park (Chobe National Park) and several community villages or settlements 

(Pricope, 2013; Mutelo et al., 2013). Local livelihood of the communities are based on a subsistence 

economy driven by small-scale rainfed agriculture, fisheries, wild foods and a reliance on natural 

resources. The natural resources are covered with wood for fuel, tree products for building, grass for 

thatching, reeds for building courtyards and sleeping mats while Lala palm products are used for 

weaving baskets (Mutelo et al., 2013). Maize, millet, beans and pumpkins represent the different 

grown crops where cattle and goat are the common livestock found in lake’s area (Mutelo et al., 2013). 

Swamp plants such as papyrus and phragmites are renewing seasonally. They represent a large 

source of organic matter and leads to peat formation in low oxygen conditions. Important amounts of 

methane gas might be produce through such process. It results in frequent fires, from natural or human 

origin in the swamps environment of Linyanti-Liambezi area (Pricope et al., 2013). Similar observation 

is made at the neighbouring system of Okavango ecosystem, where surface fires are a regular and 

important feature. It clears out accumulated dead plant material and is essential to prevent such 

accumulation and assist in nutrient recycling. Another typical feature is peat fire that are different from 

surface fires. They might be ignited by surface fires, but as well by lightning or even spontaneous 

combustion. The combustion is very slow and is more about smouldering than burning but produces 

very little smoke. Peat fire may participate to drastically reduce the thickness of peat accumulation 

with a reduction of up to 90% of the initial volume (McCarthy, 2013). Following similar features, fire 

outbreaks are frequently reported in Lake Liambezi ecosystem (Mutelo et al., 2013) and are responsive 

of occasionally deaths of cattle but also of wild animals (Personal communication with guides and local 

inhabitants). 

Water stable isotopes present extremely evaporated values for Lake Liambezi samples (Dyer, 

2017). It confirms the endoreic state of the lake for both rainwater and river water of Linyanti and 

Chobe Rivers. Ionic composition of the lake is similar between dry and wet seasons. However, ion 

concentration is higher during the dry season, showing the evaporation effect. This important 

evaporation leads to the ion and calcite saturation of the lake. Dissolved Inorganic Carbon (DIC) 

isotopic values (13CDIC) of Lake Liambezi follow the same trends with more positive values during dry 

season. However, even during the wet season, values are very close to 0‰ VPDB. It confirms the strong 
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evaporation resulting to the isotopic equilibration towards the atmospheric carbon signature. 

However, the isotopic 13CDIC value measured during the dry season might also suggest an influence of 

the methanogenesis production from the organic rich sediments and peat derived from C3 Phragmites 

material (Dyer, 2017). 

Significant amount of sepiolite associated with littoral carbonate sediments described by Shaw 

(2009) are interpreted as indicative of precipitation within a lacustrine/palustrine system of low-

energy with fluctuating salinity and pH. They might reflect the unstable characteristics of the local body 

of water over time, alternating between multiple source feeding and drying phase (Shaw, 2009). 

 

1.3. Objectives of the project 

As described above, north Botswana represents a very complex environmental region with 

multiple factors involved in its environmental cycles and in its landscape. Environmental and landscape 

features such as rivers, lakes, floodplains, islands and connections in the Linyanti-Chobe Basin evolve 

a lot. The timing of the evolutions and changes of these features is poorly described. The complexity 

of such a system makes it difficult to trace and to target the factors of change and evolution. More 

often in such a complex system, factors of evolution are multiple. In order to understand better the 

climatic variation and ecosystem evolution in northern Botswana we offer a multidisciplinary approach 

using traditional and new palaeolimnological tools. This approach required the construction of a 

structured program where each method represents an additional step with new facets in the 

interpretation of the environment studied as well as new horizons and perspectives. The present work 

therefore offers the discovery and understanding of a unique environment through a succession of 

subjects and methods. Questions and original objectives were proposed at the start of the thesis. They 

have subsequently greatly evolved, becoming denser, more precise or redirected according to the 

progress of the results. It is therefore an exploratory work whose goal is to discover an environment, 

to describe it and to discover its complexity. 

However, the origin of the project aims to integrate, develop and validate the use of an innovative 

method developed in microbiology. The use of endospore-forming Firmicutes was therefore integrated 

as paleoecological indicators in lake sediments in the multidisciplinary approach of the study. In 

addition to the exploratory work on the northern Botswana region for a better understanding of its 

environmental and climatic evolution, the present work also aims to validate the use of the 

microbiological method in this type of exploratory study. 

Within this broad framework, a series of questions can be structured as follows: 

 

i. Organic matter represents a tool of choice for environmental studies as well as the 

paleoenvironmental reconstruction of sites such as lakes. Its study is done through geochemistry. 

The first step of the present study was then to measure and trace the organic matter present in 

the soils and sediments and to compare it with the vegetation in place. The aim was to highlight 

the link between the vegetation in place and the surrounding soils or sediments. If this link does 

exist, the reconstruction of paleolakes is then feasible using the geochemistry of the organic 

matter present in the sediments. Trends in the distribution of the geochemical composition of 

organic matter have also been investigated. This in order to observe if one or more trends are 

emerging in this region. 

ii. Except studies on its limnology and its fish population, Lake Liambezi has never been described. 

Therefore, a first description of its sedimentology is needed. A multidisciplinary approach has been 

used. The work is exploratory and the main objectives are to discover the type of sedimentation 

of the lake with then the objective of determining an environmental history of the lake. 

iii. The next step was therefore the environmental evolution of the lake. To do this, an environmental 

evolution of each sediment core was carried out using the various tools used (sedimentology, 
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geochemistry and microbiology). A dating test was then carried out using the radiocarbon dating 

method on a selection of samples. This method not showing clear results with a simple 

interpretation, it was necessary to complete the age model constructed with other methods. Once 

again, it is thanks to the multidisciplinary approach that we wanted to answer this question. 

iv. The environmental reconstruction of the lake turned out to be complex, including several factors 

in its evolution, such as the tectonic activity linked to the Okavango Graben, the local 

geomorphological specificities or even the evolution of the climate. These different factors had to 

be identified in order to better understand their potential role and above all, to try to measure 

their impact on the evolution of Lake Liambezi. Each method of the multidisciplinary approach was 

able to provide information on the influence of each factor. However, we can note that the 

microbiological approach had a major impact in this understanding. The geochemistry of organic 

matter as well as the grain-size distribution also played an important role. 

v. The microbiological approach has proven to be a powerful tool even in purely exploratory work. 

This method was used at every stage of the present study. It participated in the description of the 

environmental evolution of each of the three sites. It was then used to complete the age model 

defined for Lake Liambezi. And its role was crucial in the paleoenvironmental reconstruction of the 

lake. If the use of this innovative method has been made possible in these different stages, it is 

because it has brought to the fore phenomena that have gone unnoticed with the more traditional 

methods. The sulphur cycle in particular as well as the presence of bacteria linked to 

hydrothermalism. The presence of bacteria linked to hydrothermalism was an important question 

in this exploratory work. We had to understand their presence, their origin and their meaning. 

vi. Reconstruction of climate change for southern Africa since the end of the African Humid Period 

(AHP) is widely debated because little data exists and it is sometimes contradictory. We wanted to 

compare our climatic deductions against other works dealing with this subject. 

vii. This exploratory study was conducted with a multidisciplinary approach. What was the integration 

of the innovative approach using microbiology for the paleoenvironmental reconstruction of a 

lake, what were its contributions and finally, is it an approach that can be generalized? 

 

The following chapters aim to answer to these questions. Chapter 2 starts with the geochemical 

description of the soils and vegetation of the Linyanti-Chobe Basin. A few rivers are investigated as 

well and bring additional information about the geochemistry of sediments coming from the 

watershed of Lake Liambezi. Following chapters will focus on Lake Liambezi and its sedimentological 

aspects. Chapter 3 aims at a first characterization of the lake sediments with a precise description of 

the material found in the sediments and an investigation on the origin of the different material. 

Chapter 4 introduces the novel approach using microbiology. It is made through a precise description 

of the evolution of the sediments through depth. In this context, data acquired with more classical 

methods are added to obtain a direct comparison of the results and to build a global discussion of the 

evolution of each sampled site. This chapter allows the validation of the use of the microbiology as an 

environmental tracer in lake sediments; not only in actual sediments, but also in older sediments 

corresponding to past environmental conditions. Thus, the microbiological approach used in the 

present work did permit to trace and characterize past environmental conditions. Chapter 5 aims to 

give an age to the sediments and thus, to the lake. Again, a multidisciplinary approach is used to 

respond to such a complex environment. The age model is built after a combination of multiple 

methods. Radiocarbon dating using the 14C-activity of the sediments is completed with diverse relative 

dating methods using clay mineralogy and microbiology. All obtained results are compiled in the final 

Chapter 6. The pooling of all the different methods highlights the complementarity of methods coming 

from various fields and using different material. It did permit to build a precise environmental and 

climatic history for Lake Liambezi.  



Introduction 

32 

1.4. Prior description of the secondary sites sampled 

Five additional sediment sample were taken in different tributaries of the lake. For them, 

sampling has been made with a sanitized shovel and stored into sterilized plastic bags. Samples have 

been then frozen and transported into a fridge. Two samples have been taken along the Linyanti 

Swamp at Linyanti Campground. A geological fault forms an area of wetlands composed by a 

complicated patchwork of swamps and marshes known as Linyanti River. Its distance to Lake Liambezi 

is about 60 kilometres south-west. Two further samples were taken along the Chobe. A first one in 

Kavimba, at about 26 kilometres of Lake Liambezi. That sampling site is an oxbow lake of a channel of 

the Chobe River. It is located along the road from Kasane to Kachikau 2 km northeast side of 

Legotlhwana. The second site is the large floodplain of the Chobe River at about 26 kilometres 

southeast before the Chobe River reaches the lake. The area is a wetland composed by a complicated 

pattern of old channels and oxbow lakes. It is along the road from Kasane to Kachikau, 8.3 km north-

eastern side of Kachikau and 4.2 km south-western side of Legotlhwana. The last sampling site is 

located in the lakeshore at the Linyanti River mouth at the extreme south-west shore of the Lake 

Liambezi. For these nine first samples, sampling was made with a sanitized shovel and put into 

sterilized plastic bags. Samples were then frozen. All sampling sites are located in Botswana. 

 

1.4.1. BO01: Thamalakane 

The sample was taken on the shore of the Okavango River on the main channel that follows the 

geological fault that cut the Okavango Delta on its Southeastern part. It is located less than 10 km 

upstream and at the Northeast of the center of Maun, right upstream of the Okavango River Lodge. 

Farms, lodges and small villages surround the area. 

 

1.4.2. BO02: Rileys Cresta 

Along the same river channel than BO01, that part of the Okavango River plays the role of exit 

channel for the Okavango Delta because of the geological fault. The river crosses the center of Maun 

and the sample site is located under a road bridge in the center of the city, front of the Rileys Cresta 

Hotel. Number of waste pollute the site. 

 

1.4.3. BO03: Khwai River (Kudumane) 

The site is a pond that forms an oxbow lake along an old channel of the Khwai River. It is located 

3.4 km upstream and Southern part of the little village of Mababe. The Khwai River is a tribute of the 

Okavango Delta located at the extreme East side of the delta. 

 

1.4.4. BO04: Mababe Bridge 

The sampling site is situated along the Khwai River channel, which is a tribute of the Okavango 

Delta located at the extreme East side of the Delta. The site is at 600 m upstream and West of the 

village of Mababe. 

 

1.4.5. BO05 and BO06: Linyanti 

The site is located along the Linyanti Swamp at Linyanti Campground. A geological fault forms an 

area of wetlands composed by a complicated patchwork of swamps and marshes known as Linyanti 

River. 

 

1.4.6. BO07: Chobe 

The site is the floodplain of the Chobe River. The area is a wetland composed by a complicated 

pattern of old channels and oxbow lakes. It is along the road from Kasane to Kachikau, 8.3 km 

Northeastern side of Kachikau and 4.2 km Southwestern side of Legotlhwana. 
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1.4.7. BO08: Kavimba 

The sampling site is an oxbow lake of a channel of the Chobe River. It is located along the road 

from Kasane to Kachikau 2 km Northeast side of Legotlhwana. 

 

1.4.8. BO09: Lake Liambezi 

The sampling site is located on the extreme South-West shore of the Lake Liambezi. 

 

1.5. Additional projects: 

As part of the project of development and validation of this new method in microbiology using 

spore-forming bacteria, my work also covered side projects conducted by colleagues. The 

development of the method covered in particular the ecology of spore-formers. This has been 

published in Paul et al. (2019) and is to be found in the appendix. I also helped for the realisation of 

the sedimentological and geochemical part of an unpublished Master thesis aiming at the investigation 

of bacterial communities in high mountain lakes. The work aimed to study the evolution of 

microbiological communities in a group of lakes testifying to the gradual retreat of a glacier in high 

mountains (Joeri Lakes in Graubünden) (Fatton-Hayoz, 2018). The Master thesis is to be found in the 

electronic file related to the present work. Data relative to sedimentology and geochemistry are to be 

found in the appendix. 

As member of the doctoral program in Earth Surface Processes & Paleobiosphere of the 

Conférence Universitaire de Suisse Orientale (CUSO), I get the opportunity to participate in an 

ecological survey campaign in the Maldives. This campaign was then fixed with three publications 

(Beccari et al., 2020; Stainbank et al., 2020; Caragnano et al., 2021). These publications are to be found 

in the electronic file related to my thesis. 
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2.1. Abstract 

The active global carbon budget at the Earth’s surface is in important part represented by the 

terrestrial vegetation together with the soil organic matter reservoir. The time-integrated isotopic 

composition of the vegetative cover that existed in the place of study might be reconstruct by the C- 

and N-isotope composition, in the absence of an important extraneous, aeolian contribution. In 

tropical and subtropical regions, the isotopic composition is primarily controlled by the climate and 

follows therefore global trends related notably by the annual average precipitation. However, regional 

specificities such as regional water availability, topography and physico-chemical properties of the soil, 

as well as external factors such as land use and fire hazards may influence the type of organic matter, 

including the presence and abundance of isotopically distinct C3 and C4 vegetation, and finally the total 

amount of organic matter preserved in soils. Studies have confirmed a global trend in Botswana in the 

distribution of SOM and its isotopic composition. However, north Botswana is crossed by an incipient 

continental graben basin called Okavango Graben. Structural features formed by the neo-tectonic 

activity affect the regional hydrological system and create a complex network of rivers and 

waterbodies. Therefore, the distribution of SOM and its isotopic composition is believed to follow more 

complicate trends in this region and to correspond more to the water availability and the water table 

distribution pattern. 

The results demonstrate a density and distribution of the vegetation cover and type in the 

Linyanti-Chobe basin clearly related to the geomorphology as well as the proximity to both ground and 

surface waters. Isotopic measurements on trees demonstrate a higher water stress for shallow rooted 

trees compared to deep rooted trees, demonstrating the high dependence of the trees to the water 

table. Intra-species water stress is also observed depending on the access to water of the location. It 

allows then a better understanding of the well developed riparian forest along the waterbodies and of 

the stunted Mopane tree forests away from the main waterbodies. For all the built classes, the δ13CSOM 

shows a direct relationship with the type of vegetation that covers it. A direct relationship can be 

therefore established between plant cover and isotopic signal of carbon from soil organic matter. This 

allow us to believe in a poor organic matter transport and the possibility to use SOM of paleo-soils or 

sediments to reconstruct the plant cover of the deposit. This exercise is indeed made for the sampled 

river sediments and is conclusive as results correspond with field observations. Foliar δ15N gave again 

information about the topography and access to water. The distance of the sampled plants to the 

water source influenced directly the isotopic composition of N. The water table shows also a role 

regarding the plant types and species with the depth their roots reaches. The compilation of previous 

observations made possible the proposal of a simplified representation of the distribution of 

vegetation and soil geochemistry according to a gradient starting from a water surface (river or lake) 
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and ending its course away from this body of water. This represents a regional specificity which 

contradicts the idea of a north-south vegetation gradient linked to the mean annual precipitation 

(MAP). 

In a future optic aiming at the comprehension of the Quaternary and Recent ecological evolution 

of the region, the present work aims at evaluating the utility of the natural abundance of stable carbon 

and nitrogen isotopes in soils and sediments from lacustrine or swamp environments to trace shifts 

between C3 and C4 dominance as an estimate of local moisture conditions. The use of these 

measurements has been here proven and is encouraging for future studies. 

 

2.2. Introduction 

The terrestrial vegetation together with the soil organic matter reservoir represent an important 

part of the active global carbon budget at the Earth’s surface (e.g., Killops & Killops, 2005). 

Understanding the natural biogeochemical changes in these reservoirs with time is hence also essential 

for improving our knowledge on any anthropogenic changes to the global carbon cycle. The stable 

isotope compositions (13C/12C and also 15N/14N, for example) of organic matter are commonly used as 

tracers for global carbon cycling between the different terrestrial reservoirs of carbon as represented 

by the atmosphere, biosphere, hydrosphere and also the geosphere (e.g., Hoefs, 2015). In the case of 

the soil organic matter (SOM) reservoir, the C- and N-isotope composition, in the absence of an 

important extraneous, aeolian contribution, normally provides the time-integrated isotopic 

composition of the vegetative cover that existed in the place of study (e.g., Park and Epstein, 1960; 

Sweeney and Kaplan, 1980; O’Leary, 1981; Farquhar et al., 1989). The isotopic composition, in turn, is 

primarily controlled by the prevailing local and global climate, in tropical and subtropical regions most 

notably by the annual average precipitation. Precipitation and regional humidity, together with other 

factors including the topography and physico-chemical properties of the soil, as well as external factors 

such as land use and fire hazards, also control the type of organic matter, including the presence and 

abundance of isotopically distinct C3 and C4 vegetation, and finally the total amount of organic matter 

preserved in the soil (e.g., Hayes, 1993; 2001; Bird et al., 2001). The inverse of this is that detailed 

studies of the amount and isotopic composition of SOM in paleosols can be used for paleoecological 

and paleoclimatic interpretations, given that the effects of degradation of the organic matter in the 

sediment/soil but also the local versus aeolian origin of the SOM can be adequately characterized 

(Deines, 1980; Hayes et al., 1983; Freeman et al., 1990). 

Paleoenvironmental research in subtropical southern Africa is complicated, however, largely 

because of both a low bioproductivity in the semi-arid to arid climates prevailing and also because of 

a poor preservation of organic matter in the sandy soils that allow for a rapid drainage across the soil 

horizons and a good ventilation with an ease of access for atmospheric oxygen (Schulze et al., 1996; 

1998; Feral et al., 2003; Ringrose et al., 2003; Bird et al., 2004; Swap et al., 2004; Krah et al., 2006). The 

region of the Okavango Delta and adjacent Chobe-Linyanti River transboundary watershed in northern 

Botswana and northeastern Namibia represents the most important resource of water for Botswana 

and northern Namibia. These drainage basins also offer the best potential of preserving organic matter 

within the soils and lake sediments of both the permanently (Okavango) and seasonally flooded 

(Chobe-Linyanti River System, including Lake Liambezi) drainage basins (Mubyana et al., 2003; Pricope 

et al., 2015), which if proven correct, opens up the possibility of paleoenvironmental research to be 

conducted. In view of the importance of this region as an important groundwater resource, but also 

because of its touristic and agricultural importance to both the Namibian and Botswana economies, 

an improved understanding of likely ecological changes expected with the predicted changes in climate 

in this semi-arid region of South-Central Africa will help to determine the measures required for the 

best possible preservation of this ecologically sensitive area. 
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Of importance to studies of mixed C3/C4 ecosystems is that the distribution of SOM and its 

isotopic composition is determined principally by the heterogeneous distribution of C3 and C4 

vegetation in the landscape (e.g. Bird & Pousai, 1997; Bird et al., 2000), but also by the local conditions 

of moisture. Hence, the sampling approach was to divide the areas of interest into parts dominated by 

C3 or C4 vegetation, and separately sample these areas as a function of distance from the water 

courses. The samples are then weighted according to the proportion of C3 and C4 vegetation cover 

present in the area in order to provide the weighted amount and isotopic composition of the SOM (see 

also Bird et al., 2001 for discussion). 

The present work aims at evaluating the utility of the natural abundance of stable carbon and 

nitrogen isotopes in soils and sediments from lacustrine or swamp environments to trace shifts 

between C3 and C4 dominance as an estimate of local moisture conditions. Such data could give new 

insights on the Quaternary and Recent ecological evolution of the region. It focuses on the soil-

vegetation interactions, in terms of resource acquisition by plants, and the cycles of carbon and 

nitrogen, given the particular hydrology of the Okavango-Kwando-Chobe terminal endoreic system. In 

particular, we aim to improve our understanding the environmental controls on the distribution and 

productivity of C3 and C4 biomass in the modern environment and subsequently allow for a better 

reconstruction of the past environment using the carbon isotope composition of paleosols, phytoliths, 

soil carbonate, and fossil organic matter. 

 

2.3. Material and methods 

2.3.1. Regional settings of northern Botswana 

Northern Botswana holds the north of the Kalahari Basin formed by an epeirogenic uplift (Haddon 

& McCarthy, 2005; Singletary et al., 2003; Jones et al., 1980). It is crossed by an incipient continental 

graben called Okavango Graben found at the terminal of the southwestern branch of the East African 

Rift System (Bufford et al., 2012; Haddon & McCarthy, 2005; Jones et al., 1980). Structural features 

formed by the neo-tectonic activity affect the regional hydrological system (Kinabo et al., 2007) and 

create a complex network of rivers and waterbodies (Haddon & McCarthy, 2005). It results in the 

creation of endorheic deltas and lakes for the Okavango, Kwando and Chobe Rivers and builds up a 

series of sub-basins: The Okavango basin and the Ngami basin in the southwestern part, the Mababe 

basin and the Linyanti the Linyanti-Chobe basin at the northeastern part. The present study compares 

several short vegetation and soil traverses from all three basins, but focusses principally on those of 

the Linyanti-Chobe basin (Figure 15). 
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Figure 15 General map of the northern Botswana with the three main river systems: Okavango, Kwando and Zambezi. 
Enlargement and focus on the Linyanti-Chobe Basin with Lake Liambezi in its middle. Orange dots indicate sampling locations. 

2.3.2. Bioclimatic data 

The catchments to the Okavango, Kwando, and Zambezi are characterized by a humid, subtropical 

climate with a mean annual precipitation of 1300 mm. Rainfall occurs seasonally and the intensity 

depends critically on fluctuations in the positioning of the Intertropical Convergence Zone (ITCZ) but 

the rainy season is commonly between November and March (Mizlow et al., 2009). The discharge of 

the three river systems as well as the maximum flooding in the three distal wetlands towards the south 

is somewhat delayed though, given a slow flow of the groundwater over 100’s of km’s. The Okavango's 

and Kwando's maximum floods occur from June to August (Pricope, 2013), while that of the Zambezi 

has an earlier annual flood pulse that may also spill over into the Linyanti-Chobe wetlands through the 

Chobe River. The flooding area in the Linyanti-Chobe basin thus peaks between March and May, a few 

weeks after the Zambezi reaches its maximum discharge (Pricope, 2013). The Okavango waters 

penetrate in the Linyanti-Chobe basin only during exceptional floods via the Selinda Spillway. The 

relative exchange from the Zambezi and/or the Okavango/Kwando into the Linyanti-Chobe area may 

well have been more important during past humid periods, and the existence of a larger paleo-lake 

during the Quaternary is postulated (Burrough & Thomas, 2008), as supported by inherited 

geomorphological features in the landscape. 

The mean annual precipitation in the Linyanti-Chobe basin is about 570 mm, with the majority of 

precipitation during the rainy season from November to March (Reference: climate-data.org). It occurs 

mostly as summer thunderstorm precipitation. The most distal southeastern branches of the Okavango 

Delta (Thamalakane and Kwai) are located further south of the north-south gradient of regional 

precipitation and receive a mean annual precipitation of only 450 mm (Reference: climate-data.org). 

In the Köppen-Geiger classification northern Botswana is classified as a hot semi-arid (steppe) climate 

(BSh). This classification is characterized by a mean annual temperature above 18 °C, low mean annual 

precipitation of which 70 % falls between October and March. Arid and semi-arid climates are also 
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defined by evapo-transpiration exceeding average annual precipitation. The semi-arid climate zones 

are, however, less extreme than arid climates in that the mean annual precipitation is sufficient to 

sustain woodland and shrubland communities. Vegetation is typical of southern African dry savannahs 

and spans from subtropical swamps to shrubland and dry forests, and finally to grasslands. Large-scale 

zonation of vegetation due to rainfall and temperature parameters determine the distribution of these 

sub-biomes over the subcontinent. The region covered in this study is unique though as the inland 

deltas of the Okavango and Kwando rivers, because of geologic, tectonic processes, drain into this arid 

to semi-arid region, hence establishing a regional-scale and even local-scale zoning of the same large-

scale vegetation zones adjacent to the subtropical swamps/flooded areas. The Linyanti-Chobe basin in 

particular, is at the meeting point between different ecoregions that are all part of the "tropical and 

subtropical grasslands, savannahs and shrubland" biome (source : www.worldwildlife.org/ecoregions): 

the Zambezian flooded grasslands, the Zambezian and mopane woodlands, the Kalahari Acacia-

Baikiaea woodlands and the Kalahari xeric savannah. The Linyanti-Chobe basin flora thus consists of a 

mix of species from these contrasting, neighbouring ecosystems. 

 

2.3.3. Sampling 

Soil and vegetation samples were collected in August 2016. Seven short transects were chosen 

from the southeastern part of the Okavango Delta to the Linyanti-Chobe Basin (Fig. 1). In addition, 

samples were taken from six isolated, including sites at the shores of Lake Liambezi. A total of 31 sites 

were sampled. The purpose of the transects was to sample along a relative “humidity gradient” with 

the vegetation adjacent to the present, dry season water bodies having access to the local 

groundwater (bottom of river or bottom of plain) whereas the vegetation away from such water bodies 

rapidly changes from a mixed vegetation including larger trees, via a shrub-dominated landscape with 

occasional trees only, to a typical grassland vegetation or to stunted Mopane tree forests only. Each 

transect presented a gradual or sometimes abrupt transition in its vegetation, often coinciding with 

changes in topography. The size of the transects varies according to the sites and ranges from a few 

tens of meters to several tens of kilometres. In addition, nine samples of sediments from water bodies 

were taken: four from different arms of the Okavango, two from the Linyanti river, one from the Chobe 

floodplain, one from within the Chobe river and finally, a sediment bordering the Lake Liambezi. 

Systematically, a soil sample as well as samples of a small variety of plants were taken at each 

site. The soil sample was collected from the topsoil layer. This layer was reached by removing by hand 

the loose, aeolian sand that covers it until a more compact, cohesive layer was attained. Samples were 

collected with a small shovel from the first 5-10 cm. We avoided the soil directly below the canopy of 

trees and selected a point equidistant to surrounding stands. All samples were then put in sterile plastic 

bags and dried at 50°C for transportation and storage. A total of 28 soils and 44 plants were sampled, 

and for the plants often several distinct parts (leaves, bark, outer cellulose layers), giving a total of 139 

analyses. For the plants, it was a total of 32 species sampled (4 woody perennials, 25 grasses and 3 

sedges), in 22 genera within 5 families (order in brackets): Capparaceae (Brassicales), Combretaceae 

(Myrtales), Cyperaceae (Poales), Fabaceae (Fabales), Poaceae (Poales). Four wooded perennial species 

were selected to be sampled if present : Acacia erioloba, Colophospermum mopane, Combretum 

mossambicense and Boscia albitrunca. They are not especially dominant species but are readily 

identifiable and each representative of a different habitat. The bark, mature leaves, young stems and 

wood of each of these species were sampled on individual trees. The height of each sampled woody 

individual (m) was estimated visually. Grasses have been selected among the most abundant species. 

This was done to determine if most grasses follow the C4 pathway, as it is generally assumed for 

Southern African savannas, and to highlight potential trends in the C and N fractionations for C4 plants. 

Additionnally, the data of grass species helped to build the vegetation classes. All samples were put in 
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plastic bags and brought back to the VanThuyne-Ridge Research Center for further determination and 

drying at 50°C. 

 

2.3.4. Geochemical analyses 

All vegetation samples were dried in an oven, wrapped in Al foil and transported to the University 

of Lausanne for analyses. All samples to be analysed for their isotopic composition were taken with a 

small stainless steel cutting knife, washed in dilute HCl (5 %) and several distilled water cycles. 

Subsequently, the samples were dried once again at 40 °C prior to their stable isotope analyses. Soil 

samples were also treated in a similar way, dried in the field at 40 °C and transported to Lausanne. 

Weighed sample splits were then washed in 10% HCl followed by careful rinse cycles with distilled 

water and centrifugation, drying at 40 °C and reweighing the samples to note the loss of the carbonate 

fraction. 

Total organic carbon and nitrogen content and isotopic compositions were analysed using a 

Thermo Finnigan Flash Elemental Analyzer (EA) 1112 linked to a Delta V gas source mass spectrometer. 

Samples were weighed into Sn-foil capsules and reacted in the EA reactive column with an excess of 

O2 heated to 1050 °C. All released gases (H2O, N2, CO2 an SO2) were transported in a He flow over water 

traps and passed over a gas chromatographic column into the dual inlet of the mass spectrometer for 

the carbon and/or nitrogen isotope analyses of the organic matter on CO2 and N2, respectively. Each 

series of about 50 samples was bracketed with six in-house standards (3 different standards, 

reproduced) at the beginning and end of the sequence for final data normalisation and calculation of 

the amount of organic carbon/nitrogen within the samples. The analytical error is better than ±0.1 ‰, 

based on replicates of the standards and samples. Results are given in the typical d-notation in permil 

relative to the isotopic standard VPDB for the 13C and relative to AIR for the 15N values. 

 

2.4. Results 

In order to verify how the vegetation structure and composition changes along the selected 

traverses and sampling locations, the approach described in Tedder (2013) was used. The vegetation 

classifications proposed by McCarthy et al. (2005) and later also by Tedder et al. (2013) were used to 

establish the vegetation classes listed in Table 1 below. The goal of such a classification of the 

vegetation is to simplify the complex change in the composition and structure of the vegetation across 

the variation in landscape and hence to understand how the species are distributed and what this 

distribution is principally related to (e.g., precipitation and regional humidity gradients, groundwater 

levels, topography, physico-chemical properties of the soil, or a combination thereof, etc…), and finally 

if these changes are compatible with any changes in the stable C- and N-isotopic composition of the 

dominant plants and SOM for the different sampling sites and traverses. 

Amount of samples obtained in field campaign did not statically allowed a classification that 

correspond to the field observations. However, the aim of the present work is not to argue for a novel 

vegetation classification for the region. This has been made by various authors (Romanens et al., 2019; 

Vittoz et al., 2020). On the other hand, the aim of the present study is to classify the region for its 

geochemical values in soils and plant cover. Therefore, a six-class classification was established, based 

on the structure of the plant community (presence/absence of woody cover, height of canopy), the 

type of dominant plants (sedge/grass, tall perennial grass/sparse low tufted grass, tree/shrub), a few 

diagnostic species based on Roodt (1998; 2015), all as observed and noted in the field. The vegetation 

classifications proposed by McCarthy et al. (2005) and Tedder et al. (2013) helped to build the classes 

and to determine the level of precision that was required for our dataset. Geochemical results did 

permit to confirm the coherence between the chosen classification.The resulting classification is made 

up out of two classes of wetlands: n°1 - reed bed, which is basically an aquatic grassland, and n°2 - 

sedgeland; two classes of grasslands: n°3 - floodplain grassland and n°4 - dry grassland; one class of 
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shrubland: canopy top ≤ 3 m, further divided in two subclasses, one that is dominated by Mopane 

(n°5a) or Combretum shrubs (n°5b); and one class of woodland, further divided in two subclasses: n°6a 

- Mopane woodland, and n°6b - mixed riverine and marginal floodplain woodlands or Acacia woodland. 

Table 1 summarizes the characteristics and data of each class. 

In terms of the C- and N-isotope compositions of the plants, the C3/C4 plant separation is well 

represented. 25 samples of type C3 plants were identified and 53 samples of type C4. For the C3 plants, 

the δ13C values have a range from -29.3 ‰ for an Acacia to -25.0 ‰ for Phragmites australis. For C4 

type plants, the d13C values have a range from -14.5 ‰ for Cynodon dactylon to -10.8 ‰ for Panicum 

repens. Nitrogen content in the plants have a range from 0.10 wt% for Diheteropogon amplectens, 

Heteropogon contortus and Hyparrhenia rufa, up to 2.70 wt% for Boscia albitrunca. For the d15N values, 

the range is between -5.6 ‰ for Hyparrhenia rufa up to +10.0 ‰ for Boscia albitrunca. 

The amount of organic carbon in the soils has a range from 0.3 wt% up to 6.0 wt% for 28 of the 

30 samples. Only two samples have higher TOC content of 9.6 and 10.1 wt% (samples TR 3.2 and 2.2). 

For 30 soils analysed, 28 have a range between -23.2 ‰ and -15.2 ‰, but two isolated samples have 

values of -12.7 ‰ and -12.1 ‰ ( samples TR 5.2 and 5.3). 

 

 
Figure 16 C- and N-isotope compositions of the plants, and C-isotope compositions as well as TOC of the soils. Corg isotopic 
analysis of plants shows the presence of both types of plants: C3 and C4 types. Corg isotopic analysis of soils shows a mix 
between the two types. 
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Table 1: Description of the six classes of vegetation with indication of the average results from the SOM analyses for each class. Diagnostic species and description of 
each class come from field observations, after Roodt (1998) and Roodt (2015) as well as from the vegetation surveys. 

n° 
Vegetation 
class 

Diagnostic species Description 
Distribution in the Linyanti-Chobe basin and 
soil characteristics 

13CSOM 

TOCSOM 

1. Reed bed Phragmites australis First community along permanent water, forming 
homogenous stands of reeds up to 5 m high. 

Along the Linyanti and Chobe channels and 
swamps. Shores of Lake Liambezi. Shallow water 
(not deeper than 1 m). 

-22.3 ‰ 
2.7 % 

2. Sedgeland Cyperus spp. 
Schoenoplectus corymbosus 
Vossia cuspidata 
Panicum repens 
Cynodon dactylon 

Sedges and specialised grasses growing in damp, 
regularly flooded soils. As a pioneer grass, C. dactylon 
may colonize the drying plains and form homogenous 
mats. Often heavily grazed. 

Outer layer of the Linyanti and Chobe swamps. 
Damp soil conditions with a high seasonal 
fluctuation of the water table. 

-18.5 ‰ 
5.1 % 

3. Floodplain 
grassland 

Cymbopogon excavatus 
Hyparrhenia rufa 
Imperata cylindrica 

Dense stand of tall perennial grasses (2-3 m) growing on 
inactive floodable low-lying plains. A particular kind of 
community occurs in humid depressions with I. cylindrica. 

On the bottom of ancient floodplains. Alluvial, dark, 
compact soil. High impact of human activity. 

-15.1 ‰ 
3.6 % 

4. Dry grassland Aristida spp. 
C. dactylon 

Spread tufts of Aristida grass in sandveld, with a high 
proportion of denuded soil. May be connected to 
Terminalia sericea sandveld. 

Interspersed among the mopane woodland and 
shrubland, in the drier, more elevated, western part 
of the Linyanti-Chobe basin. 

-18.1 ‰ 
0.9 % 

5. 
a) 
 
 
b) 

Shrubland 
dominated by 
Mopane 
 
 
dominated by 
Combretum 

 
Colophospermum mopane 
 
 
Combretum mossambicense 
Combretum hereroense 
Croton megalobotrys 
Dicrostachys cinerea 

 
Small, multi-stemmed Mopane shrubs (≤ 3 m) often 
showing heavy signs of elephant's grazing. 
 
Sparse shrubland on elevations, with a well-developed 
grass layer. Presence of isolated shrubs/trees. 

 
Occur as a transitional fringe around Mopane 
woodland on slight dips. 
 
On the top of inherited geomorphological 
elevations (calcareous platforms, ancient island / 
beach bank) 

 
-19.5 ‰ 
1.4 % 
 
-18.0 ‰ 
0.9 % 

6. 
a) 
 
 
b) 

Woodland 
dominated by 
Mopane 
 
 
riverine or 
marginal 
floodplain 
woodland 

 
C. mopane 
 
 
Acacia erioloba 
Combretum imberbe 
C. mossambicense 
C. megalobotrys 
Philenoptera violacea 

 
Woodland with tall Mopane trees up to 20 m tall. Grass 
layer abundant. Numerous termite mounds and pans. 
 
Highest secific diversity of trees. Complex vertical structure 
(different height classes). Presence of termite mounds. 

 
Main woodland in the western part of the Linyanti-
Chobe basin. Presence of clay layer and salts. 
 
Occur on slopes or edges of elevations 
overhanging floodable lowlands. 

 
-21.4 ‰ 
3.0 % 
 
-22.0 ‰ 
3.0 % 

Table 1 Description of the six classes of vegetation with indication of the average results from the SOM analyses for each class. Diagnostic species and description of each class come from field observations, after Roodt (1998) and Roodt (2015) as well as from the vegetation surveys. 
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The range of the TOC and C-isotopic compositions of the different vegetation classes defined in 

Table 1 are given in Figure 17, while those for the river sediments are given in Figure 17. The amount 

of organic carbon contained in the sediments varies from 0.14 wt% for the Okavango at Thamalakane 

to 9.02 wt% for the sediments on the shores of Lake Liambezi between the mouths of the Linyanti and 

Chobe rivers. The δ13C values of these sediments have values between -23.2 ‰ for sediments from the 

Linyanti to -18.6 ‰ for sediments near Mababe Bridge, which is an end-of-travel arm of the Okavango 

Delta. 

 

 
Figure 17 Total organic carbon content and its isotopic composition for the different vegetation classes of this study (Table 1). 
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Figure 18 Total organic carbon content and its isotopic composition for the river sediments. 

 

 
Figure 19 Summary of C- and N-isotope compositions measured for individual plants as well as the symbols used in subsequent 
diagrams to illustrate the presence/absence of plants as well as their relative abundance in different locations. The isotopic 
values of the table (as well as of the following ones) are average values of samples of the same species grouping together all 
the sampled sites as well as the different parts of the plant (for trees). The used isotopic values can be found in the appendix 
(Chapter 8.3). 

 



Vegetation and soil 

48 

 
Figure 20 Summary diagram allocating the different transects to the different geomorphic features and the vegetation zones 
as well as showing the distributions of the TOC contents and C isotopic compositions. 

2.5. Discussion 

2.5.1. Geographical distribution of vegetation zones in the Linyanti-Chobe basin 

The density and distribution of the vegetation cover and type in the Linyanti-Chobe basin is clearly 

related to the geomorphology as well as the proximity to both ground and surface waters. Areas 

showing the dominance of a certain plant cover highlight the extent of the influence of major rivers in 

this area (Linyanti and Chobe). The dominance of shallow-rooted trees such as C. mopane in some 

zones compared to a dominance of deep-rooted bushes and trees such as Combretum spp. and Acacia 

spp. throughout the Linyanti-Chobe basin is related to the access to either a shallow seasonal water 

source or, respectively, good groundwater access. Qualitatively the Linyanti-Chobe basin can thus be 

divided into three main vegetation zones that are each composed of a mosaic of C3 wooded elevations 

and C4 grass dominated depressions (Figure 20). Zone I covers the Linyanti and Chobe channels and 

their associated permanent and seasonal swamps with vegetation classes 1 and 2 (Figure 20). It is 

dominated by sedges (C. papyrus, C. longus, S. corymbosus) and water-loving grasses (P. australis, P. 

repens, V. cuspidate; Ballif, 2018). It is the most active zone in terms of delta-like dynamics and 

seasonal flooding with a landscape that resembles that of the adjacent Okavango Delta, including the 

notable presence of palm-trees (Hyphaene petersiana, Phoenix reclinata). Floods occur every year and 
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the soils are inundated for most of the year. This zone is represented by transect locations TR 2.1 

(Linyanti Camp), TR 3 (Chobe Seariver), TR 4.1, TR 4.2 (Figure 20). The second zone (II) is dominated by 

Acacia-Combretum woodlands and Combretum shrubland on elevations adjacent to the grasslands. 

Zone II is located in the intermediate, central part of the Linyanti-Chobe basin, between the Chobe and 

Linyanti faults. It also characteristically occurs on emerged carbonate deposits described in particular 

by Burrough and Thomas (2008). On top of these elevations, dry shrubland dominates with sparse 

isolated trees. Trees are also present on the margins of elevations where they form mixed woodlands 

that benefit from the floodplain groundwater but stay well above flood levels. Transects TR 5, TR 6 and 

TR 7 (VTR), as well as the riverine fringe at TR 2.2 (Linyanti Camp) and TR 4.3, typically represent Zone 

II and its different communities. Zone III is characterized by Mopane woodlands and shrubland 

interspersed with sand-dominated communities with Terminalia spp, clayey pans and dry saline 

grasslands. The main source of water for trees comes from stored precipitation in a clayey layer of the 

soil. Corresponding transect locations include TR 2.3 (Linyanti Camp), TR 4.4, TR 4.5 and TR 4.6. 

The sodium-rich clay layer common for Mopane-dominated woodlands may come from the initial 

inherited delta-like island system, reworked by termites, as the area was isolated from floods due to 

tectonic tilting of the Linynanti-Chobe basin (Kinabo et al., 2007). Islands in the Okavango Delta have 

been reported to concentrate dissolved salts at their centre as water is transpired by trees (Wolskip & 

Savenije, 2006). As this system was disconnected from the flooding dynamics, it was progressively 

covered by aeolian Kalahari sand. Termite activity may be responsible for the remobilisation of the 

buried sediments (rich in OM, clay, carbonates and evaporitic salts) inherited from a wetter, delta-like 

setting. From this point of view, the zonation proposed in Figure 20 and 8 suggests a spatial and 

temporal succession of communities following tilting of the basin and increased seasonality in flooding 

events. For the intermediate parts of the basin (Zone II in Figure 20) the seasonal floods provide 

sufficient alluvium and dissolved nutrients to support the Acacia-Combretum woodlands, Combretum 

shrubland and with approach to the seasonal river basin the floodplain grasslands of Zone I. In the river 

basin itself flooding is sufficiently prolonged to support a hydromorphic soil regime ideal for the 

floodplain grasslands to be maintained. 

 
Figure 21 Location of the transects relative to the different vegetation classes defined in Table 1 and supposed extension of 
each zone. Each zone is related to the local geomorphology as well as the proximity to both ground and surface waters.  
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2.5.2. Vegetation classes and isotopic compositions 

As reviewed in Ehleringer et al. (2000) and Michener and Lajtha (2007) the δ13C values of soil 

organic matter (δ13CSOM) integrates the isotopic composition and relative abundance of the different 

vegetation into the soil. Plants, as primary producers, are by far the most important contributors to 

the SOM through litterfall and root exudation. In subtropical regions, the SOM may result from a 

mixture of C3 and C4 litter. Below is a qualitative evaluation of the overall abundance and isotopic 

composition of the SOM in the different vegetation classes defined in Table 1. 

 

2.5.2.1. Reed beds 

This class is mainly composed of the dense, tall (4-5 m) homogenous colonies of P. australis 

(typically with δ13C values of around -25.0 ‰) growing in inundated areas, along permanent channels 

or bodies of water. In the Linyanti-Chobe basin, it was mostly found along the Linyanti and Chobe 

channels and around Lake Liambezi. δ13CSOM has values of -22.3 ‰ typical of a dominance of type C3 

vegetation such as P. australis. 

 

2.5.2.2. Sedgeland 

This class occurs in continuity with the reed beds, occupying the flood plains of the wetlands. The 

presence of water is reduced to shorter flood periods compared to the central channels occupied by 

the reed beds. The dominance of plants from the C4-type Cyperaceae family is the main feature of this 

class: Cyperus papyrus (with δ13C values of -11.8 ‰), Cyperus cf. longus (-11.3 ‰), Schoenoplectus 

corymbosus (-11.2 ‰). Other typical water-loving grasses accompany them: Panicum repens (-10.8 

‰), Vossia cuspidate (-12.7 ‰); as well as the pioneer grass Cynodon dactylon (-14.5 ‰). The δ13CSOM 

values are somewhat lower though (-18.5 ‰), suggesting significant inputs of detrital organic matter 

of C3 type of vegetation derived from the surrounding drainage basin during the seasonal flooding. The 

soils in this class also have the highest TOC content of the different classes (5.1 wt%). A contribution 

from inert organic carbon (ashes) resulting from savannah fires is also not excluded considering the 

importance of slash-and-burn agricultural practices in this area (e.g., Heinl et al., 2007; Pricope et al., 

2015). 

 

2.5.2.3. Floodplain grassland 

This class includes communities dominated by tall, dense population of grasses such as Imperata 

cylindrica (-13.5 ‰), Hyparrhenia rufa (-11.7 ‰), Cymbopogon excavatus (-12.4 ‰), Chrysopogon cf. 

nigritanus. Other co-occurring grasses include C. dactylon (-14.5 ‰), Setaria sphacelata (-11.7 ‰), 

Diheteropogon amplectens (-11.3 ‰), Sporobolus festivus (-12.5 ‰). They occur on rather humid low-

lying (ancient) floodplains and local depressions that characterize the central part of the Linyanti-

Chobe basin. The water balance seems to be a determining factor for the presence of such vegetation. 

However, the region covered by this class today is rarely flooded by the Linyanti and Chobe rivers. 

However, if we refer to the annual spatial extent of the floods as described by Pricope (2013), as well 

as to the presence of alluvial material in the soils, this class represents the external fringe reached by 

the annual floods. Another point of importance is that these plant communities are found in a small 

range of altitudes, between 934 and 936 meters above sea level. Mean δ13CSOM value of this class is at 

-15.1 ‰, approaching values of the present vegetation more closely compared to the sedgeland class, 

hence giving the rare water-cover, with smaller water borne organic matter contributions from the 

larger surrounding drainage basin. Some more isolated sites of this class in larger depressions have a 

vegetation composed entirely of C4 type of plants and the δ13CSOM value also approaches that of the 

vegetation in place averaging at -12.1 ‰. 

  



 Vegetation and soil 

51 

2.5.2.4. Combretum/Kalahari shrubland 5b and Acacia-Combretum/mixed 

marginal/riverine woodland 6b 

Classes 5b and 6b are mixed plant communities including a set of dominant, deep-rooted wooded 

perennials and that occur : 1) at the edges of floodable plains, 2) in deep-draining Kalahari sands or 3) 

on elevations above the flood level. They are grouped because we postulate that they are functionally 

linked to a groundwater source. The δ13C value of Acacia erioloba at about -29 ‰ is typically within 

the range of C3 vegetation as are the values of the other tree species present: Boscia albitrunca (-27.5 

‰), Colophospermum mopane (-27.5 ‰), Combretum mossambicense (-26.7 ‰). Class 6b includes 

trees with large simple leaves that may suggest important evapotranspirationand that normally belong 

to more humid northerner ecoregions such as species from the genus Ficus. In this unique region, 

however, they are found along ephemeral rivers in gallery forests. A hydric stress is found in some A. 

erioloba samples. Indeed, A. erioloba samples can be separated in two groups based on their δ13C with 

a 1.5 ‰ gap between the two groups. A first group has d13C values below -30 ‰ and a second group 

above -28.5 ‰. The SOM of these sites supports a dominance of OM derived from the C3 plants with 

δ13CSOM of around -21.5 ‰ and therefore a good relationship with the on-site vegetation. 

Class 5b is represented by Combretum shrubland that typically occurred on the top of inherited 

calcareous platforms. The dominance of members of the Combretaceae is a characteristic feature of 

nutrient-poor savannahs as highlighted by Scholes (1990). Indeed it is to be expected that the soils on 

the platforms are rather poor, as they are not regularly fertilized during flooding. Depending on the 

proportion of C4 grasses or C3 trees in this specific class, δ13CSOM also varies , with a variation of up to 

4.2 ‰ but still an average for δ13CSOM of -18.1 ‰, hence a somewhat higher abundance of C4 grasses 

compared to Class 6b. 

 

2.5.2.5. Dry grassland 

This class is located at higher elevations compared to the flood plains and is typically composed 

of savannah type of grasses dominated by the genus Aristida (δ13C values of about -13.5 ‰) and the 

salt-tolerant C. dactylon (-14.5 ‰) that characterize denuded soils. We have also included the Mopane 

shrub-/woodland area of the western part of the Linyanti-Chobe basin in this class as these areas 

clearly overlap and generally grade into each other. The SOM values represent well this mixture 

between plants of type C4 and C3 with values averaging at δ13C values of -18.1 ‰, but with a low 

content of SOM. These different characteristics distinguish this class of grasslands from floodplain 

grasslands of Class 3. 

 

2.5.2.6. Mopane shrubland 5a and Mopane woodland 6a 

These two classes are entrenched in areas external to the Linyanty-Chobe system. They do not 

directly receive floodwaters from the riverine system and hence are largely expected to depend on the 

seasonal precipitation rather than deep groundwater resources. The soil constitution also plays a role 

in the distribution and density of the vegetation cover in this class (Roodt, 1998): Mopane shrublands 

occur where clayey layers with a high water storing capacity occur closer to the surface, while tall 

Mopane woodlands develop on deeper soils with mixed clay/aeolian sand characteristics (Romanens, 

2017). Indeed, C. mopane in the Linyanti-Chobe basin favours sodium-rich alkaline soils that distinguish 

it from Acacia, Boscia, Combretum and Terminalia preferences (Stevens et al., 2013; Makhado et al., 

2014). The typical presence of pans in Mopane woodlands is a strong indicator of an impermeable 

layer in the soil. These pans may bear water until late in the dry season. In addition, a high 

concentration of Na limits the permeability of the soil (Makhado et al., 2014). A similar trend as for 

classes 5b and 6b is noted for classes 5a and 6a with regards to the δ13CSOM values. A higher proportion 

of trees gives an average value of -21.4 ‰, while this changes towards values averaging -19.5 ‰ with 

more abundant C4 grasses for the Class 5a.  
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2.5.3. Estimation of water stress using isotope composition 

Figure 22 schematized and resumed the distribution of the vegetal cover through the previously 

described vegetation zones. It schematized and resumed the main trends in the organic carbon isotopic 

composition of the soil organic matter (SOM) and of four different trees: Colophospermum mopane 

(CM), a shallow rooted tree and three deep-rooted trees: Acacia erioloba (AE); Boscia albitrunca (BA) 

and Combretum mossambicense (CM). This simplified representation of the landscape of the Linyanti-

Chobe Basin did permit to highlight major trends in isotopic composition of soils and trees along 

general transects. Organic carbon isotopic composition of plants and soils depends on the plant type, 

vegetal cover and distance (or access) to a source of water. The isotopic composition of organic carbon 

in soil organic matter reflects first the type of vegetal cover (Figure 22). Thus, the soil organic carbon 

isotopic composition of the reed beds is largely influenced by the C3 reed P. australis. Sedgeland and 

floodplain grasslands are dominated by a C4 plant cover. The soil organic carbon isotopic composition 

shows therefore higher values. However, the distance and access to a source of water is also reflected 

through the soil organic carbon isotopic composition. Thus, an increase in the isotopic values of the 

soil organic carbon occurs from the reed beds to the floodplain grassland (despite the dominant plant 

type). The restrained access to permanent water (surface water and underground water) is recorded 

into the isotopic composition of the soil organic carbon. This record is in particular interest for studies 

aiming at a reconstruction of paleo-climatic and paleo-environmental condition of the region. 

The access to a water source depends on the distance to surface water (river and lake) but to 

underground water as well. Therefore, trees demonstrate a privileged access to groundwater 

compared to grass. This privileged access to water is reflected in isotopic values of the trees along the 

transect. Two major information are to be found in the simplified transect (Figure 22). The first 

information is supported by the shallow rooted species CM and the second is supported by the deep-

rooted specie CB. As CM is shallow rooted, its access to groundwater is less favorited compared to 

deep-rooted species. This is explained by a higher water stress when the distance to surface water 

increases. Isotopic values for CM increase progressively from the sedgeland (-27.8 ‰) to the mopane 

shrubland (-25.9 ‰). The water stress for deep-rooted species is expressed differently. The access to 

groundwater is probably more reflecting landscape features than distance from the source of water. 

Isotopic values for CB increases in both transitions from acacia-combretum woodland to combretum 

shrubland (-26.1 to -25.2 ‰) and from mopane woodland to mopane shrubland (-26.7 to -25.5 ‰) 

classes. It demonstrates a privileged access to groundwater for both acacia-combretum woodland and 

mopane woodland classes. This access is probably related to local morphologic features. The water 

stress is certainly expressed in the isotopic measurements, however, this stress is to be found in the 

size of the trees as well. The carbon isotopic measurements of the soil organic matter reflects this 

stress as well. The increase in the isotopic values from -21.5 to -18.1 ‰ and from -21.4 to -19.5 ‰ 

from acacia-combretum woodland to combretum shrubland and from mopane woodland to mopane 

shrubland respectively is certainly to be found with a higher impact of grasses. However, it reflects 

assuredly the stronger water stress experienced by the trees of these two classes. 

The mean isotopic values of CM is 1.8 ‰ higher than of AE. This difference is probably related to 

the main position along the schematized transect of the two species, AE being mostly located closer 

to the water source. However, the length of the roots probably plays a role as well, favouring the access 

to groundwater to AE. 

This schematized transect is of major importance to better understand the vegetation distribution 

and its relation with water availability. Tracing the isotopic composition of the organic carbon of the 

soils gives information about the vegetal cover, the access to surface and ground- water and the water 

stress experienced by the site. 
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The use of nitrogen isotopes in plants is more complex to use for plotting water stress. Depending 

on the context, however, it can also show this type of stress. This is the case for the comparison of 

sites 5a and 6a in Figure 20 0.4 ‰ higher isotopic signal for plant cover of sites classified in 5a compared 

to sites classified in 6a results from additional water stress. 

 

 
Figure 22 Schematic and simplified drawing of the Linyanti-Chobe Basin landscape and vegetation zone according to the 
distance from a body of water (Linyanti and Chobe Rivers and Lake Liambezi). The average carbon isotopic values of all 
sampled sites is given for the soil organic matter (SOM) and four different trees (if present in the site). Colophospermum 
mopane (CM) is a shallow rooted tree, the three other species are deep rooted trees: Acacia erioloba (AE); Boscia albitrunca 
(BA) and Combretum mossambicense (CB). 

 

The relationship between the weighted 13C and 15N values of stems and leafs of the same tree 

at different sites along the schematized transect described in Figure 22 tends also to demonstrate an 

impact due to the distance from the surface water source (river or lake) (Figure 23). It is the case for 

the shallow rooted tree Colophospermum mopane but also for the deep-rooted tree Acacia erioloba. 

The coefficient of determination for these two species follows a similar trend than the 1:1 relationship. 

This suggests an impact of the distance of the surface water source on the metabolism for these two 

tree species. This impact is confirmed with Figure 22 where both species present increasing 13C values 

while increasing the distance from a surface water source (except for AE in class 2 which probably 

represents a specificity linked to the site itself). The impact of the distance to a surface water source 

did not seemed to affect the deep-rooted tree species Boscia albitrunca and Combretum 

mossambicense. Their coefficient of determination is to low to be usable and furthermore, it does not 

follow the 1:1 relationship. That would suggest that distance to surface water is not decisive for these 

tree species and that they are able to manage their water needs through different sources. Figure 22 

does permit to confirm it, especially with CB. The 13C values of these two species do not show a link 

to the distance from a surface water source. It rather expresses the possibility for these two tree 

species to use groundwater as 13C values of classes 6b and 6a tend to demonstrate (Figure 22). 
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Figure 23 Relationship between the weighted 13C and 15N values of stems and leafs of the same tree at different sites and 
for the species Colophospermum mopane (CM), a shallow rooted tree and three deep rooted tree species: Acacia erioloba 
(AE); Boscia albitrunca (BA) and Combretum mossambicense (CB). The vegetation class of each sample is specified. The 
coefficient of determination is given for each species and drown as a black line. As a comparison to this coefficient, the 1:1 
relationship is given by a grey dotted line.  
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2.5.4. Plant-soil-sediment isotopic relationships 

As shown in the description of the classification carried out on the Linyanti-Chobe basin, a direct 

relationship can be established between plant cover and isotopic signal of carbon from soil organic 

matter. Indeed, for all the classes observed, the δ13CSOM shows a direct relationship with the type of 

vegetation that covers it. 

We deduce from this a very localized deposit of dead organic matter without obvious transport. 

This observation corresponds well to the type of environment of the Linyanti-Chobe basin. The low 

relief of the basin as well as a reduced hydrology reduces the transport of sediments and allows 

conservation of organic waste in situ. This fact offers in the isotopic composition of organic matter in 

soils or sediments a powerful environmental tracing tool. Indeed, the δ13CSOM signal can be used to 

trace a type of plant cover in palaeo-soils or sediments. The signal will not directly testify neither of a 

specific type of vegetation nor of a precise environment but of a composition making it possible to 

deduce interpretations according to the conditions. 

This work makes it possible to link the production of organic matter in soils with plant activity, its 

erosion and its transport in the surrounding water points. Figure 18 in comparison to Figure 16 and 

Figure 17 but also to Figure 20 shows a correlation between the isotopic signal of organic carbon in the 

soils of the Linyanti-Chobe basin as well as the same isotopic composition but of the sediments of the 

different bodies of water in the basin. Due to the very poor topography (low relief and low 

precipitation), the transport of organic matter and its deposition remain localized. 

The site for taking the two samples from Linyanti Camp can be classified in class 1 according to 

the previous description. Both samples show δ13C values at -23.0‰ and -23.2‰. Figure 25 also places 

them close to category C3. Knowing that the δ13CSOM values described for class 1 were -22.3‰, the two 

samples from Linyanti Camp therefore perfectly represent the local vegetation at the site. 

There is however a major factor which is not taken into account in the current study, it is the 

isotopic composition of the organic carbon of the algae. Indeed, Figure 25 highlights a probable 

influence of algae in the isotopic composition of the sediment carbon. This influence probably has an 

effect which is unfortunately not measurable in the present study. Despite everything, the composition 

of the very local vegetation appears well in the graph. 

The Kavimba and Chobe Seariver sites show vegetation that can be classified between classes 1 

and 2. The isotopic composition of the organic carbon in the sediment perfectly demonstrates this 

mixture with values of -20.1‰ and -19.6‰ respectively. Figure 25 also shows this mixture between C3 

and C4 type plants. For the Kavimba sample, algae again seem to play a significant role in the 

composition of organic matter. Field observations also showed a significant number of algae on this 

site. Even though there is no C/N data concerning the sediment sample at the edge of Lake Liambezi, 

its classification between classes 1 and 2, the observation of significant algal activity as well as its 

isotopic composition of the organic carbon at -20.8‰ seem to indicate significant similarity with the 

Kavimba sample. The correspondence between plant cover (therefore type of environment) and type 

of organic matter in the sediments again seems to correspond. 

Regarding the Thamalakane site, it is not located in the Linyanti-Chobe basin. Nevertheless, it 

probably follows a similar trend. The geochemical composition of algae seems more important for this 

site than terrestrial plants. It seems however indicated a mixture C3-C4 which again evokes a mixture 

of classes 1 and 2. 
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Like the isotopic composition measured in the δ13CSOM, the isotopic composition of organic carbon 

measured in the sediments of the different bodies of water in the Linyanti-Chobe basin correspond to 

the isotopic composition of the organic carbon of the plants that surround the different sites. This 

observation confirms that the correspondence between plant cover and locally deposited organic 

matter described by Ehleringer et al. (2000) also works for the sediments of the various water plants 

of the Linyanti-Chobe basin. 

 

 
Figure 24 Geochemical values for organic matter sampled in river sediments. Their position on the graph shows a mixture in 
the composition of their organic matter which varies according to the site between an algal dominance and plant type C3 or 
C4. 

2.5.5. Nitrogen isotopes 

Foliar δ15N is firstly dependent on the available source of nitrogen in the soil accessible to plant’s 

roots. Nitrogen distribution in the soil as well as its distribution in the local water regime are then 

important for its availability for the roots. Foliar δ15N eventually reflects the mode of N acquisition by 

plants, local water regime and ecosystemic rates of nutrient recycling (Schulze et al., 1991; Schulze et 

al., 1996; Schulze et al., 1998; Schulze et al., 1999; Högberg, 1986; Högberg, 1990; Högberg, 1997; 

Austin & Sala, 1999). Handley et al. (1999) reports negative δ15N values for wet and/or cold 

environments where organic matter accumulates and N pool do not experience as many outputs as 

drier areas. The observation of the isotopic composition of nitrogen in the different plant species 

(Figure 16 and Figure 19) as well as the isotopic composition of the plant cover of the different 

environmental classes (Figure 26) perfectly testifies to these assertions. The two main sources of 

nitrogen for plants in the Linyanti-Chobe basin will be floodwater or groundwater and soil organic 

matter. The use of each of these sources will depend on the type of vegetation grass-trees, therefore 

on the depth of the roots (shallow rooted or deep rooted), the presence or not in significant quantity 

of organic matter in the soil (TOC) and above all, the presence in quantity of water, of origin of floods 

or groundwater. The isotopic signal of nitrogen from the plant cover of each site makes it possible to 

trace from what origin plants draw the nitrogen necessary for their metabolism. 
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Figure 25 Summary diagram allocating the different transects to the different geomorphic features and the vegetation zones 
as well as showing the distributions of the TOC contents and N isotopic compositions. 

The determination of the different environmental classes described in Table 1 showed a 

distribution of these classes according to the topography and access to water (rain or floods) of each 

site. This results in typical vegetation. Classes 1 to 3 (reed bed, sedgeland and floodplain grassland) all 

show similar characteristics: regularly drowned and composed only of grasses. Regular floods may lead 

to the potential development of anoxia in the soil. A different set of specialised microflora communities 

develop in these conditions. The rate of organic matter decomposition decreases because of the switch 

to alternative, anaerobic respirations. This whole process favours organic matter preservation and 

storage over degradation. This is the case in those sites with respectively 2.7, 5.1 and 3.6 % TOC. As 

Handley et al. (1999) reports it, negative δ15N values should be found in this type of environment. This 

is partially the case. Indeed, a slight difference in altitude between the three classes results in a 

difference in the amount of water that the different sites receive. A transition in the isotopic 

composition of the plant cover perfectly reflects the availability of water between each of the three 

classes. Vegetation of class 1 which is more strongly influenced by floods gets its nitrogen from the 

water of floods with isotopic values >0‰ δ15N (average at 2.25 ‰). Class 3 vegetation receives enough 

water to show soil rich in organic matter, however not enough for vegetation to show an isotopic 

composition influenced by the nitrogen contained in the flood water. The composition of -1.44‰ δ15N 

shows the use of nitrogen contained in organic matter as a source of nitrogen. Class 2 shows the 

transition between these two pools of nitrogen with an intermediate composition between the two 

neighbouring classes: 1.49 ‰ δ15N. 

As mentioned above, geography in addition to altitude also plays a major role in the distribution 

of floods and therefore the isotopic composition of nitrogen in plants. Transect of Chobe Seariver is 

under class 2 with respect to its vegetation. However, it is geographically out of the main Linyanti-

Chobe system. Chobe Seariver is a floodplain playing the role of overflow basin of the Chobe. As a 

result, the flood regime is different from the major system. This reason is probably the explanation for 

different foliar isotopic composition of nitrogen. The lowest point in altitude of the transect shows a 

negative value of -1.7‰ δ15N that might show similarities with class 3: i.e. edge of the influence of 

floods in the supply of ions. The following points of the transect all show a positive composition up to 

the maximum value of 5.7‰ δ15N. Due to an extended emersion period, plants therefore find another 

source of nitrogen for points further from the flood limit.  
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If the vegetation of classes 1 to 3 is composed entirely of grasses, classes 4, 5a/b as well as 6a/b 

offer mixed vegetation with various species of trees. As shown in Figure 19, the isotopic nitrogen values 

of different plant species, trees show a systemically higher signal than grasses. Up to a maximum value 

of 10.00 ‰ δ15N for Boscia albitrunca. If the isotopic signal of grasses varies between -5.60 to 3.70 ‰ 

δ15N for an average of 0.58‰, that of trees varies between 3.10 and 10.00‰ δ15N with an average of 

5.30 ‰. As proposed by Evans and Ehleringer (1994) for a desert shrub (Chrysothamnus nauseosus) in 

the arid west of the USA, groundwater may be a stable source of 15N-enriched nitrogen for deep-rooted 

woody plants. This is probably the case for the sites of the Linyanti-Chobe basin where the deep-rooted 

vegetation is dependent on underground water (probably recharged by floods). 

 

2.6. Conclusions 

The distribution of plant cover and corresponding soil geochemistry has been proposed for the 

Linyanti-Chobe Basin in the present study. The main variable that governs the distribution of 

vegetation cover is the availability of water. Preceding studies have demonstrated an evolution of the 

vegetation relating to a north-south gradient linked to the mean annual precipitation (MAP) (Bird et 

al., 2004). However, the year-round presence of surface and/or ground- water in the Linyanti-Chobe 

Basin through the Linyanti and the Chobe Rivers and the Lake Liambezi makes the use of the north-

south transect incompatible with the distribution of vegetation and soils in this basin. The distribution 

of the vegetation and soil geochemistry is proposed following a humidity gradient starting from a 

surface water source (river or lake) and ending middle of the basin, away from the surface water 

source. A simplified vision of the vegetation and soil geochemistry is proposed following a schematized 

transect. The purpose of this schematized transect is a better understanding on the distribution of 

plant types and plant species along the basin and the related soil geochemistry. It reveals a close 

relationship between plant cover and soil geochemistry, but furthermore, a strong relationship 

between river sediment geochemistry and surrounding vegetation. This results in the possible use of 

soil or sediment geochemistry for the purpose of paleo-climatic and paleo-environmental 

reconstruction. 

First, analyses highlight a large diversity of plants of types C3 and C4 throughout the basin. The 

plant landscape in fact shows significant diversity and heterogeneity in the region. The distribution of 

plants within the basin is mostly determined by (micro-)topography and the fluctuations of the floods 

extent. Field observation and laboratory analyses made it possible to delimit three large zones for the 

Linyanti-Chobe basin according to the plant cover and the soils. The three zones reflect a specific water 

regime. Access to surface or underground water is major for zone I where trees are absent. Access to 

water at zone II is moderate and shows deep-rooted trees domination. And zone III shows a limited 

access to water with shallow-rooted trees domination. Furthermore, each of these zones shows a 

gradation in its plant cover and makes it possible to divide the three large zones into eight specific 

classes: Classes 1, 2, 3, 4, 5a-b and 6a-b. A detailed description of the plant cover, its isotopic 

composition (carbon and nitrogen) as well as the soil (TOC and δ13CSOM) makes it possible to describe 

the ecology of each class. It means the access and influence of water (in quantity and quality), the 

preservation of organic matter and the link between plant cover and soil. These different analyses 

made it possible to directly link plant cover and soil (and water action). This is the major postulate of 

the present work. The second major point of the paper is to be found in the analogy of this first 

postulate to the sediments of the different water bodies of the Linyanti-Chobe basin. Indeed, the CHN 

analysis as well as the isotopic values of the organic carbon of the sediments of the different water 

bodies analysed allow reconstructions of plant cover similar to the type of direct surrounding plant 

cover.  
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Previous work has demonstrated the need to take grasses into account in the regional 13CSOM 

inventory (Bird et al., 2004). The present work confirm it and demonstrates the distribution of the 

13CSOM along a schematized transect representing the Linyanti-Chobe Basin. The 13CSOM along the 

schematized transect reflects directly the site vegetation and is mostly dominated by a mix between 

grasses and trees and/or C4 and C3 vegetation types. 

Previous work carried out in this region tended to demonstrate an evolution of the vegetation 

relating to a north-south gradient linked to the mean annual precipitation (MAP) (Bird et al., 2004). 

While the MAP decreases from north to south, the grass proportion increases compared to the tree 

proportion. This change in vegetation is fixed in the soils with an increasing 13CSOM. This statement 

however does not fit for the Okavango region (Bird et al., 2004). Bird et al. (2004) hypothesizes a year-

round access to water for this region as an explanation to this regional difference. The present work 

fully confirm this hypothesis and proposes a much precise distribution of the vegetation and its 

corresponding 13CSOM for the Linyanti-Chobe Basin. Presence of surface and/or groundwater all year-

round in this basin results in a distribution of the vegetation following this year-round presence of 

water and not the MAP. A schematized transect starting at a surface water source (river or lake) and 

ending in the middle of the basin, at distance of the surface water source is proposed. This transect is 

built after eight classes proposing each a specific plant cover and a mean 13CSOM. The plant cover is 

dependent on the distance to the water surface and to the availability of underground water. Its 

resulting and corresponding 13CSOM is then dependent to the resulting plant cover and to the water 

stress lived by the plants. Water stress might be the distance to main source of water (surface or 

underground), availability of this source of water and the sustainability of this source of water. All 

these parameters are registered first in plants but then in the soils too. 

This link between water availability, water stress, plant cover, plant types and record of these 

information into the soil organic matter geochemical composition is a precious source of information 

for paleo-environmental and paleo-climatic reconstruction for the region of the Linyanti-Chobe Basin. 

The perspectives made possible by the present work are diverse: The study of the isotopic 

composition of the soils and the cover of the Linyanti-Chobe basin is new for the region and allows a 

precise classification of all the types of environments encountered in this area. The classification is 

easily achievable in the field and possible throughout the year (dry season or wet season). It is also 

relevant and makes it possible to extend the conclusions obtained on other sites. Indeed, the analysis 

of the organic matter of the soils allows a description: 1) of the type of vegetal cover of the site, and 

in fact, to make a deduction of the climate and/or the access to water of the site; 2) the morphology 

of the site; 3) the water stress suffered by the site, if however the plant cover has been identified. 

These observations offer the possibility of studying a body of water (a lake for example) for the 

purpose of a paleo-environmental reconstruction of the region through the sediments recorded by the 

body of water. 
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3.1. Abstract 

Wetlands in arid-climates represent a source of life-supporting water in an otherwise inhospitable 

environment and are therefore unique ecosystems. They often contain a highly specialized flora and 

fauna and may respond sensitively to any climatic or environmental change. North Botswana having 

the second largest endorheic delta system in the world, middle of the Kalahari, forms a complex 

network of rivers and waterbodies controlled by tectonic faults. Lake Liambezi, located at the border 

with Caprivi Strip, Namibia is part of the Linyanti-Chobe System and remains little described. The aim 

of the present work is part of a larger multidisciplinary study, which aims at a better understanding of 

this unique ecosystem. Here, we first expose the characterization of the geochemistry, mineralogy and 

organic matter content of Lake Liambezi using sedimentary cores. The aim is to highlight the major and 

trace components of the sediments and to understand their origin and their dynamics. 

Organic matter contained in the sediments denotes a dominantly autochthonous origin mostly 

composed of aquatic plants and algae with a lesser contribution of terrestrial detritus washed into the 

lake. Terrestrial plant contribution shows a mix between C3 – and C4 – type of vegetation with a clear 

dominance of the C3 vegetation. It is compatible with the presence of Phragmites australis (a C3 plant) 

described along the shores of Lake Liambezi. Center Core appears to have a larger proportion of 

terrestrial vegetation compared to the two other cores, which may be related to a distinct evolution 

of the three different basins sampled by the cores. This reveals a less commonly flooded site compared 

to the northern and southern sub-basins. The absence of biogenic or lithogenic calcite or aragonite 

observed with the SEM contrast with the abundance of biogenic and lithogenic silica. It shows a 

complete cycle of silica with precipitation, remobilization by dissolution and reprecipitation. The 

abundance of silica material might be explained by the presence of the Kalahari Desert southwest of 

the lake and a large riverine catchments composed of crystalline rocks. Mineralogy of the sediment 

confirms the importance of detrital material coming from the catchment. However, the weathering of 

primary minerals such as feldspar, plagioclase and micas found in the catchment is climatically-

controlled and results in the formation of smectite. Kaolinite is also climatically controlled in the lake 

vicinity, however, is more complex to interpret. Smectite is therefore used as climate tracer in the lake 

sediments. Sometimes simultaneous presence of sulphur in its oxidized form as gypsum and in its 
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reduced form as pyrite demonstrate alternating wet and dry periods during a year. This coexistence is 

therefore more difficult to use as a climate tracer. 

The use of organic matter as a tracer of climatic and environmental change is possible due to its 

autochthonous origin. The climatically-controlled clay smectite is considered as neo-formed in the 

region and is therefore of first importance to reconstruct the climatic evolution of the site. In contrast, 

most of the other variables found in the sediments such as the grain-size, the detrital mineral content 

and the presence or absence of pyrite and gypsum are controlled by localized features such as the 

connectivity of the basin to the rivers or the water availability of the site. They do not seem to indicate 

global trends. They are however of major importance to interpret site specificities and to help correlate 

other indicators. The understanding of these different characteristics and components origin of Lake 

Liambezi sediments is important for further interpretations of environmental and climatic evolution of 

the lake. 

 

3.2. Introduction 

Wetlands in arid climates represent unique ecosystems and are of major importance as they 

represent a source of life-supporting water in an otherwise inhospitable environment. These 

environments are, however, particularly fragile ecosystems as they often contain a highly specialized 

flora and fauna that responds sensitively to any climatic or environmental change. The region located 

in the north of Botswana offers a unique example of this type of environment, being the second largest 

endorheic delta system in the world. This unique ecosystem is established by two endorheic Okavango 

and Kwando rivers, but also with changing contributions from the Zambezi River. These three rivers 

form a complex network controlled by tectonic faults (Haddon & McCarthy, 2005). A minor change in 

tectonism and faulting can directly influence the morphology and hence the drainage pattern of the 

entire system. This has been clearly demonstrated by the work of Burrough and Thomas (2008) for the 

evolution of the paleolakes of the middle of the Kalahari, a region also considered to be the cradle of 

humanity (e.g., Cavaillé-Fol, 2020). 

While the Okavango delta system has been studied for a number of years already (McCarthy, 

2013; Milzow et al., 2009; McCarthy et al., 2005 ; Darkoh & Mbalwa, 2014), the adjacent Lake Liambezi 

drainage system has remained little described. In contrast to the Okavango system, Lake Liambezi is at 

best only seasonally flooded during the recent past. This system groups together three endorheic 

deltas: the Kwando delta, a delta seasonally created by overspilling of the Zambezi River, and the 

Chobe River. However, under different climatic conditions in the past, the Lake Liambezi system may 

have been similar to the present-day Okavango system. The first limnological description of Lake 

Liambezi was made in 1978 by Seaman et al.. His study was then taken up by different authors but only 

with a focus on the fish populations of the lake (Tweddle et al., 2011; Mutelo, Murwira & Kileshye-

Onema, 2013; Peel et al., 2015). Their studies highlight the importance of the lake for the surrounding 

villages and communities of farmers and fishermen as a major resource of freshwater and fish, even 

under today’s conditions of seasonal flooding. A better understanding of the past conditions in this 

fragile and evolving system is hence not only of local importance but may also serve as an example of 

what could be the future of the adjacent Okavango system, given expected environmental impact 

associated with ongoing and future climatic changes. 

This work is part of a larger multidisciplinary study, which aims at a better understanding of this 

fragile ecosystem. It encompasses the first characterization of the geochemistry, mineralogy and 

organic matter content of Lake Liambezi using sedimentary cores. These results were subsequently 

examined in the light of past environmental changes that may have led to variations in the geochemical 

and mineralogical compositions. The microbiological composition of the same sediments as well as 

their 14C compositions and hence temporal evolution are discussed in companion papers in order to 

improve our understanding of the system via a multidisciplinary study.  
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3.3. Material and methods 

3.3.1. Regional and lake settings 

Lake Liambezi is located in Namibia, at the eastern side of the Caprivi Strip. The lake is part of a 

complex drainage system that includes the Kwando and Zambezi rivers. Its Southern shore makes up 

the border between Namibia and Botswana. It receives water from the Chobe River (a tributary of 

Zambezi River, deviated due to the Chobe Fault (Haddon and McCarthy, 2005)), Bukalo Channel (a 

seasonal tributary of Zambezi River), and Linyanti River (or Swamps, natural deviation of Kwando River 

due to the Linyanti Fault (Haddon and McCarthy, 2005)), as well as rainwater and local runoff water 

(Figure 26). 

 

 
Figure 26 Modified from Peel, 2015. A. General map of the region with the three main river systems: Okavango, Kwando and 
Zambezi; B. General map of grouped systems Kwando and Zambezi rivers. Kwando River comes out Angola and turns into 
Linyanti River after its terrestrial delta joins a tectonic fault along the Namibia and Botswana border. It finishes its course into 
Lake Liambezi mostly into percolating water in Linyanti swamps. Zambezi River coming down Zambia flows into Lake Liambezi 
through the Bukalo channel and the Chobe River (Haddon and McCarthy, 2005). The Chobe River reverses its flow depending 
on water availability and can flow in both directions (Seaman et al., 1978; Peel et al., 2015). The very poor relief generates 
many flood zones that are formed around the rivers of the system as well as around Lake Liambezi (dark grey); C. In dark grey 
color, map of Lake Liambezi in its full size as described by Seaman et al., 1978. Open-water lake with its two elongated basin 
is in black. Yellow dots indicate core locations. 

Depending on the water level, the Chobe River serves as outflow of the lake (Seaman et al., 1978; 

Peel et al., 2015). The lake is surrounded by a major flat wetland system characterized by woodlands, 

wetlands and slow-flowing floodplain rivers (Seaman et al., 1978; Peel et al., 2015). Seaman et al. 

(1978) reported a system covering some 300 km2 of which 100 km2 was open water at its full size. The 

lake changes shape, size and depth between and within years due to the source and the amount of 

water in the basin (Tweddle et al., 2011). The average depth is approximately 2.5 m (Seaman et al., 

1978) but can reach 7 m at the height of the rainy season (Peel et al., 2015). The general shape of the 

lake varies depending on the water supply. It is separated in two main basins: northern and southern 

basins, which are connected by a narrow 1.3 km long central channel. The northern basin is 

approximately 6 km long and 1 km wide at its maximum. It receives water from the Bukalo Channel on 

the north, from the channel between the two basins on the east and by percolation in its western and 

southern shores by the Linyanti marsh. The southern basin is 4 km long and 500 m wide. It receives 

water by the connecting channel to the West, by the Chobe River to the East, the Linyanti marsh all 

along its South-Western shore and by the Linyanti channel in the South-East (Figure 26). The Linyanti 

marsh, surrounding the two basins in their western shores is the result of a geological fault that forms 

an area of wetlands composed of a complicated patchwork of swamps and marshes. The fault is known 

as the Linyanti Fault (Haddon and McCarthy, 2005). The set of these features forms the Linyanti River. 

The Chobe River also flows through a fault named the Chobe Fault (Haddon and McCarthy, 2005).  
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3.3.2. Coring 

Three cores were retrieved from the same number of coring locations (Figure 26) using an Uwitec 

Hammer Action Corer with PVC tubes of 86.0 mm inside diameter. The Center Core (CC) was obtained 

at the south-eastern side of the northern basin, at about 300 meters from the connecting channel. The 

South Core (SC) was retrieved in the central part of the southern basin. It is set at about 250 meters 

close to the mouth of the Chobe River, and at about the same distance of both, Linyanti main channel 

and the connecting channel. The North Core (NC) was obtained in the central part of the northern 

basin at ca. 4.2 km from the Bukalo Channel. The three cores were transported to the VanThuyne-

Ridge Research Center to be opened, cut, described and sampled under good conditions and using the 

appropriate equipment. The sampling and grouping of samples was carried out based on visual criteria 

as reported in Chapter 4. 

 

3.3.3. Mineralogical and geochemical analyses 

Scanning electron microscopy (SEM) was done using the Tescan Mira II LMU. Field emission 

(Shottky-FE) SEM equipped with SE, in-lens SE and BSE detectors. EDX and EBSD analyses used a Penta-

FET 3x detector and a Nordlys S camera, respectively, both being monitored by the AZtec 2.4 software 

package released by Oxford Instruments. This instrument also allows for low-vacuum BSE observations 

up to 50 Pa. Grain-size analysis were run with a Malvern Mastersizer 2000 grain-sizer that uses the 

principle of laser diffraction to measure particles between 0.01 m and 2 mm in size. Two modules of 

dispersion were used: Hydro 2000S, which allows wet samples to be analysed, and Scirocco 2000, for 

dry samples. X-Ray diffraction (XRD) analyses of the whole rock were prepared following the procedure 

of Kübler (1987) and Adatte et al. (1996). The standard deviation recognized for granular minerals 

(quartz, calcite, K-feldspar, Na-plagioclase, dolomite and gypsum) is 5 %. For other minerals 

(phyllosilicates, pyrite and goethite), the standard deviation is 10 %. The standard deviation recognized 

for clay analyses is 5 %. Whole-rock major element contents were determined by X-ray fluorescence 

(XRF), using a wavelength-dispersive PANalytical AxiosmAX spectrometer fitted with a 4 kW Rh X-ray 

tube. The analyses were performed on fused-disks prepared from 1.2 g of calcined sample powder 

mixed with Lithium-tetraborate (1:5 mixture). The XRF calibrations were based on 21 international 

silicate rock reference materials. The data are reported on a loss of ignition (LOI)-free basis. Standard 

deviations are as follows: SiO2 0.08 %, TiO2 <0.01 %, Al2O3 0.02 %, Fe2O3 0.01 %, MgO 0.01 %, CaO 0.01 

%, K2O 0.01 %. Trace elements analyses were conducted on disks obtained by pressing 12 g of sample 

powder on a support of Hoechst-wax-C. Calibration of trace elements was based on synthetic 

standards and international silicate rock reference materials. Standard deviations are as follows: Cr 0.6 

%, Mn 0.3 %, Co 1.4 %, Cu 0.6 %, Zn 0.6 %, Sr 0.5 %, Zr 0.3 %, Ba 2.1 %, Pb N.A., S 0.01 %. The method 

is based on Potts, 1986. Total organic carbon and nitrogen were determined using the Thermo Finnigan 

Flash EA 1112 analyzer. Samples were heated up to 500 and then 900 °C in the presence of O2, the 

released gas (H2O, N2, CO2 an SO2) transported over a chromatographic column and then measured by 

a thermal conductivity detector. Stable carbon isotope analyses of bulk organic matter in sediments 

were done using a Thermo Finnigan Flash EA 1112 linked to a Delta V mass spectrometer. The sediment 

was combusted in the presence of O2 and the CO2 produced was introduced into the mass 

spectrometer with He as the transporting agent. The analytical error is inferior to 0.1 ‰ and results 

are given relative to the isotopic standard VPDB. A Rock-Eval 6 pyrolyzer manufactured by Vinci 

Technologies was used to characterize the organic matter. The standard Rock-Eval parameters provide 

information on the amount of total organic carbon (TOC) and are further interpreted as proxies for the 

source (aquatic or terrestrial) of the organic matter (Hydrogen Index vs. Oxygen Index; Sebag et al. 

(2018)). All analyses have been done at Institutes of Earth Sciences and Earth Surface Dynamics of the 

University of Lausanne. 
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3.4. Results 

Figure 27 to 14 show the pictures and the results for the three cores with a selection of 

parameters through depth. The evolution of most of the parameters follows the visual separation 

represented by different grey coloured surfaces in Figure 27-29. The cores will be described from the 

bottom to the top. The lowermost sediments of the North Core (Figure 27) display lower TOC, N and S 

values than the upper part. Major and trace elements decrease from bottom to top to increase again 

in the uppermost sample. Clay minerals show similar trends except smectite and vermiculite. In general 

vermiculite content mirror smectite with some exceptions. The mineralogy of the sediments does not 

show a clear pattern. The Center Core (Figure 28) generally has low concentrations for organic carbon 

cycle related elements, with somewhat higher concentrations in samples CC17, CC14, and CC12 as well 

as samples CC06, CC03, and CC02. Major and trace elements increase from bottom to top with a 

significant peak for most of the elements in sample CC14. SiO2 compound demonstrate the opposite 

trend. Clay minerals show similar trends than most of the elements except smectite and vermiculite. 

The mineralogy of the sediments does not show a clear pattern except for quartz and the 

phyllosilicates which follow a similar trend than most of the elements. It highlights the major difference 

in trend between the mineral quartz composed of SiO2 and the compound SiO2. The South Core (Figure 

29) has a clear separation between the lower group of samples compared to upper group of samples. 

The organic carbon associated elements show an increase from the bottom to the top with however a 

slowdown in the increase for the upper group. Trace elements such as Ba, Zr, Sr, Mn and Cr show a 

decrease from the bottom to the end of the first group with a consecutive increase in the second group 

of samples. Other trace elements show more or less the opposite trend. If major compounds such as 

TiO2 and SiO2 show an important decrease in the first group of samples and then a slowdown in the 

decrease with an almost flattening, and Fe2O3 and Al2O3 the opposite trend, MgO, CaO and K2O show 

a continuous increase with however two accentuations of the increase in the lowest samples and again 

in the upper samples. Clay minerals show undefined trends except smectite and vermiculite again. 

Except for quartz, phyllosilicates and gypsum, the pattern of the minerals is not clear. 
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Figure 27 Pictures of the North Core and selected parameters relative to depth: Main minerals and clays along with a selection of major and traces elements as well as elements associated with the organic fraction. The standard deviation or the analytical error of the different analysis are 
less than or equal to the size of the symbol. 
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Figure 28 Pictures of the Center Core and selected parameters relative to depth: Main minerals and clays along with a selection of major and traces elements as well as elements associated with the organic fraction. The standard deviation or the analytical error of the different analysis are 
less than or equal to the size of the symbol. 
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Figure 29 Pictures of the South Core and selected parameters relative to depth: Main minerals and clays along with a selection of major and traces elements as well as elements associated with the organic fraction. The standard deviation or the analytical error of the different analysis are 
less than or equal to the size of the symbol. 
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Figure 30 shows the range of the amount of organic carbon contained in the sediments of each 

core as well as the range of isotopic values for organic carbon. The North Core has a variation from 5.0 

to 12.4 % of its weight in total organic carbon (TOC) and a variation of 13C values between -21.6 and -

23.6 ‰. For the Center Core, TOC varies between 1.7 and 13.0 % and the isotopic values between -

19.7 and -22.7 ‰. The core has the least amount of organic matter (for samples CC08 and CC10). The 

South Core shows a variation in TOC from 2.7 to 8.7 % and isotopic variation from -20.4 to -25.6 ‰. It 

is the core with the highest isotopic variations between the three. Figure 30 shows also the comparison 

with results given in Chapter 2. The comparison to the soils of the Linyanti-Chobe Basin shows more 

negative isotopic values and higher organic carbon content for the lake sediments. Comparison with 

river sediments of the region (Okavango, Linyanti and Chobe) shows similar statements. The 

comparison with the sampled vegetation of the Linyanti-Chobe Basin (Chapter 2 reveals an isotopic 

signal of the organic carbon from the lake’s sediment closer to the C3 – type vegetation. 

 

 
a) 
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b) 

Figure 30 For figures a) and b), top row: isotopic values of organic carbon in per mil VPDB for each core; bottom row: amount 
of organic carbon contained in the sediments of each core. For both analysis, Y axe is the number of sample per core in a given 
range of data relative to the X axe. Fig. a) comparison of lake data with soils analysis made in Chapter 2. Soils results are 
represented with dotted boxes and come from the Linyanti-Chobe Basin. Fig. b) comparison of same data with river sediments 
in dotted red boxes and with vegetation in dotted light-grey boxes. Y axe-scale for vegetation data is in light-grey as well. 
Vegetation comes from the Linyanti-Chobe Basin and river sediments are from the three main rivers: Okavango, Linyanti and 
Chobe (Chapter 2). 

A selection of samples coming from the three cores has been inspected using a Scanning Electron 

Microscope (SEM) to qualitatively characterize the type of material and its arrangement. Only the 

organisation, the visual amount, the quality, the position, and the association of the different elements 

composing the sediment have been evaluated. No quantitative measurement was performed using 

SEM. SEM images revealed a mud composed of a heterogeneous composition dominated by siliceous 

features. This heterogeneous mud is composed of rare quartz grains <200 µm (Table 2, Table 4b, Table 

9), numerous siliceous organisms (diatoms (Table 3b, Table 4a, Table 7), fragments of diatoms, 

phytoliths (silicified vegetal cells, Table 3a, Table 5, Table 8a,b), sponge spicules (Table 3a, Table 8d), 

algal cyst(Table 8c), silicified Cyanobacteria colonies (Gloeocapsae, Chroococcacae, Table 8e,f (Sebag 

and Verrecchia, 1999)), amorphous silica precipitations (Table 9e,f), organic material such as charcoal 

particles (Table 3b), plant fragments, as well as remains of algae, framboidal pyrite (Table 9d) as well 

as a large mass of clayey mud. Quartz sand grains show traces of aeolian or riverine transport. Some 

show V-shaped traces on their surface, thought to demonstrate silica dissolution (Table 9a,b). Silica 

dissolution is believed to occur on diatoms fragments as well (Table 9c). The variety of forms composed 

of silica testifies to the silica saturation of the lake system, as well as its mobility. The traces of 

dissolution, the variety of siliceous organisms, as well as the presence of amorphous silica demonstrate 

a significant redistribution of this element. The presence of carbonate was not detected using the 

electron microscope. 
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Table 2 a. Heterogeneous mud composed of quartz grains, sponge spicules, diatoms and fragments of these organisms partly 
surrounded and coated by a mass of clayey mud. b. Enlargement of the previous sample. 
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Table 3 a. Heterogeneous mud composed of phytoliths, sponge spicules, diatoms and fragments of these organisms partly 
surrounded and coated by a mass of clayey mud. b. Charcoal remains and well preserved diatoms. 



Sedimentology, mineralogy and geochemistry of sediments of Lake Liambezi 

74 

 
Table 4 a. Mass of clayey mud surrounding fragments of diatoms. b. Mass of clayey mud surrounding fragments of diatoms 
and quartz grains. 
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Table 5 a. Phytolith and sponge spicule surrounded by a heterogeneous mass of diatoms fragments and clayey mud. 
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Table 6 Detail of the clayey mud composed of clays and diatom fragments. 
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Table 7 Different types of diatom. 
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Table 8 a. Phytolith. b. Phytolith. c. Algal cyst. d. Sponge spicule. e. Silicified Cyanobacteria colonies (Gloeocapsae, 
Chroococcaceae). f. Detail of the silicified Cyanobacteria colonies. 
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Table 9 a. Quartz grain with possible dissolution V-shaped marks. b. Detail of the V-shaped marks. c. Diatom frustule showing 
supposed dissolution marks (deposited on a quartz grain). d. Framboidal pyrite. e. Precipitation of amorphous silica. f. Detail 
of the amorphous silica. 
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Figure 31 shows ternary diagrams with the grain-size distribution for the three cores. For the 

North Core, the two upper samples are categorised as silty clay loam due to their lower amount of 

sand. All the other samples are of the silt-loam category. The Center Core has some samples well 

grouped into the silt loam category with the exception of the two samples representing the light-

coloured part of the core. These two samples have a higher sand fraction, moving the CC08 sample to 

the loam category. The South Core shows homogeneous values with, however, two groups of samples. 

Separation of the groups is similar than for the other analyses (see Figure 29). Grain-size is distributed 

in silt loam category with the top section of the core of slightly finer grains. 

 

 
Figure 31 Ternary diagram of the particle size distribution for the three cores. It shows a classification between loam, silt loam 
and silty clay loam for all the samples. 

The mineralogy of the three cores includes Na-plagioclase, K-feldspars, phyllosilicates, quartz, 

pyrite, and goethite but also depending of the samples, dolomite, calcite, and gypsum (Figure 32). Na-

plagioclase and K-feldspar follow a similar trend in the three cores. Quartz and phyllosilicates display 

a different trend compared to the feldspars, often defining similar tendencies in terms of changes in 

abundance. Pyrite and goethite are not present in all samples and do not show any particular trend. 

Same for calcite and dolomite. Gypsum is found in all the samples but has particularly high presence 

in some samples (SC06, NC04, NC20-23). In terms of quantity, the sediments are dominated by quartz 

and phyllosilicates. Regarding clays, smectite, mica, kaolinite, chlorite and vermiculite are present in 

variable proportions (Figure 33). While mica, kaolinite and chlorite change their abundance in concert, 

smectite and vermiculite make up the balance. The latter two, however, change their abundance at 

the cost of each other (Figure 33). 
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Figure 32 X-Ray diffraction (XRD) analyses of the whole rock for the three cores. 

 
Figure 33 X-Ray diffraction (XRD) analyses of the clays for the three cores. 

For the North as well as the South Core, the various major elements decrease towards the top of 

the profile, with the exception of CaO, which remains low throughout the profile, and Al2O3, which 

remains relatively constant. The trace elements show a similar trend in broad outline (Figure 27). For 

the Center Core, only the SiO2 decreases in concentration, while all of the other major elements 

generally decrease, including the Al2O3. For the trace elements, the trends are similar compared to the 

major elements, with Zr following the decrease in SiO2, but many metals, notably the heavy metals 

not changing their concentrations markedly. Ba is an exception notably in the Center Core, as it actually 

increases towards the top (Figure 29). 

 

3.5. Discussion 

3.5.1. Origin of the organic matter 

The amount of TOC in the sediments provides useful information about the prevailing 

environmental conditions during deposition. High TOC values might indicate both a weak oxygenation 

of the sediments and/or high sedimentation rates leading to preservation of the organic fraction (e.g., 

Ariztegui et al., 2001 and references herein). TOC fraction coupled with carbon isotope composition of 

the organic matter (expressed in δ13CTOC) is one of the most valuable techniques and direct tracers for 

the global cycling of carbon between the geological, terrestrial, marine and atmospheric reservoirs, 

and the many smaller reservoirs of carbon within each of these four broad subdivisions (e.g., Bird et 

al., 2004). It provides a useful tool to measure and trace the environmental conditions prevailing during 
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the deposit. It allows in addition to estimate the C3 – and C4 – type vegetation contribution to the 

sediment (e.g., Bird et al., 2004). Figure 34 proposes to characterize the origin of the organic matter 

according to the isotopic composition of the organic carbon and the C/N ratio of the organic matter. 

The figure presents also a comparison of the lake sediment with the river sediments of the lake’s 

tributaries. This representation makes it possible to estimate the type of plant of the watershed and 

of the lake itself. Figure 35 compares the isotopic composition of the organic matter with the quantity 

of organic carbon contained in the sediment (TOC). This representation makes it possible to complete 

and refine the characterization of organic matter as well as to better trace its origin. It builds groups 

of samples that demonstrate a specific environmental history for each of the groups. 

The present-day vegetation and soil organic matter geochemistry of the Lake Liambezi region has 

been summarized in Chapter 2. It showed a mixed C3-C4 type vegetation in relation to the access to 

surface and/or groundwater. The geochemistry of the organic matter contained in the sediments of 

Lake Liambezi makes it possible to demonstrate a dominantly autochtonous production dominated by 

aquatic plants and algae with a lesser contribution of terrestrial detritus washed into the lake (Figure 

30, Figure 34 and Figure 35). For the terrestrial plant contribution, both the C3 – and C4 – type of 

vegetation are contributing, but with a clear dominance of the C3 vegetation. This is compatible with 

the observation reported in Chapter 2 with the presence of Phragmites australis along the shores of 

Lake Liambezi. Phragmites australis is a C3 plant with a C-isotopic composition of -25.0 ‰ that occupies 

the buffer zone between flooded and exposed areas around Lake Liambezi (Chapter 2). Hence, a 

dominantly autochthonous origin of organic matter can be proposed. Furthermore, the Center Core 

appears to have a larger proportion of terrestrial vegetation compared to the two other cores, which 

may be related to a distinct evolution of the three different basins sampled by the cores. The Center 

Core is likely to be less commonly flooded compared to the northern and southern sub-basins. 

 
Figure 34 Characterization of the origin of the organic matter according to the isotopic data of carbon and the C/N ratio of 
the organic matter for the samples of the three cores. Data of rivers Linyanti and Chobe taken from Chapter 2 have been 
added as comparison. The lake sediments show a more lacustrine organic matter composition compared to river sediments. 
A difference between the three cores is also marked. 

Figure 35 shows a distribution of samples by distinct group. The groups constructed reflect a 

separation similar to the separation made according to visual criteria when opening the cores. This 

visual and geochemical difference demonstrates different environmental conditions during deposition 

for these different groups of samples. This reflects environmental conditions that change overall in a 

clear manner between the different groups of samples of South and North Cores. For the Center Core, 

these changes seem to be more gradual.  
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Figure 35 Diagram relating the δ13C of the organic matter as well as the quantity of organic matter (TOC) contained in the 
sediments. The three cores are shown with the South Core at the top, the Center Core in the middle and the North Core at the 
bottom. The samples are grouped according to the visual criteria described in a chapter above. The dark colour represents the 
deepest samples (bottom of the cores).  
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The isotopic analyses linked to the C/N ratio demonstrate a composition of the organic matter 

coming from a mixture between an algal production and a terrestrial production represented by a 

mixture of the C3-C4 types (Figure 34). For South and North Cores, algal production is dominant. For 

the Center Core, the mixture is more marked towards the terrestrial. The pseudo van Krevelen diagram 

also reveals this mixed organic matter source between a terrestrial and algal origin (Figure 36). Center 

Core also demonstrates a more terrestrial signature in its composition compared to South and North 

Cores. However, the quality of the organic matter turns out to be immature and rich in oxygen, which 

brings it closer to peat rather than to lacustrine sediments. This mixed source of organic matter 

demonstrates the seasonal cycle of the lake but also cycles of wetter or drier periods with variations 

in the water level which can go from lake environment to totally dry, passing through all the 

intermediate stages (palustrine, marsh, fens). The environment must however remain sufficiently 

humid or flooded to show a rate of preservation of organic matter which allows quantities ranging 

between 1.7 to 13%. Depending on the flooding conditions, the biological activity developing in the 

direct surroundings of the sampled sites will favor algal or terrestrial activity. The cycle of the seasons 

allows the development of both types of organisms and results in the recording of a mixture. The 

variations in the quality of the organic matter on a core make it possible to determine the 

environmental evolution that the lake has experienced. A detailed description of these changes will be 

made in Chapter 4. 

 
Figure 36 Pseudo van Krevelen diagram of the lake sediments. Quality and origin of the organic matter is estimated after the 
Hydrogen Index (HI) and the Oxygen Index (OI) made with the Rock Eval analysis. 

If the data is taken in order of depth, the geochemical composition of the organic matter of the 

sediments of the lake presented with Figure 34, Figure 35 and Figure 36 makes it possible to compare 

and highlight a production of organic matter which changes over time in its quantity and quality, and 

therefore its origin. These differences are related to environmental conditions that change over time 

and will be detailed in Chapter 4.  
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3.5.2. Grain-size: End-member analysis 

Grain-size measurements have been processed in order to achieve an End-Member Mixing 

Analysis (EMMA). 45 samples out of 47 were processed. The data from both CC08 and CC10 samples 

were of too poor quality to be used for this analysis. The type of material of these samples is probably 

the cause. Five end-members could be constructed from these 45 samples and are shown in Figure 37. 

They represent more than 95% of the variance of the data. Each end-member reflects ideal stocks of 

a specific sedimentary regime, composed itself of a specific sediment composition. Each end-member 

shows a succession of platykurtic, mesokurtic or leptokurtic curves. Each of these peaks represents a 

sedimentary stock of a precise composition. The following assertion must be verified with SEM in order 

to validate them. However, considering the other analyses carried out, as well as the SEM images 

obtained for several samples, these suggestions are considered accurate and will be used for the rest 

of the work. The leptokurtic curves found in EM 1, 2 and 5 at a size of about 100-110 µm are probably 

composed of well-sorted sand grains from the neighbouring Kalahari Desert. The leptokurtic curve of 

EM 4 at about 120-130 µm probably represents coarser grains of the same desert sand. The difference 

in size between these two sediment stocks probably lies in the type of transport experienced by the 

sand grains. The grains of EM 4, being coarser probably demonstrate a fluvial transport versus an 

aeolian transport for the Kalahari grains found in EM 1, 2 and 5. However, the grains present in the 

study samples probably experienced fluvial transport for their vast majority. If the leptokurtic curves 

of EM 1, 2 and 5 seem to demonstrate aeolian sorting for sand grains of this size, these grains of aeolian 

origin were probably reworked by a fluvial action. What stands out above all between these four end-

members is therefore a different energy in transport. EM4 seems to demonstrate the greatest 

transport energy with coarser grains. EM1 demonstrates a perfectly leptokurtic curve with a greater 

volume compared to EM2 and 5. The same curve for EM2 is slightly less leptokurtic and of lower 

volume. EM5 further reduces these two parameters compared to EM1 and 2. This tendency tends to 

demonstrate a decrease in energy between these three end-members. If the assertion that a majority 

of these grains has experienced a fluvial reworking (despite their aeolian origin), it is possible to deduce 

that the end-members EM 1, 2, 4 and 5 demonstrate a decrease in the energy of fluvial transport that 

goes from EM4> EM1> EM2> EM5. 

The little mesokurtic curve for EM 4 and 5 at the size of 30-50 µm is probably composed of desert 

loess. The platykurtic to mesokurtic curves found in all five EM at the size of about 10-20 µm represents 

probably a sludge composed of crushed diatoms. The different stocks of EM 1, 2, 4 and 5 mainly 

represent sedimentary stocks with a fluvial or aeolian transport signature. The end-member 3 (EM3) 

is composed of a mesokurtic curve that demonstrate poorly sorted material. It does not show a well-

defined stock but rather a composition of multiple stocks that are composed of various authigenic 

lacustrine production. According to the SEM images, this authigenic material is composed of a mixture 

of diatoms, phytoliths, sponge spicules and other lacustrine biological production. The bumps present 

beyond 50 µm seem to demonstrate the presence of runoff. The presence of the bumps at different 

sizes shows a material of varying size and therefore a transport energy of varying strength. 

Thanks to the different sedimentary stocks highlighted by the five end-members, each end-

member thus allows to categorize a type of environment specific to each. EM4 represents a fluvial 

sedimentation. EM1, then, reflects also a fluvial sedimentation, of however less energy and with 

aeolian influence, as suggested by the size of the two different stocks of desert sand grains. EM2 

demonstrates a very similar tendency than EM1 with however a different volume of stocks. The curve 

of sands is less leptokurtic and of lower volume. Contrariwise, the mesokurtic curves of both crushed 

diatoms (10-20 µm) and desert loess (30-40 µm) is increasing in volume compared to EM1. A similar 

trend is demonstrated with EM5. It is then considered to observe a decreasing fluvial energy from EM1 

to EM5 (EM1>EM2>EM5). EM4 might represent a river environment. EM1 also, with however less 

energy. Similar statement for EM2 and then EM5. This decrease in energy probably results in an 
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increase in the water level and the change from a river environment to a lake environment from EM4 

to EM5. EM5 probably represents a lake environment with a weak current and therefore a contribution 

of fluvial and aeolian sediments. 

The presence of water in the landscape of northern Botswana is mainly through runoff (see Dyer, 

2017), which always induces a flow. This process is well reflected in the end-members described above. 

However, the presence of water can occur by percolation and thus form marsh areas with many ponds 

with no current. A marsh-type aquatic life develops there. This type of environment is reflected with 

the EM3. The shape of the grain-size curve in fact demonstrates the presence of a current of low 

intensity and variable in power as well as an authigenic biological production. EM3 therefore translates 

a lacustro-palustrine environment of low water level far from runoff areas. 

 

 
Figure 37 End-member mixing analysis of 45 samples of river or lake sediments coming from rivers Okavango, Linyanti and 
Chobe, and Lake Liambezi. Each end-member represents a specific sedimentary process with ideal stocks of sediments. EM1, 
2, 4 and 5 reflect mainly of river and aeolian sediments. EM3 refers mostly of authigenic lacustrine production. 

The five end-members, which define the grain-size assemblage of the 45 samples are presented 

in Figure 37. Figure 38 shows the composition of each sample according to its proportion of each end-

member. This results in a well-defined categorization of the samples. The proportions in different end-

members make it possible to better understand what each sample is composed of (in terms of material 

source and process) and thus, to deduce a geomorphological situation or/and a geomorphological 

evolution of the site. The tributaries are well demarcated from the sediment of Lake Liambezi. Indeed, 

in general, they consist of more proportions of EM4 and EM1, which reflect a typical grain-size of rivers 

with a current that allows the transport of coarser material. Conversely, the sediments of Lake 

Liambezi are mainly composed of EM3 and EM5. EM3 represents a pond and EM5 represents a low-

energy water surface (a lake) with sometimes a low-energy fluvial or aeolian sediment contribution. 

EM5 therefore has a higher water level than EM3 as well as a connection to tributaries. 

The grain-size turns out to be a good mirror of the geomorphology of the different sites. 

Dominated by end-members EM1 and EM4, the grain-size distributions of BO01 to BO05 reflect a river 

environment. Samples BO01 to BO04 are all four situated along branches of the Okavango River. These 

four sites demonstrated an active river during both dry and wet seasons (August 2016 and March 
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2017). Sample BO08 has been sampled along the Chobe River at Kavimba. The Chobe River also 

demonstrates an active river at that site. The Linyanti River shows a more complex flow. Sometimes 

water is transferred by flow and sometimes by percolation. The result is a complex interweaving of 

ponds, oxbow lakes and branches of rivers with current. The two samples taken from this river reflect 

this complex construction. Sample BO05 shows a river environment similar to the river samples of the 

Okavango and Chobe Rivers with EM1 and EM4. Sample BO06 shows a mix between EM1 and EM3. 

This site shows a pond environment with sometimes its connection to a river current and thus, the 

fluvial sediment input typical of a river environment. BO07 was taken along the Chobe at a site called 

Chobe Seariver. This site represents a vast floodplain linked to the floods of the Chobe River. The layout 

of the site makes it look more like a lake than a river. When the Chobe floods arrive, the site transforms 

into a vast body of water, transforming the site from a vast grassy plain to a lake (see Ballif, 2018). This 

type of environment is found in the end-members that make up its grain-size signature. The 

composition of its end-members is similar to those of samples taken from Lake Liambezi (BO09, NS, CC 

and SC). The mixture between EM3 and EM5 reflects a lake-like production. Sample BO09 was taken 

from the shores of Lake Liambezi. It therefore also reflects a similar composition in end-members as 

the Chobe Seariver site or the three sites NS, CC and SC. 

The end-member analysis for the North Core shows three different phases that reflect the 

separation of groups of samples presented later in Chapter 4.4 but already present in Figure 27 and 

Figure 40. A first phase combines samples NC23 to NC15 (with the exception of NC20 that does not 

show EM2). The samples of this first phase are composed of EM2, 3, 4, and 5. This mixture suggests an 

environment which varies throughout the year with more or less flooded phases probably linked to 

the seasonal system of rains and floods. The site must represent mainly a fluvial environment with 

calmer periods, which see the formation of a shallow lake. The fluvial regime demonstrated by this 

first phase of the North Core, however, shows a different end-member composition from the samples 

of BO rivers (BO01-BO05 and BO08). The site therefore has different fluvial dynamics. It may be related 

to the presence of the Bukalo Channel in its direct environment. It is therefore conceivable that the 

current which is perceived thanks to the EM2 and EM4 reflects the floods of the Zambezi through that 

channel. The site then shows progressive flooding with the following phase that groups the samples 

NC14 to NC06. Both EM2 and EM4 have disappeared and only EM3 and EM5 remain. This suggests a 

decrease in the current present on the site. It is perhaps a question of a higher water level, a more 

stable geomorphological situation and the remoteness of the Bukalo Channel. The final phase is 

composed of the two samples NC04 and NC02 where only EM5 remains. This composition offers a calm 

lake environment and a water level higher than the two previous phases. 

The Center Core only demonstrates the presence of EM3 and EM5. The evolution in the 

proportion of each end-member seems cyclical with periods richer in one or the other. The absence of 

end-members linked to a more pronounced water current probably indicates the position of the site, 

which is far from the main tributaries (Linyanti River, Chobe River and Bukalo Channel). This 

composition of end-members seems to demonstrate an unstable lacustro-palustrine environment, the 

water level of which varies and shows periods of flooding and emersion. 

South Core also demonstrates a composition made only of EM3 and EM5, which testifies of a 

lacustro-palustrine environment. However, the distribution of the two end-members shows a gradual 

transition from the dominance of EM3 over EM5 to the reverse situation. This demonstrates the 

gradual transition from a shallower to deeper lacustro-palustrine environment, so, from a pond 

environment to a lake environment.  
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Figure 38 End-member composition (in proportion) for river and lake sediments from rivers Okavango, Linyanti and Chobe and 
for Lake Liambezi. BO samples come from rivers. Precise location of BO samples can be found on the map in Chapter 2 (Figure 
15). BO01 and BO02 come from location called Thamalakane; BO03 comes from Kudumane; BO04 comes from Mababe. All 
four samples come from the Okavango watershed. BO05 and BO06 come from the Linyanti River at the Linyanti Campsite 
location. BO07 is the Chobe Seariver site and BO08 the Kavimba site, both are located along the Chobe River. BO09 is located 
at the southern shore of Lake Liambezi. Other samples respect the denomination followed in this chapter (NC, SC and CC). BO 
samples demonstrate the predominant sediment regime at the site itself. These sites being for the most part a river, the 
sediment regime which appears, thanks to the end-member analysis, to be a fluvial regime. The differences observed between 
the sites lie in the characteristics specific to each site. Lakes samples (NC, SC and CC) demonstrate the evolution of sediment 
regimes within the three sediment cores. These regimes oscillate between more or less flooded sites. 

3.5.3. Silica – abundance and origin 

Dyer (2017) reports a saturation index for calcite based on surface water analyses from several 

tributaries of Lake Liambezi as well as the lake itself. In addition, Lake Liambezi shows alkaline 

conditions for wet and dry seasons (Dyer, 2017). However, no biogenic neither lithogenic calcite nor 

aragonite was noted with the SEM. In contrast, SEM studies do indicate a major presence of different 

genera of biogenic SiO2, occasionally with dissolution-reprecipitation features, resulting in different 

forms of silica (Table 2 to Table 9). The remobilization of the silica also taking place in an alkaline 

environment, the saturation of the environment with silica is such that this precipitation is dominant 

and therefore not favourable to the precipitation of carbonates. The sporadic and rare presence of 

calcite detected by the XRD measurements probably corresponds to coarser-grained calcite of detrital 

origin from the catchment area. Dolomite observed in the same samples as calcite in XRD analyses 

would also support a detrital origin (e.g. Haddon and McCarthy, 2005; Setti et al., 2014). 

The Kalahari Desert southwest of the lake as well as the larger riverine catchments that are 

composed of crystalline rocks would support that at least some of the silica is of detrital origin (Haddon 

and McCarthy, 2005; Gärtner et al., 2014; De Carvalho and al., 2000; De Waele et al., 2008). Not 
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surprisingly quartz grains make up between 10 to 65 % of the sediment, depending on the specific 

horizons (average of about 26 %). Quartz grains may show Fe-coating, surface features that support 

either a fluvial or aeolian transport, and also occur in various sizes. Dissolution features are also often 

to be noted (Table 9a-c). Hence silica was available to the aqueous solutions and hence was readily 

redistributed, also in biogenic form. The sediments are made up of 47 to -80 wt% of SiO2 in the different 

samples with an average of 62 wt%. The siliceous organisms that precipitate silica in its amorphous 

form (SiO2 n.H2O) include several different diatom species, sponge spicules, silicified vegetal cells 

(phytoliths) and silicified Cyanobacteria colonies (Gloeocapsa, Chroococcales). As illustrated in Table 

9c the biogenic silica, in this case the diatoms, also often show dissolution features. The abundance of 

all these different forms of biogenic, amorphous silica is finally also compatible with the high loss of 

ignition (LOI) from the XRF measurements. Indeed, amorphous silica is composed of about 15 to 30 % 

of its weight in adsorbed and crystal-bound water in its structure. This water is lost and measured 

during the ignition at 1050°C in the samples preparation. 

 

3.5.4. Origin of the sediment components and importance of clays 

The weathering of primary minerals such as feldspar, plagioclase and micas is climatically-

controlled and can result in the formation of clay minerals. The intensity and distribution of rain are 

the main controlling parameters of weathering. Large amounts of rainfall fosters kaolinite formation. 

In contrast, seasonal and more sparse precipitation followed by intense evaporation periods favours 

the formation of smectite (Meunier, 2003). Following the transformation stages, phyllosilicates are 

often formed in early stages of alteration whereas smectite appears in most weathered stages 

(Banfield & Eggleton, 1990; Meunier, 2003). Meunier (2003) compiled different studies showing the 

transformation of micas into smectite through an organic and inorganic acid solution. Observation of 

the parental minerals (feldspar, plagioclase and micas) as well as newly formed clays (phyllosilicate, 

kaolinite and smectite) allows climatic trends and the climatic evolution of the studied site (Meunier, 

2003). 

As indicated by Setti et al. (2014), clays are a major and very effective tool in determining current 

or past climates. Mineral associations may vary significantly along any one river, depending on the 

characteristics of the watershed (bedrock, sediment sources and climate). Clay minerals transported 

by rivers directly reflect the composition of soils in the drainage basin as well as the climatic conditions 

of formation. It is therefore interesting to first characterize the watersheds of the Kwando River and 

the Zambezi. Haddon and McCarthy (2005) and Setti et al. (2014) describe a Kwando watershed 

consisting of the Kalahari units. This implies a composition rich in quartz with additional K-feldspar up 

to 11 % and a low abundance or absence of plagioclase and calcite. According to Setti et al. (2014) 

calcite is considered to be detrital, from continental (pedogenic) carbonates found locally in the 

Kalahari catchment. The sediments have variable phyllosilicate content, up to 30 %. Clay minerals are 

dominated by smectite (> 40 %), 10-40 % of mica and kaolinite; chlorite is absent (c.f. Setti et al., 2014). 

Gärtner et al. (2013) and Setti et al. (2014) describe the watershed of the Zambezi to also be made up 

of the Kalahari units, but also including Karoo basalts and other igneous mafic and Karoo-aged 

sedimentary units. This brings a composition for the transported sediments dominated by detrital 

quartz and feldspars (63-85 %), as well as the phyllosilicates (up to 40 %). Calcite is found in small 

amounts only (<5 %). Concerning clays, smectite is dominant and kaolinite content varies from 4 % to 

36 %, while chlorite is minor or absent (c.f. Setti et al., 2014). In tropical areas, where precipitation 

alternates with dry periods, the intensity of weathering favors illite-smectite as dominant clay 

minerals, following a sequence of illite-smectite-kaolinite with increasing intensity of weathering 

(Moore, 1989; Setti et al., 2014). Hence an abundance of kaolinite indicates high rainfall and a warm 

climate, abundant smectite will indicate a moderate weathering process. The results of this study are 

taken to confirm the work of Setti. 
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Trends in different minerals proportions reveal a correlation between mica, chlorite and kaolinite 

with other minerals such as k-feldspar and quartz. Following literature, these minerals are considered 

of detrital origin (e.g. Haddon and McCarthy, 2005; Setti et al., 2014; Gärtner et al., 2013). Mica and 

chlorite probably come from the parent material of the watershed. Kaolinite is probably climatically 

formed in the watersheds of both Kwando and Zambezi Rivers under warmer and more humid 

conditions. Therefore, it is found from detrital origin in Lake Liambezi, transported from both 

watersheds. Smectite presents a specific trend in its proportion (Figure 27-29). In regard to the local 

dryer and less hot climate and to the specific trends of its amount, smectite is therefore believed to be 

neo-formed in Lake Liambezi region. Thus, smectite is considered to be of major importance as climate 

tracer for the climate evolution of the region, and more specifically for Lake Liambezi. Kaolinite shows 

also specific trends. However, it seems more complicated to use it as a climate tracer as it seems to 

follow sedimentary pulses and not climatic evolution. 

Smectite show variations in relative quantity between 8-56% which are interpreted as changing 

drier and wetter periods. The wetter periods allow a more efficient weathering process not only in the 

transformation of minerals (and therefore precipitation of smectite) but also for their transport and 

further deposition. Therefore, horizons containing higher amounts of smectite are interpreted as 

formed during wetter periods whereas those containing lower amounts are considered as indicative 

of drier periods. The origin of vermiculite is more difficult to explain due to its variable characteristics 

(e.g., Moore and Reynolds, 1989). Vermiculite might be an intermediate clay between the parent 

minerals and the smectite. This would mean that during drier periods, with therefore fewer physical 

and chemical weathering, the stage of transformation of certain minerals into smectite does not take 

place fully remaining at the vermiculite stage. This would result in a higher rate of vermiculite 

formation in dry periods, lower in wet periods. The analyses of samples from Lake Liambezi indeed 

show an anticorrelation between smectite and vermiculite contents throughout depth for the three 

cores (Figure 27-29). The relative amounts of gypsum, another indicator of prevalent dry conditions, 

correlate well with those of vermiculite (Figure 27-29). 

 

3.5.5. Discussion of the sulphur content and the pyrite occurrence and their implication to 

the redox conditions: a complementary presence 

Sulphur might be found under different forms: sulphate, sulphide, organic sulphur and element 

sulphur. Sulphate might be present with gypsum (CaSO4), an evaporitic mineral and barite (BaSO4), an 

often hydrothermal mineral. Sulphide might be found as sphalerite (ZnS), pyrite (FeS2) and (HS-) (where 

(HS-) represents actually (H2S) and is therefore not visible). The organic form is found as DMS (Dimethyl 

sulphide): ((CH3)2S). The sum of total sulphur found in the samples is then: 

 

∑[S]=([ BaSO4], [CaSO4])+([ ZnS], [FeS2], [HS-])+([(CH3)2S]) 

 

In Lake Liambezi, sulphur is widely describe in both gypsum and pyrite form. Pyrite appears only 

sporadically (except for South Core) and gypsum is in greater quantity (average values at 9.5 wt%) 

(Figure 27-29 and Figure 32). Both minerals can be interpreted in terms of climatic conditions. These 

two minerals are complementary since gypsum is the oxidized counterpart of pyrite. The sulphide 

form, framboidal pyrite observed in Lake Liambezi sediments (Table 9dErreur ! Source du renvoi 

introuvable.), requires reducing and anoxic conditions to precipitate. Condition of formation are 

believed to be richer in water or humid conditions. The sulphate form, gypsum, might testifies of 

oxidizing and dry conditions. This complementary conditions of presence for each form containing 

sulphur might give information about humid or dry periods. However, both pyrite and gypsum are 

found in the same samples, meaning in the same periods, which is a priori contradictory. The high 

seasonality of the region, showing a humid period rich in precipitation and floods may be humid 
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enough to create anoxic conditions into the sediment and precipitate framboidal pyrite. Contrariwise, 

the dry season might be dry enough to dry part of the lake, favours well ventilated soils and oxidizing 

conditions and precipitate gypsum. This cycle might also not occur in the same year, but in a multi-

year cycle. The presence of both oxidizing and reducing forms in same samples is therefore plausible. 

Gypsum is a secondary mineral formed in dry environments (like the Makgadikgadi Salt Pan, 

which is located less than 300 kilometers from the lake) and does not exclude an aeolian transport into 

Lake Liambezi though. Gypsum minerals have also been described in the study of thin sections from 

samples taken from termite mounds about fifteen kilometers south of Lake Liambezi (Darini, 2019). 

The origin of the gypsum minerals present in the sediments of Lake Liambezi has not been further 

investigated. However, whether the gypsum crystals are neo-formed in-situ or carried by the wind, the 

origin of the sulphur composing them may be multiple and remains unclear. 

Other minerals containing sulphur are not describe with the methods used for the present study. 

However, elements composing the different minerals are measured with the XRF method. It means 

they might appear in little quantity and not be measured in their mineral form. A detail discussion 

about them is therefore difficult to build. 

 

3.5.6. Barium origin 

The presence of low temperature hydrothermal vents (up to 50°C) is described at less than 100 

kilometres away from Lake Liambezi (Mukwati et al., 2018). The tectonic activity linked to the 

Okavango Graben (e.g. Kinabo et al., 2007) makes sense to a hydrothermal activity in the vicinity of 

the faults. As often related to hydrothermalism, the presence of barium in the sediments raised the 

question of its origin. For North and South Cores, barium follows a similar trend to strontium, calcium 

or lead (Figure 27 and Figure 29). Its trend is also related to other elements considered of detrital 

origin. It might therefore be considered as detrital too. Deepest portion of Center Core shows similar 

trends (Figure 28). However, upper part of Center Core (since CC10) shows changes from about 400 

ppm to 700 ppm that are not seen in other elements. This different trend compared to other profile 

and compared to the other elements raised the question of a detrital origin too. 

Barium of detrital origin might be in the carbonate form BaCO3 coming from the whiterite which 

is a detrital mineral derived from feldspar (Na-plagioclase series). Barium of hydrothermal origin is in 

the form of barite (BaSO4) and is part of the barite group. Barite group is composed of barite and three 

accompanying minerals: celestine (SrSO4), anglesite (PbSO4) and hashemite ((Ba,Cr)SO4) with possible 

trace element Ca. These minerals are usually typical of low temperature hydrothermalism. Strontianite 

(SrCO3) and dolomite (CaMg(CO3)2) are two carbonates often related with the barite group. 

Strontianite shows trace of Ca, and might be associated with calcite, harmotome 

((Ba0.5,Ca0.5,Na,K)5Al5,Si11O32·12(H2O)) and sulphur. Dolomite shows trace elements of Fe, Mn, Co, Pb 

and Zn and might be associated with calcite and sulphite. Most of the different elements found in the 

accompanying minerals are found in the Lake Liambezi’s sediments and are described in the XRF 

analysis. However, the chosen methods did not allow the observation and description of these spoken 

minerals. Their hypothetical presence can therefore only be a supposition. If the element barium may 

have a detrital origin and be brought by the two rivers Kwando and Zambezi, the mineral barite can 

only have a hydrothermal origin. However, this mineral has not been described in the lake’s samples. 

This supposition is therefore to be taken as a guess and ask further investigation. Indeed, these 

questions could be the subject of future studies as well as questions for future work aimed at a better 

understanding of the activity of the fault system linked to the Okavango Graben. 

Analyses of the composition of surface water versus groundwater after Dyer (2017) reveal an 

electrical conductivity varying from a factor of two to a factor of five, underground water being two to 

five times richer in elements. Electrical conductivity for surface water for both humid and dry season 

are as follows: Linyanti 281-294 µS cm-1, Chobe 128-831 µS cm-1 and Zambezi 69-390 µS cm-1. 
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Groundwater of two different boreholes in the direct region surrounding the lake shows an electrical 

conductivity of 1367-1672 µS cm-1. Water analysis made after Mukwati et al. (2018) show an electrical 

conductivity up until 22320 µS cm-1 with a mean value of 5173 µS cm-1, analysis made close to the 

hydrothermal spring having higher electrical conductivity values. The waters analysed are enriched in 

elements, including barium. Regarding these two works, the mineral enrichment of water seems to be 

done more by underground action than by sediment transport from the watershed. This raises the 

question of the origin of the minerals transported by water. Are these minerals and elements 

originating from the watershed, or from the subsoil, including potential hydrothermal activity? The 

work of Mukwati et al. (2018) demonstrate that an enrichment in elements and minerals linked to 

hydrothermal activity exists for this region (through hydrothermal vents). A more in-depth study for 

the Lake Liambezi region therefore seems full of meaning and would undoubtedly provide answers as 

to the mechanisms linked to the evolution of the landscape in this region. 

 

3.5.7. Characterization of type of deposit 

Given that the sediments contain > 2 wt% of organic matter and have a fine-grained nature that 

may exclude effective oxygenation, these sediments can be characterized as sapropel. They are also 

very siliceous with a majority of biogenic silica and lesser amounts of detrital quartz grains. The 

mineralogical analyses summarized above also includes a large fraction of undetermined inorganic 

material that is often represented by biogenic, amorphous silica but also by a poorly crystallized, fine-

grained clay mineral fraction. 

 

3.6. Conclusion 

Limnology and fish population have been described for Lake Liambezi (e.g. Seaman et al., 1978; 

Peel et al., 2015). However, its sedimentology has never been investigated. A first characterization of 

it and a first understanding in the origin of the sediments components has been made with the present 

study. Lake Liambezi represents wetlands in an arid climate with a specialized flora and fauna. Due to 

the very poor landscape of the region, its ecosystem is particularly fragile and sensitive to any climatic 

or environmental change. In regard to these specific environmental conditions, the choice has been 

made to manage a multidisciplinary study. Using methods coming from various fields does permit to 

effectively target the origin of the various components of the sediments and thus target their use for 

additional studies. The detailed description of the sediments did permit to target four important and 

useful characteristics of the lake’s sediments for further investigations. The organic matter of the 

sediments is autochthonous and is therefore usable as an inherent characteristic of the sediments. The 

absence of biogenic or lithogenic calcite nor aragonite does not allow further geochemical 

investigation that are often classical for lakes environment. On the other side, the climatically linked 

clay smectite is autochthonous in the region and is therefore usable as a climatic tracer. Finally, some 

other sediment characteristics such as the grain-size, the detrital mineral content and the presence or 

absence of pyrite and gypsum seem to be mostly related to the environmental condition of the site 

itself at a specific time. The propensity of the site to be inundated or dried due to its situation and/or 

its connection to the rivers, lake’s basin or marshes seem to define those parameters. They seem to 

support more flooding events and seasonality than long-lasting climatic conditions. 

The understanding of the characteristics and components of Lake Liambezi sediments allow us to 

conduct further environmental investigation of the lake with a comprehension of its sedimentology. 

The mechanisms of sedimentation within Lake Liambezi have been here demonstrated and efficient 

tools for climatic and environmental comprehension and description have been highlighted.  
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4.1. Abstract 

To date, no general marker, representative for all bacteria, exists in paleoecology. This is a main 

gap since bacteria are the most abundant and diverse group of organisms among all domains of life. 

They colonized all ecosystems, even the most extremes, and are involved in all biochemical cycling of 

elements. Their community are shaped by the environment, which is shaped by bacterial activity in 

response. A biological marker targeting bacteria would be undoubtedly of main interest for 

paleoecological studies. In the past decades, due to advances in the field of metagenomics, the use of 

DNA have been proposed as a possible bio-indicator. However, DNA and vegetative cells are subjected 

to degradation, and therefore, their use remains uncertain. Due to their ability to withstand 

degradation for extended times, spores or other lysis-resistant structures might represent an ideal 

marker for paleoecology. 

The aim of the present work is to evaluate the possible use of bacterial DNA as a marker for 

paleoecological studies. Both DNA extracted from the total and the lysis-resistant community has been 

investigated. This project is part of a larger multidisciplinary study, which aims at a better 

understanding of a unique ecosystem located at the eastern side of the Caprivi Strip, Namibia. The 

region is a complex network of rivers and waterbodies controlled by tectonic faults. Lake Liambezi, 

located middle of the Linyanti-Chobe Basin is part of that complex drainage system including the 

Kwando and Zambezi Rivers in the north of the Kalahari Desert. Except a limnological study and studies 

about its fish population, it remains poorly studied. The understanding of the environmental history of 

Lake Liambezi will help to better understand the dynamic of this constantly evolving environment. In 

addition to the use of bacterial DNA, the present study compiles the geochemical and mineralogical 

data exposed in a companion paper. 
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Changes in both the total and the lysis-resistant community reflected changes in the 

environmental conditions, providing complementarity information. The observed changes correlate 

with the results obtained in geochemical and mineralogical studies. Precise description of the three 

sampled sites shows a very characteristic morphological evolution of each site. The northern site shows 

a sudden deepening from a shallow to a deeper lake environment. The southern site presents a gradual 

transition from a marsh to lake conditions. The site of the center presents a more complex 

development. It starts with a marsh environment. There follows a period of progressive drying leading 

to an emersion of the site. Despite the emersion, the sediments still record an annual flood regime 

similar to today. The site then registers a gradual re-flooding leading the site to a return of marsh 

conditions. The alternation between climatic periods (wet and dry periods) is shown in the results. 

However, the general evolution of the three sites shows more complexity. Morphological evolution of 

each of the three sites might be correlated to a more global evolution with a potential relation to a 

regional tectonic activity. The high abundance of sulphur-oxidizing and thermophilic bacteria revealed 

an active sulphur cycle and likely hydrothermal activity within the lake. 

This study applying such a multidisciplinary approach demonstrates the potential of bacterial DNA 

in paleoecology. It demonstrates the applicability of using bacterial DNA (total and/or lysis-resistant) 

to identify changes and variability in the environmental conditions. Moreover, it did permit to highlight 

presence of hydrothermal activity within Lake Liambezi and other processes such as an active Sulphur 

cycle. Such features were not noticed so clearly with more classical tools. The following stage will be 

to correlate the three sites together and to give a time scale for the lake history and the inherent 

environmental changes (or evolution) of each site, but moreover of the lake. 

 

4.2. Introduction 

Paleoecological studies using sedimentary records of aquatic ecosystems provide a unique 

temporal perspective on patterns, causes, and rates of ecological change due to natural hydrologic and 

climatic variability, and anthropogenic activity over various time scales. Paleoecology is not only 

relevant to investigate the past history of an ecosystem and its response to change, but also to 

determine baseline conditions used as targets of restoration policies (Willard & Cronin, 2007). In 

aquatic ecosystems, various geochemical, biogeochemical, geological, biological and physical proxies 

are traditionally employed for investigating ecosystem history from the surrounding catchment, the 

atmosphere, and the aquatic system itself (Gorham et al., 2001). An ever expanding list of proxies is 

becoming available for paleolimnologist, offering new opportunities for an increased understanding of 

the impact of environmental change on ecosystems. In particular, the emergence of DNA-based 

analysis of lake sediments is opening up the possibility of including taxa that could not be used in past, 

as they did not produce a distinct morphological fossil structure. This is particularly relevant in the case 

of organisms such as bacteria, for which only a handful of specific biomarkers, such as fossil 

photosynthetic pigments (Gorham et al., 2001; Dreßler et al., 2007), were available until recently. 

The ability of using bacteria in paleolimnology is highly relevant, given the importance of bacteria 

in aquatic ecosystems. Bacteria have a considerable cumulative mass in most lakes (water column and 

sediment) (Mrozik, Nowak & Piotrowska-Seget, 2014). Given the phylogenetic and functional diversity 

of bacterial communities, bacteria are usually able to colonize every available habitat (Nealson, 1997). 

Moreover, because of their role on the biogeochemical cycling of elements (Madsen, 2011), the 

response of bacterial communities to environmental change is complex, as they can be simultaneously 

a response and a driver of environmental change (Chen et al. 2015 and references therein). Therefore, 

analysing how the structure of bacterial communities change over time might provide valuable 

information about the evolution of environmental conditions, the resilience of an ecosystem, or the 

impact of anthropogenic activity. 
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Technological advances in the field of environmental genomics now allow for studies of microbial 

communities from sedimentary records. To achieve this, environmental genomics uses “ancient” or 

“fossil” DNA as a proxy (Coolen & Gibson, 2009; Boere et al., 2011; Fernandez-Carazo et al., 2013; 

Pansu et al., 2015). However, the use of DNA-dependent methods for the study of bacterial 

communities in paleoecology raises the question of DNA preservation in sediments. DNA degradation 

has been shown to be influenced by multiple biotic and abiotic factors, leading to a differential 

degradation rate across taxa (Boere et al. 2011 and references therein). Moreover, in-situ activity 

(Nealson, 1997; Haglund et al., 2003) and possible modifications of the community structure during 

sediment diagenesis could lead to a misinterpretation of the environmental conditions at the time of 

deposition. Alternatively, extracting DNA from bacterial resting states, and notably endospores and 

other spore-like structures, might avoid these limitations (Wunderlin et al., 2014a). The use of such 

structures has been examined and proposed as an alternative to total DNA-based analyses (Renberg 

& Nilsson, 1992; Wunderlin et al., 2014a; Paul et al., 2019). 

The development of molecular tools to specifically enrich lysis-resistant cells has created new 

venues in this field of research (Wunderlin et al. 2013; Bueche et al. 2013; Wunderlin et al. 2014). 

A combination of these methods was successfully used to assess the impact of eutrophication 

(Wunderlin et al., 2014a) and of the antibiotic era on the bacterial communities in sediments of Lake 

Geneva (Madueño et al., 2018). The aim of this study is to broaden the application of this approach 

and to test its complementarity to more traditional paleolimnological proxies. The site selected is the 

Lake Liambezi, located in the border between Namibia and Botswana. 

Lake Liambezi is an ephemeral lake that floods seasonally, depending on the annual precipitation 

pattern of the region. It is a major resource of freshwater for the surrounding villages and communities 

of farmers and fishermen (Tweddle et al., 2011; Mutelo, Murwira & Kileshye-Onema, 2013; Peel et al., 

2015). To date, except for a brief description made by Seaman et al. (1978), the lake has been poorly 

studied. In Chapter 3, discuss the geochemical compositions of the sediments of the lake in the light 

of likely environmental and climatic changes. These characteristics can then be compared to the results 

of the present work, that concentrates on the use of the characteristic microbiologic tools for a 

complimentary interpretation of the paleoecologic evolution of the Lake Liambezi sediments. 

 

4.3. Material and methods 

4.3.1. Regional settings and lake description 

Lake Liambezi is located in Namibia, at the eastern side of the Caprivi Strip. The lake is part of a 

complex drainage system that includes the Kwando and Zambezi rivers. Its Southern shore makes up 

the border between Namibia and Botswana. It receives water from the Chobe River (a tribute of 

Zambezi River, deviated due to the Chobe Fault (Haddon and McCarthy, 2005)), Bukalo Channel (a 

seasonal tribute of Zambezi River), and Linyanti River (or Swamps, natural deviation of Kwando River 

due to the Linyanti Fault (Haddon and McCarthy, 2005)), as well as rainwater and local runoff water 

(Figure 39). 
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Figure 39 Partially inspired by Peel, 2015. A. General map of the region with the three main river systems: Okavango, Kwando 
and Zambezi; B. General map of grouped systems Kwando and Zambezi rivers. Kwando river comes out Angola and turns into 
Linyanti river after its terrestrial delta joins a tectonic fault along the Namibia and Botswana border. It finishes its course into 
Liambezi lake mostly into percolating water in Linyanti swamps. Zambezi river coming down Zambia flows into Liambezi lake 
through the Bukalo channel and the Chobe river (Haddon and McCarthy, 2005). The Chobe river is able to reverse its flow 
depending the water availability and to flow in both directions (Seaman et al., 1978; Peel et al., 2015). Due to the very poor 
relief terrain, many flood zones form around the rivers of the system as well as around Lake Liambezi (dark grey); C. In dark 
grey color, map of Liambezi lake in its full size as described by Seaman et al., 1978. Open-water lake with its two elongated 
basin is in black. Cores locations are represented by a yellow dot. 

Depending on the water level, the Chobe River serves as outflow of the lake (Seaman et al., 1978; 

Peel et al., 2015). The lake is surrounded by a major flat wetland system characterized by woodlands, 

wetlands and slow-flowing floodplain rivers (Seaman et al., 1978; Peel et al., 2015). Seaman et al. 

(1978) report a system covering some 300 km2 of which 100 km2 is open water at its full size. The lake 

changes shape, size and depth between and within years due to the source and the amount of water 

in the basin (Tweddle et al., 2011). The average depth is of approximately 2.5 m (Seaman et al., 1978) 

but can reach 7 m at the height of the rainy season (Peel et al., 2015). The general shape of the lake 

varies depending on the water supply. It is generally separated in two main basins: Northern and 

Southern basins, which are connected by a narrow 1.3 km long central channel. The Northern basin is 

approximately 6 km long and 1 km wide at its maximum. It receives water from the Bukalo Channel on 

the north, from the channel between the two basins on the east and by percolation in its western and 

southern shores by the Linyanti marsh. Southern basin is 4 km long and 500 m wide. It receives water 

by the connecting channel in its west, by the Chobe River in its east, the Linyanti marsh all along its 

south-western shore and by the Linyanti channel in the south-east (Figure 39). The Linyanti marsh, 

surrounding the two basins in their western shores is the result of a geological fault that forms an area 

of wetlands composed by a complicated patchwork of swamps and marshes. The fault is known under 

the Linyanti Fault (Haddon and McCarthy, 2005). The set of these features forms the Linyanti River. 

The Chobe is also delimited through a fault named the Chobe Fault (Haddon and McCarthy, 2005). 

 

4.3.2. Sampling 

Three cores were obtained from the same number of sampling locations (Figure 39). Sampling 

was performed with an Uwitec Hammer Action Corer with PVC tubes of 86.0 mm inside diameter. The 

Center Core (CC) was obtained in the northern basin, at its south-eastern side at about 300 meters 

close to the connecting channel. The South Core (SC) was sampled at the southern basin in its central 

part. It is set at about 250 meters close to the Chobe river mouth, and at about the same distance of 

both, Linyanti main channel and the connecting channel. The North Core (NC) was obtained in the 

northern basin, in its central part. Its distance to the Bukalo Channel is about 4.2 km. The three cores 

were transported to the VanThuyne-Ridge Research Center to be opened, cut, described and sampled 
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under the right conditions and the appropriate equipment. Samples from microbiological studies were 

obtained under a controlled atmosphere using a Bunsen burner to sterilize all the equipment used. 

Samples were stored and transported in sterile plastic bags and kept refrigerated. Separation of the 

samples as well as their distribution into groups of samples was carried out on the basis of visual 

criteria reported in the appendices. Sedimentological, mineralogical and geochemical analyses have 

been done at Institutes of Earth Sciences and Earth Surface Dynamics of the University of Lausanne 

and are described and discussed in Chapter 3. Components and origin of the sediments are discussed 

in the same paper. 

 

4.3.3. Use of data obtained by the RockEval method as environmental tracer 

Quality of organic matter is measured using the HI and OI indices measured with the RockEval 

method. These indices provide information on the oxidation of organic matter. They can however be 

used in this context as indices concerning the origin of organic matter (Sebag et al., 2018). Figure 40-

42 and Figure 45 show the different movements of the HI and OI indices according to the samples. 

 

4.3.4. DNA extraction 

DNA from both the lysis-resistant cell fraction and the total community were obtained using an 

indirect DNA extraction method previously described by Wunderlin et al. (2013). This method consists 

of a pre-extraction of cells from the sediment prior to DNA extraction. For the lysis-resistant fraction, 

a spore separation step was applied prior to DNA extraction (Wunderlin et al., 2014b, 2016). Briefly, 

the pre-extraction of cells from the sediment was done using 3 g of wet sediment added to 15 mL of 

Na-Hexa-meta-phosphate. The sediment slurry was homogenized using an Ultra-Thurrax® Tube Drive 

control (IKA, Stauffen, Germany) for 2x1 min at 15’500 rpm, followed by 10 min of sedimentation. The 

supernatant was retrieved and reserved for following steps, and the remaining pellet was re-extracted 

using the same amount of Na-Hexa-meta-phosphate (15 mL), followed by homogenization and 

sedimentation. The two supernatant solutions were pooled and slowly centrifuged at 20 g for 10 min 

to remove the remaining mineral particles, and finally filtered onto a sterile 0.2 um pore-size 

nitrocellulose filters (Merck Millipore, Darmstadt, Germany).  

Half of the filter was used for the DNA extraction of the total bacterial community. The 

FastDNA®SPIN kit for soil (MP Biomedicals, USA) was used following the manufacturer procedure, with 

a modification consisting in three successive bead-beating steps applied in order to retrieve DNA from 

the hard-to-break bacterial cells (Wunderlin et al., 2013). The supernatant obtained from these three 

successive bead-beating steps was treated separately and pooled by ethanol precipitation at the end 

of the extraction. DNA extracts were resuspended in PCR-grade water. The second half of the filter was 

used for the DNA extraction of the lysis-resistant cell fraction, using a method for the physical 

separation of spores (or spore-like structures) from the vegetative cells (Wunderlin et al., 2014b, 2016). 

After addition of physiological water and homogenization with vortex, the resuspended samples were 

heated at 65°C for 20 min, followed by two successive chemical treatments first with lysozyme (10 

mg/mL) for 60 min, and then with a mix of NaOH 0.5 N and SDS 1% also for 60 min. DNase digestion 

was performed at this stage in order to avoid any contamination by traces of free DNA from vegetative 

cells. Finally, the lysis-resistant cells were retrieved on a 0.2 um pore-size filter. DNA extraction was 

performed using the FastDNA®SPIN kit for soil (MP Biomedicals, USA) as described above, following 

the same modified protocol with three successive bead-beating steps. DNA quantifications were 

performed using the Qubit® dsDNA HS Assay Kit, on a Qubit® 2.0 Fluorometer (Invitrogen, Carlsbad, 

CA, USA).  
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4.3.5. Sequencing and date analysis 

DNA extracts were sent for sequencing to Fasteris (Geneva, Switzerland), using the Illumina MiSeq 

platform (Illumina, San Diego, USA). The hypervariable V3-V4 regions of the 16S rRNA gene were 

targeted using the universal primers Bakt_341F (5’-CCTACGGGNGGCWGCAG-3’) and Bakt_805R (5’-

GACTACHVGGGTATCTAATCC-3’) (Herlemann et al., 2011). The Mothur toolsuite (Schloss et al., 2009) 

was used to analyse the sequence data, following the standard procedure of MiSeq SOP (Kozich et al., 

2013), with the exception of an additional step of singleton removal applied prior to the clustering in 

OTUs. The alignment of amplicons and the taxonomic assignment of representative OTUs was 

performed using the SILVA NR v123 reference database (Quast et al., 2013). After quality filtering and 

removal of chimeras, a total of 7’022’420 amplicons were retained (1’565’908 unique sequences). 

Singletons (1’364’141 sequences) as well as unclassifiable sequences and sequences belonging to 

undesirable lineages (chloroplast, mitochondria, archaea, and eukaryote; corresponding to 196’256 

total and 4’460 unique sequences, respectively) were also removed. Clustering of the 5’462’023 

remaining sequences (197’307 unique sequences) into OTUs using average neighbor clustering and a 

97% identity threshold led to the identification of 34’159 OTUs. Sequences are available in GenBank 

under the BioProject accession numbers PRJNA 396429. 

 

4.3.6. Statistical and multivariate analysis 

Statistical and multivariate analysis on the community and environmental data were performed 

using R version 3.5.1 (R Core Team, 2014), and the package vegan (Oksanen et al., 2017) and phyloseq 

(McMurdie & Holmes, 2013). Community structure was analysed using principal coordinate analysis 

(PCoA), based on Bray-Curtis dissimilarity and Hellinger transformation of the OTU table. OTUs 

accounting for less than 100 sequences in the whole dataset were removed prior to the analysis, to 

limit the random effect of the detection of rare OTUs and, in the case of the lysis-resistant community, 

to reduce the potential background of OTUs representing contamination by members of the non-lysis-

resistant community. The procedure was repeated for each subset of data, when analysing single cores 

or community fraction. Grouping of samples was tested using hierarchical cluster analysis using the 

Ward algorithm based on Bray-Curtis dissimilarity, and the best number of clusters was defined using 

the silhouette width measure with the function silhouette from the cluster package (Maechler et al., 

2019). Constrained hierarchical clustering was performed using the chclust function from the rioja 

package (Juggins, 2019). Data were transformed as described above. Environmental data were 

analysed by principal component analysis (PCA) after standardization of the variables (zero mean and 

unit variance). Difference between groups, based on community composition, geochemical data or 

visual criteria, was tested using Permutational Multivariate Analysis of Variance (PERMANOVA) using 

the Adonis function from the vegan package, based on the same dissimilarity matrix as described 

above, with 1000 permutations. Post hoc analyses for pairwise comparisons were performed using the 

function pairwise.adonis from the package pairwiseAdonis (Martinez Arbizu, 2017), with 1000 

permutations and Holm correction. The contribution of OTUs to the variance between groups was 

tested using SIMPER analysis (vegan).  

Non-exhaustive selection of sulfur-oxidizing and sulfate-reducing bacteria was performed by 

selecting OTUs assigned to the Family Chlorobiaceae, Chromatiaceae and Ectothiorhodospiraceae. In 

addition, all OTUs assigned to a genus containing the prefixes “Desulf” and "Sulf", or the expression 

"thio" were also selected. The genera Rheinheimera and Nitrosococcus were removed since they are 

not known to oxidize sulfur (Brenner, Krieg & Staley, 2005; Hayashi et al., 2018). Non-exhaustive 

selection of thermophilic bacteria was performed by selecting OTUs assigned to a genus containing the 

expression "therm". In addition, the genus Alicyclobacillus, whose known representatives are 

thermophilic or moderately thermophilic (Schleifer, 2009), and the genera Desulfurispora and 

Desulfotomaculum, both including thermophilic representatives (Kaksonen et al., 2007; Schleifer, 
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2009), were included to the selection since they were found in high relative abundance in many of the 

samples. 

 

4.4. Results 

Each core was sub-sampled, based on its visual characteristics when opened (Figure 40-42). 

Samples were then grouped in sections, due to similar characteristics of sediments (Chapter 3 and 

appendices of present chapter). The grouping of samples was verified and refined by comparison with 

other methods including sedimentological, mineralogical, geochemical and microbiological analyses. 

In each layer, the total community and the lysis-resistant community were investigated. However, 

in several cases the analysis failed for one or the other and therefore, a direct comparison was not 

always possible and this was the case for the three sediment cores (data indicated by a shade of grey 

in Figure 40-42). Constrained and unconstrained cluster analyses were performed to define groups of 

communities with similar composition within each core and the best number of clusters was 

determined using silhouette width measure. Globally, the grouping of samples was coherent with the 

visual, sedimentological, mineralogical and geochemical characterization of the sediments for both the 

total and the lysis-resistant communities. 
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Figure 40 Picture of North Core, opened facing a selection of characteristic parameters through depth including total organic carbon (TOC), nitrogen (Norg), sulphur, C/N ratio, δ13C, HI-OI indices, Tmax, smectite proportion in percentage of clay minerals, grain-size end-member analysis and 
the characterization of the total and lysis-resistant bacterial communities, based on 16S rRNA gene amplicon sequencing. Only the most abundant genera (>2% of the community in average or >5% in one sample) are shown. Constrained hierarchical clustering was performed using the 
chclust function based on Bray-Curtis dissimilarity and the Hellinger-transformed community table. For each community, only the OTUs with at least 100 sequences among all samples were kept. The standard deviation or the analytical error of the different analysis are less than or equal to 
the size of the symbol. 
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Figure 41 Picture of Center Core, opened facing a selection of characteristic parameters through depth including total organic carbon (TOC), nitrogen (Norg), sulphur, C/N ratio, δ13C, HI-OI indices, Tmax, smectite proportion in percentage of clay minerals, grain-size end-member analysis and 
the characterization of the total and lysis-resistant bacterial communities, based on 16S rRNA gene amplicon sequencing. Only the most abundant genera (>2% of the community in average or >5% in one sample) are shown. Constrained hierarchical clustering was performed using the 
chclust function based on Bray-Curtis dissimilarity and the Hellinger-transformed community table. For each community, only the OTUs with at least 100 sequences among all samples were kept. The standard deviation or the analytical error of the different analysis are less than or equal to 
the size of the symbol.  
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Figure 42 Picture of South Core, opened facing a selection of characteristic parameters through depth including total organic carbon (TOC), nitrogen (Norg), sulphur, C/N ratio, δ13C, HI-OI indices, Tmax, smectite proportion in percentage of clay minerals, grain-size end-member analysis and 
the characterization of the total and lysis-resistant bacterial communities, based on 16S rRNA gene amplicon sequencing. Only the most abundant genera (>2% of the community in average or >5% in one sample) are shown. Constrained hierarchical clustering was performed using the 
chclust function based on Bray-Curtis dissimilarity and the Hellinger-transformed community table. For each community, only the OTUs with at least 100 sequences among all samples were kept. The standard deviation or the analytical error of the different analysis are less than or equal to 
the size of the symbol.  
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4.4.1. North Core 

The north core (NC) was retrieved in the middle of the northern basin in the estimated deepest 

part of that basin, and was 35.5 cm long. The core was sub-sampled in 11 samples and grouped in 

three sections (NC15 to NC23 from 21-32 cm; NC04 to NC14 from 4-19 cm; and NC02 at 1 cm). 

Slight differences raised from the different clustering analyses applied to the bacterial community 

composition (BCC). While both samples NC14 and NC04 were assigned to the 2nd group based on the 

visual characteristics, analysis of the BBC placed them in the 1st group (lower section) and the 3rd (upper 

section) respectively, for both communities (sample NC04x was missing; Figure 43). 

 

4.4.2. Center Core 

The center core (CC) was obtained near the mouth of the connecting channel, on the edge of the 

north basin, where water depth is lower. The core had a total length of 41 cm and was the longest of 

the cores obtained. 12 different sub-sampling were made, that were further grouped into four 

sections. The first section included samples CC20 to CC29 (26-39 cm). The second section included 

samples CC12 to CC17 (19-23 cm). The third section included samples CC08 to CC10 (11-14 cm), which 

showed numerous marmorisation traces in sample CC10. The fourth section included samples CC02 to 

CC05 (2-7 cm). 

Although the constrained clustering of the BCC was generally coherent with the visual and 

geochemical characterization of the sediments, some minor differences appeared. For both 

communities, sample CC05, assigned to the upper section based on visual characteristics, grouped with 

samples CC08 and CC10 (Figure 43). As well, sample CC20x clustered in the 2nd group (with CC12x to 

CC17x) based on the lysis-resistant community (no data for the total community), while it was assigned 

to the 1st group based on the visual characteristics. But this is probably due to the lack of data for the 

lower samples (CC29x to CC24x). A difference was also observed when comparing the cluster analyses 

of the total and lysis-resistant communities. For the lysis-resistant community, the main split in the 

clusters occurred between samples CC10x and CC12x. Although a change was also observed in the total 

community at this stage, it did not define two separate clusters between samples CC05 to CC14. 

 

4.4.3. South Core 

The south core (SC) was retrieved in the middle of the southern basin, close to the Chobe mouth 

and the Linyanti main channel (about 250 m), and was 34.3 cm. The core was subsampled in 15 samples 

that were further grouped in 2 sections. The first section includes samples SC17 to SC23 (25-33 cm). 

The second section includes samples SC01 to SC16 (0-23 cm). 

Constrained clustering of the BCC was coherent with the visual and geochemical characterization 

of the sediments, for both the total and lysis-resistant community. 

 

4.5. Discussion 

4.5.1. Applicability of using bacterial DNA for sediments: Bacterial Community 

Composition (BCC) changes as environmental tracer 

The results of the different sediment analysis methods used in the present study were compared 

to each other. The separation into different groups of samples according to the different methods is 

found to be similar for all the methods except three samples (NC04, NC14 and CC05). This is not an 

error for these three samples. These are transition samples that show a delay of one or another 

parameter relative to the others for reasons inherent to the site. The good concordance between 

changes in bacterial communities with regard to visual, sedimentary, mineralogical and geochemical 

parameters confirms the use of bacteria as an environmental tracer in sedimentary records. 

This demonstrates the applicability of using bacterial DNA (total and/or lysis-resistant) to identify 

changes and variability in the environmental conditions.  
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4.5.2. Hydrothermalism and Sulphur oxidation 

The clustering and PCoA analyses supported the fact that the main changes in the environmental 

conditions in Lake Liambezi were reflected in the bacterial community. However, to infer the specific 

drivers of this differentiation based on the analysis of the total BCC is not only difficult, but it can be 

highly speculative. Bacterial communities in the sediments appeared to be extremely diverse and 

complex (977-4766 OTUs and 214-633 genera per sample), making the interpretation of the results 

difficult (Wunderlin et al., 2014a). In most layers, taxa associated to various types of metabolisms 

(aerobic respiration, anaerobic respiration, fermentation) and environments (soil, freshwater, marsh, 

hot springs) were found. In addition, the taxonomic assignation of OTUs is limited at the best to the 

genus level, and some OTUs could only be classified to higher taxonomic level, which hinders the 

prediction of metabolic potential. Therefore, an alternative approach that consisted on the selection 

of specific metabolisms for the inference of environmental change was tested. The analysis of the BCC 

pointed towards two interesting phenomena, notably a very active sulphur cycle and potential 

hydrothermal activity in the area. 

A high relative abundance of sulphur-oxidizing bacteria was observed in most sediment layers 

(Figure 43A). Sulfuricurvum, Thiobacullus, Thiovirga were the most abundant genera, their proportions 

varying over time and across cores. In contrast, the relative abundance of sulphate reducers was much 

lower and a community of sulphate reducers was mainly seen in the lysis-resistant fraction (Figure 

43B). The higher relative abundance of sulphur oxidizers compared to sulphate reducers can be 

explained by the usual low content of sulphate in lacustrine environments compared to marine ones 

(Jin et al., 2017). Sulphate reduction is often considered to be a minor metabolism in lacustrine 

sediments, due to low availability of sulphate and organic matter. However, in eutrophic lakes the 

higher productivity and the rapid consumption of oxygen might favour this metabolism (Holmer & 

Storkholm, 2001). High abundance of Sulfuricurvum and Thiobacillus have already been reported in 

eutrophic lakes (Chen et al., 2015), and thus, similar conditions might have occurred in Lake Liambezi, 

at least periodically, due to an increase in ecosystem productivity. 

While sulphate-reducing bacteria showed a relatively constant abundance in the total 

community, their abundance pattern was highly variable in the lysis-resistant community. Notably, a 

sharp increase in sulphate reducers was observed in the section CC10x-CC03x of the Center Core. 

Similar increase are observable in the North Core in sample NC08x. This was characterized by a high 

abundance of Desulfosporosinus, Desulfurispora and Desulfotomaculum (Desulfurispora in the north 

core). The last two genera include thermophilic species (Kaksonen et al., 2007; Schleifer, 2009). 

Interestingly, this increase might be related to samples showing a potential intensive hydrothermal 

activity (see below). This might suggest a link between the supposed hydrothermal activity and the 

sulphur cycle. Detection of thermophilic sulphate-reducing bacteria has already been reported in hot 

sediments from a hydrothermal vent in a Lake Tanganyika, with the availability of sulphate being 

attributed to hydrothermal fluids (Elsgaard et al., 1994). However, an increase of sulphate-reducing 

organisms was not observed in the total community, which suggests that these organisms were 

deposited in an inactive state. The deposition of exogenous spores, originating from distant 

hydrothermal sources, could also partly explained the abundance patterns. However, such exogenous 

inputs could be expected to be more important in the proximity of an inflow, which is not the case 

here. 

The presence of a high proportion of thermophilic and moderately thermophilic bacteria (Figure 

43C) could be interpreted as a clue of hydrothermal activity. Alicyclobacillus, Thermoanaerobaculum, 

Thermobacillus, Acidothermus and Desulfurispora were among the most abundant taxa. The optimum 

growth temperatures for these groups ranged between 55 °C to 60 °C (Mohagheghi, Grohmann & 

Himmel, 1986; Kaksonen et al., 2007; Schleifer, 2009; Losey et al., 2013), except for Alicyclobacillus 

(35-65°C) (Schleifer, 2009). Interestingly, a previous study reported low temperature hydrothermal 
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activity in Kasane (about 100 km from the sampling site), with temperatures ranging from 25°C to 50°C 

(Mukwati et al., 2018). While the abundance of thermophilic bacteria in the lysis-resistant fraction 

could be attributed to hydrothermal activity occurring in the region and the transport and deposition 

of spores or lysis-resistant structures, the presence and high relative abundance of organisms with 

optimum temperature growth of 55-60 °C in the total fraction suggests hydrothermal activity as a 

relevant process happening in the lake. 

In summary, the availability of organic matter/hydrothermal activity could change over time and 

be a driver of community selection. Therefore, abundance patterns of sulphur-oxidizing, sulphate 

reducing, and thermophilic bacteria could be used as a proxy to strengthen the interpretation of 

ecosystem history. 
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Figure 43 Characterization of the (A) sulphur-oxidizing, (B) sulphate-reducing and (C) thermophilic populations from the total and lysis-resistant community in sediments from Lake Liambezi, based on 16S rRNA gene amplicon sequencing. Relative abundance of the 15 most abundant genera 
mean) is represented. 
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4.5.3. Importance of the climate facing the sites 

As Burrough (2007) highlights, due to complex channel-avulsing alluvial fan system, high stages 

cannot automatically be attributed to climatic variations within the catchment, as channel-switching 

may play a role in directing flow towards different sumps at different times. Thus, in order not to 

confuse climatic variation and sedimentary response, the location of the site, its connection with the 

system as well as its geomorphology will be decisive in order to interpret the sedimentary deposits. As 

described in Chapter 3, smectite appears to be climate related for the Linyanti-Chobe region. So, 

results show no correlation or anti-correlation between smectite and quantity of minerals typically 

linked to detritism in this system (Na-plagioclase, quartz, phyllosilicates, mica, chlorite and kaolinite 

(Chapter 3). This difference in the location and in the morphology of the site is also observed in the 

amplitude of certain signals. This is the case with smectite for the Center and North Cores. With a more 

marked response to climatic variations for the Center Core due to its location, the smectite variations 

shows a greater amplitude than for the North Core which shows a more stable environment in its 

drowning. The grain-size of a sample seems to be the result of several parameters linked to the 

geomorphology of the site as well as to the water availability of the site (Chapter 3). The water 

availability will depend on the altitude of the site and its position, on the connection to the tributaries 

but also on the climate. In fact, the use of grain-size in the reconstruction of the climatic evolution of 

a site is not simple. Such a reconstruction must be considered within the framework of a global paleo-

environmental reconstruction in a global and integrated approach which integrates a reconstruction 

as much morphological as climatic. Such an approach will make it possible not to over interpret the 

influence of one parameter or the other and above all, to understand all the challenges of a site. This 

work will be done in Chapter 6. Sediment show a total organic carbon measured at 1.7-13 % of the 

weight considered as mostly autochthonous. Organic carbon isotopic composition and organic matter 

quality (RockEval method) have been measured on bulk material; no picking has been made. Results 

showed a mixed origin dominated by aquatic plants and algae with a lesser contribution of terrestrial 

detritus. For the terrestrial plant contribution, both the C3 – and C4 – type of vegetation are 

contributing, but with a clear dominance of the C3 vegetation (Chapter 3). The contribution of C3 – type 

correspond with the presence of Phragmites australis described along the shores of Lake Liambezi 

(Seaman et al., 1978; Chapter 2). 

The geochemical composition gives tendencies of the dominant vegetation cover. The vegetal 

cover is considered as changing and adapting to environmental and climatic variations. Organic matter 

geochemical composition provides therefore a tool of major importance to interpret environmental 

and climatic evolutions. Figure 44 and Figure 45 demonstrated the changing composition of the organic 

matter reflecting environmental and climatic changes. According to the data, the impact of the 

environment type to the vegetation is however stronger than the impact of the climate to the 

vegetation. Changes in the type of environment observed in the data (Figure 44 and Figure 45) are 

recorded with a greater amplitude compared to climatic changes. The poor correspondence between 

smectite peaks and a major change in the type of environment reinforces this interpretation. 

Therefore, smectite trends only correlates with the minor changes in the organic matter geochemical 

composition. 

The relationship between the deposit environment and the climate is therefore not obvious. The 

type of environment (fens, marsh, open lake or dried up) is related to the water availability. This latter 

is linked to the climate, but even more to the connectivity of the site to the watershed. Vegetation 

type follows a similar trend with well developed Riparian forest (Chapter 2; Romanens et al., 2019; 

Vittoz et al., 2020). The organic matter amount and its geochemical values confirm the strong link 

between vegetation type and water availability in the direct vicinity (Chapter 2). Because of this link 

between morphology and vegetation, the link between climate and vegetation is not obvious. Major 

changes in organic matter geochemistry are following major environmental changes in the three 
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different sites (see following chapters). However, minor changes towards higher or lower isotopic 

values or C/N ratio (and in fact towards more C3 – or C4 – type or even algae if plotted like in Figure 45) 

occur in exact same samples than changes in smectite content (Figure 44). This link confirm the impact 

of the climate change on the vegetation geochemical values. 

SEM images have demonstrated framboidal pyrite (Chapter 3). Chapter 3 has assumed that its 

presence testifies of anoxic condition. The presence of framboidal pyrite is rather found in the horizons 

with good preservation of organic matter (NC04-02; CC17 and CC05; SC16-02). However, this is not an 

absolute truth. Other parameters are taken into account. The same is true for climate change. If the 

presence of framboidal pyrite can correspond to the wettest periods (NC04-02; CC17; SC16-01), it can 

also correspond to the establishment of the wetter climate (NC21, NC14 and NC06; SC21-20) or even 

show a delay in the wet period (CC05; SC18). Local differences explain this and will be described in the 

chapter devoted to the description of each core. 

 

 
Figure 44 Comparison of 13C and C/N ratio of the organic matter with smectite content of each core. The standard deviation 
or the analytical error of the different analysis are less than or equal to the size of the symbol. 

4.5.4. Cores interpretation 

4.5.4.1. North Core 

The geomorphologic location of North Core allows to show a very stable origin and evolution in 

organic matter geochemistry and quality with only slight changes. The location of the core, in the 

middle of the northern basin at its estimated deepest part, offers a protected deposit area to minor 

climatic changes. The sediment show a lake environment all along the core, with water level variability. 

The stability of the area is shown with the oxygen index in Figure 45 that stays stable all along the core. 

However, the two distinct groups of samples formed by the hydrogen index highlight a slight change 

between the lower samples (NC23 to NC15) and the upper part of the core (NC14 to NC02). A decrease 

of the hydrogen index with time is normal due to progressive degradation of organic matter. However, 

the two groups are very well spotted. It suggest a slight change in the preservation and origin of the 

deposited sediment. Dryer condition in lower core part would bring a more pronounced seasonality 

and lower lake level, favouring the degradation of the organic matter. This might also decrease the 

terrestrial input due to lower productivity.  
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4.5.4.1.1. Lower section (NC23-NC15) 

In the lower section of the North Core (NC23-NC15), the low accumulation of well degraded 

organic matter with an algal/lacustrine origin suggests lacustrine conditions, but with a low water level, 

favouring the degradation of organic matter. Due to a low water level, the Bukalo channel might have 

arrived closer to the coring site (compared to a more humid period) as shown by a higher proportion 

of sand in the grain-size. The end-member analyses demonstrate also an input of coarser grain 

compared to upper samples suggesting a low water level and an input from a river such the Bukalo 

Channel. The proportion of smectite in samples NC23 and NC15 supports a dry period interrupted by 

a more humid period (NC21-NC20). This short wet episode is also supported by the Tmax values of the 

NC20 sample. The move to a higher Tmax in this sample might reflect the higher resistance of siliceous 

algae to degradation (diatoms) and indicates higher lacustrine productivity. However, this humid 

episode does not seem to have a major impact on the origin/quality of organic matter nor the lake 

water level. Low accumulation of organic matter along the whole section of the core might also be the 

reflect of a low terrestrial productivity associated to the dry climate. 

Cluster analysis on the bacterial community placed sample NC14 in this section (for both the total 

and the lysis-resistant communities), while it belongs to the overlying section based on the visual 

characterization of the sediment and other analyses. The slow increase of the lake level and the 

progressive change of the physico-chemical conditions at the sediment-water interface might explain 

the delay in the response of the bacterial community to the climate change. While a change in the 

climate could rapidly impact the terrestrial productivity and subsequent accumulation of organic 

matter, the change in the water level and the physico-chemical conditions at the sediment-water 

interface might take a longer time to establish. 

In these samples, sulfur oxidizers were detected in high abundance (representing up to 20% in 

the total community), highlighting the important of the sulfur cycle. By contrast, sulfate-reducing 

bacteria were detected at low abundance, suggesting that the sulfide does not originate from sulfate 

reduction, but rather from the degradation of organic matter. The additional input of sulfide from 

hydrothermal sources is also plausible. Oxic conditions at the water-sediment interface associated to 

a dry period and low water column levels were supported by the presence of numerous aerobes, 

including: Sulfuricurvum, Comamonas/Comamonadaceae and Acidobacteria, Thiobacillus and 

Thiovirga. 

Despite the relative low impact in the total community of the wet period identified in NC21-NC20 

a change in the BCC, as illustrated by the clusterings and the shift in the population of sulfur oxidizers. 

While the samples NC23, NC15 and NC14 (corresponding to the driest periods) were dominated by 

Sulfuricurvum and Thiovirga, samples NC21 and NC20 (wetter period) were dominated by Thiobacillus. 

The large diversity of bacterial communities reflects good water stratification. This in fact reflects 

a sufficient height of water to develop the different types of bacteria and brings an additional element 

for the classification of a lake environment. The same statement is similar for the three sections of the 

core. 

 

4.5.4.1.2. Mid-section (NC14-NC04) 

The period covered by the samples NC14-NC4 saw the establishment of a more humid climate 

leading to the increase of the lake level, as suggested by the origin and quality of the organic matter. 

The accumulation of organic matter with a higher input of terrestrial material and better preservation 

is consistent with an increase in the terrestrial vegetation productivity and a decrease in the oxygen 

availability. The smaller grain-size compared to the preceding section also supports low energy 

conditions typical for a higher water stand. End-member analysis of grain-size suggests a progressive 

flooding from NC14 to NC04. The gradual change towards dominance of EM5 suggests an increasing 

water level. The smectite abundance shows more variability, with significant peaks in NC11 and NC04 
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interspersed by lower values in NC08 and NC06, indicating an alternation of humid and dry periods. 

However, this latter appears to have a lower incidence, since no major impact on the characteristics 

(origin and quality) of the organic matter was observed. 

During this period, thermophiles remain abundant, with abundances comparable to what was 

observed in the preceding period. The decrease of Alicyclobacillus (aerobic) in favor of 

Thermoanaerobaculum (anaerobic) notably (Schleifer, 2009; Losey et al., 2013), is one change pointing 

at a trend towards a more humid period. Similarly to the preceding section, bacteria from the sulfur 

cycle remain important in this section. Sulfur oxidation subsist a prevalent biological process for this 

section. Interestingly, Sulfuricurvum and Thiovirga disappear almost completely in favor of 

Thiobacillus. This supports the association of Sulfuricurvum to dry (and oxygen-rich) environments, and 

Thiobacillus to wet (oxygen-poor) environments. In addition, sulfate reducers increased in the lysis-

resistant fraction. This was characterized by increasing abundance of mainly Desulfurispora, a genus 

including the thermophilic species Desulfurispora thermophila (Kaksonen et al., 2007), possibly 

indicating hydrothermal activity as described above. 

 

4.5.4.1.3. Upper section (NC02) 

The upper section of the core, only represented by the sample NC02, corresponds to a period of 

dry climate. This can be seen with the decrease in smectite and the algal origin of organic matter 

suggesting a decrease of oranic productivity. However the dry period does not have an impact on the 

lake level which remain high. Organic matter is well preserved (with high Corg and HI), suggesting anoxic 

conditions to prevail. The grain-size, which continue to decrease, also support the persistence of a high 

water level. The end-member analysis confirms it with an upper section (which starts already with 

sample NC04 for the end-member analysis) where only EM5 subists. 

Bacterial community also support the establishment of persisting anoxic conditions, illustrated by 

the decrease of sulfur-oxidizing bacteria and the increase of Anaerolineaceae (in both fractions). 

Sulfate-reduction appeared to be slightly higher in this section of the core, supporting this 

interpretation. Thermophilic bacteria also decrease in the upper sediment, suggesting their abundance 

in the sediment is not the fact of the climate and high associated temperature, but might be the reflect 

of decreasing hydrothermal activity. These trends were already seen in sample NC04, which groups 

with sample NC02 in the cluster analysis, confirming that the bacterial community composition is the 

reflect of high lake level and perennial anoxic conditions, rather than induced by the dryer climate. 

 

4.5.4.2. Center Core 

Center Core is nowadays located on the edge of the north basin. The site offers a lower water 

depth than the other two sites. As a result, the site is more strongly subject to variations in water level 

and/or hydrological regime changes. This is reflected by a high variability in the stability of the organic 

matter in the core, compared to the other sampling sites (South and North Cores). The organic matter 

shows in particular a greater terrigenous origin than the two other cores, with a more marked C3-C4 

mixture towards the C4 type. So perhaps an influence of the more marked herbaceous compared to 

Phragmites australis (Chapter 2). Figure 45 presents the evolution through depth of the quality of 

organic matter and other parameters from which the climatic evolution is taken for this site. Four 

groups of samples emerge of this analysis. The site starts with the registration of marsh conditions for 

the lower section. A gradual and continuous drying leads the site to a fens environment for the second 

section, before total drying for section of samples CC10-CC08. CC08 provides a return to richer water 

conditions for the site and leads to the characterization of the last section of samples as marsh 

environment. 

An increase in barium content is observed from the CC12 sample. This increase was discussed in 

companion paper Chapter 3) and its origin is still discussed.  
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4.5.4.2.1. Lower section (CC29-CC20) 

The first section demonstrates a marsh nature with both terrestrial and lacustrine organic matter 

composition and a low organic matter preservation. It attests of a typical marsh environment with a 

seasonal flooding and maybe emersion but always under water saturated condition. Following the 

smectite profile, the deepest sample depicts the end of a humid period. All the upper samples of the 

section are considered as a dry period. It causes the site to gradually dry up. The end-member analysis 

for the grain-size suggests also a lacustro-palustrine environment varying in its richness in water, but 

without drastic change of environment. 

The biological interpretation of this section is only based on the total bacterial community 

(sequencing of the lysis-resistant community did not work). In this section the presence of a high 

proportion of thermophilic and moderately thermophilic bacteria (including Thermobacillus, 

Thermoanaerobaculum, Alicyclobacillus) could be interpreted as evidence of hydrothermal activity in 

the lake during the sedimentation period of this section. Contrary to most other layers with such 

observation, this hydrothermal event was not associated to the presence of sulfur-oxidizing bacteria. 

The latter were almost entirely absent in this section, suggesting that sulfide is not available for sulfur 

oxidation during this period. This can be the result of either low productivity and/or a rapid turnover 

of organic matter, favored by oxic conditions during this mostly dry, albeit water-logged period, thus 

favoring aerobic conditions in the water column and at the sediment-water interface. In addition, 

chemical oxidation of sulfide (Whitcomb, Delaune & Patrick, 1989; Luther et al., 2011) might limit its 

availability for biological sulfur-oxidation. 

 

4.5.4.2.2. Mid-section (CC17-CC12) 

The second group of samples shows a water level decrease with a water table that comes very 

close to the surface and a more marked seasonality. However, the immaturity of the organic matter 

composition (in RockEval analysis) is typical for anoxic environment and suggests a water-logged 

environment. The type of environment formed are fens with a higher organic carbon content and a 

better hydrogen index preservation. A similar current landscape is probably to be sought on the site of 

Chobe Seariver (Figure 39), described in Chapter 2. The following decrease in organic carbon content 

as well as a strong decrease in hydrogen index for the last sample of the group testifies of a rarefaction 

of the flowing water year around and a progression of the situation to a complete emersion. However, 

sample CC12 still receive enough of water to keep saturated water condition as the oxygen index 

shows. Indeed, oxygen index of the present sample does not show any change compared with the 

previous samples and proposes an environment saturated enough with water to keep its partly anoxic 

condition. This section corresponds to a dry climatic period, interrupted by a humid episode in sample 

CC17, as indicated by the smectite profile. This wetter episode is also found through the composition 

of organic matter which shows a greater proportion in the contribution of plants of terrestrial origin. 

However, that short humid period is not strong enough to slow down the drying up of the site. 

Oxic conditions at the water-sediment interface associated to a dry period and low water column 

levels were suggested by the presence of numerous aerobes and microaerophiles in the bacterial 

community, including: Sulfuricurvum, Comamonadaceae, Acidobacteria, Aeromonas, Acidovorax and 

Hydrogenophaga. Moreover, the decrease in strictly anaerobic organisms (Thermoanaerobaculum, 

Ignavibacteriales and Acidobacteria) suggests increasing oxygen availability. 

By contrast with the preceding section, sulfur oxidation appeared as a main biological process, 

with a sharp increase of sulfur-oxidizing bacteria (up to 20% in the total community). Similarly to what 

have been observed in the north core, the sulfide is supposed to originate from the degradation of 

organic matter and/or hydrothermalism, given the low abundance of sulfate-reducing bacteria. 

Despite a decrease, thermophilic bacteria remained abundant (3-4% of the total community). 
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The large dominance of Sulfuricurvum in the center core compared to the north core highlights 

the difference in the hydrological regime in both core locations, with lower lake level in the center 

area, as shown by the geochemical data as well. This supports the association of Sulfuricurvum to dry 

(and oxygen-rich) environments, and Thiobacillus to wet (oxygen-poor) environments.  

 

4.5.4.2.3. CC10-CC08 

The horizon CC10 reveals the apogee of the drying out in progress in the preceding sections. It 

shows a total emersion of the site with marmorisation traces, important oxidation of the organic 

matter, bad preservation of organic carbon and a fall in the C/N ratio. Despite the radical change in the 

preservation of organic matter, the nature of the sediments does not change (same components as 

the other sections) and reveals a probable seasonal flooding of the site. The wet period which covers 

the CC08 sample allows a gradual re-flooding of the site and a return to better preservation of organic 

matter. The brutal shift in the grain-size to an important sand proportion during the setting up of that 

humid period demonstrates also a return to a greater impact of the seasonal floods for the site. The 

site is however sufficiently emerged to show significant similarities with the CC10 sample. The end-

member analysis is missing for these two samples. The quality of the data is the cause. However, this 

poor quality confirms that a major environmental event is taking place at this location and time. 

During this period, bacteria from the sulfur cycle remain important, but in contrast to the previous 

section, sulfate-reducing organisms were slightly more abundant in the total community. 

Thermophiles also remained abundant in this section, with abundances comparable to what was 

observed in the preceding period, (and suggesting continuity of the hydrothermal activity). Maximum 

Ba level was reached in CC05, corresponding to an equally sharp increase in sulfate-reducing bacteria 

in the lysis-resistant fraction. This was characterized by increasing abundance of Desulfosporosinus, 

and the potentially thermophilic genera Desulfurispora and Desulfotomaculum (Kaksonen et al., 2007; 

Schleifer, 2009). The high abundance of thermophilic sulfate-reducing bacteria might be seen as a clue 

of intensive hydrothermal activity at that time. 

Surprisingly, no evidence for the development of a soil (or at least the emersion of the sediment) 

in sample CC10 was reflected in the BCC, while we could expect a major change in the BCC due to the 

drastic change in the environmental conditions. BCC from samples CC10, CC08 and CC05 is similar to 

the community identify in the preceding section, in that sense that neither cluster analysis, PCoA, nor 

Permanova detected a significant change in the community. Likewise, the transition to a more humid 

period and a return to dry conditions was not reflected, samples CC05 to CC10 being grouped together. 

This could be due to both the slow flooding of the lake and the colonization of the sediment after 

flooding. Although a transition to a humid period was recorded in CC08, the system has been flooded 

gradually and it is likely that the sediments were periodically re-emerged and the lake level remained 

low even during wet season. In addition, the flooding of the sediment probably induced a change in 

the community within the sediment, overlaying the signal of the community hosting the sediment 

during the emersion period. Sediment in situ activity may impact layers representing extended period. 

This could explain that, neither the hydrological variations, nor a main change in the community in 

sample CC10, were reflected in the BCC. 

 

4.5.4.2.4. Upper section (CC05-CC02) 

The upper part of the central core shows a return to marsh conditions similar to the first section. 

There is a return to richer water conditions for the site and a more constant flooding. In fact, better 

preservation of organic matter with characteristics similar to the samples of the first section. The end-

member analysis of grain-size confirms this return to condition richer in water as well. A last shift to 

dryer conditions is seen with the last sample of the core (CC02). The smectite profile presents a dry 

period cut by a humid period for sample CC03. 
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Similarly to the preceding sections, the predominance of sulfur-oxidizing bacteria indicated an 

active sulfur cycle. As observed in the previous sections, sulfate-reducing bacteria were detected at 

low abundance, suggesting that sulfide originates from the degradation of organic matter and/or 

hydrothermal activity. The high abundance of Sulfuricurvum testimonies of a non-entirely lacustrine 

(but marsh) environment, which is in accordance with the geochemical analyses. However, presence 

of other sulfur-oxidizers, such as Thiobacillus, suggests more humid conditions compared to the 

preceding period. (In addition, the presence of Halothiobacillus and Thiofaba, both halotolerant, 

suggest an increase input of salt, although this was not measured.) The combined presence of 

numerous thermophilic and sulfur-oxidizing bacteria suggest hydrothermal events. 

 

4.5.4.3. South Core 

South Core show a progressive change from marsh conditions to a lake environment. The 

transition appears between samples SC18 to sample SC12 with the sample SC16 as transition sample. 

It is shown in the Figure 45 with the geochemistry of the organic matter. In the organic matter 

geochemistry and in the quality of it, it is transcribed with a higher C4 composition in lower samples 

that suggest a stronger input of terrestrial organic matter and its better preservation. The lower 

amount in organic carbon content (TOC) supports this description. More humid condition allow then 

in upper samples to preserve more organic carbon due to less oxygenation of the sediment and to 

show a stronger lacustrine geochemistry composition. The good preservation of terrestrial organic 

matter in lower horizons is due to the proximity of the shore and of the Linyanti mouth to the present 

site. 

The quality of organic matter in Figure 45 shows the change with a delay comparing to the 

geochemistry with the change occurring only in SC10. Similarly to what was observed in the north core, 

this could be explained by the time needed to increase the lake level following the beginning of the 

humid period. The vegetation might react more rapidly. 

 

4.5.4.3.1. Lower section (SC23-SC17) 

Horizons SC23 to SC17 show a mix in the origin of the organic matter, with terrestrial input and a 

local algae production (see Chapter 3 to get an explanation about the interpretation of a local organic 

matter production). The high Tmax might reflect the contribution of siliceous algae. Grain-size, with high 

proportion of sand, indicates a high energy aquatic system that might correspond to a marsh 

environment with running water (low water level with a river mouth that get always closer to the core 

site or river with more and more energy). The end-member composition confirms this status of marsh 

environment with the presence of ponds. It confirms the evolution to an environment richer in water 

and with an increasing level of water towards the upper samples of this section. However, this 

transition is progressive and not strong. The low accumulation of the organic matter and high oxidation 

compared to the overlying samples also support a low water level, favouring the degradation of organic 

matter. This section of the core corresponds to a dry period, as indicated by the smectite profile. The 

brief humid episode recorded in sample SC19 appears to be not strong or long enough to affect the 

type of environment (and sediment deposit) recorded in the core. However, it appears that it marks 

the transition to a lake regime, as indicated by the increasing Corg. The following samples show then a 

transition from marsh to lake environment (SC18-SC12). The transition sample is SC16. 

The predominance of sulfur-oxidizing bacteria indicated an active sulfur cycle. Sulfate-reducing 

bacteria were detected at low abundance, suggesting that sulfide originates from the degradation of 

organic matter and/or hydrothermal activity. The presence of Sulfuricurvum testimonies of a non-

entirely lacustrine environment, which is in accordance with the geochemical analyses. This is 

contradictory with the most relevant sulfur oxidizer, Thiobacillus, which elsewhere is linked to wetter 
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conditions. This conflict is an additional demonstration of the importance of the morphology of the 

site as well as the climate cycles with high seasonality variations. 

 

4.5.4.3.2. Upper section (SC16-SC01) 

In the upper section of the core, the shift to lacustrine condition is reflected by the accumulation 

of organic matter and lower oxidation, due to the increasing water level. A decreasing proportion of 

terrestrial material and a Tmax reflecting a higher contribution of siliceous algae propose a higher 

autochthonous production of organic matter. Thus, a slight change in the organic matter composition 

and a decrease of the water energy complement the explanation of a change in the type of deposits. 

The smectite also shows a general increase from sample SC16, indicating a humid period. The end-

member analysis for grain-size shows two separate periods. A first change in the proportion of the two 

end-members present in this core takes place after sample SC17. SC16 marks a decrease in EM3 and 

an increase in EM5. This proportion remains fairly stable despite a weak trend towards always more 

EM5 towards SC08. A second sharper transition takes place between SC08 and SC06 with the same 

tendency. This evolution towards a domination of EM5 for the upper part of the South Core suggests 

a progressive flooding with however two more marked phases which take place at the transitions 

highlighted with the end-members of the grain-size distribution. 

Sulfur-oxidizing bacteria disappeared almost completely during this period, indicating that the 

sulfur cycle might be extremely limited. The disappearance of sulfur and iron-oxidizing bacteria in favor 

of fermentative bacteria (Anaerolinaceae) and the slight increase of sulfate-reducing bacteria in the 

total community suggests the establishment of persistent anoxic conditions, which is consistent with 

the description based on geochemical measurements. This is confirmed by the increase in pyrite 

(Chapter 3). Interestingly, sulfate-reducing bacteria slightly increased in the upper section of the south 

core, while they decrease in the lysis-resistant fraction. The hypothesis in this case is that persistent 

anoxic conditions and the availability of substrates for sulfate reduction might prevail when the water 

level is high (Holmer 2001). On the contrary, when lake water levels are low, the upper sediment is 

regularly oxygenated and sulfate reduction is sporadic, leading to sporulation/germination in response 

to the change in oxygen and substrate availability. In this case, sulfate-reducing bacteria might be 

better detected in the lysis-resistant fraction. That was illustrated in the center core during the period 

of emersion/reflooding, which showed the abundance of sulfate-reducing bacteria increase drastically. 

 



Cross correlation of bacterial communities and geological proxies 

118 

 
Figure 45 Characterization of the organic matter. On the left, graphics defining the origin of the organic matter, based on δ13C 
and C/N ratio for samples from the north core, center core, and south core. On the right, graphics describing the quality of the 
organic matter, based on the Hydrogen Index (HI) and the Oxygen Index (OI) from the Rock Eval analysis for samples from the 
North Core, Center Core, and South Core. The HI-OI graphs integrate the variables of the pseudo-van Krevelen diagram 
presented in Chapter 3. 
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4.6. Conclusion 

Regarding the importance of bacteria in aquatic ecosystems, its use in paleolimnology is highly 

relevant. The accumulative mass of bacteria in most of lakes (in water column and sediment) is 

considerable (Mrozik, Nowak & Piotrowska-Seget, 2014). Bacteria are usually able to colonize every 

available habitat (Nealson, 1997) and to show a response to environmental changes (Chen et al. 2015 

and references therein). Therefore, studies on the bacterial communities change over time might 

provide valuable information about the evolution of environmental conditions and about the resilience 

of the ecosystem. Results of the present study are very encouraging in this sense. The applicability of 

using bacterial DNA (total and/or lysis-resistant) to identify changes and variability in the 

environmental conditions of Lake Liambezi was successful. The method showed coherent changes in 

the total and lysis-resistant bacterial communities with other geological proxies. Moreover, it 

highlighted specific biological processes such as biological-mediated sulphur cycling and potential 

hydrothermal activity. This demonstrates the relevance of the use of this method as well as its 

applicability in multidisciplinary approach. 

The pooling of the results obtained with each method of this multidisciplinary study (Chapter 3 

and present chapter) did permit to give a specific story and evolution for each of the three sites. The 

evolution of each site is strongly related to the location of the site with its geomorphology and its 

response to the climatic evolution. The climatic evolution is definitely reflected in the organic matter 

record and reflect a vegetation response and evolution to it. It is also reflected in the bacteria 

communities. However, the major evolution observed in both, bacterial communities and mineralogy-

geochemistry of the sediments, demonstrate rather the complex association between the morphology 

of the site (its location) and the climate evolution. 
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4.8. Supplementary material 

4.8.1. Detailed description of the cores 

4.8.1.1. North Core 

4.8.1.1.1. Sedimentology and texture 

The first group included samples NC15 to NC23 (21-32 cm). Sediments showed a diffuse shiny 

black lamination, with a clayey texture in very compact aggregates. The structure was compact, with 

plasticity, sticky and poorly friable. The sediment had a strong smell of organic matter and plant macro-

debris were absent (which was also the case in the other sections). The second group included samples 

NC04 to NC14 (4-19 cm). Like the preceding group, sediments showed a diffuse shiny black lamination 

and a clayey texture in very compact aggregates. In contrast to the preceding group, the structure is 

different. It showed a loose structure with no plasticity, was not sticky but friable. The smell of organic 

matter was less marked. The third group included only sample NC02 (1 cm). This horizon showed a 

diffuse shiny black lamination as well. Texture was fine clayey. Its structure is loose with a high 

plasticity, was sticky and friable. 

 

4.8.1.1.2. Geochemistry 

In the lower section of the core (NC23-NC15), sediments were characterized by low organic 

carbon (Corg) and nitrogen (Norg), high C/N ratio, mid δ13C, mid OI, low HI, and higher proportion of sand 

in the grain-size. The end-member analysis also demonstrates an important part of EM2 as well as the 

presence of EM4 in this first section, which is not the case for other sections of the three cores. These 

two end-members show a coarse fraction in upper quantity compared to other end-members found 

in the three cores. The characterization of the organic matter based on C/N ratio and δ13C indicates a 

lacustrine origin of the organic matter. The quality of the organic matter, based on the HI-OI indices 

from the Rock Eval analysis, suggests better oxidation of the organic matter compared to the overlying 

sections. In addition, the low Corg also suggest higher degradation of the organic matter. The following 

section of the core (NC14-NC04) brings a change in the deposits. The sharp increase in organic carbon 

and the shift in the quality of the organic matter suggests an accumulation and a better preservation 

of the organic matter. The grain-size decreases in size supposing lower energy conditions. The change 

in end-member analysis is also going to a gradual change to higher rate of EM5. The shift to the 

following section was already observed in sample NC04, which exhibits intermediate characteristics, 

illustrating a gradual rather than an abrupt change in the environmental conditions. In the upper 

section (sample NC02), Corg remains relatively constant, while C/N ratio and δ13C sharply decrease, and 

Norg, OI, HI and Tmax slightly increase. This indicates low oxidation of the organic matter and a decrease 

of the terrestrial organic matter input. Concerning the end-member analysis, only EM5 remains. 

 

4.8.1.1.3. Microbiology 

In the lower section (NC23-NC14), the total community was mainly composed of 

Comamonas/Comamonadaceae, BSV26 (Ignavibacteriales), Acidobacteria, Betaproteobacteria, 

Chloroflexi, Thiovirga and Sulfuricurvum. The five last taxa were also identified as representatives of 

this section by the SIMPER analysis. The 2nd section (NC11-NC06) saw an Increase in Acidovorax, 

Thiobacillus, Comamonas, Hydrogenophaga, Pseudarcicella, as indicated by Simper analysis. Other 

abundant taxa were Novosphingobium, Comamonadaceae, BSV26 (Ignavibacteriales). The section was 

also marked by the almost disappearance of Sulfuricurvum, Thiovirga, and Alicyclobacillus. The total 

community of the upper most section of the core (NC04 and NC02) was characterized by an increase 

in organisms associated to the superphylum Parcubacteria, and the orders Burkholderiales and 

Xanthomonadales. Most abundant taxa also included representatives of Anaerolinaceae, 

Ignavibacteriales (BSV26), Betaproteobacteria, Chloroflexi, and Bacteroidetes. A sharp decrease in 

Thiobacillus was also noted (disappearing in sample NC02).  
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In the lower section of the core (NC23x-NC14x), the lysis-resistant community appeared to be 

dominated by Arthrobacter, which could represent almost 50% of the community. Other abundant 

taxa were Clostridia, and Alicyclobacillus, while SIMPER analysis identified Acidimicrobiales as an 

indicator of this core section. The middle section (NC1x1-NC06x) saw the decrease of Arthrobacter 

compared to the preceding dry period, notably in samples NC06x and NC08x. The section was also 

characterized by Comamonas, Hydrogenophaga and other Comamonadaceae, Acidovorax, 

Novosphyngobium, DA111 (Rhodospirillales), Thiobacillus, Desulfurispora and Alicyclobacillus, as 

indicated by their relative abundance and the SIMPER analysis. In the upper section (represented only 

by NC02x since NC04x was missing), an increase in Clostridium/Clostridiacae, Peptostreptococcaceae 

and Anaerolinaceae, and a decrease in Alicyclobacillus was observed. Bacillus and Chloroflexi were also 

among the most abundant taxa. 

 

4.8.1.2. Center Core 

4.8.1.2.1. Sedimentology and texture 

The first group includes samples CC20 to CC29 (26-39 cm). The sediments were very fine-

laminated, with a diffuse horizontal orientation, and a matte black colour. Texture was clayey in fine 

lamination and the structure was very compact, with no plasticity. Sediments were not sticky and 

cohesive. Organic matter smell was light. No macro-debris of plants were observed. The second group 

includes samples CC12 to CC17 (19-23 cm). Except a change in colour from matte black to matte brown, 

observations were similar to the preceding section. Only sample CC12 showed a more complex 

orientation of the lamination. The third group includes samples CC08 to CC10 (11-14 cm). These 

horizons showed a heterogeneous sloping lamination, clearly marked with the overlaying horizons. 

Their colour was grey to beige with numerous marmorisation traces in sample CC10. The texture was 

clayey. The structure was compact, and showed plasticity. Sediments were sticky and friable. No smell 

and macro-debris of plants were noted. The fourth group includes samples CC02 to CC05 (2-7 cm). 

These horizons showed a clear horizontal lamination, with matte black colour. The texture was clayey, 

in aggregates. The sediments had a loose structure, very friable, and were slightly plastic and sticky. 

Organic matter smell was strong and macro-debris of plants were absent. 

 

4.8.1.2.2. Geochemistry 

Sediments from the lower section of the core (CC20-CC29) were characterized by low Corg and Norg 

content, variable C/N ratio, high δ13C, and low HI and OI and a high Tmax. Characterization of the organic 

matter indicates a mixed origin (terrestrial and lacustrine). The quality of the organic matter, with low 

OI and HI, might testify of this mixed origin, and relative low oxidation. The high Tmax testifies of an 

important part of diatoms (Siliceous skeleton difficult to “crack” to extract the composition of the 

organic matter composing the diatom. And in fact, the operation requires a higher temperature.). 

However, low Corg accumulation and low HI suggest a high degradation of organic matter. The end-

member analysis of the grain-size shows variations between proportion of EM3 and EM5 for the entire 

core, with an exception for CC10and CC08 where no results have been obtained due to the quality of 

the data. Samples from the 2nd section of the core (CC17-CC12) showed high variability in their 

geochemical and sedimentological characteristics, although they were grouped together based on 

their visual characteristics. In samples CC17 and CC14, increasing Corg attests the accumulation of 

organic matter, reaching its maximum in CC14. The characterization of the organic matter 

demonstrated a higher contribution of terrestrial organic matter and its better preservation (increasing 

HI and Corg). Grain-size showed an increase in sand proportion, reflecting a higher water energy. The 

trend was inverted in the following sample CC12, suggesting a return to the preceding environmental 

settings. In the 3rd section (CC08 and CC10), the trend already observed in sample CC12 continued, 

with a decrease in Corg and Norg, C/N ratio, δ13C and HI, and an increase of OI. Important oxidation of 
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the organic matter, as illustrated by the HI and OI, and low accumulation of Corg supports the periodic 

emersion suggested by marmorisation traces in sample CC10. The origin of the organic matter 

indicates a diminution of terrestrial contribution. Increase in the grain-size attested high energy in 

water flow, reflecting the seasonal flooding. Sadly, the end-member analysis is not able to confirm it 

or to bring additional information as no measurements were made due to the quality of the data. The 

absence of marmorisation traces in sample CC08 suggests a water-logged environment, indicating a 

gradual re-flooding of the sediment. C/N ratio shows a terrestrial organic matter input again but 

organic matter is less and less oxidized as well as its preservation is better again. The smectite quantity 

shows a strong increase. A brutal shift in the grain-size to an important sand proportion during the 

setting up of that humid period demonstrates a return to a greater impact of seasonal floods for the 

site. In the upper section of the core (CC02-CC05), a sharp increase in Corg and Norg , C/N ratio and δ13C, 

combined to a slight increase of HI and a sharp decrease of OI was observed. Characterization of the 

organic matter indicated its mixed origin, with an increasing contribution of terrestrial material, and 

low oxidation. Progressive accumulation of Corg indicated a better preservation and/or higher 

productivity. This suggests higher water inputs compared to the preceding section. The decrease in 

sand proportion also support an increasing lake level, leading to decreasing energy of water flow. 

 

4.8.1.2.3. Microbiology 

In the first section of the core (CC29-CC24), sediments exhibited high relative abundance of OTUs 

associated to thermophilic organisms including Thermobacillus, Thermoanaerobaculum, 

Alicyclobacillus. All these organisms have been previously isolated from hot springs or geothermal 

areas (Schleifer, 2009; Losey et al., 2013; Kim et al., 2014; Sahay et al., 2017). Ignavibacteriales and 

Acidobacteria appeared to be characteristic of this core section, as indicated by SIMPER analysis, and 

a genus belonging to the class Dehalococcoidia was among the most abundant genera. The second 

section (represented only by CC14 and CC12) was dominated by Sulfuricurvum. We also observed a 

decrease in thermophilic and strictly anaerobic organisms compared to the preceding period 

(Thermobacillus, Thermoanaerobaculum, Alicyclobacillus, Ignavibacteriales) and an increase in aerobic 

(Comamonadaceae), microaerobic (Sulfuricurvum, Hydrogenphaga) and facultative aerobic organisms 

(Aeromonas). In the third section, (CC10-CC05), the total community was similar to the preceding 

section, as indicated by the clustering analysis. However, a slight increase of Acidovorax and decrease 

of Comamonadaceae was observed. In the upper section (CC03 and CC02), similarly to the previous 

period, the total community was characterized by a high relative abundance of Sulfuricurvum, but also 

by the presence of other sulfur-oxidizers (Halothiobacillus, Thiobacillus, Thiofaba, Alicyclobacillus). 

Representatives from the Comamonadaceae, Anaerolineaceae, and Nitrospiraceae/Nitrospirales, 

microaerophilic, fermentative, and nitrifying (aerobic) bacteria respectively, were also among the most 

abundant taxa. 

No data were obtained for lysis-resistant community for CC29 to CC24 (first section). In the 

second section (CC20x-CC12x), Acidimicrobiales, Clostridia, Comamonadaceae, Hydrogenophaga, 

Aeromonas, and JG37-AG-4 (Chloroflexi) were the main components of the community as indicated by 

their high relative abundance and SIMPER analysis. The following section (CC10x-CC05x) was 

characterized by an increase in Bacillus, Gallionellaceae, Peptococcaceae, and an unclassified 

Firmicutes (class OPB54), according to SIMPER analysis. The upper section was characterized by a wide 

domination of Arthrobacter and Bacillus, commonly found in soils, as well as the presence of several 

thermo-acidophilic bacteria, including Alicyclobacillus, Sulfobacillus, Acidothermus and 

Pullulanibacillus, previously found in hot springs and/or acid mine drainage (Mohagheghi, Grohmann 

& Himmel, 1986; Schleifer, 2009; Pereira et al., 2013; Méndez-García et al., 2015). The sulfur oxidizer 

Desulfosporosinus was also present in high abundance in sample CC03x.  
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4.8.1.3. South Core 

4.8.1.3.1. Sedimentology and texture 

The first group includes samples SC17 to SC23 (25-33 cm). These horizons showed a diffuse, dark 

brown, shiny horizontal lamination. The texture was clayey. The sediments were very compact and 

showed great plasticity. There were non-sticky but cohesive. Strong smell of organic matter and 

presence of macro-debris of plants were noted. The second group includes samples SC01 to SC16 (0-

23 cm). These horizons showed a clear horizontal lamination, of shiny black colour. The texture was 

clayey in fine lamination. The sediments were very compact and showed great plasticity. They were 

sticky, slightly friable, and emitted a strong smell of organic matter. No macro-debris of plants were 

observed. 

 

4.8.1.3.2. Geochemistry 

In the lower section of the core (SC23-SC17), sediments showed relative constant characteristics 

from sample SC23 to SC19, followed by a progressive change in samples SC18 and SC17. Samples SC23 

to SC19 showed low Corg and Norg, and high C/N ratio and δ13C. Characterization of the organic matter 

based on C/N ratio and δ13C demonstrated a mix between a terrestrial input and a local algae 

production. Quality of the organic matter, as shown by the RockEval analysis, revealed high OI and 

Tmax, and low HI, and testified of a higher oxidation compared to the overlying samples. The higher 

proportion of sand in these samples suggests a higher water energy. The end-member analysis is 

suggesting a similar trend, showing an environment changing progressively from pond to lake. An 

increase in both Corg and HI in samples SC17 and SC18 indicated accumulation and preservation of 

organic matter. The origin and quality of the organic matter did not show a significant change, except 

a decrease of Tmax. In upper section of the core (SC16-SC01), the trends observed in the previous 

samples SC18 and SC17 were more pronounced. Corg, Norg and δ13C fixed to high and low values 

respectively, while C/N ratio decreased progressively. RockEval analysis showed irregular decrease of 

OI and increase of HI and Tmax. High Corg indicated a higher accumulation of organic matter. Its 

characterization revealed a shift in its origin and quality. Mainly from lacustrine origin, as indicated by 

the relation between C/N ratio and δ13C, as well as the increasing Tmax, the organic matter showed a 

low degree of degradation (high HI and low OI), which is consistent with the increasing Corg 

accumulation. In addition, the decreasing grain-size indicates decreasing water energy. The end-

member analyses confirms it as well with an environment evolving up to a well-developed lacustrine 

environment. 

 

4.8.1.3.3. Microbiology 

Total community in the lower section of the core (SC17-SC22) was highly dominated by 

Thiobacillus and to a lesser extent Sulfuricurvum (sulfur-oxidizing bacteria; Kodama and Watanabe 

2004; Sievers and Swings 2005), which can represent almost 40% of the community in lower samples. 

Other abundant and representatives genera were Bacillus (aerobe or facultative anaerobe) (Schleifer, 

2009), and genera belonging to the family Anaerolinaceae (fermenter) (Yamada et al., 2006), 

Gallionellaceae (iron-oxidizer) (Sievers & Swings, 2005), Gemmatimonadaceae and 

Commamomonadaceae (both aerobes) (Sievers & Swings, 2005; Krieg et al., 2010). In the upper section 

of the core (SC01-SC16), an unclassified Anaerolinaceae was the most abundant genus. Bacillus was 

also among the most abundant taxa, although its relative abundance decreased compared to the 

preceding period. The total community was also characterized by an increase in Xanthomonadales, 

Burkholderiales and Nitrospiraceae/Nitrospirales (4-29_unclassified) abundance. Sulfur- and iron-

oxidizing bacteria (Thiobacillus, Sulfuricurvum Gallionellaceae) were well detected in the first two 

samples of the section (SC16 and SC12) and decreased in the top of the core. Community appeared to 
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be extremely diverse, with ~75% of the community being composed of genera accounting for less than 

2% of the whole community in average, or 5% in maximum. 

Regarding the lysis-resistant community, the lower section of the core was characterized by a 

high relative abundance of Thiobacillus, Bacillus and Fictibacillus, with high variations between 

samples. Gaiellales, Gemmatimonas/Gemmatimonadaceae and Alicyclobacillus were also among the 

most abundant taxa, although the latter decrease along the section. Although sample SC23x belong to 

the same cluster, it exhibited a particular community, composed of Alicyclobacillus, Pelotomaculum 

(anaerobic, termite guts and anaerobic sludge), Fonticella (hot springs) and Bacillus as main 

representatives. In the upper section (SC01x-SC16x), the lysis-resistant community was characterized 

by a sharp increase in Clostridium/Clostridiaceae, Peptostreptococcaceae, Coriobacteriaceae, all 

associated to mammal microbiome (Lozupone et al., 2012; Clavel, Lepage & Charrier, 2014; Browne et 

al., 2016). Likewise, Comamonadaceae and an unidentified Chloroflexi (KD4-96_unclassified) showed 

to increase. Gaiellales and Anaerolinaceae were also identified among the most abundant taxa. We 

also observed the decrease Alicyclobacillus. 
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5.1. Abstract 

The north Botswana region is composed of a complex network of rivers and waterbodies 

controlled by tectonic faults. If the endorheic drainage system of the Okavango Delta has been well 

studied and described, the neighbouring endorheic drainage system of Lake Liambezi remains poorly 

investigated. As part of a multidisciplinary study, the paleoenvironmental and -ecological evolution 

of Lake Liambezi has been studied through a number of sediment cores. These cores have been 

sampled and examined  for their overall geochemical, mineralogical and microbiological composition. 

Results and interpretations are to be found in companion papers. 

In order to provide the environmental evolution for each sedimentary core it is critical to 

develop a chronological model. Thus, the aim of the present work is to date the cores and to get a 

time frame for the environmental history of the lake reconstructed throughout different proxies. In 

regards to the sediments, we have examined the 14C-compositions of a number of samples. However, 

dating with radiometric methods on sedimentary components is challenging at least. Sixteen samples 

were measured for their 14C-activity and only nine were considered plausible and were retained. 

Additional methods had to be used to complete the gaps. Mineralogical and the geochemical data 

indicate that the sediments are not heavily bioturbated and thus allowing to use other correlation 

dating methods. Companion papers have presented smectite as a climate related neo-formed clay. 

Smectite content has thus been used to correlate the three cores together. Analogously, the novel 

analysis of the bacterial community composition (BCC) revealed the possibility of using it to reinforce 

and validate the correlation between the three cores. This exercise has been repeated using different 

approach. The age determined following this multidisciplinary approach  give an age of 1618 to 51 

years BP for the North Core, 5424 to 420 years BP for the Central Core, and from 950 to 0 years BP 

for the South Core. The average vertical accretion rate deduced from the obtained age runs from 1 

cm/30 years for the South Core to 1 cm/115 years for the Center Core. 

The time periods covered by each core are slightly staggered and covering sometimes slightly 

different periods of sedimentation. This is most probably the result of tectonic movements along the 

faults within this region. The obtained age will allow thus paleo-environmental interpretations for the 
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lakes evolution and therefore to give the possibility to date potential tectonic movements affecting the 

lake. 

 

5.2. Introduction 

As part of a multidisciplinary study on the paleoenvironmental and -ecological evolution of the 

Lake Liambezi drainage system, a number of sediment cores have been sampled and examined for 

their overall geochemical and also microbiological composition. This drainage system is similar to that 

of the more well-known Okavango Delta system that it is also an endorheic drainage system although 

at present it is only seasonally flooded. Under different climatic conditions in the past, however, the 

Lake Liambezi system may have been similar to the present-day Okavango system. A better 

understanding of the past conditions in this fragile and evolving system hence not only is of local 

importance but may also serve as an example of what could be the future of the adjacent Okavango 

System, given further climatic and environmental changes. 

Compared to the Okavango Delta, Lake Liambezi has been less studied. The first limnological 

description of Lake Liambezi was published in 1978 by Seaman. His study was subsequently taken up 

by different authors but with a focus on the populations of fish within the lake (e.g., Tweddle et al., 

2011; Mutelo, Murwira & Kileshye-Onema, 2013; Peel et al., 2015). Their studies highlight the 

importance of the lake for the surrounding villages and communities of farmers and fishermen as a 

major resource of freshwater and fish, even under today’s conditions of seasonal flooding only. 

As outlined in Haddon & McCarthy (2005) northern Botswana represents a complex drainage 

system, whose evolution has been controlled by tectonism and faulting. Given the overall flat 

topography of the region, minor changes in tectonism and faulting may result in substantial changes 

in the morphology and hence the drainage pattern of the system as demonstrated by Burrough and 

Thomas (2008). In order to place the ongoing paleoecological studies into a time frame that can be 

used for paleo-environmental interpretations, we have radiocarbon dated three different short 

sediment cores from Lake Liambezi. As expected in a sedimentary system with low sedimentation rates 

dating with  radiometric methods on sedimentary components is challenging at least. This is because 

such sediments are prone to post-depositional bioturbation related to the seasonal flooding, as well 

as variable past and present lake level stands due to tectonic/faulting activity in the drainage basin. 

Here, the results obtained from 14C dating are combined with the correlation of datasets described in 

two companion papers focusing on sedimentological and microbiological approaches to help 

characterize relative changes in environmental conditions over the past several thousands of years. 

This is important in order to bring a temporal aspect to the paleoenvironmental evaluations in this 

ecologically very fragile  region and is necessary for estimates of both future and past impacts on these 

systems in central- northern Botswana, a region also considered as the cradle of mankind (Cavaillé-Fol, 

2020). 

 

5.3. Material and methods 

5.3.1. Regional settings and lake description 

Lake Liambezi is located in Namibia, at the eastern side of the Caprivi Strip. The lake is part of a 

complex drainage system that includes the Kwando and Zambezi rivers. Its Southern shore makes up 

the border between Namibia and Botswana. It receives water from the Chobe River (a tributary of 

Zambezi River, deviated due to the Chobe Fault (Haddon and McCarthy, 2005)), Bukalo Channel (a 

seasonal tributary of Zambezi River), and Linyanti River (or Swamps, natural deviation of Kwando River 

due to the Linyanti Fault (Haddon and McCarthy, 2005)), as well as rain and local runoff waters (Figure 

46). 
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Figure 46 Modified from Peel, 2015. A. General map of the region with the three main river systems: Okavango, Kwando and 
Zambezi; B. General map of grouped systems Kwando and Zambezi rivers. Kwando River comes out Angola and turns into 
Linyanti River after its terrestrial delta joins a tectonic fault along the Namibia and Botswana border. It finishes its course into 
Lake Liambezi mostly into percolating water in Linyanti swamps. Zambezi River coming down Zambia flows into Lake Liambezi 
through the Bukalo channel and the Chobe River (Haddon and McCarthy, 2005). The Chobe River reverses its flow depending 
on water availability and can flow in both directions (Seaman et al., 1978; Peel et al., 2015). The very poor relief generates 
many flood zones that are formed around the rivers of the system as well as around Lake Liambezi (dark grey); C. In dark grey 
color, map of Lake Liambezi in its full size as described by Seaman et al., 1978. Open-water lake with its two elongated basin 
is in black. Yellow dots indicate core locations. 

Depending on the water level, the Chobe River serves as outflow of the lake (Seaman et al., 1978; 

Peel et al., 2015). The lake is surrounded by a major flat wetland system characterized by woodlands, 

wetlands and slow-flowing floodplain rivers (Seaman et al., 1978; Peel et al., 2015). Seaman et al. 

(1978) reported a system covering some 300 km2 of which 100 km2 was open water at its full size. The 

lake changes shape, size and depth between and within years due to the source and the amount of 

water in the basin (Tweddle et al., 2011). The average depth is approximately 2.5 m (Seaman et al., 

1978) but can reach 7 m at the height of the rainy season (Peel et al., 2015). The general shape of the 

lake varies depending on the water supply. It is generally separated into two main basins: Northern 

and Southern basins, which are connected by a narrow 1.3 km long central channel. The Northern 

basin is approximately 6 km long and 1 km wide at its maximum. It receives water from the Bukalo 

Channel to the north, from the channel between the two basins to the east and by percolation in its 

western and southern shores via the Linyanti marsh. The Southern basin is 4 km long and about 500 m 

wide. The western shore receives water from the connecting channel, the Chobe River to the East, the 

Linyanti marsh along its south-western shore and the Linyanti channel to the south-east (Figure 46). 

The Linyanti marsh, surrounding the two basins on their western shores is also the result of a fault that 

dissects the wetlands into a complicated patchwork of swamps and marshes. The fault is known as the 

Linyanti Fault (Haddon and McCarthy, 2005). The set of these features forms the Lake Liambezi 

drainage system and the Linyanti River. The Chobe River is also diverted through a fault named the 

Chobe Fault (Haddon and McCarthy, 2005). 

 

5.3.2. Sampling 

Three cores were obtained from the same number of sampling locations (Figure 46) (Chapter 3; 

Chapter 4). The three cores were opened, split into halves, described and sampled under laboratory 

conditions at the VanThuyne-Ridge Research Centre in Botswana. A higher resolution sampling of the 

material intended for radiocarbon dating was done in the laboratories of the University of Lausanne. 

Between four and seven samples per core were chosen for radiocarbon dating. In both Center and 

North Cores, small pieces of charcoal and macro rests were handpicked when present, whereas bulk 

sediment material was sampled when charcoal was lacking. Due to the absence of any macro rests in 
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the South Core, only bulk sediment samples were taken. Analogously, the lack of organisms with 

carbonate shells in all the retrieved sedimentary cores reduced the choice of material to be dated. The 

selected samples were measured for their 14C-activity at the Laboratory of Ion Beam Physics of the ETH 

Zürich. Samples were prepared according to the methodology described in Hajdas (2008) and Hajdas 

et al. (2007) and the calculated age followed the convention of Stuiver and Polach (1977), using the 

program OxCal 4.3 (Ramsey, 2009) with the IntCal 13 calibration curve (Reimer et al., 2013). 

Complementary sedimentological, mineralogical and geochemical analyses have been done at the 

Institutes of Earth Sciences and Earth Surface Dynamics of the University of Lausanne and are detailed 

in Chapters 3 and 4. Complementary methods using a microbiological approach have been prepared and 

analysed at the Laboratory of Microbiology of the Institute of Biology of the University of Neuchâtel 

following methods described in Chapter 4. All related results are to be found in those companion 

papers. Methods, results and interpretations used  in further chapters are detailed in those companion 

papers. 

 

5.4. Results 

5.4.1. Radiocarbon dating 

Sixteen samples were measured for their 14C-activity as summarised in Table 10. Seven samples of 

charcoal and bulk sediment were analysed from the North Core, giving ages ranging between 1082 and 

1740 years BP. Five samples of charcoal and bulk sediment from the Center Core delivered ages 

between 1882 and 4697 years BP. The youngest ages  with dates ranging from 219 to 898 years BP were 

obtained for the South Core were only bulk sediment was dated. 

 

 
Table 10 14C ages obtained on charcoal or bulk sediment samples from three cores of Lake Liambezi. Samples identified with 
an asterisk (*) were discarded as outlined in the discussion. 

5.5. Discussion 

5.5.1. Sources of the organic matter 

Chemical and isotopic analyses of a selection of samples of soils and river sediments taken from 

the Linyanti-Chobe Basin (Chapter 2) have demonstrated a poor transport and therefore an 

autochthonous origin. A similar statement is made for the organic matter of the Lake Liambezi’s 

sediments (Chapter 3). These lacustrine sediments contain organic matter that is compatible with a 

dominantly aquatic (algae) origin, with lesser amounts of terrestrial plant material from the lake 

shores. The isotopic composition of organic carbon coupled with the C/N composition of the North 

and South Cores showed organic matter dominated by algae (Chapter 3 and Figure 47). However, 
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allochthonous organic matter, notably an aeolian input, can never be completely excluded. Partial 

reworking of the sediment is not excluded either and, thus, contamination of the isotopic composition 

of the organic carbon cannot be completely ruled out. These results should therefore be taken with 

caution. However, 13C values and C/N ratio do not show flattened and homogenized values (Figure 

47). It is then assumed that the sediments are not much bioturbated and that the observed values can 

be considered as rather “primary” peaks. Their correlation with changes in smectite contents 

strengthen this previous statement as these changes correlate with those observed in the geochemical 

composition of the organic matter (Figure 47 and chapter 4). Therefore, the combined correlation of 

the organic carbon isotopic composition, the C/N ratio and smectite content, sedimentary sequence is 

considered as non-heavily bioturbated and thus usable for both dating and environmental 

reconstructions. 

 

 
Figure 47 Comparison of 13C and C/N ratio of the organic matter with smectite content of each core. The standard deviation 
or the analytical error of the different analysis are less than or equal to the size of the symbol. 

5.5.2. Dating 

Samples for which the ages are deviating from other results from the same core were duplicated 

and/or measured from a level as close as possible to the first sample, if not enough material was left 

for a second run. The sample NC04 was measured in a plant macro-rest as well as on bulk material (see 

Table 10). They delivered ages that differs by almost 600 years. This demonstrates the potential biases 

of the method and only results showing a general correlation were retained avoiding age reversals 

(Figure 48). Multiple reasons might be responsible of this difference such as a mixture of organic 

matter from different sources and ages as well as sediment focusing and/or reworking, for example. 

To fill the gap of the absolute dating and refine the age model, two complementary approaches 

were used. As shown in Figure 47 the sediments of the three cores are considered to be non-heavily 

bioturbated and thus usable and robust enough to be dated with relative dating methods as the two 

used in the present paper. The first approach was to compare the radiocarbon ages to the presence 

and relative abundance of minerals that can be linked to variations in climate. As discussed in Chapter 

3, smectite is a neo-formed mineral that in the Linyanti-Chobe region can be related to climate 

variations. Its relative presence in the sediments is considered as relevant to correlate the three 

different sites (chapter 5.5.1 and Figure 47). Figure 48 shows the age model after combining the 

radiocarbon ages with the correlated peaks of smectites and Figure 49 shows the estimated ages for 

each sample after combining the two methods. A second innovative approach to improve the age 
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model uses microbiological data as an environmental proxy (Chapter 4). A correlation of the profiles 

of the three cores using variations in the total and the lysis-resistant communities as well as the 

thermophile and sulphur-oxidizers bacteria confirms the age model primarily constructed with the 14C 

dates. The combined dataset is summarized in Figure 51-54 showing the correlation of the 

microbiological communities and the proposed new age model. 

 

5.5.2.1. Limitations of 14C dating in this lake 

The shallow water levels of this lacustrine system along with the seasonal flooding of this region 

may lead to an almost total desiccation of the basin (Chapter 4) during extended periods. As a result 

the sediments can be reworked or even fully removed, hence perturbing the original 14C composition. 

The development of vegetation from various sources (lacustrine, shore plants, etc.) as well as an 

equally varied biological activity (roots, termites, bioturbation in general) may possibly perturbate the 
14C composition. The low presence of the 14C isotope in proportion to other carbon isotopes makes it 

more sensitive to reworking events. A reworking of the sediment will therefore have a more marked 

impact on the resulting isotopic signal for this isotope compared to stable isotopes. The resulting biases 

in its measurement are therefore better marked than in the measurements of stable isotopes and 

make its use more sensitive. This is the reason why we choose in this work to be wary of the 

radiocarbon results while taking the stable isotope results with more confidence. This problem of 

representativeness compared to abundance can also be done in relation to other analyses (as clays, 

microbial communities,…). 

 

5.5.3. Correlation using clay minerals 

By analogy to the studies by Setti et al. (2014), the abundance and type of clay minerals allow for 

an interpretation of the past weathering conditions and hence indirectly of past or present changes in 

climate. In Chapter 3 have noted several distinct levels with higher relative amounts of smectite in the 

soils of the Linyanti-Chobe basin. A total of six horizons with higher relative abundances of smectite 

were identified in the three cores over the last 5,424 years (Figure 50). Each peak of smectite may 

correspond to a wetter period compared to the intervals between these peaks. Four peaks were 

identified in the Center Core that, according to the radiocarbon ages, covers the last 5,424-420 yrs. 

Based on these ages the four peaks can be dated at about 5424, 2933, 1500, and 770 years BP. The 

North Core (1618-51 years BP) encompasses three peaks that are tentatively correlated with the 

Center Core: 1416, 773, and about 206 years BP. The most recent peak would not be present in the 

Center Core. For the South Core (covering 950-0 years BP), three peaks are indicated and these could 

be interpreted to correspond to the North and Center Cores peaks at: 780, 259, and finally a last peak 

at about 0 years BP. This correlation is, however, only valid if there was no substantial sediment 

reworking or that there are no erosional gaps in the three studied cores. The latter appears to agree 

with the organic matter content and isotopic composition of the sediment that do not  attest of an 

important reworking (chapter 5.5.1 and Figure 47). Furthermore, the very flat area with the    very even 

topography make difficult to support a high erosive system able to drastically erode the deposits. 

Because this is difficult to corroborate using  only this approach we have used a second, independent 

approach to help correlate the relative ages between the three cores as discussed below. 
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Figure 48 Projection of the 14C ages obtained according to the depth of the samples. The link between certain samples presents 
a straight line connecting age 0. These samples were kept in the age model constructed in the present study. The other samples 
were estimated to be biased and in fact not kept for the age model. 

 

 
Figure 49 Age model obtained by combining the 14C ages and the correlation of the peaks of smectites (Figure 50) and the 
microbial communities (Figure 51-54) between the three cores. They do not modify drastically the projections obtained in 
Figure 48. 
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Figure 50 Projection of the ages preserved with the smectite composition of the samples. Smectite peaks represent wet periods 
when a greater amount of smectite is formed. A correction of the age projection obtained with Figure 48 was performed so 
that the smectite peaks correspond from one core to another. Six peaks are represented in all for the period of the last 5424 
years BP. The 14C ages which were selected are marked with a cross. 

5.5.4. Correlation using microbiological communities 

Analysis of the bacterial community composition (BCC) of the three cores indicates a variability 

that depends first and foremost on the site itself and its own unique environmental characteristics, 

but with trends that are similar for both the total and the lysis-resistant communities (Chapter 4; Figure 

51 and Figure 52). A cluster analysis for their entire population supports a site dependent grouping of 

the samples exposing substantial similarities between them (except the upper samples from the North 

and Centre Cores) (Figure 51 and Figure 52). The specific environmental conditions of each site such 

as local morphology, water depth and/or their relative vicinity to the tributaries are the main drivers 

of the BCC. While site-specific environmental conditions primarily govern the BCC, larger changes at a 

lake scale influence the observed variations into each group of samples (Figure 51 and Figure 52). 

Changes imposed on a global scale, such as extended periods of dry and wet conditions (at climate-

relevant scales of centuries or more), changes in the hydrological regimes, and global ecological 

changes (Chapter 4) are the cause of these internal changes into each group of samples. These changes 

are sufficiently pronounced so as to allow them to be correlated between the three sites and hence 

offer an additional correlation tool for relative dating. 

Although the bacterial communities appears to be site dependent, main changes in their 

composition occur at the same time in all cores (better seen with North and South Cores due to close 

time covering; Figure 54). This indicates that changing environmental conditions drove a change in the 

BCC at all sites. Climatic changes are supposed to affect the whole system, independently of the 
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sampling location. The heterogeneity of the sampling sites explain the differences in the BCC at each 

site, although the changes appear to occur simultaneously. The observed correspondence between 

the cores, with simultaneous changes in the BCC, highlight the consistency of the constructed age 

model. 

The selection of specific metabolisms (sulphur-oxidizing and thermophilic bacteria) has been 

proposed as an alternative approach for the inference of environmental drivers based on the analysis 

of the BCC, which is limited by the complexity of the bacterial community (Chapter 4). Their abundance 

and distribution across cores make them ideal candidates for that purpose as they present a very active 

sulphur cycle and potential hydrothermal activity in Lake Liambezi. The correlation of the abundance 

patterns of sulphur-oxidizers and thermophiles in the three cores (total community) illustrates the 

effect of the corrections made in the age model contributed by the analysis of the BCC and geochemical 

proxies (smectite, 13C and C/N) (or illustrates the coherence of the elaborated age model). When the 

relative abundances of sulphur-oxidizers and thermophiles are displayed across a common time line 

for the three cores (Figure 53), the similarity of the patterns of abundance and community composition 

are striking. Thermophilic bacteria are highly abundant in the lowest section of the Centre Core (5424-

3970 years BP). The next peak in thermophilic bacteria occurs in the lower section of the North Core 

for the period covering 1618-1416 years BP. This peak is found in the Centre Core at sample CC08 as 

well. The next two peaks are also noteworthy. They are found at the lowest section of the South Core 

with samples SC22-21 (898-860 years BP) and SC19 (780 years BP) and correlate with samples NC11-

10 (773-670 years BP). The correlation between the three cores based on sulphur-oxidizing bacteria 

focuses on the presence or absence of a bacterial set more than on their absolute quantity (peaks). As 

abundance peaks are more difficult to link, given slightly different conditions in each site, the set seems 

to be more relevant and permits similarities across the three sites to be correlated. This is the case for 

samples NC15-14 showing a similar set than samples CC06 and SC12 (period running from 1082-898 

years BP). The period covering samples NC11-10, CC03 and SC17-19 (780-640 years BP) also show 

similarities; The upper part of the three cores includes a similar set of bacteria as well (NC08-02, CC02 

and SC16-01; 570-0 years BP). The correlations in the presence/absence of bacterial sets can be 

assumed to be the result of environmental modifications that have an impact on all the three micro-

ecosystems simultaneously. The environmental implications will be discussed in Chapter 6. 
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Figure 51 Principal coordinates analysis (PCoA) triplot of the total and the lysis-resistant communities based on Bray-Curtis 
dissimilarity and Hellinger transformation of the OTU table. OTUs represented by less than 100 sequences in the whole dataset 
were removed from the analysis. Colours correspond to the main grouping of samples defined for each core, identified from 
the visual characterization of the sediments. 

 
Figure 52 Clustering analysis using Ward algorithm of the (A) total community and (B) the lysis-resistant community. Distance 
between samples were calculated using Bray-Curtis dissimilarity based on the Hellinger-transformed community table. For 
each community, only the OTUs with at least 100 sequences among all samples were kept.  
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Figure 53 Estimated ages added to the different samples with the rapprochement through similarities in the grouping of genus 
in the communities of thermophilic bacteria contained in sediments for the upper figure and sulphur oxidizers bacteria for the 
bottom figure. The rapprochement are shown with blue lines. 
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Figure 54 Characterization of the total bacterial communities, based on 16S rRNA gene amplicon sequencing. Only the most abundant genera (>2% of the community in average or >5% in one 
sample) are shown. Constrained hierarchical clustering was performed using the chclust function based on Bray-Curtis dissimilarity and the Hellinger-transformed community table. For each 
community, only the OTUs with at least 100 sequences among all samples were kept. The age model was built regarding the link made between the three cores relating to the clustering model. 
The link are connected with blue lines. 
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5.5.5. Average vertical accretion rate 

As explained in Frouin et al., 2007, the term accretion rate (expressed in cm/year) is preferred to 

the term sedimentation rate due to its dependence to the topography. A slight change in the 

topography (aka geomorphology) of the site and the vertical accretion rate is changed (Frouin et al., 

2007, Bennett & Buck, 2016). If the topography of the site does indeed seem to play an important role 

for the three sampled sites, their geographical location must also be taken into account. The South 

Core has the highest vertical accretion rate (1 cm/30 years). Its location in the middle of the narrowest 

basin (between the northern and central basins; Fig. 1) as well as its location close to the mouth of the 

Chobe River and not far from that of the Linyanti River may explain this. In fact this basin may have 

been independently created by recent tectonic movements along the Chobe fault. The North Core 

presents a rather similar situation, however in a slightly larger basin and to a greater distance from a 

river mouth (Bukalo channel). This explains a lower vertical accretion rate (1 cm/51 years). The Central 

Core presents a much more flared topographic situation as well as much more diffuse sources of 

sediment (the site is in a more external position compared to the two main basins). This results in a 

lower vertical accretion rate (1 cm/115 years) and it may even be affected by several stages of erosion 

because of a spillage of water into the southern basin. The given values are average values 

extrapolated over the entire depth of the core. With changes in climate, topography, and hence related 

geomorphology, all basins may have experienced periods of preferential deposition versus periods 

dominated by erosion with a renewed steepening of the gradient through tectonic block-faulting. 

 

5.6. Conclusion 

As part of a multidisciplinary study on the paleoenvironmental and -ecological evolution of Lake 

Liambezi, three sedimentary cores have been radiocarbon dated. The cores have been retrieved in 

three different sites along Lake Liambezi. In order to correlate the three sites and to place the two 

preceding studies into a time frame, a series of samples have been radiocarbon dated using the organic 

matter present in the sediments. However, features such as seasonal flooding and associated, 

climatically and tectonically driven changes in past and present lake levels complicate the 

establishment of a simple age model. This complexity provides a potential bias for the 14C data and the 

true relative chronology requires independent estimates of relative ages based on the mineralogy and 

also the microbiological communities preserved in the three cores. These data were compared to the 
14C data that is more sensitive to local bioturbation, deep root penetration of present-day vegetation, 

and/or localised sedimentary reworking by, for example, termite communities. The shallow depth of 

the lake, the low accretion rate as well as a substantial biological activity may explain this situation. 

Nevertheless, a general trend in relative ages can be established for each of the three sites correcting 

and extrapolating some of the key radiocarbon results for the three cores as absolute markers. The 

first approach uses the bulk mineralogical changes as an estimate of relative, climate-driven changes 

(cf Chapter 3). The second approach is based on an innovative, new microbiological community 

interpretation (cf Chapter 4). Total bacterial communities but sulphur-oxidizers and thermophilic 

bacteria as well change uniquely throughout the three sediment cores and their presence/absence 

may be used to correlate the three cores and validate the proposed age model based on a reduced 

number of key 14C results to establish a quite robust chronology. 

Our results indicate that the North Core covers the time interval between 1618 and 51 years BP, 

whereas the Central Core between 5424 and 420 years BP, and from 950 years BP to present for the 

South Core. Hence the three cores are to be used in a staggered fashion, covering different, only 

slightly overlapping periods of sedimentation within the larger Lake Liambezi hydrological system, 

likely because of tectonic movements along the faults within this region. 
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6.1. Abstract 

Wetlands in arid climates are unique ecosystems which represent a source of life-supporting 

water in an otherwise inhospitable environment. They are of major importance for an often specialized 

flora and fauna. These environments are, however, particularly fragile ecosystems as they respond 

sensitively to any climatic or environmental change. North Botswana holds the second largest 

endorheic delta system in the world in the north part of the Kalahari Desert. Structural features formed 

by the neo-tectonic activity affect the regional hydrological system and create a complex network of 

rivers, deltas and waterbodies. It leads to the creation of multiple basins with sedimentary records of 

the climatic conditions and the environmental evolution of the region. However, the records are 

sparse, scarce and short due to the constant evolution of the waterbodies. Lake Liambezi, located 

middle of the Linyanti-Chobe Basin, offers thus a unique sediment record of this central region. The 

complexity of studying continental sediments brought the project to a multidisciplinary study. It 

regroups the work of three companion papers using classical tools in sedimentology, mineralogy and 

geochemistry but also an innovative approach using sedimentology. It encompasses the nature of the 

sediments, their origin and their deposition processes, the evolution of the sediments and finally the 

dating of the three sampled sediment cores. 

The aim of the present work is to correlate and coordinate all the results previously obtained and 

get a global reconstruction of the environmental and climatic evolution of Lake Liambezi for the last 

5500 years BP. 

In response to previous studies aiming to give a climatic evolution for the region, we propose a 

much precise and detailed climatic reconstruction for the recent past (last 5420 years BP). Formation 

and evolution of Lake Liambezi in two elongated basins seem related to the tectonic activity linked to 

the Okavango Graben. The north basin has probably been formed at about 5420 years BP in a tectonic 

opening. A supposed extension towards the northeast of this first basin is believed to occur around 

1650 years BP. At about 1000 years BP, a second basin is believed to open in the south of the first basin 

following the last recorded tectonic event affecting the lake. Presence of thermophilic bacteria seems 
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to support a tectonic action in the different evolution of the lake’s shape. Successively, the resulting 

depressions are filled with lacustrine and fluvio-deltaic sediments. Sediment type and content are 

driven by the environmental conditions resulting of the watershed, the climate and the morphology of 

the site. 

The formation and evolution of the lake seem to be closely related to the regional tectonic activity 

and tend to demonstrate a recent activity of the Okavango Graben system. We see in the present study 

one more example of the importance of the tectonic activity in the evolution of the different rivers, 

deltas and waterbodies of the region. The evolution of the different ecosystems related to water 

availability must therefore be thought through a probable tectonic activity, at least for part of their 

evolution. 

 

6.2. Introduction 

Wetlands in arid climates represent unique ecosystems and are of major importance for an often 

specialized flora and fauna. They represent a source of life-supporting water in an otherwise 

inhospitable environment. These environments are, however, particularly fragile ecosystems as they 

respond sensitively to any climatic or environmental change. North Botswana region is made of an 

epeirogenic uplift that formed the Kalahari Basin (Haddon & McCarthy, 2005; Singletary et al., 2003; 

Jones et al., 1980). North part of this basin is crossed by an incipient continental graben found at the 

terminal of the southwestern branch of the East African Rift System (Bufford et al., 2012; Haddon & 

McCarthy, 2005; Jones et al., 1980). It forms a topographic depression filled with Quaternary lacustrine 

and fluvio-deltaic sediments and is bounded by northeast-trending normal faults called the Okavango 

Graben. These faults affect the course of the rivers Okavango, Kwando and Zambezi and forms the 

second largest endorheic delta system of the world with the two rivers Okavango and Kwando and the 

partial deviation of the Zambezi named Chobe (Bufford et al., 2012). Structural features formed by the 

neo-tectonic activity affect the regional hydrological system (Kinabo et al., 2007) and create a complex 

network of rivers and waterbodies (Haddon & McCarthy, 2005). Burrough and Thomas (2008) present 

an example of this phenomenon with the evolution of the paleolakes of the middle Kalahari, also 

considered to be the cradle of humanity (Cavaillé-Fol, 2020). 

The basin formation of North Botswana does permit the sedimentary records of the climatic 

conditions and the environmental evolution of the region. However, the constantly evolution and 

move of the few lakes of the region renders the continental sediment record sparse, scarce and short 

(e.g. Burrough et al., 2007). Lake Liambezi situated in the middle of the Linyanti-Chobe Basin system 

offers a unique sediment record of this central region. Because of the complexity of continental 

sediment, the choice has been made to direct the project in a multidisciplinary way regrouping classical 

tools in sedimentology, mineralogy, geochemistry and dating as well. An innovative tool using 

microbiology has been added to enrich the study with invisible information for the more classical tools. 

The multidisciplinary approach did permit to enlarge the understanding of the sediment record 

presented in companion papers treating of the sedimentology-geochemistry-mineralogy (Chapter 3), 

the microbiology (Chapter 4) and the dating of the sediments (relative and absolute dating by 14C) 

(Chapter 5). The pooling of these different works allows a global vision of the evolution of Lake 

Liambezi from its formation to its evolution until its current form. This brings together a history of 

more than 5500 years. Understanding the different forces present in the North Botswana region allows 

a better approach for the future evolutions of this system, which are essential for the various 

surrounding populations.  
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6.3. Material and methods 

6.3.1. Regional settings and lake description 

Lake Liambezi is located in Namibia, at the eastern side of the Caprivi Strip. The lake is part of a 

complex drainage system that includes the Kwando and Zambezi rivers. Its Southern shore makes up 

the border between Namibia and Botswana. It receives water from the Chobe River (a tributary of 

Zambezi River, deviated due to the Chobe Fault (Haddon and McCarthy, 2005)), Bukalo Channel (a 

seasonal tributary of Zambezi River), and Linyanti River (or Swamps, natural deviation of Kwando River 

due to the Linyanti Fault (Haddon and McCarthy, 2005)), as well as rainwater and local runoff water 

(Figure 55). Depending on the water level, the Chobe River serves as outflow of the lake (Seaman et 

al., 1978; Peel et al., 2015). The lake is surrounded by a major flat wetland system characterized by 

woodlands, wetlands and slow-flowing floodplain rivers (Seaman et al., 1978; Peel et al., 2015). 

Seaman et al. (1978) reported a system covering some 300 km2 of which 100 km2 was open water at 

its full size. The lake changes shape, size and depth between and within years due to the source and 

the amount of water in the basin (Tweddle et al., 2011). The average depth is of approximately 2.5 m 

(Seaman et al., 1978) but can reach 7 m at the height of the rainy season (Peel et al., 2015). The general 

shape of the lake varies depending on the water supply. It is generally separated in two main basins: 

Northern and Southern basins, which are connected by a narrow 1.3 km long central channel. The 

Northern basin is approximately 6 km long and 1 km wide at its maximum. It receives water from the 

Bukalo Channel on the north, from the channel between the two basins on the east and by percolation 

in its western and southern shores by the Linyanti marsh. The Southern basin is 4 km long and 500 m 

wide. The West shore receives water by the connecting channel, the Chobe River in the East shore, the 

Linyanti marsh all along its south-western shore and by the Linyanti channel in the south-east (Figure 

55). The Linyanti marsh, surrounding the two basins in their western shores is the result of a geological 

fault that forms an area of wetlands composed by a complicated patchwork of swamps and marshes. 

The fault is known as the Linyanti Fault (Haddon and McCarthy, 2005). The set of these features forms 

the Linyanti River. The Chobe River also flows through a fault named the Chobe Fault (Haddon and 

McCarthy, 2005). 

 

 
Figure 55 Modified from Peel, 2015. A. General map of the region with the three main river systems: Okavango, Kwando and 
Zambezi; B. General map of grouped systems Kwando and Zambezi rivers. Kwando River comes out Angola and turns into 
Linyanti River after its terrestrial delta joins a tectonic fault along the Namibia and Botswana border. It finishes its course into 
Lake Liambezi mostly into percolating water in Linyanti swamps. Zambezi River coming down Zambia flows into Lake Liambezi 
through the Bukalo channel and the Chobe River (Haddon and McCarthy, 2005). The Chobe River reverses its flow depending 
on water availability and can flow in both directions (Seaman et al., 1978; Peel et al., 2015). The very poor relief generates 
many flood zones that are formed around the rivers of the system as well as around Lake Liambezi (dark grey); C. In dark grey 
color, map of Lake Liambezi in its full size as described by Seaman et al., 1978. Open-water lake with its two elongated basin 
is in black. Yellow dots indicate core locations.  
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6.3.2. Sampling 

Three cores were obtained from the same number of sampling locations (Figure 55). Sampling 

was performed with an Uwitec Hammer Action Corer with PVC tubes of 86.0 mm inside diameter. The 

center core (CC) was obtained in the northern basin, at its south-eastern side at about 300 meters 

close to the connecting channel. The south core (SC) was sampled at the southern basin in its central 

part. It is set at about 250 meters close to the Chobe river mouth, and at about the same distance of 

both, Linyanti main channel and the connecting channel. The north core (NC) was obtained in the 

northern basin, in its central part. Its distance to the Bukalo Channel is about 4.2 km. The three cores 

were transported to the VanThuyne-Ridge Research Center to be opened, cut, described and sampled 

under the right conditions and the appropriate equipment. Samples from microbiological studies were 

obtained under a controlled atmosphere using a Bunsen burner to sterilize all the equipment used. 

Samples were stored and transported in sterile plastic bags and kept refrigerated. Separation of the 

samples as well as their distribution into groups of samples was carried out on the basis of visual 

criteria reported in Chapter 4. Sedimentological, mineralogical and geochemical analyses have been 

done at Institutes of Earth Sciences and Earth Surface Dynamics of the University of Lausanne. A 

precise description of the different methods is to be found in Chapter 3. The 14C-activity of a selection 

of samples has been prepared in the laboratories of the Earth Surface Dynamics Institute of the 

University of Lausanne and measured at the Laboratory of Ion Beam Physics of the ETH Zürich. Precise 

method is to be found in Chapter 5. Microbiology analyses have been prepared and analysed following 

methods described in Chapter 4 at the Laboratory of Microbiology at the Institute of Biology of the 

University of Neuchâtel. 

 

6.4. Results 

The results of the present work are a compilation of three companion papers. For the sake of 

repetition, a precise description of the results will not be made in the present work. All the results and 

the accompanying discussion used for the present compilation are to be found in the three companion 

papers. Sedimentology, mineralogy and geochemistry results are to be found in Chapters 4 and 5. 

Chapter 4 presents also a precise description of the bacterial communities composition. An age model 

based on a multidisciplinary approach is performed and a precise description of the construction of 

this age model is made in Chapter 5. 

 

6.5. Discussion 

6.5.1. General remarks on sediment characteristics 

Sediments are close to condensed series due to a low vertical accretion rate and an important 

organic matter content. Vertical accretion rate was measured at about 1cm/30yrs and 1cm/115yrs 

according to the core (Chapter 5 and organic matter amount at about 1.7 to 13.0 % with a mean value 

at 6.7% (Chapter 3. Vertical accretion rate is preferred to “sedimentation rate” as it is expressed in 

cm/year and depends partly of the topography (Frouin et al., 2007). With such a low vertical accretion 

rate, the choice has been made to conduct a multidisciplinary study. A multidisciplinary approach will 

give the opportunity to crosscheck the observations and measurements between various fields. Major 

evolutions are thus confirmed through different methods and strengthens the results. 

Due to the local climate showing well-marked dry and wet periods, environmental changes might 

take a certain period of time before to appear in some sediments characteristics. Therefore, a 

crosschecking of various methods is needed to fix in time a climate or environmental evolution. Some 

characteristics might indeed present a delay compared to others to fix some changes because of an 

important resilience. 

Based on companion papers, Figure 56 groups together the environmental descriptions and 

evolutions of each site (Chapter 4, the defined age model (Chapter 5), and the climate assumptions 
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made after the smectite profile (Chapter 3). Figure 56 presents the delayed record of Center Core 

which start at about 5500 years BP, North Core at about 1620 years BP and South Core at about 950 

years BP. Figure 56 and Figure 59 expose the changes through time of each site. The figures liken the 

three sites in their environmental evolution in comparison to the climate evolution. These comparisons 

give a general view of the lake evolution. 

 

 
Figure 56 Climatic and environmental reconstruction as well as tectonic assumptions for Lake Liambezi. Climatic 
reconstruction based on the evolution of the smectite content of the sediments with white-coloured dry periods and grey-
coloured wet periods. Integration of the characterization of the sediment deposition environment of the three cores into the 
climate model while respecting the correlation model of the estimated ages. Addition of tectonic speculations based on various 
observations following phase description of Figure 59. 

6.5.2. General climatic reconstruction and comparison to other studies 

Paleoclimate records are often scarce, discontinuous and/or loosely dated regarding the interior 

of southern Africa (Sletten et al., 2012). Furthermore, syntheses of paleoclimate data in this 

subcontinent have shown that paleoclimate patterns can vary at regional scale. This results in 

correlation problems between records from different sites with inadequate or even false matches 

(Sletten et al., 2012 and references herein; Burrough et al., 2007; Thomas et al., 2012). However, all 

studies seem to agree on a climate event at the scale of the African continent from 14.5 to 5 ka BP 

called the African Humid Period (AHP). This humid period is attributed to a non-linear response to 

Northern Hemisphere summer insolation forcing that first strengthened, then weakened the African 

Monsoon system, amplified by atmosphere-vegetation feedbacks (Berke et al., 2012). Berke et al. 

(2012) shows that the climate signal linked to AHP is spatially and temporally variable across Africa. 

The exact dating varies with region. Above all, studies do not agree on the end of this period. Some 

studies apply for an abrupt end while others for a gradual end (Berke et al., 2012; deMenocal et al., 

2000 (Quaternary Science Reviews); deMenocal et al., 2000 (Science); McGee et al., 2013; Pausata et 

al., 2020; Sletten et al., 2013). Again, the question of variability due to regional characteristics seems 

to prevail. While these considerations seem to apply for AHP, they can probably concern all the other 

observed climatic periods. Comparison of the data from this study with similar studies does indeed 

seem to emphasize this question (Burrough et al., 2007; Thomas et al., 2012; Sletten et al., 2013). 
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The current study uses clay mineralogy as the main tool for determining climate change for the 

northern region of Botswana. A detailed and comparative study of the sediment mineralogy of Lake 

Liambezi has shown that smectite has a different cycle from all the other minerals and clays. It could 

be shown that smectite was directly related to climate change (Chapter 3). The evolution of the 

quantity of smectite within a sediment core for Lake Liambezi reflects the alternation between wetter 

and drier periods. The comparison of the conclusions drawn from this mineral against other proxies 

can provide indications on the evolution of the climate (such as the quality of the organic matter), with 

no obvious contradiction. On the contrary, the data complement each other well (Chapter 4 and 

current Chapter). This approach made it possible to highlight five wet periods for the last 5.5 ka BP. A 

first period runs from 5400 to 4700 years BP, a second from 3100 to 2650 years BP, a third from 1900 

to 1150 years BP, a fourth from 820 to575 years BP and finally a last one from 301 years BP to today 

(Table 11). 

Comparison with studies of recent climate change in southern Africa shows good match, 

especially with Sletten et al. (2013) and is detailed in Figure 57 (Burrough et al., 2007; Thomas et al., 

2012; Sletten et al., 2013). Sletten et al. (2013) focused on a petrographic and geochemical record of 

climate change over the last 4600 years taken from a stalagmite in the Dante Cave in north-eastern 

Namibia. It shows a record of a gradual transition from wet to dry conditions from 4.6 to 3.3 ka BP, a 

variable but pronounced dry period from 3.3 to 1.8 ka, and a wet but variable period from 1.8 ka to 

the present with at least three wet/dry cycles. Sletten et al. (2013) showed an evolution similar to the 

one based on the sediments of Lake Liambezi, except for some dating details. 

The beginning of the studied records from Lake Liambezi demonstrate the presence of a wet 

period running up to 4700 years BP. Sletten et al. (2013) also proposed a gradual transition from a wet 

period to a dry period. This transition probably corresponds to the recording of the end of the AHP for 

the regions of northern Botswana and northern Namibia. The end of AHP is also reported in studies by 

Burrough et al. (2007) and Thomas et al. (2012) within the sites of Drotsky’s Cave, Lake Ngami, 

Panhandle Pollen Record, Molopo Drainage, Linear and Lunette Dunes (SW) and Lake Paleo-

Makgadikgadi. The next humid period is recorded from 3100 to 2650 years BP in Lake Liambezi’s 

sediments. Sletten et al. (2013) reported it earlier, from 3340 to 3315 years BP and described it as a 

brief wet interval. In the other studies, this wet event is also reported for the site of Drotsky’s Cave, 

Lake Ngami, Molopo Drainage, Gaap Escarpment, and Lake Paleo-Makgadikgadi, however with 

variable dates (Burrough et al., 2007; Thomas et al., 2012; Sletten et al., 2013). Then, Sletten et al. 

(2013) reported a very dry period which lasted until and 1800 years BP and 1900 years BP for the 

present study. Then, Sletten et al. (2013) described the start of a wet period at 1800 BP and continuing 

until today. The onset at 1800 years BP coincides with the beginning of the Iron Age in southern Africa 

for Sletten et al. (2013), suggesting that wetter conditions facilitated migrations and/or changes in 

food production that may have contributed to a transition in human technologies and lifestyles. During 

this last wet period, Sletten et al. (2013) described three wetter peaks at 1300-1100 years BP, 800-680 

years BP and 350-50 years BP. Those correspond almost perfectly with the present study which also 

shows a wet period for the last 1900 years. However, the present study emphasized a slight difference 

regarding the first wet peak, from 1900 to 1150 years BP. This period corresponds with the records of 

the sites of Dante Cave, Drotsky’s Cave, Lake Ngami, Panhandle Pollen Record, Molopo Drainage, 

Wonderwerk Cave and Kathu Vlei, Linear and Lunette Dunes (SW) and Lake Paleo-Makgadikgadi 

(Burrough et al., 2007; Thomas et al., 2012; Sletten et al., 2013). The following wet peak is recorded 

from 820 to 575 years BP in Lake Liambezi and reported from 800 to 680 years BP in Dante Cave 

(Sletten et al., 2013). It also shows correspondences with the sites of Lake Ngami and Gaap Escarpment 

(Burrough et al., 2007; Thomas et al., 2012). The other studies are not detailed enough for the upper 

part of the records and there is no precise description of more recent times. The last wet period is 

recorded from 301 years BP to today in the present study and from 350 to 50 years BP in Sletten et al. 
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(2013). Sletten et al. (2013) referred to particularly humid conditions for the period 230 to 100 years 

BP and correlated it with the Little Ice Age (LIA). Conversely, the period from 700 to 350 years BP would 

correspond to the Medieval Warm Period (Sletten et al., 2013). 

Roughly, the conclusions of the current work as well as Sletten et al. (2013)’s, well match with the 

work of Berke et al. (2012). Berke et al. (2012) studied sediments of Lakes Tanganyika, Malawi, and 

Turkana in tropical East Africa and also observed a progressive end of the AHP, emphasizing wetter 

and warmer conditions than preceding conditions. Their studies showed drier and colder situations 

recorded from 5 to 3 ka BP. They then highlighted the presence of LIA with decreasing temperatures 

for the period from 700 to 150 years BP. Decreasing temperatures could also correspond to the 

increasing humidity recorded in Dante Cave (Sletten et al., 2013) and Lake Liambezi. Berke et al. (2012) 

indicated increasing temperatures from about 50 years BP. These increasing temperatures could 

correspond to the recent lesser wet conditions observed in both Dante Cave (Sletten et al., 2013) and 

Lake Liambezi. The climatic cooling episodes seem to correlate with deMenocal et al. (2000, in 

Science)’s study and the present work. Indeed, deMenocal et al. (2000, in Science) postponed a 

succession of cooling events that occurred at the following periods: 6.0, 4.6, 3.0, 1.9, 0.8 and 0.35 ka 

BP. All these cooling events reported by deMenocal et al. (2000, in Science) correspond precisely to 

the wetter period reported in the present study. 

Even if some heterogeneity exists according to the sites, and thus displaying some spatial and 

temporal variations across Africa, the present study establishes an excellent correspondence with the 

above-mentioned studies. 

Works of Thomas et al. (2012) and Burrough et al. (2007) have built reconstructions for the last 

∼150 ka interpreted in terms of changes in hydrological balance from conditions more humid or more 

arid than today. Even if today’s studies are more spatially detailed with a stronger chronometric 

underspinning, the results are still controversial (Thomas et al., 2012). The reason is to be found in the 

sources of paleo-data, which are not based on highly resolved organic or isotope records but rather on 

interpretation of spatially extensive geomorphological proxies of past environments. Geo-proxies such 

as landforms associated with lacustrine and aeolian activity, are often used as source of data for 

reconstructing climate evolution (Thomas et al., 2012; Burrough et al., 2007). When interpretations 

are compared with other studies, they sometimes show conflict and are sometimes removed from 

regional climate change syntheses (Thomas et al., 2012). Thomas et al. (2012) warns against a forced 

interpretation to correlate regional records with more global records taken from ice and ocean cores, 

that may ignore the complexity within a specific environmental system. 

The present study perfectly reflect the danger of regarding spatial geomorphological proxies as 

proof of a precise climate regime. The discrimination between climate evolution and environmental 

evolution is perfectly reflected in the Lake Liambezi’s sediment. Environmental conditions are firstly 

related to water availability of the site through its geomorphology and its connectivity to the water 

network. Climate is second factor only. Therefore, environmental condition of a specific site should 

not be taken as a climate trend proof. Moreover, Thomas et al. (2012) highlights the importance of 

local complexity of regional sites. Once again, the water availability through the geomorphology of the 

site as well as its connection to the water network are to be taken into account. Such water availability, 

middle of an arid climate might generate a localized climate regime slightly different than climate at a 

more regional scale. These reasons do permit to better understand such disparities between our 

climate model and those from the two compared studies. The morphology of Lake Liambezi has been 

taken into account and a specific climatically mineral has been preferred to reconstruct climate 

variations for the last 5500 years BP.  
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Periods of time Type of climate Involved samples 

5424-4700 years BP Humid CC29 
4700-3100 years BP Dry CC20, CC24, CC27 
3100-2650 years BP Humid CC17 
2650-1900 years BP Dry CC10, CC12, CC14 
1900-1150 years BP Humid CC08, NC20, NC21, NC23 
1150-820 years BP Dry CC05, NC14, NC15, SC20, SC21, SC22, SC23 
820-575 years BP Humid CC03, NC10, NC11, SC17, SC18, SC19 
575-301 years BP Dry CC02, NC06, NC08, SC08, SC10, SC12, SC16 
301-0 years BP Humid NC02, NC04, SC01, SC02, SC05, SC06 

Table 11 Distribution of the climatic evolution of the Liambezi region for the last 5500 years 

 

 
Figure 57 Comparison between the summary works of Burrough et al. (2007) and Thomas et al. (2012), the work on the Dante 
Cave in northeastern Namibia from Sletten et al. (2013) and the present data. Presentation of the distribution of wet (black) 
and dry (white) periods for the last 6000 years. 

6.5.3. Understanding the environmental evolution of Lake Liambezi 

Present regional hydrological systems such as water bodies and rivers in the Okavango Graben 

are strongly affected by structural features such as sub-basins, depressions and ridges, formed by the 

neo-tectonic activity of the region (Kinabo et al., 2007). The result is a complex network of rivers and 

waterbodies (Haddon & McCarthy, 2005). As part of the Okavango Graben, the similar statement is 

true for the Linyanti-Chobe Basin. The resulting topographic depression are filled with Quaternary 

lacustrine and fluvio-deltaic sediments (Bufford et al., 2012). Sedimentary records of Lake Liambezi 

seems to express a similar trend. Its formation and the evolution in shape of its two basins seem to 

demonstrate a close link with the tectonic activity of the Okavango Graben. We support in the present 

paper that the three sampled records are the result of the tectonic opening of two distinct basins. A 

tectonic event might have permitted to open firstly the north basin at about 5420 years BP. The 

resulting depression was then filled with lacustrine and fluvio-deltaic sediments. The watershed, the 

climate, the shape of the lake and the resulting environmental conditions for the lake govern then the 

sediment type, content and quality (Chapters 3-5). The lake and its environmental condition seem to 

evolve later on with the extension of the north basin and the beginning of the North Core record to 

accommodate the new environmental context. The record of the South Core seems to demonstrate a 
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last important tectonic event with the supposed opening of the south basin. These tectonic events 

theory might be supported with the important presence of thermophilic bacteria and partly with the 

sulphur-oxidizers bacteria (Figure 64). The mineralogy did not permit to support an active tectonic 

activity except eventually with a slight increase in the barium quantity top of the Center Core discussed 

in Chapter 6.5.7. A recent tectonic activity able to influence the formation and shape of Lake Liambezi 

would help understanding the sediment recording of the three cores. 

 

6.5.4. General history of Lake Liambezi: from its supposed tectonic origin to its filling with 

lacustrine sediments according to climatic and environmental evolutions 

The record of the Center Core, dated at about 5500 years BP might demonstrate the tectonic 

opening of the northern basin of the actual Lake Liambezi (Figure 58). The opening occurred probably 

in the southwest part of the current basin and was probably accompanied by hydrothermal features, 

as the thermophilic bacteria seem to testify (Figure 64). The site recorded a marsh environment. A dry 

period lasted then from 5000-3100 years BP and causes the drying out of the site. It resulted in the 

transition from marsh to fens around 3500 years BP. The humid period recorded from 3100 to 2650 

years BP did not permit to reverse the progressive drying out of the site. It resulted in the emersion of 

the site of Center Core. Even if the total emersion of the site was only seasonal or ephemeral, the 

lacustrine sediments show an important oxidation of the organic matter beyond 2200 years BP (until 

~1900 years BP). This emersion is probably the result of the long lasting dry period of about 3100 years 

(less the 450 years of the brief humid period). However, the Center Core site might also be located at 

the edge of the active lake basin and thus be more affected by the water level variations. 

The record of the North Core since 1620 years BP represent probably a re-activation of tectonic 

activity in the region with the believed extension of the north basin towards the northeast (Figure 58). 

It is again supported by a higher presence of thermophilic bacteria in both Center and North Core 

(Figure 64). A slight difference between the Center Core and the North Core mineralogy might also 

support the activation of the Bukalo Channel with this extension towards the northeast (Chapter 3). 

North Core registered a low water level, which is believed to demonstrate the youth of the extension. 

A humid periods is recorded from 1900-1100 years BP. The extension of the north basin as well as the 

humid period probably permit to the Center Core site to get re-flooded and to show marsh conditions 

in its sediments (Figure 56). The North Core site recorded an evolution from low water to higher water 

level in its sediment with a transition around 1000 years BP. The record of South Core dated around 

1000 years BP seems to show a last tectonic event affecting the lake site. This tectonic event is believed 

to open the south basin (Figure 58). This tectonic activity might be supported with the slight increase 

of thermophilic bacteria shown in the three cores (Figure 64). South Core recorded a marsh 

environment, which seems to demonstrate its new formation. The most recent periods (from 800 years 

BP) show a wetter climate and allow the three sites to be maintained in richer water conditions. South 

core showed the passage from marsh to lake around 600 years BP. Top part of the Center Core is 

missing or only partially shown. Its location offset from the two current basins is the reason. The site 

shows a lower sediment accumulation. 
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Figure 58 Compilations of various considerations about the climatic evolution of the studied region, the environmental 
evolution of the three sampled sites, the sedimentological evolution of each core and some tectonic assumptions for the lake. 
Climatic reconstruction represents wet periods in light grey and dry periods in white. Environmental considerations are 
separated with light grey dotted lines. Tectonic activity is believed to shape new basins and/or to redistribute rivers course. 
The new built basins might be then studied thanks to their sediment filling driven by the rivers, the environmental conditions 
and the climate. Sedimentology does permit to highlight the origin of the sediments, the environmental condition of the site 
and the climate evolution. However, sedimentology might also suggest through certain signs the presence of a probable 
tectonic activity. 
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Figure 59 Evolution of the environmental status of the three different sites through the organic matter quality (see further 
explanation in Chapters 2 and 3. North core: Phase 1. Extension of the north basin towards the northeast ≥1620 years BP; 
Phase 2. Change of environmental conditions and probable connection to the new southern basin ≥1000 years BP; Center 
core: Phase 1. Opening of the north basin > 5500 yrs BP; Phase 2. Extension of the north basin towards the northeast ≥1620 
years BP; Phase 3. The site is located on the outskirts of the main basin (~ 2200-1500 yrs BP); Phase 4. Re-flooding of the site, 
environmental evolution and probable connection with the new southern basin ≥1000 years BP; South core: Phase 1. Opening 
of the southern basin ≥1000 yrs BP; Phase 2. Transition (samples SC16 and SC12); Phase 3. Environmental evolution of the 
site ≥570 years BP. 
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6.5.5. Grain-sizes: geomorphological evolution in relationship with the evolution of the 

end-member analysis 

The geomorphological conditions of each site are the primary driver of the site's grain-size 

characteristics. Thus, each phase described for the three sampling sites has a unique end-member 

signature (Figure 60). The transition to new geomorphological conditions results in the evolution of 

the proportions of end-members present in the grain-size analysis. This observation increases the 

argument in favour of a Lake Liambezi evolving mainly according to the tectonic evolution of the faults 

on which it was formed. For the Center Core, a first major change occurred between samples CC20 and 

CC17 (between 3200-2900 years BP). The absence of grain-size results for samples CC10 and CC08 does 

not allow us to observe the evolution of end-members for this level of major importance in the 

interpretation of the Center Core. However, this lack of results is probably indicative that something 

affecting the grain-size distribution took place at this time on this site. The end-member analysis for 

the grain-size distribution of the Center Core shows a site that is not stable and does not show a linear 

evolution from one situation to another. This shows a site that is constantly changing between a more 

or less flooded situation, moving from periods of higher water levels where the site ends up in the 

form of a lake to drier periods where the site ends up in the form of a pond/marsh. These complex 

transitions seem to correspond with the eccentric situation of the sampling site in relationship to the 

two main basins. 

The geomorphological transition of the North Core site between samples NC15 and NC14 

(between 1080-960 years BP) also marks an important transition in the end-member composition for 

grain-size distributions. Although the transition to the upper samples NC04 and NC02 is not specified 

by a explicit line in Figure 60, the end-member analysis shows a last major transition under the 

environmental conditions of the site. These two major transitions mark the North Core site's shift from 

a low-water lake situation (or seasonal ponds) under the influence of a tributary (probably the Bukalo 

Channel (Chapter 3)) to a higher water-level lake. This two-step transition is made by a progressive 

flooding for the middle part of the core (NC14-NC06) with a progressive and reversed evolution of the 

two end-members EM3 and EM5. The climatic evolution between dry and wet periods also shows an 

influence on the grain-size distribution and therefore on the end-member composition. The end of the 

wet period present during the deposit of the NC23-NC20 samples seems to affect the site with the 

NC20 sample, which shows a slightly different end-member composition with the absence of EM2 and 

therefore testifies to an environment with more abundant water. Similar observation for the wet 

period, which sees the deposits of samples NC11 and NC10. The end-member composition is more 

influenced by EM5, which tends to show an environment with more abundant water (Chapter 3). 

The South Core site shows a gradual transition from a shallow flooded site to a lake situation. 

However, this gradual development takes place through two well-defined transitions. The first 

transition corresponds to the phase change between marsh to lacustrine in samples SC17 and SC16 

(640-570 years BP). This transition corresponds in fact to a geomorphological change of the site which 

results in a deeper water environment. The second transition is between samples SC08 and SC06 (340-

300 years BP). This evolution of end-members seems to correspond to the establishment of a more 

humid climate. A greater flooding of the site therefore results in the evolution of the grain-size 

distribution recorded in the sediments. 
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Figure 60 Comparison of the evolution of the different phases for each site with the end-member analysis of the grain-size (Chapter 3). The grain-size changes according to the geomorphological 
evolutions of the different sites. However, the influence of climate change also seems to exert an influence on the grain-size distribution. Wet periods are highlighted in light grey. 
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6.5.6. Bacterial Community Composition (BCC) evolution and characteristics 

It has been shown in Chapter 4 that changes in the community reflect the changes in hydrological 

regime at regional scale, due to climatic and geomorphologic factors. In addition, a high dependency 

to sampling site has been highlighted. Each core tells a different story, reflecting local environmental 

conditions in addition to the regional environment. Although the regional change drives the BCC 

changes, local environment is the main factor shaping the BCC. 

The regrouping of samples made with the analysis of the total and lysis-resistant bacterial 

community using clustering and PCoA (Figure 61 and 44; and Chapter 5 is similar to the regrouping of 

samples made with more classical analysis in sedimentology, mineralogy and geochemistry. The first 

given signal of the clustering analysis is the per-core grouping of the samples (Chapter 5). However, 

when clusterings of each individual cores are confronted, the temporal similarity in the changes of the 

bacterial community highlights the close relationship to the climate and environmental changes along 

the history of the lake (Figure 63; Chapter 5). It strengthens largely the use of the microbiological 

methods in comparison to the more classical used tools, and provides valuable information for the 

reconstruction of the lake history summarized in chapter 6.5.4. 

Due to the wide diversity and complexity of the bacterial community, the use of a selection of 

specific metabolisms has been proposed as an alternative approach for the inference of environmental 

drivers based on the analysis of the BCC (Chapter 4). Sulphur-oxidizing bacteria and other metabolisms 

linked to the sulphur cycle have shown to be dominant in the sediment of Lake Liambezi, as well as 

thermophilic bacteria. These organisms have been selected to strengthen our interpretation of the 

ecosystem and the environmental changes. Changes in the abundance of these specific communities 

can be assumed to be the result of environmental modification impacting the whole ecosystem 

simultaneously. The particularities of the evolution of these two types of bacteria made it possible to 

help the temporal correlation between the three cores (Chapter 5). They also provided a better 

understanding of the environmental evolution of each site. However, thermophilic bacteria were more 

specifically used to highlight the supposed tectonic activity at the origin of the opening of the two 

basins forming the Lake Liambezi (Figure 64). Due to the presence of these specific communities, 

tectonic activity of the region linked to the Okavango Grabensystem is thought to be accompanied by 

hydrothermal activity. The base of each core start with a higher rate of thermophilic bacteria compared 

to the rest of the core. The samples of Center Core, age related to the supposed tectonic extension of 

north basin and to the supposed opening of the south basin present a slight change in thermophilic 

bacteria communities. A similar statement is true for the sample of North Core age related with the 

supposed opening of south basin (Figure 64). The supposed tectonic events related to the formation 

and evolution of Lake Liambezi are then thought to be closely related with a low temperature 

hydrothermal activity (Chapter 4. Marked presence of Alicyclobacillus, Thermoanaerobaculum, 

Thermobacillus and Acidothermus, helped more specifically to give these correlations, as all of them 

are moderately thermophilic with optimum growth temperatures ranging between 55°C to 60°C 

(Mohagheghi, Grohmann & Himmel, 1986; Kaksonen et al., 2007; Schleifer, 2009; Losey et al., 2013). 

Sulphur-oxidizer communities in Lake Liambezi depend mainly on the water level and the oxygen 

availability. The lake being shallow, the variation in depth linked to the dry and wet seasons can 

demonstrate a significant alternation of redox conditions, as demonstrated by the physicochemical 

parameters of the sediments, but also the bacterial communities. In the case of Lake Liambezi, the 

water level mainly depends on the morphology of the lake. This morphology seems to be closely linked 

to the regional tectonic activity. In fact, by analogy, sulphur-oxidizer communities seem to correlate 

with tectonic event. However, it should be understood that this is related to the water level and not 

to the tectonic activity itself. Climatic variations (cycles of greater amplitude) also play a major role in 

the quantity of water in the lake, and therefore its depth. In fact, sulphur-oxidizer communities also 

seem to show an influence of climatic variations. By contrast, in same horizons, sulphate-reducing 
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bacteria are detected at low abundance, suggesting that the sulphide does not originate from sulphate 

reduction, but rather from the degradation of organic matter. 

 

 
Figure 61 Principal coordinates analysis (PCoA) triplot of the total and the lysis-resistant communities based on Bray-Curtis 
dissimilarity and Hellinger transformation of the OTU table. OTUs represented by less than 100 sequences in the whole dataset 
were removed from the analysis. Colours correspond to the main grouping of samples defined for each core, identified from 
the visual characterization of the sediments. Ages and environmental status of the different groups of samples are added in 
clouds to better present the environmental separation revealed by the PCoA. The resulting grouping of samples confirm and 
strengthen the grouping made with the other methods and reassert the environmental evolution of each site made in chapter 
6.5.4, Figure 59, Figure 62 and Figure 63. 
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Figure 62 Clustering analysis using Ward algorithm of the (A) total community and (B) the lysis-resistant community. Distance between samples were calculated using Bray-Curtis dissimilarity 
based on the Hellinger-transformed community table. For each community, only the OTUs with at least 100 sequences among all samples were kept. Ages and environmental status of the 
different groups of samples are added to better present the environmental separation revealed by the clustering analysis.
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Figure 63 Characterization of the total bacterial communities, based on 16S rRNA gene amplicon sequencing. Only the most abundant genera (>2% of the community in average or >5% in one sample) are shown. Constrained hierarchical clustering was performed using the chclust function 
based on Bray-Curtis dissimilarity and the Hellinger-transformed community table. For each community, only the OTUs with at least 100 sequences among all samples were kept. The age model built in Chapter 5 with the link realised after the clustering (blue lines) are added. The climatic 
period are represented with dry period in white and wet period in grey-shade colour. Environmental state are also added. An important relation is highlighted between the climate evolution between wet and dry periods and with the environmental statuses of the different group of samples 
built with the clustering method. It correlates well with the more classical used methods as well.
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Figure 64 Communities of thermophilic bacteria contained in sediments for the upper figure and sulphur-oxidizers bacteria for the bottom figure. Shaded areas represent wet periods. Based on 
the constructed age model, there is a good relation between the samples attributed to identical climatic periods. This is particularly obvious when comparing the north and center cores, which 
showed high similarity in their BCC over time, as illustrated by the PCoA (Figure 61). North core: Phase 1. Extension of the north basin towards the northeast ≥1620 years BP; Phase 2. Change of 
environmental conditions and probable connection to the new southern basin ≥1000 years BP; Center core: Phase 1. Opening of the north basin >5500 years BP; Phase 2. Extension of the north 
basin towards the northeast ≥1620 years BP; Phase 3. Environmental evolution of the site and probable connection with the new southern basin ≥1000 years BP; South core: Phase 1. Opening 
of the southern basin ≥1000 years BP; Phase 2. Environmental evolution of the site ≥570 years BP.
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6.5.7. Mineralogy and hydrothermalism 

As presented in the previous chapters, the supposed tectonic opening of the northern basin 

around 5500 years BP, its extension at around 1650 years BP and the opening of the southern basin at 

around 1000 years BP are accompanied by the marked presence of thermophilic bacteria. The regional 

tectonic activity seems thenceforth to be accompanied and characterized by an hydrothermal activity. 

Mineralogy did not demonstrate it, neither confirm it clearly (Chapter 3). Presence of barium, an 

element often related to hydrothermalism was describe in the three cores. However, it was mostly 

thought to be related to detritism (Chapter 3). However, question of its origin was asked for the upper 

part of the Center Core where barium content changed from 400 ppm to 700 ppm around 2000 years 

BP (sample CC10). This change was not followed by the other detrital elements described in the core. 

The timing of this change occurred a few hundreds years before the supposed opening of the north-

eastern extension of the north basin (around 1650 years BP). Nonetheless, there is no clear relation 

between these two supposed events. Barium content origin remains not clear for the upper part of 

Center Core and there is still no clear proof of hydrothermal activity demonstrated by the mineralogy 

to attest what is shown with the bacteria communities. 

 

6.5.8. Reviews and discussion of a potential reworking of top part for North and Center 

Cores 

The lake was estimated to show relatively stable sedimentation throughout the recording of each 

of the three cores. However, this is an estimate made using the evolution of all measured parameters 

and correlated together. This method has probably attenuated different local developments and hid 

potential reworking. It is therefore probable that the evolution of the sedimentation of each site is in 

reality more complex. Thus, the contact surface between samples CC12 and CC10 or even CC08 and 

CC06 probably represent an erosion surface, as visual observation tends to suggest. However, it is 

difficult to estimate from geochemical measurements the extent of this erosion surface. The estimated 

age model do not show contradiction. Therefore, the erosion surface must be limited in time and not 

be sufficiently reflected in the sedimentological, geochemical and microbiological results to be 

demonstrated. 

Since the radiocarbon measurements for the samples NC11, NC04 and CC03 did not show a 

satisfactory result during a first analysis (i.e. which allowed the construction of a simple age model 

based on the correspondence between the samples), they have been doubled. The second analysis still 

failed to confirm the age pattern suggested by all the other analyses (Figure 48 in Chapter 5). The other 

measurements having been considered as usable in the construction of a coherent age model, it was 

deduced that these samples had to show contamination in their organic carbon. This contamination 

may actually reveal a reworking of the sediment due to erosion. The presence of organic matter with 

an older radiocarbon age than assumed in these horizons is probably due to the erosion and the 

reworking of older sediments in the vicinity and then, their sedimentation at the NC and CC sites. It 

may also be a partial reworking of the sediments of these horizons for the North and Center Cores. 

The results obtained from the top parts of these two cores must therefore be carefully considered and 

verified with multiple methods. The lack of radiocarbon data for the top part of the NC and CC cores 

and the potential reworking of this top part makes the interpretation of the environmental evolution 

more complex and less certain. 

However, no data shows a homogenization of the top part of the NC or CC cores (neither the 

mineralogical or elemental data, nor the geochemistry, nor the grain-size, nor the microbiology). This 

reworking should therefore not be sufficiently important to erase the characteristics that each method 

demonstrated. As a result, assertions about the environmental evolution of each site, but above all, of 

Lake Liambezi can be considered highly probable. 
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A remark can however be made in favour of the reworking of part of the sediments. The isotopic 

analyses of the organic carbon of the sediments show slightly different values (on average) for all the 

samples from the South Core compared to the two other cores. The isotopic analyses show values 

suggesting a more humid climate with values inclining for a vegetation richer in C3 (Figure 34, Chapter 

3). This would suggest that the South Core was sedimented during a period that is not recorded, or not 

recorded in the same way for the North and Center Cores. Either the upper part (and therefore the 

most recent) is missing for the North and Center Cores, or it is, at least in part, reworked. A possible 

interpretation for this remark would be as follows. First, the northern basin is formed and filled with 

sediment. A sediment recording is made at the central site, then at the north site. When the southern 

basin opens, a reworking of the sediments in the northern basin takes place. This opening appears 

around 1000 years BP. It corresponds to the loss of the radiocarbon coherence for the North Core as 

well as to the re-flooding of the central site and the erosion surface assumed between CC08 and CC06. 

It can then be imagined that the sediment filling of the southern basin is partly done with the erosion 

and the reworking of the sediments of the northern basin. This would explain an isotopic signal from 

the South Core slightly different from the North and Center Cores as well as a top part more difficult 

to interpret for these last two cores. The result would therefore be Center and North Cores with a full 

core bottom in place; a top part (above 1000 years BP) partly reworked and a top layer maybe totally 

missing. And on the other hand, a complete South Core which then makes it possible to complete the 

missing data for the most recent part of the last thousand years. 

 

6.6. Conclusion 

Lake Liambezi is located middle of wetlands in an arid climate with a specialized flora and fauna 

(e.g. Seaman et al., 1978; Peel et al., 2015). It has then a highly sensitive response to any climatic or 

environmental change. The structural features formed by the neo-tectonic activity affect the regional 

hydrological system and lead to a complex network of rivers and waterbodies which are evolving 

constantly through time (Kinabo et al., 2007; Haddon & McCarthy, 2005; Burrough et al., 2007; 

Burrough et al., 2009). The choice of a multidisciplinary study including classical tools in sedimentology, 

mineralogy and geochemistry and the innovative method using the bacterial community composition 

(BCC) and the bacterial lysis-resistant community met the initial expectations. Each chosen method 

brought specific information able to better trace and expose each parameter in detail (Chapters 3-5). 

The pooling of all the parameters in the present paper did permit to define a general understanding of 

the lake ecology and evolution through time. A climatic evolution for the last 5500 years has been 

proposed and compared to previous studies and seems to offer a much-detailed story for the close 

past. The higher precision comes especially with having taken into account the discrimination between 

climate evolution and environmental evolution and not having based our climate reconstruction after 

spatial geomorphological proxies as proof of a precise climate regime. 

The global history of the actual Lake Liambezi for the last 5500 years BP seemed to be closely 

related to the regional tectonic activity related itself to the Okavango Grabensystem. This activity 

seems to be responsible of Lake Liambezi formation with the opening of its northern basin in a first 

time, its north-eastern extension in a second time and the opening of a second basin in its south as last 

tectonic feature for Lake Liambezi. This tectonic opening formed topographic depressions 

consequently filled with lacustrine sediments. Those sediments offered records of the climatic 

conditions and the environmental evolution of the site. If the tectonic activity seemed of major 

importance to the formation of topographic depressions, the morphologic shape of the basin and the 

climatic conditions then permitted the record of the environmental evolution of Lake Liambezi. 

 

  



 Lake Liambezi : a climatic and environmental record 
 

163 

6.7. References 

Berke, M.A., Johnson, T.C., Werne, J.P., Schouten, S., Sinninghe Damsté, J.S. 2012. A mid-Holocene 

thermal maximum at the end of the African Humid Period. Earth and Planetary Science Letters 

351-352, 95-104. 

Bufford, K.M., Atekwana, E.A., Abdelsalam, M.G., Shemang, E., Atekwana, E.A., Mickus, K., Moidaki, 

M., Modisi, M.P., Molwalefhe, L., 2012. Geometry and faults tectonic activity of the Okavango 

Rift Zone, Botswana: Evidence from magnetotelluric and electrical resistivity tomography 

imaging. Journal of African Earth Sciences, 65, 61-71. 

Burrough, S.L., Thomas, D.S.G., 2008. Late Quaternary lake-level fluctuations in the Mababe 

Depression: Middle Kalahari palaeolakes and the role of Zambezi inflows. Quaternary Research 

69, 388-403. 

Burrough, S.L., Thomas, D.S.G., Shaw, P.A., Bailey, R.M. 2007. Multiphase Quaternary highstands at 

Lake Ngami, Kalahari, northern Botswana. Palaeogeography, Palaeoclimatology, Palaeoecology 

253, 280–299. 

Burrough, S.L., Thomas, Singarayer, J.S., 2009. Late Quaternary hydrological dynamics in the Middle 

Kalahari: Forcing and feedbacks. Earth-Science Reviews, 96, 313–326. 

Cavaillé-Fol, 2020. On a découvert le berceau de l’Humanité. Science & Vie, N°1233, juin 2020, 56-71. 

deMenocal, P., Ortiz, J., Guilderson, T., Adkins, J., Sarnthein, M., Baker, L., Yarusinsky, M. 2000. Abrupt 

onset and termination of the African Humid Period: rapid climate responses to gradual insolation 

forcing. Quaternary Science Reviews 19, 347-361. 

deMenocal, P., Ortiz, J., Guilderson, T., Sarnthein, M. 2000. Coherent High- and Low-Latitude Climate 

Variability During the Holocene Warm Period. Science 288 (5474), 2198-2202. 

Frouin, M., Sebag, D., Durand, A., Laignel, B., Saliege, J.F., Mahler, B.J., Fauchard, C., 2007. Influence of 

paleotopography, base level and sedimentation rate on estuarine system response to the 

Holocene sea-level rise: The example of the Marais Vernier, Seine estuary, France. Sedimentary 

Geology, 200, 15-29. 

Haddon, I.G., McCarthy, T.S. 2005. The Mesozoic–Cenozoic interior sag basins of Central Africa: The 

Late-Cretaceous–Cenozoic Kalahari and Okavango basins. Journal of African Earth Sciences 43, 

316-333. 

Jones, C.R., 1980. The Geology of the Kalahari. Botswana Notes & Records, 12, 1-14. 

Kaksonen AH., Spring S., Schumann P., Kroppenstedt RM., Puhakka JA. 2007. Desulfurispora 

thermophila gen. nov., sp. nov., a thermophilic, spore-forming sulfate-refucer isolated from a 

sulfidogenic fluidized-bed reactor. International Journal of Systematic and Evolutionary 

Microbiology 57:1089–1094. DOI: 10.1099/ijs.0.64593-0. 

Kinabo, B.D., Atekwana, E.A., Hogan, J.P., Modisi, M.P., Wheaton, D.D., Kampunzu, A.B. 2007. Early 

structural development of the Okavango rift zone, NW Botswana. Journal of African Earth 

Sciences, 48, 125-136. 

Losey NA., Stevenson BS., Busse HJ., Damsté JSS., Rijpstra WIC., Rudd S., Lawson PA. 2013. 

Thermoanaerobaculum aquaticum gen. nov., sp. nov., the first cultivated member of 

acidobacteria subdivision 23, isolated from a hot spring. International Journal of Systematic and 

Evolutionary Microbiology 63:4149–4157. DOI: 10.1099/ijs.0.051425-0. 

McGee, D., deMenocal, P.B., Winckler, G., Stuut, J.B.W., Bradtmiller, L.I. 2013. The magnitude, timing 

and abruptness of changes in North African dust deposition over the last 20,000 yr. Earth and 

Planetary Science Letters 371-372, 163-176. 

Mohagheghi A., Grohmann K., Himmel M. 1986. Isolation and characterization of Acidothermus 

cellulolyticus gen. nov., sp. nov., a new genus of thermophilic, acidophilic, cellulolytic bacteria. 

International Journal of Systematic Bacteriology 36:435–443. DOI: 10.1099/00207713-36-3-435. 



Lake Liambezi : a climatic and environmental record 

164 

Mukwati, B.T., Tafesse, N.T., Bagai, Z.B., Laletsang, k. 2018. Hydrogeochemistry of the Kasane Hot 

Spring, Botswana. Universal Journal of Geoscience 6, 131-146. 

Pausata, F.S.R., Gaetani, M., Messori, G., Berg, A., Maia sw Souza, D., Sage, R.F., deMenocal, P. 2020. 

The Greening of the Sahara: Past Changes and Future Implications. One Earth 2, 235-250. 

Peel, R.A., Tweddle, D., Simasiku, E.K., Martin, G.D., Lubanda, J., Hay, C.J., Weyl, O.L.F. 2015: Ecology, 

fish and fishery of Lake Liambezi, a recently refilled floodplain lake in the Zambezi Region, 

Namibia. African Journal of Aquatic Science 40:4, 417-424. 

Schleifer KH. 2009. Phylum XIII. Firmicutes Gibbons and Murray 1978, 5 (Firmacutes [sic] Gibbons and 

Murray 1978, 5). In: De Vos P, Garrity GM, Jones D, Krieg N, Ludwig W, Rainey F, Schleifer K-H, 

Whitman W eds. Bergey’s Manual of Systematic Bacteriology Volume 3. Dordrecht Heidelberg 

London New York: Springer, 19–1317. 

Seaman, M.T., Scott, W.E., Walmsley, R.D., van der Waal, B.C.W., & Toerien, D.F. 1978: A limnological 

investigation of Lake Liambezi, Caprivi. Journal of the Limnological Society of Southern Africa 

4:2, 129-144. 

Singletary, S.J., Hanson, R.E., Martin, M.W., Crowley, J.L., Bowring, S.A., Key, R.M., Ramokate, L.V., 

Direng, B.B., Krol, M.A., 2003. Geochronology of basement rocks in the Kalahari Desert, 

Botswana, and implications for regional Proterozoic tectonics. Precambrian Research, 121, 47-

71. 

Sletten, H.R., Railsback, L.B., Liang, F., Brook, G.A., Marais, E., Hardt, B.F., Cheng, H., Edwards, R.L. 2013. 

A petrographic and geochemical record of climate change over the last 4600 years from a 

northern Namibia stalagmite, with evidence of abruptly wetter climate at the beginning of 

southern Africa's Iron Age. Palaeogeography, Palaeoclimatology, Palaeoecology 376, 149–162. 

Thomas, D.S.G. & Burrough, S.L, 2012. Interpreting geoproxies of late Quaternary climate change in 

African drylands: Implications for understanding environmental change and early human 

behaviour. Quaternary International, 253, 5-17. 

Tweddle, D., Weyl, O.L.F., Hay, C.J., Peel, R.A., Shapumba, N. 2011. Lake Liambezi, Namibia: Fishing 

community assumes management responsibility. Technical Report no. MFMR/NNF/WWF/Phase 

II/4. 

 

 



  General conclusion 

165 

7. General conclusion 

The north Botswana region has been described as uniquely representing wetlands in an arid 

climate. It holds a specialized flora and fauna and is a source of life-supporting water in the middle of 

an arid region. This region, is however, particularly fragile as it responds sensitively to any climatic or 

environmental change. It holds the second largest endorheic delta system in the world organised with 

the two endorheic Okavango and Kwando rivers, and the changing contributions from the Zambezi 

River. These three rivers form a complex network controlled by tectonic faults (Haddon & McCarthy, 

2005). A minor change in tectonism and faulting can significantly influence the morphology and hence 

the drainage pattern of the entire system. This has been clearly demonstrated by the work of Burrough 

& Thomas, 2008 for the evolution of the paleolakes of the middle Kalahari, also considered to be the 

cradle of humanity (Cavaillé-Fol, 2020). 

Okavango Delta and Ngami lakes have been studied and described through numerous studies 

(e.g. Burrough et al., 2007; Huntsman-Mapila et al., 2006; McCarthy, 2013; Milzow et al., 2009). In 

comparison, the Linyanti-Chobe Basin has been poorly documented and remains poorly understood. 

Multiple factors are involved in the environmental cycles involved in the landscape formation and form 

therefore a complex system. Environmental and landscape features such as rivers, lakes, floodplains, 

islands and connections in the Linyanti-Chobe Basin evolve a lot. The timing of the evolutions and 

changes of these features is poorly described. The complexity of such a system makes it difficult to 

trace and to target the factors of change and evolution. More often in such a complex system, factors 

of evolution are multiple. Furthermore, climate variations during the Quaternary in northern Namibia 

and Botswana are poorly documented and understood as well (Thomas et al., 2012; Burrough et al., 

2007; Chevalier et al., 2015). Paleo-environmental archives with well-dated proxies are difficult to find 

or target and results might show inconsistencies and even contradictions (Thomas et al., 2012; 

Burrough et al., 2007). Interpretations of late Quaternary climate variation in the Kalahari are therefore 

controversial (Wiese et al., 2020). 

The main and overarching goal of the present work was therefore to understand better the 

climatic variation and ecosystem evolution in northern Botswana using traditional and new 

palaeolimnological tools. From this perspective, it was necessary to evolve step by step in order to 

carry out this exploratory work. Each step carried out made it possible to evolve towards the next to 

finally obtain an exploratory work with very vast methods and very dense in data. This exploratory 

work made it possible to target the relevant characteristics of this terrain as well as the methods 

allowing them to be traced. It also made it possible to highlight new questions relating to the 

functioning of certain characteristics and to make proposals for their possible resolution in future 

work. 

The first step was to understand the geochemical relationship between vegetation and soils. It 

could be shown that the organic matter of the soils as well as the sediments directly reflects the 

vegetation of the site. This observation was then very useful in the paleoenvironmental reconstruction 

of the three sites sampled at Lake Liambezi. It was also demonstrated in this first step that the 

geochemical composition of organic matter is more dependent on the geomorphological 

characteristics of the northern Botswana region than the generally accepted north-south climate 

transect for southern Africa. 

In order to understand climatic variations and the evolution of the different ecosystems of this 

region, the next step focused on Lake Liambezi. It was first necessary to clear the composition of the 

sediments of Lake Liambezi in order to understand its characteristics. Using many methods in different 

disciplines (sedimentology, geochemistry and microbiology), the sediments of Lake Liambezi could be 

described in detail and its characteristics discussed. The study demonstrated a sediment rich in organic 

matter of autochthonous production with a dominance of aquatic plants and algae and a lesser 

contribution of terrestrial detritus washed into the lake. Mineralogical, elemental and grain-size 
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studies have also shown a large proportion of detrital elements in the sediments. However, two 

minerals seem to demonstrate a different cycle, largely linked to the environmental and climatic 

conditions of the environment. The sediments of the lake show an important cycle of silica with a 

redistribution of this silica through dissolution and reprecipitation. The presence of many siliceous 

organisms has been widely documented. The clay cycle has also been studied especially with smectite 

which seems to demonstrate a different cycle from other clays. Variations in smectite content are 

probably related to variations in climate between wetter and drier periods. This mineral therefore 

turns out to be of major importance for the paleo-climatic reconstruction of the region. 

The multidisciplinary approach introduced an innovative method coming from microbiology. 

Firstly, this work permitted to confirm the applicability of using bacterial DNA (total and/or lysis-

resistant) to identify changes and variability in the environmental conditions. In addition to confirming 

the correct functioning of this new approach, the method has above all shown the relevance of its use 

for such an environment. It made it possible to supplement the observations carried out with the more 

traditional methods, but above all, it made it possible to highlight the characteristics of the sediments 

which escaped the more traditional methods.  

Microbiology has made it possible to refine the environmental descriptions produced with 

sedimentological and geochemical methods. But above all, it has put forward cycles or phenomena 

that other methods have not made it possible to demonstrate. Microbiology has highlighted an 

important sulfur cycle in the sediments of Lake Liambezi. It also highlighted the presence of 

hydrothermal activity in the direct surroundings of the lake, or even within the lake. These different 

characteristics of the sediments of Lake Liambezi will be especially useful in the various 

paleoenvironmental and paleoclimatic reconstructions carried out for the lake and its region. 

The next step was the attempt to build an age model for the lake. The composition of the 

sediments led to the choice of radiocarbon dating. The 14C-activity for a selection of samples (charcoal 

pieces or bulk material) demonstrated a possible reconstruction for some of the cores. However, this 

dating attempt also showed that a reworking, or even total erosion of the top of the CC and NC cores 

was possible. Even so, the other methods (sedimentology, geochemistry and microbiology) 

demonstrated that the cores remained exploitable and that even by accommodating a partial 

reworking for the top of these two cores, the environmental and climatic deductions remained 

relevant. In fact, a sediment age model has been proposed. This age model is based on radiocarbon 

dates. It has been largely completed using microbiology and the use of total communities as well as a 

selection of specific communities showing characteristics of interest and usable for the purpose of site 

correlation. 

The final step in the paleoenvironmental and paleoclimatic reconstruction of the Lake Liambezi 

site was to gather all the data useful for this purpose. The pooling of the age model and the 

environmental and climatic deductions for each site made it possible to propose a model of climatic 

and environmental change that is unique for the region. Even though this environmental and climatic 

model will probably evolve in future studies (or even be partially questioned), it makes it possible to 

lay an interesting basis for the region. On the one hand, it proposes a climatic and environmental 

reconstruction for the last 5500 years, but above all, it demonstrates what are the characteristics of 

the lacustro-palustrine environments of this region and what are the relevant tools for the study of 

these environments. One of the major points of the final stage of this exploratory study was to 

demonstrate that climate change and environmental change are two distinct things and partially 

independent of each other. The environmental evolution of a specific site depends on its geo-

morphological characteristics as well as its links with regional tributaries. The influence of climate on 

the environmental characteristics of a site is only secondary. This characteristic makes it possible to 

raise the difficulty of studies aiming at the environmental reconstruction of lakes located in northern 

Botswana such as Lake Ngami or paleo-Lake Makgadikgadi (e.g. Burrough et al., 2007). 
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The deduced environmental evolution of Lake Liambezi proposed a close relation with the 

regional tectonic activity and tends to demonstrate a recent activity of the Okavango Graben. Presence 

of thermophilic bacteria seems to support a tectonic action in the different evolution of the lake’s 

shape. The regional hydrological system is affected by the structural features formed by the neo-

tectonic activity (Kinabo et al., 2007). It results in the creation of a complex network of rivers and 

waterbodies (Haddon & McCarthy, 2005). The exact same statement is confirmed for the Lake Liambezi 

environmental history. Its formation and part of its evolution are probably the results of a tectonic 

activity linked to the Okavango Graben. The resulting depressions are then filled with lacustrine and 

fluvio-deltaic sediments and reflect the environmental conditions set with the location and the 

connectivity to the watershed. 

 

7.1. Initial questions 

The uniqueness of north Botswana has been demonstrated, holding a complex network of rivers, 

marshes, wetlands and lakes controlled by tectonic faults (Haddon & McCarthy, 2005). This complex 

system is in constant evolution and reflect the tectonic, climatic and environmental evolutions. If such 

evolutions have been demonstrated for the neighbouring Okavango Delta, it has never been shown 

for the Linyanti-Chobe Basin. This region remains poorly covered, studied or understood. Therefore, 

the choice was established to focus on this extraordinary basin, showing a high complexity of 

connection between the different rivers and waterbodies. The present work, focusing on Lake 

Liambezi, situated middle of the Linyanti-Chobe Basin aimed at demonstrating similar dependence to 

tectonic, climatic and environmental evolutions for its history compared to the Okavango Delta. A 

better understanding of Lake Liambezi evolution might help to understand the possible evolution of 

the neighbouring Okavango Delta. The following section aims to answer questions that arose during 

the development of the project: 

 

i. The link between vegetation and soil organic matter geochemistry has been 

demonstrated for the Linyanti-Chobe Basin. The organic matter geochemical composition 

of the soils reflects the vegetation cover. A similar link has been shown for the sediments 

of the tributaries of Lake Liambezi as well as the lake’s sediment. The sediments reflect 

the direct neighbouring vegetation. It is thus thought that the organic matter of soils and 

sediments might be considered as autochthonous with only a poor transport. It results in 

the possibility of using the organic matter conserved in paleo-soils and in waterbodies 

sediments to reconstruct past vegetation cover. 

ii. Lake Liambezi has been investigated through a number of sediment cores. A precise 

description of its sediment has been made with a precise description on the origin of the 

different sediments components. Organic matter contained in the sediments denotes a 

dominantly autochthonous origin mostly composed of aquatic plants and algae with a 

lesser contribution of terrestrial detritus washed into the lake. Terrestrial plant 

contribution shows a mix between C3 – and C4 – type of vegetation with a clear dominance 

of the C3 vegetation. It is compatible with the presence of Phragmites australis (a C3 plant) 

described along the shores of Lake Liambezi. The lacustrine and terrestrial contributions 

are changing according to the site and/or the depth. The absence of biogenic calcite has 

been noticed and thus demonstrates the absence of a biogenic carbonate cycle for Lake 

Liambezi. Contrariwise, a very rich biogenic silica cycle has been observed with various 

forms of biogenic silica. Mineralogy of the sediment confirms the importance of detrital 

material coming from the catchment. However, the weathering of primary minerals such 

as feldspar, plagioclase and micas found in the catchment is climatically-controlled and 

results in the formation of smectite. Smectite might therefore be used as climate tracer 
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in the lakes sediments. The other parameters of the sedimentology such as the grain-size, 

the detrital mineral content and the presence or absence of pyrite and gypsum are 

controlled by localized features such as the connectivity of the basin to the rivers or the 

water availability of the site (and thus water level). A novel method using bacterial DNA 

(total and/or lysis-resistant) developed by the Laboratory of Microbiology at the Institute 

of Biology of the University of Neuchâtel has been used to identify changes and variability 

in the environmental conditions of the lake. Similarly to other methods used in the 

present study, the bacterial communities changed in regard to the site and the depth in 

accordance with the observed changes related to the other methods. The pooling of the 

results obtained with each method of this multidisciplinary study did permit to give a 

specific story and evolution for each of the three sites. 

iii. In order to get a time frame in the described evolution of the three sampled sites, and 

thus, to give an environmental history to the lake, an age model was built following 

multiple methods. With regards to the sediments, the 14C-compositions of a number of 

samples has been examined. However, dating with radiometric methods on sedimentary 

components is challenging at least and complementary methods have been used. Thanks 

to the mineralogy and the geochemistry, the cores have been considered as non-heavily 

bioturbated and thus usable and robust enough to be dated with relative dating methods. 

Smectite content has been used as well as bacterial community composition and a 

selection of bacterial communities. Following this multidisciplinary approach, gave 

estimated ages of 1618 to 51 years BP for the North Core, 5424 to 420 years BP for the 

Central Core, and from 950 to 0 years BP for the South Core. The average vertical 

accretion rate deduced from the obtained age runs from 1 cm/30 years for South Core to 

1 cm/115 years for Center Core. The time periods covered by each core are slightly 

staggered and covering sometimes slightly different periods of sedimentation. It is 

thought to be the result of local environmental differences. These environmental 

differences are related to the climatic evolution but moreover to the morphology of the 

site. 

iv. Precise description of the three sampled sites showed a very characteristic morphological 

evolution for each site. The northern site shows a sudden deepening from a shallow to a 

deeper lake environment. The southern site presents a gradual transition from a marsh 

to lake conditions. The site of the center presents a more complex development. It starts 

with a marsh environment. There follows a period of progressive drying leading to an 

emersion of the site. Despite the emersion, the sediments still record an annual flood 

regime similar to today. The site then registers a gradual re-flooding leading the site to a 

return of marsh conditions. The evolution of each site is strongly related to the location 

of the site with its geomorphology and its response to the climatic evolution. The climatic 

evolution is definitely reflected in the organic matter record and reflects a vegetation 

response and evolution to it. It is also reflected in the bacteria communities. However, 

the major evolution observed in both, bacterial communities and mineralogy-

geochemistry of the sediments, demonstrate rather the complex association between the 

morphology of the site (its location) and the climate evolution 

v. However, the microbiology has revealed a high proportion of thermophilic and 

moderately thermophilic bacteria. this has been interpreted to suggest hydrothermal 

activity within the lake. A complex network in the regional hydrological system evolving 

constantly due to the structural features formed by the neo-tectonic activity of the 

Okavango Graben has been demonstrated (e.g. Kinabo et al., 2007; Haddon & McCarthy, 

2005; Burrough et al., 2007; Burrough et al., 2009). A link between the presence of 
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thermophilic bacteria and a potential tectonic activity affecting the lake has thus been 

made. Structural features formed by the neo-tectonic activity is thus believed to affect 

the lake and help to its environmental evolution. Formation and evolution of Lake 

Liambezi in two elongated basins seems to follow a tectonic opening linked to the 

Okavango Graben and its fault system. The north basin has probably been formed at 

about 5420 years BP following a tectonic opening. A supposed extension towards the 

northeast of this first basin is believed to occur around 1650 years BP. At about 1000 

years BP, a second basin is believed to open in the south of the first basin following the 

last recorded tectonic event affecting the lake. Presence of thermophilic bacteria seems 

to support this tectonic action in the different evolution of the lake’s shape. Successively, 

the resulting depressions are then filled with lacustrine and fluvio-deltaic sediments. 

Sediment type and content are driven by the environmental conditions resulting of the 

watershed, the climate and the morphology of the site. Since then, the formation and 

evolution of the lake seem to be closely related to the regional tectonic activity and tend 

to demonstrate a recent activity of the Okavango Graben system. 

vi. Previous work aiming at a climatic reconstruction of the region compiled a variety of data 

and studies all covering the northern Botswana and northern Namibia region (Burrough 

et al., 2007; Thomas et al., 2012). Their work covered a period of 250,000 years. The 

present work is interested in only the last 5500 years. Therefore, the present work 

proposed a higher resolution for this period of time compared to the two other studies. 

Methods and material used are different for each described site. Therefore, important 

differences are found between each site. However, correlations are encouraging and 

similarities are more or less good (especially between the present work and Thomas et 

al. (2012)). Results are showing an alternation between wet and dry periods of variable 

duration. The present work used the climatically linked clay named smectite as main 

climatic tracer. Refinements and slight corrections can be made using other tools such as 

the geochemistry. 

vii. The results of this study demonstrate the applicability of using bacterial DNA (total and/or 

lysis-resistant) to identify changes and variability in the environmental conditions. 

Changes in the total and lysis-resistant bacterial communities were consistent with other 

geological proxies and demonstrated their relevance as a paleoecological proxy. 

Moreover, it did permit to highlight specific biological processes such as biological-

mediated sulphur cycling and potential hydrothermal activity through a high abundance 

of sulphur-oxidizing and thermophilic bacteria. Furthermore, in this particular case, the 

method demonstrated another advantage. The good correlation between the changes in 

the total and lysis-resistant bacterial communities with other geological proxies and a 

particular cycle of thermophilic bacteria did permit to use the method as a relative dating 

method, as correlation between the three cores were feasible. 

 

Following this multidisciplinary approach, the sedimentology of Lake Liambezi turns out to be rich 

in information. The obtained information are listed hereafter in order to get a summary of it. The tools 

used to obtain such information are also indicated. 

 Vegetation type: organic matter geochemistry 

 Bacterial Communities Composition (BCC): DNA extraction 

 Water level: BCC, organic matter geochemistry, grain-size and mineralogy 

 Basin connectivity to the watershed: grain-size and mineralogy 

 Climatic evolution: smectite and organic matter geochemistry 

 Hydrothermal activity: thermophilic bacteria  
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The recorded environmental conditions of the lake into the sediments reflects firstly the 

geomorphology of the site and secondly the climate. Environmental conditions are the complex 

combination of the set of information exposed here above. 

Geomorphology of the site is dependent of multiple variables, such as local specificities or 

climate. However, according to our studies, it seems above all to be dependent of the tectonic activity 

of the region. Tectonic activity is believed to shape most of the depressions of the region. The resulting 

depressions are then filled with water and form waterbodies or lakes which are then filled with 

lacustrine and fluvio-deltaic sediments. These sediments record then the neo-formed environmental 

situation. 

The nicest example of this situation is recorded in the organic matter and in the clay content of 

the Lake Liambezi’s sediment. Evolution of the geochemical record of the organic matter (13C and 

C/N) correlates with the main morphological evolution of the lake (Figure 65): transition from low 

water level lake to higher water level lake for North Core; transition from marsh to fens to a total 

drying up and back to marsh conditions after a re-flooding for Center Core; transition from marsh to 

lake conditions for South Core. However, the climate evolution shown by the smectite content 

variations tends to demonstrate correlations with the minor changes in the organic matter 

composition. Thus, it is a demonstration of the previous assessment. The site is first, dependent to its 

geomorphological shape and secondly, dependent to the climate variations. 

 

 
Figure 65 Comparison of 13C and C/N ratio of the organic matter with smectite content of each core. The standard deviation 
or the analytical error of the different analysis are less than or equal to the size of the symbol. 

Each method did permit to progress in specific fields. However, only the pooling of the data 

allowed to enlarge our vision and allowed us to draw conclusions on the paleo-environmental 

evolution of the region. Moreover, the complexity of the site sometimes renders it difficult to have a 

clear definition of some variables of the sediments. The broader vision obtained through this 

multidisciplinary approach has allowed us to overcome this problem. It results a coherent 

environmental evolution of the region when compared to similar studies (e.g. Sletten et al., 2013; 

Burrough et al., 2007; Thomas et al., 2012). 
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7.2. Weaknesses of present work 

As explained in the preface, the present thesis work has undergone many adaptations following 

changes and redirections beyond the control of the authors (my supervisors and myself). Even if the 

project submitted by the SNF was built as an exploratory project to test the used methods in various 

environments and environmentally different systems, an initial work had been done on the initial field. 

It means that the initial project was to be carried out on a site already well described and cleared. 

Regarding Lake Liambezi, the very nature of the sediments had never been described. It means, it was 

necessary to carry out a description of the sediment in order to describe its components. An important 

work of description therefore had to be undertaken before being able to get to the heart of the project, 

which was the environmental reconstruction of the lake for the past. The work therefore represented 

a double difficulty: a first description of the sedimentology of Lake Liambezi; as well as an 

environmental reconstruction. The project being ambitious and very vast, it is very likely that future 

studies will bring clarifications or corrections to this first exploratory work. 

Nevertheless, the present work lays the foundations for future work not only on Lake Liambezi, 

but on understanding the establishment of the landscape of northern Botswana in relation to 

tectonism. Indeed, it has been shown with the present work that if the evolution of the landscape of 

this region depends partly on the climate, the tectonic evolution makes it possible to redefine the 

distribution of rivers and bodies of water and thus modify the landscape in an important way. This is 

therefore additional work for the region which demonstrates the importance of taking regional 

tectonics into account if we want to study and understand the evolution of the landscape of northern 

Botswana and thus better understand possible future evolutions. 

The problems encountered during the preparation of the field campaign as well as during the field 

resulted in the sampling of only three cores between 30 to 40 cm. In addition, the three cores collected 

each represent a different period and their pooling is not obvious. It may even be subject to discussion. 

This therefore results in a problem of representativeness which makes the discussions and conclusions 

of the present work subject to discussion. These are the hazards of exploratory work. However, as 

indicated in the previous paragraph, the results are encouraging and provide a database for planning 

future work in this region. In order to increase the representativeness of the work as well as complete 

the information obtained, it would be necessary to obtain a larger number of sediment cores and to 

extend the sampling to the entire lake. A comparison of the sites and a pooling of data would thus 

make it possible to better understand the overall dynamics of the lake. The comparison of the data 

would also allow a description of the environmental evolution more solid because check on multiple 

sites. In addition, the current work has made it possible to highlight which methods are indicative of 

environmental conditions. Thus, thanks to a more restricted choice of methods, and to a larger 

sampling, the additional work in order to complete the present work would be achievable. 

 

7.3. Evolution of the region 

Lake Liambezi evolution for the coming years will definitely be closely related to the climate 

evolution of the region. However, the present work has demonstrated a close link between origin, 

formation and evolution of Lake Liambezi and the activity of the Okavango Graben fault system. The 

evolution of the fault system will largely condition the future shape of the lake and its evolution or its 

disappearance (its transformation to another type of environmental feature). The present study 

confirmed that a tectonic change could radically modify the shape of the lake and thus its 

environmental adaptation to it. Quaternary unconsolidated sediments of the Okavango Graben are 

mainly composed and underlain by lacustrine and fluvio-deltaic sediments of varying thickness 

(Bufford et al., 2012). This demonstrates a permanent evolution of the landscape as well as a 

permanent redistribution of figures linked to the course of the water in which Lake Liambezi fits 

perfectly. The nature of the landscape as well as the active tectonic activity allows a constantly 
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changing and constantly evolving landscape. This dynamic creates an entanglement of channels typical 

of anastomosed river observable with the naked eye on any aerial photograph taken in the region. The 

study of water bodies in this type of ecology becomes even more stimulating and challenging (e.g., 

Burrough et al., 2007; Burrough et al., 2008; Burrough et al., 2009; Huntsman-Mapila et al., 2006; Shaw 

et al., 2003; Grove et al., 1969). A similar statement is true as well for the other systems of the region 

such as the Okavango Delta for example. 

 

7.4. Perspectives 

The multidisciplinary approach integrating sedimentology, geochemistry as well as microbiology 

has made it possible to obtain a very broad and complete vision of the sediments of the northern 

Botswana region. This multidisciplinary approach is original and full of potential. This procedure made 

it possible to highlight the characteristics specific to the sediments in this region. Thus, the presence 

of numerous siliceous organisms could be demonstrated, as well as an evolution of the quantity of 

smectite probably linked to changes in the climate. These points deserve additional studies in order to 

derive additional information and on the one hand to refine our results, but above all, to demonstrate 

significant potential for other environmental studies in this region. Thus, it would be interesting to 

deepen the cycle of silica. A first step would be to measure the proportion of silica of detrital origin 

(wind and fluvial quartz grains) versus silica of biogenic origin. In a next step, it would be possible to 

carry out an isotopic study on the biogenic silica. These two analyses would undoubtedly make it 

possible to better perceive changes in climate and its impacts on biologic activity and thus to 

strengthen or correct the built climate model. Another approach aimed at verifying the constructed 

climate model would be to better investigate the mineralogy. A study on the precise origin of smectite 

would probably provide crucial information. For this, more precise work on the diffractograms of XRD 

analyses could be used. A mineralogical reconstruction from data in elements (XRF measurements) 

could also be carried out in order to better target the detrital, climatic, hydrothermal or even biological 

origin of the various minerals. In this same perspective, isotopic analyses of the clay minerals would 

also be considered. 

The presence of hydrothermal vents in the region has been demonstrated (Mukwati et al., 2018). 

The presence of such sources within Lake Liambezi or in its direct surroundings is suggested by the 

analysis of microbiological communities. Some measurements in the water analyses of Dyer (2017) 

could also suggest the presence of hydrothermal vents in the vicinity of some sites. A more in-depth 

study of this type of source could be undertaken in order to measure what type of hydrothermalism it 

is and what is its link with the presence of faults linked to the Okavango Graben in the region. 

The presence of carbonate was not observed in the SEM analyses. In addition, the presence of 

calcite and dolomite reported in the mineralogical analyses is sporadic and attributed to a detrital 

origin coming from the watershed. However, the pH conditions of Lake Liambezi as well as the calcite 

saturation index is reached for the waters of the lake. In addition, the presence of carbonate sediments 

is widely documented for the northern Botswana region (e.g. Burrough et al., 2008). How is it that 

despite a current situation which could allow the precipitation of carbonates in the lacustro-palustrine 

environments of northern Botswana, no trace is reported and that the silica cycle is largely dominant? 

This question is all the more relevant as the precipitation conditions of carbonate deposits in the region 

are not understood. Their origin, their formation as well as their meaning remain controversial. The 

study of the sediments of Lake Liambezi offers a new database of current conditions and the recent 

past. These data will probably make it possible to better target the conditions required to better 

understand the alternations between carbonate or siliceous deposits of the past in this region. 

Further work on the precise geomorphological description of the region and a better 

understanding of the faults arrangement in the region will provide an important clues to reconstruct 

the environmental development of the Linyanti-Chobe Basin. In such a perspective, a geophysical 



  General conclusion 

173 

survey might be an option. Geophysical methods (e.g. reflection seismology) might bring some 

interesting help for further investigation in the field of landscape evolution and timing in the formation 

and evolution of the different water bodies of northern Botswana. However, it should be borne in mind 

that these sedimentary basins are never deep (probably less than 10 meters for the most part) and can 

show significant lateral variations. The separation between climate influence and environmental 

change must also always be kept in mind. The paleoenvironmental and paleoclimatic reconstruction 

of the region therefore always remains complex and a simple approach is difficult to envisage. 
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8. Appendix: Poster presentations, data and collaborations 
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Poster presentation at the 16th Swiss Geoscience Meeting in Bern, Switzerland, 1st December 2018. 
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Poster presentation at the EGU General Assembly in Vienna, Austria, 7–12 April 2019. 
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8.2. Water data 

8.2.1. Samples name, location and other details 

 
sample sample_name general_status status_dry_season status_wet_season watershed location_feature location_name coordinates elevation sample_type sample_type_2 depth sampling_date_1 sampling_date_2 dna_treatment_spores dna_treatment_total

Liambezi Lake

Liambezi_Lake SD-17 south_lake south_lake south_lake linyanti_chobe_zambezi liambezi_lake south_basin_south 17.961056 S 24.360778 E 930 water lake_water 0 August_2016 March_2017 spores total

pt_233 SD-36 south_lake lake linyanti_chobe_zambezi liambezi_lake south_basin_south 17.959778 S 24.354806 E 931 water lake_water 0 March_2017

pt_232 SD-35 south_lake lake linyanti_chobe_zambezi liambezi_lake south_basin_center 17.946806 S 24.372861 E 931 water lake_water 0 March_2017

pt_229 SD-34 north_lake lake linyanti_chobe_zambezi liambezi_lake north_basin_north 17.898140 S 24.382667 E 931 water lake_water 0 March_2017

Linyanti watershed

Linyanti_River SD-09 tributaries tributaries tributaries linyanti linyanti_marsh linyanti_campground 18.294861 S 23.907444 E 942 water river_water 0 August_2016 March_2017 spores total

Linyanti_Campground SD-10 tributaries borehole borehole linyanti linyanti_marsh linyanti_campground 18.295750 S 23.907667 E 947 water underground_water 0 August_2016 March_2017

Namatanga SD-11 tributaries borehole dry linyanti linyanti_marsh namatanga 18.024556 S 24.204500 E 935 water underground_water 0 August_2016

Chobe watershed

Kasane_Chobe SD-19 tributaries tributaries tributaries chobe chobe_river kasane 17.794528 S 25.152250 E 926 water river_water 0 August_2016 March_2017

Chobe_National_Park SD-37 tributaries tributaries chobe chobe_river chobe_national_park 17.839222 S 25.008306 E 934 water river_water 0 March_2017

Kavimba SD-15 tributaries tributaries tributaries chobe oxbow_lake_of_chobe_river north_legotlhwana 18.060083 S 24.590972 E 934 water river_water 0 August_2016 March_2017 spores total

Kavimba_center SD-16 tributaries tributaries tributaries chobe oxbow_lake_of_chobe_river north_legotlhwana 18.060083 S 24.590972 E 934 water river_water 0 August_2016

Chobe_Seariver SD-14 tributaries tributaries tributaries chobe chobe_marsh south_legotlhwana 18.106194 S 24.549944 E 930 water lake_water 0 August_2016 March_2017

Satau SD-18 tributaries tributaries tributaries chobe chobe_marsh satau 18.018194 S 24.411000 E 931 water river_water 0 August_2016 March_2017

Kachikabwe SD-13 tributaries borehole dry chobe chobe_marsh kachikabwe 18.181111 S 24.432472 E 936 water underground_water 0 August_2016

Chobe watershed, eventually Linyanti watershed, but out of the Liambezi Lake system

VTR SD-12 tributaries borehole borehole chobe chobe_marsh VTR 18.111556 S 24.315639 E 936 water underground_water 0 August_2016 March_2017

Zambezi watershed

Katima Mulilo SD-29 tributaries tributaries zambezi zambezi_river katima_mulilo 17.491083 S 24.316333 E 937 water river_water 0 March_2017

Mwande SD-30 tributaries tributaries zambezi zambezi_river mwande 17.518528 S 24.822306 E 937 water river_water 0 March_2017

Bukalo SD-28 tributaries tributaries zambezi bukalo_channel bukalo 17.721306 S 24.520444 E 935 water river_water 0 March_2017

pt_219 SD-27 tributaries oxbow_lake zambezi zambezi_flood_plain kabbe 17.721556 S 24.648556 E 937 water lake_water 0 March_2017

pt_218 SD-26 tributaries oxbow_lake zambezi zambezi_flood_plain east_kabula 17.818556 S 24.732833 E 935 water lake_water 0 March_2017

Kazungula SD-31 tributaries tributaries zambezi zambezi_river kazungula 17.791653 S 25.265200 E 924 water river_water 0 March_2017

Zambezi watershed but out of Liambezi Lake system

Devil's_Pool SD-20 tributaries tributaries tributaries zambezi zambezi_river victorias_fall 17.923608 S 25.852281 E 885 water river_water 0 August_2016 March_2017

Okavango watershed

Ntwetwe SD-32 tributaries pan okavango makgadikgadi_pan east_zoroga 20.145417 S 25.723306 E 911 water lake_water 0 March_2017

Mopipi SD-21 tributaries borehole tributaries okavango makgadikgadi_pan mopipi 21.213833 S 24.900250 E 914 water underground_water 0 August_2016 March_2017

Mopipi_Dam SD-33 tributaries pan okavango makgadikgadi_pan mopipi 21.212194 S 24.884861 E 911 water lake_water 0 March_2017

Motopi SD-22 tributaries tributaries tributaries okavango boteti_river motopi 20.212056 S 24.127250 E 925 water river_water 0 August_2016 March_2017

Ryleys_Cresta SD-03 tributaries tributaries tributaries okavango okavango_delta ryleys_cresta 19.990056 S 23.429944 E 936 water river_water 0 August_2016 March_2017 total

Airport_Maun SD-23 tributaries tap_water tap_water okavango okavango_delta airport_maun 19.975711 S 23.428242 E 947 water tap_water 0 August_2016 March_2017

Thamalakane SD-01 tributaries tributaries tributaries okavango okavango_delta thamalakane 19.927556 S 23.512139 E 937 water river_water 0 August_2016 March_2017 total

Okavango_River_Lodge SD-02 tributaries tributaries tributaries okavango okavango_delta okavango_river_lodge 19.928972 S 23.512667 E 937 water river_water 0 August_2016 March_2017

Boro SD-25 tributaries tributaries tributaries okavango okavango_delta boro 19.846000 S 23.402444 E 941 water river_water 0 August_2016 March_2017

Tshwaaga SD-24 tributaries tributaries tributaries okavango okavango_delta tshwaaga_island 19.827917 S 23.380333 E 942 water river_water 0 August_2016

Kudumane SD-04 tributaries tributaries tributaries okavango khwai_river kudumane 19.212694 S 23.991306 E 929 water river_water 0 August_2016 March_2017 total

Mababe_Bridge SD-05 tributaries tributaries tributaries okavango khwai_river mababe_bridge 19.178583 S 23.991111 E 930 water river_water 0 August_2016 March_2017

Mababe_South_Gate SD-06 tributaries borehole borehole okavango khwai_river mababe_south_gate 19.102889 S 23.985250 E 929 water underground_water 0 August_2016 March_2017

Okavango + Linyanti watersheds but out of Liambezi Lake system

Savuti SD-07 tributaries borehole borehole okavango_linyanti savuti_channel savuti 18.567083 S 24.065028 E 936 water underground_water 0 August_2016 March_2017

Gcotha_Gate SD-08 tributaries borehole borehole okavango_linyanti gcotha_hills gcotha_Gate 18.387917 S 24.237222 E 961 water underground_water 0 August_2016 March_2017  
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8.2.2. Data for the dry season 

 
sample T_dry EC_dry pH_dry O2_mg_l_dry O2_sat_dry CaCO3_dry Fluorure_dry Chlorure_dry Nitrite_dry Bromure_dry Nitrate_dry Sulfate_dry Phosphate_dry Lithium_dry Sodium_dry Ammonium_dry Potassium_dry Magnesium_dry Calcium_dry HCO3_dry CO3_dry TOC_dry IC_dry TC_dry d13C_VPDB_dry DIC_dry d18O_VSMOW_dry dD_VSMOW_dry Calcite_SI_dry

Liambezi Lake

Liambezi_Lake 25.60 703.00 8.43 6.35 86.60 300 0.4705 4.21 0.0020 0.0020 0.5241 52.98 0.0020 0.0141 61.87 0.5340 24.99 21.13 72.27 262.07 2.0289 1506.00 362.02 1577.00 3.64 270.32 11.21 53.73 1.18

pt_233

pt_232

pt_229

Linyanti watershed

Linyanti_River 20.50 267.00 7.05 0.94 11.71 140 0.0905 13.73 0.0168 0.1111 0.3083 33.60 0.0750 0.0051 12.05 0.3020 14.77 5.26 33.02 77.92 0.0000 177.40 115.02 200.10 -12.58 77.62 4.18 9.79 -1.01

Linyanti_Campground 23.40 292.00 6.17 0.29 3.82 180 0.1122 50.39 0.0020 0.0170 0.0020 0.82 0.0020 0.0046 14.26 3.1541 10.74 5.71 32.24 250.05 0.0000 23.74 182.58 59.68 5.90 250.01 1.73 -1.56 -1.37

Namatanga 16.00 360.00 6.56 2.75 36.60 220 0.3215 0.60 0.0133 0.0010 0.0347 21.30 0.0010 0.0109 27.63 0.2774 10.44 0.01 11.95 229.00 0.0000 18.00 210.37 59.41 -2.23 228.52 2.69 4.91 -1.54

Chobe watershed

Kasane_Chobe 22.90 168.80 7.66 0.00 0.00 0.0002 0.07 0.0015 0.0010 0.0148 0.01 0.0010 0.0010 8.31 0.0094 1.60 4.27 16.27 41.80 0.0000 42.52 61.67 54.66 -7.67 42.19 0.38 -4.05 -0.88

Chobe_National_Park

Kavimba 26.50 495.00 7.38 4.30 64.20 220 0.1348 153.76 0.0020 0.0020 4.5031 79.03 0.4960 0.0078 18.46 0.0417 10.82 12.74 71.79 112.70 0.0000 864.00 191.22 901.70 -1.59 113.38 6.01 25.90 -0.18

Kavimba_center 26.00 452.00 7.46 5.08 76.70 200 0.0821 6.22 0.0010 0.0307 0.0010 61.29 0.0010 0.0085 16.84 0.2821 9.56 11.39 62.98 153.52 0.0000 1058.00 181.11 1093.00 0.65 154.49 5.94 25.25

Chobe_Seariver 25.40 773.00 8.10 5.85 86.80 320 0.1950 16.45 0.0768 0.0050 2.9310 131.35 0.0050 0.0128 29.54 0.4905 27.42 21.79 150.30 199.77 0.0000 1133.00 321.93 1196.00 0.77 199.63 11.36 53.16 1.02

Satau 20.40 687.00 7.22 0.96 13.00 300 0.6267 2.02 0.0051 0.0066 0.1658 98.76 0.0020 0.0034 30.77 0.6544 9.54 19.99 99.18 219.66 0.0000 14.63 336.46 80.86 -6.86 219.77 -4.57 -31.01 -0.02

Kachikabwe 19.80 1672.00 7.42 2.23 34.40 500 0.1875 12.20 0.0520 0.0378 0.4658 242.42 0.0050 0.0200 59.99 4.7415 38.59 25.49 155.23 497.90 0.6601 15.39 571.52 127.90 -7.47 499.25 -2.46 -25.08 0.63

Chobe watershed, eventually Linyanti watershed, but out of the Liambezi Lake system

VTR 26.00 1367.00 6.71 1.30 18.60 400 0.0785 19.68 0.0948 0.0875 0.0548 159.58 0.0050 0.0175 123.82 5.4965 17.89 14.14 93.41 474.95 0.0000 12.00 526.82 115.70 -4.73 475.22 -0.15 -14.20 -0.20

Zambezi watershed

Katima Mulilo

Mwande

Bukalo

pt_219

pt_218

Kazungula

Zambezi watershed but out of Liambezi Lake system

Devil's_Pool 29.00 99.40 8.14 2.65 39.80 0.0226 1.79 0.0011 0.0025 0.0135 1.51 0.0010 0.0010 3.30 0.0331 1.06 3.66 11.56 30.44 0.0000 5.74 48.86 15.35 -6.94 31.31 -2.26 -18.16 -0.59

Okavango watershed

Ntwetwe

Mopipi 28.40 658.80 8.41 1.17 17.30 1.5395 30.86 0.0204 0.0965 18.9567 18.43 0.0654 0.0141 109.91 0.1126 29.69 8.06 20.96 311.37 2.4352 5.75 295.77 63.97 -8.51 320.54 -4.85 -35.85 0.77

Mopipi_Dam

Motopi 25.50 156.30 7.88 4.10 54.90 0.1543 1.54 0.2921 0.0010 0.3429 0.25 0.0596 0.0027 8.45 0.0135 8.52 4.75 16.99 50.56 0.0000 24.96 86.67 42.03 -6.90 51.43 4.21 10.57 -0.53

Ryleys_Cresta 22.20 98.80 7.16 4.18 54.40 52 0.0828 13.95 0.0069 0.0010 0.0010 0.02 0.0010 0.0022 5.25 0.0506 1.66 2.88 10.20 31.95 0.0000 18.65 49.50 28.39 -7.84 32.36 2.58 2.44 -1.70

Airport_Maun 34.00 716.00 7.48 2.28 36.80 0.3364 24.87 0.0088 0.0619 0.5281 25.50 0.2318 0.0020 74.65 0.1107 14.07 10.60 75.20 318.81 0.6169 9.90 378.27 84.35 -8.41 319.59 3.16 4.61 0.49

Thamalakane 26.40 128.40 7.03 9.00 116.00 40 0.0944 0.29 0.0010 0.0010 0.0045 0.16 0.0010 0.0019 4.84 0.0195 3.03 2.72 9.38 40.95 0.0000 17.70 48.77 27.30 -6.57 40.50 2.38 -0.29 -1.69

Okavango_River_Lodge 23.80 100.30 6.69 3.51 42.10 52 0.0815 9.58 0.0171 0.0010 0.4534 0.06 0.0010 0.0022 5.14 0.0564 3.97 3.02 10.64 33.99 0.0000 15.10 54.71 25.87 -11.57 33.59 2.48 1.63 -2.10

Boro 31.00 85.50 7.10 3.90 56.60 0.0849 0.07 0.0010 0.0010 0.0056 0.00 0.0010 0.0019 4.67 0.0266 1.77 1.70 10.48 32.95 0.0000 17.60 46.88 26.83 -7.72 33.48 3.42 7.58 -1.60

Tshwaaga 33.10 87.10 7.02 3.26 51.70 0.0822 2.13 0.0012 0.0028 0.0336 0.35 0.0010 0.0018 6.05 0.1298 2.13 2.71 10.46 37.95 0.0000 16.02 51.67 26.19 -9.58 37.90 2.92 5.09 -1.60

Kudumane 23.30 206.00 7.34 3.82 50.21 120 0.1386 65.67 0.0400 0.0010 4.0904 1.07 0.2253 0.0071 15.86 0.1368 23.13 6.15 19.50 78.83 0.0000 1123.00 109.63 1145.00 -7.38 78.95 8.05 27.74 -1.00

Mababe_Bridge 25.90 136.20 5.55 1.85 27.50 55 0.0810 3.42 0.0212 0.0010 0.2085 1.51 0.0255 0.0063 10.77 0.1319 9.07 2.96 10.47 24.17 0.0000 89.76 65.13 102.60 -6.77 23.76 3.24 6.42 -3.37

Mababe_South_Gate 16.00 315.00 8.18 6.15 83.70 200 0.3376 3.87 0.0015 0.0120 0.4853 6.32 0.0329 0.0088 65.59 0.0019 5.77 1.41 9.05 160.90 1.0328 4.85 185.43 41.36 -7.91 162.79 1.32 -4.71 -0.09

Okavango + Linyanti watersheds but out of Liambezi Lake system

Savuti 16.00 531.00 7.92 5.20 72.50 280 0.4005 2.21 0.0020 0.0107 0.4966 4.64 0.0020 0.0176 36.46 0.0067 22.13 17.72 68.13 372.26 1.3886 4.32 397.37 82.54 -11.16 374.61 1.31 -5.64 0.77

Gcotha_Gate 16.00 503.00 8.18 5.80 80.50 400 0.4185 2.35 0.0020 0.0094 0.4436 5.21 0.0020 0.0178 35.39 1.5080 22.20 18.50 79.21 328.58 2.2108 4.24 364.50 75.99 -10.33 333.07 1.44 -4.55 0.98  
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8.2.3. Data for the wet season 

 
sample T_wet EC_wet pH_wet O2_mg_l_wet O2_sat_wet CaCO3_wet N_wet PO4_wet Fluorure_wet Chlorure_wet Nitrite_wet Bromure_wet Nitrate_wet Sulfate_wet Phosphate_wet Lithium_wet Sodium_wet Ammonium_wet Potassium_wet Magnesium_wet Calcium_wet HCO3_wet CO3_wet TOC_wet IC_wet TC_wet d13C_VPDB_wet DIC_wet d18O_VSMOW_wet dD_VSMOW_wet Calcite_SI_wet

Liambezi Lake

Liambezi_Lake 28.40 693.00 7.27 2.38 34.20 180 2.50 0.25 0.16 26.95 3.52 0.07 0.64 147.02 0.00 0.01 47.67 1.45 26.27 18.23 88.00 183.05 0.19 72.64 205.04 113.00 -0.73 183.00 -1.95 -23.67 -0.01

pt_233 28.00 691.00 8.07 5.11 73.30 220 0.22 20.71 0.02 0.15 0.10 176.61 0.00 0.01 51.92 0.48 24.68 19.03 90.23 164.75 1.07 52.86 179.43 88.18 -0.18 167.00 -1.77 -23.59 0.72

pt_232 27.80 252.00 7.64 4.39 61.60 140 0.07 1.71 0.00 0.01 0.05 35.56 0.00 0.00 11.57 0.05 7.86 5.42 30.85 73.22 0.16 13.33 79.91 29.06 -1.37 73.00 -4.41 -36.98 -0.76

pt_229 28.60 349.00 8.21 4.58 66.40 160 0.10 2.98 0.01 0.02 0.01 59.23 0.00 0.00 20.37 0.08 11.23 8.59 39.58 108.00 0.94 19.13 90.38 36.92 -2.72 110.00 -5.20 -39.46 0.42

Linyanti watershed

Linyanti_River 23.80 281.00 7.42 4.55 59.90 160 2.40 0.34 0.08 54.05 0.02 0.12 0.37 8.93 0.00 0.00 13.99 0.39 18.61 7.31 43.37 86.64 0.11 38.86 113.39 61.18 -4.77 87.00 -2.30 -23.13 -0.43

Linyanti_Campground 24.30 294.00 6.33 1.11 15.10 130 2.70 0.74 0.08 10.56 0.04 0.04 0.03 0.13 0.00 0.01 15.31 2.74 11.84 5.65 33.48 209.90 0.02 20.52 156.57 51.32 6.37 210.00 1.72 -0.49 -1.25

Namatanga

Chobe watershed

Kasane_Chobe 26.70 253.00 7.22 3.31 47.10 70 0.50 0.15 0.03 16.09 0.02 0.10 0.10 15.78 0.00 0.00 15.13 0.03 1.51 3.06 12.72 37.83 0.03 7.81 48.55 17.36 -5.58 38.00 -4.89 -35.41 -1.43

Chobe_National_Park 20.90 127.90 7.25 4.03 50.20 0.02 4.87 0.01 0.01 0.02 6.22 0.00 0.00 8.90 0.15 1.64 2.88 12.70 36.43 0.03 9.50 41.24 17.62 -4.86 30.00 -5.72 -44.96 -1.50

Kavimba 28.80 791.00 7.33 2.77 39.70 200 1.60 0.25 0.05 29.24 0.02 0.05 0.07 199.03 0.00 0.01 35.43 0.59 16.90 22.28 122.06 184.27 0.22 27.66 205.80 68.16 -2.98 185.00 -3.50 -29.52 0.19

Kavimba_center

Chobe_Seariver 29.30 831.00 7.93 6.01 89.20 130 1.60 0.25 0.07 13.80 0.03 0.04 0.25 316.20 0.01 0.01 39.30 0.33 17.99 24.36 134.08 116.54 0.55 38.10 239.73 85.29 1.12 118.00 -3.40 -26.10 0.58

Satau 30.10 679.00 8.64 5.47 81.10 190 1.90 0.28 0.12 5.21 0.05 0.01 0.05 209.98 0.00 0.00 37.53 0.20 16.00 14.32 92.19 111.05 2.74 13.00 129.04 38.40 -2.86 117.00 -3.43 -28.24 1.10

Kachikabwe

Chobe watershed, eventually Linyanti watershed, but out of the Liambezi Lake system

VTR 27.60 1377.00 6.84 3.28 45.90 420 0.80 0.40 0.10 67.85 0.03 0.14 0.44 228.22 0.01 0.05 270.62 2.46 39.56 23.36 53.41 453.96 0.18 9.21 409.21 89.80 -5.33 454.00 -0.24 -14.00 -0.36

Zambezi watershed

Katima Mulilo 25.10 68.90 8.07 4.80 65.50 35 <0.5 0.14 0.02 2.44 0.04 0.01 0.05 1.25 0.00 0.00 3.00 0.14 1.04 2.73 9.39 32.22 0.16 5.40 33.10 11.91 -6.58 7.00 -4.19 -27.44 -0.76

Mwande 29.80 81.80 7.60 4.06 60.00 40 0.70 0.12 0.02 13.64 0.02 0.04 0.05 1.31 0.00 0.00 3.57 0.08 1.61 2.32 7.88 12.87 0.03 5.63 35.30 12.58 -9.03 13.00 -4.20 -27.53 -1.65

Bukalo 28.00 390.00 8.23 3.95 55.50 210 1.70 0.37 0.12 18.07 0.01 0.01 0.01 7.42 0.04 0.00 20.98 0.18 7.19 10.88 57.45 208.68 1.94 18.41 214.69 60.67 -4.29 213.00 -5.38 -43.69 0.87

pt_219 26.70 213.00 9.02 6.48 89.60 150 1.70 0.28 0.06 60.79 0.01 0.01 0.04 3.70 0.00 0.00 9.57 0.16 3.98 4.17 39.78 81.15 4.38 4.68 112.42 26.80 -5.11 91.00 -4.79 -35.95 1.03

pt_218 28.80 124.80 8.21 6.12 88.00 70 1.30 0.28 0.03 4.81 0.01 0.05 0.01 0.87 0.00 0.00 16.40 0.14 2.09 2.11 9.34 61.63 0.52 7.13 63.05 19.53 -3.78 36.00 -3.82 -32.04 -0.33

Kazungula 27.60 77.00 7.36 3.95 55.50 50 1.30 0.12 0.04 5.45 0.00 0.01 0.01 0.86 0.00 0.00 3.69 0.04 1.37 2.40 7.66 32.09 0.04 5.01 35.13 11.93 -7.19 12.00 -4.94 -33.58 -1.54

Zambezi watershed but out of Liambezi Lake system

Devil's_Pool 22.10 86.70 7.66 5.07 66.10 38 0.50 0.37 0.04 7.58 0.02 0.03 0.04 1.46 0.00 0.00 3.60 0.03 1.20 2.56 8.45 35.76 0.07 5.20 37.70 12.62 -7.40 9.00 -4.63 -30.75 -1.24

Okavango watershed

Ntwetwe 27.80 2950.00 9.60 5.68 77.60 440 0.4<0.5 0.28 0.44 784.10 0.06 1.82 1.03 56.31 0.01 0.01 771.96 0.82 53.68 1.28 14.03 243.46 57.61 16.37 434.31 101.90 -5.47 364.00 -2.30 -21.20 1.28

Mopipi 29.80 160.10 9.70 5.80 85.00 80 2.30 0.18 0.02 17.84 0.01 0.01 0.09 0.59 0.00 0.04 10.88 0.18 5.51 1.58 17.48 33.56 9.24 10.51 43.06 18.99 -16.58 14.00 -2.60 -19.46 0.81

Mopipi_Dam 31.80 3550.00 9.85 5.03 76.50 100 1.40 0.49 0.46 1116.31 0.00 1.99 0.69 60.32 1.00 0.01 1033.01 0.63 20.08 0.47 11.60 104.34 44.41 9.07 16.44 12.30 -11.96 202.00 1.77 1.79 1.05

Motopi 29.00 162.20 7.84 3.87 56.40 110 1.00 0.18 0.12 24.35 0.00 0.05 0.00 1.37 0.00 0.00 10.33 0.09 6.24 4.07 15.51 30.69 0.11 14.96 67.87 28.32 -5.96 31.00 2.13 -0.80 -0.78

Ryleys_Cresta 32.50 98.50 6.75 2.45 37.80 70 1.70 0.25 0.06 3.88 0.01 0.05 0.02 1.40 0.00 0.00 4.75 0.07 4.16 2.60 9.44 32.40 0.01 13.94 44.21 22.65 -7.65 12.00 -3.77 -31.87 -2.00

Airport_Maun 31.00 670.00 7.23 3.83 57.70 360 1.80 0.86 0.25 21.05 0.02 0.05 0.86 11.85 0.20 0.01 39.90 0.29 17.37 13.09 101.84 358.17 0.37 8.23 377.66 82.56 -8.43 359.00 3.11 4.83 0.38

Thamalakane 31.90 95.70 6.94 3.78 57.30 70 1.80 0.14 0.06 5.43 0.01 0.01 0.01 1.40 0.00 0.00 5.40 0.15 4.66 2.76 9.74 40.09 0.02 17.49 49.57 27.24 -9.41 17.00 -3.39 -30.21 -1.69

Okavango_River_Lodge 32.70 315.00 6.90 3.31 50.90 170 0.80 0.55 0.22 3.63 0.05 0.02 0.05 4.70 0.10 0.01 10.42 0.08 5.26 5.49 45.27 138.51 0.07 5.76 173.95 40.00 -9.14 117.00 2.57 2.47 -0.56

Boro 24.30 91.90 6.78 4.50 62.00 55 1.70 0.18 0.05 13.88 0.00 0.01 0.13 0.15 0.00 0.00 4.63 0.08 3.68 3.17 10.85 34.54 0.01 15.22 47.36 24.54 -8.76 21.00 -3.89 -32.01 -1.99

Tshwaaga

Kudumane 28.40 155.70 7.25 4.07 58.80 90 <0.5 0.52 0.08 11.26 0.01 0.05 0.01 0.19 0.28 0.00 10.59 0.14 14.98 3.54 11.33 60.41 0.06 16.99 67.67 30.31 -6.34 41.00 -2.69 -24.99 -0.32

Mababe_Bridge 28.10 158.10 7.54 2.95 42.20 120 2.00 0.18 0.09 16.47 0.01 0.05 0.03 1.76 0.00 0.00 16.00 0.04 7.48 3.37 11.78 79.93 0.15 13.79 84.94 30.51 -6.10 36.00 -4.03 -33.51 -0.80

Mababe_South_Gate 21.80 352.00 8.35 5.23 68.10 170 1.20 0.43 0.27 34.43 0.01 0.06 3.39 50.05 0.00 0.01 52.86 0.25 5.97 4.57 21.35 129.97 1.40 4.49 169.17 37.78 -8.19 133.00 1.00 -5.78 0.29

Okavango + Linyanti watersheds but out of Liambezi Lake system

Savuti 21.60 565.00 8.02 4.68 61.80 320 1.20 0.37 0.36 15.82 0.11 0.05 3.33 48.51 0.00 0.01 33.17 0.21 19.36 12.61 53.96 244.07 1.26 3.68 313.25 65.34 -10.86 247.00 1.52 -3.42 0.61

Gcotha_Gate 22.30 549.00 8.27 5.45 71.40 340 2.60 0.34 0.35 14.87 0.01 0.05 2.69 48.52 0.00 0.02 26.93 0.16 17.75 15.73 53.38 302.03 2.88 1.95 291.40 59.32 -9.50 308.00 1.30 -4.64 0.93  
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8.3. Vegetation data: 

8.3.1. Species and mean geochemical values 

 

family code sample_type sampling_date woody_species graminoid_species type_C3_C4 rooting drought_strategy N2_fixation n TOC d13C_VPDB TN d15N_air C_N

Mimosoideae AE plant August_2016 Acacia_erioloba C3 deep_rooted semi_deciduous yes 6 48.20 -29.30 2.00 3.60 24.10

Capparaceae BA plant August_2016 Boscia_albitrunca C3 deep_rooted semi_deciduous no 3 42.50 -27.50 2.70 10.00 15.74

Caesalpinioideae CM plant August_2016 Colophospermum_mopane C3 shallow_rooted deciduous yes 7 51.00 -27.50 1.60 3.10 31.88

Combretaceae CB plant August_2016 Combretum_mossambicense C3 deep_rooted deciduous no 6 44.10 -26.70 2.10 4.50 21.00

Poaceae AR plant August_2016 Aristida_rhiniochloa C4 1 42.40 -13.50 0.30 0.90 141.33

Poaceae BD plant August_2016 Brachiaria_deflexa C4 1 43.40 -13.60 0.20 0.80 217.00

Poaceae CC plant August_2016 Cenchrus_ciliaris C4 2 44.00 -13.00 0.40 1.00 110.00

Poaceae CD plant August_2016 Cynodon_dactylon C4 10 40.30 -14.50 1.40 2.30 28.79

Poaceae CE plant August_2016 Cymbopogon_excavatus C4 5 45.70 -12.40 0.20 0.80 228.50

Poaceae DA plant August_2016 Diheteropogon_amplectens C4 1 43.20 -11.30 0.10 -1.20 432.00

Poaceae DE plant August_2016 Digitaria_eriantha C4 2 45.00 -12.90 0.40 1.40 112.50

Poaceae EA plant August_2016 Eragrostis_aspera C4 4 44.70 -12.80 0.40 2.20 111.75

Poaceae EB plant August_2016 Eragrostis_biflora C4 1 44.40 -14.10 0.40 -0.10 111.00

Poaceae EC plant August_2016 Enneapogon_cenchroides C4 1 43.60 -12.70 0.30 0.30 145.33

Poaceae EI plant August_2016 Eragrostis_inamoena C4 1 43.90 -13.60 0.40 0.60 109.75

Poaceae EL plant August_2016 Eragrostis_lehmanniana_var_lehmanniana C4 1 45.10 -13.70 0.50 3.70 90.20

Poaceae EM plant August_2016 Enteropogon_macrostachyus C4 1 43.40 -11.70 0.30 -0.70 144.67

Poaceae EP plant August_2016 Eragrostis_lappula C4 1 45.20 -12.80 0.20 0.20 226.00

Poaceae ES plant August_2016 Eragrostis_superba C4 1 44.00 -13.60 0.20 1.40 220.00

Poaceae HC plant August_2016 Heteropogon_contortus C4 1 43.10 -11.80 0.10 0.50 431.00

Poaceae HR plant August_2016 Hyparrhenia_rufa C4 3 41.50 -11.70 0.10 -5.60 415.00

Poaceae IC plant August_2016 Imperata_cylindrica C4 1 43.30 -13.50 0.20 -1.90 216.50

Poaceae PR plant August_2016 Panicum_repens C4 1 45.40 -10.80 2.40 1.80 18.92

Poaceae PS plant August_2016 Pogonarthria_squarrosa C4 1 43.10 -13.80 0.60 1.60 71.83

Poaceae SF plant August_2016 Sporobolus_festivus C4 2 44.80 -12.50 0.50 1.00 89.60

Poaceae SP plant August_2016 Schmidtia_pappophoroides C4 2 44.50 -12.90 0.40 2.10 111.25

Poaceae SS plant August_2016 Setaria_sphacelata_var_sericea C4 2 38.80 -11.70 0.40 -2.40 97.00

Poaceae VC plant August_2016 Vossia_cuspidata C4 1 39.40 -12.70 0.60 2.40 65.67

Cyperaceae CL plant August_2016 Cyperus_longus C4 1 41.30 -11.30 1.00 1.30 41.30

Cyperaceae CP plant August_2016 Cyperus_papyrus C4 3 44.50 -11.80 1.90 2.90 23.42

Cyperaceae SC plant August_2016 Schoenoplectus_corymbosus C4 2 44.30 -11.20 2.30 -1.10 19.26

Poaceae PA plant August_2016 Phragmites_australis C3 3 39.10 -25.00 2.50 0.10 15.64  
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8.3.2. Geochemical data of different parts of four reference trees 

 
Trees

Acacia erioloba Colophospermum mopane

Sample name Locality Vegetation Amount TOC d13C TN d15N Sample name Amount TOC d13C TN d15N 

Class (ug) (wt.% C) per mi VPDB (wt%) per mil Air-N2 (ug) (wt.% C) per mi VPDB (wt%) per mil Air-N2

AE1-Leaf TR1-1 6a 187.30 51.20 -27.21 2.19 5.12 CM1-Leaf TR1-1 6a 151.00 49.05 -26.54 1.19 2.36

AE1-Stem TR1-1 6a 135.00 43.53 -26.33 0.72 3.30 CM1-Stem TR1-1 6a 135.00 47.38 -27.11 0.62 1.82

AE1-Bark TR1-1 6a 117.60 41.18 -25.22 1.39 2.38 CM1-Bark TR1-1 6a 117.00 43.67 -25.28 1.35 4.24

AE2-Stem TR1-4 2 104.60 41.76 -27.10 0.69 5.13 CM2-Leaf TR1-2 5a 119.00 53.45 -25.86 1.81 2.94

AE2-Wood TR1-4 2 151.30 52.34 -25.64 2.96 1.20 CM2-Stem TR1-2 5a 155.00 26.32 -24.97 0.84 2.34

AE2-Bark TR1-4 2 146.50 47.60 -26.82 1.70 1.19 CM2-Wood TR1-2 5a 113.00 47.66 -24.71 0.68 2.81

AE3-Leaf TR2-2 6b 98.50 48.81 -30.32 1.79 5.75 CM2-Bark TR1-2 5a 148.00 43.88 -25.24 0.78 1.43

AE3-Stem TR2-2 6b 187.00 56.34 -29.87 0.87 2.76 CM3-Leaf TR1-4 2 121.00 51.89 -31.04 2.74 4.74

AE3-Wood TR2-2 6b 105.80 46.18 -29.33 0.57 3.44 CM3-Stem TR1-4 2 174.00 52.08 -30.17 0.58 2.97

AE3-Bark TR2-2 6b 135.80 41.58 -27.53 1.78 2.91 CM3-Wood TR1-4 2 113.00 46.37 -25.15 0.36 1.81

AE4-Leaf TR4-3a 6b 99.60 45.55 -28.60 3.03 2.61 CM3-Bark TR1-4 2 126.00 43.46 -24.74 0.94 0.52

AE4-Stem TR4-3a 6b 109.10 46.43 -26.79 2.30 2.57 CM4-Leaf TR2-2 6b 147.00 52.27 -27.91 2.02 3.45

AE4-Wood TR4-3a 6b 140.10 41.28 -27.70 2.22 3.34 CM4-Stem TR2-2 6b 100.00 46.36 -27.91 0.81 3.50

AE4-Bark TR4-3a 6b 126.80 54.09 -28.04 1.95 1.56 CM4-Wood TR2-2 6b 160.00 47.29 -26.79 0.37 2.85

AE5-Leaf TR4-3b 6b 125.40 50.31 -28.84 1.59 4.59 CM4-Bark TR2-2 6b 154.00 46.27 -26.31 1.08 2.59

AE5-Stem TR4-3b 6b 136.60 46.48 -27.20 1.07 2.95 CM5-Leaf TR2-3 5a 143.00 49.57 -26.78 1.13 3.04

AE5-Wood TR4-3b 6b 124.80 39.56 -26.20 0.69 1.13 CM5-Stem TR2-3 5a 108.00 44.44 -25.85 0.68 2.19

AE5-Bark TR4-3b 6b 98.60 47.96 -27.77 1.40 -0.02 CM5-Wood TR2-3 5a 108.00 46.42 -27.52 0.34 -0.58

AE6-Leaf TR6-1 6b 103.10 45.72 -30.72 1.81 0.86 CM5-Bark TR2-3 5a 111.00 42.47 -26.14 0.68 1.40

AE6-Stem TR6-1 6b 118.80 52.69 -30.74 1.01 -1.02 CM6-Leaf TR4-4 6a 138.00 49.08 -27.19 1.23 2.29

AE6-Wood TR6-1 6b 175.40 41.49 -28.20 0.54 0.50 CM6-Stem TR4-4 6a 130.00 44.82 -26.19 0.45 1.50

AE6-Bark TR6-1 6b 116.70 39.08 -29.01 1.26 -2.06 CM6-Wood TR4-4 6a 152.00 51.11 -25.48 0.50 2.46

AE7-Leaf Kwai Bridge 6b 124.00 47.74 -29.97 1.68 2.26 CM6-Bark TR4-4 6a 127.00 46.04 -26.56 0.91 1.69

AE7-Stem Kwai Bridge 6b 115.70 44.31 -29.09 0.84 1.26 CM7-Leaf TR4-5 6b 101.00 51.39 -26.99 1.29 3.04

AE7-Leaf Kwai Bridge 6b 131.90 34.78 -27.85 0.67 0.03 CM7-Stem TR4-5 6b 169.00 49.80 -25.98 0.87 4.00

AE7-Bark Kwai Bridge 6b 175.50 38.08 -28.49 1.39 -1.34 CM7-Wood TR4-5 6b 122.00 44.90 -26.07 0.31 0.22

CM7-Bark TR4-5 6b 160.00 53.25 -26.92 0.59 1.98

Combretum mossambicense Boscia albitrunca

Sample name Amount TOC d13C TN d15N Sample name Amount TOC d13C TN d15N 

(ug) (wt.% C) per mi VPDB (wt%) per mil Air-N2 (ug) (wt.% C) per mi VPDB (wt%) per mil Air-N2

CB1-Leaf TR1-3 5b 42.40 -26.30 2.40 7.10 BA1-Leaf TR1-2 5a 148.30 45.23 -28.35 2.70 7.52

CB1-Stem TR1-3 5b 45.40 -25.60 0.80 3.20 BA1-Stem TR1-2 5a 125.70 45.08 -26.44 2.20 2.64

CB1-Wood TR1-3 5b 47.70 -24.30 0.70 3.40 BA1-Bark TR1-2 5a 118.90 45.72 -28.98 2.61 1.33

CB1-Bark TR1-3 5b 44.30 -24.70 2.20 4.80 BA2-Leaf TR1-3 5b 155.90 41.40 -26.11 2.89 10.12

CB2-Leaf TR2-2 6b 45.70 -26.90 2.50 5.90 BA2-Stem TR1-3 5b 131.50 44.78 -25.37 2.46 6.04

CB2-Stem TR2-2 6b 47.10 -27.60 1.10 4.90 BA2-Bark TR1-3 5b 116.30 45.68 -23.57 3.02 5.11

CB2-Wood TR2-2 6b 47.30 -24.70 0.60 1.90 BA3-Leaf TR1-4 2 113.50 41.02 -28.14 2.53 12.53

CB2-Bark TR2-2 6b 43.50 -25.60 1.50 2.60 BA3-Stem TR1-4 2 145.10 45.07 -28.75 2.21 6.29

CB3-Leaf TR4-3a 6b 42.30 -27.70 2.20 4.80 BA3-Bark TR1-4 2 103.80 51.58 -24.46 2.14 0.39

CB3-Stem TR4-3a 6b 43.90 -26.00 0.90 1.90

CB3-Wood TR4-3a 6b 49.60 -24.20 0.40 3.80

CB3-Bark TR4-3a 6b 41.90 -24.20 2.10 3.00

CB4-Leaf TR4-3b 6b 47.10 -27.20 2.70 3.00

CB4-Stem TR4-3b 6b 45.80 -26.20 2.00 5.70

CB4-Wood TR4-3b 6b 45.40 -26.20 1.20 0.30

CB4-Bark TR4-3b 6b 46.40 -26.40 1.20 0.90

CB5-Leaf TR7-1 5 42.50 -25.50 1.50 1.70

CB5-Stem TR7-1 5 46.80 -25.80 0.80 0.90

CB5-Wood TR7-1 5 48.80 -24.50 0.70 2.90

CB5-Bark TR7-1 5 42.00 -26.30 2.70 4.80

CB6-Leaf TR7-2 6 44.60 -26.80 1.50 4.50

CB6-Stem TR7-2 6 45.10 -27.20 1.10 2.30

CB6-Wood TR7-2 6 49.20 -25.80 0.40 1.60

CB6-Bark TR7-2 6 46.90 -27.10 1.00 2.10  
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8.4. Soils data 

 

sample sample_name general_status watershed location_feature location_name coordinates elevation [m] sample_type sample_type_2 depth sampling_date

Liambezi Lake

Liambezi_Lake LL_1 lake_bank linyanti_chobe_zambezi liambezi_lake south_basin_south 17.961056 S 24.360778 E 930 sediment soil 0 August_2016

Linyanti watershed

Linyanti_River TR_2.1 floodplain linyanti linyanti_marsh linyanti_campground 18.294861 S 23.907444 E 942 sediment soil 0 August_2016

Linyanti_River TR_2.2 river_bank linyanti linyanti_marsh linyanti_campground 18.295750 S 23.907667 E 947 sediment soil 0 August_2016

Linyanti_River TR_2.3 plateau linyanti linyanti_marsh linyanti_campground 18.300944 S 23.913833 E 947 sediment soil 0 August_2016

Transect_4 TR_4.1 floodplain linyanti linyanti_marsh south_west_namatanga 18.062528 S 24.163889 E 937 sediment soil 0 August_2016

Transect_4 TR_4.2 floodplain linyanti linyanti_marsh south_west_namatanga 18.062778 S 24.164347 E 938 sediment soil 0 August_2016

Transect_4 TR_4.4 ridge linyanti linyanti_marsh south_west_namatanga 18.064639 S 24.165694 E 941 sediment soil 0 August_2016

Transect_4 TR_4.5 plateau_bank linyanti linyanti_marsh south_west_namatanga 18.069000 S 24.165694 E 940 sediment soil 0 August_2016

Transect_4 TR_4.6 plateau linyanti linyanti_marsh south_west_namatanga 18.069806 S 24.170583 E 939 sediment soil 0 August_2016

Transect_4 TR_4.3a river_bank linyanti linyanti_marsh south_west_namatanga 18.062861 S 24.164556 E 938 sediment soil 0 August_2016

Transect_4 TR_4.3b river_bank linyanti linyanti_marsh south_west_namatanga 18.063139 S 24.164944 E 939 sediment soil 0 August_2016

Transect_6 TR_6.1 river_bank linyanti linyanti_marsh east_Namatanga 18.031778 S 24.236750 E 937 sediment soil 0 August_2016

Transect_6 TR_6.2 floodplain linyanti linyanti_marsh east_Namatanga 18.030611 S 24.236056 E 936 sediment soil 0 August_2016

Linyanti watershed but out of Liambezi Lake system

Transect_5 TR_5.1 ridge linyanti local_lowlands south_paranatungu 18.106806 S 24.249528 E 936 sediment soil 0 August_2016

Transect_5 TR_5.2 river_bank linyanti local_lowlands south_paranatungu 18.107194 S 24.249806 E 936 sediment soil 0 August_2016

Transect_5 TR_5.3 floodplain linyanti local_lowlands south_paranatungu 18.107583 S 24.250028 E 936 sediment soil 0 August_2016

Elephant_Pan EP pan linyanti local_lowlands south_paranatungu 18.120472 S 24.266833 E 935 sediment soil 0 August_2016

Chobe watershed

Chobe_Seariver TR_3.1 marsh chobe chobe_marsh south_legotlhwana 18.106194 S 24.549944 E 930 sediment soil 0 August_2016

Chobe_Seariver TR_3.2 marsh chobe chobe_marsh south_legotlhwana 18.106236 S 24.549900 E 930 sediment soil 0 August_2016

Chobe_Seariver TR_3.3 marsh_bank chobe chobe_marsh south_legotlhwana 18.106306 S 24.549833 E 930 sediment soil 0 August_2016

Chobe watershed, eventually Linyanti watershed, but out of the Liambezi Lake system

Transect_7 TR_7.1 plateau chobe chobe_marsh east_VTR 18.115750 S 24.332083 E 937 sediment soil 0 August_2016

Transect_7 TR_7.2 river_bank chobe chobe_marsh east_VTR 18.115458 S 24.332000 E 936 sediment soil 0 August_2016

Transect_7 TR_7.3 floodplain chobe chobe_marsh east_VTR 18.115194 S 24.331861 E 934 sediment soil 0 August_2016

Bungallow_Island BI_VTR_BI1 island chobe chobe_marsh VTR 18.112556 S 24.317194 E 936 sediment soil 0 August_2016

Bungallow_Island BI_VTR_BI2 island chobe chobe_marsh VTR 18.112556 S 24.317194 E 936 sediment soil 50 August_2016

Lab_Plain LP_VTR_LP1 floodplain chobe chobe_marsh VTR 18.112222 S 24.316806 E 935 sediment soil 0 August_2016

Lab_Plain LP_VTR_LP2 floodplain chobe chobe_marsh VTR 18.112222 S 24.316806 E 935 sediment soil 50 August_2016

Okavango watershed

Kudumane TR_1.4 delta_bank okavango khwai_river_bank kudumane 19.212694 S 23.991306 E 929 sediment soil 0 August_2016

Kudumane_Road TR_1.1 delta_bank okavango okavango_delta_bank south_sankuyo 19.493250 S 23.866278 E 944 sediment soil 0 August_2016

Kudumane_Road TR_1.2 delta_bank okavango okavango_delta_bank north_sankuyo 19.316500 S 23.922667 E 946 sediment soil 0 August_2016

Kudumane_Road TR_1.3 delta_bank okavango khwai_river_bank south_kudumane 19.243444 S 23.969139 E 941 sediment soil 0 August_2016  
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sample sample_name sampling_status_2 sampling_status_3 vegetation_type vegetation_class vegetation_class vegetation_subclass woody_cover canopy_height TOC d13C_VPDB av_tree_foliage_d15N av_herb_d15N CaCO3_content

Liambezi Lake

Liambezi_Lake LL_1 floodplain sedgeland swamp_sedgeland 2 sedgeland 0 3.43 -19.74 1.85 6.30

Linyanti watershed

Linyanti_River TR_2.1 river reed_area reed_bed 1 reed_bed 0 2.57 -23.17 0.47 11.70

Linyanti_River TR_2.2 bank woodland riverine_forest 6b woodland riverine 80 25 10.07 -21.50 5.04 3.11 2.00

Linyanti_River TR_2.3 plain open_woodland mopane_shrubland 5a shrubland mopane_dominated 50 3 2.28 -21.40 3.04 1.30

Transect_4 TR_4.1 river reed_area reed_bed 1 reed_bed 0 2.73 -21.40 4.03 7.60

Transect_4 TR_4.2 river grassland sedgeland 2 sedgeland 0 5.63 -20.87 1.22 8.20

Transect_4 TR_4.4 plain woodland mopane_woodland 6a woodland mopane_dominated 60 20 3.07 -21.43 2.29 2.04 1.60

Transect_4 TR_4.5 plain low_woodland mopane_shrubland 5a shrubland mopane_dominated 40 3 0.52 -18.99 3.04 1.58 1.00

Transect_4 TR_4.6 plain open_woodland dry_grassland 4 grassland 0 0.90 -18.11 4.20 0.40

Transect_4 TR_4.3a bank woodland riverine_forest 6b woodland riverine 60 15 1.24 -21.84 3.73 1.90 2.50

Transect_4 TR_4.3b bank woodland riverine_forest 6b woodland riverine 60 15 3.20 -23.18 3.81 2.75 1.10

Transect_6 TR_6.1 bank woodland acacia_marginal_woodland 6b woodland riverine 80 25 1.73 -22.49 0.86 -0.12 2.40

Transect_6 TR_6.2 floodplain grassland floodplain_grassland 3 grassland 0 5.96 -15.86 -2.63 4.70

Linyanti watershed but out of Liambezi Lake system

Transect_5 TR_5.1 plain open_woodland combretum_shrubland 5b shrubland combretum_dominated 35 5 1.86 -15.84 0.13 1.90

Transect_5 TR_5.2 floodplain grassland floodplain_grassland 3 grassland 0 3.10 -12.69 -3.83 3.40

Transect_5 TR_5.3 floodplain grassland floodplain_grassland 3 grassland 0 4.84 -12.07 -1.92 4.80

Elephant_Pan EP floodplain pan floodplain_pan 3 grassland 0 4.21 -15.56 5.00

Chobe watershed

Chobe_Seariver TR_3.1 floodplain reed_area sedgeland 2 sedgeland 0 5.99 -18.88 -1.71 6.20

Chobe_Seariver TR_3.2 floodplain grassland c_dactylon_mat 2 sedgeland 0 9.55 -17.66 0.40 12.30

Chobe_Seariver TR_3.3 floodplain grassland c_dactylon_mat 2 sedgeland 0 5.78 -17.47 5.69 9.30

Chobe watershed, eventually Linyanti watershed, but out of the Liambezi Lake system

Transect_7 TR_7.1 plain open_woodland combretum_shrubland 5b shrubland combretum_dominated 45 3 0.36 -18.30 1.68 1.99 4.10

Transect_7 TR_7.2 bank low_woodland mixed_marginal_woodland 6b woodland riverine 60 15 0.92 -21.08 4.51 0.74 11.70

Transect_7 TR_7.3 river grassland floodplain_grassland 3 grassland 0 3.15 -17.07 0.02 2.60

Bungallow_Island BI_VTR_BI1 island woodland mixed_marginal_woodland 6b woodland riverine 70 15 1.16 -21.83 0.33 10.00

Bungallow_Island BI_VTR_BI2 island woodland mixed_marginal_woodland 6b woodland riverine 70 15 0.30 -18.40 15.10

Lab_Plain LP_VTR_LP1 river grassland floodplain_grassland 3 grassland 0 3.32 -15.21 1.17 4.40

Lab_Plain LP_VTR_LP2 river grassland floodplain_grassland 3 grassland 0 0.80 -16.90 3.80

Okavango watershed

Kudumane TR_1.4 floodplain open_woodland c_dactylon_mat 2 sedgeland 10 12 0.31 -16.14 8.64 5.30 0.30

Kudumane_Road TR_1.1 plain woodland acacia_mopane_woodland 6a woodland mopane_dominated 50 6

Kudumane_Road TR_1.2 plain low_woodland mopane_shrubland 5a shrubland mopane_dominated 40 3 0.31 -18.19 5.23 3.30 1.00

Kudumane_Road TR_1.3 plain open_woodland kalahari_shrubland 5b shrubland combretum_dominated 20 3 0.49 -20.03 8.59 0.70  
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8.5. Tributaries data 

8.5.1. Samples name, location and other details 

 
sample sample_name coordinates elevation [m] depth [cm] general_status status_dry_season watershed location_feature location_name sample_type sample_type_2 sampling_date_1 dna_treatment_spores dna_treatment_total

Thamalakane BO01 19.927556 S 23.512139 E 937 0 tributaries tributaries okavango okavango_delta thamalakane sediment river_sediment August_2016 no data total

Ryleys_Cresta BO02 19.990056 S 23.429944 E 936 0 tributaries tributaries okavango okavango_delta ryleys_cresta sediment river_sediment August_2016 spores total

Kudumane BO03 19.212694 S 23.991306 E 929 0 tributaries tributaries okavango khwai_river kudumane sediment river_sediment August_2016 spores total

Mababe_Bridge BO04 19.178583 S 23.991111 E 930 0 tributaries tributaries okavango khwai_river mababe_bridge sediment river_sediment August_2016 spores no data

Linyanti_River BO05 18.294861 S 23.907444 E 942 0 tributaries tributaries linyanti linyanti_marsh linyanti_campground sediment river_sediment August_2016 spores total

Linyanti_River BO06 18.294861 S 23.907444 E 942 0 tributaries tributaries linyanti linyanti_marsh linyanti_campground sediment river_sediment August_2016 spores no data

Chobe_Seariver BO07 18.106194 S 24.549944 E 930 0 tributaries tributaries chobe chobe_marsh south_legotlhwana sediment river_sediment August_2016 spores no data

Kavimba BO08 18.060083 S 24.590972 E 934 0 tributaries tributaries chobe oxbow_lake_of_chobe_river north_legotlhwana sediment river_sediment August_2016 spores no data

Liambezi_Lake BO09 17.961056 S 24.360778 E 930 0 tributaries south_lake linyanti_chobe_zambezi liambezi_lake south_basin_south sediment lake_sediment August_2016 spores no data  
 

8.5.2. Mineralogy data 

 

sample depth [cm] Phyllosilicates Quartz Feldspath-KPlagioclase-NaCalcite Dolomite Pyrite Goethite Gypse Indosée sum smectite mica kaolinite chlorite vermiculite sum

Thamalakane 0 12.81 71.06 1.52 no data no data 0.49 no data no data no data 14.13 100 8.00 17.76 61.36 no data 12.88 100

Ryleys_Cresta 0 13.50 76.19 0.72 no data no data no data no data no data no data 9.58 100 9.45 11.11 65.53 no data 13.91 100

Kudumane 0 7.91 80.22 7.82 no data no data no data no data no data no data 4.05 100 6.91 18.51 64.54 no data 10.04 100

Mababe_Bridge 0 20.45 62.34 0.65 no data no data no data no data no data no data 16.56 100 6.57 14.64 69.90 no data 8.89 100

Linyanti_River 0 10.96 83.69 0.67 no data no data no data no data no data no data 4.68 100 20.08 no data 53.56 no data 26.36 100

Linyanti_River 0 14.55 67.33 0.81 no data no data no data no data no data no data 17.31 100 17.30 15.22 22.39 20.17 24.91 100

Chobe_Seariver 0 24.88 32.56 2.15 no data no data no data no data no data 1.22 39.19 100 23.02 15.87 10.86 11.36 38.89 100

Kavimba 0 7.84 75.10 3.57 0.84 no data no data no data no data no data 12.66 100 36.62 no data 12.10 12.10 39.17 100

Liambezi_Lake 0 20.56 40.78 3.19 no data no data no data 3.47 no data 1.50 30.50 100 16.16 10.37 15.37 29.45 28.66 100

 
 

8.5.3. Major elements data 

 

sample depth [cm] SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI Cr2O3 NiO not_measurednew_sum in % wt LOI at 1050°C S

Thamalakane 0 97.50 0.06 0.69 0.12 0.00 0.05 0.00 0.01 0.13 0.01 0.54 0.00 0.00 0.89 100 no data

Ryleys_Cresta 0 92.56 0.17 1.68 0.37 0.01 0.11 0.11 0.04 0.35 0.02 3.70 0.00 0.00 0.87 100 no data

Kudumane 0 95.47 0.15 1.24 0.26 0.00 0.07 0.03 0.03 0.28 0.01 1.69 0.00 0.00 0.77 100 no data

Mababe_Bridge 0 94.72 0.12 1.71 0.36 0.00 0.09 0.06 0.02 0.25 0.01 1.81 0.00 0.00 0.83 100 no data

Linyanti_River 0 89.42 0.10 0.90 0.24 0.00 0.07 0.22 0.00 0.06 0.02 8.23 0.00 no data 0.75 100 0.49

Linyanti_River 0 80.68 0.22 2.35 0.69 0.01 0.15 0.41 0.02 0.14 0.03 14.53 0.00 no data 0.77 100 0.38

Chobe_Seariver 0 75.85 0.15 2.18 0.92 0.02 0.21 0.89 0.07 0.28 0.07 18.54 0.00 no data 0.83 100 0.53

Kavimba 0 90.17 0.14 2.00 0.94 0.01 0.24 0.43 0.16 0.27 0.02 4.94 0.00 no data 0.67 100 0.15

Liambezi_Lake 0 59.94 0.42 5.71 4.74 0.04 0.43 1.00 0.07 0.31 0.10 26.76 0.01 0.01 0.45 100 2.74  
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8.5.4. Trace elements data 

 

sample depth [cm] Sc V Cr Mn Co Ni Cu Zn Ga Ge As Se Br Rb Sr Y Zr Nb Mo Ag Cd

Thamalakane 0 no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data

Ryleys_Cresta 0 no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data

Kudumane 0 no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data

Mababe_Bridge 0 no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data

Linyanti_River 0 2.00 21.90 14.10 29.60 20.40 4.40 7.20 1.80 1.00 1.10 4.20 no data 1.90 2.80 8.70 3.00 71.30 1.30 no data no data no data

Linyanti_River 0 3.00 55.70 26.10 61.90 30.70 10.90 12.10 4.80 2.90 1.30 3.50 no data 4.60 8.40 17.10 6.20 123.60 3.10 1.40 4.10 no data

Chobe_Seariver 0 3.40 37.40 18.30 154.00 17.10 13.60 25.50 16.10 2.40 no data 4.50 no data 10.50 16.20 36.60 7.30 63.70 2.10 3.30 no data no data

Kavimba 0 5.20 24.70 30.00 60.90 31.00 8.00 10.90 7.60 2.20 1.40 4.60 no data 1.50 16.60 19.30 4.20 90.20 1.40 no data 3.20 no data

Liambezi_Lake 0 6.60 125.10 59.20 318.90 25.30 28.60 18.40 17.00 6.70 1.00 4.50 no data 20.90 24.40 43.70 13.80 141.80 6.30 1.90 5.20 no data

Sn Sb Te I Cs Ba La Ce Nd Sm Yb Hf Ta W Hg Tl Pb Bi Th U

Thamalakane 0 no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data

Ryleys_Cresta 0 no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data

Kudumane 0 no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data

Mababe_Bridge 0 no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data no data

Linyanti_River 0 4.90 no data no data no data 2.60 130.60 no data 8.60 4.30 no data no data no data no data 378.80 no data no data no data no data no data no data

Linyanti_River 0 4.90 no data no data no data 2.90 205.90 8.30 15.60 4.70 4.80 no data 2.20 no data 501.30 no data no data 1.50 no data 1.40 1.00

Chobe_Seariver 0 4.60 no data 3.10 no data no data 240.20 9.90 16.20 6.40 no data no data no data no data 237.30 no data no data 1.80 no data 1.70 7.90

Kavimba 0 4.20 no data no data no data no data 139.30 no data no data 5.30 no data no data 2.10 no data 547.10 no data no data no data no data no data no data

Liambezi_Lake 0 4.70 no data no data 7.70 no data 328.80 13.20 33.20 13.10 no data no data no data no data 124.30 no data no data 8.30 no data 4.50 1.60  
 

8.5.5. Organic matter data 

 
sample depth [cm] vegetation_class d13C_VPDB Nitrogen [% wt] Hydrogen [% wt] TOC [% wt] C_N

Thamalakane 0 -22.58 0.000 0.045 0.14 no data

Ryleys_Cresta 0 -19.43 0.020 0.270 1.28 63.09

Kudumane 0 -23.09 0.000 0.121 0.57 no data

Mababe_Bridge 0 -18.55 0.000 0.156 0.43 no data

Linyanti_River 0 1 -23.01 0.111 0.466 3.87 35.01

Linyanti_River 0 1 -23.18 0.294 1.031 6.05 20.58

Chobe_Seariver 0 2 -19.58 0.530 1.465 6.70 12.65

Kavimba 0 1, 2 -20.06 0.061 0.358 1.72 28.24

Liambezi_Lake 0 1, 2 -20.82 no data no data 9.02 no data

HI [mg HC/g TOC] OI [mg CO2/g TOC] PC [%] RC [%] MINC [%] Tmax [°C] S1 [mg HC/g] S2a [mg HC/g] S2b [mg HC/g] S3 Contrib.A1 Contrib.A2 Contrib.A3 Contrib.A4 Contrib.A5 I_index R_index A0

Thamalakane 0 196 219 0.03 0.11 0.02 412 0.00 0.27 0.00 0.31 21.37 22.06 23.88 19.14 13.53 0.26 0.57 0.24

Ryleys_Cresta 0 227 159 0.30 0.98 0.08 330 0.01 2.90 0.00 2.03 20.14 27.22 25.72 18.99 7.92 0.27 0.53 0.03

Kudumane 0 238 183 0.14 0.43 0.04 410 0.01 1.36 0.00 1.05 18.31 25.43 27.95 19.80 8.50 0.19 0.56 0.07

Mababe_Bridge 0 117 145 0.06 0.37 0.04 405 0.01 0.50 0.00 0.63 17.33 21.89 26.41 19.68 14.67 0.17 0.61 0.17

Linyanti_River 0 214 130 0.83 3.04 0.13 326 0.02 8.28 0.00 5.04 24.61 33.80 23.18 12.61 5.79 0.40 0.42 0.01

Linyanti_River 0 228 116 1.34 4.71 0.17 328 0.02 13.80 0.00 7.04 23.70 30.47 24.46 15.26 6.10 0.35 0.46 0.00

Chobe_Seariver 0 217 117 1.42 5.27 0.27 420 0.03 14.56 0.00 7.85 18.66 26.93 27.31 21.01 6.09 0.22 0.54 0.01

Kavimba 0 164 138 0.30 1.42 0.11 420 0.01 2.82 0.00 2.37 no data no data no data no data no data no data no data no data

Liambezi_Lake 0 215 126 1.92 7.10 0.30 327 0.04 19.41 0.00 11.36 no data no data no data no data no data no data no data no data  
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8.5.1. Grain-size data 

 
BO01 BO02 BO03 BO04 BO05 BO06 BO07 BO08 BO09 BO01 BO02 BO03 BO04 BO05 BO06 BO07 BO08 BO09

Channel Diameter (Lower) Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Channel Diameter (Lower) Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff.

um Volume Volume Volume Volume Volume Volume Volume Volume Volume um Volume Volume Volume Volume Volume Volume Volume Volume Volume

% % % % % % % % % % % % % % % % % %

0.38 0.01 0.01 0.01 0.01 0.01 0.03 0.05 0.02 0.09 69.62 0.66 1.86 1.68 0.83 1.02 1.98 1.94 0.79 1.87

0.41 0.01 0.03 0.02 0.03 0.03 0.06 0.09 0.03 0.16 76.43 0.92 2.41 2.19 1.10 1.38 2.30 1.81 0.90 1.73

0.45 0.02 0.04 0.03 0.04 0.05 0.09 0.14 0.04 0.23 83.90 1.31 3.24 2.85 1.53 1.92 2.76 1.68 1.05 1.58

0.50 0.03 0.06 0.05 0.06 0.06 0.12 0.20 0.06 0.33 92.10 1.92 4.43 3.69 2.25 2.72 3.37 1.53 1.28 1.39

0.54 0.04 0.08 0.06 0.07 0.08 0.15 0.25 0.07 0.41 101.10 2.81 5.95 4.73 3.37 3.85 4.09 1.40 1.58 1.20

0.60 0.04 0.09 0.07 0.09 0.09 0.18 0.29 0.08 0.48 110.99 4.02 7.57 5.92 4.91 5.31 4.86 1.30 1.97 1.01

0.66 0.05 0.10 0.07 0.10 0.10 0.20 0.33 0.10 0.54 121.84 5.48 8.91 7.15 6.71 6.97 5.58 1.26 2.45 0.87

0.72 0.05 0.11 0.08 0.10 0.11 0.23 0.37 0.11 0.61 133.75 7.03 9.62 8.23 8.49 8.55 6.10 1.27 3.01 0.77

0.79 0.06 0.11 0.09 0.11 0.12 0.25 0.41 0.12 0.66 146.82 8.42 9.49 8.95 9.88 9.72 6.29 1.30 3.63 0.69

0.87 0.06 0.12 0.09 0.11 0.12 0.26 0.44 0.13 0.71 161.18 9.37 8.59 9.15 10.54 10.18 6.04 1.31 4.29 0.61

0.95 0.06 0.12 0.09 0.12 0.12 0.28 0.46 0.14 0.74 176.94 9.67 7.15 8.70 10.30 9.76 5.33 1.25 4.92 0.50

1.05 0.06 0.12 0.09 0.12 0.12 0.29 0.49 0.14 0.77 194.23 9.26 5.46 7.64 9.17 8.51 4.25 1.10 5.50 0.36

1.15 0.06 0.12 0.09 0.11 0.12 0.30 0.51 0.15 0.80 213.22 8.23 3.78 6.13 7.39 6.66 2.98 0.88 5.95 0.21

1.26 0.06 0.11 0.08 0.11 0.12 0.31 0.53 0.15 0.82 234.07 6.79 2.32 4.44 5.33 4.59 1.75 0.63 6.23 0.09

1.38 0.05 0.11 0.08 0.11 0.12 0.32 0.56 0.16 0.84 256.95 5.24 1.25 2.89 3.40 2.72 0.78 0.44 6.32 0.02

1.52 0.05 0.10 0.08 0.10 0.11 0.33 0.59 0.16 0.86 282.07 3.86 0.66 1.74 1.94 1.38 0.23 0.33 6.18 0.00

1.67 0.04 0.10 0.07 0.10 0.11 0.34 0.62 0.17 0.88 309.64 2.83 0.50 1.09 1.10 0.69 0.03 0.30 5.84 0.00

1.83 0.04 0.10 0.07 0.09 0.11 0.36 0.66 0.17 0.91 339.92 2.17 0.60 0.85 0.77 0.51 0.00 0.30 5.30 0.00

2.01 0.04 0.09 0.06 0.09 0.11 0.38 0.71 0.18 0.95 373.15 1.79 0.77 0.86 0.74 0.59 0.00 0.31 4.61 0.00

2.21 0.03 0.09 0.06 0.09 0.11 0.40 0.76 0.18 0.98 409.63 1.54 0.81 0.90 0.76 0.69 0.00 0.29 3.82 0.00

2.42 0.03 0.09 0.06 0.09 0.11 0.42 0.83 0.19 1.03 449.67 1.28 0.64 0.82 0.67 0.62 0.00 0.21 3.00 0.00

2.66 0.03 0.09 0.05 0.09 0.12 0.45 0.90 0.20 1.08 493.63 0.96 0.36 0.61 0.43 0.38 0.00 0.11 2.21 0.00

2.92 0.03 0.10 0.05 0.10 0.12 0.48 0.97 0.20 1.14 541.89 0.61 0.13 0.34 0.16 0.12 0.00 0.04 1.51 0.00

3.21 0.03 0.10 0.05 0.10 0.13 0.52 1.06 0.21 1.20 594.87 0.32 0.04 0.11 0.02 0.01 0.00 0.01 0.92 0.00

3.52 0.03 0.11 0.05 0.11 0.14 0.56 1.15 0.22 1.27 653.03 0.11 0.04 0.02 0.00 0.00 0.00 0.00 0.47 0.00

3.86 0.03 0.11 0.05 0.11 0.15 0.59 1.24 0.23 1.35 716.87 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.18 0.00

4.24 0.03 0.12 0.06 0.12 0.16 0.63 1.33 0.24 1.42 786.95 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00

4.66 0.03 0.13 0.06 0.12 0.17 0.67 1.43 0.26 1.50 863.88 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00

5.11 0.03 0.13 0.06 0.13 0.18 0.71 1.53 0.27 1.58 948.34 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

5.61 0.03 0.14 0.06 0.13 0.19 0.75 1.63 0.28 1.66 1041.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

6.16 0.03 0.14 0.06 0.13 0.19 0.78 1.72 0.29 1.74 1142.83 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

6.76 0.03 0.15 0.06 0.13 0.20 0.82 1.81 0.30 1.82 1254.55 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

7.42 0.03 0.15 0.06 0.13 0.20 0.85 1.90 0.31 1.90 1377.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

8.15 0.03 0.15 0.06 0.12 0.21 0.89 2.00 0.33 1.99 1511.84 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

8.94 0.03 0.16 0.05 0.12 0.21 0.92 2.08 0.34 2.08 1659.64 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

9.82 0.03 0.16 0.06 0.12 0.21 0.95 2.17 0.34 2.18 1821.89 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

10.78 0.03 0.17 0.06 0.12 0.22 0.98 2.24 0.35 2.28 2000.00

11.83 0.03 0.17 0.06 0.12 0.22 1.01 2.30 0.36 2.38

12.99 0.03 0.19 0.06 0.12 0.23 1.04 2.36 0.36 2.48 Very coarse sand 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

14.26 0.03 0.20 0.07 0.13 0.24 1.07 2.41 0.37 2.59 coarse sand 1.05 0.23 0.47 0.18 0.12 0.00 0.05 3.13 0.00

15.65 0.03 0.21 0.08 0.14 0.25 1.10 2.43 0.37 2.68 medium sand 19.66 5.60 9.76 9.82 7.58 1.04 2.30 37.28 0.03

17.18 0.04 0.23 0.09 0.14 0.25 1.11 2.41 0.37 2.70 fine sand 58.76 46.41 53.23 61.11 57.97 32.75 7.74 33.53 3.24

18.86 0.04 0.23 0.09 0.14 0.25 1.11 2.34 0.37 2.65 very fine sand 17.10 34.35 28.20 20.71 23.16 24.94 10.93 10.01 9.64

20.71 0.04 0.24 0.10 0.13 0.23 1.09 2.23 0.37 2.53 silt 0.98 5.81 2.57 3.55 5.76 25.17 52.65 9.11 55.65

22.73 0.04 0.24 0.10 0.12 0.22 1.08 2.14 0.37 2.41 clay 0.60 1.55 1.00 1.53 1.80 6.05 11.58 2.72 14.89

24.95 0.04 0.26 0.11 0.12 0.21 1.08 2.10 0.38 2.34 colloid 0.43 0.87 0.65 0.84 0.89 1.84 3.04 0.88 4.95

27.39 0.04 0.31 0.14 0.13 0.23 1.13 2.16 0.41 2.35 tot sum 98.59 94.82 95.88 97.73 97.28 91.80 88.28 96.67 88.40

30.07 0.05 0.37 0.17 0.16 0.26 1.20 2.28 0.44 2.44

33.01 0.07 0.45 0.22 0.20 0.30 1.30 2.44 0.49 2.57

36.24 0.09 0.52 0.29 0.24 0.34 1.41 2.57 0.54 2.68 After C. K. Wentworth classification:

39.78 0.11 0.59 0.37 0.27 0.37 1.49 2.63 0.58 2.70

43.67 0.14 0.69 0.47 0.31 0.40 1.55 2.60 0.62 2.64 Sand: 2mm-1/16mm 96.57 86.58 91.65 91.82 88.83 58.74 21.01 83.95 12.91

47.94 0.19 0.82 0.60 0.36 0.44 1.58 2.49 0.64 2.50 Silt: 1/16mm-1/256mm 0.98 5.81 2.57 3.55 5.76 25.17 52.65 9.11 55.65

52.63 0.25 0.99 0.77 0.43 0.50 1.62 2.35 0.66 2.32 Clay: <1/256mm 1.03 2.42 1.65 2.37 2.69 7.89 14.61 3.61 19.84

57.77 0.35 1.21 0.99 0.52 0.60 1.67 2.21 0.69 2.15 tot sum 98.59 94.82 95.88 97.73 97.28 91.80 88.28 96.67 88.40

63.42 0.48 1.48 1.29 0.65 0.77 1.78 2.07 0.73 2.00  
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8.6. Lake Liambezi sediments data 

8.6.1. Samples name, location and other details 

 

sample sample_name coordinates elevation [m] depth [cm] sample sample_name coordinates elevation [m] depth [cm] sample sample_name coordinates elevation [m] depth [cm]

SC01 SC01 17.944778 S 24.372028 E 931 0 CC02 CC02 17.933806 S 24.354139 E 931 2 NC02+03 NC02 17.922833 S 24.368861 E 931 1

SC02+03 SC02 17.944778 S 24.372028 E 931 2 CC03+04 CC03 17.933806 S 24.354139 E 931 5 NC04+05 NC04 17.922833 S 24.368861 E 931 4

SC05 SC05 17.944778 S 24.372028 E 931 5 CC05+06+07 CC05 17.933806 S 24.354139 E 931 7 NC06+07 NC06 17.922833 S 24.368861 E 931 7

SC06 SC06 17.944778 S 24.372028 E 931 7 CC08+09 CC08 17.933806 S 24.354139 E 931 11 NC08 NC08 17.922833 S 24.368861 E 931 10

SC08 SC08 17.944778 S 24.372028 E 931 10 CC10+11 CC10 17.933806 S 24.354139 E 931 14 NC10 NC10 17.922833 S 24.368861 E 931 13

SC10 SC10 17.944778 S 24.372028 E 931 14 CC12+13 CC12 17.933806 S 24.354139 E 931 19 NC11 NC11 17.922833 S 24.368861 E 931 15

SC12+13 SC12 17.944778 S 24.372028 E 931 17 CC14+15+16 CC14 17.933806 S 24.354139 E 931 21 NC14 NC14 17.922833 S 24.368861 E 931 19

SC16 SC16 17.944778 S 24.372028 E 931 23 CC17+18+19 CC17 17.933806 S 24.354139 E 931 23 NC15 NC15 17.922833 S 24.368861 E 931 21

SC17 SC17 17.944778 S 24.372028 E 931 25 CC20+21+22 CC20 17.933806 S 24.354139 E 931 26 NC20 NC20 17.922833 S 24.368861 E 931 28

SC18 SC18 17.944778 S 24.372028 E 931 27 CC24+25 CC24 17.933806 S 24.354139 E 931 32 NC21+22 NC21 17.922833 S 24.368861 E 931 29

SC19 SC19 17.944778 S 24.372028 E 931 29 CC27 CC27 17.933806 S 24.354139 E 931 36 NC23+24 NC23 17.922833 S 24.368861 E 931 32

SC20 SC20 17.944778 S 24.372028 E 931 30 CC29 CC29 17.933806 S 24.354139 E 931 39

SC21 SC21 17.944778 S 24.372028 E 931 31

SC22 SC22 17.944778 S 24.372028 E 931 32

SC23 SC23 17.944778 S 24.372028 E 931 33  
 

8.6.2. Radiocarbon data and estimated climatic and environmental data for estimated age model 

 

Results of AMS  14C analysis of sample material submitted to AMS laboratory, ETH Zürich

Sample depth Material C14 age ±1σ F14C ±1σ δC13 ±1σ mg C C/N

Code [cm] BP ‰

SC05 5 sediment 259 21 0.9683 0.0026 -25.9 1 0.99 9.99

SC12+13 17 sediment 424 21 0.9486 0.0025 -27.6 1 0.99 11.36

SC17 25 sediment 219 21 0.9732 0.0026 -23.4 1 0.98 12.32

SC22 32 sediment 898 21 0.8943 0.0024 -22.3 1 1.00 10.44

CC02 2 sediment 1882 24 0.7910 0.0024 -23.2 1 0.42

CC03+04 5 charcoal 2710 22 0.7136 0.0020 -26.3 1 0.99 17.93

CC10+11 14 charcoal 2006 23 0.7790 0.0023 -22.8 1 0.98

CC20+21+22 26 charcoal 3243 24 0.6679 0.0020 -22.0 1 0.99

CC27 36 charcoal 4697 25 0.5572 0.0017 -20.7 1 0.98

NC04 4 sediment 1089 22 0.8730 0.0024 -22.6 1 0.69

NC04+05 4 charcoal 1673 23 0.8120 0.0023 -22.4 1 0.99

NC11 15 charcoal 1740 23 0.8052 0.0023 -23.2 1 0.99

NC11 15 sediment 1682 23 0.8110 0.0023 -21.2 1 0.62

NC15 21 sediment 1082 25 0.8740 0.0027 -23.9 1 0.26

NC21 29 sediment 1512 26 0.8280 0.0026 -24.4 1 0.27

NC23+24 32 charcoal 1618 23 0.8176 0.0024 -20.0 1 0.61  

sample sample_name age [yrs BP] climate details environment sample sample_name age [yrs BP] climate details environment

NC02+03 NC02 51 humid intermediate High water lake SC01 SC01 0 humid lacustrine

NC04+05 NC04 206 humid High water lake SC02+03 SC02 130 humid intermediate lacustrine

NC06+07 NC06 361 dry High water lake SC05 SC05 259 humid lacustrine

NC08 NC08 515 dry High water lake SC06 SC06 301 humid lacustrine

NC10 NC10 670 humid High water lake SC08 SC08 342 dry lacustrine

NC11 NC11 773 humid High water lake SC10 SC10 390 dry lacustrine

NC14 NC14 961 dry High water lake SC12+13 SC12 424 dry lacustrine

NC15 NC15 1082 dry Low water lake SC16 SC16 570 dry lacustrine

NC20 NC20 1416 humid Low water lake SC17 SC17 640 humid intermediate marsh

NC21+22 NC21 1512 humid Low water lake SC18 SC18 700 humid intermediate marsh

NC23+24 NC23 1618 humid intermediate Low water lake SC19 SC19 780 humid marsh

SC20 SC20 820 dry intermediate marsh

CC02 CC02 420 dry marsh SC21 SC21 860 dry marsh

CC03+04 CC03 770 humid marsh SC22 SC22 898 dry marsh

CC05+06+07 CC05 1000 dry marsh SC23 SC23 950 dry marsh

CC08+09 CC08 1500 humid emersion to marsh

CC10+11 CC10 2006 dry emersion

CC12+13 CC12 2315 dry fens

CC14+15+16 CC14 2624 dry fens

CC17+18+19 CC17 2933 humid fens

CC20+21+22 CC20 3243 dry marsh

CC24+25 CC24 3970 dry marsh

CC27 CC27 4697 dry marsh

CC29 CC29 5424 humid marsh  
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8.6.3. Mineralogy data 

 

sample depth [cm] Phyllosilicates Quartz Feldspath-K Plagioclase-Na Calcite Dolomite Pyrite Goethite Gypse Indosée sum smectite mica kaolinite chlorite vermiculite sum

SC01 0 20.75 15.09 0.80 0.89 2.29 1.00 0.61 3.05 1.92 53.59 100 56.40 18.14 4.71 5.30 15.44 100

SC02+03 2 23.78 9.50 0.94 0.81 2.98 no data 2.79 no data 2.22 56.97 100 22.01 14.89 23.67 14.52 24.92 100

SC05 5 20.08 12.32 2.94 1.89 no data no data 3.02 no data 7.46 52.30 100 25.19 28.41 11.35 7.97 27.08 100

SC06 7 28.13 20.20 1.18 0.64 no data no data 2.96 4.82 37.27 4.80 100 22.54 21.90 10.45 11.14 33.97 100

SC08 10 22.11 16.14 no data no data no data no data 2.00 no data 7.30 52.45 100 15.76 19.48 14.98 18.26 31.52 100

SC10 14 26.84 16.62 no data no data no data no data 2.32 no data 7.07 47.15 100 16.27 20.00 18.12 12.39 33.22 100

SC12+13 17 26.41 14.73 2.04 0.79 no data no data 1.55 no data 13.65 40.84 100 17.54 13.03 19.07 14.52 35.84 100

SC16 23 21.61 29.34 1.88 1.27 no data no data 1.95 no data 8.59 35.35 100 18.67 8.99 27.56 no data 44.78 100

SC17 25 22.31 57.32 1.56 no data no data no data no data no data 5.58 13.24 100 9.50 19.27 28.77 no data 42.47 100

SC18 27 27.82 41.95 1.46 0.82 no data no data 0.99 4.12 5.58 17.25 100 9.10 15.76 19.63 9.11 46.39 100

SC19 29 20.92 36.80 0.93 1.24 no data no data no data no data 1.69 38.44 100 37.20 4.72 26.75 no data 31.34 100

SC20 30 19.74 58.60 2.72 1.37 no data no data 0.79 no data 1.27 15.50 100 12.46 10.01 31.31 no data 46.22 100

SC21 31 20.71 42.67 1.10 no data no data no data 0.54 no data 1.06 33.91 100 7.73 9.33 27.97 12.29 42.67 100

SC22 32 17.60 65.94 no data no data no data no data no data no data 0.85 15.62 100 13.08 8.27 44.81 no data 33.85 100

SC23 33 17.62 42.14 1.75 1.23 0.83 n.d. no data no data 1.21 35.22 100 10.66 14.74 29.83 11.66 33.11 100

CC02 2 34.40 31.92 3.58 2.17 no data 2.16 no data no data 4.68 21.10 100 18.27 14.86 17.21 13.44 36.22 100

CC03+04 5 28.58 22.92 no data no data no data 1.03 no data no data 4.61 42.86 100 23.48 no data 20.59 16.25 39.68 100

CC05+06+07 7 30.10 26.07 3.16 2.05 1.04 1.30 0.98 4.10 0.90 30.30 100 18.29 16.29 14.82 18.90 31.71 100

CC08+09 11 25.78 10.34 5.65 1.65 1.20 1.16 no data 3.86 1.54 48.82 100 49.01 10.43 3.54 2.33 34.70 100

CC10+11 14 24.69 33.83 2.45 1.33 no data 1.16 no data 0.69 11.96 23.89 100 17.80 11.36 6.35 8.43 56.06 100

CC12+13 19 33.18 38.50 3.02 no data no data 0.90 no data 5.22 6.20 12.98 100 18.13 11.95 18.44 10.64 40.84 100

CC14+15+16 21 43.08 17.92 3.24 1.79 no data 0.90 no data no data no data 33.07 100 21.38 12.29 24.48 9.86 31.99 100

CC17+18+19 23 33.61 48.37 2.71 no data no data no data 1.08 6.30 4.67 3.26 100 31.49 no data 30.50 11.83 26.18 100

CC20+21+22 26 28.16 9.30 4.25 2.56 no data no data no data no data 1.50 54.22 100 21.09 13.80 15.48 12.65 36.98 100

CC24+25 32 26.18 16.34 3.57 2.28 no data no data no data 5.10 no data 46.53 100 21.33 14.91 14.98 10.70 38.07 100

CC27 36 25.94 8.70 2.81 no data no data no data no data no data 2.65 59.90 100 20.68 13.35 11.43 12.39 42.15 100

CC29 39 29.90 22.76 1.96 1.86 no data no data no data no data 2.81 40.71 100 25.26 8.72 17.65 9.72 38.65 100

NC02+03 1 30.75 9.28 no data no data 1.33 no data 4.25 no data 13.27 41.12 100 26.21 16.13 17.61 11.83 28.23 100

NC04+05 4 30.96 16.88 2.78 1.93 no data no data 2.77 5.45 23.97 15.26 100 36.15 no data 14.58 10.81 38.46 100

NC06+07 7 31.98 36.72 no data no data no data 1.21 1.60 6.45 15.05 6.98 100 21.81 15.64 14.11 11.41 37.04 100

NC08 10 30.66 20.87 2.73 no data no data 0.97 no data no data 6.44 38.33 100 19.48 17.86 11.87 12.48 38.31 100

NC10 13 30.63 14.06 3.13 no data no data 0.72 no data no data 5.84 45.62 100 29.17 13.54 7.09 10.96 39.24 100

NC11 15 31.72 28.65 2.51 2.52 no data no data no data no data 4.76 29.85 100 32.91 17.72 21.94 no data 27.43 100

NC14 19 31.70 15.77 2.55 no data no data no data 0.83 no data 5.63 43.53 100 21.90 11.87 15.32 13.44 37.47 100

NC15 21 25.17 29.89 2.95 no data 1.06 no data no data no data 5.29 35.64 100 19.30 10.93 11.82 11.20 46.74 100

NC20 28 33.68 16.53 3.25 2.15 no data no data no data no data 23.78 20.61 100 27.35 no data 15.70 14.91 42.04 100

NC21+22 29 32.78 15.64 no data no data no data no data 1.05 no data 48.88 1.66 100 22.48 18.46 24.83 no data 34.23 100

NC23+24 32 31.77 12.62 3.54 no data no data no data no data no data 45.93 6.15 100 19.29 20.36 23.57 no data 36.79 100
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8.6.4. Major elements data 

 

sample depth [cm] SiO2 TiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O P2O5 LOI Cr2O3 NiO not_measured new_sum in % wt

LOI at 

1050°C S

SC01 0 54.66 0.40 6.72 5.00 0.63 2.56 0.11 0.41 0.14 28.62 0.01 0.01 0.69 100 2.85

SC02+03 2 55.12 0.40 6.70 5.11 0.61 2.55 0.13 0.46 0.14 28.49 0.01 0.01 0.23 100 2.81

SC05 5 55.33 0.40 6.83 5.36 0.60 1.86 0.12 0.38 0.14 28.28 0.01 0.01 0.65 100 2.81

SC06 7 55.56 0.41 6.84 5.42 0.58 1.35 0.11 0.38 0.14 28.21 0.01 0.01 0.95 100 2.81

SC08 10 56.38 0.43 6.97 5.70 0.53 1.07 0.09 0.38 0.12 27.51 0.01 0.01 0.76 100 3.49

SC10 14 57.06 0.43 7.03 5.86 0.50 1.03 0.10 0.40 0.10 26.60 0.01 0.01 0.83 100 3.49

SC12+13 17 56.03 0.43 6.93 5.89 0.47 0.88 0.09 0.37 0.09 27.94 0.01 0.01 0.83 100 3.95

SC16 23 57.19 0.45 7.16 6.01 0.46 0.85 0.09 0.39 0.08 26.33 0.01 0.01 0.95 100 3.54

SC17 25 61.99 0.49 7.49 5.08 0.47 0.78 0.09 0.41 0.07 22.24 0.01 no data 0.87 100 2.34

SC18 27 65.26 0.51 7.55 4.37 0.47 0.77 0.08 0.41 0.06 19.79 0.01 no data 0.69 100 1.58

SC19 29 71.37 0.53 7.35 3.51 0.44 0.66 0.08 0.37 0.08 15.00 0.01 no data 0.60 100 0.65

SC20 30 73.08 0.53 7.21 3.25 0.44 0.62 0.07 0.37 0.08 13.85 0.01 no data 0.48 100 0.46

SC21 31 74.25 0.51 6.72 2.91 0.39 0.57 0.05 0.30 0.07 13.23 0.01 no data 0.95 100 0.34

SC22 32 75.60 0.51 6.68 2.82 0.39 0.55 0.05 0.27 0.07 12.09 0.01 no data 0.93 100 0.24

SC23 33 75.29 0.50 6.60 2.93 0.38 0.57 0.05 0.26 0.07 12.42 0.01 no data 0.88 100 0.41

CC02 2 57.35 0.41 8.57 4.64 0.55 1.20 0.07 0.45 0.10 25.90 0.01 0.01 0.69 100 0.45

CC03+04 5 62.85 0.40 8.62 4.79 0.51 0.83 0.08 0.44 0.11 21.12 0.01 0.01 0.21 100 0.61

CC05+06+07 7 64.74 0.40 8.63 5.06 0.45 0.60 0.09 0.43 0.11 18.82 0.01 0.01 0.64 100 0.41

CC08+09 11 66.08 0.46 10.13 5.80 0.44 0.71 0.13 0.42 0.12 15.45 0.02 0.01 0.22 100 0.37

CC10+11 14 66.86 0.42 8.54 5.10 0.37 0.73 0.12 0.37 0.11 16.71 0.01 0.01 0.64 100 0.55

CC12+13 19 59.48 0.34 6.67 4.31 0.36 1.17 0.10 0.33 0.10 26.48 0.01 0.01 0.64 100 1.50

CC14+15+16 21 55.72 0.47 8.53 3.31 0.46 1.16 0.06 0.35 0.04 29.37 0.01 0.01 0.51 100 1.08

CC17+18+19 23 64.29 0.37 6.46 3.49 0.36 0.98 0.08 0.31 0.05 23.02 0.01 0.01 0.55 100 0.89

CC20+21+22 26 74.18 0.23 4.99 2.03 0.28 0.77 0.05 0.29 0.03 16.29 0.01 no data 0.85 100 0.22

CC24+25 32 78.97 0.21 4.79 1.69 0.24 0.64 0.05 0.25 0.02 12.44 0.00 no data 0.68 100 0.10

CC27 36 80.30 0.20 4.36 1.50 0.23 0.74 0.05 0.25 0.02 11.80 0.00 no data 0.54 100 0.14

CC29 39 77.49 0.27 6.05 1.83 0.27 0.71 0.07 0.31 0.02 12.24 0.01 no data 0.72 100 0.12

NC02+03 1 48.58 0.29 6.27 6.12 0.50 1.90 0.07 0.30 0.14 35.03 0.01 0.01 0.76 100 3.98

NC04+05 4 47.17 0.28 6.01 5.19 0.44 1.30 0.07 0.28 0.09 38.31 0.01 0.01 0.82 100 4.38

NC06+07 7 50.89 0.30 6.55 4.03 0.39 1.15 0.07 0.30 0.08 35.66 0.01 0.01 0.56 100 2.44

NC08 10 53.03 0.32 6.96 3.72 0.39 1.10 0.08 0.31 0.07 33.43 0.01 0.01 0.56 100 1.64

NC10 13 54.22 0.33 7.03 3.76 0.38 1.06 0.07 0.30 0.07 32.42 0.01 0.01 0.32 100 1.43

NC11 15 53.75 0.32 6.85 3.55 0.37 1.02 0.07 0.27 0.06 32.98 0.01 0.01 0.74 100 1.33

NC14 19 57.31 0.35 6.94 4.52 0.38 0.96 0.08 0.31 0.09 28.17 0.01 0.01 0.85 100 0.95

NC15 21 64.65 0.39 7.24 5.69 0.44 0.83 0.09 0.34 0.12 19.67 0.01 0.01 0.50 100 0.61

NC20 28 61.96 0.41 7.51 5.33 0.46 1.58 0.08 0.31 0.09 21.34 0.02 0.01 0.88 100 1.00

NC21+22 29 62.97 0.39 6.97 5.37 0.44 1.82 0.08 0.32 0.10 20.71 0.01 0.01 0.82 100 1.16

NC23+24 32 62.55 0.40 6.99 5.24 0.43 2.15 0.08 0.30 0.10 20.94 0.01 0.01 0.79 100 1.25  
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8.6.5. Trace elements data 

 
sample depth [cm] Sc V Cr Mn Co Ni Cu Zn Ga Ge As Se Br Rb Sr Y Zr Nb Mo Ag Cd

SC01 0 7.70 131.30 66.80 315.80 31.80 31.10 22.10 19.30 8.00 no data 4.10 no data 21.90 29.80 73.10 13.00 100.00 6.10 4.00 5.20 no data

SC02+03 2 7.50 131.20 63.10 294.50 32.50 30.10 22.60 19.70 8.00 1.00 4.00 no data 23.70 29.30 68.10 12.70 99.40 6.00 3.30 5.00 no data

SC05 5 7.50 131.20 63.10 294.50 32.50 30.10 22.60 19.70 8.00 1.00 4.00 no data 23.70 29.30 68.10 12.70 99.40 6.00 3.30 5.00 no data

SC06 7 7.50 131.20 63.10 294.50 32.50 30.10 22.60 19.70 8.00 1.00 4.00 no data 23.70 29.30 68.10 12.70 99.40 6.00 3.30 5.00 no data

SC08 10 8.50 131.60 62.40 234.60 33.00 30.40 22.50 19.70 8.20 1.30 4.60 no data 20.90 29.10 41.90 13.40 113.30 6.30 2.50 no data no data

SC10 14 8.50 131.60 62.40 234.60 33.00 30.40 22.50 19.70 8.20 1.30 4.60 no data 20.90 29.10 41.90 13.40 113.30 6.30 2.50 no data no data

SC12+13 17 9.60 126.30 60.50 193.20 43.80 29.30 22.40 19.90 8.50 no data no data no data 18.50 28.00 35.80 13.30 121.00 6.60 2.10 no data no data

SC16 23 9.40 129.40 57.40 169.50 31.40 31.60 24.10 23.00 8.50 1.10 4.50 no data 13.50 29.50 33.60 15.30 144.30 6.80 2.70 no data no data

SC17 25 10.10 127.80 56.60 155.90 39.60 30.80 24.40 21.50 9.50 1.40 6.50 no data 10.10 30.30 32.90 17.00 166.00 7.40 2.50 5.90 no data

SC18 27 10.20 131.30 58.50 159.50 33.20 30.10 25.00 20.90 9.30 1.50 4.70 no data 9.30 31.00 34.00 17.00 178.60 7.80 2.20 5.00 no data

SC19 29 10.20 133.30 63.70 158.10 32.20 27.80 22.80 17.20 9.00 1.30 4.50 no data 7.30 28.40 34.70 15.90 200.70 8.20 1.90 4.10 no data

SC20 30 8.70 138.40 65.50 165.30 28.80 26.90 22.20 15.40 8.50 1.40 5.50 no data 7.10 26.80 35.20 15.90 198.80 7.80 2.20 6.00 no data

SC21 31 10.00 147.10 66.10 168.40 22.80 25.10 20.80 14.10 8.00 1.50 4.60 no data 6.10 23.90 36.50 15.90 193.80 7.60 1.90 3.10 no data

SC22 32 8.40 145.30 65.50 172.60 33.10 24.20 20.10 13.60 7.70 1.70 7.60 no data 5.80 21.80 36.40 14.90 201.70 7.60 1.70 4.70 no data

SC23 33 8.70 146.30 67.60 173.50 20.70 23.40 20.50 14.20 7.50 1.70 3.00 no data 5.90 22.00 35.80 13.70 192.40 7.20 1.20 3.00 no data

CC02 2 10.20 145.30 77.10 149.90 14.50 53.30 26.20 22.60 9.70 1.10 10.20 no data 16.00 33.60 63.00 10.50 77.50 6.40 4.80 5.90 no data

CC03+04 5 8.50 145.40 77.60 267.80 25.00 50.50 23.70 21.70 9.90 1.40 9.50 no data 16.70 34.90 66.60 10.60 83.60 6.40 2.50 5.70 no data

CC05+06+07 7 11.30 149.30 75.90 127.90 15.90 56.90 27.40 27.30 10.10 1.30 9.70 no data 21.50 34.00 55.60 10.70 79.50 6.50 5.50 5.90 no data

CC08+09 11 11.90 170.30 89.40 111.60 16.30 70.50 28.20 22.90 11.40 1.40 12.40 no data 10.30 30.10 50.40 7.40 85.20 7.30 4.80 5.60 no data

CC10+11 14 11.30 148.50 77.70 86.40 15.50 62.60 27.30 18.60 10.40 1.10 14.20 no data 5.20 23.50 83.00 6.90 82.50 6.90 8.50 5.00 no data

CC12+13 19 9.80 134.50 69.70 107.30 16.00 37.70 22.40 16.70 9.10 1.10 11.50 no data 14.20 28.40 57.30 10.00 72.50 5.40 5.10 4.50 no data

CC14+15+16 21 8.60 145.10 77.80 108.40 17.40 34.30 24.00 17.00 10.20 1.40 9.40 no data 12.80 32.90 40.70 10.50 83.90 6.30 2.50 4.40 no data

CC17+18+19 23 8.90 113.70 56.30 92.80 20.90 34.10 25.50 14.40 8.00 1.40 12.10 no data 11.60 27.90 42.80 10.20 113.80 5.60 3.60 4.00 no data

CC20+21+22 26 6.20 66.40 34.50 72.60 7.30 24.90 39.90 9.40 6.20 no data 7.10 no data 4.70 32.00 34.90 10.30 53.90 3.60 1.10 5.10 no data

CC24+25 32 6.50 59.50 30.20 59.20 6.00 20.70 43.50 6.60 5.80 no data 5.80 no data 1.60 25.30 29.90 9.60 50.30 3.30 no data 5.90 no data

CC27 36 7.00 51.70 26.70 59.90 8.40 20.10 45.50 6.40 5.50 no data 6.80 1.00 2.00 22.40 30.70 11.40 48.70 2.90 no data 4.50 no data

CC29 39 9.00 78.10 36.50 76.00 9.40 24.20 53.30 8.50 7.50 no data 5.00 no data 1.70 30.20 31.80 15.90 64.00 4.10 no data 5.60 no data

NC02+03 1 7.90 107.20 59.60 222.60 25.10 39.50 24.50 28.90 7.40 no data 6.00 no data 33.60 25.90 69.10 10.80 57.00 4.50 4.10 3.10 no data

NC04+05 4 6.00 101.20 53.60 168.30 19.80 36.20 20.60 23.70 6.70 no data 4.80 no data 26.30 24.20 52.10 10.00 58.00 4.30 3.10 no data no data

NC06+07 7 7.00 102.50 65.50 114.70 16.60 41.60 17.80 20.70 7.20 no data 6.00 no data 16.10 22.20 61.90 10.20 62.70 4.60 3.00 4.50 no data

NC08 10 7.20 108.90 56.10 96.00 19.10 38.90 18.00 19.30 7.70 no data 4.30 no data 15.00 22.50 71.30 9.50 67.90 4.80 2.90 5.20 no data

NC10 13 7.70 113.40 61.30 91.40 16.90 36.10 17.80 18.20 7.80 no data 6.10 no data 14.50 22.40 71.50 9.40 68.20 5.10 3.30 5.80 3.40

NC11 15 6.90 111.50 59.40 79.90 21.60 36.80 17.90 16.30 7.90 1.00 6.50 no data 13.70 21.80 67.70 9.10 70.00 4.90 3.00 4.90 no data

NC14 19 9.10 126.00 62.80 81.60 18.80 43.50 20.80 18.70 8.80 1.10 8.10 no data 14.70 23.10 74.50 9.40 71.30 5.60 4.00 4.20 no data

NC15 21 11.30 154.00 76.60 94.80 21.00 44.80 24.00 21.00 10.00 1.30 8.80 no data 15.30 27.60 83.60 10.10 78.10 6.60 3.90 5.10 3.20

NC20 28 10.50 160.70 79.00 96.50 23.90 48.50 24.20 21.70 10.90 1.20 8.10 no data 14.60 29.60 58.50 12.70 77.60 6.50 3.50 5.60 no data

NC21+22 29 9.00 139.40 69.50 89.50 20.60 50.80 24.80 23.00 9.40 1.20 9.80 no data 14.60 23.60 75.10 11.70 76.80 6.40 4.20 6.60 no data

NC23+24 32 9.80 143.70 71.10 89.70 17.80 53.80 25.00 28.60 9.40 no data 9.60 no data 15.60 22.80 80.20 12.70 73.80 6.30 4.10 4.60 no data

sample depth [cm] Sn Sb Te I Cs Ba La Ce Nd Sm Yb Hf Ta W Hg Tl Pb Bi Th U

SC01 0 14.70 no data no data 5.90 no data 361.50 17.80 33.90 14.50 no data no data 3.00 no data 79.80 no data no data 8.80 no data 5.70 1.70

SC02+03 2 13.10 no data no data 7.80 5.20 360.10 16.70 32.00 14.60 no data no data no data no data 80.80 no data no data 9.00 no data 5.50 2.30

SC05 5 13.10 no data no data 7.80 5.20 360.10 16.70 32.00 14.60 no data no data no data no data 80.80 no data no data 9.00 no data 5.50 2.30

SC06 7 13.10 no data no data 7.80 5.20 360.10 16.70 32.00 14.60 no data no data no data no data 80.80 no data no data 9.00 no data 5.50 2.30

SC08 10 14.50 no data no data 5.30 4.00 305.00 15.20 30.40 13.80 no data no data 4.00 no data 92.80 no data no data 9.10 no data 5.10 1.50

SC10 14 14.50 no data no data 5.30 4.00 305.00 15.20 30.40 13.80 no data no data 4.00 no data 92.80 no data no data 9.10 no data 5.10 1.50

SC12+13 17 19.00 no data no data 5.00 2.50 274.60 17.20 33.60 16.70 6.70 no data 2.90 no data 131.40 no data no data 8.40 no data 5.90 1.10

SC16 23 9.90 no data no data 6.30 246.50 16.00 36.80 17.80 3.60 no data 2.50 no data 117.30 no data no data 8.10 no data 5.80 1.30

SC17 25 13.90 no data no data 3.70 2.30 265.10 21.40 39.70 17.50 4.90 no data 2.70 no data 277.30 no data no data 8.30 no data 6.10 1.90

SC18 27 11.40 no data no data no data 3.80 295.20 22.80 40.70 18.80 5.90 no data 2.90 no data 163.80 no data no data 9.60 no data 6.30 2.40

SC19 29 9.10 no data no data no data 2.60 364.40 17.60 38.60 17.70 5.30 no data 4.00 no data 237.10 no data no data 9.00 no data 6.10 1.10

SC20 30 7.40 no data no data no data 3.80 410.00 21.90 38.80 16.30 5.00 no data 3.40 no data 219.00 no data no data 10.10 no data 6.20 2.70

SC21 31 8.40 no data no data no data 2.20 456.60 18.90 37.70 17.70 no data no data 2.70 no data 143.70 no data no data 10.10 no data 5.70 2.60

SC22 32 10.60 no data no data no data no data 467.20 16.10 33.60 14.20 5.20 no data 2.70 no data 286.40 no data no data 9.50 no data 5.60 2.00

SC23 33 6.90 no data no data no data no data 458.50 19.80 39.00 18.00 no data no data 2.70 no data 186.20 no data no data 9.90 no data 5.00 1.40

CC02 2 9.10 no data no data no data no data 649.70 18.10 23.90 9.50 no data 2.00 no data no data 25.90 no data no data 9.50 no data 4.80 2.10

CC03+04 5 7.20 no data no data no data no data 624.40 15.40 25.20 12.50 no data no data no data no data 87.00 no data no data 9.40 no data 4.70 1.90

CC05+06+07 7 8.30 no data no data no data 2.10 780.70 17.40 30.50 14.70 no data no data no data no data 35.40 no data no data 10.50 no data 5.40 2.30

CC08+09 11 6.80 no data no data no data no data 687.40 7.20 20.90 8.90 no data no data no data 1.00 22.80 no data no data 12.10 no data 5.10 1.90

CC10+11 14 9.10 no data no data no data 2.20 667.10 15.10 16.90 7.10 no data no data no data 1.10 29.60 no data no data 10.20 no data 5.20 2.40

CC12+13 19 8.70 no data no data no data no data 491.20 22.00 26.40 13.60 3.70 no data no data no data 28.20 no data no data 10.70 no data 4.60 3.70

CC14+15+16 21 10.00 no data no data no data no data 295.70 17.10 24.10 11.60 no data no data no data no data 27.90 no data no data 11.90 no data 5.20 4.40

CC17+18+19 23 11.80 no data no data no data no data 431.20 15.30 27.00 13.30 3.40 no data no data no data 123.40 no data no data 10.10 no data 4.00 17.70

CC20+21+22 26 9.00 no data no data no data no data 359.30 17.80 29.50 16.70 5.60 no data no data no data 31.30 no data no data 6.30 no data 3.80 28.90

CC24+25 32 7.40 no data no data no data no data 352.20 11.30 28.60 16.20 no data no data no data 1.00 39.90 no data no data 5.70 no data 3.60 14.90

CC27 36 7.60 no data no data no data 2.30 360.40 18.10 34.90 19.10 5.60 no data no data no data 65.50 no data no data 5.60 no data 3.70 12.30

CC29 39 6.40 no data no data no data no data 345.90 27.90 38.50 21.70 7.90 no data no data no data 58.70 no data no data 7.70 no data 4.60 8.90

NC02+03 1 7.40 no data no data 6.70 3.00 419.50 18.70 30.50 13.20 3.90 no data no data no data 47.90 no data no data 9.00 no data 5.20 1.60

NC04+05 4 12.40 no data no data 3.20 no data 354.70 17.90 26.30 11.20 no data no data no data no data 31.80 no data no data 7.30 no data 3.60 1.00

NC06+07 7 6.70 no data no data no data no data 424.10 14.70 25.70 12.00 no data no data no data no data 33.50 no data no data 7.30 no data 3.40 1.00

NC08 10 6.70 no data no data no data 2.20 450.40 14.40 27.50 11.30 no data no data no data no data 45.00 no data no data 7.30 no data 3.40 1.20

NC10 13 8.60 no data no data no data no data 484.00 17.60 23.30 10.90 no data no data no data no data 43.60 no data no data 8.20 no data 4.00 1.40

NC11 15 7.20 no data no data no data 2.00 430.90 17.30 23.30 13.90 no data no data no data no data 64.30 no data no data 7.70 no data 3.70 1.10

NC14 19 7.30 no data no data no data 2.90 437.50 14.30 20.20 13.80 3.50 no data no data 1.00 44.60 no data no data 9.60 no data 4.80 1.10

NC15 21 9.70 no data no data no data no data 483.10 15.60 28.30 12.30 no data no data no data no data 67.50 no data no data 12.60 no data 5.20 no data

NC20 28 8.00 no data no data no data no data 456.00 21.90 35.00 16.30 no data no data no data no data 43.10 no data no data 11.10 no data 5.20 1.10

NC21+22 29 9.70 no data no data no data no data 542.00 19.60 32.90 14.00 3.10 no data no data no data 48.50 no data no data 12.90 no data 5.00 2.50

NC23+24 32 8.70 no data no data no data 2.00 518.60 19.90 37.20 15.80 4.20 no data no data no data 19.70 no data no data 12.00 no data 4.80 1.70  
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8.6.6. Organic matter data 

 

sample depth [cm] d13C_VPDB

Nitrogen [% 

wt]

Hydrogen [% 

wt]

TOC [% 

wt] C_N

HI [mg HC/g 

TOC]

OI [mg 

CO2/g TOC] PC [%] RC [%] MINC [%] Tmax [°C]

S1 [mg 

HC/g]

S2a [mg 

HC/g]

S2b [mg 

HC/g] S3 Contrib.A1 Contrib.A2 Contrib.A3 Contrib.A4 Contrib.A5 I_index R_index A0

SC01 0 -24.32 1.103 1.886 8.48 7.69 304 106 2.39 6.09 0.46 425 0.11 25.77 0.00 8.95 17.56 22.47 29.57 25.22 5.17 0.13 0.60 0.00

SC02+03 2 -24.51 1.002 1.948 8.45 8.43 316 103 2.46 5.99 0.45 427 0.09 26.66 0.00 8.72 17.57 24.19 29.08 24.57 4.59 0.16 0.58 0.01

SC05 5 -24.56 1.019 2.022 8.70 8.54 320 105 2.57 6.13 0.36 423 0.13 27.82 0.00 9.12 22.20 23.83 28.45 21.71 3.81 0.21 0.54 0.01

SC06 7 -24.96 0.965 2.005 8.19 8.49 284 113 2.20 5.99 0.34 414 0.17 23.25 0.00 9.27 23.70 25.67 29.61 18.47 2.55 0.22 0.51 0.01

SC08 10 -25.34 0.778 1.793 7.77 9.99 243 112 1.82 5.95 0.31 412 0.18 18.87 0.00 8.73 23.34 25.03 31.22 17.88 2.53 0.19 0.52 0.02

SC10 14 -25.41 0.678 1.793 7.52 11.09 225 107 1.64 5.88 0.29 413 0.18 16.90 0.00 8.02 20.33 24.33 32.03 20.34 2.98 0.14 0.55 0.02

SC12+13 17 -25.61 0.663 1.761 6.99 10.54 187 121 1.34 5.65 0.33 407 0.27 13.08 0.00 8.43 25.79 26.08 32.03 13.85 2.23 0.21 0.48 0.03

SC16 23 -24.50 0.511 1.766 7.25 14.18 168 124 1.27 5.98 0.30 390 0.12 12.21 0.00 8.98 24.34 27.07 30.35 14.70 3.54 0.23 0.49 0.02

SC17 25 -22.13 0.476 1.519 5.57 11.70 148 127 0.88 4.69 0.25 394 0.09 8.23 0.00 7.10 24.01 26.04 30.14 15.22 4.58 0.22 0.50 0.02

SC18 27 -22.95 0.373 1.362 5.02 13.47 152 123 0.81 4.21 0.20 412 0.06 7.63 0.00 6.17 18.62 23.38 30.49 20.74 6.77 0.14 0.58 0.02

SC19 29 -21.89 0.264 1.125 3.59 13.61 145 118 0.55 3.04 0.16 421 0.04 5.22 0.00 4.24 14.74 21.24 30.34 24.56 9.12 0.07 0.64 0.03

SC20 30 -22.35 0.263 1.053 3.23 12.28 122 123 0.44 2.79 0.16 416 0.03 3.93 0.00 3.97 13.73 21.63 31.38 23.78 9.46 0.05 0.65 0.02

SC21 31 no data 0.220 0.988 3.06 13.94 113 119 0.39 2.67 0.18 417 0.02 3.48 0.00 3.63 13.14 21.54 31.21 24.40 9.71 0.05 0.65 0.02

SC22 32 -20.43 0.203 0.918 2.70 13.32 113 114 0.34 2.37 0.15 425 0.02 3.05 0.00 3.07 10.64 19.50 30.65 27.87 11.33 -0.01 0.70 0.04

SC23 33 -21.95 0.199 0.939 2.69 13.53 114 121 0.35 2.34 0.16 419 0.02 3.07 0.00 3.25 13.30 20.84 31.33 24.93 9.59 0.04 0.66 0.04

CC02 2 -21.08 0.549 1.744 9.27 16.88 149 89 1.38 7.90 0.38 422 0.02 13.85 0.00 8.25 11.55 20.89 31.67 27.30 8.59 0.01 0.68 0.01

CC03+04 5 -21.71 0.466 1.409 6.47 13.89 77 86 0.56 5.90 0.28 417 0.02 4.95 0.00 5.57 9.93 20.05 32.76 26.64 10.62 -0.04 0.70 0.03

CC05+06+07 7 -22.73 0.465 1.235 5.23 11.26 27 80 0.23 5.00 0.27 421 0.03 1.40 0.00 4.19 12.32 19.16 26.28 23.96 18.27 0.08 0.69 0.10

CC08+09 11 -21.62 0.150 1.335 1.68 11.18 57 158 0.15 1.53 0.16 404 0.02 0.96 0.00 2.64 14.19 20.05 26.68 21.13 17.94 0.11 0.66 0.13

CC10+11 14 -21.48 0.137 1.337 1.89 13.75 74 151 0.20 1.69 0.17 411 0.02 1.40 0.00 2.85 14.76 20.99 29.92 21.62 12.69 0.08 0.64 0.09

CC12+13 19 -20.74 0.503 1.762 7.77 15.43 216 114 1.64 6.13 0.27 421 0.04 16.81 0.00 8.84 18.26 19.32 31.05 24.79 6.58 0.08 0.62 0.01

CC14+15+16 21 -20.18 0.585 2.814 12.97 22.18 439 119 5.15 7.82 0.42 421 0.05 56.89 0.00 15.45 21.93 19.43 28.67 24.30 5.68 0.16 0.59 0.00

CC17+18+19 23 -21.99 0.328 1.616 7.11 21.65 282 116 1.89 5.22 0.27 425 0.03 20.03 0.00 8.28 17.88 19.73 30.78 25.96 5.64 0.09 0.62 0.01

CC20+21+22 26 -19.70 0.287 1.077 4.74 16.55 91 104 0.49 4.25 0.27 421 0.02 4.30 0.00 4.91 12.15 18.32 33.62 27.90 8.02 -0.04 0.70 0.02

CC24+25 32 -20.45 0.188 0.875 2.79 14.83 31 102 0.15 2.64 0.21 422 0.01 0.87 0.00 2.84 13.56 19.47 27.56 24.35 15.04 0.08 0.67 0.13

CC27 36 -20.77 0.157 0.834 2.69 17.06 36 96 0.15 2.54 0.18 426 0.01 0.97 0.00 2.57 14.70 16.85 25.94 27.31 15.20 0.09 0.68 0.12

CC29 39 -20.25 0.179 1.115 2.24 12.53 18 96 0.09 2.15 0.18 422 0.01 0.40 0.00 2.16 18.98 19.13 22.08 20.18 19.59 0.24 0.62 0.24

NC02+03 1 -23.60 1.200 3.194 11.66 9.71 357 112 3.81 7.84 0.36 418 0.11 41.56 0.00 13.00 20.01 23.53 30.07 22.80 3.59 0.16 0.56 0.01

NC04+05 4 -22.67 1.044 3.244 12.41 11.88 310 108 3.59 8.81 0.34 411 0.45 38.42 0.00 13.43 25.39 21.45 31.55 18.56 3.04 0.17 0.53 0.00

NC06+07 7 -21.61 0.899 3.021 12.13 13.49 337 109 3.77 8.36 0.33 412 0.11 40.92 0.00 13.25 22.91 21.16 30.72 20.97 4.23 0.16 0.56 0.01

NC08 10 -21.96 0.899 2.921 11.54 12.84 343 106 3.63 7.92 0.32 413 0.05 39.63 0.00 12.18 22.29 21.18 30.51 21.44 4.57 0.15 0.57 0.00

NC10 13 -21.90 0.856 2.832 11.15 13.02 334 107 3.42 7.73 0.35 414 0.05 37.26 0.00 11.89 21.67 21.47 30.39 21.76 4.70 0.15 0.57 0.00

NC11 15 -21.67 0.902 2.964 11.86 13.15 343 107 3.72 8.14 0.34 414 0.04 40.62 0.00 12.68 21.20 21.52 30.52 21.95 4.81 0.15 0.57 0.00

NC14 19 -22.13 0.772 2.446 9.49 12.29 278 110 2.47 7.01 0.33 416 0.03 26.35 0.00 10.40 17.23 22.42 31.85 23.40 5.10 0.10 0.60 0.01

NC15 21 -21.87 0.563 1.708 5.02 8.92 117 111 0.64 4.38 0.24 416 0.02 5.89 0.00 5.57 11.02 20.32 33.92 25.88 8.86 -0.03 0.69 0.02

NC20 28 -22.41 0.600 1.890 5.68 9.46 137 108 0.81 4.86 0.25 420 0.02 7.76 0.00 6.15 12.54 18.88 32.48 27.32 8.79 -0.01 0.69 0.02

NC21+22 29 -22.28 0.560 1.809 5.18 9.24 101 108 0.59 4.59 0.24 415 0.02 5.21 0.00 5.60 11.67 19.48 32.94 26.19 9.71 -0.02 0.69 0.03

NC23+24 32 -22.72 0.577 1.836 5.25 9.09 91 108 0.55 4.69 0.24 416 0.02 4.80 0.00 5.68 10.76 19.43 33.51 26.07 10.23 -0.05 0.70 0.01  
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8.6.7. Grain-size data 

 
SC01 SC02 SC05 SC06 SC08 SC10 SC12 SC16 SC17 SC18 SC19 SC20 SC21 SC22 SC23 SC01 SC02 SC05 SC06 SC08 SC10 SC12 SC16 SC17 SC18 SC19 SC20 SC21 SC22 SC23

Channel 

Diameter 

(Lower) Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff.

Channel 

Diameter 

(Lower) Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff.

um Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume um Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume

% % % % % % % % % % % % % % % % % % % % % % % % % % % % % %

0.38 0.12 0.11 0.11 0.11 0.10 0.11 0.13 0.11 0.09 0.08 0.07 0.07 0.06 0.06 0.06 69.62 0.80 0.80 0.84 0.79 1.11 1.17 1.30 1.60 2.06 2.21 2.28 2.24 2.16 2.05 2.06

0.41 0.21 0.19 0.19 0.19 0.18 0.19 0.23 0.20 0.16 0.14 0.12 0.13 0.11 0.11 0.11 76.43 0.65 0.67 0.67 0.71 0.96 1.06 1.17 1.56 2.05 2.26 2.33 2.22 2.13 1.97 1.95

0.45 0.31 0.28 0.28 0.28 0.26 0.27 0.33 0.30 0.24 0.21 0.18 0.19 0.17 0.16 0.16 83.90 0.49 0.57 0.53 0.63 0.81 0.96 1.03 1.50 2.01 2.26 2.31 2.15 2.05 1.85 1.81

0.50 0.45 0.40 0.39 0.40 0.38 0.39 0.47 0.42 0.34 0.29 0.26 0.27 0.24 0.23 0.23 92.10 0.36 0.48 0.43 0.55 0.67 0.84 0.90 1.42 1.92 2.20 2.21 2.01 1.91 1.70 1.64

0.54 0.55 0.50 0.49 0.50 0.47 0.48 0.59 0.53 0.43 0.37 0.33 0.34 0.30 0.28 0.28 101.10 0.29 0.41 0.36 0.46 0.55 0.72 0.79 1.31 1.79 2.07 2.02 1.81 1.72 1.52 1.46

0.60 0.65 0.58 0.57 0.58 0.55 0.57 0.68 0.61 0.50 0.43 0.38 0.40 0.35 0.34 0.34 110.99 0.26 0.35 0.31 0.38 0.47 0.62 0.70 1.18 1.62 1.88 1.76 1.59 1.52 1.34 1.28

0.66 0.73 0.66 0.65 0.65 0.62 0.64 0.76 0.69 0.56 0.49 0.44 0.45 0.40 0.38 0.38 121.84 0.25 0.29 0.28 0.31 0.40 0.54 0.62 1.05 1.44 1.65 1.48 1.36 1.33 1.18 1.13

0.72 0.81 0.73 0.71 0.73 0.69 0.71 0.84 0.76 0.62 0.54 0.49 0.51 0.46 0.43 0.43 133.75 0.24 0.23 0.23 0.25 0.34 0.46 0.53 0.89 1.22 1.39 1.20 1.14 1.16 1.06 1.01

0.79 0.87 0.79 0.77 0.78 0.74 0.76 0.90 0.81 0.67 0.59 0.53 0.56 0.50 0.48 0.48 146.82 0.19 0.16 0.17 0.20 0.27 0.36 0.41 0.70 0.97 1.09 0.94 0.93 1.00 0.93 0.90

0.87 0.92 0.84 0.82 0.83 0.79 0.80 0.94 0.85 0.71 0.63 0.57 0.60 0.54 0.52 0.52 161.18 0.11 0.09 0.11 0.15 0.18 0.25 0.26 0.49 0.70 0.76 0.68 0.71 0.82 0.79 0.78

0.95 0.96 0.88 0.85 0.87 0.82 0.83 0.97 0.88 0.73 0.66 0.61 0.64 0.58 0.55 0.55 176.94 0.04 0.03 0.05 0.09 0.09 0.13 0.13 0.28 0.44 0.43 0.44 0.48 0.62 0.61 0.62

1.05 0.99 0.91 0.88 0.90 0.85 0.86 0.99 0.89 0.75 0.68 0.64 0.67 0.62 0.59 0.59 194.23 0.01 0.01 0.02 0.04 0.03 0.05 0.04 0.12 0.21 0.18 0.22 0.27 0.40 0.39 0.43

1.15 1.02 0.95 0.91 0.93 0.88 0.88 1.00 0.91 0.77 0.71 0.67 0.71 0.66 0.63 0.63 213.22 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.03 0.07 0.04 0.08 0.11 0.20 0.19 0.23

1.26 1.05 0.99 0.94 0.95 0.90 0.90 1.01 0.92 0.79 0.74 0.70 0.75 0.70 0.67 0.67 234.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.02 0.07 0.06 0.08

1.38 1.08 1.02 0.97 0.98 0.92 0.91 1.02 0.93 0.80 0.76 0.74 0.78 0.75 0.71 0.71 256.95 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.02

1.52 1.12 1.07 1.01 1.02 0.95 0.93 1.02 0.93 0.82 0.79 0.77 0.83 0.80 0.76 0.76 282.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

1.67 1.17 1.12 1.06 1.06 0.98 0.96 1.04 0.95 0.84 0.83 0.82 0.88 0.86 0.81 0.82 309.64 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

1.83 1.24 1.19 1.12 1.11 1.02 0.99 1.06 0.98 0.87 0.87 0.86 0.93 0.92 0.87 0.88 339.92 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

2.01 1.31 1.27 1.19 1.18 1.07 1.03 1.09 1.01 0.91 0.92 0.92 1.00 0.99 0.93 0.95 373.15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

2.21 1.41 1.36 1.27 1.26 1.13 1.08 1.13 1.06 0.96 0.98 0.99 1.07 1.07 1.01 1.02 409.63 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

2.42 1.51 1.45 1.36 1.35 1.20 1.14 1.19 1.12 1.02 1.04 1.06 1.14 1.15 1.08 1.10 449.67 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

2.66 1.63 1.56 1.47 1.45 1.27 1.21 1.25 1.19 1.09 1.11 1.14 1.23 1.24 1.17 1.19 493.63 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

2.92 1.76 1.67 1.58 1.56 1.36 1.29 1.32 1.26 1.16 1.19 1.22 1.32 1.33 1.25 1.28 541.89 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

3.21 1.90 1.79 1.70 1.68 1.46 1.38 1.40 1.35 1.24 1.27 1.31 1.41 1.43 1.35 1.38 594.87 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

3.52 2.04 1.90 1.82 1.80 1.56 1.47 1.49 1.44 1.32 1.36 1.40 1.50 1.52 1.44 1.47 653.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

3.86 2.18 2.01 1.94 1.93 1.66 1.57 1.57 1.53 1.41 1.44 1.49 1.59 1.61 1.53 1.56 716.87 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

4.24 2.32 2.10 2.06 2.05 1.76 1.67 1.66 1.63 1.49 1.52 1.58 1.67 1.69 1.61 1.65 786.95 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

4.66 2.44 2.20 2.18 2.18 1.87 1.77 1.74 1.72 1.58 1.60 1.67 1.74 1.77 1.70 1.73 863.88 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

5.11 2.55 2.28 2.29 2.29 1.97 1.87 1.82 1.80 1.66 1.67 1.75 1.81 1.84 1.78 1.81 948.34 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

5.61 2.65 2.35 2.39 2.41 2.07 1.97 1.90 1.89 1.74 1.74 1.82 1.87 1.90 1.85 1.88 1041.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

6.16 2.73 2.42 2.49 2.52 2.17 2.07 1.98 1.96 1.81 1.80 1.88 1.92 1.95 1.91 1.94 1142.83 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

6.76 2.79 2.49 2.59 2.62 2.27 2.17 2.06 2.04 1.87 1.86 1.94 1.96 1.99 1.97 1.99 1254.55 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

7.42 2.85 2.56 2.69 2.72 2.38 2.28 2.14 2.11 1.94 1.91 1.99 2.00 2.03 2.03 2.04 1377.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

8.15 2.89 2.64 2.81 2.83 2.49 2.39 2.23 2.18 2.00 1.97 2.04 2.03 2.06 2.09 2.09 1511.84 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

8.94 2.93 2.73 2.92 2.94 2.60 2.52 2.32 2.26 2.07 2.02 2.08 2.06 2.10 2.14 2.14 1659.64 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

9.82 2.95 2.82 3.04 3.04 2.72 2.64 2.42 2.32 2.13 2.08 2.12 2.09 2.13 2.19 2.18 1821.89 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

10.78 2.95 2.92 3.15 3.12 2.83 2.76 2.52 2.39 2.19 2.12 2.15 2.11 2.16 2.24 2.22 2000.00

11.83 2.94 3.01 3.25 3.20 2.94 2.88 2.62 2.46 2.26 2.18 2.19 2.14 2.19 2.29 2.26

12.99 2.94 3.11 3.33 3.26 3.05 3.00 2.74 2.54 2.33 2.24 2.24 2.18 2.24 2.35 2.32 Very coarse sand 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

14.26 2.94 3.18 3.38 3.29 3.14 3.11 2.85 2.62 2.42 2.32 2.30 2.24 2.30 2.42 2.38 coarse sand 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

15.65 2.89 3.17 3.35 3.25 3.18 3.16 2.92 2.68 2.47 2.37 2.35 2.28 2.35 2.47 2.43 medium sand 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.02

17.18 2.75 3.05 3.19 3.09 3.13 3.12 2.91 2.66 2.48 2.37 2.35 2.27 2.34 2.47 2.43 fine sand 0.59 0.52 0.59 0.75 0.93 1.27 1.37 2.53 3.62 3.90 3.57 3.65 4.26 4.04 4.05

18.86 2.51 2.78 2.89 2.80 2.98 2.96 2.79 2.55 2.40 2.29 2.28 2.20 2.27 2.40 2.37 very fine sand 4.04 4.52 4.43 4.75 6.25 7.22 7.96 11.28 14.96 16.69 16.61 15.64 14.99 13.73 13.47

20.71 2.19 2.45 2.51 2.45 2.74 2.72 2.60 2.38 2.27 2.16 2.16 2.07 2.14 2.28 2.25 silt 67.36 68.76 69.91 69.43 70.05 69.17 66.24 63.54 61.59 60.31 61.10 60.77 61.37 63.90 63.92

22.73 1.90 2.14 2.14 2.11 2.48 2.48 2.39 2.20 2.13 2.03 2.04 1.95 2.01 2.17 2.14 clay 21.43 20.25 19.24 19.16 17.19 16.60 17.58 16.48 14.77 14.69 14.73 15.79 15.64 14.79 15.01

24.95 1.72 1.94 1.88 1.88 2.30 2.32 2.25 2.09 2.06 1.97 1.98 1.89 1.94 2.10 2.08 colloid 6.57 5.95 5.84 5.92 5.59 5.75 6.85 6.16 5.06 4.42 3.98 4.15 3.73 3.54 3.54

27.39 1.67 1.89 1.76 1.80 2.23 2.27 2.22 2.09 2.08 2.00 2.00 1.92 1.95 2.13 2.12 tot sum 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

30.07 1.74 1.96 1.78 1.84 2.26 2.32 2.28 2.16 2.17 2.11 2.11 2.03 2.05 2.25 2.24

33.01 1.84 2.08 1.87 1.94 2.34 2.42 2.37 2.27 2.30 2.25 2.25 2.20 2.20 2.40 2.40

36.24 1.89 2.15 1.94 2.01 2.39 2.47 2.42 2.34 2.40 2.36 2.37 2.34 2.32 2.53 2.53 After C. K. Wentworth classification:

39.78 1.84 2.11 1.93 1.98 2.36 2.42 2.38 2.32 2.43 2.40 2.41 2.42 2.38 2.59 2.60

43.67 1.69 1.95 1.82 1.83 2.21 2.24 2.24 2.21 2.38 2.36 2.37 2.42 2.36 2.55 2.58 Sand: 2mm-1/16mm 0.95 0.96 1.02 0.91 1.28 1.30 1.45 1.65 2.06 2.16 2.22 2.25 2.16 2.12 2.15

47.94 1.48 1.70 1.64 1.58 1.98 1.99 2.04 2.05 2.28 2.27 2.29 2.37 2.30 2.45 2.49 Silt: 1/16mm-1/256mm 67.36 68.76 69.91 69.43 70.05 69.17 66.24 63.54 61.59 60.31 61.10 60.77 61.37 63.90 63.92

52.63 1.28 1.43 1.43 1.32 1.73 1.71 1.81 1.88 2.17 2.18 2.22 2.31 2.23 2.33 2.37 Clay: <1/256mm 28.00 26.21 25.07 25.08 22.78 22.35 24.43 22.64 19.83 19.11 18.71 19.94 19.37 18.32 18.55

57.77 1.10 1.17 1.22 1.08 1.49 1.48 1.61 1.74 2.10 2.14 2.19 2.26 2.18 2.21 2.25 tot sum 96.31 95.93 96.00 95.41 94.11 92.81 92.12 87.84 83.48 81.57 82.04 82.95 82.90 84.34 84.61

63.42 0.95 0.96 1.02 0.91 1.28 1.30 1.45 1.65 2.06 2.16 2.22 2.25 2.16 2.12 2.15  
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CC02 CC03+04 CC05+06+07 CC08+09 CC10+11 CC12+13 CC14+15+16 CC17+18+19 CC20+21+22 CC24+25 CC27 CC29 CC02 CC03+04 CC05+06+07 CC08+09 CC10+11 CC12+13 CC14+15+16 CC17+18+19 CC20+21+22 CC24+25 CC27 CC29

Channel 

Diameter 

(Lower) Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff.

Channel 

Diameter 

(Lower) Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff.

um Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume um Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume

% % % % % % % % % % % % % % % % % % % % % % % %

0.38 0.08 0.06 0.06 0.04 0.05 0.08 0.07 0.08 0.11 0.09 0.07 0.07 69.62 1.70 2.31 2.37 1.67 2.29 1.30 1.81 1.77 1.36 1.36 1.52 1.59

0.41 0.15 0.10 0.11 0.08 0.08 0.15 0.12 0.14 0.19 0.15 0.13 0.12 76.43 1.49 2.13 2.29 1.71 2.37 1.23 1.74 1.72 1.26 1.25 1.41 1.47

0.45 0.21 0.15 0.16 0.11 0.12 0.22 0.18 0.21 0.29 0.22 0.19 0.18 83.90 1.26 1.91 2.15 1.72 2.40 1.16 1.65 1.66 1.14 1.14 1.27 1.35

0.50 0.30 0.22 0.23 0.16 0.17 0.31 0.25 0.29 0.41 0.32 0.27 0.26 92.10 1.03 1.66 1.94 1.70 2.36 1.07 1.53 1.56 1.01 1.00 1.13 1.22

0.54 0.38 0.27 0.29 0.20 0.21 0.39 0.31 0.37 0.50 0.40 0.34 0.32 101.10 0.82 1.39 1.69 1.66 2.27 0.97 1.39 1.44 0.88 0.87 0.98 1.08

0.60 0.44 0.32 0.34 0.24 0.25 0.46 0.37 0.43 0.59 0.46 0.40 0.38 110.99 0.66 1.17 1.45 1.62 2.14 0.89 1.26 1.33 0.78 0.74 0.85 0.96

0.66 0.50 0.36 0.38 0.27 0.28 0.52 0.42 0.49 0.67 0.53 0.45 0.43 121.84 0.56 0.99 1.23 1.58 1.99 0.82 1.15 1.22 0.73 0.65 0.75 0.86

0.72 0.56 0.41 0.43 0.30 0.32 0.58 0.47 0.54 0.74 0.59 0.51 0.48 133.75 0.50 0.88 1.06 1.57 1.84 0.76 1.07 1.13 0.70 0.59 0.69 0.79

0.79 0.61 0.45 0.47 0.33 0.35 0.63 0.51 0.59 0.80 0.64 0.56 0.52 146.82 0.47 0.78 0.92 1.56 1.68 0.71 1.02 1.04 0.66 0.54 0.63 0.73

0.87 0.65 0.48 0.50 0.35 0.37 0.67 0.55 0.63 0.85 0.69 0.60 0.56 161.18 0.42 0.68 0.78 1.52 1.50 0.64 0.96 0.93 0.58 0.49 0.56 0.65

0.95 0.69 0.51 0.53 0.37 0.40 0.71 0.59 0.66 0.89 0.72 0.63 0.59 176.94 0.34 0.54 0.62 1.44 1.27 0.55 0.86 0.77 0.44 0.43 0.46 0.54

1.05 0.72 0.54 0.56 0.39 0.42 0.75 0.62 0.69 0.92 0.76 0.67 0.62 194.23 0.25 0.36 0.43 1.30 0.98 0.41 0.70 0.56 0.26 0.34 0.33 0.38

1.15 0.75 0.57 0.59 0.42 0.44 0.78 0.65 0.72 0.96 0.80 0.70 0.65 213.22 0.17 0.19 0.23 1.11 0.68 0.24 0.50 0.31 0.11 0.24 0.18 0.21

1.26 0.79 0.60 0.63 0.44 0.47 0.82 0.68 0.75 0.99 0.83 0.74 0.68 234.07 0.11 0.06 0.08 0.94 0.42 0.10 0.31 0.12 0.02 0.15 0.07 0.08

1.38 0.83 0.64 0.66 0.46 0.50 0.86 0.72 0.78 1.03 0.87 0.78 0.71 256.95 0.09 0.01 0.01 0.80 0.26 0.02 0.19 0.02 0.00 0.07 0.01 0.01

1.52 0.87 0.68 0.70 0.49 0.53 0.90 0.76 0.81 1.07 0.91 0.82 0.75 282.07 0.08 0.00 0.00 0.75 0.20 0.00 0.14 0.00 0.00 0.03 0.00 0.00

1.67 0.92 0.72 0.75 0.53 0.57 0.95 0.80 0.85 1.11 0.96 0.87 0.79 309.64 0.06 0.00 0.00 0.76 0.22 0.00 0.16 0.00 0.00 0.01 0.00 0.00

1.83 0.98 0.78 0.81 0.57 0.61 1.01 0.86 0.90 1.17 1.03 0.93 0.83 339.92 0.04 0.00 0.00 0.83 0.30 0.00 0.24 0.00 0.00 0.00 0.00 0.00

2.01 1.05 0.84 0.87 0.62 0.66 1.08 0.92 0.96 1.25 1.10 1.00 0.89 373.15 0.02 0.00 0.00 0.91 0.40 0.00 0.32 0.00 0.00 0.00 0.00 0.00

2.21 1.13 0.91 0.95 0.67 0.72 1.16 0.99 1.02 1.33 1.18 1.08 0.95 409.63 0.00 0.00 0.00 0.98 0.46 0.00 0.38 0.00 0.00 0.00 0.00 0.00

2.42 1.22 0.98 1.02 0.73 0.79 1.25 1.06 1.10 1.42 1.27 1.16 1.02 449.67 0.00 0.00 0.00 1.03 0.47 0.00 0.36 0.00 0.00 0.00 0.00 0.00

2.66 1.32 1.07 1.11 0.80 0.86 1.34 1.14 1.18 1.52 1.37 1.26 1.10 493.63 0.00 0.00 0.00 1.06 0.44 0.00 0.29 0.00 0.00 0.00 0.00 0.00

2.92 1.42 1.16 1.20 0.87 0.93 1.44 1.23 1.27 1.62 1.48 1.36 1.19 541.89 0.00 0.00 0.00 1.10 0.41 0.00 0.20 0.00 0.00 0.00 0.00 0.00

3.21 1.52 1.25 1.30 0.94 1.01 1.55 1.32 1.36 1.74 1.59 1.47 1.28 594.87 0.00 0.00 0.00 1.15 0.39 0.00 0.12 0.00 0.00 0.00 0.00 0.00

3.52 1.62 1.35 1.40 1.01 1.10 1.66 1.41 1.46 1.85 1.71 1.58 1.38 653.03 0.00 0.00 0.00 1.23 0.39 0.00 0.06 0.00 0.00 0.00 0.00 0.00

3.86 1.72 1.44 1.49 1.08 1.18 1.76 1.50 1.55 1.95 1.83 1.70 1.49 716.87 0.00 0.00 0.00 1.30 0.41 0.00 0.03 0.00 0.00 0.00 0.00 0.00

4.24 1.81 1.53 1.58 1.15 1.26 1.86 1.58 1.64 2.05 1.95 1.82 1.59 786.95 0.00 0.00 0.00 1.36 0.45 0.00 0.01 0.00 0.00 0.00 0.00 0.00

4.66 1.90 1.62 1.66 1.22 1.34 1.96 1.66 1.73 2.14 2.06 1.93 1.70 863.88 0.00 0.00 0.00 1.37 0.47 0.00 0.00 0.00 0.00 0.00 0.00 0.00

5.11 1.97 1.70 1.74 1.28 1.41 2.04 1.74 1.82 2.22 2.17 2.05 1.81 948.34 0.00 0.00 0.00 1.33 0.48 0.00 0.00 0.00 0.00 0.00 0.00 0.00

5.61 2.04 1.78 1.81 1.33 1.48 2.12 1.81 1.90 2.29 2.28 2.15 1.93 1041.05 0.00 0.00 0.00 1.23 0.46 0.00 0.00 0.00 0.00 0.00 0.00 0.00

6.16 2.10 1.85 1.87 1.38 1.54 2.19 1.88 1.97 2.34 2.37 2.26 2.03 1142.83 0.00 0.00 0.00 1.09 0.34 0.00 0.00 0.00 0.00 0.00 0.00 0.00

6.76 2.15 1.92 1.93 1.42 1.60 2.25 1.94 2.03 2.38 2.45 2.35 2.14 1254.55 0.00 0.00 0.00 0.91 0.18 0.00 0.00 0.00 0.00 0.00 0.00 0.00

7.42 2.20 1.98 1.98 1.46 1.66 2.31 1.99 2.09 2.41 2.53 2.44 2.24 1377.20 0.00 0.00 0.00 0.61 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00

8.15 2.25 2.05 2.02 1.50 1.72 2.37 2.05 2.15 2.44 2.60 2.53 2.34 1511.84 0.00 0.00 0.00 0.29 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

8.94 2.30 2.11 2.07 1.54 1.77 2.43 2.11 2.21 2.45 2.66 2.60 2.43 1659.64 0.00 0.00 0.00 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

9.82 2.35 2.17 2.12 1.57 1.82 2.49 2.16 2.26 2.45 2.70 2.66 2.52 1821.89 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

10.78 2.39 2.23 2.16 1.60 1.87 2.54 2.22 2.31 2.43 2.72 2.70 2.58 2000.00

11.83 2.45 2.30 2.21 1.64 1.93 2.61 2.28 2.37 2.42 2.72 2.72 2.63

12.99 2.52 2.37 2.28 1.69 1.99 2.70 2.36 2.44 2.41 2.72 2.74 2.67 Very coarse sand 0.00 0.00 0.00 4.19 1.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00

14.26 2.60 2.46 2.36 1.75 2.06 2.80 2.46 2.53 2.41 2.70 2.73 2.70 coarse sand 0.00 0.00 0.00 8.84 3.00 0.00 0.41 0.00 0.00 0.00 0.00 0.00

15.65 2.66 2.53 2.43 1.80 2.12 2.89 2.54 2.60 2.38 2.64 2.70 2.70 medium sand 0.29 0.01 0.02 7.12 2.76 0.02 2.08 0.03 0.00 0.11 0.01 0.01

17.18 2.66 2.55 2.44 1.80 2.14 2.90 2.58 2.61 2.30 2.52 2.60 2.64 fine sand 2.26 3.48 4.12 9.44 8.36 3.41 5.42 4.86 2.78 2.77 2.92 3.38

18.86 2.58 2.51 2.38 1.75 2.10 2.82 2.54 2.54 2.13 2.34 2.44 2.53 very fine sand 1.89 2.44 2.40 1.62 2.20 1.38 1.86 1.81 1.48 1.48 1.64 1.74

20.71 2.43 2.41 2.27 1.66 2.01 2.65 2.42 2.41 1.92 2.12 2.24 2.39 silt 66.60 65.64 62.82 44.65 53.48 65.73 61.22 62.78 62.62 66.15 67.23 68.08

22.73 2.27 2.29 2.14 1.54 1.90 2.44 2.26 2.24 1.73 1.93 2.08 2.27 clay 16.86 13.53 14.05 10.01 10.77 17.30 14.64 15.40 19.92 17.68 16.13 14.34

24.95 2.16 2.22 2.06 1.46 1.82 2.26 2.13 2.11 1.65 1.85 2.00 2.24 colloid 4.58 3.33 3.49 2.47 2.60 4.72 3.83 4.42 6.04 4.80 4.15 3.92

27.39 2.15 2.24 2.06 1.44 1.80 2.15 2.05 2.06 1.70 1.87 2.03 2.31 tot sum 92.48 88.43 86.89 88.34 84.19 92.57 89.46 89.30 92.84 92.99 92.09 91.47

30.07 2.23 2.34 2.15 1.47 1.83 2.10 2.04 2.08 1.85 2.00 2.15 2.46

33.01 2.35 2.49 2.29 1.54 1.91 2.09 2.08 2.15 2.05 2.15 2.30 2.63

36.24 2.46 2.63 2.41 1.60 1.98 2.07 2.13 2.21 2.20 2.26 2.40 2.74 After C. K. Wentworth classification:

39.78 2.50 2.72 2.50 1.64 2.04 2.00 2.14 2.22 2.25 2.26 2.41 2.74

43.67 2.47 2.75 2.52 1.63 2.06 1.88 2.11 2.17 2.17 2.16 2.32 2.62 Sand: 2mm-1/16mm 1.89 2.44 2.40 1.62 2.20 1.38 1.86 1.81 1.48 1.48 1.64 1.74

47.94 2.36 2.71 2.50 1.61 2.07 1.74 2.05 2.08 2.00 1.99 2.15 2.41 Silt: 1/16mm-1/256mm 66.60 65.64 62.82 44.65 53.48 65.73 61.22 62.78 62.62 66.15 67.23 68.08

52.63 2.22 2.63 2.46 1.59 2.08 1.59 1.98 1.97 1.81 1.80 1.96 2.16 Clay: <1/256mm 21.44 16.86 17.54 12.47 13.37 22.03 18.48 19.82 25.96 22.48 20.28 18.25

57.77 2.06 2.54 2.43 1.60 2.13 1.47 1.91 1.88 1.62 1.62 1.79 1.93 tot sum 89.92 84.94 82.76 58.75 69.06 89.13 81.55 84.42 90.05 90.10 89.15 88.08

63.42 1.89 2.44 2.40 1.62 2.20 1.38 1.86 1.81 1.48 1.48 1.64 1.74  
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NC02-03 NC04-05 NC06-07 NC08 NC10 NC11 NC14 NC15 NC20 NC21-22 NC23-24 NC02-03 NC04-05 NC06-07 NC08 NC10 NC11 NC14 NC15 NC20 NC21-22 NC23-24

Channel 

Diameter 

(Lower) Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff.

Channel 

Diameter 

(Lower) Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff.

um Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume um Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume

% % % % % % % % % % % % % % % % % % % % % %

0.38 0.13 0.13 0.11 0.09 0.10 0.10 0.08 0.06 0.07 0.05 0.07 69.62 0.52 0.72 1.03 1.29 1.26 1.16 1.62 1.75 1.55 1.66 1.65

0.41 0.23 0.23 0.19 0.16 0.17 0.18 0.14 0.10 0.13 0.08 0.12 76.43 0.53 0.72 1.02 1.24 1.26 1.14 1.48 1.70 1.45 1.55 1.58

0.45 0.34 0.34 0.28 0.23 0.25 0.26 0.20 0.15 0.19 0.12 0.17 83.90 0.53 0.70 1.02 1.19 1.26 1.12 1.32 1.61 1.33 1.42 1.48

0.50 0.48 0.49 0.40 0.33 0.36 0.37 0.28 0.21 0.27 0.18 0.25 92.10 0.51 0.65 0.99 1.13 1.23 1.08 1.15 1.49 1.19 1.27 1.35

0.54 0.60 0.61 0.49 0.41 0.44 0.46 0.35 0.26 0.33 0.22 0.31 101.10 0.47 0.58 0.96 1.06 1.18 1.02 1.00 1.36 1.06 1.12 1.23

0.60 0.70 0.72 0.57 0.48 0.52 0.53 0.41 0.31 0.39 0.26 0.36 110.99 0.43 0.51 0.93 1.00 1.12 0.97 0.87 1.25 0.95 1.00 1.12

0.66 0.79 0.82 0.65 0.54 0.59 0.60 0.47 0.35 0.45 0.30 0.41 121.84 0.38 0.46 0.91 0.95 1.06 0.92 0.78 1.18 0.90 0.93 1.06

0.72 0.88 0.92 0.72 0.60 0.65 0.67 0.52 0.39 0.50 0.34 0.46 133.75 0.34 0.44 0.89 0.91 1.01 0.88 0.73 1.15 0.89 0.90 1.04

0.79 0.96 1.01 0.78 0.65 0.71 0.72 0.57 0.43 0.55 0.37 0.50 146.82 0.28 0.42 0.88 0.86 0.96 0.84 0.69 1.15 0.90 0.90 1.05

0.87 1.02 1.08 0.82 0.69 0.75 0.76 0.61 0.46 0.58 0.40 0.53 161.18 0.20 0.38 0.83 0.80 0.90 0.79 0.63 1.13 0.89 0.90 1.04

0.95 1.07 1.14 0.86 0.72 0.79 0.80 0.64 0.49 0.62 0.44 0.56 176.94 0.11 0.30 0.74 0.72 0.82 0.71 0.53 1.07 0.83 0.84 0.98

1.05 1.12 1.20 0.89 0.75 0.82 0.82 0.67 0.51 0.65 0.47 0.59 194.23 0.04 0.19 0.60 0.61 0.71 0.62 0.39 0.93 0.69 0.72 0.84

1.15 1.17 1.26 0.92 0.77 0.85 0.85 0.70 0.54 0.69 0.50 0.62 213.22 0.01 0.08 0.42 0.50 0.57 0.52 0.22 0.75 0.49 0.56 0.65

1.26 1.23 1.31 0.95 0.80 0.88 0.88 0.73 0.57 0.72 0.54 0.66 234.07 0.00 0.02 0.24 0.39 0.42 0.43 0.09 0.58 0.29 0.40 0.45

1.38 1.28 1.36 0.98 0.83 0.91 0.90 0.76 0.60 0.76 0.59 0.69 256.95 0.00 0.00 0.10 0.29 0.27 0.33 0.02 0.45 0.16 0.29 0.31

1.52 1.34 1.41 1.01 0.86 0.94 0.93 0.80 0.63 0.80 0.63 0.73 282.07 0.00 0.00 0.03 0.20 0.14 0.23 0.00 0.41 0.11 0.24 0.25

1.67 1.41 1.46 1.05 0.90 0.98 0.97 0.85 0.67 0.84 0.69 0.78 309.64 0.00 0.00 0.00 0.12 0.06 0.13 0.00 0.43 0.13 0.25 0.27

1.83 1.49 1.52 1.10 0.95 1.03 1.02 0.90 0.72 0.90 0.75 0.84 339.92 0.00 0.00 0.00 0.05 0.02 0.06 0.00 0.49 0.21 0.31 0.34

2.01 1.59 1.59 1.17 1.02 1.09 1.08 0.97 0.78 0.96 0.82 0.91 373.15 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.55 0.32 0.37 0.42

2.21 1.69 1.66 1.24 1.09 1.16 1.15 1.04 0.84 1.04 0.90 0.98 409.63 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.56 0.39 0.41 0.46

2.42 1.81 1.74 1.33 1.17 1.24 1.23 1.12 0.91 1.11 0.98 1.07 449.67 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.52 0.40 0.41 0.45

2.66 1.92 1.82 1.43 1.26 1.33 1.31 1.21 0.99 1.20 1.08 1.16 493.63 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.46 0.34 0.38 0.39

2.92 2.05 1.91 1.53 1.36 1.43 1.41 1.31 1.07 1.29 1.17 1.26 541.89 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.42 0.23 0.35 0.33

3.21 2.17 1.99 1.65 1.47 1.53 1.51 1.41 1.16 1.39 1.27 1.36 594.87 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.43 0.11 0.33 0.28

3.52 2.28 2.08 1.76 1.57 1.64 1.62 1.51 1.25 1.48 1.37 1.46 653.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.49 0.04 0.33 0.26

3.86 2.39 2.16 1.88 1.68 1.74 1.72 1.62 1.34 1.58 1.47 1.55 716.87 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.53 0.01 0.26 0.24

4.24 2.47 2.23 1.98 1.79 1.84 1.82 1.72 1.43 1.67 1.57 1.65 786.95 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.44 0.00 0.14 0.18

4.66 2.55 2.30 2.09 1.88 1.93 1.91 1.82 1.51 1.76 1.66 1.73 863.88 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.25 0.00 0.04 0.09

5.11 2.60 2.36 2.19 1.98 2.01 2.00 1.91 1.60 1.84 1.76 1.81 948.34 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.02

5.61 2.64 2.42 2.27 2.06 2.09 2.08 1.99 1.68 1.91 1.84 1.88 1041.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00

6.16 2.67 2.46 2.35 2.14 2.15 2.15 2.07 1.75 1.98 1.92 1.94 1142.83 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

6.76 2.69 2.50 2.41 2.21 2.21 2.21 2.15 1.82 2.04 2.00 1.99 1254.55 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

7.42 2.71 2.55 2.47 2.27 2.26 2.27 2.21 1.89 2.10 2.07 2.03 1377.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

8.15 2.74 2.60 2.53 2.33 2.32 2.32 2.28 1.96 2.16 2.14 2.08 1511.84 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

8.94 2.78 2.66 2.59 2.39 2.36 2.38 2.35 2.03 2.22 2.22 2.12 1659.64 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

9.82 2.82 2.72 2.63 2.45 2.41 2.43 2.42 2.10 2.28 2.29 2.16 1821.89 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

10.78 2.87 2.78 2.66 2.50 2.45 2.48 2.48 2.17 2.34 2.37 2.19 2000.00

11.83 2.94 2.84 2.70 2.55 2.50 2.54 2.55 2.25 2.40 2.45 2.24

12.99 3.02 2.92 2.75 2.62 2.56 2.62 2.64 2.34 2.49 2.54 2.31 Very coarse sand 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00

14.26 3.09 2.97 2.80 2.69 2.64 2.70 2.73 2.44 2.59 2.65 2.39 coarse sand 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.63 0.38 1.45 1.40

15.65 3.09 2.96 2.81 2.75 2.69 2.76 2.81 2.53 2.67 2.73 2.47 medium sand 0.00 0.00 0.13 0.67 0.49 0.77 0.02 3.86 2.05 2.66 2.89

17.18 2.94 2.82 2.73 2.73 2.67 2.76 2.82 2.55 2.69 2.77 2.49 fine sand 0.99 1.84 4.60 4.79 5.39 4.79 3.28 6.76 4.99 5.23 6.04

18.86 2.62 2.52 2.56 2.63 2.56 2.65 2.75 2.50 2.62 2.73 2.43 very fine sand 0.54 0.73 1.06 1.36 1.28 1.20 1.75 1.78 1.64 1.76 1.71

20.71 2.19 2.13 2.31 2.45 2.36 2.46 2.60 2.36 2.46 2.61 2.29 silt 62.98 61.13 62.60 63.94 61.59 62.96 66.88 58.83 63.03 63.97 60.10

22.73 1.76 1.74 2.05 2.25 2.13 2.25 2.42 2.20 2.28 2.44 2.12 clay 24.94 24.47 18.89 16.49 17.57 17.41 15.60 12.60 15.41 13.24 14.67

24.95 1.44 1.47 1.84 2.09 1.96 2.09 2.28 2.05 2.13 2.29 1.99 colloid 7.19 7.49 5.87 4.88 5.33 5.44 4.26 3.20 4.08 2.75 3.73

27.39 1.30 1.35 1.73 2.02 1.86 2.00 2.22 1.97 2.06 2.19 1.93 tot sum 96.63 95.66 93.14 92.13 91.65 92.58 91.78 89.66 91.58 91.06 90.54

30.07 1.30 1.36 1.71 2.03 1.85 1.99 2.24 1.96 2.08 2.16 1.95

33.01 1.37 1.43 1.73 2.08 1.88 2.01 2.30 1.99 2.14 2.17 2.02

36.24 1.42 1.48 1.73 2.11 1.90 2.01 2.36 2.03 2.19 2.20 2.09 After C. K. Wentworth classification:

39.78 1.37 1.44 1.67 2.08 1.86 1.94 2.36 2.04 2.19 2.19 2.11

43.67 1.21 1.30 1.55 1.96 1.75 1.80 2.29 2.01 2.13 2.15 2.06 Sand: 2mm-1/16mm 0.54 0.73 1.06 1.36 1.28 1.20 1.75 1.78 1.64 1.76 1.71

47.94 0.99 1.10 1.39 1.80 1.60 1.61 2.17 1.95 2.01 2.06 1.97 Silt: 1/16mm-1/256mm 62.98 61.13 62.60 63.94 61.59 62.96 66.88 58.83 63.03 63.97 60.10

52.63 0.77 0.92 1.24 1.62 1.45 1.43 2.03 1.88 1.88 1.95 1.87 Clay: <1/256mm 32.12 31.96 24.76 21.37 22.90 22.85 19.86 15.79 19.49 16.00 18.40

57.77 0.62 0.79 1.12 1.47 1.34 1.29 1.88 1.82 1.75 1.85 1.78 tot sum 95.64 93.82 88.41 86.67 85.77 87.01 88.49 76.40 84.16 81.72 80.20

63.42 0.54 0.73 1.06 1.36 1.28 1.20 1.75 1.78 1.64 1.76 1.71  
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8.6.8. SEM images 
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8.6.9. Selection of photos of Lake Liambezi and its tributaries as well as sampling and laboratory work 
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8.7. Joeri Lakes data 

8.7.1. Water data 

 
sample Anions_mg/L Fluorure Chlorure Nitrite Bromure Nitrate Sulfate Phosphate Cations_mg/L Lithium Sodium Ammonium Potassium Magnesium Calcium d18O VSMOW dD VSMOW d13C 
VPDB μmol CO2 mmol/L CID mg/L CID
vol cor.

Glacier 0.0049 0.0261 0.0131 no data 0.0105 no data no data no data 0.0649 0.0049 0.0582 0.0734 0.4409 -14.01 -100.88 -10.94 0.07 0.03 1.30

L1_WiC1 0.3242 0.0525 0.0069 0.0011 0.1535 0.8331 no data no data 0.4677 0.0015 0.1594 0.1631 2.6608 -13.29 -95.82 -8.29 0.21 0.05 1.85

L1_WiP1 0.2897 0.0725 0.0073 0.0013 0.1590 3.1361 no data 0.0006 0.6194 no data 0.3833 0.5929 5.6219 -13.22 -95.98 -8.64 0.43 0.10 4.23

L1_WiP2a 0.2760 0.1875 0.0034 0.0013 0.2121 4.1317 no data 0.0006 0.6285 0.0022 0.6159 0.6626 6.1227 -13.40 -96.50 -6.74 0.42 0.10 4.01

L1_WiP2b 0.2859 0.0598 0.0038 0.0012 0.1645 4.2985 no data no data 0.6587 0.0020 0.4362 0.6870 6.1242 -13.48 -97.12 -7.60 0.54 0.13 5.35

L1_WP2_Inlet 0.3163 0.0458 0.0054 0.0012 0.1389 8.1649 0.0016 no data 0.8143 0.0016 0.4967 1.0216 6.8346 -13.01 -92.76 -4.96 0.53 0.11 3.85

L1_WiP3 0.3577 0.0562 0.0053 0.0014 0.3572 4.7801 no data 0.0008 0.7287 0.0017 0.5448 0.8450 7.7297 -13.50 -97.08 -6.48 0.65 0.15 6.08

L13_WiC1 0.1317 0.1100 0.0028 0.0015 0.0045 1.6592 no data no data 0.3027 no data 0.1782 0.2156 2.2138 -13.54 -98.42 -9.70 0.21 0.05 1.93

L13_WiP1 0.1212 0.0534 0.0030 0.0015 0.0041 0.7402 no data no data 0.2761 0.0012 0.1425 0.1817 1.7171 -13.36 -97.22 -7.12 0.22 0.04 1.50

L13_WiP2 0.1741 0.0720 no data no data 0.2976 0.9859 0.0030 no data 0.3552 no data 0.1916 0.2020 1.9661 -13.29 -95.44 -9.10 0.21 0.04 1.36

L13_WiP3 0.1215 0.0853 0.0063 no data 0.0077 0.4148 no data no data 0.2837 0.0019 0.1399 0.1766 1.6708 -13.38 -97.31 -7.77 0.20 0.04 1.65

L21_Wi_Outlet 0.0763 0.0440 0.0059 0.0013 0.0321 2.2381 no data no data 0.4654 no data 0.2213 0.6421 3.5011 -12.68 -90.97 -11.72 0.30 0.07 2.63  
 

8.7.2. Radiocarbon data 

 

Results of AMS  14C analysis of sample material submitted to AMS laboratory, ETH Zürich

Sample depth Material C14 age ±1σ F14C ±1σ δC13 ±1σ mg C C/N

Code [cm] BP ‰

LC2-10 10 sediment 7126 25 0.4118 0.0013 -27.0 1 0.99 13.84

LC2-16 16 sediment 6936 25 0.4217 0.0013 -26.6 1 0.98 13.55

LC2-20 20 sediment 5676 24 0.4933 0.0015 -26.7 1 0.68 10.07  
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8.7.3. Grain-size data 

 
LC1-07 LC2-07 LC2-08 LC2-09 LC2-10 LC2-11 LC2-12 LC2-13 LC2-14 LC2-15 LC2-16 LC2-17 LC2-18 LC2-19 LC2-20 LC1-07 LC2-07 LC2-08 LC2-09 LC2-10 LC2-11 LC2-12 LC2-13 LC2-14 LC2-15 LC2-16 LC2-17 LC2-18 LC2-19 LC2-20

Channel Diameter 

(Lower) Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff.

Channel Diameter 

(Lower) Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff.

um Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume um Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume

% % % % % % % % % % % % % % % % % % % % % % % % % % % % % %

0.38 0.17 0.03 0.03 0.03 0.02 0.02 0.02 0.03 0.03 0.02 0.04 0.05 0.06 0.07 69.62 0.39 2.99 3.15 2.88 2.91 2.75 2.46 2.94 3.11 2.55 3.22 2.17 1.45 1.37

0.41 0.30 0.05 0.05 0.05 0.04 0.04 0.03 0.04 0.05 0.04 0.06 0.09 0.10 0.13 76.43 0.41 3.22 3.31 3.01 3.08 2.98 2.71 3.02 3.26 2.75 3.28 2.15 1.51 1.41

0.45 0.44 0.07 0.07 0.07 0.07 0.05 0.04 0.07 0.07 0.06 0.09 0.13 0.15 0.19 83.90 0.41 3.45 3.45 3.14 3.24 3.19 2.97 3.08 3.41 2.94 3.31 2.11 1.57 1.42

0.50 0.62 0.10 0.10 0.10 0.09 0.07 0.06 0.09 0.10 0.08 0.13 0.18 0.21 0.27 92.10 0.35 3.64 3.57 3.26 3.40 3.39 3.27 3.11 3.53 3.13 3.30 2.04 1.59 1.40

0.54 0.76 0.13 0.12 0.12 0.12 0.09 0.08 0.12 0.12 0.10 0.16 0.23 0.26 0.34 101.10 0.27 3.81 3.65 3.36 3.55 3.59 3.60 3.13 3.61 3.32 3.28 1.94 1.58 1.33

0.60 0.88 0.15 0.14 0.14 0.14 0.11 0.09 0.14 0.14 0.12 0.19 0.27 0.31 0.39 110.99 0.19 3.94 3.71 3.46 3.71 3.79 3.96 3.16 3.65 3.53 3.26 1.82 1.55 1.24

0.66 0.98 0.17 0.16 0.16 0.15 0.12 0.10 0.15 0.16 0.13 0.21 0.30 0.35 0.45 121.84 0.15 4.04 3.74 3.55 3.87 4.00 4.33 3.21 3.65 3.77 3.24 1.70 1.51 1.16

0.72 1.07 0.19 0.18 0.18 0.17 0.14 0.11 0.17 0.18 0.15 0.24 0.33 0.39 0.49 133.75 0.13 4.10 3.72 3.62 4.01 4.19 4.66 3.27 3.62 4.00 3.17 1.58 1.48 1.09

0.79 1.14 0.20 0.19 0.20 0.18 0.15 0.12 0.18 0.19 0.16 0.26 0.36 0.42 0.53 146.82 0.14 4.07 3.63 3.63 4.07 4.30 4.89 3.30 3.53 4.18 3.01 1.48 1.44 1.04

0.87 1.18 0.21 0.20 0.21 0.19 0.16 0.13 0.19 0.21 0.17 0.27 0.38 0.44 0.56 161.18 0.15 3.92 3.43 3.53 3.99 4.23 4.92 3.22 3.39 4.20 2.74 1.35 1.38 1.00

0.95 1.20 0.22 0.21 0.22 0.20 0.16 0.14 0.20 0.21 0.18 0.28 0.40 0.46 0.59 176.94 0.15 3.60 3.10 3.27 3.71 3.94 4.68 2.95 3.15 4.00 2.39 1.18 1.27 0.94

1.05 1.21 0.22 0.22 0.23 0.21 0.17 0.14 0.21 0.22 0.19 0.29 0.41 0.48 0.61 194.23 0.10 3.11 2.63 2.85 3.23 3.41 4.17 2.50 2.84 3.56 2.04 0.94 1.10 0.84

1.15 1.22 0.23 0.22 0.23 0.21 0.17 0.15 0.21 0.23 0.19 0.30 0.42 0.49 0.63 213.22 0.05 2.51 2.09 2.32 2.63 2.73 3.47 1.94 2.47 2.97 1.76 0.67 0.89 0.72

1.26 1.23 0.23 0.23 0.24 0.22 0.18 0.15 0.22 0.23 0.20 0.30 0.43 0.51 0.65 234.07 0.01 1.91 1.58 1.79 2.02 2.05 2.74 1.41 2.10 2.38 1.53 0.41 0.67 0.59

1.38 1.25 0.23 0.23 0.24 0.22 0.18 0.15 0.22 0.24 0.20 0.31 0.44 0.52 0.67 256.95 0.00 1.42 1.17 1.36 1.53 1.50 2.11 1.04 1.79 1.91 1.32 0.23 0.49 0.49

1.52 1.27 0.24 0.24 0.25 0.23 0.18 0.15 0.22 0.24 0.20 0.32 0.45 0.54 0.69 282.07 0.00 1.08 0.91 1.06 1.20 1.15 1.68 0.88 1.57 1.64 1.06 0.14 0.38 0.43

1.67 1.31 0.24 0.24 0.26 0.23 0.19 0.15 0.23 0.25 0.21 0.33 0.47 0.56 0.72 309.64 0.00 0.90 0.78 0.89 1.02 0.98 1.43 0.91 1.43 1.57 0.72 0.13 0.34 0.43

1.83 1.38 0.25 0.25 0.27 0.24 0.19 0.16 0.23 0.25 0.22 0.34 0.49 0.59 0.77 339.92 0.00 0.82 0.73 0.80 0.93 0.92 1.31 1.06 1.34 1.64 0.37 0.16 0.34 0.46

2.01 1.48 0.26 0.26 0.28 0.25 0.20 0.16 0.24 0.26 0.23 0.35 0.52 0.63 0.82 373.15 0.00 0.78 0.69 0.71 0.85 0.89 1.23 1.24 1.25 1.77 0.12 0.20 0.36 0.49

2.21 1.60 0.27 0.27 0.29 0.26 0.21 0.17 0.25 0.27 0.24 0.37 0.55 0.68 0.88 409.63 0.00 0.70 0.62 0.59 0.74 0.82 1.12 1.37 1.12 1.87 0.02 0.21 0.35 0.48

2.42 1.74 0.29 0.29 0.31 0.27 0.22 0.17 0.27 0.29 0.25 0.40 0.59 0.74 0.96 449.67 0.00 0.55 0.50 0.42 0.58 0.71 0.98 1.41 0.93 1.89 0.00 0.18 0.30 0.43

2.66 1.90 0.31 0.31 0.33 0.29 0.23 0.18 0.28 0.30 0.26 0.43 0.64 0.81 1.05 493.63 0.00 0.36 0.36 0.26 0.41 0.59 0.83 1.40 0.69 1.80 0.00 0.10 0.23 0.34

2.92 2.09 0.34 0.33 0.35 0.31 0.24 0.19 0.30 0.32 0.28 0.46 0.70 0.89 1.15 541.89 0.00 0.19 0.24 0.14 0.29 0.51 0.73 1.37 0.44 1.55 0.00 0.04 0.15 0.22

3.21 2.28 0.37 0.36 0.38 0.33 0.26 0.20 0.33 0.35 0.30 0.49 0.76 0.98 1.26 594.87 0.00 0.08 0.18 0.09 0.22 0.50 0.71 1.35 0.23 1.23 0.00 0.01 0.10 0.12

3.52 2.48 0.40 0.38 0.41 0.36 0.27 0.21 0.35 0.37 0.32 0.53 0.84 1.08 1.38 653.03 0.00 0.05 0.16 0.08 0.21 0.56 0.77 1.06 0.08 0.78 0.00 0.00 0.07 0.06

3.86 2.66 0.43 0.41 0.44 0.38 0.29 0.22 0.38 0.39 0.34 0.57 0.91 1.19 1.51 716.87 0.00 0.05 0.18 0.10 0.23 0.70 0.87 0.59 0.02 0.38 0.00 0.00 0.07 0.02

4.24 2.84 0.46 0.45 0.48 0.41 0.31 0.24 0.41 0.42 0.36 0.61 1.00 1.31 1.64 786.95 0.00 0.09 0.21 0.13 0.28 0.91 0.96 0.15 0.00 0.09 0.00 0.00 0.08 0.02

4.66 2.99 0.50 0.48 0.51 0.44 0.33 0.25 0.44 0.45 0.39 0.66 1.09 1.43 1.76 863.88 0.00 0.14 0.25 0.14 0.34 1.18 1.06 0.02 0.00 0.01 0.00 0.00 0.09 0.03

5.11 3.11 0.53 0.52 0.55 0.47 0.36 0.27 0.47 0.47 0.41 0.70 1.18 1.55 1.89 948.34 0.00 0.18 0.29 0.14 0.42 1.49 1.20 0.00 0.00 0.00 0.00 0.00 0.08 0.07

5.61 3.19 0.57 0.56 0.60 0.50 0.38 0.28 0.50 0.50 0.43 0.75 1.28 1.68 2.01 1041.05 0.00 0.21 0.30 0.14 0.48 1.69 1.21 0.00 0.00 0.00 0.00 0.00 0.07 0.11

6.16 3.24 0.60 0.60 0.64 0.54 0.40 0.30 0.54 0.53 0.46 0.79 1.38 1.80 2.12 1142.83 0.00 0.22 0.24 0.10 0.40 1.41 0.91 0.00 0.00 0.00 0.00 0.00 0.04 0.12

6.76 3.25 0.64 0.64 0.69 0.57 0.43 0.32 0.58 0.56 0.48 0.84 1.48 1.93 2.23 1254.55 0.00 0.22 0.13 0.05 0.23 0.80 0.44 0.00 0.00 0.00 0.00 0.00 0.01 0.07

7.42 3.25 0.68 0.68 0.74 0.61 0.45 0.34 0.62 0.59 0.51 0.88 1.59 2.06 2.33 1377.20 0.00 0.17 0.03 0.01 0.06 0.20 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.02

8.15 3.22 0.72 0.73 0.79 0.64 0.48 0.36 0.66 0.62 0.54 0.94 1.71 2.19 2.42 1511.84 0.00 0.09 0.00 0.00 0.01 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00

8.94 3.16 0.76 0.78 0.85 0.69 0.51 0.38 0.71 0.66 0.56 1.00 1.84 2.32 2.51 1659.64 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

9.82 3.08 0.81 0.83 0.91 0.73 0.54 0.41 0.77 0.70 0.60 1.06 1.97 2.45 2.58 1821.89 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

10.78 2.98 0.86 0.89 0.98 0.78 0.58 0.44 0.83 0.74 0.63 1.13 2.10 2.57 2.64 2000.00

11.83 2.91 0.92 0.96 1.06 0.84 0.62 0.47 0.90 0.80 0.67 1.21 2.25 2.69 2.70

12.99 2.89 0.98 1.03 1.15 0.90 0.66 0.50 0.99 0.86 0.72 1.30 2.40 2.80 2.74 Very coarse sand 0.00 0.94 0.71 0.30 1.17 4.12 2.66 0.00 0.00 0.00 0.00 0.00 0.12 0.33

14.26 2.89 1.05 1.12 1.24 0.97 0.71 0.54 1.08 0.93 0.76 1.41 2.56 2.90 2.78 coarse sand 0.00 0.77 1.52 0.83 1.99 5.85 6.30 4.53 0.78 4.04 0.00 0.05 0.64 0.55

15.65 2.85 1.12 1.20 1.33 1.05 0.77 0.58 1.17 1.01 0.81 1.51 2.69 2.96 2.78 medium sand 0.00 6.62 5.76 6.09 7.24 7.59 10.69 9.31 10.11 14.09 3.60 1.35 2.78 3.55

17.18 2.67 1.18 1.28 1.42 1.11 0.82 0.63 1.26 1.08 0.86 1.60 2.79 2.96 2.70 fine sand 0.74 23.22 20.18 21.00 23.66 24.85 29.53 18.59 21.10 25.29 16.63 7.60 8.23 6.22

18.86 2.32 1.22 1.35 1.49 1.17 0.86 0.67 1.34 1.15 0.90 1.66 2.82 2.85 2.53 very fine sand 0.36 2.76 2.98 2.75 2.74 2.53 2.24 2.84 2.96 2.36 3.12 2.21 1.42 1.35

20.71 1.86 1.25 1.41 1.55 1.22 0.91 0.71 1.40 1.21 0.92 1.70 2.78 2.67 2.29 silt 62.90 34.78 38.58 40.41 34.04 27.07 21.81 37.74 35.15 27.40 46.04 63.52 62.20 60.90

22.73 1.42 1.27 1.47 1.61 1.27 0.95 0.75 1.46 1.27 0.96 1.75 2.72 2.45 2.03 clay 25.10 4.31 4.25 4.49 4.01 3.18 2.55 3.93 4.22 3.63 5.79 8.64 10.72 13.76

24.95 1.11 1.31 1.54 1.67 1.34 1.01 0.81 1.54 1.35 1.00 1.81 2.66 2.25 1.82 colloid 8.73 1.52 1.45 1.48 1.38 1.12 0.93 1.39 1.46 1.21 1.93 2.71 3.14 4.02

27.39 0.99 1.39 1.64 1.76 1.43 1.10 0.88 1.65 1.46 1.08 1.92 2.64 2.11 1.70 tot sum 97.84 74.92 75.43 77.35 76.23 76.31 76.71 78.35 75.77 78.02 77.12 86.07 89.24 90.67

30.07 1.00 1.49 1.77 1.88 1.55 1.22 0.97 1.79 1.61 1.18 2.08 2.66 2.04 1.67

33.01 1.08 1.63 1.92 2.02 1.68 1.35 1.09 1.95 1.78 1.31 2.25 2.71 2.00 1.70

36.24 1.12 1.77 2.08 2.16 1.82 1.50 1.22 2.11 1.96 1.45 2.43 2.73 1.97 1.72 After C. K. Wentworth classification:

39.78 1.05 1.92 2.24 2.28 1.97 1.65 1.36 2.27 2.15 1.60 2.58 2.71 1.89 1.70

43.67 0.88 2.06 2.39 2.39 2.11 1.79 1.51 2.40 2.33 1.73 2.71 2.63 1.78 1.62 Sand: 2mm-1/16mm 0.36 2.76 2.98 2.75 2.74 2.53 2.24 2.84 2.96 2.36 3.12 2.21 1.42 1.35

47.94 0.66 2.20 2.53 2.47 2.25 1.95 1.67 2.52 2.50 1.87 2.82 2.51 1.64 1.51 Silt: 1/16mm-1/256mm 62.90 34.78 38.58 40.41 34.04 27.07 21.81 37.74 35.15 27.40 46.04 63.52 62.20 60.90

52.63 0.49 2.36 2.67 2.55 2.40 2.12 1.84 2.63 2.65 2.02 2.92 2.38 1.51 1.41 Clay: <1/256mm 33.83 5.83 5.70 5.97 5.39 4.30 3.48 5.32 5.68 4.84 7.72 11.35 13.86 17.79

57.77 0.39 2.55 2.82 2.64 2.56 2.31 2.03 2.74 2.80 2.18 3.02 2.28 1.44 1.35 tot sum 97.10 43.37 47.26 49.13 42.17 33.90 27.52 45.91 43.79 34.60 56.88 77.07 77.47 80.03

63.42 0.36 2.76 2.98 2.75 2.74 2.53 2.24 2.84 2.96 2.36 3.12 2.21 1.42 1.35  
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LC3-03 LC3-04 LC3-05 LC3-06 LC3-07 LC3-08 LC3-10 LC12-01 LC12-02 LC12-03 LC12-04 LC12-05 LC12-06 LC3-03 LC3-04 LC3-05 LC3-06 LC3-07 LC3-08 LC3-10 LC12-01 LC12-02 LC12-03 LC12-04 LC12-05 LC12-06

Channel Diameter 

(Lower) Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff.

Channel Diameter 

(Lower) Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff.

um Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume um Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume

% % % % % % % % % % % % % % % % % % % % % % % % % %

0.38 0.05 0.03 0.02 0.02 0.01 0.01 0.01 0.03 0.04 0.04 0.04 0.04 0.04 69.62 1.47 1.22 1.20 1.17 0.81 1.51 1.20 2.66 2.67 2.69 2.54 2.62 2.68

0.41 0.08 0.05 0.04 0.03 0.02 0.03 0.02 0.05 0.07 0.07 0.06 0.07 0.07 76.43 1.53 1.28 1.28 1.25 0.87 1.63 1.25 2.66 2.72 2.82 2.71 2.80 2.85

0.45 0.12 0.07 0.06 0.05 0.03 0.04 0.03 0.08 0.10 0.10 0.09 0.10 0.10 83.90 1.57 1.34 1.37 1.33 0.93 1.76 1.28 2.65 2.74 2.93 2.87 2.96 3.02

0.50 0.17 0.10 0.09 0.07 0.04 0.06 0.04 0.11 0.14 0.15 0.13 0.14 0.14 92.10 1.60 1.38 1.45 1.42 0.99 1.89 1.30 2.61 2.74 3.00 3.02 3.10 3.15

0.54 0.22 0.12 0.11 0.09 0.05 0.07 0.04 0.14 0.17 0.18 0.16 0.18 0.17 101.10 1.61 1.42 1.52 1.50 1.05 2.02 1.31 2.56 2.71 3.05 3.15 3.21 3.26

0.60 0.25 0.14 0.12 0.10 0.06 0.08 0.05 0.16 0.20 0.21 0.19 0.21 0.20 110.99 1.60 1.46 1.60 1.58 1.11 2.15 1.31 2.50 2.68 3.09 3.27 3.29 3.36

0.66 0.28 0.16 0.14 0.12 0.07 0.09 0.06 0.18 0.22 0.24 0.21 0.23 0.22 121.84 1.60 1.53 1.68 1.68 1.19 2.29 1.31 2.46 2.65 3.12 3.39 3.37 3.44

0.72 0.31 0.18 0.16 0.13 0.07 0.10 0.07 0.20 0.25 0.26 0.24 0.26 0.25 133.75 1.62 1.62 1.78 1.78 1.28 2.42 1.31 2.43 2.63 3.15 3.50 3.43 3.50

0.79 0.34 0.19 0.17 0.14 0.08 0.11 0.07 0.22 0.27 0.28 0.25 0.28 0.27 146.82 1.66 1.74 1.88 1.90 1.38 2.52 1.31 2.39 2.60 3.15 3.58 3.45 3.51

0.87 0.36 0.20 0.18 0.15 0.09 0.12 0.08 0.23 0.28 0.30 0.27 0.29 0.28 161.18 1.72 1.88 1.98 2.02 1.47 2.59 1.30 2.33 2.53 3.08 3.58 3.39 3.43

0.95 0.37 0.21 0.18 0.16 0.09 0.13 0.08 0.24 0.29 0.31 0.28 0.30 0.29 176.94 1.77 2.01 2.06 2.12 1.55 2.60 1.28 2.21 2.38 2.90 3.43 3.20 3.20

1.05 0.38 0.21 0.19 0.16 0.09 0.13 0.08 0.25 0.30 0.32 0.29 0.31 0.30 194.23 1.79 2.12 2.10 2.20 1.61 2.54 1.23 2.00 2.14 2.59 3.12 2.86 2.83

1.15 0.39 0.22 0.19 0.17 0.10 0.14 0.08 0.26 0.31 0.33 0.29 0.32 0.31 213.22 1.77 2.19 2.09 2.22 1.64 2.42 1.18 1.75 1.83 2.18 2.69 2.43 2.37

1.26 0.40 0.22 0.19 0.17 0.10 0.14 0.08 0.26 0.32 0.33 0.30 0.32 0.32 234.07 1.71 2.22 2.05 2.20 1.67 2.28 1.16 1.50 1.51 1.75 2.20 1.98 1.90

1.38 0.41 0.22 0.20 0.18 0.10 0.15 0.09 0.27 0.33 0.34 0.31 0.33 0.33 256.95 1.63 2.20 2.00 2.15 1.71 2.15 1.20 1.30 1.25 1.39 1.76 1.59 1.50

1.52 0.43 0.23 0.20 0.18 0.11 0.15 0.09 0.28 0.33 0.35 0.31 0.34 0.33 282.07 1.55 2.16 1.98 2.11 1.80 2.06 1.31 1.20 1.08 1.14 1.44 1.32 1.22

1.67 0.45 0.24 0.21 0.19 0.11 0.15 0.09 0.29 0.34 0.36 0.32 0.35 0.34 309.64 1.48 2.10 1.98 2.10 1.92 2.02 1.51 1.18 1.00 1.00 1.23 1.16 1.05

1.83 0.47 0.25 0.21 0.20 0.11 0.16 0.09 0.30 0.36 0.37 0.34 0.36 0.36 339.92 1.42 2.04 2.01 2.13 2.08 2.00 1.80 1.23 0.98 0.94 1.11 1.06 0.95

2.01 0.51 0.26 0.22 0.21 0.12 0.17 0.09 0.31 0.37 0.39 0.35 0.38 0.38 373.15 1.34 1.96 2.04 2.19 2.23 1.98 2.15 1.28 0.97 0.88 1.02 0.96 0.86

2.21 0.55 0.28 0.24 0.22 0.13 0.18 0.10 0.33 0.39 0.41 0.38 0.40 0.40 409.63 1.23 1.87 2.04 2.25 2.37 1.93 2.54 1.30 0.94 0.79 0.90 0.81 0.74

2.42 0.60 0.30 0.25 0.24 0.14 0.19 0.10 0.35 0.42 0.44 0.40 0.43 0.43 449.67 1.08 1.77 1.98 2.28 2.45 1.84 2.94 1.25 0.85 0.65 0.74 0.60 0.57

2.66 0.65 0.33 0.27 0.25 0.14 0.20 0.11 0.38 0.45 0.47 0.43 0.46 0.46 493.63 0.90 1.66 1.86 2.26 2.47 1.73 3.32 1.14 0.72 0.46 0.54 0.37 0.37

2.92 0.72 0.36 0.29 0.27 0.15 0.21 0.12 0.40 0.48 0.51 0.46 0.50 0.49 541.89 0.72 1.58 1.72 2.19 2.45 1.62 3.66 1.01 0.57 0.28 0.35 0.17 0.20

3.21 0.80 0.39 0.32 0.29 0.17 0.22 0.12 0.44 0.52 0.54 0.50 0.54 0.53 594.87 0.58 1.54 1.61 2.10 2.41 1.55 3.94 0.88 0.43 0.14 0.18 0.06 0.08

3.52 0.88 0.43 0.34 0.32 0.18 0.24 0.13 0.47 0.56 0.59 0.54 0.58 0.57 653.03 0.49 1.58 1.57 2.02 2.41 1.54 4.14 0.77 0.32 0.07 0.08 0.02 0.02

3.86 0.96 0.46 0.37 0.34 0.19 0.25 0.14 0.51 0.61 0.63 0.58 0.63 0.62 716.87 0.45 1.67 1.61 1.98 2.45 1.60 4.22 0.67 0.23 0.03 0.03 0.01 0.01

4.24 1.05 0.50 0.39 0.36 0.20 0.27 0.16 0.54 0.65 0.68 0.63 0.67 0.66 786.95 0.46 1.82 1.76 2.00 2.58 1.71 4.18 0.59 0.16 0.02 0.01 0.00 0.00

4.66 1.14 0.53 0.42 0.38 0.21 0.29 0.17 0.58 0.70 0.72 0.67 0.72 0.70 863.88 0.51 2.00 1.98 2.08 2.82 1.87 4.04 0.51 0.13 0.03 0.01 0.00 0.00

5.11 1.23 0.57 0.44 0.41 0.22 0.30 0.18 0.63 0.75 0.77 0.71 0.76 0.75 948.34 0.58 2.20 2.25 2.22 3.18 2.08 3.81 0.44 0.12 0.03 0.00 0.00 0.01

5.61 1.32 0.60 0.46 0.43 0.24 0.32 0.19 0.67 0.80 0.82 0.75 0.81 0.79 1041.05 0.66 2.38 2.53 2.38 3.60 2.28 3.54 0.39 0.13 0.03 0.00 0.00 0.01

6.16 1.41 0.63 0.48 0.45 0.25 0.34 0.21 0.71 0.85 0.86 0.79 0.85 0.83 1142.83 0.74 2.54 2.83 2.57 4.09 2.51 3.28 0.35 0.14 0.02 0.00 0.00 0.00

6.76 1.49 0.66 0.50 0.46 0.26 0.35 0.22 0.76 0.89 0.90 0.83 0.89 0.87 1254.55 0.82 2.66 3.09 2.76 4.58 2.71 3.04 0.31 0.16 0.01 0.00 0.00 0.00

7.42 1.57 0.68 0.52 0.48 0.27 0.37 0.24 0.80 0.94 0.95 0.87 0.93 0.92 1377.20 0.69 2.71 3.31 2.92 5.00 2.88 2.80 0.23 0.13 0.00 0.00 0.00 0.00

8.15 1.64 0.71 0.54 0.50 0.28 0.39 0.26 0.85 1.00 0.99 0.91 0.97 0.96 1511.84 0.40 2.61 3.37 2.95 5.18 2.94 2.52 0.12 0.08 0.00 0.00 0.00 0.00

8.94 1.72 0.74 0.56 0.52 0.29 0.40 0.28 0.91 1.05 1.04 0.96 1.02 1.00 1659.64 0.10 2.47 3.35 2.91 5.21 2.94 2.29 0.03 0.02 0.00 0.00 0.00 0.00

9.82 1.78 0.76 0.58 0.54 0.30 0.42 0.30 0.97 1.11 1.09 1.00 1.06 1.05 1821.89 0.01 2.26 3.25 2.78 5.14 2.91 2.09 0.00 0.00 0.00 0.00 0.00 0.00

10.78 1.84 0.78 0.60 0.56 0.31 0.44 0.32 1.03 1.18 1.15 1.05 1.11 1.10 2000.00

11.83 1.89 0.81 0.62 0.58 0.32 0.47 0.35 1.10 1.25 1.21 1.10 1.16 1.16

12.99 1.94 0.84 0.65 0.61 0.34 0.49 0.38 1.18 1.33 1.28 1.17 1.23 1.22 Very coarse sand 3.42 17.61 21.72 19.27 32.79 19.18 19.57 1.43 0.66 0.07 0.00 0.00 0.01

14.26 1.99 0.88 0.68 0.64 0.35 0.52 0.41 1.27 1.42 1.36 1.23 1.30 1.30 coarse sand 3.79 12.40 12.49 14.59 18.30 11.97 28.00 4.87 1.95 0.60 0.66 0.27 0.33

15.65 2.01 0.91 0.71 0.66 0.37 0.55 0.45 1.36 1.51 1.43 1.30 1.36 1.36 medium sand 10.64 15.76 15.89 17.48 17.03 15.71 16.76 9.88 7.77 7.26 8.74 7.88 7.27

17.18 1.99 0.92 0.73 0.68 0.38 0.57 0.48 1.44 1.59 1.49 1.35 1.41 1.41 fine sand 12.03 13.80 13.94 14.44 10.61 17.36 8.78 14.61 15.63 18.81 22.11 20.74 20.75

18.86 1.91 0.91 0.73 0.69 0.38 0.59 0.51 1.50 1.64 1.52 1.37 1.42 1.43 very fine sand 1.44 1.16 1.13 1.10 0.75 1.39 1.15 2.64 2.63 2.56 2.38 2.45 2.50

20.71 1.79 0.87 0.71 0.68 0.38 0.60 0.54 1.55 1.67 1.52 1.37 1.41 1.42 silt 46.55 23.81 19.77 18.75 11.02 17.62 14.74 41.75 44.31 41.49 37.44 38.97 39.20

22.73 1.66 0.83 0.69 0.67 0.38 0.61 0.56 1.60 1.69 1.52 1.36 1.40 1.41 clay 8.60 4.40 3.69 3.38 1.94 2.67 1.52 5.09 6.12 6.37 5.81 6.26 6.17

24.95 1.55 0.82 0.69 0.66 0.39 0.63 0.60 1.67 1.74 1.55 1.38 1.41 1.43 colloid 2.56 1.44 1.26 1.07 0.61 0.85 0.53 1.63 2.02 2.14 1.92 2.09 2.01

27.39 1.50 0.83 0.71 0.68 0.40 0.67 0.64 1.78 1.83 1.62 1.43 1.47 1.48 tot sum 89.01 90.37 89.90 90.07 93.05 86.75 91.06 81.90 81.09 79.31 79.06 78.66 78.24

30.07 1.50 0.87 0.75 0.72 0.43 0.73 0.70 1.92 1.95 1.73 1.53 1.56 1.58

33.01 1.54 0.92 0.81 0.78 0.47 0.80 0.76 2.08 2.10 1.86 1.65 1.69 1.71

36.24 1.57 0.97 0.87 0.83 0.51 0.88 0.83 2.24 2.24 2.00 1.77 1.82 1.85 After C. K. Wentworth classification:

39.78 1.58 1.01 0.92 0.88 0.55 0.96 0.89 2.38 2.36 2.12 1.88 1.93 1.97

43.67 1.55 1.03 0.96 0.92 0.58 1.04 0.95 2.48 2.45 2.21 1.97 2.02 2.06 Sand: 2mm-1/16mm 42.29 70.36 75.27 76.80 86.44 78.86 83.20 51.53 47.55 49.99 54.82 52.68 52.62

47.94 1.50 1.05 0.99 0.96 0.62 1.12 1.00 2.54 2.50 2.28 2.05 2.10 2.15 Silt: 1/16mm-1/256mm 46.55 23.81 19.77 18.75 11.02 17.62 14.74 41.75 44.31 41.49 37.44 38.97 39.20

52.63 1.45 1.07 1.02 0.99 0.65 1.20 1.05 2.59 2.54 2.36 2.13 2.19 2.24 Clay: <1/256mm 11.15 5.83 4.96 4.45 2.54 3.52 2.05 6.72 8.13 8.51 7.73 8.35 8.18

57.77 1.43 1.11 1.07 1.04 0.70 1.29 1.10 2.62 2.58 2.45 2.24 2.30 2.36 tot sum 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

63.42 1.44 1.16 1.13 1.10 0.75 1.39 1.15 2.64 2.63 2.56 2.38 2.45 2.50  
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LC13-01 LC13-02 LC13-03 LC13-04 LC13-05 LC13-06 LC13-07 LC13-08 LC13-09 LC13-10 LC13-11 LC13-12 LC13-01 LC13-02 LC13-03 LC13-04 LC13-05 LC13-06 LC13-07 LC13-08 LC13-09 LC13-10 LC13-11 LC13-12

Channel Diameter 

(Lower) Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff.

Channel Diameter 

(Lower) Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff.

um Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume um Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume

% % % % % % % % % % % % % % % % % % % % % % % %

0.38 0.09 0.09 0.09 0.10 0.08 0.08 0.06 0.07 0.09 0.08 0.08 0.10 69.62 1.22 1.19 1.21 1.07 1.36 1.80 1.75 1.44 1.17 1.48 1.37 1.03

0.41 0.17 0.16 0.16 0.17 0.15 0.14 0.12 0.13 0.15 0.15 0.15 0.18 76.43 1.13 1.10 1.11 0.99 1.28 1.69 1.67 1.38 1.09 1.39 1.30 0.97

0.45 0.24 0.24 0.23 0.26 0.22 0.20 0.17 0.19 0.23 0.21 0.21 0.26 83.90 1.03 1.00 1.00 0.91 1.18 1.56 1.57 1.30 0.99 1.29 1.22 0.90

0.50 0.35 0.34 0.33 0.36 0.31 0.29 0.24 0.27 0.32 0.30 0.31 0.37 92.10 0.90 0.87 0.87 0.80 1.06 1.41 1.45 1.20 0.87 1.17 1.11 0.80

0.54 0.43 0.42 0.41 0.45 0.38 0.36 0.30 0.34 0.40 0.38 0.38 0.46 101.10 0.76 0.73 0.72 0.68 0.92 1.26 1.32 1.09 0.74 1.03 0.97 0.69

0.60 0.50 0.49 0.48 0.53 0.45 0.42 0.35 0.39 0.47 0.44 0.44 0.54 110.99 0.63 0.60 0.59 0.55 0.79 1.11 1.19 0.97 0.62 0.90 0.85 0.58

0.66 0.57 0.55 0.55 0.59 0.50 0.47 0.39 0.45 0.53 0.50 0.50 0.60 121.84 0.52 0.49 0.47 0.45 0.67 0.98 1.08 0.89 0.52 0.78 0.74 0.50

0.72 0.63 0.61 0.61 0.65 0.56 0.52 0.44 0.49 0.58 0.55 0.55 0.67 133.75 0.44 0.40 0.39 0.38 0.58 0.88 1.00 0.83 0.46 0.70 0.67 0.46

0.79 0.68 0.66 0.65 0.71 0.60 0.56 0.47 0.53 0.63 0.59 0.60 0.72 146.82 0.37 0.33 0.32 0.32 0.51 0.79 0.94 0.80 0.42 0.65 0.63 0.44

0.87 0.72 0.70 0.69 0.74 0.64 0.59 0.50 0.56 0.66 0.63 0.63 0.75 161.18 0.30 0.25 0.26 0.27 0.45 0.69 0.87 0.77 0.39 0.60 0.58 0.42

0.95 0.74 0.73 0.72 0.77 0.66 0.62 0.52 0.59 0.69 0.65 0.66 0.78 176.94 0.22 0.17 0.19 0.22 0.37 0.56 0.77 0.70 0.34 0.53 0.51 0.37

1.05 0.77 0.75 0.74 0.79 0.68 0.64 0.54 0.60 0.71 0.67 0.68 0.80 194.23 0.13 0.09 0.11 0.16 0.28 0.39 0.62 0.60 0.26 0.42 0.40 0.29

1.15 0.78 0.77 0.76 0.81 0.70 0.65 0.56 0.62 0.73 0.69 0.69 0.81 213.22 0.05 0.03 0.05 0.08 0.16 0.21 0.44 0.45 0.15 0.27 0.25 0.18

1.26 0.80 0.79 0.78 0.83 0.72 0.67 0.57 0.63 0.74 0.70 0.71 0.83 234.07 0.01 0.01 0.01 0.03 0.07 0.08 0.26 0.31 0.06 0.13 0.11 0.07

1.38 0.81 0.81 0.80 0.84 0.73 0.68 0.58 0.65 0.76 0.71 0.72 0.84 256.95 0.00 0.00 0.00 0.01 0.01 0.01 0.14 0.21 0.01 0.04 0.03 0.01

1.52 0.83 0.82 0.81 0.86 0.75 0.70 0.60 0.66 0.77 0.73 0.74 0.85 282.07 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.16 0.00 0.01 0.00 0.00

1.67 0.85 0.85 0.84 0.88 0.78 0.72 0.62 0.69 0.80 0.75 0.77 0.88 309.64 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.16 0.00 0.00 0.00 0.00

1.83 0.88 0.88 0.87 0.92 0.81 0.75 0.65 0.72 0.83 0.78 0.80 0.91 339.92 0.00 0.00 0.00 0.00 0.00 0.00 0.14 0.19 0.00 0.00 0.00 0.00

2.01 0.92 0.93 0.91 0.96 0.85 0.78 0.69 0.75 0.88 0.81 0.84 0.95 373.15 0.00 0.00 0.00 0.00 0.00 0.00 0.19 0.23 0.00 0.00 0.00 0.00

2.21 0.97 0.98 0.96 1.01 0.91 0.83 0.73 0.80 0.93 0.86 0.89 1.01 409.63 0.00 0.00 0.00 0.00 0.00 0.00 0.22 0.24 0.00 0.00 0.00 0.00

2.42 1.03 1.04 1.02 1.08 0.97 0.88 0.79 0.86 1.00 0.92 0.95 1.07 449.67 0.00 0.00 0.00 0.00 0.00 0.00 0.20 0.22 0.00 0.00 0.00 0.00

2.66 1.11 1.12 1.09 1.15 1.04 0.95 0.85 0.92 1.08 0.98 1.03 1.16 493.63 0.00 0.00 0.00 0.00 0.00 0.00 0.14 0.17 0.00 0.00 0.00 0.00

2.92 1.19 1.20 1.18 1.24 1.13 1.02 0.92 1.00 1.17 1.06 1.11 1.25 541.89 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.13 0.00 0.00 0.00 0.00

3.21 1.28 1.30 1.27 1.34 1.22 1.10 1.00 1.09 1.27 1.15 1.21 1.36 594.87 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.09 0.00 0.00 0.00 0.00

3.52 1.39 1.40 1.37 1.45 1.32 1.18 1.09 1.18 1.39 1.25 1.31 1.48 653.03 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.08 0.00 0.00 0.00 0.00

3.86 1.49 1.51 1.48 1.56 1.43 1.27 1.18 1.28 1.50 1.35 1.42 1.60 716.87 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.08 0.00 0.00 0.00 0.00

4.24 1.61 1.63 1.59 1.68 1.54 1.37 1.28 1.38 1.62 1.45 1.54 1.73 786.95 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.08 0.00 0.00 0.00 0.00

4.66 1.72 1.75 1.71 1.80 1.66 1.46 1.38 1.49 1.75 1.56 1.66 1.86 863.88 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.06 0.00 0.00 0.00 0.00

5.11 1.84 1.87 1.83 1.92 1.77 1.56 1.48 1.60 1.88 1.67 1.78 1.99 948.34 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.04 0.00 0.00 0.00 0.00

5.61 1.96 1.99 1.95 2.04 1.89 1.65 1.58 1.72 2.00 1.79 1.90 2.12 1041.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00

6.16 2.08 2.11 2.07 2.16 2.00 1.74 1.69 1.83 2.13 1.90 2.01 2.24 1142.83 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00

6.76 2.20 2.23 2.20 2.28 2.11 1.84 1.80 1.95 2.25 2.01 2.13 2.36 1254.55 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00

7.42 2.33 2.36 2.32 2.40 2.22 1.93 1.91 2.08 2.37 2.12 2.25 2.48 1377.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

8.15 2.46 2.49 2.45 2.52 2.34 2.03 2.03 2.21 2.50 2.24 2.37 2.61 1511.84 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

8.94 2.59 2.62 2.59 2.65 2.46 2.14 2.15 2.35 2.63 2.37 2.50 2.73 1659.64 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

9.82 2.73 2.75 2.73 2.77 2.58 2.25 2.28 2.50 2.76 2.49 2.62 2.85 1821.89 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

10.78 2.86 2.88 2.86 2.89 2.70 2.36 2.41 2.65 2.88 2.62 2.74 2.95 2000.00

11.83 2.99 3.01 2.99 3.01 2.83 2.48 2.54 2.80 3.01 2.75 2.86 3.06

12.99 3.12 3.13 3.13 3.13 2.96 2.62 2.68 2.94 3.14 2.89 2.99 3.16 Very coarse sand 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.00 0.00 0.00 0.00

14.26 3.23 3.25 3.24 3.24 3.09 2.76 2.82 3.07 3.26 3.03 3.11 3.26 coarse sand 0.00 0.00 0.00 0.00 0.00 0.00 0.45 0.57 0.00 0.00 0.00 0.00

15.65 3.30 3.31 3.32 3.31 3.19 2.88 2.93 3.15 3.34 3.13 3.19 3.31 medium sand 0.00 0.00 0.00 0.01 0.02 0.02 1.21 1.57 0.01 0.05 0.04 0.01

17.18 3.27 3.29 3.31 3.30 3.22 2.95 2.97 3.14 3.34 3.16 3.19 3.26 fine sand 1.53 1.27 1.32 1.47 2.41 3.60 4.88 4.45 2.09 3.31 3.15 2.22

18.86 3.14 3.17 3.19 3.18 3.15 2.93 2.93 3.02 3.22 3.10 3.09 3.10 very fine sand 1.32 1.30 1.33 1.16 1.47 1.91 1.84 1.52 1.27 1.57 1.45 1.11

20.71 2.93 2.97 3.00 2.97 3.00 2.85 2.82 2.81 3.02 2.95 2.91 2.86 silt 70.69 71.30 71.56 70.87 70.27 67.62 66.65 67.05 71.33 69.15 69.42 69.96

22.73 2.70 2.74 2.78 2.74 2.81 2.73 2.69 2.60 2.78 2.77 2.71 2.59 clay 15.12 15.16 14.88 15.73 14.04 12.82 11.37 12.46 14.56 13.39 13.88 15.79

24.95 2.52 2.56 2.61 2.55 2.65 2.64 2.58 2.43 2.59 2.62 2.53 2.38 colloid 5.12 4.99 4.93 5.33 4.54 4.24 3.57 4.02 4.75 4.48 4.51 5.42

27.39 2.43 2.47 2.52 2.43 2.55 2.61 2.54 2.34 2.47 2.53 2.43 2.26 tot sum 93.79 94.02 94.02 94.56 92.75 90.20 89.97 91.73 94.01 91.95 92.44 94.52

30.07 2.41 2.44 2.50 2.39 2.52 2.63 2.56 2.34 2.43 2.52 2.41 2.23

33.01 2.43 2.45 2.51 2.38 2.51 2.68 2.60 2.37 2.42 2.53 2.41 2.22

36.24 2.41 2.42 2.48 2.33 2.49 2.70 2.62 2.38 2.38 2.52 2.39 2.18 After C. K. Wentworth classification:

39.78 2.31 2.31 2.38 2.21 2.39 2.66 2.58 2.32 2.26 2.44 2.30 2.06

43.67 2.12 2.12 2.18 2.01 2.22 2.55 2.46 2.18 2.07 2.29 2.14 1.86 Sand: 2mm-1/16mm 9.07 8.55 8.63 8.07 11.15 15.32 18.42 16.48 9.36 12.98 12.19 8.83

47.94 1.89 1.88 1.94 1.76 2.01 2.38 2.30 1.99 1.83 2.09 1.94 1.63 Silt: 1/16mm-1/256mm 70.69 71.30 71.56 70.87 70.27 67.62 66.65 67.05 71.33 69.15 69.42 69.96

52.63 1.66 1.64 1.69 1.51 1.79 2.20 2.12 1.80 1.60 1.88 1.74 1.40 Clay: <1/256mm 20.24 20.15 19.82 21.06 18.58 17.06 14.94 16.47 19.30 17.88 18.39 21.21

57.77 1.46 1.45 1.48 1.31 1.60 2.04 1.96 1.63 1.41 1.70 1.57 1.23 tot sum 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

63.42 1.32 1.30 1.33 1.16 1.47 1.91 1.84 1.52 1.27 1.57 1.45 1.11  
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LC18-01 LC18-02 LC18-03 LC18-04 LC18-05 LC18-06 LC18-07 LC18-08 LC19-01 LC19-02 LC19-03 LC19-04 LC19-05 LC19-06 LC19-07 LC18-01 LC18-02 LC18-03 LC18-04 LC18-05 LC18-06 LC18-07 LC18-08 LC19-01 LC19-02 LC19-03 LC19-04 LC19-05 LC19-06 LC19-07

Channel 

Diameter (Lower) Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff.

Channel Diameter 

(Lower) Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff.

um Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume um Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume

% % % % % % % % % % % % % % % % % % % % % % % % % % % % % %

0.38 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.04 0.02 0.03 0.02 0.01 69.62 1.85 1.71 2.39 1.98 1.49 2.40 3.21 3.06 0.96 0.73 1.32 2.40 2.96 2.25 1.57

0.41 0.01 0.01 0.02 0.01 0.01 0.02 0.04 0.03 0.02 0.01 0.07 0.04 0.05 0.03 0.02 76.43 2.04 1.87 2.61 2.17 1.75 2.68 3.30 3.24 1.05 0.81 1.41 2.53 3.09 2.44 1.76

0.45 0.02 0.02 0.03 0.02 0.01 0.02 0.06 0.05 0.03 0.02 0.10 0.06 0.08 0.05 0.03 83.90 2.23 2.02 2.84 2.36 2.05 2.99 3.36 3.42 1.15 0.90 1.50 2.66 3.20 2.64 1.98

0.50 0.03 0.03 0.04 0.03 0.02 0.03 0.08 0.07 0.04 0.02 0.14 0.09 0.11 0.07 0.04 92.10 2.43 2.18 3.06 2.56 2.41 3.32 3.39 3.57 1.25 1.00 1.58 2.77 3.28 2.84 2.24

0.54 0.03 0.03 0.05 0.04 0.02 0.04 0.10 0.08 0.05 0.03 0.18 0.11 0.14 0.09 0.05 101.10 2.61 2.33 3.28 2.76 2.81 3.67 3.40 3.72 1.38 1.12 1.67 2.87 3.33 3.04 2.53

0.60 0.04 0.04 0.06 0.05 0.03 0.05 0.12 0.10 0.06 0.04 0.20 0.13 0.16 0.10 0.06 110.99 2.77 2.47 3.47 2.96 3.24 4.03 3.40 3.85 1.52 1.25 1.78 2.97 3.36 3.25 2.86

0.66 0.05 0.05 0.07 0.05 0.03 0.06 0.13 0.11 0.06 0.04 0.23 0.14 0.18 0.12 0.07 121.84 2.91 2.59 3.63 3.16 3.67 4.37 3.39 3.97 1.68 1.40 1.92 3.06 3.37 3.48 3.23

0.72 0.05 0.05 0.08 0.06 0.04 0.06 0.15 0.13 0.07 0.05 0.25 0.16 0.20 0.13 0.08 133.75 3.00 2.69 3.75 3.33 4.08 4.67 3.36 4.06 1.85 1.56 2.10 3.15 3.38 3.70 3.62

0.79 0.06 0.06 0.09 0.07 0.04 0.07 0.16 0.14 0.08 0.05 0.27 0.17 0.22 0.14 0.09 146.82 3.04 2.75 3.79 3.48 4.44 4.89 3.28 4.09 2.03 1.72 2.28 3.23 3.35 3.91 4.00

0.87 0.06 0.06 0.10 0.07 0.05 0.08 0.18 0.15 0.08 0.06 0.28 0.18 0.23 0.15 0.09 161.18 3.02 2.75 3.72 3.56 4.71 4.98 3.12 4.03 2.20 1.88 2.43 3.25 3.25 4.05 4.36

0.95 0.06 0.07 0.10 0.08 0.05 0.08 0.19 0.16 0.09 0.06 0.30 0.19 0.24 0.16 0.10 176.94 2.92 2.69 3.53 3.57 4.87 4.90 2.84 3.82 2.34 2.02 2.51 3.20 3.06 4.11 4.64

1.05 0.07 0.07 0.11 0.08 0.05 0.09 0.19 0.16 0.09 0.06 0.30 0.20 0.25 0.17 0.11 194.23 2.76 2.57 3.23 3.49 4.89 4.66 2.45 3.45 2.43 2.14 2.50 3.05 2.75 4.04 4.82

1.15 0.07 0.07 0.11 0.08 0.06 0.09 0.20 0.17 0.10 0.07 0.31 0.21 0.26 0.18 0.11 213.22 2.56 2.40 2.84 3.33 4.79 4.26 1.99 2.97 2.49 2.25 2.42 2.82 2.36 3.86 4.89

1.26 0.08 0.08 0.12 0.09 0.06 0.09 0.21 0.18 0.10 0.07 0.32 0.21 0.26 0.18 0.12 234.07 2.36 2.22 2.42 3.13 4.59 3.75 1.52 2.44 2.53 2.36 2.31 2.55 1.95 3.60 4.86

1.38 0.08 0.08 0.12 0.09 0.06 0.10 0.22 0.19 0.11 0.07 0.34 0.22 0.27 0.19 0.12 256.95 2.19 2.06 2.04 2.92 4.31 3.21 1.14 1.93 2.57 2.49 2.23 2.29 1.58 3.30 4.73

1.52 0.08 0.08 0.13 0.10 0.06 0.10 0.23 0.19 0.11 0.08 0.35 0.23 0.28 0.20 0.13 282.07 2.08 1.94 1.73 2.72 3.98 2.70 0.87 1.51 2.63 2.66 2.21 2.08 1.29 2.99 4.52

1.67 0.09 0.09 0.14 0.10 0.07 0.11 0.24 0.20 0.12 0.08 0.37 0.24 0.29 0.20 0.13 309.64 2.03 1.89 1.51 2.55 3.62 2.23 0.72 1.20 2.72 2.85 2.23 1.92 1.11 2.70 4.24

1.83 0.09 0.09 0.14 0.11 0.07 0.11 0.25 0.21 0.12 0.09 0.40 0.25 0.30 0.21 0.14 339.92 2.04 1.87 1.36 2.40 3.26 1.84 0.63 0.98 2.81 3.06 2.26 1.80 0.99 2.41 3.88

2.01 0.09 0.09 0.15 0.11 0.07 0.12 0.27 0.22 0.13 0.09 0.43 0.27 0.32 0.22 0.15 373.15 2.07 1.89 1.25 2.25 2.90 1.50 0.56 0.81 2.88 3.25 2.26 1.69 0.89 2.11 3.45

2.21 0.10 0.10 0.16 0.12 0.08 0.13 0.29 0.24 0.14 0.10 0.47 0.29 0.34 0.24 0.15 409.63 2.10 1.92 1.14 2.09 2.55 1.21 0.47 0.66 2.92 3.41 2.20 1.56 0.77 1.77 2.96

2.42 0.11 0.11 0.17 0.12 0.08 0.13 0.31 0.25 0.15 0.11 0.52 0.31 0.36 0.25 0.16 449.67 2.12 1.96 1.03 1.92 2.21 0.96 0.36 0.51 2.93 3.52 2.07 1.40 0.62 1.41 2.42

2.66 0.11 0.11 0.18 0.13 0.08 0.14 0.33 0.27 0.16 0.11 0.57 0.33 0.39 0.27 0.17 493.63 2.11 1.98 0.92 1.74 1.89 0.75 0.24 0.35 2.90 3.58 1.89 1.22 0.44 1.05 1.88

2.92 0.12 0.12 0.20 0.14 0.09 0.15 0.36 0.29 0.17 0.12 0.62 0.36 0.42 0.29 0.19 541.89 2.10 2.02 0.83 1.58 1.61 0.59 0.13 0.22 2.86 3.60 1.70 1.05 0.29 0.73 1.37

3.21 0.13 0.13 0.21 0.15 0.09 0.16 0.39 0.31 0.18 0.13 0.68 0.39 0.45 0.31 0.20 594.87 2.08 2.06 0.78 1.44 1.37 0.47 0.07 0.11 2.83 3.58 1.52 0.89 0.17 0.47 0.92

3.52 0.14 0.14 0.23 0.16 0.10 0.17 0.42 0.34 0.20 0.14 0.75 0.42 0.49 0.33 0.21 653.03 2.07 2.13 0.78 1.33 1.16 0.40 0.03 0.04 2.81 3.55 1.35 0.75 0.09 0.28 0.56

3.86 0.15 0.15 0.25 0.18 0.11 0.18 0.46 0.36 0.21 0.15 0.81 0.45 0.52 0.36 0.23 716.87 2.07 2.20 0.82 1.24 1.00 0.36 0.02 0.01 2.80 3.49 1.19 0.62 0.06 0.15 0.27

4.24 0.16 0.16 0.27 0.19 0.11 0.20 0.49 0.39 0.22 0.16 0.86 0.49 0.56 0.38 0.24 786.95 2.07 2.29 0.90 1.18 0.88 0.34 0.01 0.00 2.79 3.40 1.03 0.49 0.04 0.08 0.10

4.66 0.17 0.17 0.28 0.21 0.12 0.21 0.53 0.42 0.23 0.17 0.92 0.52 0.60 0.41 0.26 863.88 2.06 2.37 0.99 1.14 0.79 0.33 0.01 0.00 2.77 3.29 0.88 0.38 0.02 0.03 0.02

5.11 0.18 0.18 0.31 0.22 0.13 0.23 0.58 0.45 0.25 0.18 0.97 0.56 0.64 0.44 0.28 948.34 2.05 2.44 1.10 1.12 0.73 0.34 0.01 0.00 2.74 3.16 0.75 0.28 0.01 0.01 0.00

5.61 0.19 0.19 0.33 0.24 0.14 0.24 0.62 0.48 0.26 0.19 1.02 0.59 0.68 0.46 0.30 1041.05 2.01 2.47 1.19 1.11 0.69 0.36 0.01 0.00 2.68 3.00 0.65 0.21 0.00 0.01 0.00

6.16 0.21 0.20 0.35 0.25 0.15 0.26 0.67 0.51 0.27 0.20 1.06 0.62 0.72 0.49 0.31 1142.83 1.98 2.50 1.28 1.12 0.67 0.38 0.01 0.00 2.63 2.87 0.59 0.17 0.00 0.00 0.00

6.76 0.22 0.22 0.37 0.27 0.15 0.28 0.72 0.55 0.28 0.20 1.09 0.66 0.76 0.52 0.33 1254.55 1.93 2.51 1.36 1.14 0.66 0.40 0.01 0.00 2.57 2.74 0.56 0.15 0.00 0.00 0.00

7.42 0.24 0.23 0.40 0.29 0.16 0.30 0.77 0.59 0.29 0.21 1.12 0.69 0.80 0.55 0.35 1377.20 1.88 2.50 1.43 1.16 0.65 0.42 0.00 0.00 2.52 2.64 0.44 0.11 0.00 0.00 0.00

8.15 0.25 0.25 0.43 0.31 0.17 0.32 0.82 0.62 0.31 0.22 1.15 0.73 0.84 0.58 0.38 1511.84 1.79 2.41 1.46 1.15 0.64 0.43 0.00 0.00 2.42 2.49 0.24 0.06 0.00 0.00 0.00

8.94 0.27 0.27 0.46 0.33 0.19 0.34 0.89 0.67 0.32 0.23 1.18 0.77 0.89 0.61 0.40 1659.64 1.71 2.31 1.46 1.14 0.63 0.44 0.00 0.00 2.32 2.37 0.06 0.01 0.00 0.00 0.00

9.82 0.29 0.29 0.49 0.36 0.20 0.37 0.95 0.71 0.33 0.24 1.20 0.81 0.94 0.65 0.42 1821.89 1.62 2.21 1.46 1.13 0.63 0.45 0.00 0.00 2.24 2.27 0.01 0.00 0.00 0.00 0.00

10.78 0.31 0.31 0.52 0.39 0.21 0.39 1.03 0.77 0.34 0.25 1.23 0.86 1.00 0.68 0.44 2000.00

11.83 0.33 0.33 0.56 0.41 0.22 0.42 1.11 0.82 0.36 0.26 1.25 0.90 1.06 0.72 0.47

12.99 0.36 0.36 0.60 0.45 0.24 0.46 1.20 0.89 0.37 0.28 1.30 0.96 1.12 0.76 0.49 Very coarse sand 12.93 16.91 9.64 7.95 4.56 2.87 0.02 0.00 17.39 18.38 2.56 0.71 0.00 0.01 0.00

14.26 0.39 0.39 0.64 0.48 0.26 0.49 1.30 0.96 0.39 0.29 1.34 1.02 1.20 0.81 0.52 coarse sand 14.50 15.49 6.18 9.04 7.53 2.84 0.28 0.38 19.60 24.06 8.43 4.46 0.67 1.75 3.24

15.65 0.42 0.42 0.69 0.52 0.27 0.53 1.40 1.03 0.40 0.30 1.38 1.08 1.27 0.85 0.54 medium sand 16.74 15.52 10.99 18.59 24.71 14.41 4.99 7.96 22.36 24.83 17.37 13.96 7.68 17.74 28.10

17.18 0.45 0.45 0.73 0.55 0.29 0.57 1.50 1.10 0.41 0.31 1.37 1.13 1.34 0.89 0.56 fine sand 19.65 18.06 23.26 23.90 32.37 32.10 18.56 24.85 15.87 13.92 16.55 21.25 20.10 27.27 31.19

18.86 0.48 0.48 0.77 0.59 0.31 0.61 1.59 1.16 0.42 0.31 1.32 1.16 1.38 0.92 0.58 very fine sand 1.66 1.56 2.18 1.81 1.28 2.14 3.11 2.87 0.88 0.67 1.23 2.26 2.82 2.07 1.40

20.71 0.51 0.51 0.81 0.62 0.33 0.65 1.66 1.22 0.43 0.32 1.23 1.17 1.41 0.93 0.60 silt 15.78 15.38 23.37 18.49 10.69 19.80 43.99 34.49 12.27 9.06 33.37 32.42 39.35 26.54 16.95

22.73 0.55 0.55 0.84 0.66 0.36 0.69 1.74 1.28 0.43 0.32 1.13 1.19 1.44 0.95 0.61 clay 1.49 1.49 2.43 1.77 1.14 1.88 4.36 3.59 2.09 1.47 7.25 4.40 5.19 3.61 2.31

24.95 0.59 0.59 0.89 0.71 0.39 0.74 1.83 1.36 0.44 0.32 1.06 1.22 1.49 0.99 0.63 colloid 0.41 0.42 0.67 0.49 0.31 0.51 1.23 1.04 0.57 0.39 2.06 1.29 1.62 1.07 0.64

27.39 0.65 0.64 0.95 0.77 0.42 0.81 1.94 1.46 0.45 0.34 1.04 1.27 1.57 1.04 0.66 tot sum 83.16 84.83 78.72 82.04 82.58 76.55 76.54 75.18 91.03 92.79 88.81 80.74 77.42 80.07 83.83

30.07 0.71 0.70 1.04 0.84 0.46 0.89 2.08 1.58 0.48 0.36 1.07 1.37 1.69 1.11 0.70

33.01 0.80 0.78 1.13 0.92 0.52 0.98 2.24 1.73 0.52 0.38 1.12 1.48 1.84 1.21 0.75

36.24 0.89 0.86 1.25 1.02 0.58 1.09 2.40 1.89 0.56 0.41 1.16 1.60 2.00 1.31 0.82 After C. K. Wentworth classification:

39.78 0.99 0.96 1.37 1.13 0.66 1.22 2.55 2.05 0.61 0.45 1.17 1.71 2.15 1.42 0.89

43.67 1.10 1.06 1.50 1.24 0.74 1.37 2.68 2.21 0.65 0.48 1.16 1.82 2.29 1.53 0.96 Sand: 2mm-1/16mm 82.31 82.70 73.53 79.25 87.87 77.81 50.42 60.89 85.07 89.07 57.32 61.89 53.85 68.78 80.10

47.94 1.22 1.17 1.64 1.37 0.84 1.53 2.80 2.36 0.69 0.52 1.14 1.91 2.42 1.64 1.05 Silt: 1/16mm-1/256mm 15.78 15.38 23.37 18.49 10.69 19.80 43.99 34.49 12.27 9.06 33.37 32.42 39.35 26.54 16.95

52.63 1.35 1.29 1.80 1.50 0.96 1.71 2.90 2.52 0.75 0.56 1.14 2.01 2.54 1.77 1.15 Clay: <1/256mm 1.90 1.92 3.10 2.26 1.44 2.39 5.59 4.62 2.66 1.86 9.31 5.69 6.81 4.68 2.95

57.77 1.50 1.41 1.98 1.65 1.10 1.91 3.01 2.69 0.81 0.61 1.17 2.13 2.68 1.91 1.26 tot sum 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

63.42 1.66 1.56 2.18 1.81 1.28 2.14 3.11 2.87 0.88 0.67 1.23 2.26 2.82 2.07 1.40  
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LC20-01 LC20-02 LC20-03 LC20-04 LC20-05 LC20-06 LC20-07 LC20-08 LC20-09 LC20-10 LC20-11 LC20-12 LC20-13 LC20-14 LC20-15 LC20-01 LC20-02 LC20-03 LC20-04 LC20-05 LC20-06 LC20-07 LC20-08 LC20-09 LC20-10 LC20-11 LC20-12 LC20-13 LC20-14 LC20-15

Channel Diameter 

(Lower) Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff.

Channel Diameter 

(Lower) Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff.

um Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume um Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume

% % % % % % % % % % % % % % % % % % % % % % % % % % % % % %

0.38 0.02 0.02 0.01 0.02 0.03 0.03 0.02 0.03 0.04 0.03 0.03 0.02 0.03 0.03 0.03 69.62 3.15 3.05 1.81 2.19 2.69 2.88 2.65 2.51 2.19 2.66 2.11 2.84 2.92 3.63 3.68

0.41 0.03 0.04 0.03 0.03 0.05 0.05 0.04 0.06 0.07 0.06 0.06 0.04 0.05 0.05 0.05 76.43 3.42 3.17 1.94 2.36 2.91 2.99 2.76 2.60 2.23 2.57 2.03 3.04 3.06 3.73 3.85

0.45 0.05 0.06 0.04 0.05 0.07 0.08 0.06 0.08 0.11 0.09 0.09 0.06 0.07 0.07 0.08 83.90 3.68 3.27 2.08 2.52 3.12 3.07 2.85 2.68 2.26 2.47 1.93 3.21 3.16 3.78 3.99

0.50 0.07 0.09 0.06 0.07 0.10 0.11 0.08 0.12 0.15 0.13 0.12 0.09 0.10 0.10 0.11 92.10 3.93 3.34 2.21 2.68 3.32 3.12 2.89 2.73 2.27 2.33 1.82 3.32 3.22 3.78 4.06

0.54 0.09 0.11 0.07 0.09 0.13 0.14 0.10 0.15 0.19 0.16 0.15 0.11 0.12 0.12 0.14 101.10 4.13 3.38 2.35 2.83 3.49 3.11 2.90 2.77 2.26 2.16 1.69 3.39 3.22 3.76 4.07

0.60 0.11 0.13 0.08 0.10 0.15 0.16 0.12 0.17 0.22 0.19 0.18 0.13 0.14 0.14 0.17 110.99 4.27 3.40 2.47 2.96 3.62 3.08 2.88 2.80 2.23 1.99 1.57 3.43 3.19 3.73 4.02

0.66 0.12 0.15 0.09 0.12 0.17 0.18 0.13 0.20 0.25 0.22 0.20 0.15 0.16 0.16 0.19 121.84 4.35 3.39 2.60 3.07 3.70 3.02 2.85 2.82 2.19 1.82 1.46 3.44 3.13 3.67 3.91

0.72 0.14 0.17 0.10 0.13 0.19 0.20 0.15 0.22 0.27 0.24 0.22 0.17 0.18 0.18 0.21 133.75 4.34 3.36 2.72 3.17 3.74 2.94 2.81 2.82 2.13 1.65 1.37 3.43 3.05 3.55 3.75

0.79 0.15 0.18 0.11 0.14 0.20 0.22 0.16 0.23 0.30 0.26 0.24 0.18 0.19 0.19 0.23 146.82 4.22 3.28 2.81 3.21 3.71 2.83 2.75 2.78 2.03 1.46 1.28 3.34 2.93 3.32 3.50

0.87 0.16 0.19 0.12 0.15 0.22 0.23 0.17 0.24 0.31 0.28 0.26 0.19 0.20 0.20 0.24 161.18 3.97 3.12 2.84 3.16 3.59 2.66 2.64 2.65 1.87 1.24 1.14 3.12 2.72 2.93 3.15

0.95 0.17 0.20 0.12 0.16 0.23 0.24 0.17 0.25 0.32 0.30 0.27 0.20 0.21 0.21 0.25 176.94 3.58 2.85 2.79 3.01 3.34 2.38 2.45 2.42 1.61 0.97 0.94 2.74 2.39 2.45 2.70

1.05 0.17 0.21 0.13 0.16 0.23 0.24 0.18 0.26 0.34 0.31 0.28 0.20 0.22 0.22 0.26 194.23 3.07 2.47 2.65 2.74 2.98 2.01 2.19 2.07 1.25 0.67 0.67 2.18 1.94 2.00 2.15

1.15 0.18 0.22 0.13 0.17 0.24 0.25 0.18 0.27 0.35 0.32 0.29 0.21 0.22 0.22 0.27 213.22 2.50 2.00 2.45 2.39 2.52 1.57 1.88 1.66 0.85 0.36 0.37 1.55 1.42 1.66 1.56

1.26 0.19 0.23 0.14 0.17 0.25 0.25 0.18 0.27 0.36 0.34 0.30 0.21 0.23 0.23 0.27 234.07 1.93 1.54 2.21 2.02 2.04 1.15 1.60 1.27 0.49 0.14 0.14 0.98 0.94 1.47 1.02

1.38 0.19 0.24 0.14 0.18 0.26 0.26 0.19 0.28 0.37 0.35 0.31 0.21 0.23 0.23 0.28 256.95 1.45 1.16 2.01 1.69 1.62 0.83 1.39 0.96 0.26 0.03 0.04 0.62 0.59 1.39 0.62

1.52 0.20 0.24 0.15 0.18 0.26 0.26 0.19 0.29 0.38 0.36 0.33 0.22 0.24 0.24 0.29 282.07 1.10 0.90 1.85 1.45 1.30 0.66 1.30 0.78 0.16 0.00 0.03 0.48 0.43 1.29 0.38

1.67 0.21 0.25 0.15 0.19 0.27 0.27 0.20 0.30 0.40 0.38 0.34 0.22 0.24 0.25 0.30 309.64 0.88 0.76 1.75 1.31 1.09 0.61 1.30 0.71 0.16 0.00 0.07 0.52 0.46 1.08 0.29

1.83 0.21 0.27 0.16 0.20 0.29 0.29 0.21 0.31 0.43 0.40 0.36 0.23 0.26 0.26 0.31 339.92 0.75 0.71 1.69 1.23 0.97 0.64 1.34 0.71 0.22 0.00 0.18 0.66 0.68 0.75 0.28

2.01 0.23 0.28 0.17 0.21 0.30 0.30 0.22 0.33 0.46 0.43 0.39 0.25 0.27 0.27 0.32 373.15 0.66 0.70 1.64 1.19 0.89 0.69 1.37 0.71 0.29 0.00 0.31 0.83 1.09 0.39 0.30

2.21 0.24 0.30 0.18 0.22 0.32 0.32 0.24 0.35 0.50 0.46 0.42 0.26 0.29 0.28 0.33 409.63 0.59 0.68 1.57 1.14 0.79 0.70 1.34 0.67 0.31 0.00 0.38 0.95 1.61 0.14 0.31

2.42 0.26 0.32 0.19 0.24 0.34 0.35 0.25 0.38 0.55 0.50 0.45 0.28 0.31 0.30 0.35 449.67 0.49 0.61 1.48 1.06 0.67 0.64 1.24 0.59 0.27 0.00 0.41 1.02 2.09 0.02 0.27

2.66 0.27 0.35 0.20 0.26 0.37 0.38 0.28 0.42 0.60 0.54 0.50 0.30 0.33 0.33 0.37 493.63 0.39 0.51 1.38 0.96 0.52 0.54 1.09 0.48 0.19 0.00 0.41 1.13 2.36 0.00 0.19

2.92 0.30 0.38 0.22 0.28 0.40 0.41 0.30 0.46 0.67 0.59 0.55 0.32 0.36 0.35 0.40 541.89 0.29 0.40 1.28 0.87 0.38 0.45 0.94 0.40 0.14 0.00 0.43 1.39 2.10 0.00 0.10

3.21 0.32 0.41 0.23 0.30 0.43 0.45 0.33 0.50 0.74 0.65 0.60 0.35 0.39 0.38 0.43 594.87 0.22 0.30 1.21 0.80 0.26 0.39 0.84 0.36 0.11 0.00 0.48 1.83 1.52 0.00 0.03

3.52 0.34 0.44 0.25 0.32 0.46 0.49 0.36 0.55 0.82 0.71 0.66 0.38 0.43 0.41 0.45 653.03 0.17 0.22 1.18 0.78 0.18 0.40 0.79 0.36 0.13 0.00 0.59 2.40 0.82 0.00 0.01

3.86 0.37 0.48 0.27 0.35 0.50 0.54 0.39 0.60 0.91 0.78 0.73 0.41 0.47 0.45 0.49 716.87 0.14 0.16 1.19 0.79 0.14 0.46 0.78 0.40 0.17 0.00 0.75 2.78 0.38 0.00 0.00

4.24 0.40 0.52 0.29 0.37 0.54 0.58 0.42 0.66 1.00 0.86 0.81 0.45 0.50 0.48 0.52 786.95 0.12 0.11 1.25 0.84 0.15 0.54 0.80 0.45 0.22 0.00 0.98 2.34 0.09 0.00 0.00

4.66 0.44 0.56 0.31 0.40 0.57 0.63 0.46 0.71 1.09 0.94 0.89 0.48 0.55 0.52 0.55 863.88 0.10 0.07 1.36 0.92 0.18 0.60 0.84 0.50 0.25 0.00 1.26 1.31 0.01 0.00 0.00

5.11 0.47 0.60 0.33 0.43 0.61 0.67 0.49 0.77 1.19 1.03 0.97 0.51 0.59 0.55 0.59 948.34 0.10 0.04 1.53 1.04 0.23 0.62 0.90 0.53 0.23 0.00 1.48 0.33 0.00 0.00 0.00

5.61 0.50 0.65 0.36 0.45 0.65 0.72 0.53 0.84 1.29 1.12 1.06 0.55 0.63 0.59 0.62 1041.05 0.10 0.01 1.73 1.19 0.30 0.56 0.95 0.52 0.18 0.00 1.53 0.04 0.00 0.00 0.00

6.16 0.54 0.69 0.38 0.48 0.68 0.77 0.57 0.90 1.40 1.22 1.15 0.58 0.68 0.63 0.66 1142.83 0.10 0.00 1.97 1.38 0.37 0.45 1.01 0.39 0.10 0.00 1.18 0.00 0.00 0.00 0.00

6.76 0.58 0.74 0.40 0.51 0.72 0.82 0.61 0.96 1.50 1.32 1.25 0.62 0.72 0.67 0.70 1254.55 0.09 0.00 2.22 1.59 0.42 0.31 1.06 0.21 0.05 0.00 0.65 0.00 0.00 0.00 0.00

7.42 0.62 0.79 0.43 0.54 0.76 0.87 0.65 1.03 1.60 1.43 1.36 0.66 0.77 0.72 0.73 1377.20 0.06 0.00 2.45 1.81 0.35 0.17 0.87 0.05 0.01 0.00 0.16 0.00 0.00 0.00 0.00

8.15 0.66 0.85 0.45 0.57 0.80 0.92 0.70 1.10 1.71 1.55 1.47 0.70 0.82 0.76 0.78 1511.84 0.03 0.00 2.57 1.97 0.20 0.06 0.50 0.01 0.00 0.00 0.02 0.00 0.00 0.00 0.00

8.94 0.70 0.91 0.48 0.61 0.84 0.98 0.75 1.18 1.82 1.68 1.59 0.74 0.88 0.81 0.82 1659.64 0.01 0.00 2.61 2.07 0.05 0.01 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

9.82 0.75 0.97 0.51 0.65 0.89 1.05 0.80 1.26 1.93 1.81 1.71 0.79 0.94 0.87 0.87 1821.89 0.00 0.00 2.59 2.15 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

10.78 0.80 1.04 0.54 0.69 0.94 1.12 0.86 1.34 2.05 1.96 1.85 0.83 1.01 0.93 0.93 2000.00

11.83 0.86 1.12 0.58 0.73 0.99 1.20 0.93 1.43 2.16 2.11 1.99 0.89 1.09 1.00 0.99

12.99 0.92 1.20 0.62 0.78 1.05 1.30 1.00 1.53 2.27 2.27 2.14 0.95 1.17 1.08 1.06 Very coarse sand 0.38 0.02 16.15 12.15 1.69 1.57 4.54 1.18 0.34 0.00 3.55 0.04 0.00 0.00 0.00

14.26 0.99 1.29 0.67 0.83 1.12 1.40 1.08 1.64 2.39 2.44 2.29 1.02 1.27 1.17 1.14 coarse sand 1.13 1.30 9.01 6.04 1.51 3.46 5.89 2.99 1.25 0.00 5.97 12.37 4.92 0.00 0.14

15.65 1.05 1.38 0.71 0.88 1.18 1.50 1.17 1.73 2.48 2.60 2.43 1.09 1.36 1.26 1.23 medium sand 6.31 6.03 13.35 10.03 7.87 5.31 10.38 5.61 1.84 0.03 1.83 6.20 9.31 5.06 2.64

17.18 1.11 1.46 0.75 0.92 1.24 1.59 1.24 1.81 2.53 2.73 2.55 1.14 1.43 1.34 1.30 fine sand 23.62 18.62 18.46 19.69 21.92 15.54 16.31 15.67 10.23 6.47 5.90 17.34 15.40 17.39 17.82

18.86 1.16 1.53 0.78 0.96 1.27 1.64 1.30 1.85 2.52 2.82 2.62 1.17 1.48 1.41 1.37 very fine sand 2.89 2.92 1.69 2.03 2.49 2.77 2.54 2.42 2.17 2.74 2.20 2.63 2.77 3.49 3.48

20.71 1.20 1.58 0.81 0.98 1.28 1.67 1.34 1.86 2.46 2.87 2.65 1.19 1.51 1.46 1.43 silt 33.96 42.12 22.30 26.98 35.21 43.34 35.68 45.91 58.44 65.67 59.60 33.33 39.79 42.14 41.52

22.73 1.25 1.63 0.83 1.00 1.29 1.69 1.38 1.86 2.37 2.88 2.65 1.21 1.53 1.52 1.49 clay 3.67 4.62 2.73 3.42 4.94 5.08 3.70 5.57 7.87 7.12 6.52 4.06 4.48 4.41 5.11

24.95 1.30 1.70 0.87 1.03 1.31 1.73 1.43 1.87 2.29 2.90 2.64 1.24 1.57 1.61 1.57 colloid 1.11 1.36 0.84 1.06 1.53 1.66 1.19 1.76 2.23 1.97 1.82 1.35 1.44 1.43 1.70

27.39 1.38 1.79 0.92 1.08 1.37 1.80 1.52 1.91 2.26 2.94 2.66 1.31 1.64 1.74 1.69 tot sum 73.07 76.99 84.53 81.40 77.15 78.72 80.22 81.10 84.36 84.00 87.40 77.32 78.11 73.92 72.42

30.07 1.49 1.92 0.99 1.16 1.47 1.92 1.63 1.98 2.26 3.00 2.70 1.41 1.75 1.91 1.85

33.01 1.62 2.06 1.07 1.26 1.59 2.06 1.77 2.07 2.29 3.07 2.74 1.54 1.89 2.11 2.04

36.24 1.77 2.22 1.16 1.36 1.72 2.20 1.91 2.16 2.32 3.12 2.76 1.69 2.03 2.32 2.25 After C. K. Wentworth classification:

39.78 1.93 2.36 1.25 1.46 1.84 2.33 2.03 2.22 2.32 3.14 2.74 1.83 2.17 2.54 2.47

43.67 2.09 2.48 1.33 1.56 1.95 2.43 2.14 2.26 2.30 3.10 2.67 1.96 2.29 2.74 2.67 Sand: 2mm-1/16mm 61.26 51.90 74.14 68.54 58.32 49.92 59.43 46.76 31.46 25.24 32.06 61.26 54.29 52.01 51.66

47.94 2.26 2.59 1.40 1.66 2.06 2.51 2.23 2.28 2.25 3.02 2.55 2.10 2.39 2.94 2.87 Silt: 1/16mm-1/256mm 33.96 42.12 22.30 26.98 35.21 43.34 35.68 45.91 58.44 65.67 59.60 33.33 39.79 42.14 41.52

52.63 2.44 2.69 1.48 1.76 2.18 2.58 2.32 2.31 2.20 2.92 2.42 2.25 2.50 3.13 3.07 Clay: <1/256mm 4.78 5.98 3.56 4.48 6.47 6.74 4.89 7.33 10.10 9.09 8.34 5.41 5.92 5.85 6.81

57.77 2.65 2.80 1.58 1.89 2.31 2.67 2.42 2.35 2.17 2.82 2.30 2.43 2.62 3.31 3.27 tot sum 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

63.42 2.89 2.92 1.69 2.03 2.49 2.77 2.54 2.42 2.17 2.74 2.20 2.63 2.77 3.49 3.48  
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LC21-01 LC21-02 LC21-03 LC21-04 LC21-05 LC21-06 LC21-07 LC21-08 LC21-09 LC21-10 LC21-11 LC21-12 LC21-13 LC21-14 LC21-15 LC21-01 LC21-02 LC21-03 LC21-04 LC21-05 LC21-06 LC21-07 LC21-08 LC21-09 LC21-10 LC21-11 LC21-12 LC21-13 LC21-14 LC21-15

Channel Diameter 

(Lower) Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff.

Channel Diameter 

(Lower) Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff.

um Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume um Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume

% % % % % % % % % % % % % % % % % % % % % % % % % % % % % %

0.38 0.02 0.02 0.03 0.04 0.04 0.05 0.04 0.04 0.03 0.01 0.03 0.04 0.04 0.04 0.04 69.62 2.04 2.75 1.98 2.32 2.22 2.07 2.17 2.24 2.20 0.89 1.74 2.09 2.31 2.31 2.27

0.41 0.04 0.04 0.04 0.07 0.07 0.09 0.07 0.07 0.05 0.03 0.06 0.07 0.06 0.07 0.06 76.43 2.31 3.26 2.26 2.45 2.35 2.07 2.34 2.45 2.44 0.99 1.97 2.30 2.51 2.50 2.48

0.45 0.06 0.06 0.07 0.10 0.10 0.13 0.11 0.10 0.08 0.04 0.09 0.10 0.09 0.10 0.09 83.90 2.61 3.79 2.58 2.57 2.48 2.06 2.51 2.67 2.69 1.06 2.16 2.56 2.74 2.71 2.73

0.50 0.09 0.08 0.09 0.14 0.14 0.18 0.15 0.14 0.11 0.05 0.12 0.13 0.13 0.15 0.13 92.10 2.93 4.33 2.93 2.67 2.61 2.03 2.68 2.89 2.94 1.17 2.30 2.87 3.03 2.94 3.00

0.54 0.11 0.10 0.12 0.17 0.18 0.22 0.19 0.17 0.14 0.07 0.14 0.17 0.16 0.18 0.16 101.10 3.28 4.82 3.31 2.77 2.74 1.98 2.83 3.12 3.18 1.31 2.46 3.23 3.35 3.19 3.29

0.60 0.13 0.12 0.14 0.20 0.21 0.26 0.22 0.20 0.16 0.08 0.16 0.19 0.19 0.21 0.19 110.99 3.63 5.23 3.70 2.86 2.87 1.93 2.97 3.36 3.41 1.44 2.67 3.61 3.66 3.41 3.52

0.66 0.15 0.13 0.16 0.23 0.23 0.29 0.24 0.22 0.18 0.08 0.18 0.21 0.21 0.23 0.21 121.84 3.98 5.52 4.09 2.97 3.02 1.90 3.10 3.59 3.61 1.53 2.91 3.91 3.89 3.56 3.68

0.72 0.17 0.15 0.17 0.25 0.26 0.32 0.27 0.24 0.20 0.09 0.19 0.23 0.23 0.25 0.23 133.75 4.31 5.66 4.46 3.08 3.18 1.90 3.24 3.81 3.78 1.60 3.12 4.04 3.98 3.60 3.78

0.79 0.18 0.16 0.19 0.27 0.28 0.35 0.28 0.26 0.21 0.09 0.20 0.25 0.24 0.26 0.24 146.82 4.59 5.64 4.78 3.18 3.31 1.92 3.35 3.98 3.90 1.68 3.25 4.01 3.99 3.62 3.94

0.87 0.20 0.17 0.20 0.29 0.29 0.37 0.29 0.27 0.22 0.09 0.20 0.25 0.25 0.27 0.25 161.18 4.77 5.44 4.98 3.22 3.38 1.92 3.42 4.07 3.91 1.73 3.35 3.97 4.06 3.77 4.27

0.95 0.21 0.18 0.21 0.30 0.31 0.38 0.30 0.28 0.23 0.09 0.20 0.26 0.25 0.27 0.26 176.94 4.81 5.06 5.03 3.15 3.31 1.86 3.40 4.02 3.79 1.71 3.41 4.10 4.31 4.15 4.78

1.05 0.21 0.19 0.22 0.31 0.31 0.39 0.30 0.28 0.23 0.09 0.20 0.26 0.25 0.27 0.26 194.23 4.67 4.54 4.89 2.94 3.09 1.72 3.24 3.81 3.51 1.64 3.37 4.50 4.73 4.72 5.33

1.15 0.22 0.20 0.23 0.32 0.32 0.40 0.31 0.28 0.24 0.09 0.19 0.26 0.25 0.27 0.26 213.22 4.36 3.91 4.57 2.61 2.72 1.49 2.94 3.47 3.10 1.49 3.17 5.02 5.11 5.21 5.56

1.26 0.23 0.21 0.24 0.32 0.33 0.41 0.31 0.29 0.24 0.09 0.19 0.26 0.25 0.27 0.26 234.07 3.93 3.23 4.09 2.22 2.28 1.22 2.55 3.04 2.62 1.26 2.78 5.35 5.12 5.25 5.19

1.38 0.24 0.21 0.24 0.33 0.34 0.41 0.31 0.29 0.24 0.09 0.19 0.26 0.25 0.27 0.26 256.95 3.43 2.59 3.54 1.85 1.86 0.98 2.15 2.61 2.16 1.01 2.29 5.11 4.50 4.58 4.13

1.52 0.24 0.22 0.25 0.34 0.35 0.42 0.31 0.29 0.24 0.09 0.20 0.26 0.26 0.27 0.26 282.07 2.93 2.05 2.98 1.56 1.52 0.81 1.78 2.21 1.79 0.82 1.93 4.16 3.30 3.29 2.63

1.67 0.25 0.22 0.26 0.35 0.36 0.44 0.32 0.29 0.25 0.09 0.21 0.27 0.26 0.28 0.26 309.64 2.47 1.61 2.46 1.36 1.27 0.72 1.50 1.88 1.52 0.74 1.84 2.70 1.86 1.75 1.23

1.83 0.26 0.23 0.27 0.37 0.37 0.46 0.33 0.30 0.26 0.10 0.22 0.28 0.27 0.29 0.27 339.92 2.08 1.29 2.02 1.24 1.11 0.68 1.29 1.61 1.33 0.75 2.02 1.28 0.73 0.62 0.37

2.01 0.27 0.24 0.28 0.39 0.40 0.49 0.35 0.32 0.27 0.10 0.23 0.29 0.28 0.30 0.29 373.15 1.74 1.05 1.63 1.13 0.97 0.65 1.11 1.36 1.18 0.80 2.45 0.39 0.17 0.11 0.06

2.21 0.29 0.25 0.30 0.41 0.42 0.52 0.37 0.33 0.28 0.11 0.24 0.31 0.30 0.32 0.31 409.63 1.43 0.85 1.29 0.99 0.81 0.58 0.92 1.10 1.03 0.80 3.02 0.06 0.02 0.01 0.00

2.42 0.30 0.26 0.31 0.45 0.45 0.56 0.39 0.36 0.29 0.12 0.26 0.33 0.32 0.35 0.33 449.67 1.13 0.66 0.98 0.82 0.62 0.46 0.72 0.83 0.85 0.68 3.53 0.00 0.00 0.00 0.00

2.66 0.32 0.27 0.33 0.48 0.49 0.61 0.43 0.38 0.31 0.13 0.28 0.36 0.35 0.38 0.35 493.63 0.84 0.48 0.71 0.62 0.42 0.29 0.50 0.59 0.65 0.56 3.97 0.00 0.00 0.00 0.00

2.92 0.34 0.28 0.35 0.52 0.53 0.67 0.46 0.41 0.34 0.13 0.30 0.38 0.38 0.41 0.38 541.89 0.59 0.32 0.47 0.42 0.22 0.14 0.31 0.42 0.49 0.58 4.39 0.00 0.00 0.00 0.00

3.21 0.36 0.29 0.37 0.57 0.57 0.73 0.50 0.44 0.36 0.15 0.32 0.42 0.41 0.44 0.42 594.87 0.38 0.18 0.27 0.26 0.09 0.05 0.20 0.31 0.39 0.75 4.17 0.00 0.00 0.00 0.00

3.52 0.38 0.31 0.39 0.61 0.62 0.79 0.55 0.48 0.38 0.16 0.34 0.45 0.44 0.48 0.45 653.03 0.22 0.09 0.14 0.15 0.03 0.02 0.15 0.28 0.39 0.78 2.71 0.00 0.00 0.00 0.00

3.86 0.41 0.32 0.41 0.66 0.67 0.86 0.59 0.51 0.41 0.17 0.37 0.48 0.47 0.51 0.48 716.87 0.12 0.04 0.06 0.08 0.01 0.01 0.16 0.27 0.45 0.82 1.19 0.00 0.00 0.00 0.00

4.24 0.43 0.33 0.44 0.71 0.72 0.94 0.63 0.55 0.44 0.18 0.39 0.51 0.50 0.54 0.51 786.95 0.06 0.02 0.02 0.04 0.01 0.02 0.21 0.27 0.58 1.29 0.22 0.00 0.00 0.00 0.00

4.66 0.45 0.35 0.46 0.76 0.77 1.01 0.68 0.58 0.46 0.19 0.42 0.54 0.53 0.57 0.54 863.88 0.04 0.01 0.00 0.02 0.01 0.03 0.27 0.24 0.77 2.23 0.02 0.00 0.00 0.00 0.00

5.11 0.47 0.36 0.48 0.81 0.82 1.09 0.72 0.61 0.49 0.20 0.43 0.56 0.55 0.60 0.57 948.34 0.03 0.01 0.00 0.01 0.01 0.04 0.32 0.18 1.03 3.03 0.00 0.00 0.00 0.00 0.00

5.61 0.50 0.37 0.50 0.85 0.87 1.17 0.76 0.64 0.51 0.20 0.45 0.58 0.57 0.62 0.59 1041.05 0.02 0.01 0.00 0.00 0.01 0.05 0.35 0.11 1.33 3.62 0.00 0.00 0.00 0.00 0.00

6.16 0.52 0.38 0.52 0.90 0.92 1.25 0.79 0.66 0.53 0.21 0.46 0.60 0.59 0.64 0.61 1142.83 0.02 0.00 0.00 0.00 0.00 0.05 0.34 0.05 1.62 3.99 0.00 0.00 0.00 0.00 0.00

6.76 0.54 0.39 0.54 0.94 0.97 1.33 0.83 0.69 0.55 0.21 0.47 0.61 0.61 0.66 0.62 1254.55 0.02 0.00 0.00 0.00 0.00 0.05 0.32 0.02 1.91 4.23 0.00 0.00 0.00 0.00 0.00

7.42 0.56 0.40 0.56 0.99 1.02 1.41 0.86 0.71 0.56 0.22 0.49 0.63 0.62 0.67 0.64 1377.20 0.02 0.00 0.00 0.00 0.00 0.04 0.24 0.00 1.72 4.69 0.00 0.00 0.00 0.00 0.00

8.15 0.58 0.41 0.58 1.03 1.07 1.50 0.90 0.74 0.58 0.23 0.50 0.65 0.64 0.69 0.66 1511.84 0.01 0.00 0.00 0.00 0.00 0.02 0.13 0.00 1.07 7.61 0.00 0.00 0.00 0.00 0.00

8.94 0.60 0.42 0.60 1.08 1.12 1.59 0.94 0.76 0.60 0.23 0.52 0.66 0.66 0.71 0.69 1659.64 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.28 12.73 0.00 0.00 0.00 0.00 0.00

9.82 0.62 0.43 0.62 1.13 1.18 1.69 0.99 0.79 0.62 0.24 0.54 0.68 0.69 0.73 0.71 1821.89 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 15.66 0.00 0.00 0.00 0.00 0.00

10.78 0.64 0.44 0.64 1.18 1.23 1.79 1.03 0.82 0.64 0.24 0.55 0.70 0.71 0.76 0.74 2000.00

11.83 0.66 0.45 0.66 1.24 1.30 1.91 1.09 0.86 0.67 0.25 0.56 0.74 0.76 0.81 0.78

12.99 0.68 0.46 0.68 1.31 1.37 2.04 1.17 0.91 0.70 0.25 0.58 0.79 0.81 0.87 0.84 Very coarse sand 0.09 0.01 0.00 0.00 0.01 0.21 1.42 0.18 7.97 52.53 0.00 0.00 0.00 0.00 0.00

14.26 0.71 0.47 0.70 1.38 1.45 2.17 1.26 0.96 0.74 0.27 0.62 0.84 0.87 0.95 0.91 coarse sand 1.43 0.66 0.95 0.96 0.39 0.30 1.63 1.97 4.10 9.49 12.70 0.00 0.00 0.00 0.00

15.65 0.73 0.48 0.73 1.45 1.53 2.29 1.34 1.02 0.77 0.30 0.69 0.89 0.93 1.01 0.97 medium sand 16.05 10.59 15.60 9.57 8.59 5.18 9.96 12.19 10.50 6.15 21.06 13.70 10.60 10.35 8.41

17.18 0.75 0.48 0.74 1.50 1.58 2.37 1.40 1.05 0.80 0.32 0.76 0.92 0.96 1.04 1.00 fine sand 31.43 33.48 32.81 20.40 21.27 12.03 22.14 26.20 24.62 11.11 22.44 30.99 31.28 30.33 32.85

18.86 0.76 0.49 0.74 1.51 1.59 2.38 1.41 1.06 0.81 0.33 0.77 0.91 0.96 1.03 1.01 very fine sand 1.81 2.31 1.74 2.20 2.11 2.08 2.03 2.06 1.98 0.77 1.53 1.91 2.13 2.13 2.09

20.71 0.75 0.49 0.73 1.50 1.57 2.34 1.39 1.05 0.81 0.30 0.72 0.88 0.94 1.00 0.99 silt 22.69 18.36 22.15 39.75 40.72 55.36 36.23 29.82 24.39 9.13 20.78 26.09 27.90 29.43 28.97

22.73 0.75 0.49 0.72 1.47 1.55 2.27 1.36 1.03 0.80 0.26 0.63 0.86 0.93 0.99 0.99 clay 4.34 3.69 4.46 6.42 6.53 8.16 5.82 5.26 4.34 1.71 3.74 4.85 4.75 5.11 4.83

24.95 0.75 0.51 0.72 1.47 1.54 2.23 1.34 1.04 0.82 0.24 0.59 0.86 0.95 1.01 1.01 colloid 1.38 1.21 1.42 2.07 2.11 2.63 2.16 1.99 1.62 0.73 1.56 1.89 1.85 2.03 1.87

27.39 0.78 0.55 0.75 1.51 1.57 2.23 1.38 1.09 0.86 0.27 0.66 0.90 1.01 1.07 1.07 tot sum 79.22 70.31 79.13 81.39 81.72 85.95 81.40 79.67 79.52 91.62 83.80 79.43 78.51 79.38 79.03

30.07 0.84 0.61 0.80 1.59 1.64 2.28 1.46 1.17 0.93 0.35 0.83 0.98 1.10 1.18 1.17

33.01 0.92 0.71 0.87 1.69 1.73 2.35 1.57 1.27 1.03 0.41 0.97 1.08 1.21 1.30 1.29

36.24 1.01 0.83 0.96 1.79 1.82 2.40 1.68 1.38 1.14 0.43 1.00 1.19 1.33 1.41 1.41 After C. K. Wentworth classification:

39.78 1.11 0.98 1.05 1.88 1.89 2.41 1.77 1.49 1.25 0.43 1.01 1.29 1.44 1.51 1.53

43.67 1.21 1.16 1.15 1.94 1.93 2.36 1.82 1.58 1.37 0.48 1.10 1.39 1.55 1.60 1.63 Sand: 2mm-1/16mm 71.59 76.74 71.98 51.76 50.65 33.85 55.79 62.93 69.65 88.44 73.93 67.17 65.50 63.42 64.33

47.94 1.32 1.36 1.26 1.98 1.95 2.28 1.85 1.67 1.49 0.56 1.26 1.49 1.67 1.69 1.72 Silt: 1/16mm-1/256mm 22.69 18.36 22.15 39.75 40.72 55.36 36.23 29.82 24.39 9.13 20.78 26.09 27.90 29.43 28.97

52.63 1.45 1.62 1.39 2.04 1.98 2.19 1.88 1.77 1.62 0.63 1.37 1.61 1.81 1.81 1.83 Clay: <1/256mm 5.72 4.90 5.88 8.49 8.64 10.79 7.98 7.25 5.96 2.44 5.30 6.73 6.61 7.14 6.70

57.77 1.61 1.93 1.55 2.11 2.03 2.12 1.93 1.90 1.79 0.68 1.42 1.75 1.96 1.96 1.95 tot sum 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

63.42 1.81 2.31 1.74 2.20 2.11 2.08 2.03 2.06 1.98 0.77 1.53 1.91 2.13 2.13 2.09  
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LC22-01 LC22-02 LC22-03 LC22-04 LC22-05 LC22-06 LC22-07 LC22-08 LC22-09 LC22-10 LC23-01 LC23-02 LC23-03 LC23-04 LC23-05 LC22-01 LC22-02 LC22-03 LC22-04 LC22-05 LC22-06 LC22-07 LC22-08 LC22-09 LC22-10 LC23-01 LC23-02 LC23-03 LC23-04 LC23-05

Channel Diameter 

(Lower) Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff.

Channel Diameter 

(Lower) Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff.

um Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume um Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume Volume

% % % % % % % % % % % % % % % % % % % % % % % % % % % % % %

0.38 0.03 0.06 0.04 0.04 0.03 0.03 0.03 0.03 0.03 0.04 0.05 0.05 0.05 0.03 0.02 69.62 2.25 1.91 2.52 2.21 2.40 2.71 2.83 3.11 2.84 2.84 1.72 1.79 1.76 2.71 2.55

0.41 0.06 0.10 0.06 0.07 0.06 0.05 0.05 0.05 0.06 0.07 0.09 0.09 0.09 0.06 0.03 76.43 2.36 1.91 2.46 2.06 2.37 2.78 2.84 3.13 2.74 2.76 1.57 1.63 1.59 2.65 2.68

0.45 0.08 0.15 0.09 0.10 0.08 0.07 0.07 0.07 0.08 0.10 0.13 0.13 0.13 0.08 0.05 83.90 2.49 1.90 2.40 1.91 2.34 2.83 2.83 3.13 2.63 2.65 1.41 1.47 1.42 2.56 2.82

0.50 0.12 0.21 0.13 0.14 0.12 0.10 0.10 0.10 0.12 0.14 0.19 0.19 0.18 0.12 0.07 92.10 2.64 1.89 2.32 1.74 2.30 2.88 2.79 3.10 2.49 2.52 1.25 1.29 1.24 2.45 2.95

0.54 0.14 0.26 0.16 0.17 0.15 0.12 0.13 0.13 0.15 0.17 0.23 0.24 0.23 0.14 0.08 101.10 2.81 1.89 2.23 1.58 2.25 2.91 2.73 3.04 2.33 2.36 1.09 1.13 1.07 2.32 3.09

0.60 0.17 0.30 0.19 0.20 0.17 0.14 0.15 0.15 0.17 0.20 0.27 0.28 0.27 0.17 0.10 110.99 2.98 1.88 2.16 1.42 2.21 2.93 2.66 2.96 2.18 2.21 0.95 0.98 0.91 2.18 3.23

0.66 0.19 0.33 0.22 0.23 0.19 0.16 0.17 0.17 0.19 0.22 0.31 0.31 0.31 0.19 0.11 121.84 3.13 1.89 2.10 1.30 2.19 2.96 2.58 2.87 2.04 2.06 0.84 0.87 0.79 2.05 3.37

0.72 0.21 0.36 0.24 0.25 0.22 0.18 0.19 0.19 0.22 0.25 0.35 0.35 0.34 0.22 0.12 133.75 3.24 1.89 2.05 1.21 2.18 2.98 2.51 2.77 1.91 1.93 0.76 0.79 0.70 1.93 3.51

0.79 0.22 0.39 0.26 0.28 0.23 0.19 0.21 0.20 0.23 0.27 0.38 0.38 0.37 0.24 0.14 146.82 3.34 1.90 1.99 1.14 2.17 2.98 2.41 2.63 1.79 1.79 0.70 0.72 0.62 1.80 3.63

0.87 0.23 0.40 0.27 0.29 0.25 0.20 0.22 0.21 0.25 0.28 0.40 0.40 0.39 0.25 0.15 161.18 3.48 1.94 1.91 1.05 2.12 2.91 2.25 2.43 1.63 1.62 0.62 0.64 0.53 1.64 3.68

0.95 0.24 0.41 0.28 0.30 0.26 0.21 0.23 0.22 0.26 0.29 0.42 0.42 0.41 0.26 0.15 176.94 3.67 2.01 1.75 0.92 2.00 2.75 2.01 2.14 1.40 1.38 0.51 0.52 0.41 1.42 3.65

1.05 0.24 0.41 0.29 0.31 0.26 0.22 0.24 0.23 0.27 0.30 0.44 0.44 0.43 0.28 0.16 194.23 3.86 2.09 1.51 0.73 1.78 2.48 1.69 1.76 1.11 1.07 0.37 0.36 0.27 1.15 3.50

1.15 0.24 0.41 0.30 0.32 0.27 0.23 0.24 0.24 0.27 0.31 0.46 0.46 0.45 0.29 0.17 213.22 3.89 2.10 1.22 0.51 1.50 2.12 1.32 1.33 0.79 0.73 0.20 0.19 0.14 0.85 3.24

1.26 0.25 0.42 0.30 0.33 0.28 0.23 0.25 0.24 0.28 0.32 0.48 0.48 0.47 0.30 0.17 234.07 3.60 1.94 0.92 0.30 1.20 1.75 0.96 0.93 0.48 0.43 0.07 0.07 0.04 0.57 2.91

1.38 0.25 0.42 0.31 0.33 0.28 0.24 0.25 0.25 0.29 0.32 0.50 0.50 0.49 0.31 0.18 256.95 2.91 1.58 0.67 0.16 0.94 1.41 0.68 0.63 0.27 0.23 0.01 0.01 0.01 0.37 2.55

1.52 0.25 0.42 0.31 0.34 0.29 0.24 0.26 0.26 0.29 0.33 0.52 0.52 0.51 0.33 0.19 282.07 1.93 1.04 0.50 0.10 0.76 1.16 0.51 0.44 0.17 0.15 0.00 0.00 0.00 0.26 2.20

1.67 0.26 0.43 0.32 0.35 0.30 0.25 0.27 0.26 0.30 0.34 0.55 0.55 0.54 0.35 0.20 309.64 0.95 0.51 0.42 0.10 0.66 1.00 0.43 0.37 0.15 0.15 0.00 0.00 0.00 0.22 1.89

1.83 0.27 0.45 0.33 0.37 0.31 0.26 0.28 0.28 0.32 0.35 0.59 0.58 0.58 0.37 0.21 339.92 0.31 0.17 0.40 0.15 0.61 0.90 0.42 0.35 0.18 0.20 0.00 0.00 0.00 0.24 1.60

2.01 0.29 0.48 0.35 0.39 0.33 0.28 0.30 0.29 0.33 0.37 0.63 0.62 0.62 0.39 0.22 373.15 0.05 0.03 0.39 0.20 0.56 0.81 0.41 0.35 0.23 0.26 0.00 0.00 0.00 0.27 1.32

2.21 0.31 0.51 0.37 0.41 0.35 0.30 0.32 0.31 0.35 0.40 0.68 0.67 0.67 0.42 0.24 409.63 0.00 0.00 0.37 0.22 0.50 0.71 0.39 0.32 0.24 0.28 0.00 0.00 0.00 0.27 1.05

2.42 0.33 0.56 0.40 0.45 0.38 0.32 0.34 0.33 0.38 0.43 0.74 0.73 0.73 0.46 0.25 449.67 0.00 0.00 0.31 0.19 0.40 0.57 0.32 0.25 0.20 0.24 0.00 0.00 0.00 0.23 0.79

2.66 0.36 0.61 0.43 0.49 0.42 0.34 0.37 0.36 0.41 0.46 0.80 0.80 0.80 0.50 0.27 493.63 0.00 0.00 0.23 0.13 0.28 0.41 0.23 0.15 0.13 0.17 0.00 0.00 0.00 0.17 0.55

2.92 0.40 0.67 0.47 0.53 0.46 0.37 0.41 0.39 0.45 0.51 0.88 0.88 0.87 0.55 0.30 541.89 0.00 0.00 0.15 0.07 0.16 0.26 0.14 0.07 0.06 0.09 0.00 0.00 0.00 0.10 0.36

3.21 0.44 0.75 0.52 0.59 0.50 0.41 0.45 0.43 0.50 0.56 0.97 0.96 0.96 0.60 0.32 594.87 0.00 0.00 0.09 0.04 0.08 0.16 0.07 0.02 0.03 0.04 0.00 0.00 0.00 0.05 0.22

3.52 0.48 0.82 0.58 0.66 0.56 0.45 0.50 0.47 0.55 0.61 1.06 1.05 1.05 0.66 0.35 653.03 0.00 0.00 0.06 0.02 0.04 0.09 0.04 0.01 0.01 0.02 0.00 0.00 0.00 0.03 0.13

3.86 0.53 0.91 0.64 0.73 0.61 0.49 0.55 0.52 0.61 0.67 1.16 1.14 1.15 0.72 0.38 716.87 0.00 0.00 0.05 0.02 0.03 0.06 0.02 0.00 0.01 0.02 0.00 0.00 0.00 0.02 0.08

4.24 0.58 0.99 0.70 0.81 0.68 0.54 0.61 0.57 0.68 0.74 1.26 1.24 1.26 0.79 0.41 786.95 0.00 0.00 0.04 0.03 0.03 0.05 0.02 0.00 0.01 0.02 0.00 0.00 0.00 0.03 0.04

4.66 0.63 1.08 0.77 0.90 0.75 0.59 0.67 0.62 0.75 0.81 1.37 1.35 1.37 0.86 0.45 863.88 0.00 0.00 0.03 0.03 0.03 0.05 0.02 0.00 0.01 0.02 0.00 0.00 0.00 0.03 0.02

5.11 0.69 1.17 0.85 1.00 0.82 0.64 0.74 0.69 0.82 0.89 1.48 1.45 1.48 0.93 0.48 948.34 0.00 0.00 0.02 0.03 0.03 0.05 0.03 0.00 0.01 0.02 0.00 0.00 0.00 0.04 0.01

5.61 0.74 1.26 0.93 1.10 0.90 0.70 0.82 0.75 0.91 0.97 1.59 1.56 1.60 1.02 0.52 1041.05 0.00 0.00 0.01 0.03 0.03 0.05 0.04 0.00 0.01 0.03 0.00 0.00 0.00 0.03 0.01

6.16 0.80 1.35 1.02 1.22 0.99 0.76 0.89 0.82 1.00 1.05 1.71 1.67 1.71 1.10 0.56 1142.83 0.00 0.00 0.01 0.02 0.02 0.05 0.04 0.00 0.01 0.02 0.00 0.00 0.00 0.02 0.01

6.76 0.86 1.44 1.11 1.34 1.08 0.82 0.98 0.89 1.09 1.14 1.83 1.78 1.83 1.19 0.60 1254.55 0.00 0.00 0.00 0.01 0.01 0.04 0.02 0.00 0.00 0.02 0.00 0.00 0.00 0.01 0.01

7.42 0.92 1.53 1.20 1.47 1.18 0.89 1.07 0.97 1.19 1.24 1.95 1.90 1.96 1.28 0.65 1377.20 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01

8.15 0.98 1.63 1.31 1.61 1.28 0.96 1.17 1.06 1.30 1.34 2.08 2.02 2.09 1.38 0.69 1511.84 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

8.94 1.06 1.73 1.42 1.76 1.40 1.04 1.27 1.15 1.42 1.45 2.22 2.15 2.23 1.49 0.75 1659.64 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

9.82 1.13 1.83 1.55 1.93 1.52 1.13 1.39 1.25 1.55 1.57 2.36 2.29 2.37 1.61 0.80 1821.89 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

10.78 1.21 1.94 1.68 2.11 1.65 1.22 1.51 1.36 1.69 1.69 2.51 2.44 2.52 1.73 0.87 2000.00

11.83 1.30 2.05 1.82 2.30 1.79 1.32 1.64 1.48 1.84 1.83 2.67 2.59 2.68 1.86 0.94

12.99 1.40 2.18 1.97 2.50 1.93 1.42 1.78 1.60 2.00 1.97 2.83 2.76 2.85 2.01 1.01 Very coarse sand 0.00 0.00 0.02 0.07 0.06 0.18 0.11 0.00 0.02 0.07 0.00 0.00 0.00 0.07 0.05

14.26 1.50 2.31 2.13 2.70 2.08 1.53 1.92 1.73 2.16 2.12 3.00 2.93 3.02 2.16 1.09 coarse sand 0.00 0.00 0.45 0.24 0.40 0.72 0.35 0.10 0.14 0.22 0.00 0.00 0.00 0.30 0.86

15.65 1.59 2.42 2.28 2.89 2.23 1.64 2.06 1.86 2.33 2.27 3.16 3.09 3.17 2.30 1.17 medium sand 6.16 3.33 3.31 1.25 4.71 6.98 3.40 2.86 1.58 1.68 0.01 0.01 0.01 2.02 11.95

17.18 1.66 2.48 2.41 3.06 2.35 1.73 2.18 1.98 2.47 2.39 3.26 3.21 3.28 2.42 1.25 fine sand 25.08 13.87 11.35 5.86 12.95 17.97 13.16 13.98 9.11 8.93 3.23 3.28 2.71 9.36 24.11

18.86 1.69 2.46 2.50 3.17 2.43 1.80 2.26 2.07 2.58 2.48 3.30 3.25 3.32 2.51 1.31 very fine sand 2.16 1.92 2.58 2.37 2.43 2.64 2.82 3.07 2.93 2.91 1.88 1.96 1.93 2.76 2.43

20.71 1.69 2.38 2.54 3.22 2.47 1.85 2.32 2.14 2.66 2.54 3.26 3.22 3.28 2.56 1.36 silt 41.35 56.38 58.25 69.33 56.02 45.44 54.30 52.26 61.61 60.49 72.80 72.36 73.48 60.28 35.29

22.73 1.67 2.28 2.57 3.24 2.48 1.89 2.35 2.20 2.71 2.58 3.18 3.16 3.21 2.59 1.41 clay 4.92 8.26 5.91 6.59 5.62 4.63 5.05 4.85 5.62 6.28 10.44 10.39 10.32 6.51 3.62

24.95 1.67 2.20 2.59 3.25 2.50 1.93 2.39 2.26 2.77 2.63 3.10 3.10 3.14 2.63 1.46 colloid 1.68 2.97 1.95 2.07 1.76 1.46 1.55 1.52 1.76 2.01 2.81 2.84 2.78 1.76 1.02

27.39 1.70 2.19 2.64 3.26 2.53 2.00 2.45 2.35 2.85 2.70 3.06 3.07 3.10 2.68 1.54 tot sum 81.34 86.72 83.81 87.78 83.95 80.01 80.74 78.65 82.76 82.59 91.18 90.84 91.22 83.07 79.31

30.07 1.77 2.23 2.71 3.29 2.59 2.09 2.53 2.46 2.96 2.81 3.05 3.07 3.09 2.77 1.63

33.01 1.86 2.29 2.79 3.31 2.65 2.20 2.62 2.59 3.06 2.93 3.04 3.08 3.09 2.86 1.75

36.24 1.95 2.32 2.85 3.31 2.70 2.31 2.71 2.72 3.15 3.03 3.01 3.06 3.06 2.94 1.86 After C. K. Wentworth classification:

39.78 2.01 2.30 2.88 3.24 2.71 2.39 2.77 2.82 3.20 3.10 2.91 2.97 2.96 2.98 1.97

43.67 2.05 2.23 2.85 3.12 2.68 2.45 2.80 2.90 3.20 3.11 2.75 2.81 2.79 2.98 2.06 Sand: 2mm-1/16mm 52.06 32.39 33.89 22.01 36.60 48.47 39.10 41.37 31.01 31.22 13.95 14.42 13.42 31.45 60.08

47.94 2.06 2.13 2.80 2.94 2.62 2.49 2.81 2.95 3.16 3.09 2.53 2.60 2.57 2.94 2.14 Silt: 1/16mm-1/256mm 41.35 56.38 58.25 69.33 56.02 45.44 54.30 52.26 61.61 60.49 72.80 72.36 73.48 60.28 35.29

52.63 2.07 2.03 2.72 2.74 2.55 2.53 2.80 2.99 3.09 3.03 2.29 2.37 2.34 2.88 2.23 Clay: <1/256mm 6.60 11.23 7.86 8.66 7.38 6.09 6.60 6.37 7.38 8.29 13.25 13.22 13.09 8.27 4.63

57.77 2.10 1.96 2.65 2.55 2.48 2.58 2.81 3.03 3.01 2.97 2.07 2.15 2.12 2.82 2.32 tot sum 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

63.42 2.16 1.92 2.58 2.37 2.43 2.64 2.82 3.07 2.93 2.91 1.88 1.96 1.93 2.76 2.43  
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LC24-01 LC24-02 LC24-03 LC24-04 LC24-05 LC24-06 LC24-07 LC24-08 LC24-01 LC24-02 LC24-03 LC24-04 LC24-05 LC24-06 LC24-07 LC24-08

Channel Diameter 

(Lower) Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff.

Channel Diameter 

(Lower) Diff. Diff. Diff. Diff. Diff. Diff. Diff. Diff.

um Volume Volume Volume Volume Volume Volume Volume Volume um Volume Volume Volume Volume Volume Volume Volume Volume

% % % % % % % % % % % % % % % %

0.38 0.01 0.01 0.02 0.01 0.02 0.02 0.02 0.02 69.62 2.50 2.19 3.28 3.16 3.36 3.50 3.63 3.28

0.41 0.02 0.02 0.03 0.03 0.03 0.03 0.03 0.03 76.43 2.72 2.44 3.37 3.21 3.37 3.53 3.73 3.33

0.45 0.03 0.03 0.04 0.04 0.05 0.05 0.04 0.05 83.90 2.93 2.71 3.43 3.23 3.34 3.51 3.80 3.35

0.50 0.04 0.04 0.06 0.06 0.07 0.07 0.06 0.07 92.10 3.12 2.98 3.47 3.23 3.29 3.46 3.83 3.34

0.54 0.05 0.05 0.07 0.07 0.08 0.08 0.08 0.09 101.10 3.29 3.27 3.48 3.21 3.21 3.39 3.82 3.29

0.60 0.06 0.05 0.08 0.08 0.10 0.10 0.09 0.11 110.99 3.45 3.56 3.48 3.18 3.11 3.29 3.78 3.23

0.66 0.07 0.06 0.10 0.09 0.11 0.11 0.10 0.12 121.84 3.59 3.84 3.47 3.14 2.99 3.17 3.71 3.14

0.72 0.08 0.07 0.11 0.11 0.12 0.13 0.12 0.13 133.75 3.71 4.10 3.44 3.10 2.86 3.05 3.60 3.05

0.79 0.09 0.08 0.12 0.12 0.14 0.14 0.13 0.15 146.82 3.80 4.32 3.37 3.03 2.71 2.89 3.44 2.92

0.87 0.09 0.08 0.13 0.12 0.15 0.15 0.14 0.16 161.18 3.85 4.47 3.25 2.92 2.52 2.68 3.21 2.75

0.95 0.10 0.09 0.13 0.13 0.16 0.16 0.15 0.17 176.94 3.82 4.52 3.05 2.75 2.27 2.41 2.89 2.51

1.05 0.10 0.09 0.14 0.14 0.16 0.17 0.15 0.18 194.23 3.72 4.47 2.77 2.50 1.98 2.08 2.49 2.21

1.15 0.11 0.10 0.15 0.14 0.17 0.17 0.16 0.19 213.22 3.56 4.33 2.43 2.21 1.65 1.71 2.04 1.86

1.26 0.11 0.10 0.15 0.15 0.18 0.18 0.17 0.20 234.07 3.36 4.10 2.09 1.92 1.35 1.36 1.60 1.52

1.38 0.12 0.11 0.16 0.15 0.18 0.19 0.17 0.21 256.95 3.15 3.83 1.78 1.66 1.10 1.09 1.24 1.23

1.52 0.12 0.11 0.16 0.16 0.19 0.19 0.18 0.22 282.07 2.94 3.54 1.55 1.47 0.95 0.90 0.98 1.03

1.67 0.12 0.11 0.17 0.16 0.20 0.20 0.19 0.23 309.64 2.75 3.24 1.39 1.34 0.87 0.81 0.82 0.91

1.83 0.13 0.12 0.17 0.17 0.21 0.21 0.19 0.24 339.92 2.56 2.93 1.27 1.25 0.85 0.76 0.74 0.84

2.01 0.13 0.13 0.18 0.18 0.22 0.22 0.20 0.25 373.15 2.36 2.60 1.16 1.17 0.84 0.73 0.68 0.79

2.21 0.14 0.13 0.19 0.19 0.23 0.23 0.21 0.27 409.63 2.12 2.25 1.02 1.08 0.81 0.68 0.61 0.72

2.42 0.15 0.14 0.20 0.20 0.24 0.24 0.23 0.29 449.67 1.85 1.88 0.84 0.95 0.74 0.59 0.51 0.61

2.66 0.15 0.15 0.22 0.21 0.26 0.26 0.24 0.31 493.63 1.56 1.51 0.65 0.81 0.65 0.48 0.40 0.48

2.92 0.16 0.15 0.23 0.23 0.28 0.28 0.26 0.33 541.89 1.28 1.16 0.45 0.66 0.54 0.36 0.28 0.35

3.21 0.18 0.16 0.25 0.24 0.30 0.30 0.27 0.36 594.87 1.01 0.86 0.29 0.53 0.44 0.25 0.18 0.25

3.52 0.19 0.18 0.27 0.26 0.32 0.32 0.29 0.39 653.03 0.78 0.61 0.16 0.43 0.36 0.18 0.11 0.17

3.86 0.20 0.19 0.29 0.29 0.34 0.34 0.32 0.42 716.87 0.57 0.42 0.08 0.36 0.29 0.13 0.06 0.13

4.24 0.22 0.20 0.31 0.31 0.37 0.37 0.34 0.45 786.95 0.39 0.27 0.03 0.31 0.25 0.10 0.03 0.11

4.66 0.24 0.21 0.34 0.34 0.40 0.40 0.37 0.49 863.88 0.25 0.16 0.01 0.28 0.21 0.08 0.01 0.09

5.11 0.26 0.23 0.37 0.37 0.44 0.43 0.39 0.52 948.34 0.14 0.09 0.00 0.26 0.19 0.08 0.01 0.08

5.61 0.28 0.25 0.40 0.40 0.47 0.47 0.42 0.56 1041.05 0.06 0.05 0.00 0.25 0.18 0.08 0.01 0.07

6.16 0.30 0.26 0.43 0.43 0.51 0.51 0.46 0.61 1142.83 0.02 0.03 0.00 0.25 0.17 0.09 0.01 0.06

6.76 0.32 0.28 0.47 0.47 0.56 0.55 0.49 0.65 1254.55 0.00 0.01 0.00 0.24 0.16 0.10 0.01 0.04

7.42 0.35 0.30 0.51 0.52 0.61 0.60 0.53 0.70 1377.20 0.00 0.01 0.00 0.18 0.12 0.08 0.01 0.03

8.15 0.38 0.32 0.55 0.56 0.66 0.65 0.58 0.75 1511.84 0.00 0.01 0.00 0.10 0.07 0.05 0.01 0.01

8.94 0.41 0.34 0.60 0.62 0.72 0.71 0.63 0.81 1659.64 0.00 0.01 0.00 0.02 0.02 0.01 0.00 0.00

9.82 0.44 0.37 0.66 0.68 0.79 0.78 0.68 0.88 1821.89 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00

10.78 0.48 0.39 0.72 0.74 0.87 0.86 0.75 0.95 2000.00

11.83 0.53 0.42 0.79 0.82 0.96 0.94 0.82 1.03

12.99 0.57 0.45 0.88 0.91 1.07 1.04 0.90 1.12 Very coarse sand 0.08 0.13 0.00 1.05 0.73 0.41 0.04 0.22

14.26 0.63 0.48 0.97 1.00 1.18 1.16 0.99 1.23 coarse sand 4.41 3.57 1.03 2.84 2.29 1.17 0.68 1.18

15.65 0.68 0.52 1.07 1.11 1.30 1.28 1.10 1.34 medium sand 19.30 21.76 9.67 9.73 6.81 6.04 5.98 6.61

17.18 0.74 0.55 1.17 1.22 1.43 1.41 1.20 1.44 fine sand 25.83 30.32 20.41 18.44 15.34 16.18 19.26 16.81

18.86 0.79 0.59 1.27 1.33 1.56 1.54 1.31 1.55 very fine sand 2.29 1.96 3.18 3.10 3.32 3.45 3.50 3.21

20.71 0.84 0.62 1.38 1.44 1.69 1.66 1.42 1.64 silt 23.74 18.74 37.95 38.74 44.34 44.37 40.06 43.85

22.73 0.90 0.66 1.49 1.55 1.81 1.79 1.53 1.74 clay 2.11 1.97 2.92 2.88 3.48 3.49 3.24 4.07

24.95 0.96 0.70 1.61 1.68 1.95 1.94 1.66 1.85 colloid 0.64 0.57 0.87 0.86 1.01 1.03 0.95 1.10

27.39 1.03 0.76 1.75 1.82 2.11 2.10 1.82 1.99 tot sum 78.40 79.01 76.03 77.63 77.33 76.14 73.71 77.05

30.07 1.11 0.82 1.92 1.99 2.29 2.29 2.00 2.15

33.01 1.21 0.91 2.10 2.17 2.48 2.48 2.21 2.32

36.24 1.33 1.01 2.29 2.35 2.67 2.68 2.42 2.50 After C. K. Wentworth classification:

39.78 1.45 1.13 2.47 2.52 2.84 2.87 2.63 2.67

43.67 1.58 1.25 2.64 2.67 2.99 3.03 2.84 2.81 Sand: 2mm-1/16mm 73.51 78.73 58.25 57.52 51.17 51.11 55.75 50.97

47.94 1.73 1.40 2.80 2.81 3.11 3.17 3.02 2.93 Silt: 1/16mm-1/256mm 23.74 18.74 37.95 38.74 44.34 44.37 40.06 43.85

52.63 1.90 1.56 2.94 2.92 3.20 3.29 3.20 3.04 Clay: <1/256mm 2.75 2.53 3.79 3.74 4.49 4.52 4.19 5.17

57.77 2.09 1.75 3.06 3.02 3.27 3.38 3.35 3.13 tot sum 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

63.42 2.29 1.96 3.18 3.10 3.32 3.45 3.50 3.21  
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LC1-01+02 LC1-03 LC1-04 LC1-05 LC1-06 LC2-01 LC2-02 LC2-03 LC2-04 LC2-05 LC2-06 LC3-01 LC3-02 L1-USP1.1 L1-USP1.2 L1-USP2.1 L1-USP2.2 L1-USP3.1 L1-USP3.2

1.15 1.56 1.50 1.33 1.38 1.77 3.15 8.20 4.45 3.97 3.42 4.64 2.82 3.16 9.40 2.58 3.16 2.13 2.27

4.95 7.57 6.02 5.20 5.73 28.78 112.27 202.97 108.28 79.21 59.24 107.49 23.88 144.29 238.99 90.86 108.59 16.07 16.59

561.06 45.36 29.41 33.20 41.23 598.26 585.14 556.30 476.96 370.82 278.29 440.18 362.09 639.63 642.89 511.47 527.67 306.55 368.08

4.53 7.53 6.36 5.36 5.47 543.69 429.78 287.70 201.46 193.74 144.42 284.65 12.08 465.02 342.90 364.55 361.77 9.83 10.08

0.01 7.83 4.79 4.91 5.93 5.61 4.19 2.36 1.18 1.79 1.85 2.05 1.54 2.42 2.31 0.83 2.91 2.41 3.31 3.01

1.00 14.10 9.22 10.25 12.23 11.49 7.36 4.05 2.08 3.02 3.25 3.66 2.70 4.35 4.02 1.78 4.82 4.03 6.00 5.59

2.00 11.64 8.44 9.98 11.47 10.69 5.84 3.18 1.64 2.41 2.68 3.11 2.33 3.89 3.22 1.50 3.70 3.12 5.28 5.00

3.00 9.32 7.50 9.25 10.13 9.34 4.65 2.55 1.34 1.99 2.28 2.69 2.14 3.65 2.63 1.28 2.88 2.47 4.73 4.57

4.00 7.46 6.61 8.28 8.65 7.94 3.78 2.10 1.12 1.70 1.98 2.37 1.98 3.44 2.20 1.11 2.32 2.02 4.26 4.20

5.00 6.00 5.79 7.22 7.23 6.64 3.12 1.76 0.96 1.48 1.76 2.11 1.84 3.20 1.87 0.97 1.92 1.70 3.82 3.82

6.00 4.85 5.06 6.20 5.96 5.52 2.60 1.51 0.83 1.32 1.57 1.90 1.69 2.96 1.60 0.85 1.62 1.45 3.42 3.46

7.00 3.95 4.43 5.27 4.88 4.58 2.19 1.31 0.72 1.18 1.42 1.72 1.55 2.72 1.39 0.75 1.39 1.27 3.07 3.12

8.00 3.25 3.88 4.46 3.99 3.81 1.87 1.16 0.64 1.08 1.30 1.58 1.42 2.50 1.22 0.67 1.21 1.12 2.75 2.81

9.00 2.69 3.42 3.77 3.27 3.19 1.61 1.03 0.58 0.99 1.20 1.45 1.30 2.29 1.07 0.60 1.08 1.01 2.48 2.54

10.00 12.26 19.22 16.88 13.33 14.82 8.94 6.80 3.85 7.17 8.77 10.34 8.75 15.07 6.41 3.92 6.94 6.83 15.53 15.85

20.00 3.27 7.28 3.63 2.58 4.34 4.28 4.06 2.33 4.64 5.68 6.20 4.93 7.61 3.05 2.18 4.11 4.27 7.67 7.46

30.00 1.09 3.30 1.00 0.78 1.88 2.93 3.06 1.76 3.50 4.24 4.35 3.51 4.70 2.01 1.57 3.13 3.27 4.78 4.37

40.00 0.39 4.21 0.97 1.07 3.20 14.61 20.29 20.23 26.39 27.76 30.13 21.22 18.29 17.80 16.66 21.89 21.34 17.48 14.82

150.00 11.90 6.82 7.93 8.48 6.95 32.03 44.79 60.74 41.35 34.25 26.35 43.11 22.89 49.20 65.32 40.09 43.67 15.42 19.37

2000.00

After C. K. Wentworth classification:

Sand: 2mm-1/16mm 11.90 6.82 7.93 8.48 6.95 32.03 44.79 60.74 41.35 34.25 26.35 43.11 22.89 49.20 65.32 40.09 43.67 15.42 19.37

Silt: 1/16mm-1/256mm 54.53 70.73 66.93 61.88 65.27 50.57 45.62 34.35 51.43 57.97 64.83 50.32 66.44 41.25 30.57 48.48 46.76 69.99 67.03

Clay: <1/256mm 33.57 22.45 25.14 29.63 27.78 17.40 9.59 4.90 7.22 7.78 8.82 6.57 10.67 9.55 4.11 11.43 9.56 14.58 13.60

tot sum 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00  
 

L1-SOP1.1 L1-SOP1.2 L1-SOP2.1 L1-SOP2.2 L1-SOP3.1 L1-SOP3.2 L13-USP1.1 L13-USP1.2 L13-USP2.1 L13-USP2.2 L13-USP3.1 L13-USP3.2 L13-SOP1.1 L13-SOP1.2 L13-SOP2.1 L13-SOP2.2 L13-SOP3.1 L13-SOP3.2

Channel Diameter 

(Lower)

um 3.65 3.02 2.86 3.36 8.62 8.99 2.40 2.88 2.34 2.29 2.30 2.22 3.11 4.08 2.98 3.35 4.51 5.15

113.08 47.86 42.20 95.64 223.06 237.19 40.42 74.69 28.03 27.14 16.98 15.34 62.36 60.30 51.98 86.02 70.98 78.56

719.49 400.46 497.78 613.84 651.71 701.84 467.03 507.49 319.20 306.32 261.90 327.09 540.67 462.60 498.77 613.04 477.61 435.58

487.08 194.46 465.61 450.44 400.80 416.84 467.17 389.34 47.74 26.79 14.83 12.01 432.08 85.21 80.82 454.30 360.52 110.01

0.01 1.95 2.22 2.69 2.35 0.92 0.83 2.90 2.45 2.95 3.00 2.86 3.00 2.28 1.80 2.36 2.13 1.66 1.56

1.00 3.57 4.20 4.29 3.72 1.82 1.79 5.29 4.42 5.44 5.57 5.56 5.78 4.11 3.19 4.26 3.84 2.89 2.64

2.00 2.89 3.51 3.46 2.98 1.53 1.50 4.23 3.51 4.46 4.56 5.06 5.36 3.28 2.61 3.45 3.10 2.38 2.12

3.00 2.39 2.96 2.96 2.52 1.30 1.29 3.45 2.85 3.70 3.78 4.55 4.86 2.70 2.24 2.85 2.53 2.08 1.82

4.00 2.04 2.56 2.66 2.22 1.13 1.13 2.90 2.38 3.16 3.23 4.08 4.38 2.32 1.98 2.42 2.14 1.88 1.62

5.00 1.78 2.25 2.44 1.99 1.01 1.00 2.49 2.04 2.75 2.80 3.66 3.92 2.03 1.78 2.10 1.84 1.71 1.47

6.00 1.58 2.01 2.24 1.80 0.93 0.90 2.18 1.78 2.43 2.47 3.29 3.51 1.81 1.63 1.85 1.62 1.57 1.35

7.00 1.42 1.81 2.07 1.63 0.86 0.82 1.93 1.57 2.17 2.20 2.97 3.16 1.63 1.50 1.65 1.44 1.46 1.24

8.00 1.28 1.65 1.91 1.49 0.80 0.75 1.72 1.40 1.96 1.99 2.70 2.85 1.49 1.39 1.50 1.30 1.36 1.16

9.00 1.18 1.51 1.76 1.36 0.76 0.69 1.56 1.26 1.79 1.81 2.46 2.59 1.37 1.31 1.37 1.18 1.27 1.09

10.00 8.24 10.74 11.97 9.06 5.97 5.10 10.54 8.51 12.64 12.71 16.74 16.94 9.78 10.14 9.97 8.37 9.65 8.46

20.00 5.00 6.72 6.50 4.88 4.01 3.29 6.22 5.04 7.90 7.82 9.19 8.65 6.01 7.07 6.55 5.25 6.43 6.10

30.00 3.55 4.84 4.27 3.24 2.91 2.43 4.44 3.64 5.67 5.53 5.73 5.06 4.29 5.36 4.93 3.84 4.85 4.95

40.00 16.77 23.93 20.07 17.51 16.82 16.93 22.12 22.44 24.13 23.81 16.88 13.66 21.91 26.32 24.78 20.68 26.58 30.75

150.00 46.37 29.10 30.71 43.24 59.24 61.55 28.04 36.71 18.86 18.72 14.26 16.30 34.98 31.68 29.96 40.75 34.22 33.67

2000.00

After C. K. Wentworth classification:

Sand: 2mm-1/16mm 46.37 29.10 30.71 43.24 59.24 61.55 28.04 36.71 18.86 18.72 14.26 16.30 34.98 31.68 29.96 40.75 34.22 33.67

Silt: 1/16mm-1/256mm 45.22 60.97 58.85 47.71 36.49 34.33 59.54 52.90 68.30 68.15 72.26 69.56 55.35 60.71 59.97 50.19 58.84 60.01

Clay: <1/256mm 8.41 9.93 10.44 9.06 4.27 4.12 12.42 10.39 12.84 13.13 13.49 14.14 9.67 7.60 10.08 9.06 6.93 6.32

tot sum 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00  
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8.7.4. Major elements data 

 
sample SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI Cr2O3 NiO not_measurednew_sum in % wt LOI at 1050°C

LC1-01-02 53.20 0.56 21.82 5.97 0.10 2.82 0.53 1.44 6.12 0.17 7.11 0.01 0.00 0.14 100.00

LC1-03 54.53 0.77 21.03 6.41 0.16 2.92 0.63 1.68 5.66 0.23 5.92 0.01 0.01 0.05 100.00

LC1-04 57.37 0.74 20.35 5.75 0.17 2.44 0.72 2.11 5.68 0.24 4.31 0.01 0.00 0.10 100.00

LC1-05 56.95 0.68 20.66 5.77 0.23 2.46 0.67 2.14 5.70 0.23 4.33 0.01 0.00 0.17 100.00

LC1-06 55.47 0.69 20.50 6.82 0.17 2.48 0.71 2.05 5.65 0.30 4.93 0.01 0.00 0.22 100.00

LC1-07 56.57 0.60 20.38 5.91 0.10 2.14 0.67 2.08 5.70 0.31 5.23 0.01 0.00 0.28 100.00

LC2-01 64.47 0.44 15.52 4.40 0.08 1.75 0.69 2.07 4.18 0.23 6.05 0.01 0.00 0.12 100.00

LC2-02 71.31 0.34 13.75 3.24 0.05 1.29 0.66 2.41 3.74 0.18 2.87 0.01 0.00 0.14 100.00

LC2-03 73.67 0.29 13.09 2.72 0.04 1.11 0.67 2.56 3.56 0.18 1.95 0.00 0.00 0.16 100.00

LC2-04 70.00 0.40 14.46 3.50 0.06 1.46 0.68 2.40 3.89 0.19 2.87 0.01 0.00 0.06 100.00

LC2-05 66.20 0.53 15.90 4.40 0.08 1.83 0.77 2.23 4.13 0.25 3.54 0.01 0.00 0.13 100.00

LC2-06 64.91 0.56 16.52 4.38 0.07 1.92 0.77 2.18 4.22 0.26 4.02 0.01 0.00 0.20 100.00

LC2-07 64.87 0.56 16.32 4.40 0.07 1.90 0.80 2.20 4.22 0.27 3.58 0.01 0.00 0.81 100.00

LC2-08 63.76 0.60 16.91 4.71 0.08 2.07 0.80 2.13 4.43 0.27 3.81 0.01 0.00 0.42 100.00

LC2-09 62.25 0.65 17.34 5.14 0.09 2.32 0.80 2.01 4.35 0.27 4.23 0.01 0.00 0.55 100.00

LC2-10 64.41 0.59 16.69 4.74 0.08 2.08 0.82 2.15 4.19 0.26 3.79 0.01 0.00 0.21 100.00

LC2-11 63.20 0.62 16.93 4.93 0.08 2.19 0.80 2.06 4.28 0.28 4.10 0.01 0.00 0.53 100.00

LC2-12 65.35 0.55 16.21 4.45 0.07 1.98 0.82 2.20 4.13 0.28 3.52 0.01 0.00 0.44 100.00

LC2-13 69.54 0.42 14.79 3.37 0.05 1.46 0.80 2.45 3.94 0.26 2.55 0.00 0.00 0.37 100.00

LC2-14 64.05 0.60 16.83 4.65 0.07 2.11 0.80 2.13 4.36 0.28 3.76 0.01 0.00 0.37 100.00

LC2-15 62.95 0.64 17.33 5.02 0.07 2.35 0.74 1.99 4.35 0.24 4.12 0.01 0.00 0.19 100.00

LC2-16 65.18 0.57 16.38 4.43 0.06 1.96 0.78 2.13 4.16 0.26 3.74 0.01 0.00 0.35 100.00

LC2-17 60.40 0.68 18.08 5.29 0.08 2.27 0.77 1.94 4.54 0.29 4.95 0.01 0.00 0.69 100.00

LC2-18 62.23 0.63 17.65 4.63 0.07 1.94 0.72 2.19 4.72 0.29 4.26 0.01 0.00 0.66 100.00

LC2-19 63.79 0.61 17.12 4.30 0.06 1.74 0.78 2.36 4.73 0.30 3.40 0.01 0.00 0.80 100.00

LC2-20 63.49 0.62 17.50 4.59 0.06 1.86 0.78 2.41 4.75 0.27 3.42 0.01 0.00 0.24 100.00

LC3-01 72.65 0.26 13.78 2.27 0.05 0.83 0.58 2.61 4.25 0.22 2.27 0.00 0.00 0.22 100.00

LC3-02 71.01 0.30 14.61 2.43 0.04 0.94 0.59 2.65 4.53 0.23 2.54 0.00 0.00 0.13 100.00

LC3-03 71.56 0.27 14.27 2.40 0.04 0.90 0.59 2.61 4.44 0.22 2.43 0.00 0.00 0.27 100.00

LC3-04 75.74 0.16 12.61 1.60 0.03 0.60 0.51 2.79 4.19 0.18 1.46 0.00 0.00 0.15 100.00

LC3-05 75.43 0.16 12.70 1.69 0.03 0.61 0.52 2.74 4.19 0.20 1.55 0.00 0.00 0.20 100.00

LC3-06 75.61 0.16 12.60 1.67 0.03 0.60 0.50 2.65 4.08 0.18 1.54 0.00 0.00 0.38 100.00

LC3-07 75.98 0.13 12.36 1.49 0.03 0.54 0.52 2.75 4.11 0.18 1.32 0.00 0.00 0.58 100.00

LC3-08 76.24 0.15 12.54 1.58 0.03 0.56 0.51 2.74 4.11 0.20 1.34 0.00 0.00 0.00 100.00

LC3-10 76.48 0.14 12.13 1.51 0.03 0.54 0.47 2.71 4.00 0.17 1.30 0.00 0.00 0.52 100.00

LC12-01 66.25 0.45 15.83 3.99 0.07 1.34 0.53 2.38 3.88 0.21 5.02 0.01 0.00 0.05 100.00

LC12-02 64.82 0.47 16.65 4.25 0.08 1.39 0.58 2.46 3.96 0.26 5.12 0.01 0.00 -0.04 100.00

LC12-03 63.30 0.51 17.33 4.36 0.07 1.43 0.59 2.44 4.02 0.28 5.61 0.01 0.00 0.05 100.00

LC12-04 63.54 0.50 17.27 4.41 0.06 1.44 0.57 2.40 4.04 0.26 5.51 0.01 0.00 -0.01 100.00

LC12-05 62.76 0.52 17.52 4.52 0.06 1.47 0.57 2.40 4.04 0.27 5.78 0.01 0.00 0.07 100.00

LC12-06 63.34 0.50 17.32 4.46 0.06 1.46 0.58 2.41 4.04 0.27 5.60 0.01 0.00 -0.04 100.00

LC13-01 54.70 0.65 19.30 5.28 0.04 2.24 0.36 1.36 4.59 0.28 11.09 0.01 0.01 0.07 100.00

LC13-02 54.00 0.64 19.18 5.26 0.04 2.25 0.34 1.32 4.46 0.28 11.34 0.01 0.00 0.88 100.00

LC13-03 54.25 0.65 19.08 5.36 0.04 2.21 0.35 1.33 4.45 0.30 11.82 0.01 0.01 0.15 100.00

LC13-04 53.89 0.68 19.63 5.50 0.04 2.38 0.37 1.34 4.65 0.28 10.58 0.01 0.01 0.66 100.00

LC13-05 54.39 0.74 20.24 5.66 0.04 2.48 0.40 1.42 4.81 0.27 9.40 0.01 0.01 0.13 100.00

LC13-06 57.17 0.59 19.29 4.95 0.05 1.85 0.38 1.71 4.64 0.27 8.34 0.01 0.00 0.75 100.00

LC13-07 57.94 0.56 19.00 4.82 0.05 1.76 0.38 1.71 4.65 0.29 8.49 0.01 0.00 0.35 100.00

LC13-08 57.54 0.61 18.82 4.98 0.05 1.95 0.37 1.52 4.47 0.28 9.22 0.01 0.00 0.17 100.00

LC13-09 54.83 0.68 19.09 5.27 0.04 2.29 0.34 1.18 4.36 0.29 11.55 0.01 0.00 0.07 100.00

LC13-10 54.97 0.63 18.86 4.97 0.04 2.16 0.34 1.26 4.40 0.29 11.63 0.01 0.00 0.44 100.00

LC13-11 55.36 0.61 18.96 4.94 0.04 2.13 0.35 1.31 4.44 0.28 11.24 0.01 0.00 0.32 100.00

LC13-12 54.31 0.65 18.79 5.07 0.04 2.26 0.33 1.12 4.24 0.28 12.44 0.01 0.00 0.45 100.00

LC13-13 53.65 0.64 18.45 5.06 0.04 2.26 0.32 1.05 4.11 0.30 13.59 0.01 0.00 0.51 100.00

LC18-01 69.28 0.31 15.80 2.55 0.04 1.74 0.55 2.47 4.54 0.28 2.48 0.00 0.00 -0.04 100.00

LC18-02 70.09 0.26 15.32 2.36 0.04 1.62 0.45 2.52 4.43 0.21 2.34 0.00 0.00 0.34 100.00

LC18-03 65.61 0.36 17.28 3.02 0.05 2.12 0.51 2.25 4.94 0.25 3.15 0.00 0.00 0.45 100.00

LC18-04 67.40 0.32 16.66 2.82 0.04 1.97 0.52 2.38 4.77 0.25 2.82 0.00 0.00 0.04 100.00

LC18-05 67.70 0.30 16.62 2.73 0.05 2.01 0.48 2.39 4.78 0.22 2.69 0.00 0.00 0.02 100.00

LC18-06 62.39 0.41 19.15 3.51 0.07 2.62 0.51 1.96 5.56 0.23 3.69 0.00 0.00 -0.08 100.00

LC18-07 58.22 0.53 20.71 4.24 0.07 2.94 0.58 1.67 5.89 0.28 4.73 0.00 0.00 0.14 100.00

LC18-08 59.22 0.50 20.26 4.14 0.07 2.85 0.59 1.74 5.74 0.30 4.53 0.00 0.00 0.07 100.00

LC19-01 68.50 0.42 15.21 3.48 0.05 1.99 0.67 2.25 3.97 0.19 3.02 0.00 0.00 0.25 100.00

LC19-02 69.80 0.41 14.85 3.40 0.05 1.94 0.65 2.29 3.84 0.19 2.59 0.00 0.00 -0.01 100.00

LC19-03 63.63 0.52 17.48 4.30 0.07 2.49 0.62 1.93 4.68 0.21 4.00 0.01 0.00 0.06 100.00

LC19-04 60.77 0.63 18.56 5.03 0.07 2.77 0.70 1.77 4.90 0.24 4.63 0.01 0.00 -0.07 100.00

LC19-05 56.21 0.73 20.20 5.81 0.07 3.09 0.69 1.51 5.32 0.25 6.05 0.01 0.00 0.06 100.00

LC19-06 58.94 0.66 19.30 5.26 0.07 2.98 0.72 1.70 5.22 0.26 4.63 0.01 0.00 0.25 100.00

LC19-07 61.78 0.59 18.48 4.68 0.06 2.82 0.70 1.88 5.11 0.24 3.68 0.01 0.00 -0.03 100.00  
 



Appendix 

218 

sample SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI Cr2O3 NiO not_measured new_sum in % wt LOI at 1050°C

LC20-01 61.25 0.67 17.66 5.42 0.11 2.64 0.87 2.09 4.08 0.25 4.95 0.01 0.01 -0.02 100.00

LC20-02 60.35 0.69 18.18 5.57 0.19 2.74 0.80 1.98 4.40 0.24 4.89 0.01 0.00 -0.04 100.00

LC20-03 66.72 0.53 15.63 4.38 0.10 2.08 0.73 2.29 3.81 0.24 3.31 0.01 0.00 0.17 100.00

LC20-04 64.25 0.62 16.65 4.93 0.07 2.42 0.74 2.12 3.94 0.23 4.01 0.01 0.00 0.01 100.00

LC20-05 59.12 0.75 18.41 6.08 0.08 2.95 0.80 1.87 4.11 0.23 5.42 0.01 0.01 0.15 100.00

LC20-06 58.77 0.73 18.82 5.97 0.09 2.97 0.77 1.88 4.42 0.24 5.29 0.01 0.01 0.05 100.00

LC20-07 63.46 0.62 17.17 5.10 0.07 2.51 0.74 2.14 3.99 0.21 4.02 0.01 0.00 -0.05 100.00

LC20-08 60.22 0.70 18.42 5.66 0.08 2.84 0.77 1.98 4.37 0.24 4.80 0.01 0.00 -0.09 100.00

LC20-09 56.01 0.79 20.00 6.52 0.09 3.22 0.77 1.76 4.87 0.25 5.69 0.01 0.01 0.00 100.00

LC20-10 57.17 0.76 19.99 5.90 0.08 2.92 0.70 1.87 5.03 0.26 5.17 0.01 0.01 0.13 100.00

LC20-11 57.35 0.75 20.07 5.79 0.08 2.91 0.67 1.85 5.17 0.27 5.18 0.01 0.00 -0.09 100.00

LC20-12 59.31 0.69 19.02 5.57 0.08 2.83 0.74 1.96 4.71 0.27 4.83 0.01 0.00 -0.02 100.00

LC20-13 58.97 0.69 19.23 5.49 0.08 2.83 0.70 1.93 4.85 0.26 4.80 0.01 0.00 0.17 100.00

LC20-14 58.47 0.69 19.64 5.42 0.07 2.84 0.68 1.90 5.01 0.27 4.93 0.01 0.00 0.07 100.00

LC20-15 57.45 0.75 19.50 6.08 0.08 3.06 0.77 1.84 4.73 0.27 5.37 0.01 0.01 0.07 100.00

LC21-01 62.42 0.66 17.29 4.82 0.07 2.31 0.59 1.67 4.40 0.24 5.27 0.01 0.00 0.25 100.00

LC21-02 63.79 0.69 17.13 4.73 0.06 2.32 0.67 1.77 4.36 0.30 4.26 0.01 0.00 -0.07 100.00

LC21-03 62.15 0.66 17.68 5.02 0.06 2.36 0.55 1.68 4.45 0.23 5.21 0.01 0.00 -0.05 100.00

LC21-04 57.35 0.75 18.90 5.61 0.06 2.63 0.54 1.41 4.64 0.24 7.68 0.01 0.01 0.16 100.00

LC21-05 58.55 0.74 18.71 5.69 0.10 2.59 0.54 1.50 4.63 0.24 6.66 0.01 0.01 0.01 100.00

LC21-06 55.69 0.79 19.69 6.20 0.10 2.82 0.53 1.39 4.86 0.25 7.45 0.01 0.01 0.22 100.00

LC21-07 58.23 0.77 18.93 5.83 0.08 2.66 0.56 1.52 4.69 0.25 6.46 0.01 0.00 0.01 100.00

LC21-08 59.56 0.75 18.40 5.37 0.06 2.56 0.57 1.59 4.55 0.25 5.89 0.01 0.00 0.42 100.00

LC21-09 59.90 0.75 18.44 5.41 0.06 2.58 0.58 1.65 4.56 0.25 5.66 0.01 0.00 0.15 100.00

LC21-10 60.58 0.74 18.26 5.29 0.06 2.52 0.58 1.62 4.55 0.26 5.37 0.01 0.00 0.17 100.00

LC21-11 60.17 0.75 18.27 5.41 0.07 2.54 0.56 1.61 4.51 0.25 5.59 0.01 0.00 0.28 100.00

LC21-12 60.46 0.72 18.13 5.24 0.06 2.45 0.55 1.62 4.53 0.26 5.50 0.01 0.00 0.48 100.00

LC21-13 60.46 0.75 18.31 5.35 0.06 2.53 0.55 1.61 4.56 0.25 5.36 0.01 0.00 0.22 100.00

LC21-14 59.99 0.76 18.27 5.40 0.07 2.54 0.55 1.59 4.54 0.25 5.57 0.01 0.00 0.47 100.00

LC21-15 61.16 0.74 18.11 5.22 0.06 2.48 0.56 1.64 4.54 0.26 5.22 0.01 0.00 0.00 100.00

LC22-01 55.39 0.96 18.75 8.02 0.11 3.47 1.24 1.66 4.18 0.24 5.77 0.02 0.01 0.18 100.00

LC22-02 51.17 1.08 19.94 9.42 0.12 3.92 1.24 1.41 4.45 0.25 6.67 0.02 0.01 0.30 100.00

LC22-03 51.45 1.07 19.97 9.15 0.16 3.94 1.25 1.43 4.52 0.25 6.20 0.02 0.01 0.58 100.00

LC22-04 49.85 1.12 20.39 9.82 0.14 4.18 1.25 1.36 4.60 0.26 6.57 0.02 0.01 0.43 100.00

LC22-05 51.95 1.07 19.69 8.94 0.13 3.92 1.19 1.44 4.42 0.24 6.29 0.02 0.01 0.69 100.00

LC22-06 53.43 1.05 19.52 8.46 0.11 3.84 1.18 1.52 4.47 0.24 5.82 0.02 0.01 0.34 100.00

LC22-07 51.34 1.07 19.99 8.98 0.11 4.03 1.16 1.41 4.58 0.24 6.42 0.02 0.01 0.63 100.00

LC22-08 52.38 1.03 19.76 8.65 0.10 3.81 1.17 1.48 4.57 0.26 6.01 0.02 0.01 0.73 100.00

LC22-09 50.93 1.07 20.09 9.29 0.11 4.00 1.18 1.42 4.63 0.25 6.05 0.02 0.01 0.94 100.00

LC22-10 51.16 1.09 20.18 9.07 0.10 4.06 1.17 1.40 4.66 0.26 6.32 0.02 0.01 0.49 100.00

LC23-01 55.06 0.62 20.90 5.05 0.07 3.17 0.60 1.51 5.72 0.22 6.42 0.00 0.00 0.67 100.00

LC23-02 55.17 0.64 21.07 5.09 0.07 3.18 0.59 1.51 5.76 0.22 6.34 0.01 0.00 0.34 100.00

LC23-03 54.67 0.64 21.06 5.10 0.07 3.23 0.59 1.48 5.79 0.22 6.29 0.01 0.00 0.86 100.00

LC23-04 56.69 0.62 20.94 4.58 0.05 3.17 0.62 1.61 5.84 0.26 5.48 0.00 0.00 0.13 100.00

LC23-05 59.95 0.51 19.57 3.91 0.05 2.88 0.62 1.84 5.56 0.29 4.36 0.00 0.00 0.48 100.00

LC24-01 65.80 0.41 17.29 2.93 0.05 2.11 0.44 1.26 5.56 0.20 3.36 0.00 0.00 0.60 100.00

LC24-02 64.99 0.40 18.06 3.04 0.05 2.18 0.40 1.20 5.77 0.16 3.69 0.00 0.00 0.05 100.00

LC24-03 60.73 0.50 19.68 3.56 0.06 2.49 0.40 1.07 6.17 0.17 4.38 0.00 0.00 0.80 100.00

LC24-04 63.52 0.46 18.53 3.31 0.06 2.32 0.44 1.18 5.86 0.18 3.86 0.00 0.00 0.27 100.00

LC24-05 64.20 0.45 18.10 3.36 0.06 2.23 0.48 1.24 5.74 0.21 3.63 0.00 0.00 0.30 100.00

LC24-06 63.43 0.47 18.37 3.43 0.06 2.23 0.47 1.21 5.81 0.22 3.68 0.00 0.00 0.61 100.00

LC24-07 62.78 0.47 18.64 3.54 0.07 2.36 0.53 1.19 5.82 0.24 3.96 0.00 0.00 0.40 100.00

LC24-08 62.66 0.47 18.39 3.61 0.06 2.40 0.53 1.22 5.68 0.23 4.09 0.00 0.00 0.68 100.00

L1-USP1.1 73.59 0.19 12.57 1.86 0.03 0.66 0.50 2.76 3.88 0.16 3.44 0.00 0.00 0.35 100.00

L1-USP1.2 74.41 0.21 12.81 2.03 0.04 0.70 0.52 2.66 3.72 0.18 2.28 0.00 0.00 0.44 100.00

L1-USP2.1 69.33 0.39 14.55 3.59 0.06 1.47 0.71 2.36 3.91 0.19 3.32 0.01 0.00 0.10 100.00

L1-USP2.2 71.34 0.33 13.57 3.19 0.06 1.24 0.70 2.44 3.66 0.19 2.58 0.01 0.00 0.67 100.00

L1-USP3.1 66.89 0.36 16.44 3.11 0.05 1.22 0.60 2.49 4.94 0.23 3.51 0.00 0.00 0.16 100.00

L1-USP3.2 67.41 0.38 16.10 3.12 0.05 1.22 0.59 2.48 4.84 0.22 3.30 0.00 0.00 0.28 100.00

L1-SOP1.1 63.66 0.31 12.96 2.43 0.03 0.85 0.49 2.20 3.49 0.26 12.51 0.01 0.00 0.79 100.00

L1-SOP1.2 60.77 0.38 14.64 3.09 0.03 1.04 0.48 2.10 3.70 0.31 13.27 0.01 0.00 0.18 100.00

L1-SOP2.1 63.35 0.44 14.35 3.85 0.05 1.69 0.87 2.00 3.59 0.25 9.05 0.01 0.00 0.52 100.00

L1-SOP2.2 69.32 0.36 13.51 3.19 0.04 1.35 0.77 2.36 3.56 0.21 5.04 0.01 0.00 0.28 100.00

L1-SOP3.1 74.36 0.14 10.69 1.19 0.01 0.50 0.41 2.58 3.18 0.10 6.08 0.00 0.00 0.76 100.00

L1-SOP3.2 74.13 0.15 10.82 1.23 0.01 0.51 0.41 2.62 3.18 0.11 6.46 0.00 0.00 0.39 100.00

L13-USP1.1 67.86 0.32 14.69 2.94 0.04 0.94 0.41 2.24 4.19 0.23 5.76 0.01 0.00 0.38 100.00

L13-USP1.2 70.49 0.26 13.93 2.51 0.04 0.74 0.36 2.38 4.32 0.20 4.45 0.01 0.00 0.32 100.00

L13-USP2.1 60.80 0.54 17.16 4.29 0.06 1.63 0.42 1.72 4.35 0.26 8.60 0.01 0.00 0.17 100.00

L13-USP2.2 60.52 0.55 17.22 4.32 0.06 1.63 0.42 1.69 4.45 0.26 8.86 0.01 0.00 0.01 100.00

L13-USP3.1 61.56 0.51 17.72 4.57 0.09 1.70 0.39 1.90 4.67 0.25 6.50 0.01 0.00 0.12 100.00

L13-USP3.2 61.44 0.52 17.72 4.69 0.11 1.80 0.40 1.87 4.70 0.25 6.38 0.01 0.01 0.09 100.00

L13-SOP1.1 70.40 0.20 12.63 1.96 0.02 0.59 0.33 2.28 3.87 0.23 7.35 0.01 0.00 0.12 100.00

L13-SOP1.2 71.67 0.20 13.60 2.06 0.02 0.52 0.31 2.40 4.20 0.22 4.20 0.01 0.00 0.59 100.00

L13-SOP2.1 69.97 0.30 14.34 2.57 0.03 0.90 0.36 2.28 4.37 0.20 4.53 0.01 0.00 0.14 100.00

L13-SOP2.2 73.17 0.21 13.14 2.06 0.03 0.69 0.32 2.33 4.26 0.17 3.28 0.00 0.00 0.34 100.00

L13-SOP3.1 77.04 0.11 11.81 1.40 0.02 0.32 0.28 2.53 4.05 0.19 2.05 0.00 0.00 0.21 100.00

L13-SOP3.2 76.22 0.11 12.05 1.33 0.01 0.29 0.28 2.67 4.12 0.18 2.59 0.00 0.00 0.16 100.00  
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8.7.1. Organic matter data 

 

Sample D13C_VPDB

Nitrogen 

[% wt]

Hydrogen 

[% wt]

TOC [% 

wt] C_N

HI [mg 

HC/g 

TOC]

OI [mg 

CO2/g 

TOC] PC [%] RC [%] MINC [%] Tmax [°C]

S1 [mg 

HC/g]

S2a [mg 

HC/g]

S2b [mg 

HC/g] S3

LC1-01-02 -18.70 0.040 0.801 0.81 20.33 220 323 0.22 0.59 0.10 417 0.02 1.79 0.00 2.62

LC1-03 -23.43 0.010 0.666 0.48 47.64 140 398 0.11 0.37 0.17 425 0.01 0.67 0.00 1.90

LC1-04 -26.07 0.010 0.504 0.18 18.23 122 779 0.06 0.12 0.13 424 0.01 0.22 0.00 1.42

LC1-05 -26.23 0.010 0.514 0.17 17.21 123 904 0.06 0.11 0.11 429 0.01 0.21 0.00 1.56

LC1-06 -25.88 0.010 0.576 0.27 27.21 114 646 0.07 0.20 0.14 430 0.01 0.31 0.00 1.76

LC1-07 -24.86 0.132 0.647 0.51 3.88 163 246 0.10 0.41 0.12 423 0.01 0.84 0.00 1.26

LC2-01 -18.73 0.097 0.604 1.15 11.86 244 233 0.31 0.84 0.16 410 0.02 2.81 0.00 2.68

LC2-02 -21.99 0.010 0.298 0.30 29.62 169 413 0.08 0.22 0.11 417 0.01 0.50 0.00 1.22

LC2-03 -26.97 0.010 0.209 0.08 8.31 160 686 0.03 0.06 0.13 411 0.01 0.13 0.00 0.57

LC2-04 -23.60 0.010 0.306 0.21 20.74 177 308 0.05 0.16 0.14 410 0.01 0.37 0.00 0.64

LC2-05 -25.02 0.010 0.381 0.26 25.76 125 341 0.05 0.21 0.15 424 0.01 0.32 0.00 0.88

LC2-06 -25.20 0.010 0.380 0.26 26.41 147 272 0.05 0.21 0.14 424 0.01 0.39 0.00 0.72

LC2-07 -25.33 0.095 0.428 0.26 2.71 134 267 0.05 0.21 0.15 429 0.01 0.34 0.00 0.68

LC2-08 -25.46 0.073 0.459 0.27 3.67 132 254 0.05 0.22 0.16 429 0.01 0.35 0.00 0.68

LC2-09 -25.40 0.062 0.488 0.31 5.07 135 247 0.06 0.26 0.17 429 0.00 0.43 0.00 0.78

LC2-10 -26.29 0.010 0.177 0.32 32.13 361 207 0.12 0.20 0.16 416 0.09 1.16 0.00 0.67

LC2-11 -24.87 0.041 0.473 0.31 7.56 126 254 0.05 0.26 0.17 429 0.00 0.40 0.00 0.79

LC2-12 -25.71 0.019 0.418 0.24 12.73 128 258 0.04 0.20 0.14 439 0.01 0.31 0.00 0.63

LC2-13 -27.18 0.010 0.307 0.11 11.25 127 357 0.02 0.09 0.12 427 0.00 0.14 0.00 0.40

LC2-14 -25.70 0.010 0.436 0.25 24.55 124 260 0.04 0.20 0.15 428 0.01 0.31 0.00 0.64

LC2-15 -26.01 0.010 0.204 0.32 32.30 146 232 0.06 0.26 0.16 426 0.01 0.47 0.00 0.75

LC2-16 -25.92 0.010 0.436 0.25 25.18 130 272 0.05 0.21 0.17 428 0.01 0.33 0.00 0.69

LC2-17 -24.18 0.010 0.562 0.51 51.05 158 196 0.10 0.42 0.17 430 0.01 0.81 0.00 1.00

LC2-18 -23.66 0.010 0.464 0.44 43.78 175 182 0.09 0.35 0.11 430 0.01 0.77 0.00 0.80

LC2-19 -24.92 0.010 0.406 0.21 21.28 135 272 0.04 0.17 0.12 428 0.00 0.29 0.00 0.58

LC2-20 -24.80 0.010 0.153 0.26 26.35 321 239 0.09 0.17 0.11 418 0.08 0.85 0.00 0.63

LC3-01 -21.35 0.010 0.233 0.26 25.73 213 250 0.06 0.19 0.04 407 0.01 0.55 0.00 0.64

LC3-02 -19.71 0.001 0.262 0.32 290.04 251 202 0.09 0.24 0.04 409 0.01 0.82 0.00 0.65

LC3-03 -21.36 0.010 0.243 0.24 24.03 186 242 0.05 0.19 0.03 411 0.01 0.45 0.00 0.58

LC3-04 -23.66 0.010 0.148 0.11 11.28 178 284 0.03 0.09 0.02 420 0.01 0.20 0.00 0.32

LC3-05 -22.95 0.010 0.160 0.13 12.64 176 255 0.03 0.10 0.02 417 0.01 0.22 0.00 0.32

LC3-06 -22.75 0.010 0.156 0.13 12.98 171 293 0.03 0.10 0.03 413 0.01 0.22 0.00 0.38

LC3-07 -20.67 0.010 0.145 0.10 9.56 215 218 0.02 0.07 0.02 414 0.01 0.21 0.00 0.21

LC3-08 -24.31 0.010 0.161 0.10 10.47 167 235 0.02 0.08 0.03 419 0.01 0.17 0.00 0.25

LC3-10 -25.71 0.010 0.155 0.10 10.30 170 229 0.02 0.08 0.02 448 0.01 0.18 0.00 0.24

LC12-01 -20.11 0.010 0.495 0.83 82.70 246 162 0.21 0.62 0.12 425 0.01 2.03 0.00 1.34

LC12-02 -21.44 0.010 0.543 0.83 83.18 228 178 0.20 0.63 0.12 428 0.01 1.90 0.00 1.48

LC12-03 -23.02 0.010 0.595 0.88 88.03 239 185 0.22 0.66 0.12 431 0.01 2.10 0.00 1.63

LC12-04 -22.71 0.010 0.599 0.90 89.54 239 186 0.22 0.67 0.12 431 0.01 2.14 0.00 1.66

LC12-05 -22.80 0.010 0.623 0.94 94.26 240 192 0.24 0.70 0.13 429 0.01 2.26 0.00 1.81

LC12-06 -22.88 0.010 0.436 0.90 90.21 226 196 0.22 0.68 0.13 432 0.01 2.04 0.00 1.76

LC13-01 -24.78 0.141 1.078 2.80 19.85 no data no data no data no data no data no data no data no data no data no data

LC13-02 -24.79 0.167 1.151 3.09 18.44 335 124 0.98 2.11 0.24 419 0.16 10.34 0.00 3.84

LC13-03 -24.06 0.186 1.217 3.38 18.17 316 122 1.00 2.37 0.22 421 0.09 10.66 0.00 4.11

LC13-04 -24.65 0.140 1.094 2.61 18.68 295 124 0.73 1.88 0.18 421 0.07 7.70 0.00 3.24

LC13-05 -24.53 0.092 0.971 2.10 22.76 250 124 0.51 1.59 0.18 422 0.03 5.24 0.00 2.60

LC13-06 -24.21 0.069 0.851 1.83 26.43 244 130 0.44 1.39 0.12 427 0.03 4.46 0.00 2.37

LC13-07 -23.62 0.057 0.708 1.83 32.29 259 106 0.45 1.38 0.10 430 0.02 4.76 0.00 1.95

LC13-08 -24.56 0.097 0.778 1.91 19.64 279 115 0.50 1.41 0.15 430 0.02 5.34 0.00 2.19

LC13-09 -26.44 0.159 0.969 2.80 17.62 336 100 0.86 1.94 0.13 430 0.03 9.42 0.00 2.80

LC13-10 -27.04 0.184 0.953 2.99 16.30 353 95 0.96 2.04 0.17 430 0.04 10.56 0.00 2.86

LC13-11 -26.25 0.176 0.934 2.91 16.53 337 93 0.89 2.02 0.13 429 0.03 9.78 0.00 2.71

LC13-12 -26.47 0.296 1.084 3.33 11.22 344 91 1.04 2.29 0.12 427 0.04 11.45 0.00 3.03

LC13-13 -26.41 0.326 1.185 3.82 11.70 413 92 1.41 2.41 0.21 428 0.08 15.76 0.00 3.51

LC18-01 -23.33 0.010 0.233 0.11 11.22 197 182 0.02 0.09 0.02 413 0.01 0.22 0.00 0.20

LC18-02 -24.15 0.010 0.223 0.10 9.64 186 183 0.02 0.08 0.02 424 0.00 0.18 0.00 0.18

LC18-03 -23.10 0.010 0.289 0.16 16.13 179 187 0.03 0.13 0.02 428 0.01 0.29 0.00 0.30

LC18-04 -23.43 0.010 0.265 0.11 10.50 167 197 0.02 0.08 0.02 428 0.00 0.18 0.00 0.21

LC18-05 -24.25 0.010 0.240 0.08 8.45 172 200 0.02 0.07 0.01 419 0.00 0.15 0.00 0.17

LC18-06 -23.67 0.010 0.336 0.17 16.86 167 195 0.03 0.14 0.02 427 0.01 0.28 0.00 0.33

LC18-07 -22.96 0.010 0.410 0.32 31.50 192 166 0.07 0.25 0.03 426 0.01 0.61 0.00 0.52

LC18-08 -22.25 0.010 0.428 0.30 30.46 199 168 0.07 0.24 0.03 428 0.01 0.61 0.00 0.51

LC19-01 -18.40 0.010 0.278 0.25 25.36 257 191 0.07 0.19 0.07 417 0.01 0.65 0.00 0.48

LC19-02 -20.33 0.010 0.269 0.13 13.49 211 227 0.03 0.10 0.06 414 0.00 0.28 0.00 0.31

LC19-03 -21.94 0.010 0.388 0.32 32.46 182 185 0.07 0.26 0.08 423 0.00 0.59 0.00 0.60

LC19-04 -23.94 0.010 0.440 0.49 49.49 176 144 0.09 0.40 0.09 425 0.01 0.87 0.00 0.71

LC19-05 -23.73 0.007 0.565 0.88 128.77 197 117 0.17 0.70 0.11 426 0.01 1.73 0.00 1.03

LC19-06 -24.41 0.010 0.461 0.46 45.76 170 138 0.08 0.37 0.09 423 0.01 0.78 0.00 0.63

LC19-07 -25.15 0.010 0.347 0.21 20.76 185 176 0.04 0.17 0.07 454 0.00 0.38 0.00 0.37  
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Sample D13C_VPDB

Nitrogen 

[% wt]

Hydrogen 

[% wt]

TOC [% 

wt] C_N

HI [mg 

HC/g 

TOC]

OI [mg 

CO2/g 

TOC] PC [%] RC [%] MINC [%] Tmax [°C]

S1 [mg 

HC/g]

S2a [mg 

HC/g]

S2b [mg 

HC/g] S3

LC20-01 -20.38 0.010 0.233 0.48 48.32 194 258 0.11 0.37 0.15 419 0.01 0.94 0.00 1.25

LC20-02 -21.20 0.010 0.459 0.41 40.61 115 250 0.07 0.34 0.15 423 0.00 0.47 0.00 1.01

LC20-03 -23.76 0.010 0.314 0.16 15.89 24 410 0.02 0.14 0.13 419 0.00 0.04 0.00 0.65

LC20-04 -24.85 0.010 0.355 0.28 27.90 99 247 0.04 0.24 0.15 419 0.00 0.28 0.00 0.69

LC20-05 -23.68 0.010 0.253 0.50 49.75 177 209 0.10 0.40 0.16 420 0.01 0.88 0.00 1.04

LC20-06 -22.82 0.010 0.468 0.48 47.90 154 185 0.09 0.39 0.14 422 0.00 0.74 0.00 0.89

LC20-07 -23.34 0.010 0.346 0.27 26.56 97 239 0.04 0.23 0.14 421 0.00 0.26 0.00 0.63

LC20-08 -23.69 0.010 0.408 0.41 41.25 168 188 0.08 0.33 0.14 419 0.00 0.69 0.00 0.77

LC20-09 -23.43 0.010 0.493 0.51 51.03 190 174 0.10 0.41 0.12 420 0.00 0.97 0.00 0.89

LC20-10 -24.40 0.010 0.218 0.51 50.87 201 168 0.11 0.40 0.10 421 0.01 1.02 0.00 0.86

LC20-11 -23.88 0.010 0.436 0.48 47.81 183 166 0.09 0.38 0.09 424 0.00 0.88 0.00 0.79

LC20-12 -24.00 0.010 0.387 0.43 43.13 163 180 0.08 0.35 0.12 426 0.00 0.70 0.00 0.78

LC20-13 -23.90 0.010 0.379 0.41 40.52 143 210 0.07 0.33 0.13 423 0.00 0.58 0.00 0.85

LC20-14 -23.74 0.010 0.387 0.59 59.05 300 152 0.20 0.39 0.12 423 0.32 1.77 0.00 0.90

LC20-15 -24.39 0.010 0.221 0.66 66.07 296 146 0.20 0.46 0.17 418 0.10 1.95 0.00 0.97

LC21-01 -22.00 0.010 0.415 0.77 77.14 191 163 0.16 0.61 0.16 420 0.00 1.47 0.00 1.26

LC21-02 -23.10 0.010 0.326 0.36 36.00 97 250 0.05 0.31 0.15 419 0.00 0.35 0.00 0.90

LC21-03 -22.87 0.010 0.386 0.69 68.92 152 172 0.12 0.57 0.15 419 0.00 1.05 0.00 1.18

LC21-04 -20.81 0.010 0.613 1.42 141.93 212 140 0.30 1.12 0.17 423 0.00 3.01 0.00 1.98

LC21-05 -21.89 0.010 0.524 1.05 104.51 179 156 0.20 0.85 0.16 422 0.00 1.87 0.00 1.63

LC21-06 -22.25 0.015 0.601 1.26 83.22 175 154 0.24 1.02 0.17 423 0.00 2.21 0.00 1.94

LC21-07 -23.17 0.006 0.497 1.00 158.87 149 165 0.17 0.83 0.16 423 0.00 1.49 0.00 1.65

LC21-08 -23.50 0.038 0.543 0.87 22.65 162 142 0.15 0.72 0.15 425 0.00 1.40 0.00 1.23

LC21-09 -23.40 0.010 0.692 0.75 74.75 141 160 0.12 0.63 0.17 424 0.00 1.05 0.00 1.20

LC21-10 -23.85 0.010 0.663 0.63 62.60 116 190 0.09 0.53 0.17 423 0.00 0.73 0.00 1.19

LC21-11 -23.42 0.010 0.663 0.71 70.93 114 181 0.10 0.61 0.17 423 0.00 0.81 0.00 1.28

LC21-12 -23.72 0.010 0.652 0.79 79.36 123 164 0.12 0.68 0.15 426 0.00 0.98 0.00 1.30

LC21-13 -23.76 0.010 0.648 0.66 66.05 109 162 0.09 0.57 0.17 423 0.00 0.72 0.00 1.07

LC21-14 -23.65 0.010 0.675 0.72 71.80 120 178 0.11 0.61 0.16 423 0.00 0.86 0.00 1.28

LC21-15 -23.58 0.010 0.657 0.64 63.61 114 178 0.09 0.55 0.16 424 0.00 0.72 0.00 1.13

LC22-01 -23.58 0.010 0.604 0.37 36.65 95 300 0.06 0.31 0.74 418 0.00 0.35 0.00 1.10

LC22-02 -24.89 0.010 0.789 0.40 40.37 84 331 0.06 0.34 0.87 425 0.00 0.34 0.00 1.34

LC22-03 -25.76 0.010 0.712 0.37 36.91 92 313 0.06 0.31 0.76 421 0.00 0.34 0.00 1.16

LC22-04 -26.10 0.010 0.871 0.46 47.59 103 274 0.07 0.39 0.72 422 0.00 0.48 0.00 1.27

LC22-05 -26.22 0.010 0.879 0.53 53.03 117 225 0.08 0.45 0.54 425 0.00 0.62 0.00 1.19

LC22-06 -26.47 0.010 0.591 0.41 41.18 102 258 0.06 0.35 0.50 422 0.00 0.42 0.00 1.06

LC22-07 -25.89 0.004 0.788 0.53 117.72 127 223 0.09 0.44 0.48 426 0.00 0.67 0.00 1.18

LC22-08 -26.48 0.003 0.695 0.42 146.46 98 286 0.07 0.35 0.59 422 0.00 0.41 0.00 1.20

LC22-09 -26.66 0.010 1.013 0.39 38.94 90 293 0.06 0.33 0.65 424 0.00 0.35 0.00 1.14

LC22-10 -26.24 0.010 0.757 0.52 52.41 160 227 0.10 0.42 0.62 420 0.01 0.84 0.00 1.19

LC23-01 -24.06 0.009 0.669 0.82 92.10 253 142 0.21 0.61 0.07 421 0.04 2.08 0.00 1.16

LC23-02 -24.25 0.007 1.061 0.73 99.48 236 151 0.18 0.56 0.10 419 0.03 1.72 0.00 1.10

LC23-03 -23.99 0.001 0.738 0.77 1016.46 230 145 0.18 0.59 0.07 420 0.04 1.76 0.00 1.11

LC23-04 -25.05 0.010 0.664 0.62 62.06 260 121 0.16 0.46 0.06 421 0.03 1.61 0.00 0.75

LC23-05 -25.66 0.010 0.682 0.42 41.54 274 123 0.11 0.30 0.04 421 0.06 1.14 0.00 0.51

LC24-01 -25.81 0.010 0.000 0.25 24.64 379 148 0.09 0.15 0.04 406 0.09 0.93 0.00 0.36

LC24-02 -25.14 0.010 0.707 0.26 26.33 234 180 0.07 0.20 0.05 409 0.03 0.62 0.00 0.47

LC24-03 -24.64 0.010 0.692 0.40 40.39 298 151 0.12 0.28 0.06 411 0.09 1.20 0.00 0.61

LC24-04 -24.18 0.010 0.609 0.25 25.02 351 167 0.09 0.16 0.06 417 0.06 0.88 0.00 0.42

LC24-05 -23.65 0.796 0.933 0.20 0.25 450 173 0.09 0.11 0.06 415 0.05 0.90 0.00 0.35

LC24-06 -24.04 0.755 0.991 0.17 0.22 392 249 0.07 0.10 0.05 352 0.07 0.66 0.00 0.42

LC24-07 -23.70 0.745 0.937 0.20 0.27 293 221 0.06 0.14 0.06 357 0.02 0.58 0.00 0.44

LC24-08 -23.45 0.010 0.674 0.23 22.61 261 209 0.07 0.16 0.07 427 0.05 0.59 0.00 0.47

L1-USP1.1 -21.58 0.030 0.308 0.73 24.16 272 197 0.21 0.53 0.08 279 0.04 2.00 0.00 1.45

L1-USP1.2 -23.09 0.010 0.208 0.33 33.17 288 207 0.10 0.23 0.07 419 0.07 0.96 0.00 0.69

L1-USP2.1 -20.94 0.010 0.325 0.42 41.57 336 198 0.14 0.27 0.13 407 0.07 1.40 0.00 0.82

L1-USP2.2 -23.16 no data no data 0.22 no data no data no data no data no data no data no data no data no data no data no data

L1-USP3.1 -19.26 no data no data 0.50 no data 342 154 0.17 0.34 0.05 423 0.05 1.73 0.00 0.78

L1-USP3.2 -18.34 0.026 0.253 0.46 17.91 388 146 0.17 0.29 0.06 414 0.08 1.78 0.00 0.67

L1-SOP1.1 -23.56 0.261 0.815 4.47 17.14 337 163 1.46 3.01 0.22 422 0.15 15.06 0.00 7.30

L1-SOP1.2 -22.78 0.215 0.900 4.35 20.20 302 174 1.31 3.04 0.24 423 0.12 13.13 0.00 7.54

L1-SOP2.1 -25.85 0.106 0.620 2.52 23.81 302 186 0.77 1.75 0.29 280 0.11 7.63 0.00 4.70

L1-SOP2.2 -23.57 0.098 0.415 1.15 11.76 289 214 0.35 0.80 0.16 284 0.07 3.34 0.00 2.47

L1-SOP3.1 -24.67 0.069 0.364 2.04 29.34 343 187 0.69 1.35 0.11 261 0.07 6.99 0.00 3.81

L1-SOP3.2 -24.50 0.058 0.407 2.22 38.42 353 187 0.77 1.45 0.12 258 0.07 7.84 0.00 4.17

L13-USP1.1 -25.08 0.010 0.427 1.18 118.00 no data no data no data no data no data no data no data no data no data no data

L13-USP1.2 -25.28 0.010 0.295 1.16 115.66 317 128 0.35 0.80 0.07 424 0.10 3.67 0.00 1.48

L13-USP2.1 -24.85 0.010 0.634 2.20 220.29 289 112 0.61 1.60 0.16 424 0.12 6.37 0.00 2.47

L13-USP2.2 -24.51 0.010 0.628 2.33 233.03 281 121 0.63 1.70 0.14 424 0.10 6.55 0.00 2.82

L13-USP3.1 -22.72 0.010 0.485 1.23 122.76 209 146 0.27 0.96 0.12 418 0.09 2.57 0.00 1.79

L13-USP3.2 -22.60 0.010 0.452 1.16 115.71 226 146 0.27 0.89 0.13 420 0.10 2.62 0.00 1.69

L13-SOP1.1 -23.75 0.010 0.464 2.03 203.23 254 203 0.55 1.49 0.34 416 0.06 5.16 0.00 4.12

L13-SOP1.2 -24.95 0.010 0.270 0.98 98.38 295 155 0.29 0.69 0.08 425 0.09 2.90 0.00 1.52

L13-SOP2.1 -25.32 0.010 0.297 1.03 102.55 309 126 0.31 0.72 0.14 425 0.10 3.17 0.00 1.29

L13-SOP2.2 -25.38 0.010 0.202 0.85 85.00 no data no data no data no data no data no data no data no data no data no data

L13-SOP3.1 -24.70 0.010 0.124 0.39 39.34 357 154 0.14 0.25 0.05 418 0.10 1.40 0.00 0.61

L13-SOP3.2 -23.70 0.085 0.195 0.60 7.01 335 182 0.20 0.39 0.07 421 0.10 2.01 0.00 1.09  
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8.8. Bacterial spores, from ecology to biotechnology 
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9. Curriculum vitæ 
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