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Abstract 

 

   The Maniamba Basin in northern Mozambique, southern Africa, is one of the well-

known coal bearing basins within the country. Their geological formations are 

contemporaneous with the Karoo Supergroup with an almost complete record of 

sediment deposition occurring during the Late Carboniferous to Early Jurassic. The 

basins are linked to regions of old crustal sutures where high-strain structures formed 

during the Pan-African Orogeny. Since studies of the organic facies are scarce, the 

main objective of this thesis is to determine the potential for hydrocarbon generation 

together with a good understanding of the biostratigraphy of organic-rich rock 

sequences intercepted by four boreholes. JOG16N-5, JOG16N-6, JOG16-7, and 

JOG16N-8 together with four outcrops at Luiga, Luchai, Michunwa and Nhamago, in 

the Maniamba Basin. The multiproxy analysis includes palynology, palynofacies, 

elemental analysis, XRD, vitrinite reflectance, TOC, Rock Eval pyrolysis and 

biomarkers. Two hundred thirty-seven rocks were subsampled from borehole cores, 

together with twenty samples from outcrop were analyzed for the type, content, quality, 

thermal maturity, age of deposition, palaeoenvironments for hydrocarbon potential of 

the Basin. The lithostratigraphic units are organically rich in regard to TOC, thermally 

matured into gas and oil windows, however more gas with minor oil is generated given 

the preservation of the organic matter in a proximal - distal environment under oxic 

conditions (type III kerogen, mixed type II/III and type IV kerogen). Over-maturation 

occurrence is linked to kimberlite emplacement that is associated with the first or 

second graben faulting stages in the Basin. 

     The Maniamba Basin organic-rich rocks differ geochemically from oil fluids in the 

Rovuma and Mozambique basins that has been assumed to be the same since the 

latter fluids are suggested to be sourced from marine shales. 

     Biostratigraphically, a Guadalupian age was inferred for outcrop strata of the Luchai 

and Nhamago sites being coeval with the K4 Formation and Changhsingian-Induan for 

Luiga site suggesting correlation with the K5 Formation. No age was assigned to the 

Michunwa outcrop strata due to their poor preservation. Additionally, a Wuchiapingian 

age was suggested for the K4 Formation, whereas a Changhsingian-Induan age is 

inferred for the K5 formations in the Maniamba Basin contradicting previous findings. 



In the K5 Formation for the first time the Permo-Triassic transition is recorded 

reinforcing correlations in Central Gondwana. In its turn, in the K4 Formation, intra 

Gondwanan provincialism is observed with the northern Karoo palynoevents differing 

from their southern Karoo counterpart. The revised coal biostratigraphy could 

potentially spark interest for coal bed methane in the world seeking for cleaner energy. 

     The Basin palaeoenvironment is characterised by oscillating paleoredox conditions 

that could have been influenced by sediment infilling during the Permian-Triassic 

boundary to possibly the end of the thermal uplift caused by the jurassic Karoo 

magmatism. Yet, during the middle-late Permian to Early Triassic this Basin was made 

up of meandering and braided rivers together with coal-bearing beds that comprise 

floodplains, crevasse splay and fluvial channel lithofacies associations. This is a 

representative of a typical fluvial/lacustrine settings marked by the co-existence of sub 

environments and hypautocthonous sedimentation. 

      In conclusion, this multiproxy study has demonstrated that the integration of 

approaches has given a deeper understanding of the evolutionary history of the 

Maniamba Basin.  

Keywords: Karoo deposits, Hydrocarbon, Stratigraphy, Gondwana coals, 

Palaeoenvironment. 
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1. General Introduction 

Mozambique over the last decades has proven to be a wealth country in terms of hydrocarbon 

reserves. The exploration in the country has been focused in the Mozambique Basin and the 

Rovuma basins (Fig. 1). The first Basin covers the onshore and offshore sections of south and 

Centre of the country (Fig. 1). Similarly, the Rovuma Basin occurs onshore and offshore but it 

is located in the north part of Mozambique. Albeit the fact of being economically the most 

exploited basins in the country, published data highlighting hydrocarbon potential based on 

palynology and petroleum geochemistry do not exist for these two basins (Fig.1). 

Most of the published studies in the Mozambique Basin and the Rovuma Basin are related to 

seismic methods (Salman and Abdula, 1995; Mahanjane, 2012; 2014 and others). Data in 

which palynology and petroleum geochemistry were applied are owned by the oil companies 

(ECL, 2000; Lineback et al., 1986; Salman et al., 1990). Apart from internal reports of oil 

companies there are very few publications on petroleum geochemistry for these two basins 

with Lineback et al. (1986) and Mussa (2017) being two examples.  

On the opposite side, a quite considerable number of biostratigraphy studies in the Main Karoo 

Basin have been undertaken (Falcon et al., 1984, 1986; MacRae, 1988, Aitken, 1998, Barbolini 

et al., 2014). The Main Karoo Basin (MKB) represents the most extensive and continuous 

geological record spanning from Late Carboniferous to mid-Jurassic in southern Africa (Smith, 

1990; Catuneanu et al., 1998). The MKB, was mainly controlled by tectonism as a consequence 

of the development of the Karoo foreland basin with the subduction of the palaeo-Pacific plate 

beneath the Gondwana (Catuneanu et al., 1998, 2005). During the Late Carboniferous/Early 

Permian, Gondwana was dominated by glaciation due to theʽʽdecreasing of the global latitudinal 

distribution of the equilibrium line of altitudeʼʼ (Isbell et al., 2008), which changed to progressive 

aridification in the Middle Permian-Triassic and eolian environment into the Early Jurassic 

(Smith, 1990; Johnson et al., 1996; Catuneanu et al., 2005). This climate oscillation affected 

vegetation, having a direct link with biomass production, coal, gas, etc. In the Karoo Basin, the 

Ecca Group represents the most economically important deposits as it comprises the main coal 

bearing strata of the Karoo Supergroup (MKB) characterised by a complex system that 

comprises fluvial and delta plains. In the MKB, the organic rich rocks were deposited in typical 

lacustrine and swampy environment.  (Smith, 1984; Bordy, 2019). Although there are a number 

of studies in the MKB including the Tete Province in Mozambique (Fernandes et al., 2015, 
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Hancox, 2016; Perreira et al., 2016; Gotz, 2017; Galasso et al., 2019), some subsidiary basins 

remain completely overlooked.  

 An example of these subsidiary basins is the Maniamba Basin (MB) located in the Niassa 

Province (northern Mozambique). The formation of the MB is linked to the Permian-Triassic 

rifting system which is referring to the development of Karoo grabens that the occurred before 

the break-up of Gondwana. According to Delvaux (1991), the largest Karoo basins in South 

Africa, Zimbabwe, Mozambique were formed during that time. Most of the basins originated 

from rifts that were initially formed as tectonic sedimentary basins, however during the Permian-

Triassic they evolved into grabens and half grabens as a consequence of descendant faulting 

and deformation during Early Jurassic (Catuneanu et al., 2005). In the Maniamba Basin, the 

most detailed palynology studies were done by Verniers et al. (1989). In that study three 

palaeozones were established.  However, these biozones were only identified for some 

sections of the upper Karoo. Due to the poorly preserved assemblages of spores and scarce 

available data of material, the work of Verniers and colleagues only identified the palynomorphs 

to the generic level.  Other recent studies regarding the sedimentary facies of the Maniamba 

Basin are referred to by Norconsult (2007), Vale Moçambique (2014), JOGMEC (2015) and 

Paz (2018), however none of them dealt with palynology, palynofacies, thermal maturation 

(vitrinite reflectance, spore colour index), Total Organic Carbon (TOC) or organic geochemistry 

(Rock Eval Pyrolysis, biomarkers). Thus, this project represents the first to combine all the 

proxies that have been proved to be successful worldwide (e.g., Mendonça Filho et al., 2010; 

Aggarwal et al., 2019; Bastos et al., 2021). 

This study uses data from the Maniamba site in order to understand a likely potential for 

hydrocarbon reserves in the Karoo sediments aligned to the fact that there is a worldwide 

growing interest for exploration of unconventional hydrocarbons in the Palaeozoic rocks despite 

current clean energy policies. Concomitantly, the results from the Maniamba Basin could be 

extrapolated to the Mozambique and Rovuma Basins where Karoo sediments buried by 

younger sedimentary sequences are poorly studied by the oil companies. All in all, the 

assignment of the relative ages of the strata, reconstruction of depositional environments, 

determination of source rock potential, and paleoclimate will deepen the understanding 

regarding the evolutionary history of this basins over time. 
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Figure 1. Map of Mozambican sedimentary basins adapted from ECL, 2000. 
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2. Objectives  

The general objective of the thesis is to integrate palynology and organic geochemistry in order 

to evaluate the potential for hydrocarbon in the Maniamba Basin. In this regard, several 

objectives were established: 

 Identification and classification of palynomorphs encountered in the studied areas. 

 Determination of the age of the sequences. 

 Determination of the type of organic matter. 

 Evaluation of the organic thermal evolution. 

 Characterization of the palaeoenvironments. 

 Determination of provenance, sediment maturity, and tectonic settings. 

 Assessment of the petroleum generation potential of the source rocks. 

 Correlation of the Maniamba Karoo Basin with other coeval Karoo basins in regard to 

hydrocarbon potential. 

 Determination of the contribution of Karoo aged rocks to the petroleum fluids from the 

Mozambique Basin and Rovuma Basin. 

Therefore, in order to respond to the established variables, four boreholes (JOG16N-5, 

JOG16N-6, JOG16N-7, JOG16N-8) and four outcrops were selected and submitted to different 

multiproxy techniques such as palynology, palynofacies, vitrinite reflectance, Total Organic 

Carbon (TOC), elemental analysis, pyrolysis Rock Eval and biomarkers (hydrocarbon 

fingerprint).  
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3. Structure of the Thesis 

The thesis is presented by published papers for the results chapters with a general introduction 

and discussion to link the sections and produce a cohesive body of work. It is presented as 

follows.  

Part I consists of the general introduction together with objectives, and structure of the present 

thesis. 

Part II consists of a literature review that highlights the main concepts used in the present study. 

Part III consists of data regarding geography and geology of the Maniamba Basin. 

Part IV consists of the laboratory techniques and methods used for the analysis of both sections 

of the organic matter (kerogen and bitumen). 

Part V Includes the results and discussion of the present work. Here, seven papers are 

presented. These papers were submitted to international accredited journals where the papers 

are full length and peer-reviewed. Some papers are published (3), others are either submitted 

(3) or under review (2). This section is subdivided into four separate chapters that were based 

on the subject of the undertaken work. 

         Chapter One Includes one paper which deals with palynofacies in the sediments 

intercepted by the JOG16N-8, one of the four cores, and includes the upper Karoo sediments 

(age). Here, palynofacies are used to assess hydrocarbon potential. 

 Nhamutole, N.; Bamford, M., Souza, P.A, Do Carmo, D. (2023). Palynofacies analysis 

of the JOG16N-8 borehole, K5 formation from the Maniamba Basin (middle Permian), 

Mozambique: A contribution for hydrocarbon exploration. Journal of African Earth 

Sciences, 205, 104997. (Published), 

         Chapter Two consists of one paper using the Rock eval pyrolysis data interpretation from 

outcrop units in the Maniamba Basin. This complements the borehole data for the same area 

however, outcrops data are used to assess hydrocarbon potential based on Rock Eval herein. 

 Nhamutole, N., Bamford, M., Silva, T., Souza, P., Carmo, D., Moreira, C. 2024. 

Petroleum potential from Permian-Triassic strata of the Maniamba Basin, Mozambique: 

A preliminary characterisation. South African Journal of Geology, 127,117–130. 

(Published). 
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         Chapter Three comprises three papers which are related to multiproxy analysis of the 

Maniamba Basin, including palynology, palynofacies, vitrinite reflectance, spore colour index, 

elemental analysis, XRD, pyrolysis rock eval and biomarkers. The first paper in this chapter 

includes almost all the proxies and is only lacking the biomarkers. It deals with sedimentary 

rocks from the JOG16N-5 borehole core. This paper complements the information obtained in 

the papers described in chapter one and two regarding hydrocarbon potential in the Basin.  

The second paper in this chapter deals with the analysis of organic matter of the sedimentary 

rocks from JOG16N-6 and JOG16N-8 borehole core whereas the third paper focuses on the 

sedimentary units from outcrops. The latter two papers are more environmentally oriented albeit 

the fact that the second paper contributes to the understanding of the contribution of studied 

rocks into the oil fields from Rovuma Basin. 

 Nhamutole, N., Bamford, M., Silva, T., Souza, P.A., Do Carmo, D., Felix, C. (2024). 

Shale-gas potential from K4 Formation (Permian), Maniamba Basin, Mozambique: 

Insights from integrated geochemical evaluation, elemental analysis and palynology. 

South African Journal of Geology. (Under review). 

 Nhamutole, N., Bamford, M., Souza, P.A., Félix, C.M., Pereira, E., Bastos, L., Nopeia, 

M., Mendes, L., Deus, O. Reconstructing the Late Permian-Early Triassic environment 

of a coal-bearing succession in the Maniamba Basin, Mozambique (Central 

Gondwana): A multiproxy palynological and geochemical approach. International 

Journal of Coal Geology. (Accepted for publication-in press). 

 Nhamutole, N., Bamford, M., Lima, S., Barros, A., Almeida, L., Peu, J. Saturated 

hydrocarbons in source rocks from Maniamba Basin, Mozambique: A contribution for a 

better understanding of past environments. South African Journal of Chemistry. (Under 

review). 

   Chapter Four focuses on the palynostratigraphy of the Maniamba Basin using all four 

borehole cores. Two cores are described in the first paper: JOG16N-6 and JOG16N-8, while 

the remaining two are used for the second paper, (JOG16N-5 and JOG16N-7). The first paper 

investigated late Permian-Early Triassic transition whereas the last paper is focused solely in 

the late Permian. The papers are: 

 Nhamutole, N, Bamford, M.K, Souza, P. A, Félix, C.M, Carmo, D.A, Peu, J. Palynology 

of two drilling cores from the Maniamba Basin, Mozambique (Central Gondwana): 



 17 
 

Insights on age and palaeoenvironments. Review of Palaeobotany and Palynology, 334, 

105271. (Published) 

 Nhamutole, N, Bamford, M.K, Souza, P. A, Félix, C.M, Carmo, D.A, Bande, P. New 

palynological data from the Maniamba Basin, Mozambique: Implication on Guadalupian 

and Lopingian Palaeoflora. Review of Palaeobotany and Palynology. (Published). 

The last part, Part VI of the thesis refers to the general conclusions, contribution to existing 

knowledge and recommendations for future research. 
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4. Organic matter: Concepts and Classification 

According to Durand (1980), sedimentary organic matter (SOM) depicts all kinds of organic 

matter with direct links to living or extinct organisms. Organic matter (OM) is mainly composed 

of organic molecules (e.g., hydrogen, oxygen, nitrogen, and sulphur). The OM can be either 

autochthonous or allochthonous depending on the deposition environment. It has been 

observed that a considerable supply of OM in continental margins due to high primary 

productivity in these regions as well as from continental allochthonous settings. In marine 

environments the OM is sourced from either marine phytoplankton or marine phytobenthic if 

photosynthesis occurs (Tissot and Welte, 1984). 

The enrichment and accumulation of OM, relies on productivity of the biomass, degradation 

driven by biological and chemical processes, basin geological framework, and on the OM 

depositional processes (Tissot and Welte, 1984). In regard to preservation, the organic matter 

depends on the concentration of oxygen. For instance, in oxic waters the OM tends to be 

degraded whereas in anoxic waters a higher chance of much better preservation conditions is 

observed. In general, a water column is oxygenated, since there is an exchange between the 

atmosphere and the hydrosphere system. However, under conditions where the water column 

is strongly stratified or periods of high productivity occur, more anoxic conditions emerge and 

help in the preservation of OM (Meyers, 1997). Lastly, it should be highlighted that the OM 

consists of two fractions, kerogen and bitumen. The difference between the two fractions is 

their solubility in organic solvents. Kerogen depict 95% of the total OM is insoluble whilst 

bitumen is soluble (Tissot and Welte, 1984) (figure 2). 
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Figure 2. Compositional fractions of the OM adapted from Tissot and Welte (1984). 

 

4.1. Kerogen: Type and Classification 

The quality of hydrocarbons that have a potential to be preserved and later yielded depends in 

the amount of hydrogen and oxygen. These two elements are the essential part of the insoluble 

OM (Tissot and Welte, 1984). The different types of kerogens and their hydrocarbon potential 

are well-illustrated in the van Krevelen diagram. According to van Krevelen (1993) three types 

of kerogen exist and are classified according to the Hydrogen /Carbon versus Oxygen/Carbon 

ratios.  Type I, type II, type III and type IV kerogens are identified based on the aforementioned 

ratios. The aforementioned diagram was initially restricted to coals; however, it was modified 

for its broader use by Tissot et al. (1974). The adapted diagram uses Hydrogen Index (HI) 

versus Oxygen Index (OI) based on Pyrolysis Rock Eval to assess depositional environments 

and potential for hydrocarbon for each group of kerogen.   

According to the modified diagram, type I kerogen is enriched in lipids, and low heteroatomic 

bonds. Here, the H/C ratio is greater than the O/C ratio. Generally, lacustrine environments are 

linked to kerogen type I. Common occurrences includes fresh water algae, Botryococcus) and 
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OM characterised of enrichment in lipids linked to amorphous organic matter. Kerogen type I is 

oil prone (Tissot and Welte, 1984).  

Type II is characterised by considerably lower H/C ratios if compared to kerogen type I. 

Chemically, it includes a dominance of chains made up by considerable aliphatic compounds 

together with naphthenic rings. Open marine sediments are linked to kerogen type II influenced 

by deposition in reducing environments bearing medium to high sulfur content. High content of 

sporomorphs together with cuticles is also linked to this kerogen. Similarly, Kerogen type II 

presents a potential for oil generation as kerogen type I. However, kerogen type II is lesser oil 

prone than kerogen type I. Most of the source rocks and shales widespread in the world are 

kerogen type II (Tissot and Welte, 1984).  

The third type of kerogen is linked to terrestrial higher plants, and is linked to proximal 

environments. In this scenario, the source rocks are lesser oil prone comparatively to the 

previous two types of kerogens. However, abundant gas can be expected when maturity is 

reached (Tissot and Welte, 1984).  

Lastly, the fourth kerogen type is characterised by a dominance of aromatic compounds. This 

kerogen is derived from oxidation, (pre- or post-depositional), combustion. Typically, the type 

IV is mainly composed of a high content of carbon and depletion in regard to hydrogen and 

oxygen. Type IV kerogen can generate small amounts of gas however the potential is 

considered to be low (Mendonça et al., 2011). 

 

4.2. Thermal maturity 

Biological (microbial) activities combined with temperature and pressure are considered the 

triggers of physicochemical changes of OM at the time of deposition and its burial (Tissot and 

Welte, 1984). 

 The set of processes linked to thermal maturity (temperature) are categorised into three 

consecutive phases. The stages are designated as diagenesis, catagenesis and metagenesis 

(Fig. 3) (Tissot and Welte, 1984). 
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4.2.1. Diagenesis  

During the diagenesis (Fig. 3) physicochemical processes together with microbiological 

induced events occur at few hundred meters of depth. Reactions triggered by low temperature 

(to 65ºC) consisting of decarboxylation, reduction and polymerization characterise this stage. 

Vitrinite reflectance of approximately 0.4% indicates that during this stage the source rocks are 

considered immature however the same sequence of rocks if mature enough may generate oil 

or gas (Tissot and Welte, 1984).  

 

Figure 3. Thermal evolution of the OM adapted from Tissot and Welte (1984). CH: carbohydrates; AA: 

Amino acids; L: lipids; FA: fulvic acids; HA: Humic acids; HC: hydrocarbons; N, S, O: NSO compounds. 

 

4.2.2. Catagenesis  

During catagenesis, the OM is degraded as a result of increasing temperature and pressure 

during burial (50 - 200ºC) and pressure (300 to 1500 bars) (Hunt, 1995; Tissot and Welte, 

1984). The catagenesis is the stage following the diagenesis. The temperature could reach 

200ºC and pressure 1500 bars) (Hunt, 1995; Tissot and Welte, 1984). The OM degradation 

based on increasing of temperature is the main factor linked to the generation of hydrocarbon 

(Fig. 3). At this stage liquid oil is yielded first (oil window). Wet gas and condensate are 
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produced at later stage together with methane. The catagenesis is defined by vitrinite values 

in the ranges of 0.5 to 1.35 % Rrandom (Tissot et al., 1974). At vitrinite reflectance values 

around 2.0% the heated organic matter is depleted from aliphatic chains and the catagenesis 

thermal stage is reached (Tissot and Welte, 1984).  

 

4.2.3. Metagenesis 

At this phase, the OM reaches great depth and highest temperature (Hunt, 1995). During 

catagenesis an arrangement of aromatic molecules is observed. Here, the source rocks are 

regarded supermature and only dry gas can be generated (Tissot and Welte, 1984). 

 

4.2.4. Metamorphism  

The metamorphism depicts the last stage of thermal evolution. During this stage both 

parameters, temperature and pressure reach high values. CH4 (methane), CO2 and graphite 

are yielded as consequence of OM transformation influenced by high temperature and 

pressure. According to Hunt at this stage, the appearance of greenschist facies is observed 

and vitrinite reflectance values are more than 4%. 

In summary, it should be stressed that in addition to the aforementioned stages of thermal 

maturity, other components of a petroleum system do exist. Those components are related to 

the migration pathways when oil is generated to the reservoir (accumulation of oil before its 

exploitation); sealing rock, responsible for creating a barrier in order to prevent the possible 

final migration of the oil to the subsurface and others (Tissot and Welte, 1984). 

 

Palynofacies 

The introduction of the concept regarding palynofacies is attributed to Combaz (1964) as a 

definition for the bulk association of particulate OM embedded in sediments that remain after 

the removal of mineral matrix through acidification with hydrochloric and hydrofluoric acids. 

Later on, in 1995 the concept was expanded by Tyson, who defined palynofacies as a set of 

particulate OM found in a sedimentary rock that could be associated with any specific 

environmental condition of deposition and ultimately the hydrocarbon generating potential. 

Traverse (1994) and Tyson (1995) adopted the terms, organic faciology and morphology of 

particulate OM in order to distinguish it into three categories: phytoclast, palynomorphs and 
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amorphous groups (Table 1, Table 2 and Table 3) which were later applied and published by 

Mendonça Filho (1999) and others.  

The palynofacies analysis is an effective parameter in the characterization of organic facies, 

since it allows a straightforward interpretation of the organic components. However, this 

classification could be subjective since the influence of factors such as thermal change, 

environmental, depositional, botanical classification, relationship between marine or terrestrial 

contribution, distance from the source, degree of degradation and allochthonous or 

autochthonous fractions that all should be taken into consideration, as suggested by Mendonça 

Filho et al. (1999). The characterization of these components is carried out based on their 

morphology, state of preservation aiming at identifying the provenance of OM, their relative 

proportions, state of preservation, level of thermal maturity, paleoenvironments, paleoredox 

conditions and hydrocarbon generation potential (Tyson, 1995). 

 

Kerogen groups based on organic matter 

The classification of kerogen has been a matter of debate due to the lack of standardization. 

However, some existing schemes are those proposed by Tyson (1995), Mendonça Filho (1999), 

Mendonça Filho et al. (2010). Key parameters including state of preservation, provenance, 

shape, optical variables, geochemical content are the most used in aforementioned 

classifications. However, a highly refined system is needed in order to yield a more robust 

interpretation. Based in the kerogen classification, three different groups can be identified and 

includes phytoclast, palynomorphs, and amorphous organic matter (AOM).
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Phytoclast Group 

Phytoclast represents plant tissues that can be linked to either gymnosperm and 

angiosperms (Tyson, 1995). Non-opaque (translucent) and opaque sub-categories are 

considered herein. The first sub-category includes mostly cuticles, membranes, and 

fungal hyphae. Paleoenvironment conditions determine the contribution of the 

phytoclast content in a given kerogen assemblage (Tyson, 1995).  

 

Table 1 Main categories of phytoclast group and their refined description based on Tyson 

(1995) and Mendonça Filho et al. (2011). 

Categories Description 

 

 

 

Dispersed 

 

Organic 

Matter 

(DOM) 

 

 

Opaque 

Black/ opaque Absence of internal structure 

Lath Opaque with pitting 

Corroded Opaque and irregular 

 

 

Non-opaque 

(Translucent) 

Biostructured Brown, lath to equant with pitting 

Cuticle Epidermal tissues from higher plants 

Membrane Pale yellow, sheet-like irregular display 

fluorescence 

Fungal 

hyphae 

Hyphae fragments, brown, represent the 

vegetation stages of fungi 

 

Amorphous Group 

The Amorphous Group comprises structureless organic matter under transmitted light 

microscopy. The AOM mostly comprises phytoplankton, AOM derived from bacteria, 

resins (Tyson, 1995). Paleoredox conditions and distal deposition are possible 

explanation that determine the content of AOM in a given kerogen association. 

Additionally, depending in the redox conditions the intensity of the fluorescence can be 

recorded (Tyson, 1995, Mendonça Filho et al. 2011). 
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Table 2 Highlight of AOM classification based on Tyson (1995) and Mendonça Filho et al. 

(2011). 

Sub-categories Description 

Bacterially derived AOM Structureless OM, no form, orange brown. It 

can contain inclusions of palynomoprhs, 

phytoclast, and pyrite. It can display 

fluorescence. 

Resin (Yielded by terrestrial higher plants) Structureless material, round, homogenous, 

fluorescence. 

 AOM=Amorphous organic matter 

 

Palynomorph Group 

Palynomorphs as part of the kerogen is referred to all organic walled microfossils that 

remain after the acidification process through hydrochloric and hydrofluoric acids (HCl 

and HF) in palynological preparations. Palynomorphs is one the well represented 

groups of particulate OM in the kerogen assemblage. However, its analysis relies on 

the nature of the assemblage which could be influenced by environment of deposition 

as well as by primary productivity (Tyson, 1995; Mendonça et al., 2011). In the present 

study, only sporomorphs were observed. In the present project, only sporomorphs 

(terrestrially derived palynomorphs) were observed. Based on their origin and complex 

morphology, spores and pollen can be divided into different subcategories (Table 3). 
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Table 3 Highlighted classification of palynomorph group based on Tyson (1995) and Mendonça 

Filho et al. (2011). 

Description Subcategories 

 

 

 

 

 

 

Palynomorphs 

  

   

     Pollen 

 

Derived from 

gymnosperms and 

gymnosperms 

 

Monosaccate 

Bisaccate striate 

Bisaccate non-striate 

Plicates 

 

 

    Spores 

Derived from 

Pteridophyte and 

bryophyte 

 

  Monolete 

   Alete 

 

Other 

palynomorphs 

 

 --------------------- 

Acritarch 

Prasinophytes 

Chitinozoans 

Undetermined 

 

Freshwater 

microplankton 

 

Botryococcus 

 

Chlorococalles algae 

Globular colonies 

with irregular shape 

(30-2000 m), 

sometimes display 

diversified lobes 

----- Palynomorphs not observed in the present study. 

 

4.3. Rock Eval Pyrolysis 

The Rock-Eval pyrolysis technique is considered an important geochemical technique 

that allows the identification of kerogen types and conversion of OM into oil and gas 

(Espitalié et al., 1977). This tool is a laboratory simulation of the process of petroleum 

generation. The pyrolysis results are expressed in parameters such as S1 (free 

hydrocarbons present in the sample that become volatile due to considerable heating 

with temperature ranging from 200 to 250°C), S2 (Hydrocarbons generated at high 

temperatures by kerogen pyrolysis) and S3 (carbon dioxide released in organic matter 

and water). Another parameter used in pyrolysis includes Tmax (oC). The Tmax depicts 

the maximum release of hydrocarbons occurs during the second peak (Tissot and 

Welte, 1984). For more robust interpretation of thermal evolution of sedimentary Basin 
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and due to the fact that Tmax values are influenced by other variables (e.g., clay mineral 

content, kerogen types, laboratory handling of the samples), thus their correlation with 

vitrinite reflectance, spore color index (SCI) and biomarkers data is inevitably 

important. Other pyrolysis data includes the hydrogen index (HI), index of oxygen (OI), 

production index (IP). These indexes are described in the methodology section and 

their importance for source rock assessment can found in detail in the table 4. 

Table 4 Geochemical variables highlighting the different kerogenʼs type and expelled 

petroleum fluids adapted from Peters and Cassa (1994). 

Kerogen HI (mg HC/g TOC) S2/S3 H/C 

atomic 

ratio 

Expelled hydrocarbon 

at the peak of maturity 

I >600 >15 >1.5 Oil 

II 300-600 10.0-15.0 1.2-1.5 Oil 

II/III 200-300 5.0-10.0 1.0-1.2 Mixed oil and gas 

III 50-200 1.0-5.0 0.7-1.0 Gas 

IV <50.0 <1.0 <0.7 None 

 *HI: Hydrogen Index; TOC: Total organic carbon; H/C: Hydrogen and Carbon ratios.  

 

4.4. Biomarkers 

The term biomarker was introduced for the first time by Seifert and Moldowan (1981). 

Biomarkers are traditionally called chemical fossils or biological markers and are 

organic compounds of a complex nature whose main structure did suffer significant 

changes during burial process (Peters et al., 2005). Biomarkers are always associated 

with their precursor of biological origin. These organic and petroleum fingerprints can 

be found in oils, extracts of sediment as well in other environments. The biomarker 

study is an important factor that helps to determine of the origin of OM, thermal 

evolution, palaeoenvironments, and source-source, source-oil, oil-oil correlations 

(Mendonça Filho, 2010). Overall, the quantity of biomarkers recovered has increased 

due to the development of better analytical techniques for detection and identification 

of organic compounds. The majority of biomarkers used in the study of source rocks 

are saturated and are summarized below (Table 5).  
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Table 5 Hydrocarbon biomarker according to Peters et al. (2005). 

Biomarker Structure Precursor Information 

n-alkane  

(C15, C17, C19) 

 Marine algae Origin of OM 

n-alkane (C25, C27, 

C29, C31) 

 Terrestrial plants Origin of OM 

Pristane  

Phytane 

 Phototrophic organisms Depositional 

environment 

Tricyclic terpanes  Prokaryotic organisms Thermal maturation 

Hopanes  Prokaryotic organisms Thermal maturation 

 

Gammacerane 

 Protozoa Hypersalinity 

conditions 

 

Steranes 

  

Eukaryotic organisms 

Thermal maturation 

and OM origin 

Diasteranes  

 

Eukaryotic organisms Thermal maturity 

*OM=organic matter 

 

4.5. X-Ray Diffraction (XRD)  

X-ray diffraction (XRD) represents a chemical analysis that allows the identification of 

mineral phases presented in a given sample. It consists of focusing electrons onto the 

sample and then measuring the angle at which the x-ray beam is diffracted and read 

by the detector. The angles read are recorded in the form of “peaks” in a diffractogram. 

By acknowledging   that each mineral has a distinct and known diffraction, it is possible 

to discriminate the phases individually in the sample. The XRD technique analysis was 

crucial to help in the interpretation of tectonic settings, sediment maturity and 

provenance.  

 

Elemental analysis 

In the present study, elemental analysis was used to infer the maturation and 

paleoredox prevailing conditions during the process of sedimentation. For the 
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interpretation of elemental analysis, the target elements in the kerogen assemblages 

were carbon, hydrogen, oxygen, nitrogen and sulphur.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



34 

 

References 

Combaz, A., 1964. Les palynofacies. Reveu de Micropaléontologie, 7, 204-218. 

Durand, B., 1980. Sedimentary organic matter and kerogen. Definition and quantitative 

importance of kerogen. Chapter 1, in: Durand, B. (Ed.), Kerogen - Insoluble organic 

matter from sedimentary rocks. Editions Technip, Paris, pp. 13-34. 

Espitalié, J., Laporte, J.L., Madec, M., Marquis, F., Leplat, P., Paulet, J., Boutefeu, A., 

1977. Méthode rapide de caractérisation des roches mètres, de leur potentiel pétrolier 

et de leur degré d'évolution. Revue de l’Institut Français du Pétrole, 32, 23-42. 

Hunt, J.M., 1995. Petroleum Geochemistry and Geology. Freeman, San Francisco. 

Mendonça Filho, J.G.M., 1999. Aplicação de estudos de palinofácies e fácies orgânica 

em rochas do Paleozóico da Bacia do Paraná, Sul do Brasil. PhD thesis. Universidade 

Federal do Rio Grande do Sul, pp. 254 (in Portuguese).  

Mendonça Filho, J.G., Menezes, T.R., Mendonça, J.O., Oliveira, A.D., Carvalho, M.A., 

Sant’Anna, A.J., Souza, J.T., 2010. Palinofácies, in: Sousa, C.I. (Ed.), Paleontologia. 

Rio de Janeiro, Interciência, pp.379 – 413. 

Mendonça Filho, J.G., Menezes, T.R., Mendonça, J.O., 2011. Organic Composition 

(Palynofacies Analysis). Chapter 5 in: ICCP Training Course on Dispersed Organic 

Matter, ISBN 978-9-89-826567-8, pp. 33-81. 

Peters, K.E., Cassa, M.R., 1994. Applied source rock geochemistry. 

L.B. Magoon, W.G. Dow (Eds.), The Petroleum System—From Source to Trap: Tulsa, 

Okla, vol. 60, American Association of Petroleum Geologists, Memoir, pp. 93-117. 

Peters, K.E., Walters, C.C., Moldowan, J.M., 2005. The Biomarker Guide, vol. 2, 

Biomarkers and Isotopes in Petroleum Exploration and Earth History, second ed. 

Cambridge University Press, London. 

Seifert, W.K., Moldowan, J.M., 1981. Paleorecon-struction by biological markers. 

Geochimica et Cosmochimica Acta 45,783–794. 

Tissot, B., Welte, D.H., 1984. Petroleum formation and occurrence, second ed. 

Springer Verlag, Hidelberg. 



35 

 

Traverse, A., 1994. Sedimentation of organic particles. Cambridge University Press, 

Cambridge, pp. 1–544. 

Traverse, A., 2007. Paleopalynology, Second Edition (Topics in Geobiology 28). 

Springer, Netherlands, Dordrecht. 

Tyson, R.V., 1995. Sedimentary Organic Matter, Organic Facies and Palynofacies. 

Chapman and Hall, London, 615pp. 

van Krevelen, D.W., 1993. Coal: Typology - Chemistry - Physics - Constitution, 3rd ed. 

Elsevier, The Netherlands. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                              

                                            



36 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                              Part III – Geography and Geology  
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5. Geography and Geology  

This study was developed in Niassa province, northern Mozambique (Fig. 4).  The 

African continent is made up of a set of cratons and mobile belts of archaic age. These 

cratons and belts were united by elongated and folded belts during Proterozoic-

Cambric. A later event consisted of the coverage of these geological features by 

associated undeformed and extrusive rocks assigned to late Carboniferous-Early 

Jurassic, and Cretaceous to Quaternary (GTK Consortium, 2006). The Mozambican 

geology is characterised by the occurrence of crystalline basement assigned to 

Archaic-Cambric and rocks assigned to Phanerozoic. The study area comprises rocks 

from the Phanerozoic. The Phanerozoic setting in Mozambique includes all lithologies 

deposited following the Pan-African cycle orogeny. These are generally, continental to 

marine sediments and volcanic rocks. The Phanerozoic coverage is subdivided (from 

oldest to youngest) in Karoo Supergroup (KSG) and sequences deposited during the 

development of East African Rift System (GTK Consortium). According to the 

stratigraphic record, the Karroo Supergroup includes from the base to the top the 

following formations: Dwyka, Ecca, Beaufort, Stormberg, and Drakensberg 

(Catuneanu et al., 2005). The Stormberg is either magmatic or sedimentary whilst the 

Drakenskerg is magmatic (Catuneanu et al., 2005). 
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Figure 4. Geographical location of the Maniamba Basin. 

It has been undoubtedly observed that almost all of the countries located in southern 

Africa have their geological framework contemporaneous with the Karoo Supergroup 

(KSG). The KSG in Mozambique, comprises igneous and sedimentary rocks overlying 

the Precambrian basement. Yet, the KSG is unconformably overlain by Middle Jurassic 

and younger rocks (Verniers et al., 1989; Norconsult Consortium, 2007). The KSG 

records the changes in facies from glaciogenic to temperate deltaic deposits that are 

found at the base. The aforementioned facies changed to fluvial/lacustrine, and at the 

top of the sequence more arid and continental facies are present (Verniers et al., 1989). 

The record of KSG sequences in Mozambique is restricted to basins that are regarded 

as being intracontinental and extensional (Fig. 5). Their formation has been suggested 

to have been influenced by existence of regions characterised by old crustal sutures 

in which structures derived from high-strain are linked to Pan-African Orogeny (620–

530 Ma) (GTK Consortium, 2006). The sutures became reactivated during Early 

Permian to Early Jurassic due to lithospheric extension. This reactivation was 

responsible for driving subsidence which resulted in the formation of linear extensional 

basins morphology resembling half-graben to graben (GTK Consortium, 2006; 
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Norconsult Consortium 2007). Karoo coal-bearing rocks in Mozambique are illustrated 

in the figure 5, however, regarding palynology the Zambezi Valley Basin is the most 

studied (Pereira et al., 2016; 2019; Galasso et al., 2019; Fernandes et al., 2023 and 

others). The sub-basins pertaining to the Zambezi Valley are characterised by 

sedimentary and volcanic rocks assigned to Permian-Early Jurassic (GTK Consortium, 

2006). Overall, the lithostratigraphic sequences of the KS in these basins are quite 

similar. Mainly, these basins consist of sandstone, mudstone together with significant 

layers of coal found at the base of the sequence. The aforementioned lithological 

sequence overlaps the glacial deposits (Afonso, 1975; Carvalho, 1977, Vasconcelos, 

1995). Lastly, the Upper horizons of the KSG comprises volcanic rocks of bimodal 

pattern linked to the Karoo Igneous Province (Cox, 1992). 
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Figure 5. Map of sedimentary and igneous Karoo occurrences in Mozambique adapted from. 

Vasconcelos (2010). 

 

5.1. Maniamba Basin 

The Maniamba Basin lies within the Metangula Graben. The Karoo graben extends 

from South Africa to the coastal area of Kenya (Verniers et al., 1989). The Metangula 

Graben (Fig. 6) is subdivided into the following groups: Lower, Middle and Upper 

Karoo. The most comprehensive survey undertaken in the Basin was done by Jacques 

Verniers and colleagues from the “Brigadas de Cartografia Geológica da Bacia 
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Carbonífera de Metangula” from 1977 to 1980. According to them, the stratigraphy of 

the Maniamba Basin consists of Lower Karoo, which includes the K2, K3 and K4 

formations. The Middle Karoo comprises two units, the K5 and K6 formations and the 

Upper Karoo consists of five units, KSa, KSb, KSc, KSd and KSe (Figs. 6 and 8). The 

description of each Karoo units is as follows: 

 

Figure 6. Stratigraphic sequence of the studied Basin adapted from Verniers et al. (1989). 
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5.1.1. Lower Karoo 

Within the Lower Karoo, the K4 Formation was the main target. The K4 Formation 

(Lower Permian) comprises coal seams, carbonaceous intercalations and green, grey 

sandy siltstone. The palaeobotanical record is represented by Glossopteris leaves 

assigned to three different species: Glossopteris ampla, G. browniana and G. indica 

(Verniers et al., 1989). Furthermore, petrified material attributed to Agathoxylon 

africanum and Prototaxoxylon uniseriale occur and exhibit well-defined growth rings 

(Nhamutole et al., 2021). This Formation contains a thickness varying from 171 to 

186 m.  

 

5.1.2. Middle Karoo 

The Middle karoo consists of two formations, K5 and K6 formations respectively. The 

K5 Formation is 250 to 260 meters thick and is subdivided into 3 members known as: 

K5a at the base, K5b in the middle, and then K5c on the top (Verniers et al., 1989; 

Araújo et al., 2020). The K5a member consists of dark grey, massive siltstones, minor 

tabular fine-grained sandstone. Araújo et al. (2020) suggest that the sedimentation 

occurred in well-drained and fully-vegetated river floodplains which is related to high-

water tables (Araújo et al., 2020). In turn, the K5b member, generally consist of 

siltstones with fine to medium grain sizes, altering from dark to greenish grey. Several 

carbonaceous sediments are, however, observed in this member. Lastly, the K5c 

member contains rocks such as reddish grey, compact siltstone and claystone. 

In its turn, the K6 Formation is divided into four members. The base is made up of the 

K6a1, K6a2, K6a3 members whereas the top only present one member, the K6b. A 

Permian age for the K6 Formation has been assigned based on the occurrence of 

Glossopteris leaves and vertebrate fossils (e.g., Inostrancevia africana). These fossil 

bones consist of fragmented skeletal and cranial elements of therapsids displaying a 

black colour (Araújo et al., 2020).  

 

5.1.3. Upper Karoo 

According to Verniers et al. (1989), the Upper Karoo units in the Maniamba basin are 

found in the central and northern part of the graben. This part of the Basin comprises 
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the Lipirichi Formation (KSe), Tende Formation (KSd), Mecondece Formation (KSc), 

Fúbué Formation (KSb), Mount Lilonga Formation (KSb). In the present work, only 

outcrop samples from the KSb Formation were studied. The KSb Formation (Middle 

Triassic) conformably overlies the Mount Lilonga Formation (KSa, Early Triassic) 

(Araújo et al., 2020). The lithology of the Fubué Formation (KSb, Middle Triassic) 

consists of coarse-grained conglomeratic sandstones and the deposition of this unit 

seems to have occurred under a braided river system (Verniers et al., 1989). Typically, 

the thickness of the formation is up to 200 m.  

In summary, the lower and middle Karoo in the Maniamba Basin were deposited in a 

cyclical fluvio-lacustrine environment differing from the upper Karoo graben. The 

formation and infilling of this graben occurred during the upper Karoo triggered by 

braided rivers and mostly by meandering rivers. These depositional environments 

broadly correspond with those of the MKB in South Africa where the Lower Karoo or 

Ecca Group environment was fluvio-deltaic and the Middle Karoo or Beaufort Group 

developed in more braided-stream environments (Catuneanu et al., 1998). 

 

5.1.4. Kimberlite intrusions 

Kimberlites occur in the MCB as dykes up to 3m thick. The kimberlite occurrences are 

reported along five zones (Fig. 7). One zone trends ENE-WSW and the remaining four 

zones trend NW-SE (Key et al., 2007) (Fig. 7). The presented trends of the kimberlites 

associated with their age indicate that their emplacement was mainly controlled by 

stress linked to Lower Cretaceous during the break up of Gondwana. This factor led to 

the dextral displacement of Madagascar with regard to mainland Africa. As a 

consequence, this stress reactivates the NW-SE and ENE-WSW trending bounding 

faults from the Karoo that host the kimberlites. Moreover, the shearing of dextral type 

along the bounding faults yielded fractures that were followed by infilling from kimberlite 

dykes (Key et al., 2007) (Fig. 7).  
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Figure 7. Geological map of the Maniamba Basin indicating the areas of occurrence of 

kimberlite intrusions adapted from (Key et al., 2007). 
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    Figure 8. A. Southern Africa map illustrating the location of Mozambique, B. Map of Mozambique showing the location of the Maniamba Basin 

(Niassa), C and D. Geology and stratigraphy of the Maniamba Basin (modified from Verniers et al., 1989).  
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6. Materials and Methods 

This part consists of a detailed description of the methodology used in the present 

project (Fig. 9). Bitumen and kerogen were analysed for a better characterization of 

the OM. In this research, palynology (stratigraphy), palynofacies, fluorescence analysis 

were performed at Evolutionary Studies Institute, University of the Witwatersrand, 

South Africa. Elemental analysis and XRD were performed in the Geology department, 

Eduardo Mondlane University, Mozambique. Rock Eval pyrolysis, vitrinite reflectance, 

palynology were performed at Federal University of Rio Grande do Sul, Porto Alegre 

(Brazil) between Laboratório de Palinologia Marleni Toigo and Núcleo dos Estudos de 

carvão e rochas geradoras de petróleo. Lastly, biomarkers (oil fingerprint) were 

undertaken in the Teresina Federal University (Organic Geochemistry laboratory) and 

Rio de Janeiro State University (Chemostratigraphy and Organic Geochemistry 

Laboratory).  

 

Figure 9.  The main methods used to characterize the bitumen and kerogen in the present 

project. BL=Blue Light); TOC=Total Organic Carbon; HC=Hydrocarbon; NSO=Nitrogen, Sulfur 

and Oxygen (Polar); Chromat=Chromatography. 
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6.1. Organic Geochemical analysis 

6.1.1. Pyrolysis rock eval analysis  

The detailed geochemical analyses of the outcrop and borehole samples were carried 

out at the Núcleo de Estudos de Carvão e Rocha Geradora de Petróleo, Institute of 

Geosciences, Federal University of Rio Grande do Sul. Samples were sieved to pass 

mesh of 9 and 16μm and taken for Wildcat Technologies’ HAWK Pyrolysis and Total 

Organic Carbon (TOC) analyses. TOC determines the petroleum potential or quantity 

of source rock. Rock Eval pyrolysis (Fig. 10), consists of heating the samples at 

elevated and programmed temperatures in an inert atmosphere (helium) in order to 

determine the type of kerogen, thermal maturity, and the transformation of the OM into 

petroleum and natural gas (Espitalié et al., 1977; Tissot and Welte, 1984). For analysis 

on the HAWK instrument, the samples were ground using a mortar and pestle to pass 

60 mesh size and weighed to about 100 mg, after which they were pyrolysed in the 

HAWK for the following parameters: S1 (which represents the amount of free 

hydrocarbon liberated at 300o C without cracking the kerogen), S2 (the amount of 

hydrocarbon released from cracking of kerogen (mg HC/g rock) during temperature 

programmed pyrolysis (300 to 600o C), S3 (the amount of CO2 from breaking oxygen-

containing compounds in kerogen at 300 to 390o C)], and from the S2 peak, the Tmax 

values are obtained. The Tmax values represent the temperature at which the 

maximum generation of hydrocarbons from pyrolysis cracking of the kerogen occurs 

(°C). The interpreted parameters obtained from pyrolysis analysis are: Hydrogen Index 

(HI) (mg HC/ gTOC) and Oxygen Index (OI) (mg CO2 /gTOC), which are related to the 

amount of oxygen and hydrogen respectively. The Production Index (PI) which 

characterises the level of maturation of the OM.  
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Figure 10. Diagram-Showing data from programmed Rock Eval pyrolysis modified from Tissot 

and Welte (1984). 

 

6.1.2. Biomarkers 

Gas chromatography (GC) together with mass spectrometry (MS) were used in order 

to obtain important insights regarding the biomarkers as it follows.  

 

Extraction and fractionation of OM  

The samples that underwent pulverization were kept in a desiccator with calcium 

chloride (CaCl2) to remove excess moisture for 24 hours before extraction. 

Approximately 20 g of pulverized rock were extracted with an aid of a Soxhlet based 

system to obtain the organic extract. For the removal of Sulphur around 500 mg of 

powdered metallic copper was added. Later on, occurred the filtration and evaporation 

of the extract and its placement into a glass bottle. The organic extracts obtained were 

then fractionated using column chromatography based on silica. The eluent-based 

system consisted on hexane (saturated), aromatics) and polar compounds. 

 

Liquid Chromatography (LC) conditions 

The extraction of soluble OM was done in a Soxhlet type extractor (250 ml). A 

chemical solvent, dichloromethane was used herein. The extracted bitumen 

undergone fractionation into saturated compounds, aromatics, resins, and 
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asphaltenes compounds. The fractionation process occurred in a glass column (10 

mm diameter/25 cm extension) together with a solid phase composed of silica gel (1/3) 

and alumina (2/3). A hexane mobile phase for extraction of the saturated compounds, 

a mixture of dichloromethane and hexane for the extraction of aromatic was part of 

the process. 

 

Gas Chromatography-Mass Spectrometry (GC-MS) analysis conditions  

The analysis of the saturated fractions was undertaken at a concentration of 2 mg mL 

1. A gas chromatograph integrated to a Shimadzu spectrometer, model GCMS 

QP2010SE, equipped with an automatic sampler, model AOC-500. The separation 

based on chromatograph was carried out on a DB-5MS UI capillary column, 30 m × 

0.25 mm, internal film thickness of 0.25 µm. The considered phase consisted of 5% 

diphenyl and 95% diphenyl dimethylpolysiloxane, following the standard procedures. 

The injector temperature was 290 °C in spitless mode and a volume of 1.0 µL of sample 

was injected. Helium gas (99.9%) with constant flow of 1.0 mL.min-1was used. The 

temperature of the interface was maintained at 320 °C. A full scan mode consisting of 

mass ranging from 57-600D was used in order to operate the quadrupole. However, a 

solvent cutoff of 4 minutes has also been considered herein. The source of the ion was 

operated at a temperature of 230 ºC. The energy of ionization used was around 70 eV. 

 

6.2. Palynology 

For palynological preparation standard methods adapted from Phipps and Playford 

(1984) and Traverse, (2007) were performed. Briefly, the techniques consisted at 

multiple treatments of the samples with hydrochloric (HCl) and hydrofluoric (HF) acids 

in order to eliminate the fraction of carbonates and silicates. The concentrated fraction 

without carbonates and silicates was thereafter sieved through a 10μm mesh. The 

aforementioned step preceded the mounting of permanent slides. The prepared slides 

are housed in the Evolutionary Studies Institute, Faculty of Sciences, University of the 

Witwatersrand, South Africa. The study of the slides was based on the qualitative 

(identification of organic components) and quantitative (abundance based on counting) 

under transmitted white light with a petrographic microscope. For precise qualitative 
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interpretation, the preservation state of particulate components was taken into 

consideration.  

 

6.2.1. Palynofacies and Spore Colour Index (SCI) 

During laboratory analysis, each sample was crushed and treated with hydrochloric 

acid and hydrofluoric acid. The treatment with acids aimed at removing carbonates and 

silicates respectively (Tyson, 1995). Neutralisation occurred between the addition of 

each acid, and consisted with the addition of distilled water and centrifugation at 300 

rpm for 5 min. The concentrated residues were then sieved through a 10 μm nylon 

mesh and subsequently mounted on glass slides with glycerine jelly. The palynofacies 

study was based on the counting of 300 kerogen components per slide and their 

identification under a transmitted light microscope (Zeiss® Axioskop microscope), at 

200x magnification. Here, should be stressed that fluorescence mode was used when 

needed for particle identification. The OM groups were identified, and classified 

following Tyson (1995) and Filho et al. (2002). The data generated by counting of the 

organic components as previously described were used for statistical treatment. The 

absolute data for each variable were recalculated for percentage values for 

interpretation of relative abundance through the studied section. In order to identify 

similarities amongst the variables and determine the palynofacies assemblages in the 

studied successions, a cluster analysis was performed using Q-mode. Additionally, 

paleotemperatures reached by the sediments were assessed with an aid of well-

established Spore Colour Index (SCI). Some of the useful palynotaxa included non-

striate bisaccate pollen, Scheuringipollenites maximus and monolete spores, 

Laevigatosporites plicatus. 

 

6.2.2. Biostratigraphy 

The microphotographs were taken in transmitted light mode Zeiss Axioskop coupled 

with Olympus DP72 camera and Stream Essentials® software. Counting of three 

hundred (300) grains was undertaken per slide under 400x magnification in order to 

yield qualitative and quantitative data. Each palynomorph was analysed qualitatively 

by using the selected references for identification and classification of species. The 
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identified palynomorph association was then compared with existing and published 

biozones, allowing thus the age constraints for the investigated units (e.g., Balme, 

1980; Barbolini et al., 2018; Aggarwal et al., 2019; Pereira et al., 2019; Galasso et al., 

2019 and other references included therein). For floral and palaeoenvironment 

inferences, palynological categories as described by Lindström and McLoughlin (2007) 

were used. 

  

6.3. Organic Petrography  

6.3.1. Vitrinite Reflectance 

The collected samples from cores and outcrops were pulverized and followed by 

isolation of kerogen from bitumen. The latter process has consisted on the use of 

SOXTEC™ 2050 equipment, dichloromethane and methanol during 2-4 hrs. Later on, 

acidification process was performed aimed at removing silicates and carbonates. The 

measurements of Vitrinite reflectance were conducted on polished concentrated 

kerogen samples in order to make a precise determination of the thermal variability. 

The vitrinite was measured using a reflected light microscope (LEICA DM6000 M), a 

Discus-Fossil software with a magnification of 200x for coals and 500x for shales. 

During different stages, the calibration of the microscope occurred with aid of an 

aluminium-garnet with known reflectance of 0.895. It should be highlighted that the 

sample preparation followed the Standard procedures outlined by Vandenbroucke and 

Largeau (2007) as well as by the American Society for Testing and Materials (ASTM) 

D2797 (ASTM D7708-11, 2011).  

The laboratory procedures were undertaken at the Núcleo dos Estudos de Carvão e 

Rochas Geradoras de Petróleo, Federal University of Rio Grande do Sul (UFRGS) 

Porto Alegre, Brazil. 

 

6.4. Elemental analysis 

This proxy is frequently used as aid for a detailed typification of kerogen. The kerogen 

typification is obtained through a van Kravelen diagram which combines H/C in the y 

axis and O/C ratios in x axis (Espitalie et al., 1977; Lafargue et al., 1998). Here, 

elements comprising, carbon, nitrogen, hydrogen, oxygen, and sulphur are analysed. 
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For these analyses only eight samples were chosen. The samples underwent a 

spraying process on a porcelain in order to proceed with acidification. The acidification 

process was aimed at removing the carbonates through washing the samples using 

hydrochloric acid. The obtained solution was then submitted for neutralization with 

distilled water followed by drying process and proper analysis. The mixture of 40 mg 

per sample with 89 mg of tungsten has been performed. The data are displayed as 

percentages of the analysed elements including the ash and oxides contents.  

 

6.5. X-Ray diffraction (XRD) 

X-ray diffractometry (XRD) is applied in several fields such as material sciences, 

mineral processing, petroleum research and others. For XRD analysis, 1 g of powder 

sample was used and prepared as pressed pellets, analysed as bulk, unoriented 

samples. The diffraction X-rays are produced when a monochromatic X-ray source hits 

the flat surface of samples. The diffractogram follows Bragg’s law for calculating the 

resulting diffraction angle, which is phase-dependant. The quantification of phases is 

carried out by the Rietveld method. The specific directions appear as peaks on the 

diffraction pattern called reflections. The measured data are compared with the 

theoretical single-phase diffractogram for phase identification. 

 

6.6. Samples 

For the present research four boreholes drilled by JOMEC in the Maniamba Basin were 

subsampled. All the boreholes are located in the southwestern section of the Basin 

(Fig. 11). The studied material represents a frontier area where no hydrocarbon 

research has ever been carried out. 

The studied cores were provided by MIREME including permission for publication of 

data. The geological description of each borehole is including in the different 

publications in section in the discussion section. Other samples used in this study were 

obtained from four outcrops. The collection of the samples in these outcrops resulted 

from previous field expeditions in which the process of sampling was entirely based on 

the degree of preservation. For sampling, the outermost parts of the outcrop were 

discarded as they are more likely to be either oxidized or contaminated with organic 
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debris. A few hundreds of grams were sampled from outcrops in most cases. Samples 

were then, labelled and bagged to avoid cross contamination. Geological structures 

such as fractures and other penetrating surfaces were avoided as these represents 

preferential weathering “spots”. In addition, during the process of sampling, GPS 

coordinates and other relevant information such as lithology, colour, sedimentary 

structures, locality, were also recorded.  

Both outcrops and cores we integrated in order to cover the maximum of stratigraphical 

units. The table below provides information regarding the selected boreholes and 

outcrops. 

Table 6 Main information regarding the studied samples. 

Borehole/Outcrops Drilling 

company 

Number 

of 

samples 

Depth 

(m) 

Formation/Age 

(This study) 

JOG16N-5 JOGMEC 65.0 213.0 Late Permian 

JOG16N-6 JOGMEC 39.0 318.0 Late Permian-Early 

Triassic 

JOG16N-7 JOGMEC 64.0 279.0 Late Permian 

JOG16N-8 JOGMEC 69.0 356.0 Late Permian-Early 

Triassic 

Luiga Field work 5.0 25.0 Late Permian-Early 

Triassic 

Luchai Field work 5.0 9.0 Middle Permian 

Nhamago Field work 5.0 8.0 Middle Permian 

Michunwa Field work 5.0 7.5 Undetermined  
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Figure 11.    Laboratory analysis performed during the present study. A. some subsampled 

cores from the Maniamba Basin. B. Preparation of samples for palynological processing, 

vitrinite analysis, and Rock Eval simulations. Microscope used during counting of slides for 

palynofacies analysis, and biostratigraphy D. Fluoresce microscope used for assessing 

hydrocarbon potential. E. Plugs prepared for vitrinite reflectance measurements. F. Rock 

analysis simulation using Rock Eval-6. G and H. Biomarker analysis (Chromatography). 
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Abstract 

 The Maniamba Basin in Mozambique is surveyed mainly in regard to coal exploration. 

However, this basin is also known for containing well preserved fossil plants and 

vertebrate fossils that shed light to the understanding of Gondwana ecosystems. 

Nevertheless, organic matter analysis (palynofacies) and its implication for 

depositional environment and hydrocarbon source rock have not yet been performed. 

Here, we report for the first time in the Maniamba Basin, results from palynofacies 

analysis combined with thermal maturation and kerogen typification. Palynofacies 

analysis was applied on 69 samples from the sediments of the JOGN16N-8 borehole, 

K5 Formation (middle Permian). The results indicate that sediments are dominated by 

phytoclasts with less abundant sporomorphs and sparse amorphous organic matter 

(AOM). Three palynofacies were identified suggesting depositional settings in a 

general proximal and oxic lacustrine-fluvial deltaic environment. The dominance of 

opaque phytoclasts may be due to wildfires, oxidation conditions before or post 

deposition in proximity to terrestrial settings and an environment under obliquity cycle-

controlled monsoon climate. The organic matter composition combined with Spore 
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Colour Index (SCI), pointed out the existence of an abundant type IV kerogen followed 

by type III in immature phase suggesting very little or no potential for gas exploration. 

Very few horizons suggest the existence of kerogen type II. This study, gives significant 

information for better understanding of the variation of organic matter, 

palaeonvironment and source rock potential of the studied area.  

 

1. Introduction  

Coal, oil and gas reserves are an important source of energy although their 

consumption is detrimental to the environment. Until sufficiently cost-effective and 

environmentally friendly resources become obtainable, these fossil fuels will continue 

to be used. Mozambique is no exception and as a developing country it is reliant on 

fossil fuels for internal use as well as export.  

Mozambique, on the eastern side of southern Africa, was part of Gondwanaland and 

comprises several large basins with Permian-aged coal deposits. Although the basins 

can be correlated generally with the Main Karoo Basin, the underlying topography, 

local palaeoenvironmental conditions, faulting and erosion, have affected the coal 

seam thicknesses, coal quality, maturity and oil and gas potential which varies between 

basins (Vale, 2014, JOGMEC, 2015; Paz, 2018). Until now, research has focussed on 

the Rovuma and Mozambique Basins, while the Maniamba Basin has received little 

attention. The Maniamba Basin has been regarded as vitally importance for the 

understanding of the flora and fauna of this portion of Gondwana (e.g., Castanhinha et 

al., 2013; Araújo et al., 2020; Macungo et al, 2020; Nhamutole et al., 2021). 

Palynological research in the Maniamba Basin’s Karoo-aged deposits has been 

scarce. The existing studies were only focused on the classical palynostratigraphic 

aspect (De Bock and Verniers, 1984; Verniers et al., 1989) aimed at refining the 

stratigraphy of the Maniamba Basin based on correlations with other Gondwana 

basins. More importantly, several works have been undertaken on the coal quality and 

geology of the Maniamba Basin (Amaro, 1950; Borges et al., 1950; Vincente et al., 

1950; De Bock, 1983). Surprisingly none of the studies carried out to date has aimed 

at understanding the organic matter composition of the Maniamba Basin although this 

proxy has been recently undertaken in some Karoo equivalent areas in the Tete 

province, centre of Mozambique (Costa et al., 2016; Gotz et al., 2017; Vaz, 2017). The 
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organic matter composition forming the basis of palynofacies studies has been used 

widely with the integration of other proxies to yield a more robust interpretation of the 

environmental deposition, such as the proximal-distal relationship with regard to 

source, oxic open marine, dysoxic-anoxic, brackish freshwater, as well as the 

hydrocarbon-generating potential (e.g., Batten, 1996; Tyson, 1995; El Beialy et al., 

2008; Zobaa et al., 2012; Raafat et al., 2021,). This approach relies on the organic 

matter isolation through laboratory standardized procedures in conjunction with 

microscope techniques for acquisition of data, statistical treatment and its 

interpretation. Here, a detailed palynofacies study based on organic matter 

composition of a middle Permian borehole from Mozambique consisting of clay-coal-

sandstone-mudstone-siltstone is presented. This is the first palynofacies study to be 

carried out in this basin. The study was undertaken aimed at improving our 

understanding regarding the organic matter variation and its contribution to the 

depositional environment and source rock for the K5 Formation in the Maniamba Basin. 

 

                               Fig. 1. Geographic map of the studied area. 
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2. Geographic Location and Geological setting of the Maniamba Basin 

For a detailed description regarding geography and geology of the study are, please 

see section 5.0 and 5.1.   

 

Fig. 2. Geological Map of the Maniamba Basin, Mozambique (Adapted from Verniers et al., 
1989). 

 

3. Materials and Methods 

3.1  Sampling 

This study was carried out on a total of 69 samples collected from a borehole core 

JOG16N-8 (360 m) from the K5 Formation (Middle Permian) in the Maniamba Basin, 

Niassa, Northern Mozambique. The drilling was done by JOGMEC (Japanese Oil, Gas, 

and Metals National Corporation) and permission to sample the core was obtained 

from Direcção Nacional de Geologia e Minas (Ministry of Mineral Resources and 

Energy, Mozambique). The procedure used for the study including palynofacies, 

thermal analysis is found in section 6.2.
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Table 1 Palynofacies data of the JOG16N-8borehole, K5 Formation, Maniamba Basin, Mozambique. The barren samples were excluded in the table. 
 

 
Depth       
(m) 

% Palynomorphs                                                                  % Phytoclasts % Amorphous 
Organic Matter 
(AOM)  

  Pollen grains Spores Non-opaque phytoclasts (Biost. & non-biost.) Opaque phytoclasts 

% 
Monos. 

%Bis. %Al. %Monol. %Tri. % Biost. %Non-
biost. 

%Cut. %Memb. %Cort. %Fungal 
hyphae 

%Eq. %El. %Cor. %Res. %AOM 

106.4 0 0 0 0 0 12.33 0 0 0 0 0 16.0 11.0 55.67 0 5.0 

106.62 0 0 0 0 0 20.33 5.67 0 0 0 0 9.67 11.0 43.67 0 9.67 

106.96 0 0 0 0 0 14.33 0 0 0 0 0 10.0 13.33 56.33 0 6.0 

107.25 0 0 0 0 0 41.0 6.67 0 0 0 0 6.67 9.0 29.33 0 7.33 

107.52 0 0 0 0 0 0 0 0 0 0 0 23.0 13.0 51.67 0 12.33 

107.77 0 0 0 0 0 2.33 1.67 0 0 0 0 0 17.0 70.0 0 9.0 

108.02 0 0 0 0 0 0 0 0 0 0 0 0 9.67 82.33 0 8.0 

108.33 0 0.6 0 0 0 4.33 1.33 0 0 0 0 0 8.67 84.67 0 0.33 

108.89 1.3 0 0 0 0 13.0 7.0 0 0.33 0.11 0 12.0 12.0 48.67 0 5.67 

109.14 1.0 0 0.3 0 0 3.0 0 0 0 0 0 0 15.0 73.67 0 7.0 

109.71 0.3 0 0 0 0 16.67 1.0 0.67 0 0 0.3 12.33 10.33 43.0 0 15.0 

110.13 0 0 0 0 0 13.67 0 0 0 0 0 15.0 6.67 60.33 0 4.33 

110.29 0 0 0 0 0 9.0 0 0 0 0 0 15.0 9.33 63.33 0 3.33 

110.8 0 0 0 0 0 0 0 0 0 0 0 0 11.0 86.67 0 2.33 

111.33 0 0 0 0 0 5.33 1.0 0.33 0 0 0 8.0 18.0 64.33 0 3.0 

118.57 37.3 0 0 0 0.33 3.67 0 0.33 0 0 0 14.0 16.67 15.0 0 12.67 

118.79 54.6 0.3 0 0.3 0 3.0 0.33 0 0 0 0 0 3.67 37.67 0 0 

119.08 0 0 0 0 0 5.0 1.33 0.33 0 0 0 12.0 37.33 38.33 0 5.67 

119.49 0 0 0 0 0.33 5.33 2.0 0 0 0 0 13.0 33.0 42.0 0 4.67 

119.8 0 0 0 0 0 0.33 0 0 0 0 0 0 15.0 84.33 0 0.33 

120.16 2.3 0 0 0 0 19.33 4.33 0 0 0 0 14.0 13.33 41.33 0 5.33 

120.26 4.0 0 0 0 0 20.33 3.67 1.0 0.33 0.11 0 0.67 6.0 58.33 0 5.67 

120.51 32.0 0.3 0 0.3 0 4.33 0.33 0.33 0.33 0.11 1.3 0 11.33 47.0 0.33 2.0 

120.73 39.0 0.6 0.3 0 0.33 8.67 1.0 0 0 0 1.0 1.0 7.33 39.33 0 1.33 

121.11 4.0 0 0.3 0 0 1.0 0 0.33 0.33 0.11 0.7 0 8.0 83.33 0 2.0 

130.524 7.0 0 0 0 0 14.33 9.33 2.33 0 0 1.3 1.0 6.67 55.00 0 3.0 
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Biost. =Biostructured; Cut =Cuticles; Memb. =Membrane; Cort. =Cortex; Eq. =Equidimensional; El. =Elongated; Cor. =Corroded; Res. =Resine; pollen +spores 

= sporomorphs. 

 

131.784 0 0 0 0 0 0 0 0 0 0 0 0 11.0 86.67 0 2.33 

142.163 32.3 0 7.3 2.6 3.33 6.67 1.0 0 0 0 0.3 1.67 9.0 30.00 0 5.67 

146.243 38.0 0.3 1.3 6.0 1.67 9.33 5.67 0 0 0 0.7 0 17.0 16.33 0 3.67 

151.432 33.0 0 0 0 1.0 10.0 4.0 0 0 0 0 1.67 13.0 30.67 0 6.67 

163.449 36.3 2.3 0.3 0.3 2.0 6.0 2.33 0 0 0 0.3 1.0 14.0 30.67 0 4.33 

168.424 48.6 0.6 0 3.3 0.33 6.33 2.0 0 0 0 1.7 2.0 8.0 23.33 0 3.67 

168.964 35.0 0 0 0.3 0 22.0 5.0 1.33 0 0 0 6.67 14.0 11.00 0 4.67 

175.424 45.0 0.3 2.0 2.0 0 15.0 0.67 0 0 0 0.7 0.33 8.33 21.67 0 4.0 

184.728 3.0 0 0 0 0 10.67 5.67 1.33 0 0 0.3 0.67 7.33 66.33 0 4.67 

185.238 1.0 0 0 0 0 18.0 8.33 1.33 0 0 0 3.0 15.0 47.00 0 6.33 

190.04 51.6 0 0 0 0 3.67 0 0.33 0 0 2.7 0 7.0 30.00 0 4.67 

190.194 34.3 1.0 0 0.3 0.33 13.67 1.33 0.33 0 0 1.0 0.67 6.0 35.67 0 5.33 

194.684 2.0 0.3 0 0 0 17.33 2.0 0 0 0 0.3 2.67 9.33 59.67 0 6.33 

195.464 59.0 0.3 0 0.3 0 2.67 0 0 0 0 0.7 0 4.67 28.33 0 4.0 

199.609 0 0 0 0 0 2.67 0 0 0 0 0 0 9.33 78.00 0 10.0 

242.659 11.6 5.3 0 0 0 19.67 8.67 0.33 0 0 0 2.67 13.0 28.00 0 10.67 

243.129 0 0 0 0 0 10.67 0.33 0 0 0 0 0 12.33 71.00 0 5.67 

248.429 13.6 1.6 0.6 2.6 0 18.67 14.67 0.33 0 0 1.3 2.33 12.0 21.33 0 10.33 

249.109 11.6 5.3 0 0 0 19.67 8.67 0.33 0 0 0 2.67 13.0 28.00 0 10.67 

249.429 44.3 0.6 0 0 0 2.0 1.67 0 0 0 1.3 1.67 13.0 26.00 4 5.33 

250.009 31.0 3.6 0 0 0 15.33 6.67 0 0 0 0.7 0.67 11.0 25.33 0 5.67 

251.269 12.6 0 0 0 0 5.67 5.0 0 0 0 0.3 0 12.0 56.33 1 7.0 



68 

 

4. Results and Discussion  

4.1 Features of particulate organic matter 

The type of organic matter (Kerogen) has a vital role in the nature of hydrocarbons that 

can be generated from a given source rock.  In the present study, three main 

constituents of Kerogen have been identified using the classification scheme of Filho 

et al., (2002). The identified kerogen components were phytoclasts, palynomorphs 

(only sporomorphs) and amorphous organic matter (AOM), as presented in the table 

1. In general, phytoclasts are the dominant particles (73.87% of the total assemblages). 

This abundance is followed by sporomorphs (18.02% of the total assemblages) and 

AOM (8.11% of the total assemblages). Phytoclasts are plant remains and the 

observed ones are either translucent or opaque. Translucent phytoclasts are generally 

brown being structured and structureless (Fig. 3). The observed translucent 

phytoclasts include cuticles, membranes, cortex and fungal hyphae (Fig. 3) Cuticles 

are light coloured translucent leaf epidermis and retain their cellular structures (Fig. 3). 

The cuticles are derived mostly from the leaves of gymnospermous trees (Tyson, 

1995). Cuticles cannot be transported very far before they are easily destroyed and, 

therefore, they are deposited close to their source (Tyson, 1995). Membranes are pale 

yellow, thin and sheet-like (Tyson, 1995; Filho, 1999). Fungal hyphae are fragments of 

hyphae generally brown in colour, consisting of individual filaments of the mycelium of 

the vegetative phase of fungi (Filho, 1999). Opaque phytoclasts are indicators of 

oxidation and carbonization of wood material and they are completely black (Fig. 3). 

The observed opaque phytoclasts were subdivided into five subcategories: 

equidimensional, sharp outline, no internal structure, lath (sharp outline sometimes 

with pits) and corroded (irregular, diffuse outline and black) (Fig. 3). 
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Fig. 3. Selected photomicrographs (under trans mitted light) of the phytoclast groups from the 

JOG16N-8 borehole, K5 Formation, Maniamba Basin, Mozambique. A) Amorphous organic 

matter. B) Equidimensional opaque phytoclast. C) Non opaque biostructured organic matter. 

D) Fungal hyphae. E) Non-opaque phytoclast (cortex). F) Non-opaque phytoclast, 

biostructured. G) Non opaque phytoclast. H). Membrane. I) Corroded opaque phytoclast. J). 

Elon gated opaque phytoclast. K) Cuticle. 

 

The sporomorphs represent a considerable proportion in the samples and mainly 

include monolete spores and monosaccate and bisaccate pollen grains (Figs. 4A- 4F 

and Fig. 5). Spores and pollen grains display different sizes and shapes, which ranges 

from oval to triangular and have well-preserved ornamentation, corresponding to a 

variety of taxa typical of the Permian. 

 



70 

 

 

Fig. 4. Photomicrographs of selected sporomorphs (transmitted light micro scope) from the 

JOG16N-8 borehole, K5 Formation, Maniamba Basin, Mozambique. A) Hamiapollenites 

fusiformes. B) Laevigatosporites plicatus. (C) Laevigatosporites vulgaris. (D) 

Microretaculatisporites sp. (E) Marsipipollenites sp. (F) Scheuringipollenites ovatus. 
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Fig. 5. Variation of the main organic matter compounds over the studied section of the 

JOG16N-8 borehole, K5 Formation, Maniamba Basin, Mozambique. The amount of 

palynomorphs stated in the figure are strictly related to sporomorphs. 

 

AOM of these samples are represented by structureless (no morphology) particles of 

Kerogen, yellowish to brownish (Fig. 3A). The observed AOM is mainly spongy and 

granular accompanied by amorphous membranous and fibrous phytoclasts (Fig. 3A) 

associated with biodegradation of higher plants (Tyson, 1995). 

 

4.2 Palynofacies Assemblages 

According to the statistical clustering using Euclidian distance and Particulate Organic 

Matter (POM) (Ward’s Method), the samples were classified into three main particle 

clusters, namely Palynofacies A, B and C (Figs. 6 and 7). 



72 

 

Palynofacies A (phytoclast dominant, opaque): Comprises mainly the lower portion 

of the productive section of the JOG16N-8 borehole and some middle portions. This 

palynofacies is represented by eleven samples (Figs. 6 and 7) and is characterized by 

abundant opaque phytoclasts (64% of total palynofacies A) and a moderate amount of 

sporomorphs (with a higher percentage of monosaccate pollen grains, 29.4% of the 

total palynofacies A). Very few AOM particles are observed (6.58% of the total of 

palynofacies A). 

 

Fig. 6. Photomicrographs (transmitted light microscope) showing the different palynofacies 

association in the studied section of the JOG16N-8 borehole, K5 Formation, Maniamba Basin, 

Mozambique. A) Palynofacies A; B) Palynofacies B; C) Palynofacies C. 

 

Palynofacies B (Phytoclast dominant, opaque, Organic Matter): Palynofacies B is 

restricted to the uppermost part of the productive horizons of the studied borehole. It 

is characterized by phytoclasts (13.68%, translucent phytoclasts, and 78.8% of opaque 

phytoclasts) and considerable abundance of AOM (5.23%) if compared to those of 

palynomorphs (4.26%). The sporomorphs are observed in lower concentration and 

mainly comprise monosaccate pollen grains. A high supply of phytoclasts in the studied 

section can dilute all the components and this factor reflects characteristics in which 

deposition occurs close to the mother flora (Batten, 1983). Also, this palynofacies is 

characterized by the predominance of non-degraded and biostructured cuticles 
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(fragments of tracheid cells (Fig. 3K)). Large cuticles, as observed in the Fig. 3K, are 

characteristic of prodelta facies. 

 

Palynofacies C (Palynomorphs dominant: Monosaccate pollen grains, Opaque 

Phytoclasts): This assemblage covers eight samples. Here, the sporomorphs become 

the dominant palynofacies group (49.83% of the total palynofacies) with abundant 

mono- and bisaccate pollen grains (Fig. 6C). In this assemblage, phytoclasts (45.81%) 

are however more abundant than AOM (4.35%). The higher percentage of 

sporomorphs identified in the samples is an indicator of depositional environments 

close to active fluvial-deltaic sources suggesting humid conditions associated with 

oxygenated environments, where lowered salinities suppress any planktonic 

production and sporomorph input is high (Tyson, 1995, Filho, 1999). 

 

Fig. 7. Cluster diagram for the studied material with related Palynofacies A, B and C of the 

JOG16N-8 borehole, K5 Formation, Maniamba Basin, Mozambique. 

 

4.3 Paleoenvironmental Interpretations 

Palynofacies is a tool that is used widely in several fields of geology aiming at 

recognizing proximal-distal relationships with regard to source, regressive-
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transgressive trends in stratigraphic sequences, transportation distance from the 

source, hydrocarbon source rock potential and in the identification of the various 

depositional environments (e.g., oxic open marine, dysoxic-anoxic, brackish 

freshwater, flooded palaeomire, swamps, peats, etc.). For the identification of 

depositional environments the classic Palynofacies, AOM-Phytoclast-Palynomorph 

ternary plot of Tyson (1993) (Fig. 8) was used herein. The APP ternary diagram (Fig. 

8) shows that the samples of the K5 Formation fall into four fields: Field I: highly 

proximal, shelf or basin; II: marginal dysoxic-anoxic; III: proximal shelf, V: mud 

dominated oxic shelf (distal shelf).  The Tyson diagram suggests that the K5 Formation 

was deposited under highly proximal and oxic shelf conditions. These data corroborate 

with the abundance of opaque phytoclasts over non-opaque phytoclasts suggesting 

also a general fluvial-deltaic sedimentary environment (Tyson, 1995). 
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Fig. 8. Tyson (1995) diagram for paleoenvironmental interpretations and the palynofacies 

sampling representation (A, B and C) from the studied area (JOG16N-8 borehole, K5 

Formation, Maniamba Basin, Mozambique). The amount of palynomorphs stated in the 

diagram are strictly related to sporomorphs. 

 

This abundance may be a result either of oxidizing conditions in proximity to terrestrial 

settings (Tyson, 1995) or due to the fact that some wildfires were part of the Middle 
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Permian ecosystem. Charcoal for instance has been found through some sections of 

the borehole core, but nothing in this regard has been published yet. However, the 

presence of charcoal suggests that wildfires were part of the Middle Permian 

ecosystem. Also, recent studies have revealed that abundance of opaque particles 

may have been as a result of an increased runoff in the fluvial-delta environment under 

obliquity cycle-controlled monsoon climate (Li et al., 2020). Further, the Tyson ternary 

diagram, modified by Hacquebard and Donaldson (1969), (Fig. 9), suggests that the 

sedimentary succession in the K5 Formation occurred in a lacustrine and swampy 

environment. These findings are in line with the terrestrial alluvial fan-river-braided 

systems and the delta-shallow lacustrine sedimentary systems for the studied area as 

identified by De Bock and Verniers (1984), Verniers et al., (1989) and Paz, 2018. 

Lastly, the identified Palynofacies A, B and C, the occurrence of spores (Figs. 4B-4D) 

are also in accordance with the higher contribution of the continental material in the 

sedimentary system of the section meaning a more proximal depositional environment 

(Filho, 1999). 

 

Fig. 9. Tyson (1995) Ternary diagram modified by Hacquebard and Donaldson (1969) for 

additional palaeoenvironment interpretations in the Maniamba Basin. The amount of 

palynomorphs stated in the diagram are strictly related to sporomorphs. 
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4.4 Source rock potential 

Rock Eval Hawk pyrolysis analysis integrated with biomarkers, organic petrography 

and palynofacies are being undertaken in two borehole cores closer to the area 

presented herein (Nhamutole et al. in press). These data will be important to build up 

full history of the Basin. However, the source rock potential investigated herein has 

been identified only on the basis of the palynofacies in order to get some inferences 

whether the kerogen is oil or gas prone and the spore coloration in order to determine 

levels of thermal maturity. The thermal maturity analysis is considered to be an 

indispensable tool to assess hydrocarbon generation potential due to the fact it is a 

key parameter for the conversion of sedimentary organic matter to oil and gas (Tissot 

and Welte, 1984). The spore colour Index (SCI) assesses the level of maturity and is 

based on the fact that transmitted colour of spores and pollen in unoxidized organic 

residue becomes darker with increasing thermal maturity (Staplin, 1969). However, 

this method can present limitations due to misinterpretation of colours. In the present 

study, the chosen spore for this analysis was Laevigatosporites plicatus (Fig. 10). The 

SCI range from pale yellow to yellow, indicating an immature phase (Pearson, 1990; 

Tyson, 1995). Moreover, it indicates little to poor hydrocarbon generation potential (Fig. 

10). In addition, there is no clear trend for the SCI values over the stratigraphic section. 

Coal quality studies have shown vitrinite reflectance (%Ro) ranging from 0.4-0.6 

inferring immature to mature phases (JOGMEC, 2015). These values corroborate at 

some stage with those observed by SCI methods, however more detailed studies using 

vitrinite measures are needed in the future. 

 

 

 

 

 

 

 

 



78 

 

 

Fig. 10. Spore Colour Index (SCI) illustrating an immature phase for the studied stratigraphic 

section of the JOG16N-8 borehole, K5 Formation, Maniamba Basin, Mozambique. 

The dominant phytoclasts (mostly opaques) represented clearly by oxidized or 

carbonized material suggests the presence of kerogen Type III and Type IV (with no 

or very little potential for hydrocarbon in the study area) (Fig. 11). Five samples fall in 

field IV of the Tyson 1995 diagram (Fig. 8) which represent a type II Kerogen. Samples 

within this field, however, are considered by Tyson (1995) to be more gas prone. This 

conclusion was expected due to the high input of continental material (mainly higher 

plants) that lower the H/C atomic ratio and contribute further to the enrichment in 

Oxygen derived from the high cellulose and lignin content. However, regarding the 

phytoclast abundance versus hydrocarbon potential, there are horizons with larger 

amounts of translucent phytoclasts relative to opaque phytoclasts indicating less 
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transportation and gas prone. This scenario is also reported from other Karoo 

formations in Mozambique (Moatize Minjova and Sanangoé-Mefidezi Basin) which 

indicate the existence of a potential for oil and wet gas production with transition into 

dry gas (Fernandes et al., 2014; Mahabeer, 2017). Other similar patterns were also 

reported in the Sichuan Basin, China (Zhenzhuchon Formation, Li et al., 2020), Ordos 

Basin, China (Triassic Yanchang Formation, Zhang et al., 2015), Raniganj Sub–basin, 

India (Barren Measures Formation, Ahmed et al., 2018) and others. 

In summary, based on the results of palynofacies it can be inferred that the siltstone-

sandstone-claystone of the K5 Formation are represented by immature Type II, III, and 

abundant Type IV kerogen with no or very little potential for hydrocarbon. However, 

use of integrated proxies in some deeper sections of the Basin is being taken into 

consideration because it will be important to understand its potential for hydrocarbon 

and palaeoenvironments. 

 

Fig. 11. Kerogen typification based on the relative abundance of different organic matter 

compounds in the JOG16N-8 borehole, K5 Formation (Middle Permian), Mozambique area. 

 



80 

 

5. Conclusions 

Palynofacies analysis was conducted on 69 samples of the Middle Permian, Maniamba 

Basin, Mozambique. This is the first palynofacies study carried out so far for source 

rock evaluation and paleoenvironmental reconstruction in the Maniamba Basin, 

Northern Mozambique. The main results of this study can be summarized as follows:  

Well preserved palynofacies assemblages comprising three palynofacies categories 

dominated mostly by opaque phytoclasts were identified. 

The most predominant kerogen component are phytoclasts with less abundant 

palynomorphs and sparse AOMs. 

The APP ternary plot indicates deposition under highly proximal and oxic shelf 

conditions. Furthermore, it can also be concluded that the sedimentary succession of 

the K5 Formation represents an ancient lacustrine-fluvial deposit within an oxidizing 

regime that alternated according to the climate from dysoxic to an oxic regime. 

The predominance of opaque phytoclasts in the sediments from the K5 Formation may 

be related to wildfire events during the Middle Permian and possible increased runoff 

in the fluvial-deltaic environment under obliquity cycle-controlled monsoon climate. 

Palynofacies analyses indicate type II, III and IV kerogen in immature stage for the 

rocks of the studied section which in turn provides some vital information regarding the 

exploration of hydrocarbon in the K5 Formation, Maniamba Basin. However, more 

powerful techniques are in progress in order for providing a better understanding of the 

Basin potentiality. 
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Abstract 

In order to further our understanding regarding the petroleum potential of the 

Maniamba Basin, Mozambique, organic rich sediments from four outcrops were 

investigated. Organic-rich shales, claystones, sandstones and siltstones were sampled 

for geochemical organic analyses that included TOC (Total Organic Carbon), and Rock 

Eval Pyrolysis. The pyrolysis analysis showed that the TOC ranges from good to 

excellent, thus indicating a potential for hydrocarbon generation. Based on the 

hydrogen index (HI) versus oxygen index (OI) diagram, most samples were classified 

as kerogen type III or IV, however, a mixed type II and III was also observed. These 

data suggest that the Organic Matter (OM) is of terrigenous origin with the occurrence 

of organofacies C, CD and D. The majority of the studied samples are found to be at 

mature to overmature stages. The overmaturation of the OM may be associated with 

tectonic events during the process of basin subsidence, and close proximity to igneous 

intrusions. Further, an indigenous nature of the hydrocarbon has been identified. 

Similar organic matter properties of the studied sections are correlatable with those 

from Moatize Minjova, Sanangoé-Mefidezi (Mozambique), Ruhuhu (Tanzania) and the 
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Main Karoo Basin in South Africa. Overall, the results of this study suggest a good 

potential for gas.  

 

Introduction 

Organic geochemistry is an important tool to evaluate the hydrocarbon potential of 

rocks (Van Krevelen, 1993; Hao et al., 2011) using, for instance, the Pyrolysis Rock 

Eval. The Rock Eval Pyrolysis is the most common and routinely used method in the 

petroleum industry providing inputs regarding the content, origin and maturity of 

organic matter in the rocks (Espitalie et al., 1977; Lafargue et al., 1998; Shalaby et al., 

2020; Qin et al., 2021).  

In Mozambique, organic geochemistry studies on dispersed organic matter are mostly 

restricted to the southern portion of the country and concern primarily Mesozoic and 

Cenozoic rocks [(e.g., the Paleogene Cheringoma Formation, and turbidites and 

shales in the Senonian to Paleocene Grudja Formation (Kihle,1983)]. For the 

Palaeozoic, recent studies by Mussa et al. (2018) using organic-rich shales from the 

Nemo-1x well, reported the existence of kerogen type III (gas-prone) and IV (non-

productive or residual) for the samples studied from the Mozambique Basin. Another 

detailed geochemical study was performed by Loegering and Milkov (2017), using data 

provided by SASOL from Inhassoro, Pande and Temane fields, where a pure 

thermogenic gas with no evidence of primary microbial or biodegradation was found. 

Some other reports from sites apart from the Maniamba Basin do exist, but they are 

part of internal reports of oil companies (Lineback et al., 1986; Salman et al., 1990; 

ECL, 2000). 

 Permian fine to coarse-grained sandstones, siltstones, shales and highly 

carbonaceous shales of four outcrops from the Maniamba Basin, Mozambique are 

investigated for their petroleum potential herein. The Maniamba Basin is one of the 

best-known basins in Mozambique extending over an area of 8 000 000 km2 and 

comprising Precambrian to Recent sedimentary deposits (Figure 1). This basin has 

been regarded as a potential area for gas exploration by ECL (2000) because its 

organic matter is assumed to be of a terrigenous origin; however, no survey regarding 

organic matter content and the petroleum generation potential have been done so far 
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(ECL, 2000). Coal quality studies and related research, however, has been reported 

(JOGMEC, 2015).  

 This study represents the first of its nature being undertaken in the Maniamba Basin, 

which will become useful for a better understanding of the source rock quality, type of 

kerogen, source rock maturation and migration thus, assisting in identifying future 

exploration targets. 

 

Geology of the Maniamba Basin 

The detailed geological information is found in the section 5.1. 

 

Figure 1. Three map illustrations of the Maniamba Basin with (A) Detailed map of the 

Maniamba Basin showing the location of the outcrops, (B) General Map of the Maniamba Basin 

(the rectangle represents an overview of the geological formations studied in the present work), 

(C) Map of Mozambique with the red polygon in the northern part representing the location of 

the Maniamba Basin. Maps (A) and (B) were both adapted from Verniers et al. (1989). 
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Figure 2. Stratigraphic column showing the lithostratigraphy and palaeoenvironments of the 

Maniamba Basin adapted from Verniers et al. (1989) and ECL (2000). 

 

Materials and methods  

Sampling 

Fifteen samples were obtained from four outcrops in the Maniamba Basin during a field 

campaign in 2021. The sampling sites was Luiga, Michunwa, Luchai and Nhamago 

(Figures 3A to 3D). For each outcrop 1 kg of samples were collected through a 
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horizontal excavation on the walls of the outcrop in order to avoid weathered and 

oxidized surfaces. The most preferable sampled rocks were fine-grained siltstone, 

carbonaceous shale, sandstone and claystone because these are the ones with 

potential for organic matter preservation.  The samples were then submitted to 

pyrolysis rock eval at the Universidade Federal do Rio Grande Sul (Brazil). 

Nevertheless, for details regarding pyrolysis rock eval procedures please see section 

6.1.1. 

 

Figure 3. Field illustrations of the studied outcrops showing organic rich units in black: (A) 

Luiga outcrop (KSb Formation, Early Triassic), (B) Nhamago outcrop (K4 Formation, Middle 

Permian), (C) Luchai outcrop (K4 Formation, Lower Permian), and (D) Michunwa outcrop (K5 

Formation, Middle Permian). The geological age of the sediments from different outcrops in 

brackets are according to the information given by the geological map (Figure 1) adapted from 

Verniers et al. (1989). 
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Figure 4. Lithology and sample horizons for the four outcrops from the Maniamba Basin, 

Niassa, including the collected samples: (A) Luiga, (B) Nhamago, (C) Luchai, and (D) 

Michunwa. 

 

Results and discussion 

All samples were processed under HAWK Pyrolysis to characterise the organic 

content, kerogen type, thermal maturity, generation potential, nature of hydrocarbons, 

depositional environment.  

 

Organic richness and source rock quality 

The Total Organic Carbon (TOC) measures the organic richness of a rock and it is a 

qualitative tool to measure the petroleum potential (Peters and Cassa, 1994). Values 

of 1.0 wt% TOC are considered a minimum value for defining a petroleum source rock 

(Peters and Cassa, 1994). Additionally, measuring only organic carbon content is not 

enough for determining the potential of source rocks (Peters and Cassa, 1994). Thus, 
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values of TOC should be regarded with caution because high organic carbon content 

is not always an indication of a potential oil source due to the fact that reworked organic 

matter from terrestrial sources within old marine sediments can display high TOC 

values (Sari and Aliyev, 2006). The results of TOC from the outcrops are presented in 

the Table 1. 
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Table 1 Total Organic Carbon (TOC) and Rock Eval pyrolysis results of the outcrop samples from Maniamba Basin. 

Outcrops  Lithostratigraphy 

(Verniers et al., 

1989)  

Samples S1 (mg 

HC/g 

rock) 

S2 

(mg 

HC/g 

rock) 

S3 

(mg 

CO2/g 

TOC)  

PI  S3/S2 GP Tmax 

(ºC)  

TOC  

(wt%) 

HI  OI  

 

Luíga 

 

KSb (Lower 

Triassic) 

1NN (3) 0 0.04 0.7 0.30 17.5 0.04 537 0.87 4 81  

1NN (2) 0.01 0.47 1.16 0.04 2.46 0.48 452 2.21 21 52  

1NN (1) 0.41 3.83 0.24 0.10 0.06 4.24 434 2.67 143 9  

 

Michunwa 

 

K6 

(Middle Permian) 

40NN (5) 0.01 0.06 0.75 0.30 12.5 0.061 543 1.88 3 39  

40NN (3) 0.01 1.11 1.47 0.01 1.32 1.12 448 4.70 23 31  

40NN (2) 0 0.3 0.93 0.03 3.1 0.3 450 2.10 14 44  

40NN (1) 0.01 0.25 0.33 0.07 1.32 0.26 537 1.60 15 20  

 

Nhamago 

 

K4 

(Lower Permian) 

*23NN (5) 0.16 23.5 19.07 0.01 0.81 23.66 428 37.56 62 50  

23NN (4) 0.02 1.27 1.40 0.02 1.10 1.29 435 7.37 17 19  

23NN (3) 0 0.12 0.37 0.01 3.08 0.12 545 1.34 9 27  

23NN (2) 0 0.08 0.66 0.13 8.25 0.08 548 1.16 6 56  

23NN (1) 0.01 0.07 0.94 0.22 13.42 0.08 549 1.82 3 51  

 

Luchai 

 

K4 

(Lower Permian) 

31NN (4) 0.02 0.95 2.27 0.03 2.38 0.97 437 7.30 12 31  

31NN (3) 0.01 0.57 1.10 0.02 1.92 0.58 436 4.84 11 22  

31NN (1) 0.03 0.54 0.31 0.07 0.57 0.57 439 1.49 36 20  

*Abbreviations S1=Free hydrocarbon content, mg HC/g rock; S2 = Remaining hydrocarbon or generative potential, S3=the amount of CO2 from breaking 

oxygen-containing compounds in kerogen at 300-3900 C, PI=Production Index; GP=Generator Potential; Tmax=Temperature at maximum of S2 peak (℃); 

TOC=Total organic carbon; HI=Hydrogen Index; OI=Oxygen Index. *Sample 23NN(5) is considered an outlier due to its high value of TOC reaching to 

37.56wt%. 



94 

 

The Nhamago outcrop (Figure 5) shows TOC values ranging from 1.1 to 4.8 wt%. This 

content points to excellent potential for hydrocarbon generation. The values for the 

Luchai outcrop (Figure 5) range from 1.4 to 7.3 wt%, also suggesting good to excellent 

organic richness according to Peters and Cassa (1994). In its turn the Michunwa 

(Figure 5) TOC values range from 1.6 to 4.7 wt% being regarded as good to excellent. 

The only exception are the samples from the Early Triassic Luiga outcrop (Figure 5), 

showing values ranging from 0.8 to 2.6 wt%, which are considered fair to very good for 

hydrocarbon generation. In summary, the variations in TOC content suggest that the 

carbonaceous shales, siltstones and studied claystone present a good potential for 

hydrocarbon generation. Further, the majority of TOC values from the studied outcrops 

are less than 2%. 

 

Figure 5. Geochemical log of the four studied outcrops from the Maniamba Basin, Niassa, 

showing different parameters analysed through Rock Eval pyrolysis data. 
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Types of kerogen 

The types of kerogens (organic matter) are defined by hydrogen and oxygen indices 

(HI and OI, respectively) (Tissot and Welte, 1978; Waples, 1985; Van Krevelen, 1993). 

Kerogen types with HI above 600 mg/g rock have an excellent potential for oil 

generation (Waples, 1985). HI between 150 and 300 mg/g indicates a mixture of 

kerogen Type III and II, suggesting that the rocks are capable of generating mixed gas 

and oil, but mainly gas. Kerogen with HI below 150 mg/g indicates mainly type III 

kerogen, regarded as potential source rock for gas generation. Most of the studied 

units display low HI values ranging from 1 to 36 (Table 1).  

According to Geel et al. (2015), the oil released from kerogen might be adsorbed into 

the surface of the clay minerals thus lowering the HI values in the Karoo Basin. This 

fact would reduce the S2 peak and as a consequence reduce the HI values. Further, 

research performed by Geel et al., 2015 in the Lower Permian Whitehill Formation, 

Karoo Basin in South Africa indicated that the low HI values in this Karoo Formation 

has been linked to high clay content, high sulphur content and the presence of solid 

bitumen. This can be a likely explanation for the Maniamba Basin. In addition, the low 

HI values for the studied outcrops are indicative of absence of significant amounts of 

oil-generative lipid materials and the presence of kerogen that is mainly type III or type 

IV. Additionally, based on the HI versus OI and S2 versus TOC plot diagrams (Figures 

6A and 6B), the results show a mix of kerogen type II/III, III and IV. 
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Figure 6. Modified van Krevelen’s diagrams illustrating kerogen types of source established 

from organic geochemical parameters (A) Hydrogen Index (HI) versus Oxygen Index (OI), (B) 

S2 versus Total Organic Carbon (TOC) plots showing the distribution of different types of 

kerogen in the outcrop samples modified after Espitalié et al. (1977). 

 

However, the majority is classified as kerogen type III and IV and a few as kerogen 

type III and type II/III. In the studied area, carbonaceous shales, coal-bearing strata 

and terrigenous plant materials such as the Permian Glossopteris flora have been 

reported (Araújo et al., 2020) which is consistent with the obtained kerogen types. 

Moreover, low HI and higher OI values confirm the idea that organic matter is derived 

mainly from terrestrial sources with non-existent algal content as shown in the organic 

facies Figure 7. 

 

Figure 7. Hydrogen Index (HI) versus Oxygen Index (OI) cross plot indicating the organic 

facies adapted from Jones (1987). 

 

Thermal maturation and influence of local geology 

The composition of the OM changes its properties with increasing pressure and 

temperature. These conditions can generate either oil or gas. For oil generation a Tmax 
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interval of 435o C to 465o C is necessary (Tissot and Welte, 1978). In regard to gas 

generation, a minimum Tmax value of 470o C is needed (Espitalie et al., 1997). 

In the present study, the Tmax values for the Nhamago samples show immature to 

postmature rocks (Figure 8). Mature rocks for oil generation are found in the Luchai 

outcrop (Figure 8). The Michunwa data point to mature to supermature in these 

samples. Further, the data from the Luiga outcrop show early mature levels to 

postmature (Figure 8). The large variability of Tmax data can be associated with 

several effects such as intrusions, oxidation and reworking, alpha irradiation, natural 

impregnation or contamination by drilling fluids or due to the presence of faults (Peters 

and Cassa, 1994; Bordenave et al., 1993; Ade, 2000; Sydnes et al., 2019).   

Additionally, the lack of linear trend in the Tmax values can be associated with the clay 

mineral content as suggested by Gao et al. 2019. According to Gao et al. (2019), 

different clay minerals can have different effects on different types of kerogens thus 

influencing the Tmax values. For instance, with the ratio of kerogen/clay minerals 

changing, the Tmax can also be affected. The impact of mineral matrix on Rock Eval 

pyrolysis data has been documented by several researchers (Espitalié et al. 1977; 

Espitalié, 1986; Peters, 1986; Hazra et al., 2018; and others). Aside from Tmax, other 

thermal maturity parameter analysed is the Production Index (PI). The PI has been 

used to interpret the thermal maturity of organic matter (Peters and Cassa, 1994; Nazir 

and Fazeelat, 2017a, 2017b). According to the aforementioned authors, samples with 

PI values less than 0.05 might be indicated as immature and as having generated little 

to no petroleum. Additionally, samples with PI values ranging from 0.05 and 0.10, can 

be assumed to have yielded very little oil and may have reached the wet gas zone. 

Finally, if PI values exceed 1.0, then the ability of the kerogen to yield hydrocarbons 

may have been depleted. For the studied material the Tmax corroborates with PI 

values indicating mature to postmature source rocks within oil and gas generating 

zone.  Samples at postmature levels cannot generate liquid hydrocarbon, but can act 

as a potential rock for dry gas (Khan et al., 2022). 
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Figure 8. Hydrogen Index (HI) versus Tmax cross plot showing the maturity and type of 

kerogen in the outcrop samples adapted from Van Krevelen (1993). 

In the studied area different geological events may have contributed to the different 

level of maturation of the sediments in the Maniamba Basin. For instance, the reported 

kimberlite intrusions that represent the first or second stage of rifting of the Metangula 

graben (Verniers et al., 1989; Key et al., 2007) (Figure 9). The kimberlite dykes from 

the Maniamba Basin are reported from Micuela, Tulo and Nhamago sites (Figure 9). 

The aforementioned kimberlites pipes cut through lower and middle Karoo rocks and 

consolidated lower Karoo sandstones (Figure 9). In the studied outcrops, only Luchai 

and Nhamago sites are situated closer to the kimberlite intrusions. The Luchai area 

present Tmax values representatives of no influence by igneous intrusions. On the 

other hand, the Nhamago site display greater Tmax values which can represent an 

influence by the existing kimberlite intrusions in the area. However, further studies 

based on a large sample size and a systematic approach should be undertaken in 

order to differentiate reliably the effects of local burial and heating due to the 

emplacement of the intrusive in the area of study.  Additional, should be hypothesised 

the contribution of the East African rift during the Late Tertiary. The East African rift 

affected the Metangula area forming the Niassa Lake and a small horst which runs 

along the Niassa Lake from Metangula over Messumba to near Likoma Island in 
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Malawi (Verniers et al., 1989). The contribution of the rift system should be further 

investigated.  

 

Figure 9. Map showing the influence of kimberlite intrusions in the maturation of the studied 

samples adapted from Key et al. (2007). 

 

Nature of hydrocarbons and its potential 

Regarding migration, the variables S1 versus TOC pointed out to an indigenous nature 

to the studied samples (Figure 10). This fact can also be supported because all the 

source rocks contain an expected level of S1 hydrocarbons for their given TOC, and 

hence, are predominantly indigenous as suggested by Hunt (1995). Moreover, the low 

values of the S1 yield compared to S2 also suggest the indigenous nature of the 

hydrocarbon present. On the other hand, the potential for oil production capacity has 

been plotted using the plot of S1 versus TOC. For the studied samples, only one 

sample from Luiga (as pointed out above) indicates an oil producible potential as 

shown in Figure 11. However, more samples will be needed to confirm the oil-

generation potential for the studied sites.  
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Figure 10. Cross plot S1 versus Total Organic Carbon (TOC) shows the nature of the 

hydrocarbons within the outcrops adapted from Hunt (1995) and Figure 11 (right side). Free 

Oil content versus Total Organic Carbon (TOC) showing oil crossover effect from the outcrop 

samples obtained from Mussa et al. (2018). 

 

Karoo-aged basins with similar organic geochemistry properties  

Similar patterns regarding the organic content observed in the studied outcrop are 

observed in some Gondwana units of similar ages (Figure 12 and Table 2). The first 

obvious example occurs in the Moatize-Minjova Basin (Karoo Basin of Central 

Mozambique). In the aforementioned Basin, the target outcrops are from the Lower 

Permian Vúzi Formation and Moatize Formation. The organic matter of the Lower 

Permian Vúzi Formation is classified as Type IV Kerogen with low HI suggesting very 

little potential for gas generation. Some samples from the present study display this 

scenario. In the same basin, the Moatize Formation (Lower to Middle Permian) 

according Fernandes et al., 2015, is characterised by having a mixed kerogen type II-

III and type III with high TOC values (>4 wt%), moderate values of HI indicating a 

potential for thermogenic gas generation. The maturation values indicate the end of oil 

generation and onset of gas generation (Fernandes et al., 2014). The organic matter 

content in this Formation is similar to some units from the studied sites. All the studied 
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outcrops show a mixed type II-III kerogen. The type II kerogen is only restricted to the 

Nhamago and Luiga outcrops.  

Another surveyed basin, which occurs in the Tete province is the Sanangoé Mefidezi 

Basin which, according to Mahabeer (2017), shows samples with potential for oil 

generation, wet gas and dry gas based on the colour of selected sporomorphs. 

Mahabeer result suggests the occurrence of organic matter type II, mixed type II-III, 

type III and IV. These results are comparable with the data obtained from the outcrops 

described herein, however, no type II kerogen is identified for the sites. Regionally, ten 

Karoo-aged basins have also been surveyed in terms of the organic matter properties, 

the Ruhuhu and Tenga basins in Tanzania, the Main Karoo and Tuli Basins in from 

South Africa, the Moatize Minjova and Sanangoé-Mefidezi Basin in Mozambique, the 

Cahora Bassa and Mid-Zambezi basins in Zimbabwe and the Luangwa Basin in 

Zambia. 

 

Figure 12. Karoo Basin map illustrating the comparable Karoo sites based on the organic 

matter properties used in the present study. 
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The Lower Permian sedimentary rocks from the Ruhuhu Basin in Tanzania display 

moderate source rock properties (Kreuser et al., 1988). These rocks are mature and 

placed within the oil window. Kerogen type III is typical for the Ruhuhu Basin. 

Interestingly, this pattern is observed for the sediments from the Upper Permian in the 

same basin (Kreuser et al., 1988.). The studied sections in the Ruhuhu Basin display 

close similarities to those observed from Nhamago and Luiga outcrops. The Karoo 

sedimentary rocks from the Tenga Basin in Tanzania display type III and mixed type 

II/III kerogen which is correlatable with the sediments of the studied outcrops because 

all of the studied show this type of kerogen.  Additionally, the black shales of Whitehill 

Formation in South Africa contain bisaccate pollen of terrestrial origin. An average of 

4.5 weight TOC was also observed suggesting that it contains type II kerogen reflecting 

high level of maturity. The source of OM is of mixed origin (both type II and type III 

kerogen). The Whitehill Formation (Main Karoo Basin) and the Tuli Basin are rich in 

TOC being suitable for gas exploration (Geel et al., 2015; Akintola et al., 2023). 

Because these formations showed a mixed type II and type III kerogen can be 

correlated with two outcrops of the studied material, Nhamago and Luiga respectively. 

Other analysed Karoo-age basins such as Cahora Bassa Basin, Mid Zambezi Basin in 

Zimbabwe, and Luangwa Basin in Zambia have demonstrated close affinities with the 

studied outcrops, however an exception is observed in the Cahora Bassa Basin (Table 

2). In the Cahora Bassa Basin, a type I kerogen is observed and is associated with 

high latitude lake deposit capable of generating oil (Hiller and Shoko, 1996) (Table 2).   

In summary, a good correlation within the Karoo Basin can be extrapolated, however 

more data from some unexplored basins are still needed.  
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Table 2 The Maniamba Permian outcrops compared with other Karoo sites in terms of organic geochemistry properties 
 

Organic 
Matter 
Content 

Whitehill 
Formation 
(Lower 
Permian 
shale, 
Karoo 
Basin) 
Geel et al., 
2015 

Tuli 
Basin, 
South 
Main 
Karoo 
Basin,  
Akintola 
et al., 
2023 

Vúzi 
Formation 
(Lower 
Permian) 
Moatize-
Minjova 
Basin 
Fernandes 
et al., 2015 

Moatize 
Formation 
(Lower-
Middle 
Permian) 
Moatize-
Minjova 
Basin 
Fernandes 
et al., 2015 

Sanangoé 
Mifedezi 
Basin  
Mahabeer, 
2017 

 

Ruhuhu 
Basin  
(Lower 
and 
Upper 
Permian) 
Kreuser 
et al., 
1988 

Cahora 
Bassa 
Basin, 
Zimbabwé 
Hiller and 
Shoko, 
1996 

 

Mid 
Zambezi 
Basin, 
Zimbabwe, 
Hiller and 
Shoko, 
1996 

 

Luangwa 
Basin, 
Zâmbia 
Utting 
and 
Wielens, 
1992 

 
 

 
 

Tenga Basin, 
Tanzânia, 
Mallah and 
Sanga, 2022 
 

 
 

Outcrops           
(Maniamba   
Basin) 

In this 
paper 

 

Vitrinite 
reflectance    
(%Ro) 

4.0 1.19-
1.30 

1.3-1.69 1.3-1.69 No data 0.5-0.8 <0.5-1.0 <0.5-1.0 0.60-0.94 
 

No data No data 

Tmax (0C) ≥ 563 464–470 ≤ 440 ≤ 436 No data No data 430-450?? 430-450 No data 
 

No data 428-549 

TOC (%t) 07. to 8.15 47.0 0.9 to 2.4 <4.0 No data No data > 0.5 >0.5 No data 
 

No data 0.87 to 4.84 

Kerogen 
Types 

Mixed of 
type II and 
type III 

Type III 
and 
Mixed 
type II/III 

Type IV 
kerogen 

Mixed of 
type II-III 
and type III 

Mixed type 
II-III, type 
III 

Type III 
kerogen 

Mixed type 
II-III, type I 
and type III 

Type II, 
Mixed type 
II/III and 
type III 

Type II, III 
and IV 

 
 

Type III and 
mixed type II/III 

 
 

Mixed type 
II-III,  
type  
III and type 
IV 
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Conclusions 

Rock Eval analysis coupled with TOC and kerogen analysis from four outcrops of 

Permian and Early Triassic ages in the Maniamba Basin were investigated herein. This 

research was carried out in order to evaluate its source rock potential of the sampled 

sediments. The main conclusions are as follows: 

 The OM within the four outcrops is mainly dominated by kerogen type III, IV with 

minor mixed II/III kerogen. 

 Low values of HI are observed at almost all outcrops.  

 The observed kerogen is thermally mature to postmature due to proximity to 

igneous intrusions (e.g., kimberlite dykes).  

 The lower HI and higher OI of OM indicates three organofacies C, CD and D 

and a kerogen dominated by terrestrial OM within an oxic environment. 

 The studied sections revealed to be good to excellent source rocks with regard 

to organic richness. 

 No marine source rock has been identified for the Karoo basins. The Moatize 

Minjova (Mozambique), Sanangoé-Mefidezi (Mozambique), Ruhuhu Basin, 

Cahora Bassa Basin (Zimbabwé), Luangwa Basin (Zambia) and Main Karoo 

Basin (South Africa) have demonstrated close similarities with the sediments 

from four outcrops of the Maniamba Basin in terms of their organic geochemistry 

properties. However, an exception is the occurrence of type I kerogen in the 

Cahora Bassa Basin (Zimbabwe) which is interpreted as high latitude lake 

deposit capable of generating oil. 

All in all, it has been demonstrated herein that the rocks from the Maniamba 

outcrops possess suitable organic richness and source rock potential, and 

therefore in the future these sections might be of more interest in terms of 

hydrocarbon prospectivity. However, more studies are needed in this Basin using 

other proxies such as vitrinite reflectance, palynofacies, elemental analysis, x-ray 

diffraction, isotopes and biomarkers in order to improve the data presented herein 

regarding the determination of the potential for hydrocarbon generation and the 

contribution of igneous intrusions to the maturation of the studied organic matter. 
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Abstract 

A total of 65 samples from a Permian borehole in the Maniamba Basin, Mozambique 

have been analysed in regard to total organic carbon content, Rock-Eval pyrolysis, 

elemental composition, vitrinite reflectance and palynofacies. The sediments are 

mostly composed of quartz, enriched in calcite and clay minerals.  The deposition of 

the peat biomass occurred in a non-marine setting characterised by non-oxygen 

deficient conditions reinforced by higher input of phytoclast, high C/N and C/S ratios, 

low V/Cr ratios, low hydrogen index, high oxygen index associated with moderate 

contribution of palynomorphs and AOM. These data are supported by the identified 

four grouped palynofacies coupled with organofacies C, CD and D. The sediments 

display organic richness spanning from very good to excellent and potential for 

hydrocarbon ranging from fair to excellent. The type of kerogen observed herein are II, 

III, mixed II/III and IV which represents oil prone, gas, mixed hydrocarbons and is 

immature to postmature in the anthracite to meta-anthracite bituminous rank. The 

kimberlite intrusions and the clay mineral content may be the factors that control the 

thermal maturity trends. In its turn, the content of major element (e.g., log (Fe2O3/K2O) 

versus log (SiO2/Al2O3) and other ratios have revealed that the K4 Fm is a result of 

combined iron shale and shale facies. The protolith is attributed to the intermediate 

and mafic igneous rocks. The paleoclimate conditions are inferred to be humid and are 
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responsible for paleoweathering. Discriminated functions has allowed to pinpoint the 

environment of depositional as pertaining to an active continental margin and oceanic 

island arc under oxic-anoxic conditions. The integrated proxies point out for the existing 

potential for hydrocarbon generation. 

 

Introduction 

Although there is an increase of use of renewable energies in the world, it has been 

estimated that regardless of this trend there might be an increase of hydrocarbon use 

by 2030 of up to 41% (Hydrocarbon Processing, 2014). This fact reinforces the need 

for continued research in new potential sites for hydrocarbon exploration, mainly gas, 

which is regarded a clean energy resource. This case is applicable for the Maniamba 

Carboniferous Basin (MCB) in Mozambique. Some of the key studies carried out in the 

MCB aiming at surveying sources of energy (coal) were done by Verniers et al. (1989), 

Vale (2014) and JOGMEC (2016). Since these studies, the MCB has been surveyed 

recently in terms of its hydrocarbon potential, however, the survey was only focused 

on the use of palynofacies (Nhamutole et al., 2023).  Moreover, researchers only 

analysed the K5 Formation (Middle Permian, Figure 1) justifying the fact that there is 

a need for the assessment of all the strata of the MCB using combined techniques. 

Similarly, in another paper (Nhamutole et al., 2023), they completed a pilot study of 

eight sample sediments from outcrops of the K4 Formation. Their preliminary study on 

the few samples indicated that a detailed study based on more data is crucial. The 

present study is aimed at bringing a better interpretation by combining different proxies 

that include palynofacies, organic geochemistry, elemental analysis and organic 

petrography in order to get better insights regarding the environment of deposition, 

thus improving the existing knowledge regarding the hydrocarbon potential in the K4 

Formation, Lower Permian from the Maniamba Basin. These combined techniques 

represent one of the specific aspects of organic facies research technique yet have 

proven to be efficient in the identification of depositional environments, organic matterʼs 

provenance, quality, quantity and type. Other examples using these proxies for 

establishing the oil and gas source rock characterization can be found in Deaf and 

Tahoun (2018), Abou Ela et al. (2018), Hunt (1995), Karg and Sauerer (2022), Mussa 
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et al. (2021), Nazir et al. (2020), Peng et al. (2022), Zhang et al. (2015), Zobaa et al. 

(2011). 

According to the existing literature, the current research represents the first organic 

petrography study of the K4 Formation integrated with petroleum geochemistry and 

visual kerogen analysis to assess the hydrocarbon potential of this historically 

neglected basin in Mozambique.  

 

Geology of the Maniamba Basin 

The details regarding the geology of the K4 Formation are found in section 5.1. 

 

Figure 1. Geology and stratigraphy of the Maniamba Basin adapted from Verniers et al. (1989). 

 

 

Kimberlite Intrusions  

The details regarding the kimberlite intrusions from the Maniamba Basin are found in 

section 5.1.4. 



113 

 

 

Figure 2. Map of Kimberlite intrusions in the Maniamba Basin adapted from Key et al. (2007). 

 

Methods and Materials  

The research described herein consists of 65 samples subsampled from one borehole 

core drilled by JOGMEC (Japan Oil, Gas and Metal National Corporation) in the 

Maniamba Basin (MB), K4 Formation (Figure 3). Total organic carbon (TOC), Rock 

Eval, vitrinite reflectance, palynofacies and elemental composition were used herein. 

Each method is described in the following section. Laboratory analysis regarding Rock 

eval, palynofacies, vitrinite reflectance, and elemental analysis are found in sections 

6.1.1, 6.2, 6.3.1, 6.4. 
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Figure 3. Lithological profile of the studied area indicating the sampling points. 

 

Results  

TOC and Rock eval pyrolysis 

The obtained results have demonstrated considerable distribution with regard to TOC 

content, spanning from 0.26 to 21.5 wt% (Table 1 and Figure 4).  The highest values 

of TOC are observed at the top of the sequence and lowest at the bottom (Table 1). 

The S1 varies from 0 to 0.21 (Table 1 and Figure 4). The S2 values are higher than the 

S1 values in all samples. The Tmax of the samples vary from 354 to 586oC indicating 

stages ranging from immature to postmature rocks with no linear trend with depth. 
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Similarly, data from organic petrography have showed vitrinite reflectance 

measurements ranging from 0.54 to 1.57% Rrandom as observed in the Table 1. 

Table 1. Results of the TOC, Rock Eval pyrolysis and vitrinite reflectance of the JOG16N-5 

borehole. 

Depth (m) S1 (mg 
HC/g 
rock) 

 

S2 (mg 
HC/g 
rock) 

S3 (mg 
CO2/g 
TOC) 

PI Tmax 
(0C) 

TOC 
(Wt%) 

HI (mg 
HC/g 
rock) 

OI (mg 
CO2/g 
rock) 

Ro (%) 

8.55 0.07 31.91 2.11 0.002 430 21.5 148 9 0.62 

9.17 0.03 12.42 0.65 0.003 431 11.41 108 5 
 

9.5 0.04 8.13 0.68 0.005 432 7.28 111 9 
 

13.2 0.07 18.99 0.61 0.004 431 9.21 206 6 
 

15.67 0.01 0.08 0.31 0.143 509 1.36 6 23 
 

18.8 0.01 0.21 0.28 0.075 516 1.5 14 18 
 

20.67 0.08 17.6 0.9 0.006 431 14.79 118 6 
 

22.6 0.02 0.77 0.37 0.037 445 2.21 34 16 
 

23.4 0.02 0.44 0.46 0.057 457 1.73 25 26 
 

23.58 0.1 5.31 0.53 0.019 438 4.91 108 10 
 

28.6 0.06 1.84 0.36 0.033 445 3.83 48 9 
 

          
30.93 0.02 0.33 0.41 0.06 508 1.78 18 23 

 

33.18 0.03 1.83 0.59 0.019 451 4.7 38 12 0.71 

33.46 0.02 0.26 0.33 0.107 438 1.67 15 19 
 

33.75 0.06 20.5 0.61 0.004 429 8.96 228 6 
 

34.6 0.01 0.82 0.36 0.024 438 1.87 43 19 
 

35.65 0.01 0.7 0.37 0.025 452 2.48 28 15 
 

36 0.15 12.13 0.87 0.014 427 7.41 163 11 
 

36.9 0.05 4.21 0.62 0.012 437 4.19 100 14 
 

37.96 0.03 1.3 0.64 0.027 442 2.85 45 22 
 

38.9 0.02 0.71 1.06 0.026 444 2.14 33 49 
 

39.24 0.02 1.04 0.7 0.029 434 2.33 44 29 
 

41.44 0.03 1.04 1.77 0.029 435 2.29 45 77 
 

41.82 0.14 28.02 0.87 0.005 428 16.62 168 5 
 

44.23 0.21 15.59 1.04 0.014 434 18.67 83 5 0.62 

45.2 0.12 12.71 0.78 0.01 431 9.9 128 7 
 

45.8 0.07 3.89 0.79 0.02 447 6.84 56 11 
 

46.1 0.04 4.47 0.27 0.011 436 3.35 133 8 
 

46.89 0.08 31.16 1.03 0.003 428 14.94 208 6 0.54 

47.3 0.13 14.7 0.74 0.01 431 8.99 163 8 
 

48.37 0.03 0.89 0.32 0.038 449 2.72 32 11 
 

49.18 0.04 2.9 0.38 0.015 435 3.07 94 12 
 

50 0.04 4.48 0.63 0.01 436 4.78 93 13 
 

50.1 0.04 5.09 0.59 0.008 434 5.58 91 10 0.72 

50.83 0.07 36.42 1.6 0.002 426 15.63 233 10 
 

51.15 0.03 4.91 0.45 0.007 435 4.83 101 9 
 

51.73 0.06 7.39 0.81 0.008 437 7.8 94 10 
 

52.32 0.03 4.21 0.63 0.009 440 5.36 78 11 
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55.08 0.03 1.13 0.75 0.036 442 3.03 37 24 
 

57 0.04 3.6 0.37 0.012 436 4.04 89 9 
 

58.88 0.07 12.57 0.75 0.006 432 13.83 90 5 0.61 

60.23 0.01 0.38 0.2 0.037 433 1.46 26 13 1.57 

63.27 0.03 8.52 0.52 0.004 433 6.17 138 8 
 

66.36 0.01 0.24 0.21 0.057 433 0.84 28 25 
 

68.54 0.05 14.84 0.71 0.004 425 10.76 137 6 
 

72.32 0.03 7.1 0.43 0.006 432 5.84 121 7 1.6 

79.73 0.01 0.03 0.27 0.433 428 0.54 5 49 
 

81.37 0.03 2.84 0.68 0.012 448 6.68 42 10 
 

82.3 0.01 0.1 0.33 0.168 441 1.79 5 18 
 

84.49 0 0.03 0.19 0.26 371 0.25 10 74 
 

85.38 0 0.02 0.32 0.438 380 0.54 3 58 
 

103.32 0.01 0.02 0.29 0.432 354 0.28 8 105 
 

171.47 0.01 0.23 0.34 0.069 576 3.23 7 10 
 

172.12 0 0.08 0.24 0.146 586 1.33 5 18 1.48 

175.2 0 0.21 0.22 0.047 577 2.36 8 9 1.44 

175.9 0 0.32 0.27 0.042 440 2.29 13 11 1.21 

176.36 0 0.02 0.2 0.259 371 0.26 7 75 1.33 

178.84 0 0.08 0.33 0.151 436 0.95 8 34 1.44 

179.82 0.01 0.18 0.41 0.092 566 2.27 7 18 1.43 

180.23 0.03 1.32 0.44 0.031 442 4.91 26 9 0.89 

188.83 0.01 0.02 0.29 0.519 356 0.84 2 34 1.28 

189.94 0.09 1.75 0.44 0.054 509 8.91 19 4 1.38 

Abbreviations: S1=free hydrocarbon content; S2 = remaining hydrocarbon or generative potential, 

S3=the amount of CO2 from breaking oxygen-containing compounds in kerogen at 300-3900; TOC: 

total organic carbon content; HI: hydrogen index; OI: oxygen index; PI: production index; Ro: vitrinite 

reflectance. 

 

In regard to other pyrolysis data, the HI ranges from 2 to 206 mg HC/gTOC and the OI 

ranges from 4 to 105mg/TOC (Table 1). The highest percentage of HI is found at the 

top of the section and decreases towards the bottom of the studied section. The OI 

shows a completely different trend (Figure 4). This result corroborates with the 

obtained parameters such as TOC and S2 values. The HI versus OI figure shows the 

existence of type III, mixed type II/III and type IV kerogens. 
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Figure 4. Organic geochemistry log illustrating the variation of the pyrolysis rock eval 

parameters. 

 

Elemental analysis and provenance 

The ash content in the analysed samples varies from 31.3 to 50.8% (Table 2) 

contributing to the types of kerogens identified herein. The H/C ranges from 0.07 to 

0.08 and O/C ranges from 0.03 to 0.20.  The number of samples analysed herein is 

considerably small and the aforementioned interpretation may somehow be misleading 

as suggested by Durand and Monin (1980). The values of quartz are relatively higher 

suggesting siliciclastic provenance (Basu et al., 1975). Overall, the abundant major 

oxides in the studied sedimentary rocks are SiO2, Al2O3, and Fe2O3 as shown in Table 

2. The lithological variation observed along the K4 Formation corroborates with the 

common occurrence of quartz and other minerals which is consistent with data from 

Verniers et al. (1989). The range of the main ratios analysed consist of Al2O3/TiO2 

(18.08-22.78%), K2O/Al2O3 (0.07-0.09%), and Ca/Mg>1. 
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Table 2. Results of elemental analysis of the JOG16N-5 borehole. 

 
 

Data 

Major Oxides and Elements (%) 

SiO2 Al2O3 CaO Cr2O3 Fe2O3 K2O MgO MnO Na2O P2O5 TiO2 V2O5 ZrO2 BaO SrO ZnO SO3 Ash 

(%) 

S 

(%) 

O 

(%) 

C 

(%) 

H 

(%) 
16N501 60.99 19.82 0.74 0.02 12.16 2.54 1.13 0.02 0.55 0.08 0.9 0.03 0.05 0.04 0.01 0.04 0.43 37.9 3.2 1.42 49.4 3.8 

16N502 53.23 16.86 11.23 0.02 7.38 2.13 1.27 0.06 0.67 0.16 0.74 0.02 0.04 0.03 0.03 0.03 5.52 41.9 2.02 7.33 41.8 3.15 

16N503 62.4 19.2 3.53 0.02 6.4 2.34 1.28 0.05 0.82 0.15 0.96 0.02 0.05 0.05 0.03 0.03 2.42 44.6 0.68 7.48 40.1 3.09 

16N504 59.11 18.9 2.57 0.02 11.17 2.32 1.6 0.08 0.7 0.29 0.86 0.02 0.04 0.05 0.02 0.03 1.45 50.8 1.81 6.28 34.8 2.73 

16N505 50.14 14.44 14.19 0.03 10.12 1.85 1.42 0.09 0.63 0.37 0.69 0.02 0.04 0.03 0.03 0.02 5.08 43.1 1.84 8.25 40.3 3 

16N506 50.13 16.05 14.77 0.03 11.17 1.87 1.27 0.08 0.58 0.06 0.75 0.02 0.04 0.05 0.03 0.02 2.555 31.3 2.31 7.23 51.2 3.77 

16N507 51.58 16.24 18.1 0.02 4.45 1.91 1.2 0.08 0.6 0.04 0.85 0.03 0.04 0.04 0.03 0.03 4.54 33.5 1.01 9.57 48.1 3.48 

16N508 46.96 15.73 22.99 0.01 5.21 1.41 0.85 0.17 0.44 0.06 0.87 0.02 0.04 0.03 0.03 0.02 4.6 31.3 1.25 9.57 49.8 3.46 
 

H/C O/C C/S            S/C              N/C            V/Cr (1) (2) (3) (4) ICV CIA DF1 DF2         

                                

16N501 0.08 0.03 15.0 0.06 0.05 1.5 7.8 22.0 0.7 0.3 0.9 83.0 6.5 -4.6         

16N502 0.08 0.18 20.0 0.04 0.02 1.0 8.0 23.0 8.8 0.7 1.3 55.0 8.0 0.3         

16N503 0.08 0.19 59.0 0.02 0.00 1.0 8.0 20.0 2.8 0.18 0.7 74.0 3.5 -2.0         

16N504 0.08 0.18 19.0 0.02 0.02 1.0 8.0 22.0 1.6 0.14 1.0 77.0 6.0 -4.3         

16N505 0.07 0.20 22.0 0.03 0.02 0.7 7.8 21.0 10.0 0.9 2.0 46.0 11.0 0.09         

16N506 0.07 0.14 22.0 0.05 0.02 0.7 8.6 21.0 12.0 0.9 1.9 48.0 13.0 0.30         

16N507 0.07 0.20 48.0 0.02 0.02 1.5 8.5 19.0 15.0 1.0 1.7 44.0 10.0 3.7         

16N508 0.07 0.19 40.0 0.03 0.01 2.0 11.0 18.0 27.0 1.5 2.0 39.0 14.0 5.0         

Average    0.39         0.16        31.0       0.03         0.02       1.0        8.4       21.0       9.8        0.70        1.4        58.0       9.0       -1.51 

*Chemical Index of Alteration (CIA) =(Al2O3 /(Al2O3+CaO* +Na2O + K2O)*100; Maturity Index of Precipitation (ICV) =(Fe2O3+ K2O + Na2O + CaO + MgO + TiO2)/Al2O3)., CN 

=(Na2O + CaO); Discriminant Function F1 (DF1) = (− 1.773 TiO2 + 0.607 Al2O3 + 0.76 Fe2O3 -1.5 MgO + 0.616 CaO + 0.509 Na2O − 1.224 K2O)-9.09; Discriminant Function 

F2 (DF2) = (0.445 TiO2 + 0.07 Al2O3-0.25 Fe2O3 -1.142 MgO + 0.438 CaO + 1.475 Na2O + 1.426 K2O)-6.861. (1) =Al2O3/K2O; (2) =Al2O3/TiO2; (3) =CaO/MgO; (4) =CaO/Al2O3. 
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Palynofacies 

The palynofacies analysis (Table 3) has shown three different categories of dispersed 

organic matter namely phytoclast, palynomorphs and AOM. The phytoclast category is 

the most predominant at almost all the studied slides. The phytoclast group consists of 

two subdivisions which are non-opaque (translucent) and opaque phytoclasts. The 

translucent phytoclasts display a slightly dark brown colour and are represented by 

cuticles, membranes and fungal hyphae with some pronounced irregular contours 

(Figures 5a-5d). 

Table 3. Quantitative distribution of organic matter in the JOG16N-5 borehole. 

Depth (m) Phytoclasts (%) Palynomorphs (%) AOM (%) Palynofacies      SCIa 
 

8.3 49.67 26 24.33 C                           X 

8.55 70.33 20.67 10 C 

9.17 61.33 31.67 7 C 

9.5 36.33 57.33 6.33 D 

13.2 46.67 31 22.33 C 

15.67 100 0 0 CD 

20.67 51.67 26.34 20 C 

22.6 82.67 31 6.33 CD 

28.6 72 22 6 C 

30.93 87 6 7 CD 

33.18 75 15.33 9.67 C                  Pale Yellow 

33.46 59.67 28.67 10 C 

35.65 88 5.33 6.67 CD 

36 53.33 26 20 C 

36.9 45.67 42.67 11.67 D 

37.96 83 4.67 12.33 CD 

38.9 83.33 9.33 7.67 CD 

39.24 40.67 42 15 C 

41.44 48.67 47 4.33 D 

41.82 64.67 31.33 4 C 

44.23 51.33 32 16.67 C                Pale Yellow 

45.2 58.67 22.33 19 C 

45.8 74.67 16.34 9 C 

46.1 48.67 46 4 D 

46.89 40.67 45.67 13.67 D               Dark Orange 

48.37 87.67 5.67 6.67 CD 

49.18 42.67 49.33 8 C 

50 82.67 10.33 7 CD 

50.1 65.67 21.33 13 C               Dark Orange 
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51.15 47.33 46 6.67 D 

51.73 65 20 14 C 

52.32 44.67 41.33 14 C 

58.88 76 16.33 7.67 C               Pale Yellow  

60.23 37.33 55.67 8 D               Dark  

63.27 34.67 59 6.33 D 

63.36 75.33 13.67 11 C 

68.54 45.33 47.67 7 D 

72.32 40.33 31.33 14 C                     X 

79.73 73.67 18.66 7.67 C 

171.47 88.67 6 5.33 CD 

172.12 97.33 0 2.67 CD               Dark  

175.2 92.67 6.33 1 CD               Dark 

175.9 97.33 0 2.67 CD               Brown 

178.84 86.33 9 4.67 CD               Dark 

179.82 100 0 0 CD                X 

188.83 94.33 0.33 5.33 CD                X 

189.94 86 6.67 7.33 CD               Dark 
aSCI=Spore Colour Index: The Spore Colour Index (SCI) has been carried out at levels in which vitrinite 

reflectances were measured, X=No data available. 

 

The most prominent characteristic of the observed cuticles is therefore the presence 

epidermal cell walls characterised by sinuosity (Figures 5a-5c) pertaining to the genus 

Trizygia as reported by Maheshwari, 1968. More importantly in few samples is noted 

the occurrence of B. braunii like material which represents the chlorophyte group. The 

occurrence of B. braunii like material is characterized by its colonial forms of apparent 

algal origin (Zavattieri et al., 2017).  

The sporomorphs were the second most abundant organic matter in the studied 

assemblage (Figure 5g-5L). The spores are oval to triangular exhibiting 

ornamentations and well-preserved trilete structure (Figure 5I). On the other hand, the 

pollen exhibits several ornamentations, form, with varied sizes and colours. The 

colours are mostly pale yellow to black (Figure 5f). The occurrence of bisaccate pollen 

grains (glossopterid) either striate, non-striate or taeniates (Figure 5h, 5J, 5K and 5L) 

is higher in comparison with the monosaccate ones (Figure 5g), which are related to 

the closeness of the area of provenance. The observed AOM, is slightly dark yellow 

characteristic of materials derived from terrestrial source as suggested by Tyson 

(1995). Cluster data based on the relative abundance of kerogen components indicate 
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that samples from the K4 Formation are distributed into four clusters defining four 

different palynofacies assemblages (Palynofacies-a, Palynofacies-b, Palynofacies-c 

and Palynofacies -d).  

 

Figure 5. Representation of palynomorphs, AOM and phytoclasts from the JOG16N-5 

samples: (a) Cuticule and opaque phytoclast (dark woody material); (b), Cuticle, (c) Cuticle; 

(d) Botryococcus braunii Kutzing (1849); (e) unidentified pollen; (f) Amorphous Organic Matter 

(AOM); (g) Marsupipollenites triradiatus (Balme and Hennelly, 1956); (h) unidentified pollen; 

(i) Cirratriradites sp., (j) Scheuringipollenites maximus (Hart) Tiwari (1973); (k) 

Protohaploxypinus limpidus (Balme and Hennelly) Balme and Playford 1967; and (l) 

Falcisporites sp.   

 

Paleoredox conditions and sediment maturity 

Paleoredox variables used in the present study has demonstrated V/Cr values 

spanning from 0.7 to 2.0 (average = 1.0), high TS content (> 2 wt%) in some samples, 

Carbon/Sulphur ratios greater than 3 and the Nitrogen/Carbon ratio in low 

concentration. In regard to sediment maturity the chemical alteration index (CIA) 
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ranges from 39 to 83, whereas de compositional variability index (ICV) values were 

mostly less than 1.4 in average. 

  

Discussion 

Source rock potential 

In the pyrolysis data presented herein, the S1 values suggest that the studied 

sediments present very little free organic compounds and thus indicating that no 

hydrocarbons have migrated into the sediments from other hydrocarbon source beds 

(Tissot and Welte, 1984; Peters, 1986). Additionally, it is likely that minor content of 

highly volatile organic compounds originally were contained in the samples but due to 

process of samples handling they were lost to the atmosphere (Tissot and Welte, 1984; 

Peters, 1986). Moreover, those obtained S1 values can be linked to adsorption process 

onto clay minerals obtained through Rock Eval pyrolysis. The samples have S2 

suggesting poor to excellent source rocks (Peters, 1986; Tissot and Welte, 1984). The 

S2 versus TOC plot (Figure 6a) shows that the samples fall into the type II kerogen (oil 

prone), type III kerogen (gas prone), mixed type II/III kerogen (oil and gas) and type IV 

(dry gas).  However, the majority of the samples display a type III kerogen indicating 

that the OM of the samples was sourced primarily from terrigenous plants. According 

to (Tissot and Welte, 1984), this type of kerogen presents a low potential for 

hydrocarbon generation however gas generation is excepted at sufficient depth. The 

relationship between TOC (wt%) and S1 (Figure 6b) can determine the origin and type 

of the hydrocarbons. The type of the hydrocarbons can be identified as indigenous or 

non-indigenous. Figure 6b, shows that the S1 hydrocarbons in the JOG16N-5 borehole 

core samples are of an indigenous nature.  
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Figure 6. (a) S2 versus TOC illustrating the type of kerogen for the samples of the JOG16N-

5, (b) S1 versus TOC showing the type of the hydrocarbon products, (c and d) Maturation of 

the samples indicating trends that are influenced by external factors (where 1-samples 

following the normal trend, 2-samples influenced by inconformity or fault and 3-samples 

showing a strong influence of kimberlite intrusions). 
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Maturation  

The Tmax variation in the samples through depth shows nonexistence of a linear trend 

which can in part be influenced by the clay mineral content, as suggested by (Gao et 

al., 2019). They argue that different clay minerals have different effects on different 

types of kerogens. For instance, if the ratio of kerogen/clay minerals alter, the Tmax will 

also alter. The effect of mineral matrix on Rock Eval pyrolysis has been described by 

several researchers (Espitalie et al., 1977; Hazra et al., 2018; 2022; Peters, 1986).  

Twenty-two samples show Tmax less than 435oC indicating immature conditions.  Eight 

samples display values greater than 435oC which are postmature, and the remaining 

majority are matured source rocks according to (Peters and Cassa, 1994). The 

matured sediments indicate that they may have already generated hydrocarbons. The 

post-maturity level of the samples easily can be associated with the occurrence of 

kimberlite intrusions in the NE of the K4 Formation as suggested by Key et al. (2007) 

(Figure 2). These igneous bodies can alter the Rock- Eval pyrolysis parameters as 

reported by Ade (2000) and others. The vitrinite reflectance is displaying the expected 

effect of influence by kimberlite intrusions due to its greater values. The vitrinite values 

are higher indicating that the vitrinite reflectance is displaying the expected effect of 

influence by kimberlite intrusions (Figure 6d). Three populations of data are observed 

within the vitrinite profile (Figure 6d). The population indicated by number 3 represents 

a rapid increase in vitrinite reflectance within certain depths which can also be linked 

with an unconformity that can occur in the area as suggested by (Ramachandran et 

al., 2015). Anyway, more data would be needed needed to confirm that conclusion.  

The SCI based on the analysis of Cycadopites cymbatus, Densosporites complicatus 

(Figure 7) display spores with pale yellow colour to dark indicative of immature to 

postmature level of thermal maturation. On the other hand, the values of Production 

Index that relies on the S1 and S2 parameters is greater than 0.4 in only four samples 

although not considered as the most reliable parameter to identify the maturity of the 

rocks. Furthermore, as suggested by Neville et al. (2015), on their study in the 

Beaufort-Mackenzie Basin, Canada, these PI values are more likely to be influenced 

by contamination. 

The low Tmax and vitrinite values of the deeper zones in the borehole core are likely to 

be influenced by drilling fluids (e.g., natural impregnation or contamination) or due to 
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the presence of faults. Similarly, Ade (2000), Bordenave et al. (1993), Chen et al. 

(1999), Peters and Cassa (1994) have also observed the same patterns in Rock-Eval 

data. 

 

Figure 7. Spore colour index (SCI) versus Depth(m) plot showing maturation variability. 

 

Organic Matter Quality 

The most dominant types of observed organic matter are type III and IV (wet gas and 

dry gas) respectively.  The type III kerogen (gas prone) has been reported in several 

proliferous systems worldwide such as Parnaiba Basin, Brazil (Mussa et al., 2021), Tuli 

Basin, South Africa (Akintola et al., 2023), Cahora Bassa Basin, Zimbabwé (Hiller and 

Shoko, 1996) and others. This kerogen type is linked with its common occurrence in 

siltstones and sandstones as observed herein. In its turn, the type IV kerogen, 

considered a dead carbon, is linked to reworked or oxidized sources, and also may be 

originated from other types of kerogens that were reworked and oxidized. The both 
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kerogen type III and type IV both kerogen types are derived from higher plants.  The 

trend observed for the HI is influenced by cracking process of insoluble OM as a result 

of heating of the samples located closer to kimberlite dykes. Additionally, such variation 

may be attributed to subaerial exposure of the strata or source of the organic matter. 

The potential of producible oil has been inferred based on the oil crossover effect 

diagram (Figure 8a) (Jarvie, 2012). The crossover effect plot showed that 19 studied 

samples have capacity for oil production (Figure 8a), according to (Jarvie, 2012). 

However, this parameter can be influenced by factors such as handling preparation 

before the analysis, and natural impregnation that can alter the high free hydrocarbon 

values (Jarvie, 2012). The thermal maturity plot (HI versus Tmax) indicates that the 

samples are immature to mature, with a notable predominance of type III, mixed type 

II/III and IV kerogens (Figure 8b). 

Three organic facies were obtained following the standard facies postulated by (Jones, 

1987) (Figure 8c). The identified organic facies are: C which is potential gas, where 

the OM is mostly of woody nature, terrestrial and constituent of majority of the coals. 

Another identified organic facies is CD which represents transported, recycled, eroded 

and oxidized nature of the organic matter. Lastly, organic facies D representing very 

little or barren potential for hydrocarbon generation, with the OM being highly oxidized 

and thermally postmature. These results corroborate with the presence of oxidized or 

marsh vegetation and forest swamp with preserved structures obtained from 

palynofacies data. 

The identified kerogen types support the palynofacies data outlined below. The type of 

kerogen obtained corroborates with the elemental analysis data, however, it should be 

highlighted that only 8 samples were considered for elemental analysis herein.  
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Figure 8. (a) Free oil content (S1 in mg/grock versus TOC) content showing oil crossover effect 

(b) Hydrogen index content versus Tmax of the samples in regard to HI and maturity of the 

samples, and (c) Modified Van Krevelen diagram showing the depositional environment of the 

organic matter found in the JOG16N-5 samples.  

 

Elemental analysis 

Through this analysis, high ash content has been identified fact that has an influence 

in the observed higher values for the ratio O/C than to the ratio H/C, thus contributing 

to the abundance of kerogen type III and IV. Nevertheless, the type of kerogen in the 

studied material obtained through the Rock-Eval pyrolysis and palynofacies proxies 
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pointed out to the existence of type II, III, mixed type II/III and type IV kerogens with a 

potential hydrocarbon generation and mostly gas. However, the H/C and O/C diagram 

based on small sample size has shown the occurrence of the process of coalification 

with samples reaching the catagenesis and metagenesis stages thus falling in the 

stage of anthracite and bituminous coals (Figure 9).  

 

Figure 9. H/C and O/C indicating the process of coalification for some samples of the K4 

Formation, Maniamba Basin, Mozambique. 

 

Provenance 

In the studied sediments, the Al2O3/TiO2 ratio has been used as parameter for 

provenance inference as suggested by Hayashi et al. (1997). For the study samples, 

the Al2O3/TiO2 ratio suggests a provenance from intermediate and felsic igneous rocks 

as observed in Figure 10a (Hayashi et al., 1997). Similarly, the discrimination function 

diagrams (Figure 10b) corroborates with the obtained results. The aforementioned 

relative abundance of the oxides strongly supports the existence of clay and quartz as 

the principal mineral components. The low values of the K2O/Al2O3 ratio reinforce the 
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existence of kaolinite (Figure 11a). The likely occurrence of illite in the studied 

sediments may be linked to thermal event associated with kimberlite emplacement 

observed in the study area (Figure 2). Additionally, the strong presence of smectite is 

also observed in the selected samples (Figure 11). In regard to Ca/Mg content, most 

of the analysed samples are enriched in calcite corroborating with the lithologies 

observed in the studied section which includes carbonaceous shale, coaly 

carbonaceous shale, carbonaceous siltstone (Figure 3).  

 

Figure 10. (a) TiO2 versus Al2O3 for the K4 Formation borehole cores showing the sediment 

provenance, and (b) Discriminant functions diagram adapted from Roser and Korsch (1988). 

Cox et al. (1995), emphasized that the K2O/Al2O3 ratio can be interpreted as defining 

the original composition of sediments. For the studied sediments, the K2O/Al2O3 ratio 

indicates the presence of traces of K-feldspars as suggested by Cox et al. (1995). 

The facies of the the investigated K4 Fm are iron shale and shale. The iron oxide is 

present in the form of hematite (Fig. 11b). The source of iron can unveil important 

information regarding depositional environment (Einsele, 2000). Overall, the hematiteʼs 

origin in seawater is associated with hydrothermal activity which can be in the form of 

volcanic activity or linked to sedimentary source derived from river systems (Einsele, 

2000). For the purpose of getting further information regarding the source of iron in the 

studied K4 Formation, the Al-Mn-Fe diagram proposed by Adachi et al. (1986) was 

used (Figure 10c). The proposed diagram confirms that the iron is originated from in 

sedimentary source linked to river system.  
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Figure 11. (a) Ternary diagrams of A–CN–K for the sample set from the JOG 16N-5 borehole 

core, (b) Geochemical classification of the shales, K4 Formation (after Herron, 1988), and (c) 

Provenance of the sediments from the K4 Formation based on: A. Al–Mn–Fe ternary diagram 

adapted from Adachi et al. (1986).  

 

Palynofacies  

The palynological data has demonstrated the major abundance of phytoclasts over 

palynomorphs and amorphous organic matter. The quantity of opaque phytoclasts is 

up to 75% suggesting oxic conditions, reworking and a likely subaerial exposure of the 

particulate organic matter.  According to Tyson (1995), the predominance of the 

aforementioned type of organic matter is typical of fluvio-deltaic areas (proximal 

environments). In its turn, the opaque phytoclasts are dark being elongated, 

equidimensional with some diffuse outlines (Figure 5a). Interestingly, a freshwater 

algae Botryococcus braunii is found in the sequence. The occurrence of this green 
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algae could represent coal swamp and typical fluvial-lacustrine system. Other 

important component are the palynomorphs represented by pollen and spores. The 

abundance of pollen grains characteristic of an arborescent vegetation indicates 

hygrophilous to the mesophilous environment (Ruckwied et al., 2014) in the retrieved 

palynofloral assemblages. Lastly, the identified AOM group (Figure 5f) is structureless, 

slightly diffuse displaying varied sizes under transmitted microscopy. According to 

Tyson (1995), the aforementioned fields suggest highly proximal shelf basin (type III-

gas prone), heterolithic oxic shelf (types III and IV) and shelf to basin transition (types 

II and III-oil and gas) (Figure 12a), deposits corroborating with the data obtained from 

the swamp diagram (Figure 12b) modified after Mukhopadhyay (1986).  

 

Figure 12. (a) Tyson ternary diagram for JOG16N-5 samples, and (b) Paleoenvironmental 

diagram adapted after Mukhopadhyay (1986) indicates deposition under swampy conditions. 

 

Palynofacies associations 

In this study, palynofacies associations (Figure 13), were established for a better 

understanding of depositional environments as it follows: 

Palynofacies (PFa): The phytoclast group almost dilute all the other components. In 

some sections the content of phytoclast reaches up to 100%. There is a balance 
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between the content of palynomorphs and amorphous organic matter which at some 

sections both components reach the same percentage. A total of nine samples of this 

succession are represented by palynofacies a (PFa) (Figure 12a). The greater 

proportion of opaque phytoclasts and the low occurrence of other OM types in PFa 

suggest that exposed sections of deposited sediments undergone extremely oxidizing 

conditions due to the fact that black wood particles are very common in proximal, high–

energy settings that influence the deposition of coarse–grained sediments of fluvial to 

delta–systems (Fisher, 1980). 

Palynofacies (PFb): The decrease of phytoclast content compared to palynofacies a 

is observed herein. Phytoclast content is less than 60%. On the other hand, 

palynomorphs and amorphous organic matter are increasing considerably. The 

palynomorphs in this palynofacies reaches up to 30% whereas amorphous organic 

matter (AOM) reaches up to 24% suggesting deposition under less oxidizing conditions 

than PFa. Additionally, the concurrence of the lithological data coupled with organic 

matter (OM) elements for PFb reveals mixed environmental settings, which is mainly 

characterized by the oxic swamps displaying low to medium energy levels.   

Palynofacies (PFc): The content of phytoclast increases with compared to PFb but 

not reaching the amount observed in palynofacies a. The phytoclast reaches up to 

70%. The palynomorphs and AOM decreases as the amount of palynomorphs 

increases indicating swampy settings in a dysoxic to anoxic environment. (Figure 12a).  

Palynofacies (PFd): Phytoclast group decreases drastically displaying values less 

than 40%. The other organic matter components increase with the palynomorphs 

displaying greater values in almost all the grouped horizons. The increase of 

palynomorphs in the PFd compared to other organic matter components combined 

with the concurrence of sediments comprising carbonaceous shale, shale, fine–

grained siltstones, suggest low–energy environmental settings through the deposition 

of PFd. Thus, in summary, the swampy environments are considered for the PFa as 

demonstrated by plotted diagram (Figure 12b). 
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Figure 13. Dendrogram using Q-mode showing four palynofacies assemblages for the K4 

Formation samples. 

 

Palaeoclimate inferences 

The plot of SiO2 versus (Al2O3+K2O+Na2O) has been used to determine the 

paleoclimate conditions that prevailed during the process of deposition as suggested 

by Suttner and Dutta (1986). Unfortunately, crucial elements such as Rb, Ni and Cu 

were not measured which would have given significant inputs regarding the 

paleoclimate of the area (Chen et al., 1999). The plot of investigated samples on the 

proposed diagram adapted from Suttner and Dutta (1986), suggest that humid 

conditions prevail in the K4 Formation (Figure 14). The aforementioned conclusion is 

supported by the observed scarcity of rock fragments and feldspars as also argued by 

Sallam and Wanas (2019) in their geochemistry study of the Jurassic rocks from Gulf 

of Suez, Egypt.  The occurrence of carbonaceous sediments in the K4 Fm in lacustrine 

or fluvial environments according to Verniers et al. (1989), support the idea of prevailing 

humid periods during its deposition. Additionally, based on Gondwana reconstruction, 

the studied area displayed humid conditions during early to Late Permian with shift to 

more arid environment at the end of the Triassic (Verniers et al., 1989). Aside from that, 

the occurrence of silicified wood pertaining to varied species (Nhamutole et al., 2021), 

the reasonable amount of fungal remains observed under the microscope, and the 
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well-known Glossopteris sites identified from the studied K4 Formation sustain the 

obtained paleoclimate inferences (Nhamutole et al., 2021). The humid climate is also 

supported by the diversified palynotaxa that is retrieved along the studied according to 

ongoing research. 

 

Figure 14. Paleoclimate inference of the study samples based on SiO2 versus Al2O3+K2O+ 

Na2O diagram (Suttner and Dutta, 1986). 

 

Paleoredox and relationship with depositional environments 

Murray and Boreham (1992), proposed the Fe2O3/TiO2 and Al2O3/(Al2O3+Fe2O3) 

diagram for deepening the investigation regarding environment of deposition. The 

studied sediments indicate continental margin and a combination of continental margin 

with pelagic sedimentary environment (Figure 15a). The pelagic sedimentary 

environment is observed due to the presence of terrigenous debris. Furthermore, 

Vanadium and Chromium was used for environment deposition inferences since 

Vanadium is deposited under reducing conditions, while Cr is mainly accompanied only 

with the detrital fraction and is not affected by paleoredox conditions (Jones and 

Manning, 1994).  The results of the aforementioned ratio are summarized in Table 2. 

This result corroborates with the data yielded by the plotted Fe, TS and TOC diagram 

(Figure 15b).  However, these results should be taken in caution because were based 
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on small sample size. Redox conditions were also inferred based on the plot between 

Carbonate (wt%) versus TOC (wt%) based on Ricken (1993) (Figure 15c).  Based on 

the TOC versus Carbonate three paleoredox environment conditions have been 

identified which are aerobic, dysaerobic and anaerobic respectively. 

 

Figure 15. (a) Provenance of the sediments based Fe2O3/TiO2 versus Al2O3/(Al2O3+Fe2O3), 

(b) Ternary plot containing relative proportions of TOC, TS, and Fe. The proposed normal-

marine line adapted from Berner and Raiswell (1983), (c) TOC versus CaCO3 indicating the 

paleoredox conditions, and (d) Diagram of TS versus TOC indicating the prevailing oxic-anoxic 

conditions during the K4 Formation deposition. The normal-marine line is taken from Berner 

and Raiswell (1983). 

Additionally, based on the plot between TS and TOC (Figure 15d), the samples are 

found scattered either below or above the normal marine line (Berner, 1984). The 

samples are located above the normal marine line (Figures 15d and 16) indicate 

euxinic conditions suggesting that the deposition was controlled by more reduced 

conditions (dysoxic-suboxic) (Berner, 1984). In contrast, the samples that are plotted 



136 

 

below the normal marine line (Figure 15d and 16) suggest high paleoproductivity and 

suboxic-oxic conditions (Berner, 1984). In the study area, some sample has high TS 

content (> 2 wt%). However, in the lack of marine influence the presence of such high 

sulphur content may be stipulated as derived from volcanic sources [(e.g., kimberlite 

intrusions (Figure 2)] as observed in the study area. 

Furthermore, the carbon (C)/sulphur (S) ratio is useful for the identification of the 

existence of sulphate reduction as proposed by Berner and Raiswell (1983). Here, 

more oxygenated conditions are inferred based on the aforementioned ratio. Also, 

deposition under freshwater conditions is inferred using the relation between C and S 

Berner (1984). This conclusion corroborates with the wet forest swamp depositional 

environment of the studied samples as shown by the ternary plot adapted after 

Mukhopadhyay (1986) (Figure 12). 

Lastly, the Nitrogen/Carbon ratio has also been investigated for paleoredox inferences. 

According to this ratio, values less than 0.05 are representative of land plants whereas 

those greater than 0.08 are related to planktonic organisms (Vandenbroucke and 

Largeau, 2007). Thus, in alignment to low concentration observed in the studied 

samples can be inferred that the OM is derived from terrestrial plants. 
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Figure 16. Plot of ash versus sulphur used for plot critical interpretation environment of 

deposition. A=Ombrogenous peat; B=Transition area; C=Topogenous peat; D=Marine 

influenced peat. 

 

Sediment maturity 

Sediment maturity is determined by the degree of chemical weathering (Nesbit and 

Young, 1984). Several indices, variables and parameters are used to analyse the level 

of weathering and maturity. The most used variables are as follows: plagioclase 

alteration index (PIA) (Fedo et al., 1995), the index of chemical alteration (CIA) (Nesbitt 

and Young, 1984), and the compositional variability index (ICV) (Cox et al. 1995) (Table 

3). The CIA is responsible to define the level of weathering (Nesbitt and Young, 1984). 

On the other hand, ICV indicates the maturity of the sediment and tectonic activity (Cox 

et al., 1995). CIA in the range of 50 and 60 indicates weak chemical weathering. In its 

turn, CIA spanning from 60 to 80 and those higher than 80, suggest moderate and 

strong weathering respectively. Accordingly, the CIA values of the investigated K4 

Formation indicate weak to strong weathering (Figure 17). The ICV values proposed 

by Cox et al. (1995), indicate maturity of sediments related to tectonism, while the ICV 

values greater than 1 indicate immature sediments formed in environment influenced 

by an active tectonism. In contrast, ICV values less than 1 suggest mature sediments 

formed in passive tectonic environments. The comparison of both parameters (ICV and 

CIA values) of the studied K4 Formation samples indicates immature to mature 

sediments with incipient to strong weathering (Figure 17).  



138 

 

 

Figure 17. Index of Compositional Variability (ICV) versus Chemical Index of Alteration (CIA) 

adapted from Cox et al. (1995) and Nesbitt and Young (1984). 

 

Tectonic settings 

Two model of diagrams are used to identify the main tectonic settings of the surveyed 

K4 Formation in the Maniamba Basin following Roser and Korsch (1986). The 

aforementioned diagram based on elemental analysis (K2O/Na2O vs. SiO2) are crucial 

to infer the tectonic settings due to the fact that plate tectonics may have an influence 

in chemistry content of the rocks (Peters et al., 2005).  For the studied material, the 

bivariate diagram of K2O/Na2O ratio versus SiO2 proposed by Roser and Korsch 

(1986), indicates that the oceanic island arc is predominant in the majority of the 

Maniamba samples, however any exception was observed for three samples which 

are indicative of an active continental margin (Figures 18a and 18b).  
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Figure 18. (a) Bivariate plot of K2O/Na2O versus SiO2 showing tectonic setting of K4 

Formation, Maniamba Basin based on investigated sediments adapted after Roser and Korsch 

(1986), and (b) Tectonic setting based on discrimination function for samples of the K4 

Formation, Maniamba Basin. 

 

Conclusions 

An integration of palynofacies, Rock Eval pyrolysis, TOC, vitrinite reflectance and 

elemental analysis was used for further characterisation of the OM content, 

assessment of the potential source rock as well as better understanding of the 

depositional environment of the sedimentary strata intercepted by the JOG16N-5 

borehole core from the Maniamba Basin, Niassa, Mozambique. The conclusion is as it 

follows below: 

 The samples have demonstrated organic richness ranging from very good to 

excellent organic richness with regard to TOC (wt%). 

 The sequence has low HI values and higher OI values linked to kerogen type III 

and IV. However, a mixed type II/III and type II was also observed. Most samples 

are gas prone. 

 Thermal maturity parameters based on SCI, Tmax and vitrinite reflectance have 

demonstrated immature to postmature phases. The majority of the samples are 

within the oil and gas generative potential. Additionally, Tmax, vitrinite reflectance 

and SCI values displayed the expected kimberlite effect, associated with the likely 

presence of faults. 
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 Elemental analyses show a greater contribution of ash content (31.3-50.8%) in 

the samples, a fact that can be associated with the existence of type III and IV 

kerogen. The studied samples are in the catagenesis and metagenesis phase as 

shown by the diagram of O/C and H/C. High sulphur content was observed in 

some samples and the volcanism activity (e.g., kimberlite intrusions) has been 

inferred as the main source. 

 The mineralogical content of the studied sediments includes calcite, quartz, illite, 

kaolinite, smectite clay minerals and traces of K-feldspars. The mineralogical 

content is responsible for the occurrence of Fe-shale and shale facies. The both 

facies are a combination of mafic and intermediate igneous rocks in the studied 

formation. The existence of these facies may suggest that the K4 Formation can 

act as unconventional source rock. 

 The obtained palynofacies suggest: (PFa) indicates oxidized swamp settings, 

(PFb) indicates mixed environmental settings which is mostly characterized by the 

oxic swamps exhibiting energy levels ranging from low to medium, (PFc and PFd) 

represent dense vegetation in swampy settings with the latter displaying more oxic 

conditions. 

 The deposition of sediments occurred in a proximal-distal setting under highly 

oxygenated environment; however, some anoxic conditions were also observed. 

These environmental conditions were influenced by higher supply of opaque and 

non-opaque phytoclast that diluted the other OM components. These results 

agree with other proxies used in this study. 

 The paleoclimate that prevailed in the time of the deposition of the K4 Formation 

time was typical humid which enabled the existence of incipient, moderate and 

strong paleo weathering. The humid climate could be a demonstration of once 

existing luxuriant glossopterid vegetation which characterized most of the Lower 

Gondwana sequences. In addition, the sediments source rocks are considered 

active continental margin and oceanic island arc for the K4 Fm. 

 All in all, this study highlights that the K4 Formation has a potential for hydrocarbon, 

mainly gas.  
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Abstract 

The Maniamba Basin is an intracratonic, Karoo-aged basin located in northern 

Mozambique. Newly published studies have indicated the occurrence of organic-rich 

units in the Maniamba Basin, based on Rock Eval data. However, detailed 

characterization of the palaeoenvironments in the basin is still lacking. In this study, 

detailed palynological, palynofaciological, XRD and organic geochemical techniques 

(TOC, total sulphur, and biomarkers) were performed in order to understand past 

environments that prevailed in the basin. The palynological data reveal the dominance 

of gymnosperm taxa (striate and non-striate bisaccate, and praecolpate pollen grains) 

followed by lycopsids, sphenopsids and ferns suggesting hypautochthonous 

sedimentation characterized by warm and humid palaeoclimate. The palynological 

results indicate a Permian and Triassic age for the strata. The organic-rich units 

unveiled a dominance of phytoclasts and palynomorphs, and to a lesser extent by 

terrestrial and bacterially derived organic matter with no fluorescence, indicating high 

maturity. Swamp, river and lake dominated environments with oxic-suboxic-anoxic 
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conditions, reflecting shifting of depositional conditions overtime, are inferred in the 

Maniamba Basin. The deposition and accumulation of organic-rich units were mainly 

controlled by palaeoredox conditions linked to basin infill during different rifting 

episodes. The biomarkers mainly consist of saturated compounds that suggest 

terrestrial organic matter with freshwater algal contribution. 

Overall, the integration of mineralogical composition with palynofacies, biomarkers and 

palynology indicate the presence of potential source rocks that were thermally 

influenced. Additionally, the petroleum fluids known from younger strata in the Rovuma 

and Mozambique basins did not show any link with the source rock reported previously. 

 

1. Introduction 

The Maniamba Basin, located in Niassa Province, Northern Mozambique, is well-

known as an intracratonic basin of Karroo equivalent age in Mozambique, that 

comprises a complete succession of the Permian deposits (Verniers et al., 1989). A 

recent study by Nhamutole et al. (2024) on the outcropping strata from the Maniamba 

Basin, highlighted the presence of organic-rich intervals made up of black to grey 

claystones, siltstones and black shales, that are prospective hydrocarbon source rocks 

based on the interpretation of pyrolysis Rock-Eval data. That study represented only a 

preliminary characterization, which should be complemented with a multiproxy study 

in order to strengthen the current state of knowledge regarding the stratigraphy, 

palaeoenvironments as well as palaeoredox conditions that controlled the organic 

matter preservation and enrichment in the basin. Amongst these multiproxy methods 

are palynological, petrographical and geochemical analyses that have a widespread 

application in the understanding of the earth’s past record, and have not yet been 

applied to strata in the Maniamba Basin (central Gondwana). In this basin, most of the 

stratigraphic work was based on lithostratigraphic inferences, which raise some 

ambiguities and misinterpretation regarding the ages of the different sections. To 

address these limitations, in this study we used palynology to constrain the age and to 

understand the palaeovegetation and geodynamics of this part of Gondwana. 

Additionally, since biomarkers are regarded as an essential tool for tracking 

biodiversity, paleoenvironmental reconstruction and its change through geological time 

(Peters et al., 2005), we have used biomarkers to show whether or not the light oil from 
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the Mozambique and Rovuma Basins that lie unconformably over the Karoo aged 

strata are sourced from the Maniamba Basin formations. Lastly, the organic rich units 

have been be evaluated for their mineralogical composition in order to assess their 

potential for unconventional or conventional resources, as well as for future projects 

on carbon storage and sequestration.  

The understanding of palaeoenvironments will add important information in light of the 

transition to cleaner energy, since the world is currently shifting to a focus on the so-

called “advantaged” hydrocarbons (Davies and Simmons, 2021). 

 

2. Geology of the Maniamba Basin 

The geology details of the Maniamba basin are included in the section 5.1. 

 

Figure 1. Basin, modified from Verniers et al. (1989). A: Geographic location of the studied 

area within Mozambique; B-C: schematic representation of the geological settings of the 

Maniamba Basin. 
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Figure 2. Lithostratigraphic overview of the studied Basin highlighting palaeoenvironments and 

tectonism (after Verniers et al., 1989). 
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3. Methods and Materials 

3.1. Lithological description 

Amongst the studied outcrops, the Luiga site represents the deepest deposit with a 

total depth of ca. 24m with carbonaceous shales dominating the profile. Sandstones 

and claystones are also observed in this succession. The Luchai outcrop is dominated 

by carbonaceous shale with varied thickness being intercalated by coal layers. The 

siltstone occurs as a predominant lithology in the Michunwa outcrop; however, 

sandstone horizons and mudstone intercalate towards the top of the sequence. Lastly, 

the Nhamago section consists of grey claystone at the bottom as well as in the top of 

the succession. However, an intercalation of dark claystone with coal is identified in 

the middle portion of this succession. 

 

3.2. Sampling 

Ten (10) samples were subsampled from outcropping in the Maniamba Basin (Figs 3 

and 4). The selection of the outcrops was based on previous recognition and 

characterization, and they present some vertical and lateral variations. Palynology, 

palynofacies, biomarkers, and XRD laboratory procedures are described in sections 

5.1, 6.1.2, 6.4 respectively. 



152 

 

 

Figure 3. Field illustrations of the studied outcrops displaying sampled units: A: Luiga outcrop; 

B: Nhamago outcrop; C: Luchai outcrop; D: Michunwa outcrop. 
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Figure 4. Lithology and sample horizons for the four outcrops from the Maniamba Basin, 

including the collected samples A: Luiga, B: Nhamago, C: Luchai, and D: Michunwa. 

 

4. Results and Discussions 

4.1. Palynology 

4.1.1. Luchai and Nhamago outcrops 

The Luchai outcrop is characterised by a low content of spores and dominance of 

bisaccate pollen which comprise striate and non-striate forms. Twenty-four species 

distributed in seventy genera of pollen and spores were identified (Table 1 and Fig. 5). 

The occurrence and abundance of taxa such as Lueckisporites virkkiae, 

Striatopodocarpites gondwanensis, Striatopodocarpites fusus, alongside Platysaccus 

papilionis suggest a Lower-Middle Permian age (Guadalupian) for the sediments from 

the Luchai outcrop (Modie, 2007; Lopes et al., 2014; Pereira et al., 2016). In contrast, 

the strata from the Nhamago outcrop are characterized by a smaller number of 

recovered sporomorphs. Seven different species of palynomorphs were retrieved 

(Table 1 and Figs. 5 and 6). Most of the identified sporomorphs were also found in the 

Luchai strata which can suggest a similar age. 
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Table 1 Vertical distribution of palynomorphs recovered from the outcrop samples. 

 
Lithostratigraphy  

Outcrops (Maniamba Basin) 

Luchai Nhamago Michunwa Luiga 

31NN 23NN 40NN 1NN 

      Depth (m)/samples number (1) (3) (2) (4) (1) (2) (4) (5) (3) (4) 5B 

Laevigatosporites colliensis  
 
   
 
 
Spores 

     X      X   x 
Laevigatosporites vulgaris        X  x  

                      Baculatisporites sp.   X          
  Converrucosisporites micronodosus X           

Apiculatisporis sp. X           
Polypodiisporites mutabilis           x 

Horriditriletes tereteangulatus X  X       x x 
Horriditriletes filiformis X         x x 
Horriditriletes ramosus          x  

Leiotriletes directus X           
Microbaculispora tentula X        X x  

Calamospora spp.  X          
Calamospora sp.          x  

Procoronaspora spinosa         X   

Potonieisporites brasiliensis  

 
 
 

 
 
 

 
 

Pollen 

X           
Lueckisporites virkkiae X           

Platysaccus leschikii X           
Platysaccus papilionis X           

Protohaploxypinus limpidus X  X x       x 
Protohaploxypinus goraiensis          x x 
Protohaploxypinus diagonalis           x 

Striatopodocarpites fusus X           
Striatopodocarpites cancellatus    x    X X x  

Striatopodocarpites gondwanensis X           
Lunatisporites variesectus X           

Scheuringipollenites medius  X  x  x     x 
Scheuringipollenites ovatus X X X x       x 

Scheuringipollenites maximus  X  x        
Weylandites magmus X          x 

Weylandites lucifer X       X  x x 
Vittatina sp.            

Vittatina subsaccata          x  
Vittatina fasciolata           x 

Cycadopites cymbatus   X  x     x x 
Cycadopites follicularis X           

Guttulapollenites hannonicus           x 
Staurosaccites cordubensis           x 
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Figure 5. A: Unidentified pollen grain; B: Lueckisporites virkkiae (Potonié and Klaus, 1954); C: 

Striatopodocarpites spp; D: Potonieisporites magnus Lele and Karim (1971); E: 

Scheuringipollenites ovatus (Tiwari, 1973); F: Protohaploxypinus goraiensis (Potonié 691 and 

Lele; Hart, 1964); G: Protohaploxypinus limpidus (Balme and Hennelly), Balme 692 and 

Playford (1967); H: Striatopodocarpites cancellatus (Balme and Hennelly), Hart (1963); I: 

Striatopodocarpites fusus (Balme and Hennelly) Potonie; J: Weylandites magmus (Bose and 

Kar), Backhouse (1991); K: Weylandites spp.; L: Vittatina spp.; M: Gutulapollenites hannonicus 

(Goubin, 1965); N: Cycadopites cymbatus (Segroves, 1970); O: Cycadopites follicularis 

(Wilson and Webster, 1946). 
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Figure 6. A: Calamospora spp.; B: Polypodiisporites spp., C: Laevigatopsorires colliensis 

(Balme and Hennelly), Venkatachala and Kar (1968); D: Laevigatosporires vulgaris Ibrahim), 

Alpern and Doubinger (1973); E: Converrucosisporites confluens (Playford and Dino, 2002); 

F: Converrucosisporites confluensis (Balme and Hennelly) Playford y Dino (2002); G: 

Converrucosisporites micronodosus (Balme and Hennelly), Playford y Dino (2002); H: 

Horriditriletes tereteangulatus (Balme and Hennelly), Backhouse (1991). 

 

4.1.2. Michunwa outcrop 

The Michunwa strata display a low level of preservation and as a result only nine 

species and eight genera were identified (Table 1). Typical Permian sporomorphs were 

observed; however, their long stratigraphical range hinders a precise age assignment. 

 

4.1.3. Luiga outcrop 

The Luiga strata are made up by an assemblage dominated by striate bisaccate 

pollens and low concentration of spores. Here, typical Changhsingian aged sediments 

are identified based on the abundance of Guttulapollenites hannonicus; 

Striatopodocarpites cancellatus, Protohaploxypinus limpidus, Protohaploxypinus 
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goraiensis, Weylandites lucifer and Calamospora sp. (Pereira et al., 2016; Lopes et al., 

2014; Barbolini et al., 2018; Aggarwal et al., 2019). Additionally, the palynoassemblage 

is characterized by the presence of stratigraphically significant genera such as 

Polypodiisporites reported from Late Permian strata from Salt Range in Pakistan 

(Pereira et al., 2016). A remarkable and prominent feature in the Early Triassic 

assemblage is the occurence of the spore tetrads (Table 1) of lycopsids 

(Lundbladispora) and pteridophytes (Calamospora). The Triassic palynoflora from the 

Maniamba Basin (central Gondwana) is discussed in Nhamutole et al. (2024b). 

 

4.1.4. Paleoenvironmental based on palynoflora and lithofacies 

The palynological study has shown well-preserved forms characterized by an 

abundance of gymnospermous pollen assigned to glossopterids that consist of non-

striate and striate bisaccate pollens (Table 1). The spore group is the least dominant 

group in the studied outcrop and is represented by filicopsids such as Horriditriletes, 

Leiotriletes, Converrucosisporites and lycopsids (Table 1). The abundance of 

arborescent vegetation indicates a development in a forest swamp located in a small 

distal marginal part of the mire. Interestingly, the studied flora is made up by the 

dominance of glossopterids (e.g., Protohaploxypinus, Striatopodocarpites, 

Scheuringipollenites) and conifers (e.g., Platysaccus, Potonieisporites) co-existing 

with filicopsids (e.g., Horriditriletes, Leiotriletes, Apiculatisporis), sphenopsids (e.g., 

Calamospora, Laevigatosporites), voltziales (Lueckisporites, Lunatisporites, which are 

indicative of a typical hypautochthonous sedimentation as reported by Birks and Birks 

(1980).  The conifer occurrence in the Maniamba Basin is shown by the presence of 

Permian fossil woods assigned to Australoxylon teixeirae, Agathoxylon africanum and 

Agathoxylon karooensis (Nhamutole et al., 2024b). Most of the identified palynotaxa 

described above they do occur either commonly and abundantly representing a typical 

palynoflora typical of humid and warm lowland areas, in which the upland vegetation’s 

influence is rare (Lopes et al., 2021). The greater proportion of pollen grains compared 

to spores as well as the high content of opaque compared to translucent phytoclasts 

in the outcrop strata suggest a swampy environment in the proximal settings (e.g., 

Mendonça Filho et al., 2010a). Furthermore, the luxuriant vegetation could be linked 

to a prevailing warm and humid climate that favoured their growth during Permian 

(Middle and Late) as seen in most Gondwana sequences (McLoughlin, 2001; Aggarwal 
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et al., 2019). Similar paleoclimate patterns have been described by Nhamutole et al. 

(2021) in the analysis of Protaxodioxylon fossil woods from Maniamba Basin. In this 

study, they suggest that conifer woods have thrived in a typical environment influenced 

by abundant water supply and that the growth of plants were mainly controlled by 

variation in climate. Moreover, climate variation models during the studied period in the 

Maniamba Basin are found in Verniers et al. (1989). Yet, the paleoredox conditions 

observed in the water column coupled with high primary production has resulted in the 

organic matter enrichment representing the main factor that led to the organic matter 

accumulation homogeneity. The dominance of non-translucent phytoclasts over 

translucent phytoclasts could be attributed to palaeofires and existing conditions of 

oxidation either before or post deposition in proximity to high energy settings (Tyson, 

1995).  The observed non-opaque phytoclasts in most cases display a large size which 

could be linked to the short distance of transport (Tyson, 1995). Similar results have 

reported by Nhamutole et al. (2023) in their palynofacies study based on borehole core 

from the Maniamba Basin, Mozambique.  In summary, based in the present data, a 

swampy environment combined with lacustrine settings influenced by fluvio-alluvial 

conditions with intercalations of finer and coarser sediments characterize the studied 

strata. Furthermore, the observed lithologies in all the studied successions are quite 

similar and generally the sandstone units depict channel-fill successions. Those 

sandstones may represent crevasse splay deposits which were formed by the rupture 

of natural levees in the onset stages of flooding events (Collinson, 1996; Miall, 2010; 

Bicca et al., 2017). 

The mudstone and carbonaceous shale horizons indicate overbank deposits with 

environmental settings prone to formation and accumulation of coal seams. Yet, the 

presence of black mudstones may suggest variation in water levels, with consequent 

subaerial exposure of organic matter (Mendonça et al., 2017). The thin siltstone units 

interbedded with sandstone layers (e.g., Michunwa strata) represent clastic deposition 

in the over banks at the time of flooding episodes. Here, the flood peaks might have 

been followed by sedimentation of particles of the size of silt and mud as suggested 

by Collinson (1996) and Bicca et al. (2017).  

 

 



159 

 

4.2. Palynofacies  

The OM is subdivided into three distinct categories, namely phytoclasts, sporomorphs 

(pollen and spores) and AOM derived from bacteria and resin as defined by Tyson 

(1995) and later updated by Mendonça et al. (2017) (Table S1-Supplementar Material). 

The phytoclasts were identified as opaque phytoclasts, and non-opaque phytoclasts 

(cuticles, membranes, and fungal hyphae). The identified cuticles are typical of 

different plant groups as shown in the Figs. 7A-I, however, the cuticles observed under 

incident blue light have shown dark or no fluorescence (Figs. S1 and S2-

Supplementary Material). 

 

Figure 7. Microfotographs showing different types of cuticles from selected samples from 

studied outcrops. A: Glossopteris conifer type; B: Plant cuticle; C-D: Conifer cuticle; E:  

Unidentified cuticle type; F: Conifer cuticle; G-H: Glossopteris conifer; E-Unidentified. cuticle 

type; J: Biostructured non-opaque phytoclast (a tracheid of a gymnosperm wood with bordered 

pitting in an alternate pattern, possibly Agathoxylon sp.). 

Membranes which are organic particles derived from leaves of plants are also 

observed and they generally pale yellow and sheet-like particle (Tyson, 1995). These 

membranes are poorly preserved and are in low quantity (Table S1-Supplementary 
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Material). Fungal remains which represented by fungal hyphae (Tyson, 1995; Fonseca 

et al., 2020), are found in low quantity through the studied units (Fig. 8E). These fungal 

remains display orange to dark brown colour in transmitted white light microscope and 

do not show fluorescence (Fonseca et a., 2020). The palynomorph groups follow the 

phytoclasts and are represented by organic compounds which belong to the 

sporomorph category. Diversified subgroups of pollen were observed under 

transmitted light microscopy ranging from monosaccate, striate and non-striate to 

colpate. Pollen grains observed under blue light have shown yellow to orange colour 

fluorescence (Fig. 8F-G). Additionally, the observed spores display varied 

ornamentations, shapes and sizes with no observed fluorescence (Fig. 8H). They are 

characterized as monoletes and triletes; however, they do not show diversification 

when compared with the pollen group. In generally, the numbers of recovered 

palynomorphs are considerably low and their state of degradation may have resulted 

from subaerial exposure during the periodic drop in water levels, triggering arid 

deposition conditions. Another hypothesis for their scarcity and the poor preservation 

of these elements could be related to the reduced quantity of plants at the site of 

deposition (Mendonça et al., 2017). The amorphous category consists of AOM derived 

from terrestrial sources, resins and bacterially derived AOM (Figs. 8A-D). The 

terrestrial AOM exhibits structureless, homogeneous, rounded to subangular patterns 

with colours ranging from orange to dark brown (Figs. 8A-B). The AOM is terrestrially 

derived with no fluorescence, indicating that it was influenced by maturity and the 

amorphization patterns (Figs. S3 and S4-Supplementary Material) as defined by 

Suárez-Ruiz et al. (2012) and Fonseca et al. (2020). The observed resins are 

structureless, with homogeneous particles, and orange to light brown in colour. The 

resins are associated with gymnosperms (Tyson, 1995; Suárez-Ruiz et al., 2012). The 

AOM derived from bacteria is characterized by a huge density of tiny particles 

displaying orange colour with different outlines (Fig. 8D). This bacterial-like material 

did not show fluorescence. Yet, fungal remains are present and therefore reflect the 

proximity to the terrestrial source area (Suárez-Ruiz et al., 2012; Mendonça et al., 

2017) and are orange-brown in colour (Fig. 8E). 

Based on the statistic estimations of recovered organic matter, three palynofacies are 

identified in the coal-bearing sequences as follows:  
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Figure 8. Microphotographs of the organic components from the outcrop strata in the 710 

Maniamba Basin. A and B: Terrestrially derived AOM; C: Higher plant resin; D: Plate-711 like 

bacterial-derived AOM; E: Fungal hyphae; F: Non-striate bisaccate pollen in 712 Transmitted 

light microscope; G: Non-striate bisaccate pollen in fluorescence mode; 713 H: Trilete spore. 

 

4.2.1. Palynofacies I 

The high concentration of well-preserved pollen and spores reinforcing the concept of 

the growth of conifers, glossopterids and ferns in the swamp environment at the time 

of the deposition of the sediments, indicate that the luxuriant vegetation thrived and 

was sustained by local climate. However, beside the contribution of lowland vegetation, 

upland contributors are also observed albeit being in minor quantities as mentioned 

above. Yet, the abundance of sporomorphs followed by only amorphous organic matter 

indicates periods of restriction characterised by the development of reducing 

conditions (Mendonça Filho et al., 2017; Tyson, 1995). This restriction may have 

triggered the stagnation of the water body as well as the development of a low oxygen 

layer and stratification in the water column (Tyson, 1995; Mendonça Filho et al., 2010a, 

2017a; Marques-Lima et al., 2023) as also demonstrated by the ternary diagram 

proposed by Mukhopadhyay (1986) (Fig. 9). In this palynofacies a decrease in water 

level could be linked to the relative increase of the space of accommodation which is 

possibly triggered by rifting activity.  
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Moreover, the phytoclasts are observed in lower concentrations. The palynofacies I is 

observed in samples 40NN (2), 31NN (4) and 23NN (4). Here, the highest TOC content 

in the succession is observed (7.96%) which could be linked with high occurrence of 

bacterially-derived AOM (Manga et al., 2024). No lithology-controlled facies observed 

herein.  

 

Figure 9. Ternary diagram linked with paleoredox conditions proposed by Mukhopadhyay 

(1986) adapted by Marchionni (1980); Sing and Sing (1996); Aggarwal et al. (2019).  

 

4.2.2. Palynofacies II 

The palynofacies II is characterized by suboxic palaeoredox conditions (Fig. 9). The 

palynofacies association consists of a high frequency of opaque phytoclasts with a 

sub-dominance of palynomorphs. This interval is, generally, characterized by a fluvial 

runoff, in a less oxic environment if compared to palynofacies III Tyson, 1995; 

Mendonça Filho et al., 2010a, 2017a; Marques-Lima et al., 2023). The palynofacies II 

is observed in samples 1NN (1), 1NN (2), 1NN (3). Here, there is no lithology-controlled 

facies. 
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4.2.3. Palynofacies III 

Palynofacies III is found in samples 23NN (2), 31NN (1), 31NN (3), 40NN (1) and is 

dominated by opaque phytoclasts with lesser abundance of palynomorphs and 

amorphous organic matter (Table 2). 

Table 2 Relative percentage of different organic matter components linked to mineralogical 

composition. 

Samples Phytoclasts 
(%) 

Palynomorphs 
(%) 

AOM (%) Mineral phases (XRD 

1NN (2) 56.3 42.6 1.0 Calcite+quartz 
1NN (2) 59.4 40.3 0.3 Quartz+kaolinite+montmorillonite+ortoclasse 
1NN (1) 52.6 37.4 10.0 Quartz+kaolinite 
23NN (2) 74.0 15.3 10.7 Quartz+kaolinite+chlorite+orthoclase 
23NN (4) 20.8 58.2 22.0 Kaolinite+quartz+montmorillonite 
31NN (1) 65.8 31.0 3.2 Quartz+kaolinite+montmorillonite+chlorite 
31NN (3) 86.3 9.7 4.0 Quartz+kaolinite+vaterite 
40NN (1) 71.4 20.0 8.6 Quartz+kaolinite+muscovite+orthoclase 
40NN (2) 19.1 60.4 20.5 Quartz+microcline+anorthite 
40NN (4) 80.3 9.7 10 Quartz+kaolinite+montmorillonite+anorthite 
*AOM=Amorphous 
organic matter 

    

 

The opaque phytoclasts could have originated from oxidation of organic matter with 

structural shapes such as cuticle, tracheids and translucent brown coloured wood. The 

oxidation can occur during transportation or as a result of depositional variations 

(Cincotta et al., 2015; Mendonça Filho et al., 2017, 2023). The studied samples are 

characterised by high quantity of elongated phytoclast over its equidimensional 

counterpart (Table S1-Supplementary Material), fact that corroborates with deposition 

close to the sources which is regarded being the proximal (Aggarwal, 2021). Moreover, 

the high concentration of opaque phytoclasts suggests oxidizing conditions, increasing 

of water column, and deposition under moderately higher energy conditions in the 

proximity of terrestrial sources, or degradation of terrestrial organic matter as indicated 

by oxic to suboxic conditions as shown in the ternary diagram modified from 

Mukhopadhyay (1986). Here, the amorphous group is completely represented by 

palynomorphs terrestrially derived OM including higher plants resin albeit some 

bacterial-derived AOM is also identified (Fonseca et al., 2021; Manga et al., 2024). 

Similar scenarios have been documented in oxic swamps, prodelta, and river 

sediments. Furthermore, the high abundance of opaque phytoclasts in the 

palynofacies III could reflect the existence of fire during the deposition of the 

sediments, as reported by Nhamutole et al. (2023). All the palynofacies record the 
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occurrence of proportion of siltstone and carbonaceous shale. However, only the 

palynofacies III is marked by their dominance. In summary, the palynofacies data agree 

with the information from the TOC and sulphur diagrams (Figs. 10 and 11). All the 

information is substantiated by the schematic palaeovironmental reconstruction of the 

study area which corroborates with the scheme proposed by Paz (2018), based on 

lithostratigraphic descriptions (Fig. 12). 

 

Figure 10. TOC (wt%) vs. Sulphur (%) diagram showing paleoenvironmental conditions.  
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Figure 11. TOC (wt%) versus Sulphur (%) diagram demonstrating paleoredox conditions of 

the studied outcrop strata. 

 

 

Figure 12. Paleoenvironmental reconstruction of the study area adapted from Paz (2018). Fig 

14. Ternary plot (saturated vs. aromatic vs. asphaltenes) displaying the relative abundance 

and thermal maturity of the outcrop samples. 

 

4.3. Rock Extract 

The highest concentration of extractable organic matter (EOM) was observed in 

sample 40NN (1) (13.3%) and sample 23NN (2) (10.7%) (Table 3 and Fig. 13). These 

contents suggest that the samples display bitumen in large amounts, which 

corroborates with the data from palynofacies. Liquid chromatography has unveiled that 

the EOM is mainly represented by saturated compounds (11.1%-92.2%) followed by 

the asphaltenes fraction (1.2%-74.6%). Lastly, the aromatic fractions are in smaller 

amounts, ranging from 0.3% to 1.9%. The EOM composition is typical of terrestrial 

mature organic matter (Tissot and Welte, 1984). 
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Table 3 Relative percentages of extract organic matter (EOM), Hydrocarbons fractions, TOC 

and sulphur (S). 

Samples EOM 
(mg) 

Saturated 
mg) 

% Aromatic 
(mg) 

% Asphaltens 
(mg) 

% TOC 
(Wt%) 

S 
(%) 

1NN (3) 7.7 7.1 92.20 0.5 6.49 0.1 1.29 1.4 0.18 
1NN (2) 6.4 2.8 43.75 0.5 7.85 3.1 48.43 2.11 0.17 
1NN(1) 8.8 5.3 60.22 1.3 14.77 2.2 25.0 2.29 0.13 
23 NN (2) 10.7 5.4 50.46 1.1 10.28 4.2 39.25 6.34 0.13 
23NN (4) 5.2 0.7 13.46 1 19.23 3.5 67.30 1.1 0.17 
23NN (5) 4.1 2.5 60.97 0.4 9.75 1.2 29.26 1.67 0.13 
31 NN (1) 3.2 0.4 12.5 0.3 9.37 2.5 78.12 1.98 0.13 
31 NN (3) 3.6 0.8 22.22 0.6 16.66 2.2 61.11 4.33 0.13 
31 NN (4) 6.3 0.7 11.11 0.9 14.28 4.7 74.60 7.96 0.19 
40 NN (1) 13.1 9.5 72.51 1.9 14.50 1.7 12.97 2.0 0.13 

 

 

Figure 13. Ternary plot (saturated vs. aromatic vs. asphaltenes) displaying the relative 

abundance and thermal maturity of the outcrop samples. 

 

4.4. Hydrocarbon biomarkers  

Hydrocarbon biomarkers are organic compounds encased in sedimentary rocks, with 

molecular structures directly related to their precursor compounds, revealing 
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information about past groups of organisms (Brocks and Grice., 2011). Therefore, 

hydrocarbon biomarkers provide robust information of past ecosystems, hence their 

use as palaeoenvironmental indicators. Here, biomarkers corroborate with 

palynological data in order to provide a molecular perspective of the analysed organic 

matter, assessing the palaeoenvironment, vertical heterogeneity, and source of 

organic-rich units from outcrop in the Maniamba Basin. The distribution and critical 

information obtained from them are interpreted for each outcrop as follows: 

 

4.4.1. Luchai outcrop 

For the Luchai outcrop, the liquid chromatography revealed the recovery of a low 

amount of soluble organic matter (bitumen), despite the occurrence of preserved 

organic matter (TOC=1.98%). This is reflected in the occurrence of some aromatic 

compounds (methyl-phenantrenes) in the terpane chromatograms, as seen in figure 

14. 
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Figure 14. Tricyclic, tetracyclic and pentacyclic in mass chromatograms (m/z 191) from the outcropping strata in the Maniamba Basin.
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The significant low amount of bitumen, even with a TOC around 2%, may be related to 

elevated thermal evolution (residual TOC). Indeed, the assessment of thermal maturity 

through the methyl-phenantrene index (Radke et al., 1982) suggests the onset of oil 

generation window (MPI-1=0.84) (Fig. 15). The same degree of maturity is not 

indicated by the saturated biomarkers, as noticed in the terpane and sterane profiles. 

Specifically, predominance of the C27 17aTrisnorhopane (Tm), low degree of 

isomerization in the homohopanes (e.g. C31S/R ratio), and the predominance of the 

less stable configuration of the steranes (αααR) are not in agreement with the MPI-1 

index. An explanation for this discrepancy could be related the process of maturation. 

Saturated biomarkers may not respond well to rapid maturation as observed by 

Farrimond et al. (1996) and a context of rapid heating (igneous emplacement) is, 

therefore, raised to explain the contrast in the aromatic and saturated proxies. It should 

be noted that the influence of kimberlite intrusions has been reported by Nhamutole et 

al. (2024a) in their study of Rock data from this locality. Their emplacement was 

probably connected to the first or second graben faulting phase (Verniers et al., 1989). 

Here, should be highlighted the potential detection of 2-methylanthracene in the 

sample 31NN (1) (Fig. 16). The 2-methylanthracene indicates high temperature 

thermal processes and is generally observed in oils/rocks that experienced high 

thermal stress (Zhang et al., 2016), such as the influence of igneous intrusions 

(George, 1992).  In terms of organic matter sources, the samples from the Luchai 

outcrop show the predominance of odd over even alkanes with high molecular weight 

characteristic of input from higher plants since the precursor molecules are found in 

resins of plants (Peters et al., 2005). The predominance of C29 sterane (C29 > C28 > 

C27) is also indicative of input of terrestrial organic matter (Volkman, 1986) (Fig. 17).  
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Figure 15. Mass chromatogram (m/z 85) of saturated hydrocarbons from the outcrop strata. 
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Figure 16. Mass chromatogram (m/z 178+192) of aromatic hydrocarbons of the outcrop strata. 
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4.4.2. Luiga outcrop 

The biomarker assessment for the profiles of this section is quite similar to the Luchai 

section with respect to the predominance of odd n-alkanes and terpane distribution. 

Furthermore, the observed predominance of a much more stable configuration αααS 

of C27 steranes could indicate a further contribution of organic matter such as a type of 

algae (Koodner et al., 2008) (Fig. 17). Freshwater algae Botryococcus braunii were 

reported in samples from analysed borehole cores in the Maniamba Basin by 

Nhamutole et al. (2025) although they were not detected in the palynological analysis 

performed herein. These algae can occur in lagoonal and lacustrine facies and have 

the ability to adapt to different salinity conditions (Mendonça Filho et al., 2011b; Tyson, 

1995). 
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Figure 17. Representative 217 mass chromatograms showing the sterane distributions in selected samples from the studied samples. 
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4.4.3. Michunwa outcrop 

The Michunwa strata depict the same scenario as reported from the above two 

sections. However, for these samples the presence of n-alkanes of low molecular 

weight was observed, suggesting low thermal evolution. This indicates that these 

compounds are either not well developed or have not yet been formed. Generally, the 

Phytane component is greater than Pristane, however such proxies should be 

analysed with caution since the samples might have been influenced by thermal 

activity, homohopane isomerization and source input (Ten Haven et al., 1987; Peters 

et al., 2005). The relative abundance of hopanes over steranes typifies organic matter 

derived from terrestrial settings (Tissot and Welte, 1984). The methyl-phenantrene 

index was low (0.35) likely reflecting low thermal evolution. The influence of igneous 

activity is not considered for these strata since no igneous intrusions were observed 

nearby (Nhamutole et al., 2024a). 

 

4.4.4. Nhamago outcrop 

The Nhamago strata corroborate with the interpretation from the above sections. The 

relative abundance of hopanes over steranes indicate organic matter from terrigenous 

sources (Tissot and Welte, 1984) as well as the predominance of C29 αααR steranes 

(Kodner et al., 2008). The methyl-phenantrene was too low suggesting low thermal 

evolution. Albeit the Nhamago site is located closer to igneous intrusions, however no 

influence was identified. 

Overall, the distributions of terpanes display high content of H30 hopane, followed by 

H29 hopane, across most samples. The Low Ts over Tm represents a low thermal 

evolution history for most of the samples; however, these results agree with the 

previous results published based on pyrolysis data performed by Nhamutole et al. 

(2024a) from the same strata. The identified biomarkers suggest a freshwater 

lacustrine depositional setting for the studied samples with no marine influence at the 

time of the deposition of the sediments. The occurrence of membranes co-occurring 

with the presence of sporomorphs and resins (Table S1-Supplementar Material) 

strengthen the idea of terrestrial source area, as suggested by Marques-Lima et al. 

(2023), and Manga et al. (2024). 
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The molecular data also unveiled that the organic-rich sediments were deposited 

mostly in oxidized conditions; however, reducing conditions were also observed. These 

conditions were triggered by local and regional tectonic framework related to different 

rifting phases as reported by Verniers et al. (1989) and Key et al. (2007). Organic 

matter accumulation, production and production in African continental basins has been 

associated with stage of active rifting, in cases where basins and rift lakes were found 

in their highest depths (Manga et al., 2024 and references therein). Additionally, 

according to Verniers et al. (1989), the Maniamba Basin was located in an embryonic 

rift during the Permian-Triassic boundary to the end of Gondwana uplift and erosion 

cycle. It was filled with sediments as it progressively sank, influencing organic matter 

deposition and existing palaeoredox conditions. Thus, other factors such as 

palaeoclimate and palaeogeography could have played an important role for the 

dominant palaeoredox conditions observed for the Maniamba Basin. However, broader 

sampling is needed to confirm the influence of those variables. Nonetheless, the data 

analysed herein represent an important contribution for the understanding of the 

Maniamba Basin evolution as well as its potential for hydrocarbon. Interestingly, the 

biomarker data regarding thermal maturity of the samples corroborates with the 

information provided by the interpretation of the spore coloration index (SCI) as stated 

in the Table S1-Supplementar Material. Lastly, it should be highlighted that the general 

assemblage of biomarkers is consistent with previous studies that have addressed a 

scenario of continentalization for the Gondwana in the middle to late Permian transition 

(Bastos et al., 2021).  

 

4.5. Mineralogy of the strata 

The outcrop strata of all four sites were investigated for their mineralogical composition 

based on XRD patterns. The mineral content provides a qualitative and quantitative 

assessment as well as relevant information such as petrophysical properties. The XRD 

data revealed the presence of nine minerals in which quartz is the most dominant. 

Quartz is present in all studied samples and is followed by clay minerals in terms of 

abundance (Fig. 189, Table 2). Clay minerals are represented by montmorillonite, 

kaolinite, smectite and minor chlorite and illite. In addition, there are moderate amounts 

of feldspar (e.g., orthoclase, microcline) and carbonates represented by aragonite, 

calcite and vaterite. The dominance of quartz and occurrence of some carbonates point 
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to the hardness and brittleness of the studied fine-grained samples. Similar results 

have been observed in the Main Karoo Basin, Whitehill Formation (Chabalala et al., 

2020). These properties could have allowed the rocks to expel hydrocarbons thus 

acting as good source rocks. Yet, the studied organic units, due to their mineralogical 

composition, can be suitable for hydraulic fractures as well as possible utilization in 

carbon capture and sequestration (CCS) following the current energy policies. 

Furthermore, it is worth noting that clay minerals are derived from the active weathering 

process of parent source rocks, hence their content is influenced by climate and 

environmental conditions. Fagel (2007) suggested that a high concentration of kaolinite 

and smectite indicate prevailing warm and humid climates. In contrast, high 

concentration of chlorite and illite corroborate with arid climate. Within the outcrop 

strata, the samples display a high abundance of quartz and kaolinite in comparison to 

an absence of illite, suggesting that these units were deposited under a prevailing 

warm humid climate. The mineral composition agrees with the palynology assessment 

that favour the existence of luxuriant vegetation linked to a prevailing warm and humid 

climate during the middle and late Permian in most Gondwana sequences 

(McLoughlin, 2001; Aggarwal et al., 2019; Nhamutole et al., 2021, 2024).  
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Figure 19. XRD diagrams of the selected samples showing some of the identified mineral 

phase. 

 

4.6. Hydrocarbon prospectivity 

Based on molecular data from the current research and other available works 

(Loegering and Milkov, 2017; ECL, 2000), a comparative analysis was undertaken 

(Table 4). The main aim was to identify the existing similarities or dissimilarities in the 

petroleum geochemistry signatures amongst the source rocks from the Maniamba 

Basin with petroleum fluids from either Rovuma and Mozambique basins since the pre-

rift section of these two basins is by extrapolation considered to be equivalent to the 

Karoo rocks (ECL, 2000). In fact, should be highlighted that all those basins pertain to 

the same tectonic framework despite the fact that Karoo rocks such as the one from 

the Maniamba Basin have never been targeted during petroleum drillings. Even though 

the formations from the Maniamba Basin have been therefore suggested as the 

potential source for petroleum fluids in the Rovuma Basin as well as in the Mozambique 

Basin (ECL, 2000; Norconsult, 2007). Nevertheless, the comparative analysis carried 
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out herein has considered three main factors such as source input, depositional 

environment and thermal evolution (Table 4). Biomarkers from the Maniamba Basin 

indicates terrestrial sourced organic matter influencing hydrocarbon generation 

potential. In contrast, data from Loegering and Milkov, 2017 and ECL, 2000) suggest 

marine sourced organic matter for the Rovuma and Mozambique basins respectively. 

In regard to depositional environment, molecular ratio data suggest that the Maniamba 

Basin hydrocarbons originated from suboxic-oxic terrigenous fluvio-lacustrine 

environments of Permian age. In its turn, biomarkers in the light oil from Mozambique 

and Rovuma basins are derived from hypersaline, sub-oxic marine shales of 

Cretaceous age. Those data stress that the dynamics and different paleoredox 

conditions prevailed over geological time during the formation of oil in Central 

Gondwana. Furthermore, the light oils from the Mozambique and Rovuma basins as 

well as the source rock from the Maniamba Basin show quite similar maturation phases 

however is quite common in the latter Basin to find overmature rocks that were 

influenced by the emplacement of igneous intrusions (Nhamutole et al., 2023; 2024a).  

In overall, the comparative analysis suggests that the light oil from the Mozambique 

and Rovuma basins could not be sourced from the source rocks in the Maniamba Basin 

due to the fact that they completely depict a distinct petroleum geochemistry signature 

as previously inferred by Loegering and Milkov (2017) albeit the fact that the data from 

Karoo biomarkers were not available at that moment for a precise correlation. 
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Table 4 Comparative analysis of source rocks (Maniamba Basin) with fluids from Mozambique 

e Rovuma Basin.  

Petroleum basins Source 

input 

Depositional 

environment 

Paleoredox 

conditions 

Thermal 

maturity 

Maniamba Basin 

(This study) 

 

Higher 

plants 

 

Fluvio-

Lacustrine 

(Terrestrial) 

 

Suboxic-oxic 

 

Mostly late 

mature and 

overmature 

Rovuma Basin 

(ECL, 2000) 

Lower 

organisms 

 

Marine shales 

Hypersaline, 

suboxic-oxic-

anoxic 

 

Early mature 

Mozambique Basin 

(Loegering and 

Milkov, 2017) 

Lower 

organisms 

 

Marine shales 

 

Hypersaline, 

suboxic-oxic 

 

Early mature 

 

 

5. Conclusions 

1-The palynomorph occurrences presented in this study allowed the constraint of the 

outcrop strata to Guadalupian (Luchai and Nhamago) and latest Lopingian-Lower 

Triassic (Luiga) based on biostratigraphic affinities with existing Gondwana schemes 

from the Moatize-Minjova Basin, Mozambique (Pereira et al., 2016), Salt Range Basin, 

Pakistan (Balme, 1980) and Main Karoo Basin, South Africa (Barbolini et al., 2018).  

2-The dominance of long chain n-alkanes with a minor concentration of short chain 

hydrocarbons corroborates with deposition of organic matter from terrestrial sources  

3-The studied samples are immature to overmature as demonstrated by Ts/Tm ratio, 

methyl-phenantrene, and the occurrence of 2-methlylantracene linked to the influence 

of kimberlite emplacement in the Lower and Middle units of the Maniamba Basin. 

4-Three palynofacies were identified in the strata with the extrapolation of an APP plot 

(ternary diagram) indicating a shift towards proximal-distal oxic-suboxic-anoxic 

conditions reflecting shifting of environment conditions over time. The environmental 

shifting is further supported by Pr/Ph ratios. 
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5-The peat-forming palynoflora consists of the dominance of gymnosperm pollen 

assigned to glossopterids that includes striate and non-striate bisaccate pollen. 

Subordinate occurrence of trilete spores is represented by lycopsids, sphenopsids and 

filicopsids. The high proportion of arborescent vegetation indicates a development in a 

forest swamp. Additionally, the dominance of glossopterids with moderate 

representation of conifers co-existing with lycopsids, filicopsids and sphenopsids are 

an indication of a sedimentation of hypautocthonous type. 

6-The abundance of phytoclasts indicates the existence of a dense vegetation cover 

nearby to the site of deposition. Yet, the high content of opaque phytoclasts suggests 

that palaeo-wildfires occurred during the deposition. 

7-The mineral composition is characterised by the dominance of quartz and clay, 

together with moderate contribution of carbonates and feldspars that created ideal 

conditions for source rock expulsion of hydrocarbons. 

8-Hydrocarbon fingerprints suggest that the light oils from the Mozambique and 

Rovuma Basins were not sourced from the Karoo formations of the Maniamba Basin. 

Overall, this study using a number of proxies together provides pivotal information for 

a better understanding of the geodynamics of the Maniamba Basin.  
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Abstract 

Karoo Palaeozoic sediments from the Maniamba basin, Mozambique were analyzed 

by integrating the molecular composition of biomarkers, inorganic chemistry, and 

palynofacies proxies to further understand their origin. Unimodal distribution is 

revealed through Gas chromatography-mass spectrometry for n-alkanes coupled with 

the abundance of compounds of medium and high molecular weight. The dominance 

of stigmastane over cholestane and ergostane, Terrigenous Aqueous Ratio (TAR>1), 

and high concentration of C19 and C20 tricyclic terpenes are indicative of non-marine 

influence. The Preferential Index of Carbon, the Odd over Even Preference for the 

distrubtion of n-alkanes, the low values for the ratio 18α(H)-trisneohopane over 17α(H)-

trisnorhopane, the C29 ααα S/(S+R) isomerization ratios in C29 steranes, C30 

βα/(βα+αβ), C31 αβ S/(S+R) and C32αβ S/(S+R) isomerization ratios suggest organic 

matter (OM) with low thermal evolution. These data are supported the Spore Color 

Index and vitrinite reflectance. The nature of the OM is supported by isoprenoids 

Pristane/Phytane ratios, palynofacies, and high contribution derived from an 

ecosystem dominated by ancient Glossopterid and conifer flora. Finally, data from 

studied proxies indicate weak to strong palaeoweathering, highly proximal, marginal 

oxic-anoxic Basin characterized by kerogens associated with weakly and strongly 

oxidized swamps suggesting an existing potential for gas. 
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1. Introduction 

Biomarkers are the remnants of molecules that have been synthesized by organisms 

and display chemical structures related to the biological precursor.35 Biomarkers have 

proven to be essential tools for a better understanding of critical aspects in evolutionary 

biology, palaeobiology, palaeoecology, petroleum geoscience, and environmental 

science18. Similarly, palynofacies are a crucial technique for the study of organic matter 

whose distributions reflect palaeoenvironment changes. Both biomarkers (molecular 

fossils) and palynofacies are key disciplines used to develop a geological model for 

interpreting the complexities of sedimentary basins in the petroleum system as stated 

by Wood and Miller,46 and others. Additionally, in the petroleum industry, major 

elements, and trace elements are also used in the interpretation of the provenance of 

the organic matter, tectonic framework together with the possible pathways for 

hydrocarbon migration. 21, 2 

To our knowledge and according to the available literature, there are no focused 

studies that have attempted to identify biomarkers in Palaeozoic Karoo rocks from the 

Maniamba Basin, Mozambique. In the same way, no biomarker study has been 

performed for aged Karoo organic-rich sediments. In Mozambique, the only known 

published biomarker study belongs to Loegering and Milkov.23 This study was based 

on data provided by SASOL regarding the hydrocarbon oil field from Inhassoro, Pande, 

and Temane localities. However, other biomarker laboratory data performed in the 

Rovuma and Mozambique Basin do exist but are restricted to oil companies.22, 37,12 

Additionally, palynofacies and Rock-Eval pyrolysis analysis from outcrops and one of 

the existing drilled borehole cores in the Maniamba Basin were recently 

undertaken.32,33Despite the preliminary characterization mentioned above, more 

information needs to be unveiled regarding the content of organic matter (OM) and its 

link with past environments. 

The crucial key aspects that have guided the present research has to deal with the 

need of organic matter characterization, identification, assessment of its 

paleotemperature and paleodepositional conditions. Hence, biomarkers, kerogen 

visual analysis and inorganic chemistry were integrated for these purposes. 
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2. Geology 

The geological description is found in section 5.1. 

 

Figure 1. Geology of the investigated area. 

 

3. Materials and Methods 

Fifteen sediments enriched in the organic matter were analysed for biomarkers at the 

Federal University of Piaui, Brazil (Organic Geochemistry laboratory-LAGO). They 

were subsampled considering those with TOC higher than 1wt%. The interpretation of 

Pyrolysis Rock-Eval data coupled with Raman Spectroscopy, carbon and sulphur 

Isotopes, and palynostratigraphy are not part of the present manuscript, however, 

those data have been submitted elsewhere for publication (Nhamutole et al., in press). 

For inorganic geochemistry, twenty-one samples were used.  Additionally, for 

palynofacies analyses 39 samples were collected from the JOG16N-6 (320 m) 
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borehole while sixty-four samples were analyzed from the JOG16N-7 (280 m) borehole 

from MB, Mozambique (Figure 2). The palynofacies analyses were performed at the 

Wits University. The permission to use the cores was given by the government of 

Mozambique. The analytical procedures undertaken herein includes biomarkers, 

palynology, and XRD are described in sections 6.1.2, 6.2, 6.4. 

 

Figure 2. Lithological profile showing the lithologies and sampled points for both borehole 

cores. 

 

4. Results and discussions 

For this study, 15 rock samples from JOG-16N-6 and JOG-16N-7 boreholes were 

subjected to extraction under reflux. The reflux was made up of an azeotropic mixture 

of either dichloromethane or methanol. The extract yields ranged from 0.03 to 1.12% 

for JOG-16N-6 and 0.03 to 3.10 for JOG-16N-7, respectively. The neutral fraction was 

obtained by a fractionation with column chromatography using silica, and hexane for 

classic biomarkers analysis.  
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4.1 Maturity based on hydrocarbon biomarkers 

Saturated hydrocarbons-based chromatograms (m/z 85) that have been extracted 

from rocks are shown in Figures 3 and 4. However, calculated biomarkers parameters 

are demonstrated in Table 1.
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Table 1: Biomarkers of a saturated nature. 

Parameters 
Samples 

G2 G24 G28 G29 G31 G32 G34 R15 R17 R19 R29 R30 R49 R60 R63 

SOM 0.03 0.14 0.22 0.06 0.41 0.13 1.12 1.90 3.10 0.85 2.90 2.80 1.52 0.02 0.81 
%Sat. 10.00 0.39 0.76 0.77 1.45 0.35 6.28 0.20 2.42 0.46 0.79 4.95 0.81 2.5 0.83 
%Aro. 18.57 17.97 9.85 6.93 22.83 12.01 30.43 4.49 14.55 0.93 12.75 15.72 28.46 30 14.17 
%Polars. 44.29 23.83 16.67 5.38 23.55 36.75 34.78 23.47 41.21 30.23 39.04 44.88 59.35 32.5 45.83 
Σ(C13-18) 17.85 7.53 6.70 11.34 14.55 14.45 9.34 7.38 12.65 14.68 9.20 11.50 13.22 2.12 5.10 
Σ(C19-24) 49.64 41.61 62.46 58.81 57.33 55.12 53.02 39.86 46.28 47.70 41.44 41.63 49.47 35.16 45.91 
Σ(C25-35) 32.52 50.86 30.83 29.85 28.12 30.44 37.64 52.76 41.07 37.62 49.37 46.87 37.31 62.72 48.99 
CPI 1.60 1.88 1.77 1.33 1.99 1.87 2.37 2.59 2.50 1.84 2.08 2.20 2.98 1.15 2.05 
CPI-1 1.32 1.61 1.48 1.22 1.57 1.49 1.79 2.00 1.90 1.39 1.71 1.81 2.27 0.77 1.57 
OEP-1 1.06 1.08 1.29 1.19 1.31 1.23 1.36 1.19 1.34 1.11 1.23 1.33 1.55 0.64 1.14 
OEP-2 1.70 1.90 1.69 1.02 1.83 1.68 2.20 2.58 2.33 1.64 1.96 2.13 2.54 0.80 2.02 
TAR 0.75 2.75 1.04 0.63 0.63 0.72 1.29 2.80 1.19 1.13 1.90 1.66 8.94 4.32 1.12 
Pr/Ph 3.28 0.64 1.72 0.68 4.08 2.91 4.53 6.76 4.66 2.19 4.46 6.36 6.02 0.04 7.94 
Pr/(Pr+Ph) 0.77 0.39 0.63 0.40 0.80 0.74 0.82 0.87 0.82 0.69 0.82 0.86 0.86 0.04 0.89 
Pr/C17 0.58 0.17 0.75 0.21 0.62 0.50 1.97 12.84 2.62 1.72 3.34 2.37 1.52 0.07 5.29 
Ph/C18 0.14 0.16 0.16 0.19 0.12 0.14 0.33 0.96 0.45 0.58 0.73 0.29 0.22 0.41 0.50 
Ts/Tm - 0.07 0.02 0.01 0.02 - - - - - - - - - - 
C30 βα/(αβ+βα) 0.40 0.36 0.36 0.33 0.33 0.34 0.34 0.39 0.41 0.36 0.36 0.37 0.37 0.11 0.37 
C31 αβ S/(S+R) 0.54 0.50 0.58 0.58 0.56 0.57 0.57 0.50 0.49 0.50 0.54 0.57 0.56 0.65 0.57 
C32 αβ S/(S+R) 0.46 0.49 0.53 0.58 0.50 0.52 0.53 0.39 0.38 0.40 0.44 0.49 0.49 0.63 0.55 
C33 αβ S/(S+R) 0.56 0.48 0.56 0.61 0.52 0.56 0.56 0.36 0.43 0.41 0.44 0.49 0.51 0.53 0.53 
C34 αβ S/(S+R) 0.56 0.46 0.62 0.87 0.57 0.57 0.63 0.38 0.40 0.44 0.44 0.48 0.51 - 0.53 
C27 S/(S+R) 0.26 0.18 - - 0.41 - - - - - - - 0.37 0.44 0.31 
C29 S/(S+R) 0.09 0.22 0.31 0.04 0.28 0.11 0.35 0.17 0.13 0.10 0.16 0.19 0.20 0.03 0.25 

SOM - Soluble Organic Matter; %Sat.: percentage distribution of the class, based on gravimetric data; %Aro.: percentage distribution of the class, based on gravimetric data; 
%Polars.: percentage distribution of the class, based on gravimetric data; CPI: 0.5x(C23+C25+C27+C29)/[C22+2(C24+C26+C28)+C30] in m/z 85; CPI-1: 
2x(C23+C25+C27+C29)/[C22+2(C24+C26+C28)+C30] in m/z 85; OEP-1: (C21+6C23+C25)/(4C22+4C24) in m/z 85; OEP-2: (C25+6C27+C29)/(4C26+4C28) in m/z 85; TAR: 
(C27+C29+C31)/(C15+C17+C19) in m/z 85; Pr/Ph: Pristane/Phytane in m/z 85; Pr/(Pr+Ph): Pristane/( Pristane + Phytane) in m/z 85; Pr/C17: Pristane/C17 n-alkane in m/z 85; Ph/C18: 
Phytane/C18 n-alkane in m/z 85; Ts/Tm: C27 18α(H)-22,29,30-trisnorneohopane/C27 17α(H)-22,29,30-trisnorhopane in m/z 191; Ts/(Ts+Tm): C27 18α(H)-22,29,30-
trisnorneohopane/(C27 18α(H)-22,29,30-trisnorneohopane + C27 17α(H)-22,29,30-trisnorhopane) in m/z 191; C30 βα/(αβ+βα): C30-17β(H),21α(H)- moretane/(C30-17α(H),21β(H)- 
hopane + C30-17β(H),21α(H)- moretane) in m/z 191; C31 αβ S/(S+R): C31- 17α(H),21β(H)-homohopane 22S/(C31- 17α(H),21β(H)-homohopane 22S + C32- 17α(H),21β(H)-
homohopane 22R) in m/z 191; C32 αβ S/(S+R): C32- 17α(H),21β(H)-bishomohopane 22S/(C32- 17α(H),21β(H)-bishomohopane 22S + C32- 17α(H),21β(H)-bishomohopane 22R) 
in m/z 191; C34 αβ S/(S+R): C34- 17α(H),21β(H)- tetrakishomohopane 22S/(C34- 17α(H),21β(H)- tetrakishomohopane 22S + C34- 17α(H),21β(H)- tetrakishomohopane 22R) in m/z 
191; C27 S/(S+R): C27 5α(H),14α(H),17α(H)-cholestane S/(C27 5α(H),14α(H),17α(H)-cholestane S + C27 5α(H),14α(H),17α(H)-cholestane R) in m/z 217; C29 S/(S+R): C29 
5α(H),14α(H),17α(H)-stigmastane S/(C29 5α(H),14α(H),17α(H)-stigmastane S + C29 5α(H),14α(H),17α(H)-stigmastane R) in m/z 217.   
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Figure 3. A. Total ion chromatogram (TIC) of saturated hydrocarbons from JOG16N-6 

borehole. B. Mass chromatogram (m/z 85) of saturated hydrocarbons from JOG16N-6. C. 

Tricyclic, tetracyclic, and pentacyclic in mass chromatograms (m/z 191) from JOG16N-6 

borehole. D. Pentacyclic terpenes in mass chromatograms (m/z 217) from JOG16N-6 

borehole. 

 

Figure 4. A. Total ion chromatogram (TIC) of saturated hydrocarbons from JOG16N-7 

borehole. B. Mass chromatogram (m/z 85) of sutured hydrocarbons from JOG16N-7. C. 

Trycyclic, tetracyclic and pentacyclic in mass chromatograms (m/z 191) from JOG16N-7 

borehole. D. Pentacyclic terpanes in mass chromatograms (m/z 217) from JOG16N-7 

borehole. 
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Preferential Index of Carbon (CPI) and Odd-to-Even Predominance (OEP) values 

range from 1.06-2.37 and 0.64-2.98 for JOG-16N-6 and JOG-16N-7, showing odd over 

even preference suggesting low thermal evolution for the organic matter (Figure 5).41 

Terpenes are shown in Figures 3 and 4. The stability of terpenes compounds through 

thermal degradation is quite different with 8α(H)-trisneohopane (Ts) being more stable 

if compared to 17α(H)-trisneohopane (Tm). Nevertheless, due to different stability, the 

Ts/Tm ratio tends to be greater in oils of high thermal (Moldovan et.)27,39. The Ts is 

significantly low in the studied samples fact that hindered the calculation of the ratio 

Ts/Tm (Table 4). 

Nonetheless, the maturity has been tested analyzing the values of C27 17β(H)-

22,29,30-trinorhopane (βTm). This isomer characterized the samples as being 

immature, however should be emphasized that βTm is not stable under thermal 

degradation even if in comparison to Ts and Tm as reported by Hong et al.17. 

C30 βα/(βα+αβ) hopane relationship relies on moretanes compared to isomers of 

17α,21β. Values of this relationship decrease with the advancement of thermal 

evolution. Samples with C30 βα/(βα+αβ) values greater than 0.8 are considered 

immature whereas those less than 0.15 are in the mature stage.35 All the isomers 

including C31 αβ S/(S+R) and C32 αβ S/(S+R) ratios have demonstrated that the 

samples are of low thermal evolution.38 

The ratio C29 ααα S/(S+R) ratio based on the distribution of steranes (Figures 3 and 4) 

is widely tested in thermal assessment. Thus, with increasing maturation, isomerization 

of regular steranes in C20-5α(H),14α(H),17α (H) of R configuration is observed, 

resulting in a combination of R (biological epimer) together with S (geological epimer) 

configurations. It is expected that the C29 20S/(20S+20R) values will reach balanced 

values between 0.52 and 0.55. Here this ratio presented values between 0.03 and 0.31 

corroborating with the other maturity parameters. The steranes shows the dominance 

of the biologically derived 20R-a(H), 14a(H), 17a (H)-steranes, which is typical of 

sediments that are less evolved thermally. These results corroborate with the 

palynofacies data described in section 4.3. 
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Figure 5. Maturity of sediments from JOG16N-6 and JOG16N-7 borehole. A. OEP vs. C29 

ααα20S/(S+R). B. OEP vs. CPI. and Figure 6 (right). OM source and its associated biomarker 

from studied Basin. A. Ph/n-C18 vs. Pr/n-C17. B. C27 /C29 regular steranes vs. Pr/Ph. 

 

4.2 Depositional environment based on biomarkers and palaeobotanical 

evidence 

The environment of depositional has been investigated based on molecular fossils. 

Normal alkanes and isoprenoids have been obtained through chromatogram m/z 85. 

Terpenes were obtained from m/z 191 whereas steranes were obtained from m/z 217 

and m/z 218 (Figures 3C-D and 4C-D). 

The n-alkanes distributions ranged from C14 to C35, showing unimodal distribution 

(same source of organic matter origin) with a high relative abundance of compounds 

of medium and high molar mass (C19 to C35), with a predominance of C27-31 (TAR>1) 

and odd over even preference (CPI>1) suggesting terrigenous OM (Bray and Evans, 

1961).  The Pristane/Phytane (Pr/Ph) ratio is generally applied to get pivotal insights 

regarding paleo redox condition despite its many limitations. Pr/Ph ratio > 3.0 indicates 

contributions from terrigenous OM in which deposition occurred in non-deficient 

oxygen conditions. In contrast, the Pr/Ph ratio with values less than 0.8 indicates 

reduced conditions as identified by Didyk et al.9,27The aforementioned ratio generally 

decreases with thermal maturation and increases with biological decomposition.41 In 

general, JOG-16N-6 and JOG-16N-7 samples showed Pr/Ph ratios ranging from 0.04 
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to 7.94 (Figure 6) suggesting that during the sedimentation period at the same stage, 

the oxygen content decreased, indicating a transitional environment ranging from oxic-

anoxic (Figure 6). 

 

Figure 6. OM source and its associated biomarker from studied Basin. A. Ph/n-C18 vs. Pr/n-

C17. B. C27 /C29 regular steranes vs. Pr/Ph. 

Gallegos (1971), is considered as the first to identify the cheilantanes (m/z 191, Figures 

5 and 6) and these compounds are widespread in lacustrine and marine source rocks. 

The series of cheilantanes or terpenes can extend at least up to C54. Only C19 and C20 

terpenes were identified. The absence or low relative abundance of C23 to C26 

homologs is expected in samples with organic matter of terrestrial origin. In general, 

steranes and diasteranes were detected in elevated concentrations, with C27 and C28 

steranes exhibiting comparatively lower abundance. The predominance of C29 sterane 

(stigmastane), attributed to terrestrial plant sources,35 is consistent with TAR, CPI, and 

Pr/Ph parameters, along with other measured variables as shown in Figure 7. In Figure 

7, a marine contribution is observed, it may be because on those sites an increase of 

sporomorphs (pollen and spores) content is observed. Additionally, no marine 

palynomorph (e.g., dinoflagellates, prasinophytes, and others) have been identified 

under the microscope analysis associated with the fact that the amount of AOM is 

lower in all studied sections. The ratio observed in steranes C27/C29 was less than 1 

indicating a predominance of continental OM as observed in palynofacies analysis in 

section 4.3. Our data corroborates with the previous assumptions reported from the 

Permian Gondwana sequence from Brazil, India, and Australia.  
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These above conclusions are quite supported by palaeobotanical data. For instance, 

during the Permian glossopterid remains dominate the floras at almost all Gondwana 

sites. The success of Glossopteris is largely attributed to their deciduous habit and 

specialized root systems which allowed them to colonize the extensive diversified 

ecosystems such as high-latitude, lowland, lake-margin, and mire 

environments.29Nevertheless, is well-known that buried plant remains such as the ones 

observed in the K5 and K4 sites comprise principally wood, spores, pollen and leaf 

material that were buried as peats and eventually converted to III or IV kerogens from 

which hydrocarbons are obtained.13 This is the likely case for the Maniamba 

Carboniferous Basin where Glossopteris leaves have been found (Figure 1 and Figure 

8).44 Four species have been recognized so far, Glossopteris indica, G. browniana, G. 

ampla, Glossopteris aff. retifera and G. cf. communis.44 Additionally, the diversified 

palynological assemblages that include Scheuringipollenites ovatus, Laevigatosporites 

plicatus, Cycadopites cymbatus, Gutullappolenites hannonicus, Horridriletes 

tereatengulatus, brevitriletes levis,34 and abundance of conifer fossil woods endemic 

to Karoo and Gondwana formations such as Agathoxylon africanum, A. karooensis, 

Australoxylon teixeirae, A. zambesiensis, Protaxodioxylon metangulense, and P. 

verniersii corroborate with the provenance and type of OM  identified in the present 

study (Figure 1 and Figure 8).31,34 The abundance of the primitive conifer woods has 

been associated with increasing C29 and the occurrence of C20 (diterpenes) as the 

latter constitute the main part of resins in conifers as suggested by Schwark et al.40  

Hence, the amount of the dominant gymnosperms inputs linked to different rifting 

episodes in the Basin is thought as the principal factor controlling the terrigenous-

dominated organic matter enrichment in the study area. 
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Figure 7. n-alkanes chain illustrated in the ternary diagram. 

 

Figure 8. Distribution of Paleoflora bearing Glossopteris in the Gondwana map. The 

Maniamba basin is indicated in red adapted from McLoughlin (2001). 
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4.3. Palynofacies 

The OM components observed in the MB were grouped into phytoclasts, 

palynomorphs and AOM (Table 2 and 3, Figure 9). This classification was based on 

standard schemes proposed by10,42 and others. Most of the observed phytoclasts are 

opaque, however some are translucent (brown and pale yellow). Opaque phytoclasts 

include corroded and equidimensional forms (Figure 10). Translucent phytoclasts 

include cuticles, membranes, fungal hyphae biostructured and non-biostructured 

phytoclasts (Mendonça Filho et al.25). Phytoclasts of opaque nature are related to III 

and IV types of kerogens which are more gas prone (Zoba et al.47) while the translucent 

phytoclasts can somehow be linked to kerogen type II which generates gas and 

oil.10,41,42 Palynomorphs can be of varied forms, origins and types which include marine 

and terrestrial (sporomorphs) forms are lipid-rich organic matter being oil-prone 

(Mendonça Filho et al.25).  

 

Figure 9. Selected organic matter components from the JOG16N-7 borehole. A. 

Protohaploxypinus goraiensis. B. Scheuringipollenites ovatus. C. Marsupipollenites triradiatus. 

D. Verucosisporites sp. E. Translucent phytoclast. F. Biostructured phytoclast. G. Fungal 

hyphae. H. Cuticle. I. Translucent phytoclast. J, K, L-Opaque phytoclast. M. AOM. 
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The AOM in the Basin is mostly granular and therefore could be associated with 

generation of liquid hydrocarbon (Figure 10).42 The type of palynofacies described 

below suggested from the studied samples were obtained from cluster data (Q-mode) 

according to the types, abundance and distribution of OM (Table 2 and 3, Figure 11).   

Table 2: Palynofacies data for the JOG16N-6 borehole.  

101.63 G1 1.33 98.67 0.0 

104.58 G2 28.33 67.34 4.33 

106.245 G3 21.33 76.34 2.33 

117.55 G4 0.67 99.33 0.0 

144.77 G5 1.33 98 0.67 

156.13 G6 19.67 76 6.0 

163.06 G7 1.33 98.67 0.0 

163.58 G8 1.0 98.33 0.67 

178.20 G9 0.0 100 0.0 

200.90 G10 3.33 96.67 0.0 

201.80 G11 23.33 73.0 3.67 

201.92 G12 12.0 83.0 5.0 

202.92 G13 4.0 95.67 0.33 

203.12 G14 11.0 89.0 0.0 

203.35 G15 5.33 89.67 5.0 

210.40 G16 33.33 61.67 5.0 

211.73 G17 23.67 69.0 7.33 

212.12 G18 13.0 84.67 2.33 

220.93 G19 46.67 50.0 3.33 

221.17 G20 30.67 67.33 1.67 

223.60 G21 27.33 71.67 1.0 

225.30 G22 15.34 81.33 3.33 

233.40 G23 8.33 89.67 2.0 

234.92 G24 6.67 93.33 0.0 

237.82 G25 1.33 95.67 3.0 

240.57 G26 31.0 64.0 5.0 

242.74 G27 49.67 49.0 1.33 

244.10 G28 46.0 51.0 3.0 

245.57 G29 8.0 82.0 10.0 

247.41 G30 30.33 63.0 6.67 

250.51 G31 38.67 60.0 1.33 

251.53 G32 31.33 67.67 1.0 

251.83 G33 29.33 69.0 1.67 

253.30 G34 28.33 70.67 1.0 

255.13 G35 35.0 62.33 2.67 

255.48 G36 41.66 56.67 1.67 

275.06 G37 11.0 83.0 6.0 

311.36 G38 3.0 94.67 2.33 
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Table 2: Palynofacies data for the JOG16N-7 borehole. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

316.44 G39 3.67 92.33 4.0 

Depth 
(m) 

Samples Palynomorphs 
(%) 

Phytoclasts 
(%) 

AOM 
(%) 

9.65 R3 0.0 100 0.0 

16.47 R8 3.33 96.67 0.0 

19.105 R9 0.0 99.33 0.67 

27.615 R12 35.0 62.66 2.34 

46.77 R14 46.33 49.67 4.0 

57.79 R18 8.0 90.0 2.0 

75.65 R24 8.0 90.33 1.67 

82.86 R25 15.0 85.0 0.0 

88.385 R26 53.67 44.0 2.33 

90.15 R27 39.33 55.67 5.0 

91.86 R28 31.67 66.66 1.67 

95.44 R30 3.33 96.67 0.0 

104.4 R31 3.67 96.33 0.0 

108.26 R32 55.33 42.0 2.67 

115.46 R33 4.67 95.33 0.0 

116.93 R34 38.0 61.0 1.0 

118.23 R35 26.0 73.67 0.33 

128.55 R38 34.33 65.67 0.0 

133.62 R40 35.67 63.0 1.33 

140.29 R43 34.67 65.33 
 

143.3 R46 45.33 50.0 4.67 

144.64 R47 6.67 85.67 7.66 

145.22 R48 23.67 74.33 2.0 

150.66 R50 14.67 81.0 4.33 

155.68 R52 53.0 47.0 0.0 

156.5 R53 10.33 87.33 2.33 

157.22 R54 37.0 61.67 1.33 

159.18 R56 20.67 77.66 1.67 

163.92 R57 0.0 100 0.0 

168.49 R58 44.33 55.67 0.0 

238.67 R59 0.0 100 0.0 

255.18 R60 0.0 100 0.0 

256.4 R61 1.0 98.33 0.67 

272.84 R64 33.67 64.0 2.33 
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4.3.1 Palynofacies Associations 

Palynofacies A (both boreholes): These palynofacies is characterized by high 

phytoclast input (up to 70%), moderate palynomorphs content (30%), and very low 

AOM quantity. Some horizons are completely barren of AOM.  

Palynofacies B (both boreholes): An increase in palynomorphs from bottom to top is 

observed reaching up to 50% in some horizons. A steady decrease of phytoclast is 

verified in which some sections display a difference between palynomorphs and 

phytoclasts of less than 3% suggesting anoxic. A slight recovery of AOM is observed 

for the JOG16N-7 borehole, core while in the JOG16N-6 borehole a decrease of AOM 

compared to the Palynofacies A is observed.  

Palynofacies C (both boreholes): The phytoclast content reach up to 95%. The 

palynomorphs decrease significantly with some horizons exhibiting values below 10%. 

At some horizons the AOM and palynomorphs are completely diluted by the phytoclast 

content which reaches 100%. 

Palynofacies D (both boreholes): The content of phytoclasts reaches up to 80%. The 

palynomorphs in the majority of sections are less than 10%. However, the AOM 

increases slightly reaching up to 10. 
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Figure 10. Dendrogram using Q-mode showing four palynofacies assemblages for both 

studied boreholes. 

 

In general, the observed palynofacies indicate that the OM is mostly terrigenous in 

origin without marine influence since no marine palynomorphs were identified for both 

boreholes. The slight variation of OM types is linked to different preservation 

conditions. An abundance of kerogen type III and IV in the organic-rich sediments from 

the two boreholes corroborates the fact that the studied OM is derived from a terrestrial 

source as argued above. Additionally, is well-known that Permian continental 

sediments, mainly the ones enriched in coal are important natural gas source rocks 

across the pan-Gondwanan rift.19,20 It was possible to evaluate the paleotemperature 

using the spore color index (SCI) and the results showed values that suggests low 

thermal evolution for all the samples (Figure 12). All the samples were considered 

immature. In addition, vitrinite values suggested that the studied samples are mostly 

under low maturity stages displaying a linear trend with increasing depth (Figure 12). 
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Figure 11. A. Thermal characterization based on VR (vitrinite reflectance) vs. Depth (m). B. 

Thermal maturity estimation based on spore/pollen color vs. Depth (m). 

 

Figure 12. Tyson diagram showing paleoenvironmental inferences. B. Paleo conditions based 

on swamp diagram adapted from Haecquebard and Donalson (1969). 
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4.3.2 Depositional environment based on palynofacies 

The abundance of opaque phytoclast in the samples suggest a non-oxygen deficient 

environment that could have affected the OM preservation as also observed through 

molecular fossils in the Pr/Ph ratios. This scenario is also supported by the identified 

types of palynofacies.  The observed woody material, coaly material, phytoclast and, 

sporomorphs suggest the continental origin of the OM.43 Previous studies show that 

the K4 and K5 Formations are characterized by varied lithofacies which include 

sandstone, siltstone, coal, and shales (Figure 2). The sandstones are interpreted as 

an indicator of fluvial settings. In contrast, organic-rich shales enriched on organic 

matter, and siltstone are representative of swampy terrestrial depositional (Figure 

13B). The diagrams proposed by15,43 have shown that the sediments have been 

deposited in I, II, III, and IV different fields. The fields represent deposition in proximal 

to marginal basins with fluctuated paleoredox conditions spanning from oxic-dysoxic 

to anoxic conditions which is an indicative of gas generation potential.  (Figure 13A 

and B). 

 

 

Figure 13. A. Index of Compositional Variability (ICV) vs. Chemical Index of Alteration (CIA) 

adapted from Cox et al. (1995) and Nesbitt and Young (1984). B. Paleoclimate inference of 

the study area adapted from Suttner and Dutta, 1986. 
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Provenance, Paleoclimate and Tectonic settings 

The geochemistry of major elements commonly has been applied to further our 

understanding about the provenance of sediments because sediment composition is 

associated with the source area from which they originated.  

The major elements of the Maniamba sections indicated higher SiO2 suggesting a 

considerably higher enrichment of this oxide if compared to other elements as 

expected in siliciclastic deposits. The high proportion of silica and other major 

components in the investigated fine-grained black samples, allows them to be harder 

and brittle, helping them to expel hydrocarbons. The 30-norhopane is lower in content 

in comparison with the relatively higher content of hopane thus influencing the nature 

of the samples which is silica according to Connan et al.6 (Table 1). The same sections 

are also enriched in Al2O3 and TiO2 (Table 4). The Al2O3/Na2O ratio is useful for 

delineating the intensity of the weathering process. These sediments display high 

Al2O3/Na2O content suggesting at some point high weathering intensity. According to 

Nesbitt and Young,30 the most important feasible variable used to measure the 

paleoweathering is the Chemical Alteration Index (CIA). The Chemical Alteration Index 

in the Maniamba samples is ranged from 40.0 to 81.63 suggesting weak to strong 

weathering (Figure 14 and Table 4). 

Another important parameter is the SiO2/Al2O3 ratio for which values above 10 

represent higher maturity of the sediments associated with high recycling. The 

sediments from the present research have shown low composition maturity. Similarly, 

for a better interpretation the Index of Compositional Variability (ICV) proposed by Cox 

et al.7, has been tested. According to this index, sediments displaying an immature 

nature have values of ICV greater than 1, and is originated from active tectonic 

conditions. In its turn, ICV<1, indicates sediments originate from passive tectonic 

settings. Regarding the ICV parameter, the studied borehole cores display values 

ranging from 0.52 to 2.53 suggesting non-mature to early phases of maturation (Figure 

14 and Table 4). The Al2O3/TiO2 ratio has been regarded as a climatic indicator. Values 

less than 20 represent humid conditions whereas those above 30 are indicative of an 

arid environment. The data of the study have demonstrated a high Al2O3/TiO2 ratio 

suggesting that the provenance site had periods of humid to semi-humid climate. Yet, 

the occurrence of carbonaceous sediments at different horizons in the MB derived from 

either fluvial or lacustrine settings is indicative of a past paleoflora characterized by 

paleoclimate of humid nature. However, Verniers et al.44 in their study on the MB have 



207 

 

identified a shift from arid to humid paleoclimate. The aforementioned conclusion 

corroborates with the fact that red-coloured fine sediments do occur in some horizons 

from Lower and Middle Karroo in the studied basin and the occurrence of concretions 

of calcilutite and calcrete which are considered to be formed favourably under a semi-

arid climate according to Verniers et al.44 as shown in the Figure 14B. 

 

Figure 14. A. Source of the fine rocks from Maniamba obtained from: A.  Plot modified from 

Adachi et al. (1986). B. Fe2O3/TiO2 vs. Al2O3/(Al2O3+Fe2O3). 
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Table 4: Some obtained major oxides data for the studied borehole cores and paleoweathering indexes. 

 

 
*Chemical Index of Alteration (CIA) =(Al2O3 /(Al2O3+CaO* +Na2O + K2O)*100; Maturity Index of Precipitation (ICV) =(Fe2O3+ K2O + Na2O + CaO + MgO + TiO2)/Al2O3)., CN 

=(Na2O + CaO); Discriminant Function F1 = (− 1.773 TiO2 + 0.607 Al2O3 + 0.76 Fe2O3 -1.5 MgO + 0.616 CaO + 0.509 Na2O − 1.224 K2O)-9.09; Discriminant Function F2 = 

(0.445 TiO2 + 0.07 Al2O3-0.25 Fe2O3 -1.142 MgO + 0.438 CaO + 1.475 Na2O + 1.426 K2O)-6.861 

 

Table 4: Some obtained major oxides data for the studied borehole cores and 

paleoweathering indexes.  

*Chemical Index of Alteration (CIA) =(Al2O3 /(Al2O3+CaO* +Na2O + K2O)*100; Maturity Index of 
Precipitation (ICV) =(Fe2O3+ K2O + Na2O + CaO + MgO + TiO2)/Al2O3)., CN =(Na2O + CaO); 
Discriminant Function F1 = (− 1.773 TiO2 + 0.607 Al2O3 + 0.76 Fe2O3 -1.5 MgO + 0.616 CaO + 0.509 
Na2O − 1.224 K2O)-9.09; Discriminant Function F2 = (0.445 TiO2 + 0.07 Al2O3-0.25 Fe2O3 -1.142 MgO 

+ 0.438 CaO + 1.475 Na2O + 1.426 K2O)-6.861.  

SiO2(%) Al2O3(%) TiO2(%) K2O(%) Na2O(%) Fe2O3(%) CaO(%) MgO(%) CIA ICV  
42.91 13.23 0.60 1.98 0.66 12.35 17.08 0.85 40.15 2.53  

 

JOG16N-6 
Borehole 

core 

61.06 19.98 0.85 2.96 0.86 11.26 0.78 1.28 81.28 0.90 

59.12 22.94 0.99 2.59 0.75 10.20 1.41 1.26 82.84 0.74 

64.09 19.94 1.0 2.95 0.89 3.82 3.37 1.12 73.44 0.65 

53.75 17.43 0.77 2.54 0.68 6.06 11.0 1.12 55.07 1.27 

44.84 14.03 0.68 1.97 0.57 9.67 18.50 1.05 40.0 2.3 

59.01 16.65 0.69 9.66 0.99 9.66 5.12 1.21 51.35 1.64  
 
 
 

JOG16N-7 
Borehole 

core 

58.46 15.6 0.71 5.14 0.79 5.14 11.12 1.14 47.77 1.54 

66.0 18.75 0.84 2.82 0.87 7.12 1.48 1.26 78.38 0.76 

57.82 18.85 0.78 2.6 0.78 6.91 6.17 1.27 66.37 0.98 

64.48 
63.31 

19.15 0.90 2.77 0.89 6.92 1.54 1.12 78.64 0.73 

20.23 0.87 2.9 0.87 6.79 1.75 1.39 78.56 0.72 

65.49 20.09 0.90 3.11 0.91 7.51 0.50 1.46 81.63 0.71 

66.88 20.58 0.92 2.83 0.77 3.92 1.13 1.19 81.31 0.52 

58.35 19.99 0.89 2.52 0.67 5.71 4.93 1.62 71.11 0.81 

57.62 20.72 0.99 2.26 0.61 10.23 3.25 1.17 77.19 0.89 

60.22 18.44 0.85 2.24 0.71 9.12 3.23 1.49 74.89 0.95 

58.86 19.05 0.89 2.27 0.69 8.36 4.81 1.88 71.02 0.99 

58.52 17.28 0.84 2.09 0.63 5.48 10.45 2.06 56.74 1.24 

54.01 15.73 0.78 1.96 0.56 7.66 13.07 2.05 50.22 1.65 

63.54 19.82 0.95 2.46 0.61 5.53 2.99 1.35 76.58 0.70 
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Paleoclimate inferences obtained through the study of fossil woods in the Basin were 

also reported by Nhamutole et al.31 Another important oxide used herein to define the 

paleoenvironment and depositional setting was iron oxide. According to the iron oxide 

content, two sources can be determined. The hydrothermal activity source indicates 

that the iron has been originated in seawater and non-hydrothermal source 

(sedimentary derivation source) which indicates that the iron has been originated from 

the river system.11 Yet, the data were plotted in the Adachi et al.1 diagram based on 

the percentage of Aluminium, Iron, and Manganese. The plotted data unveil that the 

iron is derived from fluvial settings adding substantial insights regarding the 

depositional environment (Figure 15A and B). 

 

 

Figure 15. A. TiO2 vs. Al2O3 for the Maniamba borehole cores showing the sediment 

provenance. B. Discriminant functions indicating more inputs regarding sediment provenance 

adapted from Hayashi et al. (1997). 

 

Additionally, intermediate igneous rocks are regarded the source rock provenance 

based on the Al2O3/TiO2 herein (Fig. 15A). However, a minor contribution from felsic 

and mafic igneous rocks is also observed (Figure 15B). 

All in all, an important factor to be considered is the fact that sedimentary rock 

provenance can rely on the tectonic setting. One of the most used tectonic 

classifications are obtained from plotting values of K2O/Na2O versus SiO2 as well as a 

plot of discriminant factor 1 versus discriminant factor 2.36 The plot of the 

aforementioned variables indicated the dominance of samples from the continental 

active margin (Figure 16). 
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Figure 16. A. Tectonic provinces of the Maniamba sediments inferred by two discriminant 

functions. B. Tectonic setting of the Maniamba Basin demonstrated by inorganic ratios 

(obtained from Bhatia, 1983). 

 

5. Conclusions 

A combination of molecular fossils, inorganic geochemistry, and palynofacies have 

allowed the study of OM content, hydrocarbon potential, and determination of the 

prevailed depositional environments of the sediments intercepted by JOG16N-6 and 

JOG16N-7 borehole cores. Palynology has revealed the non-marine origin of the OM 

characterized by kerogen types III, II/III and IV. These data are substantiated by four 

clustered palynofacies assemblages dominated by phytoclast, and moderate 

contribution of well-preserved spores, pollen, and AOM. The presence of an ancient 

ecosystem dominated by the Glossopterid and conifer flora, and palynological 

associations support the above conclusion. Aside from that, the distribution of n-

alkanes has demonstrated an unimodal pattern with predominance of C27-31 and a 

preference for odd over even molecules indicating terrigenous OM. The type of the OM 

is also substantiated by the abundance of molecular compounds such as stigmastane 

if compared to colestane and ergostane, TAR>1, and the high concentration of tricyclic 

terpenes. The spore color index (SCI) integrated with vitrinite reflectance indicates 

samples with low thermal evolution. The CPI and OEP values ranging from 1.06-2.37 

and 0.64-2.98 suggest OM with low thermal evolution. These findings are further 

supported by the values of 18α(H)-trisneohopane (Ts) over 17α(H)-trisnorhopane 

(Tm), the C29 ααα S/(S+R) isomerization ratios in C29 steranes and C30 βα/(βα+αβ), C31 

αβ S/(S+R) and C32αβ S/(S+R). The high Al2O3/TiO2 ratio coupled with the occurrence 

of sporomorphs suggests that a semi-arid to humid paleoclimate prevailed in the Basin. 
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Additionally, regarding mineral content, the fine-grained sediments pertain to 

intermediate rocks with a minor contribution from felsic rocks that have experienced 

incipiently to strong paleoweathering as indicated by Chemical Alteration Index (CIA) 

and Al2O3/TiO2 diagram. The provenance of the sediments constituted mostly a part of 

active continental margin. Biomarkers (pristane/phytane ratios) and major elements 

showed that the OM is typical from proximal-distal conditions linked to variations in 

paleoredox. Furthermore, the rock samples did not show signs of considerable 

migration of hydrocarbons since the observed longer-chained molecules are still 

unbroken according to the gas chromatograms. Here, we have shown that the 

combined proxies have produced a more robust interpretation of the data from the 

JOG16N-6 and JOG16N-7 borehole core (Karoo) from the Maniamba Basin, northern 

Mozambique. 
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Palynology of two drilling cores from the Maniamba Basin, Mozambique (Central 

Gondwana): Insights on age and palaeoenvironments. 

Adapted from Nhamutole, N, Bamford, M.K, Souza, P. A, Félix, C.M, Carmo, D.A, Peu, 

J. 

Published by Review of Palaeobotany and Palynology 

 

Abstract 

In the present work, dark siltstones, claystones, shales, coals and carbonaceous shale 

were critically investigated to identify palynofloral assemblages in Mozambiqueʼs 

overlooked Karoo-aged Maniamba Basin. The study was based on two borehole cores. 

It unveiled a rich and diversified microflora composed of four distinct 

palynoassemblages dominated by striate and non-striate bisaccate pollen grains that 

have prevailed under humid, warm and arid climate conditions in these Gondwana 

strata. The lower palynoassemblages 1 (P1) and 2 (P2) in both borehole cores are 

marked by the occurrence of common and abundant striate and non-striate bisaccate 

pollen, Protohaploxypinus spp., P. limpidus, Striatopodocarpites cancellatus, 

Lueckisporites spp., Scheuringipollenites spp. and colpate Cycadopites cymbatus. 

Late Permian key taxa such as Marsupipollenites triradiatus, Plicatipollenites 

gondwanensis, and Guttulapollenites hannonicus are found herein. The 

palynoassemblages 3 (P3) and 4 (P4), were assigned to the Early Triassic based on 

the FAD of key taxa, chiefly Platysaccus papilonis, Lunatisporites spp., Lundbladispora 

sp. and Krauselisporites sp. A younger age is assigned to the K5 Formation in the 
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Maniamba Basin correlating well-known Gondwana sequences from the Katberg and 

Balfour formations from the Main Karoo Basin (South Africa), the Moatize-Minjova 

Basin (Mozambique), Sakamena Group (Madagascar), Raniganj-Panchet formations 

(India), Mid-Zambezi valley (Zambia), and the Salt Range Basin (Pakistan). Fossil 

wood occurrences support the assigned ages. Although other proxies are needed to 

identify the Permo-Triassic transition, the obtained new palynological data could spark 

interest in exploring methane associated with coal beds. 

 

1. Introduction 

Among the four Karoo-aged basins in Mozambique, the Maniamba Basin is one of the 

most prominent sedimentary basins, extending over an area of 8000 km2, along with 

the Zambezi River valley basins, Lugenda River Basin, and Mpotepote (Verniers et al., 

1989). This basin displays a complete record of the Gondwana succession ranging 

from Permian to Upper Jurassic. Despite presenting a record of Gondwana events its 

stratigraphy based on palynology is still questionable. In Mozambique, palynological 

research has been comprehensively undertaken in the Moatize Minjova Basin (Lopes 

et al., 2014; Fernandes et al., 2015; Pereira et al., 2016; Gotz and Loyd, 2017; 

Fernandes et al., 2023), thus contributing to the enhancement of Gondwana 

correlations. Other palynological works have not been published because they were 

carried out by oil and gas companies. These surveys relate to ongoing oil and gas 

projects in the Mozambique and Rovuma basins. Here it should be noted that the 

Karoo sedimentary rocks do not outcrop in the coastal Rovuma Basin, except for small 

isolated patches that were mapped in the latest geological mapping undertaken by 

Norconsult (2007). The previous geological surveys carried out in the Rovuma and 

Mozambique basins did not reach the underlying Karoo sediments because the 

reservoir rocks of younger ages were the main target. Nevertheless, in order to 

understand the geology of the Karoo, rocks buried under the marine Jurassic in the 

Rovuma and the Mozambique basins, the study of similar formations in the Karoo 

basins on the continent, where these formations emerge based on drilling cores and 

geophysical profiles of boreholes in these basins, is needed. Above all, it has been 

hypothesised that the Karoo strata probably sourced the methane gas in the 

Mozambique and Rovuma basins since they two basins unconformably overlie the 

Karoo-aged strata. Furthermore, despite all the palynological work done in the 



219 

 

Mozambican basins, some remain overlooked such as the case of the Karoo-aged 

Maniamba Basin in the northern part of Mozambique. The latter palynological work 

undertaken in the Maniamba Basin dates to the 1980s (Verniers et al., 1989). In their 

study of these rocks, Verniers et al. (1989) identified three distinct assemblage zones 

and six subzones, thus correlating Ecca and Beaufort sections of the Maniamba Basin 

with surrounding areas include southwest Tanzania, Zambia, Zimbabwe, Madagascar 

and South Africa. The palynoassemblages identified by Verniers et al. (1989) were 

based on the variation of the bisaccate non-striate taxa such as Protohaploxypinus 

spp., Vittatina africana, and trilete spores of the genera Acanthotriletes and 

Apiculatisporis. However, no endemic Permian or Triassic taxa were reported. 

Moreover, several Gondwana studied sections have been well documented and 

correlated based on the distribution of organic-walled microfossils. A high-resolution 

Gondwana scheme is still debatable due to the lack of Permian marine microfossils, 

such as conodonts and benthic foraminifera, preventing a better correlation. Despite 

the aforementioned limitations, palynology remains are the most reliable tool for 

correlations of Gondwana terrestrially-derived sections as depicted by some authors 

(Jha et al., 2011; Pereira et al., 2016; Barbolini et al., 2018; Galasso et., 2019; Pereira 

et al., 2019; Agarwal et al., 2019; Fernandes et al., 2023). Therefore, the present work 

intends to draw up a concise palynological survey based on the existing knowledge, 

combined with newly obtained palynological data from two borehole cores JOG16N-6 

and JOG16N-8 that could refine the biostratigraphy and palaeoenvironments of the 

late Permian from the Maniamba Basin. The results of this work will also aid future 

evaluation of unconventional hydrocarbon (coalbed methane). Additionally, since 

Mozambique was part of Gondwana during the Permian, this work, will provide 

important insights for an improved understanding of the Gondwana palynofloras during 

the Lopingian (Changhsingian). 
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2. Geology and Stratigraphy of the Maniamba Basin 

Please see details regarding the geology of the Maniamba Basin in section 5.1 

 

 

Fig. 1. Geological map of the Maniamba Basin (adapted from Verniers et al., 1989). 
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Fig. 2. The lithostratigraphic sequence of the Maniamba Basin emphasises the various 

depositional environments and tectonic events (after Verniers et al., 1989). 

 

3. Methods and Materials 

Thirty-nine (39) samples were taken from borehole JOG16N-6, but only nineteen (19) 

proved to be productive for palynomorphs. In borehole JOG16N-8, a total of nineteen 

(19) core samples were collected, out of which fourteen proved to be productive for 

palynomorphs (Fig. 3). The sampled lithologies consist of siltstones, carbonaceous 

shales, coal, fine-grained sandstones and dark-grey claystones. All samples from both 

cores were subjected to standard palynological preparation that includes acid 
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preparation, oxidation and acetolysis (Moore et al., 1991; Traverse, 2007, Barbolini 

and Bamford 2014). The standard palynological procedures are described in section 

6.2. 

 

Fig. 3. A. Lithological log of JOG16N-6 core illustrating sampling points and correlatable 

sections with JOG16N-8, B. JOG16N-6 core illustrating sampling points and correlatable 

sections with JOG16N-8, C. Some palynotaxa found in the drilled cores in their taxonomical 

identification: A. represents Caheniasaccites flavatus Bose & Kar emend. Azcuy & Di Pasquo 

2000, sample N53, JOG16N-8, B. Gnetaceapollenites sinuosus (Balme and Hennelly) 

Bharadwaj and Srivastava, 1969, sample G6, JOG16N-6, C. Lueckisporites spp., sample G20, 

JOG16N-6. Scale bar = 20 μ m. 

 

4. Results  

The studied borehole cores consist of sandstones, siltstones, mudstones, claystone, 

conglomerates, coal seams and carbonaceous shale (Fig. 3 A and B). The JOG16N-6 

borehole is divided into three intervals based on lithological predominance. The 

deepest interval is sandstone dominated (350-260 m). The second interval (260-120 

m) is dominated by siltstone-sandstone-coal and carbonaceous shales. One coal bed 

bearing carbonised leaves is identified within this interval with thickness >10 m (Fig. 3 

A). Lastly, the upper unit ranges from 120 m to the top of the borehole and is dominated 

by coarse-grained to conglomeratic sandstone alternating with claystones. The 



223 

 

JOG16N-8 is characterised by the same lithologies observed in the JOG16N-6 

borehole core (Fig. 3B). Here, three intervals were also identified. The deepest interval 

(370-275 m) is dominated by sandstones interbedded with conglomerates. The 

conglomerateʼs clasts are subrounded with no preferential orientation decreasing in 

size and quantity towards the top and displaying planar and abrupt contact at the base. 

Four coal beds with abrupt contact at the base are observed. The middle interval (270-

100 m) is dominated by siltstone with coal seams and carbonaceous shale. Six coal 

seams were observed displaying a thickness of >5 m. The uppermost interval is found 

at the depth of 100m and extends to the top of the borehole core and is characterised 

by the dominance of sandstone alternating with siltstone (Fig 3B). 

A well-preserved and diverse assemblage of pollen and spores, including trilete, 

monolete, monosaccate, bisaccate, and a few colpate palynotaxa, along with leaf 

cuticles and wood fragments was collected (Figs. 4-8). No marine palynoflora has been 

observed. The discrimination of the palynological assemblages as well as the related 

figures (Figs. 4-8) containing significant taxa are described in the following sections. 
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Fig. 4. Quantitative vertical distribution of the palynomorphs and the identified palynoassemblages from the JOG16N-6 borehole. 
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Fig. 5. Quantitative vertical distribution of the palynomorphs and the identified palynoassemblages from the JOG16N-8 borehole. 
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4.1 Palynology of the two borehole cores JOG16N-6 and JOG16N-8 

4.1.1 Palynoassemblages from the JOG16N-6 Borehole  

Palynoassemblage 1 (P1) (Fig. 4): This assemblage is characterised by the 

dominance of Calamospora breviradiata, Cannanoropolis janakii, Cycadopites 

cymbatus, C. follicularis, Densipollenites sp., Hamiapollenites fusiformes, 

horriditrilletes tereteangulatus. Rare and common occurrence includes 

Laevigatosporites vulgaris, Leiotriletes sp., Lophotriletes directus. In addition, for the 

occurrence of rare, common to abundant taxa species such as Parasaccites 

gondwanensis, Protohaploxypinus limpidus, P. goraiensis, Scheuringipollenites 

medius, S. maximus, Striatopodocarpites cancellatus and S. fusus is observed. On the 

other hand, the abundant palynotaxa include, Lueckisporites spp., Portalites 

gondwanensis, Weylandites lucifer, Lophotriletes novicus, Guttulapollenites 

hannonicus, Densipollenites sp., Striomonosaccites ovatus, and Apiculatisporites sp. 

Palynoassemblage 2 (P2): The palynoassemblage 2 resembles the 

palynoassemblage 1, however, a clear increase of taxa such as Protohaploxypinus 

limpidus, P. goraiensis, Cycadopites follicularis, Striatopodocarpites cancelatus is 

identified. The first occurrence of taxa such as Gnetaceaepollenites sinuous combined 

with Acanthotriletes sp. and Baculatisporites sp. is observed. 

Palynoassemblage 3 (P3): The palynoassemblage 3 is marked by the drop in the 

overall content of the palynomorphs. Most of the observed palynomorphs in 

palynoassemblage 2 disappear or have a lower abundance. However, the occurrence 

of stratigraphically important taxa such as Platysaccus papilonis, Lunatisporites spp., 

and Cyclogranisporites microgranus is noted. 

Palynoassemblage 4 (P4): The significant stratigraphic taxa observed in the 

palynoassemblage 3 increase their abundance in palynoassemblage 4. However, this 

palynoassemblage records the appearance of other key taxa such as 

Verrucosisporites verucosus, Platysaccus papilonis, Lundbladispora spp., and 

Krauselisporites sp. An increase in palynomorph content is observed, unlike the 

underlying palynoassemblage. 
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Fig. 6. Selected retrieved palynomorphs from the JOG16N-6 and JOG16N-8 borehole cores: 

1. Acanthotriletes spp., sample G19, JOG16N-6, 2. Baculatisporites spp., sample G19, 

JOG16N-6, 3. Cyclogranisporites parvigranulosus (Leschik) Ybert 1975, sample G19, 

JOG16N-6, 4. Lundbladispora spp., sample G19, JOG16N-6, 5. Horriditriletes tereteangulatus 

(Balme and Hennelly) Backhouse, 1991, sample G19, JOG16N-6, 6. Leiotriletes virkii (Tiwari 

1965), sample G19, JOG16N-6, 7. Lophotriletes rectus (Bharadwaj and Saluijha, 1964), 

sample G19, JOG16N-6, 8. Lophotriletes spp., sample G3, JOG16N-6. Scale bar = 50 μ m. 
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Fig. 7. Selected recovered palynomorphs from the JOG16N-6 and JOG16N-8 borehole cores: 

1. Striomonosaccites ovatus (Bharadwaj 1962), sample G2, JOG16N-6, 2. 

Scheuringipollenites maximus (Hart) Tiwari (1973), sample G33, JOG16N-6, 3. 

Scheuringipollenites medius (Tiwari 1973), G33, JOG16N-6, 4. Protohaploxypinus spp., 

sample G19, JOG16N-6, 5. Protohaploxypinus latissimus (Luber in Luber and Waltz) 

Samoilovich 1953, sample G20, JOG16N-6, 6. Protohaploxypinus spp., sample N64, JOG16N-

8, 7. Protohaploxypinus goraiensis (Potonié and Lele) Hart, 1964 sample N64, JOG16N-8,  8. 

Protohaploxypinus limpidus (Balme and Hennelly) Balme and Playford 1967, sample N64, 

JOG16N-8, 9. Protohaploxypinus limpidus (Balme and Hennelly) Balme and Playford 1967, 

sample N64, JOG16N-8, 10. Striatopodocarpites cancellatus (Balme and Hennelly) Hart 1963, 

sample N56, JOG16N-8, 11. Striatopodocarpites fusus (Balme and Hennelly) Potonie 1958, 

sample N64, JOG16-8, 12. Lunatisporites spp., sample G35, JOG16N-6. Protohaploxypinus 

spp., sample, N64, JOG16N-8, 14. Platysaccus papilonis (Naumova 1954), sample G28, 

JOG16N-6, 15. Unidentified bisaccate pollen grain, sample N6, JOG16N-8. Scale bar = 50 μm. 
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Fig. 8. Selected well-preserved sporomorphs from the JOG16N-6 and JOG16N-8 borehole 

cores:1. Cycadopites cymbatus (Balme and Hennelly) Segroves 1970, sample N64, JOG16N-

8, 2. Cycadopites folicularis (Wilson and Webster 1946), sample N51, JOG16N-8, 3. 

Marsupipollenites triradiatus (Balme and Hennelly, 1956), sample N56, JOG16N-8, 4. 

Weylandites lucifer (Bharadwaj and Salujha) Foster 1975, sample N56, JOG16N-8, 5. 

Weylandites lucifer (Bharadwaj and Salujha) Foster 1975, sample N51, JOG16N-8, 6. Vittatina 

spp., sample N64, JOG16N-8,  7. Weylandites spp., sample G6, JOG16N-6, 8. Fungal hyphae, 

9. Fungal hyphae, sample N47, JOG16N-8, 10. Unidentified fungal spore, sample N64, 

JOG16N-8. Scale bar = 50 μm. 

 

4.1.2 Palynoassemblages from the JOG16N-8 borehole  

Palynoassemblage 1 (P1) (Fig. 5): This assemblage contains abundant 

Protohaploxypinus limpidus, Limitisporites rectus, Vittatina sp., Lueckisporites spp., 

Plicatipollenites gondwanensis and Caheniasaccites flavatus. Here, we observed a 

rare occurrence of P. goraiensis, Striatopodocarpites cancellatus and the common 

occurrence of Cycadopites cymbatus. 
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Palynoassemblage 2 (P2): The assemblage contains moderate to abundant 

Leiotriletes ulutus, rare to common Laevigatosporites vulgaris, and abundant L. 

plicatus. Another notable occurrence includes Parasaccites gondwanensis, and rare to 

abundant occurrence of S. maximus, S. ovatus and S. medius. The latter taxa are also 

combined with rare and abundant occurrence of Protohaploxypinus goraiensis, P. 

limpidus, Striatopodocarpites fusus, S. cancellatus, Weylandites lucifer, W. magmus, 

Cyacadopites cymbatus and C. follicularis. Marsupipollenites triradiatus is also 

observed. 

Palynoassemblage 3 (P3): This assemblage is marked by the presence of the 

selected and diagnostic species that also occur in the palynoassemblage 2, however 

a drop in the abundance of Protohaploxypinus, Striatopodocarpites, Weylandites, and 

Cycadopites is observed. The assemblage is characterised by the first occurrence of 

stratigraphically significant taxa such as Calamospora breviradiata, Leiotriletes virkii 

and species of the genera Verrucosisporites. Other taxa observed for the first time in 

the sequence include Brevitriletes levis, Horriditriletes ramosus, H. filiformes, H. 

tereteangulatus, Lophotriletes novicus, Convulatispora archangelskii, Hamiapollenites 

fusiformes and Gnetaceaepollenites sinuosus. 

Palynoassemblage 4 (P4): This assemblage is marked by the same abundance of 

the palynomorphs observed in palynoassemblage 3. However, here was noted the 

appearance of significant biostratigraphic taxa such as Lundbladispora sp., 

Lundbladispora tetrads, Pakhapites ovatus, Krauselisporites sp. 

 

4.2 Age determination of the studied stratigraphical sequence based on palynotaxa 

These borehole cores were drilled into the K5 Formation, and based on the vertical 

distribution and first appearance datum of stratigraphically significant taxa four 

palynoassemblages (P1, P2, P2, P4) for both borehole cores were identified. Aside 

from that, two intervals devoid of palynotaxa were observed for each of the borehole 

cores. The barren zones in these sections could be linked to poor preservation of the 

organic-walled microfossils. The palynological barren zones for the JOG16N are 

characteristic for the following depth intervals (160-200m), (110-152m), (225-240m). In 

its turn, for the JOG16N-8 core the barren sections are found in the range (198-249m) 

and (122-140m) respectively. 
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 In summary, the P1 and P2 for borehole cores were mainly characterised by common 

occurrence of bisaccate striate pollen, non-striate, trilete spores and monocolpates as 

shown in Figures 4 and 5. Both lower palynoassemblages from both cores were 

assigned to the latest Permian. The Upper Permian strata for the JOG16N-6 are found 

in depths (240-260m) and (200-225m) whereas the depths (250-260m) and (165-

198m) pertain to the JOG16N-8 core. In contrast, the palynoassemblages from the 

younger beds, in both boreholes are characterised by the initial appearance of Early 

Triassic taxa such as Calamospora breviradiata, Verrucosisporites verucosus, 

Lundbladispora sp., Hamiapollenites fusiforms and Krauselisporites sp. 

Our research corroborates the findings from Pereira et al. (2016) for the coeval 

Moatize-Minjova Basins in Mozambique as well as data from the southwest portion of 

the Maniamba Basin in Mozambique (Verniers et al., 1989). It should be noted that 

typical Triassic forms were not identified by Verniers et al. (1989). Here, we identify for 

the first time in the Maniamba Basin some important Early Triassic taxa that include 

Lunatisporites spp., Platysaccus papilonis, Lundbladispora spp., Verrucosisporites 

verrucosus, Plicatipollenites gondwanensis, Cyclogranisporites microgranus and 

Krauselisporites sp. In addition, several unidentified taxa, including some fungi and 

cuticles, appear at the top of the studied sequences (Fig. 6). The presence of 

unidentified taxa at the uppermost part of the sequence combined with the spike of 

fungal remains has been described as a marker for the Permian-Triassic transition in 

the southern part of the Main Karoo Basin (Steiner et al., 2003). However, the latter 

interpretations are still a matter of debate. The Permo-Triassic transition for the 

JOG16N-6 borehole is tentatively located at depths of 152-160m and 100-110m, while 

the JOG16N-8 borehole shows the transition at the depths of 140-165m and 117-122m. 

The minor difference is that Triassic forms are observed earlier in the latter borehole, 

even though both cores in those depths are characterised by lowering or absence of 

coal or carbonaceous samples and predominance of sandstones and claystones. 
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4.3   Age determination supported by fossil wood occurrences  

According to Nhamutole et al. (2021) stratigraphically significant fossil wood taxa were 

collected from the K5 Formation, namely A. africanum, Agathoxylon karooensis and 

Australoxylon teixeirae (Figs. 9 and 10). Agathoxylon africanum is a widespread 

southern African species that ranges in age from late Permian (Lopingian) to Middle 

Triassic (Bamford and Phillipe, 2001). In its turn A. karooensis with triseriate araucarian 

tracheid pitting is endemic to Karoo rocks and has been recorded, so far, only in late 

Permian strata. Lastly, A. teixeirae is restricted to the Upper Permian and Lower 

Triassic formations such as Collingham, Middleton and Normandien (South Africa; 

Bamford, 1999; Bamford et al., 2020), Raniganj and Kamthi (India; Prasad, 1982), 

Teresina and Rio do Rasto (Brazil; Scheinedr et al., 1974). Shale Group in Malawi 

(Crisafulli, 2002), and in the Yaguary and Tacuary formations from Uruguay and 

Paraguay respectively (Crisafulli, 2002). 

 

Fig. 9. Some characteristic fossil woods from the Karoo sequences: 1. Transverse section 

typical of late Permian wood displaying round to square tracheids, 2. Uniseriate bordered pits 

of the late Permian-Early Triassic Agathoxylon africanum wood in radial longitudinal section 
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(RLS), 3. Biseriate and alternate tracheid pits from Late-Permian-Early Triassic A. africanum 

fossil wood, 4. Endemic late Permian wood A. karooensis exhibiting triseriate bordered pits in 

RLS, 5. Uniseriate to biseriate rays typical of Permian wood from Karoo sequences in 

tangential longitudinal section (TLS). 

 

 

Fig. 10. 1. The transverse section shows slightly rounded to square and distorted pits (S-

shaped), which is typical of Karoo woods, 2. Clusters of pits characteristics of Australoxylon 

teixeirae, 3. Alternate and opposite tracheids typical of A. teixeirae (Late Permian wood), 4. 

Radial longitudinal section (RLS) showing some pits in the cross-fields, 5. Well-preserved 

tangential section showing uniseriate to occasional biseriate rays pertaining to Late Permian 

A. teixeirae. 
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4.4 Correlations with Gondwana sections  

Correlations with well-known biozones across Gondwana were done to establish the 

age of the Maniamba Basin cores (Table 1). Nevertheless, based on previous reports, 

intra- and inter-basinal correlations with closer affinity to the Maniamba Basin were 

selected. These include the Moatize-Minjova Basin, Mozambique (Pereira et al., 2016), 

Sakamena Group, Madagascar (Wright and Askin, 1987), Mid-Zambezi Valley, Zambia 

(Nyambe and Utting, 1997), Main Karoo Basin, South Africa (Steiner et al., 2003; 

Barbolini, 2014), Salt Range, Pakistan (Balme, 1970) and the Raniganj-Kamthi 

Formation (Godavari Basin), India (Jha et al., 2011; Jha and Aggarwal, 2012). Other 

stratigraphic sequences across Gondwana, that are diachronous with the Maniamba 

Basin, were not considered herein (South America and Australia). Therefore, the 

distribution of the key taxa from the target geological period is summarised below: 

a) Moatize-Minjova Basin-Mozambique 

Here, the Upper Permian strata are characterised by the common abundant 

occurrence of Protohaploxypinus spp., Striatopodocarpites spp., Alisporites spp., 

common Guttulapollenites and Weylandites, stratigraphical significant taxa include 

Falcisporites, Krauselipollenites, Lueckisporites, Osmundacidites, Polipodiisporites, 

etc. Early Triassic forms include Lunatisporites pellucidus, Indospora clara, 

Lundbladispora sp., P. microcorpus, P. pantii and Guttulapollenites hannonicus. The 

Karoo Moatize-Minjova Basin identified by Pereira et al. (2016), shows close affinity 

with the Karoo equivalent Maniamba Basin. 

b) Mid Zambezi Valley-Zambia 

According to Nyambe and Utting (1997), the Upper Permian marker taxa consist of 

Protohaploxypinus limpidus, Protohaploxypinus goraiensis, Striatopodocarpites spp., 

Weylandites lucifer, Guttulapollenites hannonicus, Protohaploxypinus mutabilis. In 

contrast, taxa such as Platysaccus queenslandii, Verrucosisporites sp., Falcisporites 

stabilis, Alisporites sp. and Sulcatisporites sp., characterize the Early Triassic. The 

Permian palynoassemblages studied by Nyambe and Utting (1997) in the Mid Zambezi 

Valley, Zambia including a few occurrences in the Lower Triassic resemble the flora 

described in this paper.  

c) Katberg and Balfour Formations (Main Karoo Basin)-South Africa 



235 

 

In the Main Karoo Basin (MKB), several studies have been carried out aiming at 

refining the palynostratigraphy (Steiner et al., 2003; Gastaldo and Rolerson, 2008; 

Prevec et al., 2010; Barbolini, 2014). The Upper Permian strata are characterised by 

different species of Protohaploxypinus and Falcisporites combined with 

Playfordiaspora crenulata and Triplexisporites playfordii. In contrast, spores such as 

Krauselisporites spp., Lundbladispora spp., Lunatisporites spp., and L. pellucidus 

characterise the Early Triassic as suggested by Steiner et al. (2003). Prevec et al. 

(2010) described the late Permian palynoflora from the Southern Karoo Basin 

(Normandien Formation). The overlying Katberg Formation has been indicated as 

portraying the post-end Permian mass extinction (Smith and Botha, 2014; Botha et al., 

2020; Gastaldo and Bamford, 2023), but with different interpretations. Nevertheless, 

the late Permian palynoflora from the Normandien Formation is characterised by 

abundant Protohaploxypinus and Striatopodocarpites combined with moderate 

Lunatisporites spp., Falcisporites and non-abundant spores. Further, another late 

Permian section from the Palingkloof Member of the Balfour Formation (uppermost 

Permian), yielded Cycadopites cymbatus, Granulatisporites convexus, 

Marsupipollenites triradiatus, Plicatipollenites gondwanensis, Playfordiaspora 

crenulata, Protohaploxypinus limpidus and Vittatina fasciolata (Barbolini et al., 2018). 

The Early Triassic taxa were retrieved from the overlying Katberg Formation include 

Tripunatisporites maastrichtiensis and Aratrisporites tenuispinosus (Barbolini et al., 

2018). The Maniamba Basin resembles the late Permian-Early Triassic 

palynoassemblages described by Steiner et al. (2003) and Prevec et al. (2010). 

However, it differs from the Early Triassic palynoassemblages identified by Barbolini et 

al. (2018). 

d) Sakamena Group-Madagascar 

The well-established Permian palynoassemblages in Madagascar are known from the 

Lower and Mid Sakamena Group (Wright and Askin, 1987). The late Permian 

palynoassemblages are characterised by the abundant occurrence of Weylandites 

spp., Guttulapollenites hannonicus, Protohaploxypinus spp., Striatopodocarpites spp. 

and Lueckisporites virkkiae. Here, P. microcorpus occurs commonly. Another common 

occurrence includes Falcisporites spp., Klausipollenites schaubergerii, and 

Platysaccus spp. Here, the Early Triassic age is marked by common to abundant 

occurrence of relevant taxa that includes Guttulapollenites hannonicus, 
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Lundbladispora spp., Lunatisporites pellucidus, Protohaploxypinus microcorpus and 

Striatopodocarpites pantii. These occurrences are combined with the first appearance 

datum of the Triassic marker, Triplexisporites playfordii. The Sakamena Group is 

characterised by non-striate and striate bisaccate pollen listed above that are also 

found in the Maniamba Basin. 

e) Raniganj-Panchet Formations-India 

According to Srivastava and Jha (1990) and Jha (2006) the late Permian 

palynoassemblages are characterised by an abundance of Protohaploxypinus spp., 

Striatopodocarpites spp., and Faunipollenites spp. Other common taxa include 

Osmundacidites sp., Weylandites spp., Horriditriletes spp., Lophotriletes spp., 

Densipollenites magnicorpus, Playfordiapora crenulata. Early Triassic abundant taxa 

include Lunatisporites pellucidus, Densoisporites spp., Lundbladispora spp., 

Verrucosisporites spp., Alisporites spp., Klausipollenites schaubergerii, and T. 

playfordii (Jha et al., 2011; Jha and Aggarwal, 2012). Typical Triassic taxa such as 

Triplexisporites playfordii, Densoisporites spp. and K. schaubergeri present in the 

Godavari basin in India, were not observed in the studied material from the Maniamba 

Basin, even though there are several other common occurrences between the two 

basins.  

f) Salt Range Basin-Pakistan 

The late Permian palynoassemblages for the Salt Range comprise the occurrence of 

dominant Guttulapollenites hannonicus, Lueckisporites spp., Protohaploxypinus spp., 

Weylandites lucifer, Alisporites spp., Striatopodocarpites spp., Klausipollenites 

schaubergerii and Krauselisporites spp. In contrast, the Early Triassic taxa include the 

abundance of Lundbladispora obsoleta, Densoisporites playfordii, and L. brevicula. 

Yet, Guttulapollenites hannonicus and Lunatisporites are commonly present. Aside 

from Alisporites spp., the dominance of striate bisaccates and similarities in the 

palynoassemblages in having many common palynotaxa depict a close similarity 

between Salt Range palynoassemblages with those from the Maniamba Basin. 
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Table 1 Permian–Triassic Gondwana sequences with closer affinity to the Maniamba Basin adapted from Pereira et al., 2016. 
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Wuchiapingian 

Madagascar 

(Sakamena Group) 

(Wright and Askin, 

1987) 

Pakistan (Salt Range) 

(Balme, 1979; Hermann et 

al., 2012) 

Zambia (Mid-

Zambezi Valley) 

(Nyambe and Utting, 

1997), Barbolini et 

al., 2016) 

India (Raniganj 

and Panchet Fm.) 

(India) (Jha et al., 

2011, Jha and 

Aggarwal, 2012) 

South Africa 

(Katberg and 

Balfour Fm.) 

(Steiner, 2003, 

Prevec et al., 2010, 

Barbolini, 2018,) 

Mozambique 

(Moatize Minjova 

Basin) (Pereira et 

al., 2016) 

Mozambique 

(Maniamba Basin) 

(This study) 

JOG16N-6 and 

JOG16N 8 

boreholes 

Common 
Guttulapollenites. 
hannonicus, 

Lundbladispora spp., 
Lunatisporites 
pellucidus, 

Densoisporites 
playfordii, P. 
crenulate, T. 

playfordii. 

 

 

Densoisporites playfordii, 

Lundbladispora brevicula, 

L. obsoleta, 

common,Uvaesporites 

spp., Lunatisporites 

pellucidus, L. noviaulensis 

and Guttulapollenites 

hannonicus 

 

Falcisporites stabilis, 

Platysaccus 

queenslandii, L. 

pellucidus, 

Calamospora sp., 

Verurucosisporites 

sp., P. cancellata, 

Apiculatisporis sp. 

Protohaploxypinus 

spp., 

Striatopodocarpites 

spp., 

Faunipollenites 

spp., common 

Osmundacidites 

sp., Weylandites 

spp., Hoditriletes 

spp., P. crenulata 

Krauselisporites 

spp., 

Lundbladispora 

spp., Lunatisporites 

spp., Lunatisporites 

pellucidus, 

Tripunatisporites 

maastrichtiensis 

and Anatrisporites 

tenuispininosus 

 
 
 
 

Lunatisporites 
pellucidus, 
Indospora clara, 
Lundbladispora 
spp., Triquitrites 
sp., P. 
microcorpus, 

P. pantii, 

Guttulapollenites 

hannonicus 

 

 

Platysaccus 

papilonis, 

Lunatisporites spp., 

Verrucosisporites 

spp., 

Lundbladispora 

spp., 

Krauselisporites sp. 

Protohaploxypinus 

spp., 

Striadopodocarpites 

spp., Alisporites spp., 

P. microcorpus, G. 

hannonicus, 

Weylandites spp., L. 

virkkae, Falcisporites 

spp., Krauselisporites 

spp and rare L. 

pellucidus 

Alisporites spp., G. 

hannonicus, 

Kraeuselisporites spp., K. 

wargalensis, 

Klausipollenites    
schaubergeri,Lueckisporites 

spp., Playfordiaspora sp., 

Protohaploxypinus 

spp.,Striatopodocarpites 

and Welandites lucifer 

Protohaploxypinus 

limpidus, P. 

goraiensis, 

Striatopodocarpites 

spp., 

Guttulapollenites 

hannonicus, W. 

lucifer, Corisaccites 

alutas, 

Reticuloidosporites 

warchianus, 

Polypodiisporites 

mutabilis 

Lunatisporites. 

pellucidus, 

Densoisporites 

spp., 

Lundbladispora 

spp., 

Verrucosisporites 

spp., 
Krausepollenites 

schaubergerii,   
Triplexisporites 

playfordii 

Cycadopites 

cymbatus, 

Granulatisporites 

convexus, 

Marsupipollenites 

triradiatus, 

Plicatipollenites 

gondwanensis, 

Playfordiaspora 

crenulata, 

Protohaploxypinus 

limpidus and 

Vittatina fasciolata 

Protohaploxypinus 
spp., 

Striatopodocarpites 
spp., Alisporites 
spp., common 

Guttulapollenites. 
hannonicus, 
Weylandites. 

Key taxa: 

Corisaccites, 

Falcisporites, 

Krauselisporites. 

Lueckisporites, 

Osmundacidites. 

Protohaploxypinus 

spp., 

Striatopodocarpites 

spp., 

Guttulapollenites. 

hannonicus, 

Corisaccites alutas, 

Scheuringipollenites 

spp., Cycadopites 

cymbatus, 

Laevigatosporites 

spp, 

Plicatipollenites 

gondwanensis 
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5. Discussion  

A detailed palynological combined with palaeobotany (fossil wood) work was 

undertaken in the present work. The occurrence of fossil wood taxa (Figs. 9 and 10), 

according to Bamford et al. (2020), suggests humid and warm periods in the 

Maniamba Basin during the Lopingian. Moreover, the predominance of rich and 

carbonaceous sediments in palynoassemblages 1 and 2 in fluvial-lacustrine 

environments indicates dense vegetation characterised by warm dry alternating with 

warm and humid periods, which were responsible for the deposition of vast coal beds 

during the Lopingian in an alluvial environment.  Additionally, red-coloured 

sandstones are observed in the K5 Formation which can be linked to arid or semi-

arid environments. These are also supported by the occurrence of concretions of 

calcilutite in the K5 Formation (Verniers et al., 1989). Based on the botanical affinity 

the high predominance of Glossopteridales with moderate contributions of 

Cordaitales, Coniferales and spores along the sequences represents a warm and 

humid climate characteristic of continental ecosystems across Gondwana (Guerra-

Sommer et al., 1983; Lindström and McLoughlin, 2007; Aggarwal et al., 2019). 

Ongoing research based on the whole-rock geochemistry of major oxides SiO2 versus 

Al2O3+K2O+Na2O pertaining to the samples from the top of the studied sequence 

suggests semi-arid climate conditions (Nhamutole et al., in press). The upper part of 

the sequence contains several taxa that have not been identified. If these unidentified 

taxa are combined with known Lower Triassic palynotaxa, the emergence of these 

new taxa could be interpreted as the phase of recovery for the flora following the end-

Permian Mass Triassic Event (EPME). Nevertheless, the scarcity or existing barren 

zones in both borehole cores hinder recognising reliable floral trends that could 

provide us with more inputs regarding the EPME as reported in some coeval 

Gondwana sequences. Thus, this inference must be made with caution (Fig. 11).  

Although a change in palynoflora is not recognised, the lithofacies along the studied 

sections indicate a shift from a complex dominated by sandstones and rich organic 

units at the bottom and the middle of the sequences to reddish claystone and 

sandstone units at the top of the sequence suggesting changes of the drainage system. 

Similar patterns regarding the changes in the drainage system are observed across 

the PT boundary in most Gondwana sequences.  Additionally, from the studied material 

we observed a transgression of dominant striate and non-striate bisaccate forms from 
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the bottom to the top of both studied sequences (Fig. 11). Similar patterns have already 

been observed in the earliest studies of the Permo-Triassic boundary between the 

Upper Raniganj and the overlying Panchet Formations in India as reported by 

Bharadwaj et al. (1979). Thus, only more comprehensive and wide-range sampling of 

the latest Permian floras in the Maniamba Basin, integrated with detailed taphonomic, 

molecular fossils (biomarkers), stable carbon isotopes curves, and lithostratigraphic 

data, can provide a more refined evaluation of the floral changes and more robust 

palaeoclimate inferences.   

The palynofloral remains in the sediments from both borehole cores are reported to 

have been deposited in proximal settings under oxic, dysoxic and anoxic conditions 

based on the percentage of the bulk organic matter which includes dark woody material 

(opaque phytoclasts), brown woody material including cuticles and amorphous organic 

matter (Nhamutole et al., 2023). Recent palynofacies analysis undertaken in the 

Maniamba Basin has revealed the same paleoredox conditions, based on the ratios of 

the major elements, biomarkers including the isoprenoid Pristane and Phytane ratios, 

steranes, and terpanes. 
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Fig. 11. Relative abundance of sporomorphs through the studied sequences. 1. JOG16N-6 borehole core 2. JOG16N-8 borehole core. 
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6. Conclusions 

Drawing from the stratigraphic distribution of palynomorphs obtained from core 

samples taken from boreholes JOG16N-6 and JOG16N-8 in the Maniamba Basin, the 

following conclusions can be made regarding the K5 Formation:  

1. The palynological study has revealed the presence of four distinct 

palynoassemblages for both borehole cores (palynoassemblages P1, P2, P3, and 

P4). The palynoassemblages yield abundant striate and non-striate bisaccate 

pollens coupled with ferns, sphenophytes and lycophytes, suggesting of thick 

arborescent palaeovegetation in the depositional settings. Warm and humid 

periods are inferred at the bottom of the sequence (P1 and P2 assemblages), with 

a shift to semi-arid and arid conditions inferred for the upper part of the studied 

sequence. 

2. Palynoassemblages 1 and 2, are assigned to the latest Permian. In contrast, 

palynoassemblages 3 and 4 are attributed to the Early Triassic. This distinction 

arises from their closer connection to well-established Gondwana sequences due 

to the well-established correlation of these assemblages, to well-established 

Gondwana sequences, including the Moatize-Minjova Basin in Mozambique, 

Sakamena Group in Madagascar, the Raniganj-Kamthi Formation in India, Mid-

Zambezi Valley in Zambia, the Salt Range in Pakistan, and the Balfour and 

Normandien Formations in South Africa.  The other Gondwana sections depict 

dissimilarities due to the presence of endemic forms. It is important to stress that 

the presence of significant stratigraphical fossil wood species strongly corroborates 

the determined age. 

3. The palynological age of the K5 presents a younger age than previously reported 

by Verniers et al. (1989). However, the studied flora is not typically Triassic since 

some Permian elements remain.  

4. The Permian-Triassic boundary is cautiously interpreted in both borehole sections 

due to palynological barren zones, which complicate the tracking of vegetation 

changes. Therefore, alternative tools are necessary to gain a clear understanding. 
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 Abstract 

Two borehole cores (JOG16N-5 and JOG16N-7) from the Maniamba Basin, northern 

Mozambique (central Gondwana) were studied for palynology. As a result, five 

palynoassemblages were identified from JOG16N-5 (T1, T2, T3, T4, T5) whereas only 

three were identified for the latter borehole (B1, B2 and B3). Palynoasssemblages T1, 

B1, B2, B3 were assigned to Wuchiapingian whereas the assemblages T2, T2, T3, T4 

and T5 were are assigned to Changhsingian. 

 The age was assigned based on the common occurrence of Lopingian taxa (e.g., 

Guttulapollenites, Alisporites, Weylandites, Cycadopites, Marsupipollenites, 

Scheuringipollenites, Protohaploxypinus, and Striatopodocarpites) taxa together with 

abundant occurrence of stratigraphically important taxa, Thymospora pseudothiessenii 

as well as Osmundacidites senectus. Typical Gondwana vegetation is observed in both 

cores and is characterized by dominance of pollen grains assigned to the 

Protohaploxypinus and Striatopodocarpites whereas the monosaccate pollen 

indicators of upland vegetation are rare. Palynomorph indicators of a lowland setting 
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are common and include gingkoales, ferns (Filicopsida), sphenopsids, and lycopsids 

that can be interpreted as the existence of a vast lowland fluvial setting together with 

floodplains and wetlands in the Basin. Yet, variations in lithofacies indicate a change 

in the dynamic of the drainage system that prevailed during the Lopingian in the 

Maniamba Basin. Furthermore, similar palynoevents in Lopingian northern Karoo-aged 

basins of south-central Africa, and central Gondwana basins from Madagascar, India, 

and Antarctica are well correlated. However, in contrast, some distinct Lopingian 

palynoevents are observed with southern Karoo-aged basins which could suggest the 

existence of tectonic barriers that prevented floral exchange thus, confirming intra-

Gondwanan floristic provincialism. 

 

1. Introduction 

The Mozambican Karoo basins contain some of the most exploited coal deposits in 

Gondwana, and are assumed to have been deposited during the Permian period 

[Cisuralian (298.9-273.1mya), Guadalupian (273.1-259.1mya), Lopingian (259.1-

251.9mya)].  During this period there is strong evidence of a flourishing ecosystem 

comprising several plant groups viz., glossopterids, conifers, cycads, ginkgos and 

others. For instance, during the Lopingian ca. 60% of the worldwide flora consisted of 

seed plants (Gradstein and Kerp, 2012). Surprisingly, during the late Permian a mass 

extinction seems to have affected the fauna diversity more adversely than the plant 

groups as whole, except for some extinctions in the conifers that includes glossopterids 

and cordaites (Gradstein and Kerp, 2012). Most of the aforementioned conclusions 

were obtained through the use of palynology analysis with macroplant records playing 

a lesser role. Palynology can provide pivotal information regarding a chronological 

framework of continental stratigraphic sections, tectono-stratigraphy, and Basin 

evolution (Pereira et al., 2016; Barbolini et al., 2018; Gotz et al., 2018; Galasso et al., 

2019; Lopes et al., 2021b; Fernandes et al., 2023), as well as the composition of 

ancient ecosystems, mainly regarding floristic biomes. In the present study, a 

palynological analysis in the Maniamba Basin is presented. This basin is located in 

northern Mozambique and is one of the Mozambican basins containing coal seams 

(Vasconcelos, 2009; Vasconcelos and Achimo, 2010). Here, the majority of studies 

have focused on the commercial evaluation of coal deposits (Vale Moçambique, 2014; 

JOGMEC, 2015). Few studies have focused in the stratigraphy of this Basin (Verniers 
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et al., 1989; Norconsult, 2007). However, a recent palynological study helped to identify 

for the first time the Permian-Triassic transition in the Basin (Nhamutole et al., 2024a). 

Nevertheless, in the present work a palynological composition in two Permian 

successions drilled for coal exploration in the Maniamba Basin is analysed. The 

objective of this work is to identify palynostratigraphic succession with the help of 

retrieved sporomorphs and to place them into the existing Karoo sequences as well as 

into Gondwana paleogeographic provinces in order to supplement palaeoenvironment 

interpretations.  

 

2. Geology and stratigraphy of the Maniamba Basin 

Please see section 5.1 for details regarding the geology of the Maniamba Basin. 

 

Fig. 1. A. Southern Africa map illustrating the location of Mozambique, B. Map of Mozambique 

showing the location of the Maniamba Basin (Niassa), C and D. Geology and stratigraphy of 

the Maniamba Basin (modified from Verniers et at., 1989). 
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3. Material and methods 

Seventeen (17) samples were taken from borehole JOG16N-5 (ca. 220 m), but only 

fourteen (14) proved to be productive for palynomorphs (Fig. 2). Fifteen (15) samples 

were subsampled in the JOG16N-7 core (ca. 279 m) out of which nine (9) samples 

proved to be productive for palynological analysis. The collected samples in both cores 

were prepared using standard palynological extraction methods adapted from Phipps 

and Playford (1984) and Traverse (2007). The description of the standard palynological 

procedures is included in the section 6.2. 

 

Fig. 2. 1 and 2. Lithological log of JOG16N-5 and JOG16N-7 cores showing sampling points 

(productive and barren) and correlatable sections based on palynoassemblages associations, 

3. Detailed geologic section showing the two cores (modified from Verniers et al., 1989). 

 

4. Results 

 

4.1. Lithological description  

4.1.1. Borehole JOG16N-5 

The JOG16N-5 core depict has a total depth of ca. 220 m (Fig. 2). Its deepest section 

is made up of Precambrian basement that includes diolite rocks that are found from 
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203 m downwards. From 203 to 80 m the sequence is dominated by dark grey, reddish 

brown partly laminated siltstone. The siltstone section is intercalated by very fine-

coarse sandstone, dark grey greenish grey, laminated with carbonaceous siltstone 

(190-160m). From 160 to 80 m the section is dominated by reddish brown, massive 

together with greenish grey sandstone. Lastly, four coal seams are observed from 80 

m upwards. The first coal seam displays a thickness greater than 20 m. The coal seams 

are intercalated by dark grey, massive, siltstone with minor coal lenses. The uppermost 

unit consist of brownish grey, massive unit with medium and very coarse sandstones. 

 

4.1.2. Borehole JOG16N-7  

The JOG16N-7 core has a total depth of ca. 279 m and intercepts the Precambrian 

basement from 268-279 m (Fig. 2). An important section emerges with clear 

dominance of grey, reddish brown and massive siltstone (268-218 m). Along this 

siltstone dominated interval alternation with fine sandstone is observed. At a depth of 

118 m is observed the first coal seam with > 30 m of thickness. The remaining three 

coal seams do not reach a thickness greater than 12 m. The coal seams sections end 

at depth 65 m, and are intercalated by grey, fine-coarse sandstones displaying some 

laminations. The Uppermost lithological unit, above 65 m is composed of dark grey, 

massive, laminated siltstone containing fine sandstones Palynological results 

 

4.2. Palynological results 

Different assemblages have been identified in the investigated two borehole cores 

(JOG16N-5 and JOG16N-7). The identification of the assemblages was based in the 

distribution of the palynomorphs along the sequences taking into consideration the 

relative abundance of prominent taxa as well as the first appearance datum (FAD) 

Here, five assemblages were observed for JOG16N-5 (T1-T5) and three for JOG16N-

7 (B1-B3) (Tables 1 and 2). Taxa with stratigraphical importance and well preserved 

are illustrated in figures 3 to 8. Additionally, the stratigraphic sequence of the 

assemblages for each borehole core is as it follows. 
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4.2.1 Assemblages from JOG16N-5 borehole core 

  Assemblage T1: This palynofloral assemblage is recorded between the depth of 165-

63.27 m. It is characterised by the dominance of spores, which are better preserved 

than the pollen grains. The more abundant spore taxa in this assemblage include 

Laevigatosporites spp., Horriditriletes spp., and Converusisporites confluensis. Also is 

observed the rare occurrence of taxa like Thymospora spp. The assemblage is 

complemented with rare occurrence of non-striate bisaccate pollen grains, such as 

Scheuringipollentes maximus, Scheuringipollenites spp., and Protohaploxypinus 

limpidus, P. amplus. Rare occurrences of colpate pollen grains, such as Weylandites 

spp, Cycadopites cymbatus are present. Stratigraphically important species 

Thymospora pseudothiessenii, and Osmundacidities senectus occur in the 

assemblage with the first one being abundant while the latter is rare. 

  Assemblage T2: This palynofloral assemblage is marked at a depth of 60.23–53.32 

m. It is characterised by non-taeniate and taeniate bisaccate pollen grains. The main 

components of the assemblage include Protohaploxypinus spp. (e.g., P. sp., P. 

limpidus, P. goraiensis and P. amplus), Striatopodocarpites spp. (e.g., S. cancelatus, 

S. fusus, S. sp.), and Alisporites spp. Other recorded taxa include colpate pollen grains, 

such as Weylandites lucifer, Weylandites sp. (common occurrence), W. striatus (rare 

occurrence). Lunatisporites sp., Corisaccites alutas, Florinites sp., Cycadopites sp., 

were scarcely observed. In contrast, Staurosaccites quadrifidus occurs in greater 

abundance. Spores are rare in this assemblage and only three taxa were identified and 

includes Cyclogranisporites spp., and Laevigatosporites spp., and the key taxon 

Osmundacidites senectus. 

  Assemblage T3: This palynofloral assemblage (depth 50-58.37 m) is characterized 

by the dominance of striate bisaccate pollen grains over non-striate. Striate bisaccate 

pollen grains include common and abundant occurrence of Striatopodocarpites fusus, 

Striatopodocarpites cancelatus, and S. sp. The non-striate bisaccate taxa are 

observed rarely in this assemblage and include Scheuringipollenites maximus, S. 

medius, S. ovatus, and Alisporites spp. Other pollen taxa include Striomonosaccites 

spp., Corisaccites spp., C. alutas and colpate pollen grains, such as Weylandites 

striatus and W. spp. Spores complement the assemblage albeit in minor content. 

Cyclogranisporites marks its first appearance in this assemblage. Other spores include 
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Calamospora sp., and Laevigatosprites sp. Osmundacidites senectus is observed as 

common occurrence in the assemblage. 

  Assemblage T4: This palynofloral assemblage is marked at a depth of 45.2–39.9 m. 

It is characterised by the dominance of non-striate bisaccates and sub-dominance of 

striate bisaccates. Common palynotaxa include Scheuringipollenites medius, S. 

ovatus, S. maximus, Protohaploxypinus limpidus, Protohaploxypinus goraiensis, P. 

spp., and Striatopodocarpites cancelatus, S. fusus, and Striatopodocarpites spp. 

dominate the assemblage. Another abundant occurrence includes Guttulapollenites 

hannonicus, Lunatisporites spp., Lueckisporites virkkiae and Weylandites lucifer. Rare 

occurences of pollen comprise Striomonosaccites incrassatus, Limitisporites sp., 

Staurosaccites quadrifidus, Corisaccites alutas, Vittatina costabilis, V. sp., and 

Cycadopites sp. Spores are rarely observed herein, with Calamospora spp., 

Cyclogranisporites spp., and Lophotriletes spp., Osmundacidites senectus, and 

Thymospora pseudothiessenii being the only taxa (observed). 

  Assemblage T5: This palynofloral assemblage (depth 33.18-15.67 m) is 

characterized by a clear dominance of non-striate bisaccate pollen as observed in the 

previous assemblage (L4) however the content of striate bisaccate pollens is reduced 

herein. Lunatisporites spp., Limitisporites amazonensis, Vittatina spp., Weylandites 

spp, Guttulapollenites hannonicus and Rhizomaspora spp. are observed as rare 

occurrences. Spores such as Osmundacidiies senectus and Laevigatosporites 

senectus are observed in assemblage T5. 
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Table 1 Representation of palynoassemblages from borehole JOG16N-5 where A represent abundant (>50%), C=common (10-50%), R=rare 

(<10%), Al=algae. 
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4.2.2. Assemblages from JOG16N-7 borehole core 

  Assemblage B1: This palynofloral assemblage is recorded at a depth of 272.84–144. 

3 m. The assemblage is dominated by non-striate bisaccate pollen over striate pollen 

and comprises Alisporites spp., Scheuringipollenites maximus, S. spp., 

Protohaploxypinus limpidus, P. goraiensis, and P. spp. Rare occurrences of striate 

bisaccate pollen include Striatopodocarpites fusus and Striatopodocarpites 

cancelatus. Other pollen rare occurrences include Caheniasaccites flavatus, 

Cannanoropolis mehtae, Lunatisporites variesectus, Lueckisporites virkkiae, Potonie, 

Potonieisporites lelei, Corisaccites spp., Pakhapites fusus, Weylandites spp. Spores 

are rare and include Laevigatosporites spp., Horriditrinletes spp., Converrucosisporites 

spp., and the stratigraphically important taxon Thymospora pseudothiessenii (rare to 

common occurrence). 

  Assemblage B2: This palynofloral assemblage is marked at a depth of 137.9–133.62 

m. Here, striate and non-striate pollen decrease in abundance and occurs scarcely. 

Rare occurrence is also observed for Weylandites spp. Common occurrence of pollens 

includes Corisaccites spp., Corisaccites alutas, and Alisporites spp. Abundant 

occurrences of spores (Filicophyta) include Converrucosisporites spp., and 

Granulatisporites austroamericanos. However, rare occurrences were also observed 

and comprises Verucosisporites spp., Leiotriletes spp., Laevigatosporites spp., and 

Horriditriletes spp. Moreover, stratigraphical key species including Thymospora 

pseudothiessenii, Indotriradites niger, and Osmundacidities senectus are present. 

  Assemblage B3: This palynofloral assemblage (depth 116.93–88.38 m) has been 

identi fied by the dominance of non-striate bisaccates Protohaploxypinus spp., (P. 

limpidus, P. goraiensis, P. sp.), Scheuringipollenites spp., S. maximus, S. ovatus. Other 

common taxa include Striomonosaccites incrassatus, Striatopodocarpites spp. 

Guttulapollenites hannonicus, Lueckisporites virkkiae, Corisaccites alutas, Illinites 

unicus, Vittatina sp., Weylandites lucifer and W. sp., Alisporites sp., and Meristocorpus 

explicatus occur only rarely in the assemblage. All observed spore taxa are considered 

as occurring scarcely and include Laevigatosporites spp., L. vulgaris, Lophotriletes sp., 

Thymospora pseudothiessenii and Osmundacidites senectus. Osmundacidites 

senectus occurs as an isolated occurrence. 



256 

 

Additionally, several occurrences of algae (e.g., Botrycoccus braunii) have been 

observed along the studied palynoassemblages are good indicators of the presence of 

a fluvial-lacustrine depositional environment supported by the presence of phytoclasts 

(opaque and non-opaque), and cuticles representative of the palynoflora of the studied 

area. Lastly, it should be stressed that the borehole JOG16N-5 have samples relatively 

few spores, while borehole JOG16N-7 contains a greater abundance. 
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Table 2 Representation of palynoassemblages from borehole JOG16N-7 where A represent abundant, abundant (>50%), C=common (10-50%), 

R=rare (<10%), Al=algae.  
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E34     R R  R R    R  C C                       R R  
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R58         R R        A A A       R R R           R  
R64         C R     R R  C C C   R R        R      R   R 

Marker for the assigned Wuchiapingian age                 
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4.3. Palynostratigraphy  

In the studied borehole cores distinct palynoassemblages were identified (Table 1 and, 

Figs. 3-7). For the borehole JOG16N-5 five palynoassemblages (T1-T5) whereas three 

palynoassemblages were identified for the borehole JOG16N-7 (B1-B3). The 

identification of the different biozones were mostly based in the relative abundance of 

the observed palynotaxa. Nevertheless, age assignment was based on correlation with 

local and regional schemes. The differences in the biozones are either abundance in 

bisaccate striate pollen or non-striate bisaccate pollen. Palynotaxa including 

Protohaploxypinus, Striatopodocarpites, and Scheuringipollenites are seen as 

dominant to sub-dominant throughout the entire section. Some sections unveil an 

abundance in spores if compared to others. Based on the occurrence of 

stratigraphically important taxa, Assemblage T1 from borehole core JOG16N-5 and 

assemblages B1, B2 and B3 from JOG16N-7 are correlated with Assemblage L2 

proposed by Pereira et al. (2019) in her study in the Muarádzi sub-basin, Moatize-

Minjova Coal Basin, Karoo supergroup from Mozambique. In its turn, the remaining 

assemblages from JOG16N-5 (T2, T3, T4, T5) are well correlated with the L3 

assemblage proposed by Pereira et al. (2019). Based on the established correlation, 

the assemblages T1, B1, B2, and B3 (this work) are tentatively assigned to Middle to 

late Wuchiapingian whereas the assemblages T2, T3, T4, T5 depict a late Lopingian 

(Changhsingian) age.   
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Fig. 3. Selected recovered palynomorphs from the JOG16N-5 and JOG16N-7 borehole cores: 

1. Lophotriles spp., samples R34, JOG16N-7, 2. Leiotriletes spp., sample R42, JOG16N-7, 3. 

Cyclogranisporites spp., sample R42, 4. Converrucosisporites confluensis (Archangelsky and 

Gamero) Playford and Dino, 2002, sample R45, JOG16N-7, 5.  Converrucosisporites spp., 

samples R42, JOG16N-7, 6. Granulatisporites austroamericanus (Archangelsky and Gamero, 

1979), sample R42, JOG16N-7, 7.  Granulatisporites austroamericanus (Archangelsky and 

Gamero, 1979), sample R42, JOG16N-7,  Horriditriletes spp., sample R45, JOG16N-7, 

Horriditriletes tereteangulatus (Balme and Hennelly), Backhouse 1991, sample R40, JOG16N-

7. 
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Fig. 4. Selected palynomorph specimens from the Maniamba Basin, Mozambique. 1. 

Laevigatosporites spp, sample E31, JOG16N-5, 2. Laevigatosporites vulgaris, sample E23, 

JOG16N-5, 3. Osmundacidites senectus (Balme, 1970), sample E26, JOG16N-5, 4. 

Osmundacidites senectus (Balme, 1970), sample E31, JOG16N-5, 5. Osmundacidites 

senectus (Balme, 1970), sample E33, JOG16N-5, 6. Osmundacidites senectus, 7. 

Thymospora pseudothiessenii (Kosanke) Wilson and Venkatachala 1963, sample R40, 

JOG16N-7, 8-Thymospora pseudothiessenii (Kosanke) Wilson and Venkatachala 1963, 

sample E59, JOG16N-7, 9. Thymospora pseudothiessenii (Kosanke) Wilson and 

Venkatachala 1963, sample R40, JOG16N-7, 10. Thymospora pseudothiessenii (Kosanke) 

Wilson and Venkatachala 1963, sample R64, JOG16N-7 11. Thymospora pseudothiessenii 

(Kosanke) Wilson and Venkatachala 1963, sample E59, JOG16N-5. Scale bar = 50 μ m. 
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Fig. 5. Selected retrieved palynomoprhs from the Maniamba Basin, Mozambique. 1. 

Alisporites spp., sample E47, JOG16N-5, 2. Ilinites unicus Kosanke 1950 emend. Jansonius 

and Hills 1976, sample R27, JOG16N-7, 3. Limitisporites amazonensis Playford and Dino, 

2000b, sample E22, JOG16N-5, 4. Potonieisporites lelei Maheshwari 1967 sample R64, 

JOG16N-7, 5. Protohaploxypinus amplus (Balme and Hennelly) Hart 1964, sample E22, 

JOG16N-5, 6. Protohaploxypinus spp., samples E22, JOG16N-5, 7. Protohaploxypinus spp., 

sample E28, JOG16N-5, 8. Protohaploxypinus spp., sample R27, JOG16N-7, 9. 

Protohaploxypinus goraiensis Potonié and Lele 1961, sample E42, JOG16N-5, 10. 

Striatopodocarpites cancelatus (Balme and Hennelly) Hart 1963, sample E39, JOG16N-5, 11. 

Striatopodocarpites fusus (Balme and Hennelly) Potonié 1956, sample E42, JOG16N-5, 12. 

Striatopodocarpites fusus (Balme and Hennelly) Potonié 1956, sample E42, JOG16N-5, 

sample E42, JOG16N-5, 13. Striatopodocarpites spp., sample E26, JOG16N-5, 14. 

Striatopodocarpites spp., sample R27, JOG16N-7, 15. Rhizomaspora spp., sample R27, 

JOG16N-7. Scale bar = 50 μ m. 
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Fig. 6. Selected palynomorphs from the Maniamba Basin. 1. Caheniasaccites flavatus, Bose 

and Kar 1966, sample R64, JOG16N-7, 2. Cannanoropolis mehtae (Lele) Bose and 

Maheshwari 1968, sample R46, JOG16N-7. 3. Corisaccites alutas Venkatachala and Kar 

1968, sample E33, JOG16N-5, 4. Lueckisporites virkkiae Potonié and Klaus 1954sample E26, 

JOG16N-5, 5. Lueckisporites virkkiae Potonié and Klaus 1954, sample E26, JOG16N-5, 6. 

Lunatisporites spp., sample E28, JOG16N-5, 7. Scheuringipollenites maximus (Hart) Tiwari 

(1973) sample R34, JOG16N-7, 8. Striomonasaccites incrassatus Playford and Dino, 2000, 

sample R27, JOG16N-7. 9. Striomonosaccites incrassatus Playford and Dino, 2000, sample 

R27, JOG16N-7. Scale bar = 50 μ m. 
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Fig. 7. Selected retrieved palynomoprhs from the Maniamba Basin, Mozambique. 1. 

Gnetaceapollenites sinuosus (Balme and Hennelly) Bharadwaj and Srivastava, 1969, sample 

E42, JOG16N-5, 2. Cycadopites cymbatus (Balme and Hennelly) Segroves 1970, sample E59, 

JOG16N-5, 3. Marsupipollenites striatus (Balme and Hennelly) Hart, 1965), sample E26, 

JOG16N-5, 4. Guttulapollenites hannonicus, Goubin 1965, sample E26, JOG16N-5, 5. 

Guttulapollenites hannonicus, Goubin 1965, sample E26, JOG16N-5, 6. Phakites fusus (Bose 

and Kar) Menéndez 1971, sample R64, JOG16N-7, 7. Vittatina costabilis, Wilson 1962, sample 

E28, JOG16N-5, 8. Vittatina spp., samples E26, JOG16N-5, 9. Weylandites lucifer (Bharadwaj 

and Salujha) Foster 1975, sample E39, 10. Weylandites spp., sample E21, JOG16N-5, 11. 

Weylandites striatus (Luber) Utting 1994, sample E39, JOG16N-5, 12. Unidentified algae, 

sample E33, JOG16N-5, 13. Unidentified algae, sample E33, JOG16N-5, 14. Fungal hyphae, 
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sample E21, JOG16N-5, 15. Translucent phytoclast with uni-bisseriate pitting, sample R64, 

JOG16N-7. Scale bar = 50 μ m. 

 

4.4. Correlations 

The establishment of a precise palynostratigraphy scheme across Gondwana sections 

is hindered due to the scarcity of marine faunas (Aggarwal et al., 2019) and others. 

However, in order to tentatively correlate the study section, a comparison was done 

with Karoo sections located in Mozambique and those paleogeographically closer sites 

as well with other Gondwana sequences (Table 3, and Fig. 8). 
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Table 3 Central Gondwana basins with similar palynoevents with the Maniamba Basin.  

Chronostratigra 
phy 

Zambia (Nyambe and 
Utting, 1997) 

    Madagascar, 
Sakamena Group (Wright 
and Askin, 1987) 

India, Godavari Basin 
(Aggarwal and Jha, 2013, 
Tiwari and Tripathi, 1987) 

Antarctica, Prince 
Charles Mountain 
(Lindström and 

McLoughlin, 2007) 

Moatize-
Minjova Basin 
(Mozambique) 
(Pereira et al., 

2019) 

Maniamba 
Basin, 

Mozambique 
(this study) 
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    Madumabisa Fm. 

 P. goraiensis, P. 
limpidus, G. 
hannonicus, 
Striatopodocarpites 
spp., Thymospora 
pseudothiessenii 

 Protohaploxypinus 
spp., 
Striatopodocarpites 
spp., G. 
hannonicus, 
Lueckisporites 
virkkiae, 
Osmundacites 
senectus 

 Striatopodocarpites 
spp., G. 
hannonicus, 
Osmundacidites 
senectus, 
Weylandites spp. 

 Protohaploxypinus 
spp., 
Striatopodocarpites 
spp., 
Osmundacidites 
senectus, 
Horriditriletes spp. 

 
 
 
 
L3:  
Osmundacidites 
senectus 

 
 
 
T2, T3, T4, T5: 
Osmundacidites 
senectus 

  
  
  
  
  
 W

u
c
h

ia
p

in
g

ia
n

 

 
 
 
 
 
 
 
Upper Gwembe Fm. 

 G. hannonicus, 
Thymospora 
pseudothiessenii 

    
 
 
L2: Thymospora 
pseudothiessenii 
 
 
L1: G. 
hannonicus 

 
 
 
T1, B1, B2, B3: 
Thymospora 
pseudothiessenii 

 The highlighted palynotaxa are regarded as stratigraphic markers. 
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4.4.1. Mozambique Karoo sub-basins 

The palynological assemblages obtained through this study are well correlated with L2 

and L3 assemblages proposed by Pereira et al. (2019), Lopes et al. (2021b), Galasso 

et al. (2019b) in the palynological work performed in the Muarádzi Basin and 

N’Condédzi sub-basin. This characteristic indicates that the palynostratigraphy of the 

sub-basins in Mozambican Karoo can easily be correlated (Table 3, and Fig. 8). 

 

4.4.2. Northern and Southern Karoo schemes with similar Lopingian palynoevents 

Northern Karoo schemes have proven to depict similar palynoevents as described in 

other studies (Pereira et al., 2016; Lopes et al., 2019, Nhamutole et al., 2024b). Here, 

northern Karoo Lopingian assemblages from Tanzania (Msaky and Srivastava, 1997), 

Zambia (Utting, 1979; Nyambe and Utting, 1997; Barbolini et al., 2016b) were 

compared (Table 3, Fig. 8). 

The upper Madumabisa Formation in the mid-Zambezi valley (Zambia) is 

characterised by taxa including Corisaccites alutas, Falcisporites australis, 

Guttulapollenites hannonicus, Klausipollenites schaubergerii, Polypodiisporites 

mutabilis, Protohaploxypinus goraiensis, Protohaploxypinus limpidus, 

Protohaploxypinus microcorpus, Striatopodocarpites spp., Thymospora 

pseudothiessenii), Vittatina spp., and Weylandites lucifer assigned to Lopingian are 

well correlated with Dulhuntyispora parvithola Zone of Backhouse (1991) and the APP5 

Zone of Price (1997), both dated as mid Wuchiapingian to late Changhsingian (Laurie 

et al., 2016) as well with the palynoflora of the Daptocephalus Assemblage Zone of the 

lower and middle Balfour Formation in the main Karoo Basin in South Africa (Barbolini 

et al., 2016a). Nevertheless, the presence of taxa listed above complemented with the 

occurrence of Thymospora pseudothiessenii is correlated with the assemblage T1 

(Borehole JOG16-5) and assemblages B1, B2, B3 (Borehole JOG16N-7). 

The upper part of the Gwembe Formation, in the lowermost unit of the Zambezi Basin 

is correlated with the D. ericianus Zone of Backhouse (1991), the Guttulapollenites. 

hannonicus–P. rugatus Zone (Zone VI) of Aitken (1998), Zone K8 (Barbolini et al., 

2018), assemblage Zone III of the mid-Zambezi Basin, Zimbabwe. All these 

assemblages have a record of a common distinctive species as Guttulapollenites 
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hannonicus and Thymospora pseudothiessenii which suggests a correlation with 

assemblages T1, B1, B2, B3 identified herein. 

However, the southern Karoo basins (South Africa and Zimbabwe) depict different 

palynoevents compared with its northern counterpart probably due to the Cargonian 

Highlands that acted as a barrier for floral exchange between the southern and 

northern parts of the Karoo during the Permian as argued by Isbell et al. (2008). In 

addition, the Main Karoo Basin in South Africa displays a tectonic style related to the 

development of a foreland basin formed by the tectonic load of the Cape Fold Belt that 

differs from the tectonic control of the East Africa Rift basins. This different tectonic 

style could have influenced the existence of different sedimentary facies in the north 

and south. In addition, it may be argued that the plant colonization could have differed 

in these regions (Anderson, 1977; Barbolini, 2014). All the aforementioned aspects 

might have influenced the FAD (first appearance datum) of the key-taxa thus hindering 

the establishment of a precise correlation scheme across central Gondwana 

sequences (Catuneanu et al., 2005). Furthermore, it should be emphasized that 

different palynoevents within the Main Karoo Basin are not only restricted to the south 

and north part. For instance, the microflora encountered in the Prince Albert Formation 

located in the western region of the Basin display different restricted range taxa if 

compared to the microflora of the Prince Albert Formation located in the southern 

region (Barbolini, 2014). The existence of evident provincialism defined by endemic 

taxa has been a challenge for correlation of Gondwana microfloras (McLoughlin, 2001; 

Prevec et al., 2009). A classic example regarding provincialism across Gondwana that 

hampers correlation has to deal with the absence of stratigraphically useful Australian 

species in other parts of Gondwana (Truswell, 1981; Backhouse, 1991; Prevec et al., 

2010). 

 

4.4.3. Gondwana schemes with similar associations 

Palynoassemblages T2, T3, T4, T5 from this study are correlated with assemblages 

from Morondova Basin, Madagascar (Lower Sakamena group) described by Wright 

and Askin, 1987) (Table 3, and Fig. 8). Key Lopingian taxa including Protohaploxypinus 

spp., Striatopodocarpites spp., Guttulapollenites hannonicus, Lueckisporites virkkiae, 

Osmundacidites senectus are observed in both sections. The aforementioned 
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palynoassemblages are also well-correlated with Changhsingian palynoflora from 

Godavari Graben in India (Aggarwal and Jha, 2013; Tewari et al., 2015; Jha et al., 

2018). Palynotaxa such as Striatopodocarpites, Guttulapollenites, Lunatisporites, 

Corisaccites together with some stratigraphically significant taxa such as Alisporites 

spp., Osmundacidites sp. and Weylandites spp., occur in these assemblages. Lastly, 

our palynoassemblages are tentatively correlated with Lopingian assemblages from 

Prince Charles Mountain, Antarctica (Lindström and McLoughlin, 2007). Species such 

as Protohaploxypinus spp., Striatopodocarpites spp., and spores assigned to the 

genera Osmundacidites, Horriditriletes, Lophotriletes, and Laevigatosporites depict 

similar palynoevents amongst the palynoassemblages from the Maniamba Basin with 

the ones observed from Prince Charles Mountain in Antarctica.  

 

Fig. 8. Gondwana correlations during Lopingian (area with deep blue colour) depicting similar 

palynoevents modified from Pereira et al (2016). A. Moatize-Minjova Basin (Mozambique); B. 

Mid Zambezi valley Basin (Zambia); C. Sakamena group (Madagascar; D. Godovari Basin 

(India); E. Prince Charles Mountain (Antartica). MB=Maniamba Basin (Mozambique). 
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5. Discussion 

Palynological analysis suggest a flora composed of luxuriant vegetation where the 

gymnosperm represented by Striatopodocarpites, Protohaploxypinus, and 

Scheuringipollenites completely dominate the assemblages, with non-glossopterids 

being sub-dominant throughout the entire section. Ferns, sphenopsids and lycopsids 

are common to abundant and are the typical vegetation of humid and warm lowland 

areas, with the rare influence of upland vegetation. The occurrence of silicified wood 

as reported by Nhamutole et al. (2021) support the fact that the plant growth in the 

area was climate and environment driven. Monosaccate pollen grains are scarce and 

the ones observed in the present study includes Corisaccites alutas, Lueckisporites 

sp., and Marsupipollenites triradiatus. The rare occurrence of monosaccate pollen 

indicates that drier areas existed but were probably located at greater distances from 

the floodplains. These were probably in upland regions of the river area as the 

gymnosperms that produced these palynomorphs (e.g., Cordaites) were unable to 

flourish in permanent wet soils and deeper swamps (Anderson and Anderson, 1985; 

Souza et al., 2015). Here, it should be stressed that only two Cordaitalean elements 

are known from the macrofloras of the Karoo Basin and include Noeggerathiopsis 

hislopi associated with coal macrofloras localities, being considered as hygrophilous 

and Noeggerathiopsis spathulate. The latter is rare in Upper Permian and is linked to 

flooding settings with absence of coal accumulation (Anderson and Anderson, 1985).  

 On the other hand, their low abundance indicates the influence of vast swamps and 

shallow lake environments existing during the deposition of the coal seam sequences 

observed in the Basin. Additionally, the high percentage of phytoclasts of different 

sizes, palynomorphs, and occurrence of algae (e.g., Botrycoccus braunii) described by 

previous studies corroborates with this palaeoenvironmental settings where water 

adapted higher seed ferns and gymnosperms thrived (e.g., Gotz et al., 2017; Wheeler 

and Gotz, 2017). These plants are responsible for the development of the thick coal 

beds in the Karoo basins, as shown by the occurrence of Alisporites, Protohaploxipinus 

and Striatopodocarpites in the palynomorph assemblages from both cores.  Key 

palynotaxa Thymospora and Osmundacidites occur in the assemblages and they 

provide some critical paleonvironmental information as their occurrence is linked to 

humid and lowland environments. Spores related to lycophytes (e.g., Indotriradites), 

characteristic of very wet and humid environments are also present in low numbers in 



270 

 

the palynomorph assemblages. However, an increase in abundance of spores along 

the sequences was not observed as expected for Lopingian sections suggesting that 

the Permian-Triassic boundary (PTB) was not reached. Similar results were also 

reported by Lopes et al. (2021) in the palynology work in the Muáradzi sub-Basin 

(Moatize-Minjova Basin). Palynofacies, Rock Eval, TOC (total organic carbon) and 

biomarker data from the studied borehole cores indicate deposition of sediments in a 

proximal-distal setting under oxic-dysoxic-anoxic conditions (Nhamutole et al., in 

press). The latter conditions are supported by the presence of pyrite, and high content 

of palynomorphs, moderate water level, low energy and depletetion in oxygen if 

compared to other organic matter components (Nhamutole et al., in press). Lastly, the 

observed changes in the lithofacies suggest a shift in the depositional environments. 

For instance, in both borehole cores is observed a clear shift from siltstone dominated 

environment to more coaly environment and then to siltstone-sandstone dominated 

environment. The observed sandstone could represent channel-fill successions, 

crevasse splay deposits linked to natural levees during the initial phases of flooding 

(Bicca et al., 2017). Carbonaceous shale horizons and coaly sections suggest 

overbank deposits with environmental conditions with the potential for coal formation 

and its accumulation. The intercalation of fine-siltstone and medium-to-fine grained 

sandstone units depict clastic deposition in the over banks during the flooding events. 

The sedimentation of silt and mud may have followed the peaks of the flooding events 

(Collinson, 1996; Bicca et al., 2017). The flooding intervals together with crevasse 

splay lenses suggest a meandering fluvial system characterised by high sinuosity that 

could have been triggered by tectonic activity during the Lopingian in the Maniamba 

Basin. The aforementioned variables were also responsible for sediment infilling in the 

Upper Karroo sequence from the Maniamba Basin. 

 

6. Conclusions  

Based on the stratigraphic distribution of palynomorphs recovered from two cores 

drilled in the Maniamba Basin, the following conclusions are derived: 

 The palynological studies revealed the presence of five distinct 

palynoassemblages from JOG16N-5 core (T1: 165-63.27 m; T2: 60.23-53.32 m; 

T3: 50.0-48.37 m; T4: 45.2-36.9 m; T5: 33.18-15.67 m) and three 
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palynoassemblages from JOG16N-7 core (B1: 272.84-144.3 m; B2: 137.9-133.62 

m; B3: 116.93-88.38 m). 

 The palynoassemblages T1 (JOG16N-5 core) and all the assemblages from 

JOG16N-7 (B1, B2, B3) were assigned to Middle-late Wuchiapingian whereas the 

assemblages T2, T2, T3, T4 and T5 from JOG16N-7 were are assigned to late 

Lopingian (Changhsingian). 

 Palynoassemblages T1, B1, B2, B3 are characterized by the common occurrence 

of characteristic Lopingian taxa (Guttulapollenites, Protohaploxypinus, 

Striatopodocarpites, Cannanoropolis, Cycadopites, Marsupipollenites, 

Striomonosaccites, together with common occurrence of Thymospora 

pseudothiessenii whereas the palynoassemblages T2, T3, T4 and T5 were 

assigned based in occurrence of Osmundacidites senectus in all the sequences 

complemented with the occurrence  of Lopingian taxa found in other 

palynoassemblages. 

 In the studied boreholes, humid and warm climatic conditions are inferred based 

on the luxuriant vegetation as recorded by the dominance of pollen grains 

assigned to Protohaploxypinus and Striatopodocarpites whereas the presence of 

upland vegetation indicators such as monosaccate pollen grains is rare. 

  The depositional environment was made up of several floodplains together with 

diversified wetlands characterised by forest swamps and lakes. 

 Based on correlations the studied assemblages display similar palynoevents with 

northern Karoo-aged basins of south-central Africa and with Lopingian central 

Gondwana basins from Madagascar, India, and Antarctica. On the other hand, 

Southern Karoo-aged basins (e.g., South Africa and Zimbabwe) show distinct 

Lopingian palynoevents which suggest the existence of tectonic barriers that 

probably prevented floral exchange. Other variables that support provincialism 

across the Karoo include the existence of different sedimentary facies as well as 

different plant colonization  

 Changes in lithofacies along the sections of both borehole cores indicate a change 

in the dynamics of the drainage system that prevailed during the Lopingian in the 

Maniamba Basin. In addition, channel-fill successions, crevasse splay deposits 

linked to natural levees, clastic deposition in the over banks are observed during 

the flooding events. 
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Conclusions  

 

The present work was undertaken with the purpose of understanding the organic 

matter composition, thermal evolution, organic facies, mineral composition, age of the 

strata, paleoenvironments, provenance, potential for hydrocarbon in the boreholes and 

outcrop strata from the Maniamba Basin, Mozambique. The results obtained were 

divided based in the borehole cores and studied outcrops. Multiproxy analysis used 

yielded the following conclusions: 

 

Borehole JOG16N-5 

 Pyrolysis Rock Eval data and palynofacies indicates deposition under proximal-

distal setting characterised by high energy conditions corroborates with high 

opaque phytoclast input that dilute other organic matter compounds. 

 Thermal maturity variables (Tmax, vitrinite reflectance, SCI) suggest immature to 

postmature levels of the organic matter (OM). The latter two parameters indicate 

the effect of kimberlite intrusions linked to rifting phases. 

 The mineralogical composition consists of calcite, quartz, illite, kaolinite, smectite 

and trace of feldspars. The mineralogical composition determined the 

occurrence of Fe-shale and shale facies. The occurrence of illite is linked to 

diagenetic processes and igneous intrusions. The presence of Kaolinite is 

probably linked to the alteration of k-feldspar. Quartz, k-feldspar are associated 

to lithological variations observed along the studied sequence. 

 Humid and warm paleoclimate linked to existing luxuriant glossopteris 

characterised by the dominance of Protohaploxypinus and Striatopodocarpites 

prevailed during the deposition and has influenced the paleoweathering. In its 

turn, there is a scarcity of upland covers indicators (monosaccate pollen).  

 Most of samples were classified as good to excellent in regard to their potential 

to generate hydrocarbons (mostly gas). 

 The palynotaxa events from JOG16N-5 borehole ressembles the northern Karoo 

aged basins as well as central Gondwana basins. On the other hand, the southern 

Karoo basins show distinct palynological events that could have been triggered 

by barriers of tectonic origin. These tectonic barriers could have hampered 
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palynoflora exchange. The aforementioned inferences are stressed by the 

existence of different sedimentary facies as well as different plant colonization.  

 Five palynoassemblages were obtained in which the first is assigned to Middle-

late Wuchiapingian whereas the last four are assigned to Changhsingian  

 

Borehole JOG16N-6 

 Non-marine influence for the organic matter is supported by four palynofacies 

associations, predominance of C27-31, odd over even preference, abundant 

stigmastane under colestane, TAR>1 and high content of tryciclic terpanes. 

 Thermal maturity parameters (SCI, vitrinite reflectance, CPI, OEP, ratios of 

18α(H) trisneohopane (Ts) over 17α(H)-trisnorhopane (Tm), the C29 ααα 

S/(S+R) isomerization ratios in C29 steranes and C30 βα/(βα+αβ), C31 αβ 

S/(S+R) and C32αβ S/(S+R) suggest low thermal evolution. 

 The mineral composition points to the dominance of quartz over other oxides, 

with the Al2O3/TiO2) indicates intermediate rocks with minor contribution from 

felsic rocks that undergone incipient to strong paleoweathering. 

 The organic matter is typical from proximal-distal environment which is 

influenced by variation in paleoredox conditions. 

 Isoprenoids (Pr/C17 and Ph/C18 and palynofacies) points out to kerogen type III 

which indicates gas potential. 

 Four palynoassemblages were obtained in which the first two are dated as latest 

Permian and the other two as Early Triassic. These assemblages are 

correlatable with well-established central Gondwana sections. 

 Warm and humid paleoclimate were observed in the first two 

palynoassemblages whereas progressive aridification is observed for the 

remaining. These data agree with the lithofacies interpretation. 

 

Borehole JOG16N-7 

 Please see the conclusion in the JOG16N-6 section. 

 Three palynoassemblages were obtained, and assigned to Middle-late 

Wuchiapingian. 
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 The common occurrence of characteristic Lopingian taxa (Guttulapollenites, 

Protohaploxypinus, Striatopodocarpites, Cannanoropolis, Cycadopites, 

Marsupipollenites, Striomonosaccites, together with common occurrence of 

Thymospora pseudothiessenii dominate the sequences. 

 The depositional environment in the Maniamba was characterized by several 

floodplains together with diversified wetlands characterised by forest swamps 

and lakes. 

 

Borehole JOG16N-8 

 Please see the palynological dating information in the JOG16N-6 section. 

 Phytoclasts dominates all the sequence with moderate contribution of 

sporomorphs and AOM. 

 The deposition of the JOG16N-8 sediments occurred under typical lacustrine-

fluvial environment favoured by oxidizing episodes that shifted with a seasonal 

shift to dysoxic.  

 SCI indicates a low thermal evolution for the OM. 

 The abundant type III and IV kerogens suggest potential source rocks for gas. 

 

Outcrops (Luiga, Michunwa, Nhamago, Luchai) 

 Palynofacies and biomarker data indicates terrestrially and bacterial derived 

organic matter with no marine influence 

 Thermal maturity variables (Ts/Tm ratio, methlyphenantrane, 2-

methlylantracene) suggest immature to overmature with some strata being 

influenced by kimberlite emplacement which are associated with the first or 

second graben faulting stages). 

 Environmental settings changed from oxic-suboxic-anoxic conditions. 

 In general, all units, are characterised by two categories of pollen that includes 

bisaccate striate and non-striate. 

 Hypautocthonous sedimentation is inferred based on the co-existence of 

lycopsids, filicopsids and sphenopsids vegetation. 
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 Luchai and Nhamago were dated to Late Permian-Early Triassic whereas 

Luchai and Nhamago pertain to Guadalupian. 

 Mineral composition, the range of organic richness (good to excellent) suggest 

the existence of potential source rocks for gas. 

From the paleoenvironmental point of view the Maniamba Basin is quite complex, 

however it should be highlighted that during Middle-late Permian to possibly Early 

Triassic this Basin was made up of fluvio-lacustrine settings together with coal seams 

which comprise floodplain, crevasse splay and typical associations of lithofacies 

derived from fluvial channels. This depicts a typical fluvial/lacustrine environment 

where the co-existence of sub environments comprising very high and low energy was 

possible. 

 

Contribution to the existing Knowledge  

The highlights of this research project are as follows:  

 The Permian sequences of the Maniamba Basin are rich in regard to OM and 

their maturation place them into gas and oil windows. However, the strata are 

more gas prone than oil. 

 Iintegrative approaches of palynology, palynofacies, Rock Eval pyrolysis, vitrinite 

reflectance together with biomarkers have demonstrated a great potential to 

complement existing studies (e., sedimentological, lithostratigraphic) in the 

Maniamba Basin as well as in other contemporaneous basins. The vitrinite 

reflectance were always correlatable with SCI, Tmax, and at some extent with 

biomarkers. 

 The present study also highlights the record of Permo-Triassic transition in the 

Maniamba Basin reinforcing Gondwana correlations in Central Gondwana as well 

as corroborating previously proposed vertebrate extinction events in the Karoo 

Basin.  

 The possible existence of intra Gondwanan provincialism that often hampers 

Gondwana correlation is also identified in the present research project in which 

northern Karoo palynoevents show dissimilarities with its southern Karoo 

counterpart. 
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 Through this research, it can be precisely stated that the petroleum fluids from the 

Rovuma Basin are not sourced from the deeper Permian Karoo rocks in the 

Maniamba Basin differing from previous assumptions. 

 Stratigraphically a Wuchiapingian age was suggested for the K4, whereas a 

Changhsingian-Induan age is inferred for the K5 formations in the Maniamba Basin 

contradicting previous thoughts.  This work represents the first comprehensive 

palynological biozonation scheme for the Maniamba Basin. 

 This work emphasizes the importance of the use of biomarkers (oil fingerprint) to 

assess hydrocarbon pathway and migration (source-oil correlation).   

 The occurrence of considerably thicker coals in the Basin opens perspective for 

future exploration of coal bed methane (CBM) in the Basin regarded as clean 

energy in the context of energy transition. 

In overall, these findings are highly encouraging follow up studies aiming at 

delineating the possible presence of other key elements essential for hydrocarbon 

research. 

 

Future research 

Main possibilities for future research may include: 

 Use 2D model for a better interpretation of the thermal history of the buried 

formations from the Maniamba Basin. 

 Sampling of outcrop strata in a smaller distance closer to kimberlite intrusions 

are needed for further understanding of the effect of the OM preservation and 

as well as maturity since volcanic thermal alteration significantly matures source 

rocks, often leading to high-to-overmature level. 

 The Permian-Triassic boundary identification was hindered due to the lack of 

palynotaxa changes across the boundary as well as the existing barren zones, 

hence the identification of molecular fossils and biogeochemical anomalies 

which are contemporaneous with the Permian-Triassic Event are required.  

 Evaluation of the paleoredox conditions changes across the Permian-Triassic 

boundary since they are considered the triggers of the extinction. 

 Undertake isotopes analysis in order to interpret the changes on carbon 

incursion through the sequence that depict the Permian-Triassic transition. 
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 In order to further our understanding regarding the stratigraphy of the Maniamba 

Basin all formations must be palynologically investigated (e.g., K2, K3, K6, KSb, 

KSc, KSd, and others). 

 Due to the excellent floral and faunal fossil record of the Maniamba Basin, future 

studies integrating different elements of the ecosystem (e.g., fauna, 

macroplants, microfloras) together with radiometric dating can possibly make 

Maniamba Basin the standard type section to which other Gondwana 

successions could be compared. 

In summary, it is crucial therefore that integrated methods are considered in future 

works in order to deepen our understanding regarding the geodynamics of the 

Maniamba Basin.  
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Reconstructing the Late Permian-Early Triassic environment of a coal-bearing 

succession in the Maniamba Basin, Mozambique (Central Gondwana): A multiproxy 

palynological and geochemical approach. 

 

Supplementary Materials 

Figure S1: Cuticule observed under transmitted white light. 

 

 

Figure S2: Cuticle from S1 image observed under blue light and exhibiting dark or no 

fluorescence.  
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Figure S3: Amorphous organic matter in transmitted white light. 

 

 

Figure S4: Amorphous organic from figure S3 in fluorescence mode. 
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Table S1 Palynofacies data of the outcrop strata. The Spore Coloration Index (SCI) interpretation was obtained from Makled and Tahoun (2015) 

and references therein. 

 

Outcrops 
(samples) 

                   Opaque (%)                               Non-Opaque (%) Palynomorphs 
(%) 

       AOM (%) Thermal maturity 

Equid. Elongated Corroded Biostructured Non-
Biostructured 

Cuticles Membranes Fungal 
hyphae 

Pollen Spores AOM Resin SCI Maturity 

1NN (3) 0 4.0 50.3 1.0 0  0 0 0.7 40.0 2.6 0.3 0.7 Light 
yellow 

Immature 

1NN (2) 2.1 4.7 50.0 1.3 0.5 0.3 0 0.5 39.7 0.6 0.3 0.0 Dark 
yellow 

Early mature 

1NN (1) 0.7 1.6 42.7 5.0 1.3 1.3 0 0 30.0 7.4 10.0 0.0 Light 
yellow 

Immature 

23NN (4) 0.0 6.3 7.6 5.7 1.2 0.0 0.0 0.0 48.2 10.0 18.0 3.0 Light 
yellow 

Immature 

23NN (2) 0.0 1.0 70.3 1.7 0.0 0.0 1.0 0.0 10.3 5.0 10.0 0.7 Dark 
yellow 

Early mature 

31NN (4) 0.3 6.0 6.9 3.0 3.0 0.5 0.7 0.3 50.0 12.0 15 2.3 Black Overmature 

31NN (3) 0.0 15.7 63.3 5.7 0.0 1.3 0.0 0.3 9.7 0.0 4.0 0.0 Yellow 
brown 

Mature 

31NN (1) 0.0 8.3 46.0 10.0 0.3 1.0 0.0 0.2 24.5 5.5 3.2 0.7 Brown Late mature 

40NN (1) 0.4 4.7 61.3 3.0 0.6 0.6 0.5 0.3 18.3 1.7 8.5 0.1 Light 
yellow 

Immature 

40NN (2) 0.0 2.2 4.7 4.0 8.0 0.0 0.0 0.0 50.0 10.4 18 2.5 Dark 
yellow 

Early mature 

40NN (4) 0.0 10.7 66.0 2.3 1.3 0.0 0.0 0.0 8.3 1.4 10.0 0.0 Dark Overmature 

*AOM=Amorphous organic matter; SCI=Spore coloration index. 
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