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Abstract 
 
Termites alter soil profiles by gathering nutrient-rich materials to construct their nests, known 

as termitaria. Certain termite species also fortify their termitaria using a combination of saliva 

and excrement (frass), resulting in geochemically distinct termitaria relative to the host soils. 

The enrichment of exchangeable bases derived from organic matter, including termite frass, 

and upward groundwater movement frequently leads to post-construction carbonate 

precipitation within termitaria. Fossil termitaria near Calitzdorp, Western Cape, South Africa, 

were described nearly two decades ago, but no detailed work has been performed on them 

until now. Here, these calcretised Quaternary features, which are largely composed of calcite 

and dolomite, are investigated to 1) determine whether there is evidence of nutrient mining 

or preferential nutrient enrichment in the fossil termitaria compared to their host palaeosols 

and 2) assess the palaeoenvironmental conditions at the time of carbonate precipitation. The 

fossil termitaria are distinct from their host palaeosols, being enriched in CaO, MgO, MnO, 

and P₂O₅ and depleted in Al₂O₃, Cu, Fe₂O₃, K₂O, and Zn, suggesting that the termites enriched 

their termitaria by depositing organic matter. However, there is no evidence of termites 

selectively mining materials, as observed in modern termitaria. The termitaria's unique 

geochemical signature is attributed to post-construction carbonate precipitation facilitated 

by termite activity. The enrichment of CaO and MgO can be linked to the termites' localised 

deposition of organic matter, rich in exchangeable base cations (Ca²⁺, Mg²⁺, K⁺, Na⁺). While 

calcite is present in other termitaria, the dolomite found in the termitaria in this study is 

distinctive and likely resulted from secondary carbonate precipitation aided by magnesium-

rich organic matter. This exchangeable base enrichment, enhanced by termite activity, likely 

led to the preferential calcretisation of the termitaria, setting them apart from their host 

palaeosols. The pedogenic carbonate within the termitaria and some palaeosols indicates an 

arid environment at the time of carbonate formation. The δ¹³C values of the termitaria range 

from 0 to -8‰, indicating a mixed C₃-C₄ vegetation matrix, with a more pronounced C₄ 

signature at the northern ichnosite and a stronger C3 signature in the southern ichnosite. This 

mixture suggests a close association with year-round rainfall, with a higher proportion of arid-

adapted vegetation in the north and a lower proportion in the south. Furthermore, the δ¹⁸O 

values indicate a similar water source between the two ichnosites and reflect 

palaeotemperatures ranging from ~20 to 35 °C.  
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1. Introduction 

Termites are renowned as ecosystem engineers, known for altering soil profiles through the 

construction of their termite nests (i.e., termitaria; e.g., Lock, 2013; Seymour et al., 2014; 

Kandasami et al., 2016; Muvengwi et al., 2018; Mills and Sirami, 2018; Bera et al., 2020). These 

intricate termitaria are typically biogeochemically different from the adjacent soils, 

particularly in nutrient-poor environments, where termites selectively mine nutrient-rich 

materials throughout the soil profile. During the termitarium’s construction, organic matter—

comprising termite excrement, saliva, and plant material—and fine-grained sediments (e.g., 

sands and muds) are deposited. This combination, along with groundwater infiltration, 

enriches nutrients, exchangeable bases, and carbonates within the termitaria relative to the 

adjacent soils (Brune and Kühl, 1996; Hopkins et al., 1998; Holt and Lepage, 2000; Jouquet et 

al., 2004; Singh et al., 2017). As a result, the nutrient availability in termitaria is higher than 

that of the surrounding soils. 

 

In the geological record, termite body fossils are rare (Stevens, 1980; Peterson, 2006). 

However, the more robust structure of fossil termitaria gives them a much higher 

preservation potential, and they are more frequently recorded in the literature (e.g., Moore 

and Picker, 1991; Hasiotis and Dubiel, 1995; Genise, 1997; Duringer et al., 2007). Fossil 

termitaria are typically preserved as distinct, cylindrical structures that stand out from the 

surrounding soils (Crossley, 1984; Hasiotis and Dubiel, 1995; Duringer et al., 2007; Francis and 

Poch, 2019). These formations often display horizontal shelving and may contain pedogenic 

carbonates, which are typically associated with semi-arid to arid environments and contribute 

significantly to the preservation of the formations. Pedogenic carbonates form when 

inorganic carbon, commonly in the form of calcium carbonate (CaCO₃), dissolves and migrates 

through the soil, eventually re-precipitating in situ (Retallack and Wright, 1990; Srivastava et 

al., 2016). The precipitation of carbonates is complex and may extend over thousands of years 

after the initial development of the soil, depending on various factors such as the composition 

of the soil, climate and other environmental conditions (Machette, 1985; Durand et al., 2006). 

This potential temporal lag implies that the carbonates within a soil horizon may not be 

contemporaneous with the primary soil, thereby necessitating careful interpretation and 

implying an inherent limitation when using them as palaeoclimate proxies. These carbonates 
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usually precipitate under warm and dry conditions, where evaporation exceeds precipitation, 

and are marked by significant dissolution-reprecipitation during climate fluctuations. The 

carbon isotope composition of pedogenic carbonates is closely linked to the types of 

vegetation which were present in the primary soil, while their oxygen isotope composition 

can offer insights into temperature and rainfall patterns at the time of carbonate precipitation 

(Goudie, 1973, 1983; Lintern et al., 2006; Potts et al., 2009; Candy and Black, 2009; Alonso-

Zarza and Wright, 2010; Tanner, 2010). While constraining the precise sequence of carbonate 

is beyond the scope of this study, there are methods of dating the carbonates, such as 

uranium-thorium (U-Th) and radiocarbon dating, that provide an estimated geological age. 

Consequently, the carbon and oxygen isotope composition of pedogenic carbonates in fossil 

termitaria serves as a proxy for ancient climate and vegetation, providing valuable insights 

into palaeoenvironmental conditions.  

 

To date, fossil termitaria studies focus on morphology, termite evolution and fungus farming, 

and, although some studies have investigated the palaeoclimate potential of fossil termitaria, 

different proxies have been used, which cannot be easily compared (e.g., Thorne et al., 2000; 

Genise et al., 2000; Pickford, 2006; Duringer et al., 2007; Hasiotis and Dubiel, 2008; Bordy et 

al., 2009; Roberts et al., 2016; Genise, 2017; Backwell et al., 2020). While it is well-

documented that termites act as nutrient cyclers in modern environments, enriching 

nutrients in termitaria compared to surrounding soils, limited research has been conducted 

on nutrient cycling within fossil termitaria (Coaton, 1981; Moore and Picker, 1991; Bordy et 

al., 2009; Backwell et al., 2020). Locally, stable isotope analysis of carbonates from ~30 ka 

Heuweltjies (subaerial mounds thought to be termite-constructed) has successfully 

demonstrated their use as a palaeoclimate proxy (Potts et al., 2009). The age of the 

Heuweltjies has been constrained through radiocarbon dating (Midgley et al., 2002). 

However, these mounds differ significantly in morphology and potentially in their tracemaker 

from the subterranean fossil termitaria examined in this study. Fossil termitaria in South 

Africa are scarce, with most reports providing only brief descriptions based on fragmentary 

material (Coaton, 1981; Moore and Picker, 1991; Bordy et al., 2009). As a result, local fossil 

termitaria warrant further investigation, as they hold the potential to offer valuable insights 

into past climates and ancient termite activity, which could enhance our understanding of 

termite evolution in the region. 
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Here, we explore two fossil termitaria locations in Calitzdorp, Western Cape (South Africa), 

that John Almond briefly reported on in a Palaeontological Impact Assessment (Almond, 

2005), which was subsequently worked on and expanded by the UCT Continental Trace 

Studies Group (Hadebe, 2021; Abrahams et al., 2022; Muir et al., 2022). Modern termitaria 

samples from Bainskloof, Western Cape, were also analysed to add a contemporary 

comparison for interpreting the fossil data. This study, focused on six fossil termitaria, aims 

to: 

1. Assess the mineral composition of the host palaeosol and fossil termitaria using XRD 

analysis. 

2. Investigate the major and trace element composition of both the host palaeosol and 

fossil termitaria to determine if the nutrient content is higher relative to the host 

palaeosol. 

3. Examine the stable isotope composition of the host palaeosol (where applicable) and 

fossil termitaria to infer past climate and vegetation. 

 

This research offers valuable insights into the palaeoclimate record of the southern Cape 

during the Quaternary, a period of notable climate fluctuations for which local data remains 

limited (Petit et al., 1999; Elias, 2013; Ehlers et al., 2018; Strobel et al., 2022). Additionally, 

the evidence of active nutrient cycling by termites, followed by mineral precipitation within 

the fossil termitaria, could help to reveal more about ancient termite behaviour. Overall, 

these findings will contribute to refining reconstructions of the local palaeoenvironment 

during the Quaternary. 
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2. Background 

Quaternary, calcretised fossilised termitaria have been reported along the Gamka Valley 12 

km south of Calitzdorp (Fig. 2.1; Western Cape, South Africa; Almond, 2005; Abrahams et al., 

2022). The investigation of these termitaria forms part of a larger ongoing project, and many 

more fossil termitaria are likely preserved in the greater Oudtshoorn region. The fossilised 

termitaria are large (up to ~1.5 m tall), cylindrical, shelved features and are interpreted to be 

subterranean termitaria constructed by ancient termites (Abrahams et al., 2022). After 

construction, carbonates precipitated within the termitaria, i.e., they underwent 

calcretisation and subsequent dolomitisation, aiding their preservation. The timing of these 

diagenetic processes relative to the construction of the termitaria is unknown, as it has not 

been explored in this study. 

2.1 Geological context 

Two study localities, herein referred to as the Calitzdorp and Groenefontein ichnosites, have 

been identified along the Gamka Valley, south of the main Calitzdorp town (Fig. 2.1 B). The 

dominant geology of the Calitzdorp area comprises the 510 Ma Cape Supergroup (southern 

study area) and 183 Ma Uitenhage Group (northern study area), where the Gamka River has 

incised the Uitenhage Group and Cape Supergroup (Rogers, 1903; Dingle, 1973; Dingle et al., 

1983; Tinker et al., 2008; Weckmann et al., 2012; Muir et al., 2017; Martin and Croukamp, 

2021; Green et al., 2022). Quaternary alluvial deposits have developed above these older 

units (Hadebe, 2021).  

 

At the Calitzdorp ichnosite (see Table 3.1 for coordinates), the fossil termitaria are preserved 

within calcretised Quaternary sands, which are overlain by nodular to hardpan calcretes and 

underlain by gravels (Hadebe, 2021). This type of carbonate succession is common in 

pedogenic soil profiles (Netterberg, 1980; Wright and Tucker, 2009). The age of the fossil 

termitaria at Calitzdorp has been tentatively assigned to ~300 ka based on preliminary U-Th 

dating of the pedogenic carbonates within the termitaria (Muir et al., 2022). The U-Th dating 

was conducted on the carbonates above the termitaria, yielding U-Th ages of 319.3 ± 8.6 ka 

and 322.2 ± 8.3 ka, which provide a minimum age constraint of ~320 ka, placing these fossil 

termitaria in the Middle Pleistocene. The dating process utilised Laser Ablation Inductively 
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Coupled Plasma Mass Spectrometry (LA-ICP-MS) and multi-collector ICP-MS (MC-ICP-MS) 

techniques, which ensured a high degree of precision in the age determination. At the 

Groenefontein ichnosite (see Table 3.1 for coordinates), the fossil termitaria are preserved 

within shallow, sandy and muddy regolith of the Devonian Bokkeveld Group (Cape 

Supergroup).  

 

Although both sites preserve termitaria with similar morphological features, they are hosted 

in different lithologies, reflecting variability in the local sedimentary environments rather 

than indicating differences in age or tracemaker. While the age of the Calitzdorp termitaria 

has been tentatively assigned, the age of the Groenefontein termitaria remains to be refined 

by the research group. 

 
Figure 2.1. Overview of the fossilised termitaria ichnosites. A) Geological map of the Western 
Cape (South Africa) including the location of the Heuweltjies (Potts et al., 2009) B) Google 
Earth image of the Gamka Valley with ichnosite locations C) Fossil termitaria at the Calitzdorp 
ichnosite, which are preserved within calcretised alluvial deposits: 1) polymictic gravels, 2) 
fine-grained calcretised sand, 3) nodular calcrete, 4) hardpan layer, and 5) unconsolidated 
modern soil.  
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2.2 Fossil termitaria 

Termites are soft-bodied invertebrates with a low preservation potential in the geological 

record (Stevens, 1980; Peterson, 2006). They first appear in the body fossil record during the 

Early Cretaceous (~127 Ma) and are geographically widespread, with body fossils reported 

from Asia, Europe, North America, and Russia (Rohr et al., 1986; Korb, 2008; Bezerra et al., 

2021). The large termitaria, which have a higher preservation potential than the soft-bodied 

termites, are more commonly reported in the geological records from Asia, Europe, North 

America, and South America (Bown and Laza, 1990; Genise, 1997; Thorne et al., 2000; 

Pickford, 2006; Duringer et al., 2007; Roberts et al., 2016). Tentative fossil termitaria date to 

the Late Triassic and Early Jurassic, but the termite origin of these features is highly debated 

and would shift the timing of the origin of termites based on the body fossils by 110 million 

years (Hasiotis and Dubiel, 1995; Bordy et al., 2004; Genise et al., 2005).  

 

Termites are found on all continents except Antarctica, with a greater prevalence in warm 

climate regions, primarily between 45 degrees north and south of the equator (Wood, 1988). 

They exhibit the highest diversity near the equator, where humidity levels are elevated (Abe 

et al., 2000; Turner et al., 2006). Through intricate architectural designs, termites create 

stable, humid microclimates within their termitaria, effectively buffering against extreme 

temperatures, water scarcity, and other unfavourable conditions characteristic of semi-arid 

to arid regions (Lüscher, 1961; Wood, 1988; King et al., 2015; Joseph et al., 2016; Jouquet et 

al., 2016; Ocko et al., 2017; Katariya et al., 2018). The termitaria may be below-ground, above-

ground, or tree-hosted, depending on the environmental conditions and available resources 

(Noirot and Darlington, 2000). In warmer, wetter environments, tree-hosted termitaria are 

more prevalent, whereas below-ground termitaria dominate in drier conditions (Wilson, 

1971; Specht, 1981; Whitford et al., 1992; Grube and Rudolph, 1995; Turner et al., 2006; Wijas 

et al., 2022). Subterranean termitaria, built deep within the soil profile, protect it from harsh 

surface conditions such as extreme temperatures and aridity (Jones and Oldroyd, 2006; Korb, 

2008; Gouttefarde et al., 2017). Within these structures, intricate networks of galleries and 

storage chambers are designed to optimise temperature, ventilation, and humidity.  

 



 
 

11 

Termites engineer resilient termitaria by combining strategic material selection with effective 

moisture management, optimising nutrient availability, structural stability, and longevity in 

their termitaria (De Bruyn & Conacher, 1990; Turner, 2001; Su & Puche, 2003; Lock, 2013; 

Ocko et al., 2017; Seymour et al., 2014; Kandasami et al., 2016; Mills & Sirami, 2018; 

Muvengwi et al., 2018; Bera et al., 2020). They primarily use two types of building materials: 

exogenous materials such as soil and plant matter, which are transported in their mandibles, 

and faecal matter, deposited through excretion (Lee and Wood, 1971; Pomeroy, 1983). 

Additionally, termites preferentially excavate fine-grained sediments, like clay and silt, from 

deep within the soil profile and mix these with saliva to form a cohesive building agent (De 

Bruyn and Conacher, 1990; Holt and Lepage, 2000; Jouquet et al., 2016; Oberst et al., 2020). 

The faecal matter serves as a cementing agent, waterproofing and reinforcing the 

termitarium’s structure (Wood, 1988; Holt and Lepage, 2000; Brauman, 2000). Due to the 

alkaline nature of the termite digestive tract, the faeces, and consequently the reinforced 

termitaria, are enriched in exchangeable base cations, including Ca²⁺, Mg²⁺, K⁺, Na⁺, and Al⁺ 

(e.g., Midgley and Musil, 1990; Brune and Kühl, 1996; Hopkins et al., 1998; Mahaney et al., 

1999; Jouquet et al., 2004; Seymour et al., 2014; Singh et al., 2017; Mills and Sirami, 2018; 

Souza et al., 2020; Chen et al., 2021; Koné et al., 2022). Furthermore, termitaria exhibit 

enrichment in micronutrients such as Co, Cu, Fe, Mn, and Zn, which is facilitated by behaviours 

such as fungus culturing and a preference for clays, known to be richer in micronutrients 

compared to sand (Mills et al., 2009; Stewart et al., 2012; Wang and Henderson, 2013; Janzow 

and Judd, 2015; Baig et al., 2018).   

 

In both modern (Black and Okwakol, 1997; Mujinya et al., 2011; Singh et al., 2017) and fossil 

termitaria (Watson, 1974; Coaton, 1981; Moore and Picker, 1991; Liu et al., 2007; Potts et al., 

2009; Francis and Poch, 2019), local accumulation of carbonates is observed, even in regions 

characterised by non-calcareous soils. Importantly, not all fossilised termitaria contain 

carbonates, likely due to the specific conditions required for carbonate precipitation within 

the termitaria (e.g., Badawy, 2018; Ngoy et al., 2023). Several models have been proposed to 

explain the observed carbonate enrichment in termitaria, but the precise mechanism is not 

fully understood and likely involves a combination of these models (Milne, 1947; Lee and 

Wood, 1971; Watson, 1974; Mujinya et al., 2011; Francis and Poch, 2019). The two primary 

models for carbonate mineralisation in termitaria are biogenic and abiogenic processes. 
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Biogenic mineralisation is attributed to living organisms like termites or bacteria, which can 

involve the biomineralisation or the foraging of CaCO₃ and organic matter from the soil, thus 

enriching the termitaria in calcium ions or carbonates directly. In contrast, abiogenic 

carbonate mineralisation occurs through physical processes, such as the upward movement 

and evaporation of groundwater, which enrich the termitaria with Ca²⁺ and HCO₃⁻ that react 

to produce calcium carbonate. Carbonate precipitation can occur within a living termitarium 

or after its construction (producing overprinting), due to one or both biogenic and abiogenic 

processes (Lee & Wood, 1971; Mujinya et al., 2011; Francis & Poch, 2019). However, 

distinguishing between biogenic and abiogenic contributions is generally reported to be 

complex. 

2.3 Pedogenic carbonates 
 
Pedogenic carbonates are accumulations that replace terrestrial sediments within the soil 

profile (De Bruyn and Conacher, 1990; Turner, 2001; Su and Puche, 2003; Ocko et al., 2017) 

and have been present in the geological record since the Precambrian (e.g., Potts et al., 2009; 

Wright and Tucker, 2009; Alonso-Zarza and Wright, 2010; Elidrissi et al., 2018). These 

carbonate accumulations primarily consist of calcite (CaCO3) but may also include dolomite 

((CaMg (CO3)2); Whipkey et al., 2002; Wright and Tucker, 2009; Kearsey et al., 2011). While 

calcite is typically the dominant carbonate phase, dolomite can occur as a replacement 

mineral or, more rarely, precipitate directly under specific conditions. Dolomitisation may be 

facilitated by magnesium-enriched porewaters or the leaching of calcium, though 

distinguishing primary from secondary dolomite can be challenging, particularly in fine-

grained ( or micritic) carbonates (Bustillo and Alonso-Zarza, 2007; Podwojewski, 1995; Alonso-

Zarza and Wright, 2010). The presence of dolomite complicates the interpretation of stable 

isotope data, especially δ¹⁸O, due to differences in isotopic fractionation and the potential for 

later fluid interactions. The precipitation of pedogenic carbonates occurs across a wide range 

of climatic conditions, extending from arid to sub-humid (Goudie, 1973, 1983; Lintern et al., 

2006; Candy and Black, 2009; Wright and Tucker, 2009 Gocke et al., 2012). However, warmer, 

drier climates favour their formation. 
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Pedogenic carbonates serve as valuable proxies for palaeoclimatic conditions (e.g., Dubbin, 

2001; Potts et al., 2009; Tanner, 2010). The carbon and oxygen isotope composition of the 

carbonates reflects that of the soils in which they precipitate and provides valuable 

information on environmental conditions, carbon cycling, and ecosystem processes at the 

time of soil formation (Sharp, 2017).  

 

The carbon in the soil profile originates from CO₂ derived from the atmosphere, groundwater, 

plant material, and microbial activity. The two main photosynthetic pathways, C₃ and C₄, help 

plants adapt to different climates. Plants with C₃ photosynthetic pathway can thrive in arid 

and humid environments and typically exhibit δ¹³C values ranging from -33 to -23‰, whereas 

C₄ pathway plants are better adapted to arid conditions, with δ¹³C values ranging from -16 to 

-9‰, which averages approximately 13‰ higher than those of C₃ plants (Sage et al., 1999; 

Sharp, 2017). Moreover, pure C₃ and C₄ source plants break down in the soil and produce 

pedogenic carbonates within typical δ¹³C ranges of -12 to -9‰ and 1 to 3‰, respectively 

(Cerling, 1999). A δ¹³C value below the range of -9 to 1‰ suggests mixed vegetation, with 

lower δ¹³C values indicating a higher proportion of C₃ plants, while more positively skewed 

values point to C₄ plant dominance. For example, a δ¹³C value of -4‰ would represent a 

midpoint in this spectrum, indicating a mix of C3 and C4 vegetation, where values above this 

threshold indicate a stronger C₄ signature, and those below suggest a stronger C₃ influence. 

The isotopic composition of carbonates in vegetated soils is predominantly influenced by the 

ratio of C₃ to C₄ plants within the local ecosystem (Irwin et al., 1977; Cerling et al., 1989; Mack 

and Cole, 1991; Quade, 1993; Ghosh et al., 1995; Kuzyakov, 2006; Duvert et al., 2018). 

Consequently, the δ¹³C values of pedogenic carbonates can inform about the dominant 

photosynthetic pathways of ancient vegetation.  

 

Variations in the δ¹⁸O values of pedogenic carbonates are influenced by the water 

temperature during carbonate precipitation, making them valuable indicators for 

reconstructing palaeotemperature changes (e.g., Talma and Netterberg, 1983; Dworkin et al., 

2005; Jolivet and Boulvais, 2021). The δ¹⁸O values of the rainwater influence the δ¹⁸O of the 

soil and, subsequently, the carbonates. During phases where liquid and vapour coexist in the 

hydrological cycle, water undergoes Rayleigh fractionation, a temperature-dependent 

process that modifies the δ¹⁸O values of local rainfall. Typically, groundwater reflects the δ¹⁸O 
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value of total local rainfall, which is often determined from the weighted mean of monthly 

rainfall, providing insights into atmospheric moisture content. However, the interpretation of 

δ¹⁸O values in groundwater presents certain limitations, including uncertainties associated 

with ambient rainfall isotopic values and various factors influencing soil water content 

(Dansgaard, 1964; Koch, 1998). Consequently, changes in moisture availability are generally 

expressed in relative terms.  

2.4 Quaternary Climate 
 
The Quaternary period, comprising the Pleistocene (2580 – 11.7 ka) and Holocene epochs 

(11.7 ka – present), is characterised by global climate oscillations (Fig. 2.2; e.g., Petit et al., 

1999; Elias, 2013; Ehlers et al., 2018). Long periods of glaciation, mainly affecting ice sheet 

growth in the northern hemisphere, were followed by shorter intervals of warmer global 

climate, with the Mid-Pleistocene transition (1.2 – 0.8 Ma) marking a shift towards shorter 

glacial and interglacial cycles, driving global climate change (Pisias and Moore, 1981; Siddall 

et al., 2010; deMenocal, 2011; Elderfield et al., 2012; Elias, 2013; Detlef et al., 2018; Sutter et 

al., 2019; Williams, 2023). These climatic variations resulted in the extinction of many species, 

along with adaptive behavioural changes in those species that survived (Deacon, 1983; Vrba, 

1995; Bennett, 1997; Coope et al., 1997; Elias, 2013; Castañeda et al., 2016; Timmermann and 

Friedrich, 2016; Venter et al., 2020; Stynder and Bishop, 2023). 

Figure 2.2. The Quaternary global benthic 𝛿 18O oscillation from foraminiferal calcite indicates 
major global climate fluctuations of the last 2.4 million years (Lisiecki and Raymo, 2005). The 
carbonates in the termitaria age (determined by U-Th dating) indicated (Muir et al., 2022). 
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The Quaternary climatic trends in southern Africa are shaped by regional factors such as 

atmospheric circulation and oceanic currents (warm Eastern Agulhas and cold Western 

Benguela), which result in nuanced and variable climate dynamics that do not necessarily 

mirror global climate change observations (Rogers, 1988; Walker, 1990; Hewitt, 2000; Chase 

and Meadows, 2007; Holzkämper et al., 2009; Bruch et al., 2012; Hare and Sealy, 2013; Strobel 

et al., 2022). Due to the geographical complexities of South Africa, understanding the 

Quaternary climate remains challenging. The existing records, spanning approximately 320 

ka, are not only scarce but often contradictory. While some studies suggest cooler conditions, 

others propose that the middle to late Pleistocene was warmer and drier, evidenced by the 

expansion of C4 grasses and elevated interglacial sea levels (Henshilwood, 2008; Bar-

Matthews et al., 2010; Eze, 2013; Quick et al., 2015; Compton, 2016; Dupont et al., 2022; 

Strobel et al., 2022). These discrepancies may be attributed to a lack of continuous 

palaeoclimate proxies over ~320 ka, along with research focus on intervals of high interest, 

such as the Last Glacial Maximum (LGM) and the Plio-Pleistocene boundary interval; crucial 

periods for climate change, and faunal and human evolution (e.g., Partridge et al., 1990; 

Avery, 2001; deMenocal, 2004; Reynolds, 2007; Hopley and Maslin, 2010; Cooper et al., 

2018).  

 

Across South Africa, vegetation patterns are closely tied to rainfall regimes and temperature. 

The western region, especially in the winter rainfall zone (WRZ), tends to support C₃ 

vegetation, partly due to cooler temperatures and winter precipitation. In contrast, the 

eastern regions of the country, which are warmer and receive summer rainfall, are dominated 

by C₄ grasses that are better adapted to high temperatures and seasonal summer rain (Vogel 

et al., 1978; Cowling, 1983; Chase and Meadows, 2007). Calitzdorp is located in the southern 

interior and is situated within the year-round rainfall zone (YRZ) and supporting a mix of C₃ 

and C₄ vegetation. 

 

During the Pleistocene, there was a general shift toward warmer and drier conditions in South 

Africa (Henshilwood, 2008; Quick et al., 2015; Mohale et al., 2022). The SRZ transitioned from 

mixed C3/C4 vegetation in the Early to Middle Pleistocene with C4 dominance later in the 

Pleistocene, reflecting a change from cooler and wetter climatic conditions to drier conditions 

(Cawthra and Bateman, 2016; Hahn et al., 2017). Terrestrial sediment cores from ~263 ka and 
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offshore sediment cores from ~300 ka in the southern Cape Coast provide some 

palaeoclimate context for the Middle Pleistocene in the southern Cape. These cores indicate 

generally warm and arid conditions, characterised by a cessation of major flood events and 

reduced rainfall, which predominated during the late Pleistocene (Hahn et al., 2017; Strobel 

et al., 2022). Additionally, speleothem records from Pinnacle Point (~50 km south of 

Calitzdorp) suggest a year-round rainfall regime during the Pleistocene (Braun et al., 2019). 

Given the spatial and temporal variability in climate driven by local factors, extrapolating the 

palaeoclimatic conditions for the Calitzdorp area back to ~320 ka is problematic.  
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3. Materials and Methodology  
 
Between 2022 and 2024, numerous field trips to Calitzdorp and Groenefontein were 

conducted to contextualise the fossil termitaria and collect samples for analysis. To 

quantitatively assess the geochemistry of the fossil termitaria and their host palaeosols, three 

analytical methods were employed: X-ray diffraction (XRD), X-ray fluorescence (XRF) and 

stable isotope analysis.  

3.1 Fieldwork: sample collection 

3.1.1 Fossil Termitaria 

Calitzdorp 

At the Calitzdorp ichnosite, eight calcretised fossil termitaria are preserved laterally within 1 

m of each other in a palaeosol profile comprising different morphological carbonate forms 

(Fig. 2.1 B; Hadebe, 2021; Abrahams et al., 2022). These include calcretised sands, calcrete 

nodules and hardpan calcrete. There is a strong lithological control on the preservation of the 

fossil termitaria, they are only preserved in the calcretised sands (the physical host palaesol), 

with their base corresponding to underlying gravel and their observed upper limit in line with 

the nodular calcrete, though it is possible they originally extended into the hardpan (Hadebe, 

2021). Consequently, the four forms of calcrete are considered herein as the “host 

palaeosols”. However, for ease of direct comparison, the host palaeosol in the syntheses and 

discussion refers specifically to the calcretised sands (PCS) in which the fossil termitaria are 

predominantly preserved.  

 

In this study, two fossil termitaria and four host palaeosols samples were collected for 

geochemical analyses (Table 3.1): fossil termitaria (CAL 2.1 and CAL 2.2), calcretised powdery 

sands (PCS), nodular calcrete (CAL 2.4 and PCN), and hardpan calcrete (CALI H).  

 
Groenefontein  

At the Groenefontein ichnosite, a single fossil termitarium was initially reported by Almond 

(2005), while five more were discovered during the current study (Fig. 2.1 C; Table 3.1). The 

fossil termitaria are preserved in relative lateral isolation, and individual termitaria are 

located between 0.05 km–1 km apart and are preserved in fine sands and muds from the 
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Bokkeveld shale regolith, which have not undergone calcretisation. Therefore, only one host 

palaeosol sample was collected because the fossil termitaria are preserved in this host 

palaeosol. 

 

For this study, four fossil termitaria (CAL GR 2, CAL GR 3, CAL GR 4 and CAL GR 5) and a single 

sample of the muddy sand from the Bokkeveld shale regolith (CAL GR 2-H) were collected for 

geochemical analyses (Table 3.1). 

 

3.1.2 Modern termitaria 

Matjiesriver 

During fieldwork in the Gamka Valley, a termitarium was identified ~13 km north of the 

Calitzdorp study site, with its internal structures exposed (Table 3.1). This termitarium was 

notable for its distinctly white interior, suggesting potential calcification. A sample was 

collected for further analysis and comparison with other samples in this study. 

 

Bainskloof  

Subaerial termitaria of Amitermes hastatus were collected from the Bainskloof area (~230 km 

east of the Calitzdorp study area), with sample locations spaced 10–100 m apart (Table 3.1). 

These termitaria are characterised by a distinctive black exterior. These termitaria are 

situated within sandy soils derived from the erosion of Table Mountain Sandstone. Although 

not fully exposed, these mounds exhibited horizontal tunnelling similar to that at the 

Calitzdorp and Groenefontein ichnosites. While they lack carbonates, the Bainskloof mounds 

were collected as a modern comparison within the Western Cape, providing valuable insight 

into nutrient enrichment processes in contemporary termitaria relative to fossilised 

counterparts. 
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Table 3.1. Details, including sample name, description of analytical techniques performed on 
the collected sample, and GPS location from which the samples were collected. 
Sample name Description  Analytical 

technique(s) 
# of stable 
isotope 
powdered 
subsamples 

Calitzdorp                33°33'18.0"S 21°40'24.0"E  

CAL 2.1  Calcretised fossil termitaria XRD, XRF, SIA  15 

CAL 2.2 Calcretised fossil termitaria XRD, XRF, SIA 18 

CALI H Hardpan calcrete (HP) XRD, XRF, SIA 15 

CAL 2.4 Nodular calcrete small (HP) ~1cm diameter nodules XRD, XRF, SIA 1 

PCN Nodular calcrete large (HP) ~8cm diameter nodules XRD, XRF, SIA 19 

PCS Fossil termitaria bearing calcretised powdery sand (HP) XRD, XRF, SIA 1 

Groenefontein   

CAL GR 2 Calcretised fossil termitaria 33°37'22.3"S, 21°39'13.6"E XRD, XRF, SIA 13 

CAL GR 3 Calcretised fossil termitaria 33°37'24.0"S, 21°39'14.6"E XRD, XRF, SIA 10 

CAL GR 4 Calcretised fossil termitaria 33°38'07.4"S, 21°39'13.6"E XRD, XRF, SIA 6 

CAL GR 5 Calcretised fossil termitaria 33°37'30.2"S 21°39'58.3"E XRD, XRF, SIA 6 

CAL GR 2-H Fine-grained sand and mud (HP) -33°37'22.3"S, 

21°39'13.6"E 

XRD, XRF No 

carbonate 

 

Matjiesrivier           33°26'05.0"S 21°37'33.7"E 

MAT 1 Modern calcretised termitaria  XRD 1 

Bainskloof  

BABL 1 Modern termitaria 33°37'21.9"S 19°05'55.8"E XRF 1 

BABL 2 Modern termitaria 33°37'23.9"S 19°05'53.9"E XRF 1 

BABL 3 Modern termitaria 33°37'23.7"S 19°05'53.7"E XRF 1 

Notes: Abbreviation– XRD- X-ray diffraction, XRF- X-ray fluorescence, SIA- Stable isotope 
analysis, HP- Host palaeosol. 
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3.2 Sample preparation and analysis  

3.2.1 X-ray Diffraction 

Twelve samples were analysed by X-ray diffraction (XRD) to determine the bulk mineral 

composition of the termitaria and associated palaeosols (Table 3.1).  

 

The samples were crushed to a fine powder (10 μm) using a Sturtevant jaw crusher and rotary 

mill at the University of Cape Town (UCT). A 10 g portion of each powdered sample was 

analysed with a PANanalytical Empyrical diffractometer, utilising Cu K-alpha radiation at the 

University of the Free State (UFS). Mineralogical identification was done using HighScore 

software, which facilitates profile fitting, phase identification, and pattern analysis. This 

method, however, is semi-quantitative and can only detect phases with a minimum volume 

of approximately 1% (Malvern Panalytical, 2024).  

3.2.2 X-ray fluorescence 

X-ray fluorescence (XRF) analysis was performed on 14 samples to determine the bulk major 

and trace elemental composition of the termitaria and host palaeosols, utilising two sample 

preparation methods (Table 3.1). Thirteen samples were analysed at UCT, while one 

calcretised sand sample (PCS) was analysed at UFS. 

 

For major element analysis, 13 fusion discs were prepared at UCT. Each disc was created from 

2 g of powdered sample dried at 110 °C for 4 hours, followed by dehydration at 900 °C for 4 

hours. A mixture of 0.7 g dehydrated sample and 6 g Claisse XRF flux was melted in platinum 

crucibles using the Claisse M4 automated flux. The molten mixture was poured into moulds 

and cooled for 5 minutes before analysis. At UFS, a 10 g PCS sample underwent similar 

dehydration at 110 °C and was then heated to 1050 °C to determine ignition loss. A flux—

0.2445 g La2O3, 0.705 g Li2B4O7, 0.5505 g Li2CO3, and 0.02g NaNO3—was added to 0.28 g of 

the sample, heated to 950 °C for 5 minutes in a platinum crucible, poured into a mould, and 

pressed into a disc. 

 

For trace element analysis, 13 pressed pellets were prepared at UCT by mixing 10 g of 

powdered sample with 2.5 g of Hoescht wax for 20 minutes, then compressed at 15 tonnes 
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in a stainless-steel die. At UFS, an 8 g PCS sample was mixed with 3 g of Hoechst wax in a 

Turbula mixer and pressed at over 395 N/m. 

 

The XRF analysis of 13 samples at UCT utilised a Panalytical Axios wavelength-dispersive XRF 

spectrometer, focusing on 11 major oxides (Fe, Mn, Ti, Ca, K, S, P, Si, Al, Mg, and Na) and Ni 

and Cr when concentrations exceeded 2000 ppm (0.2%). Fusion discs were prepared with 

lithium borate flux to ensure uniformity and trace element concentrations were determined 

using pressed powder briquettes. Intensity data underwent corrections for mass absorption, 

enhancement, and spectral interferences to enhance accuracy. Calibration was performed 

using international rock standards from MINTEK, USGS, and the Geological Survey of Japan, 

with curves constructed to correlate known concentrations against corrected peak-

background intensities. Results were validated through cross-checking with additional 

geochemical techniques, ensuring the reliability of the chemical composition data. The PCS  

sample was similarly analysed at UFS using the Rigaku Primus IV WDXRF. However, Cr₂O₃, NiO, 

and SO₃ could not be quantified at this facility. To maintain consistency in the geochemical 

comparisons, these oxides were excluded from the comparative graphs (Figs. 4.4, 4.5, 4.9–

4.12), but their concentrations are reported in Table 4.2. 

 

Although XRD is useful in identifying the minerals present, it is only semi-quantitative and 

only identifies minerals present in > 1 wt.%. As the number of minerals in a mixture increases, 

the likelihood of errors in XRD-derived proportions increases due to the overlapping 

diffraction peaks and potential interference between minerals. Therefore, the proportions 

based on XRD data may not correlate well with mineral proportions estimated from XRF data, 

which provides a more precise measure of chemical composition and can be considered more 

empirically robust for quantifying elemental concentrations. To cross-check the XRD-derived 

mineralogy, the estimated mineral proportions were back-calculated from XRF data based on 

the expected stoichiometry of the common rock-forming mineral (Appendix Table 2; Deer et 

al., 2009). However, discrepancies may still arise due to the inherent differences between the 

two techniques in detection limits. 
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3.2.3 Stable Isotopes 

Carbon and oxygen stable isotope analysis was conducted on 108 powdered subsamples from 

10 main samples of host palaeosol from Calitzdorp and carbonate-rich fossil termitaria from 

both ichnosites (Table 3.1). Notably, preliminary XRD results and petrographic analyses 

indicate the presence of both calcite and dolomite in the termitaria, which are micritic and 

indistinguishable to the naked eye. To account for this, corrections were applied using the 

respective fractionation factors for calcite and dolomite, based on their proportions in the 

samples. Sample preparation and analysis were conducted at UCT.  

The host palaeosols appear macroscopically homogenous, while the fossil termitaria exhibit 

distinct carbonate-rich and sediment-rich horizons (Fig. 3.1), with the carbonate-rich layers 

corresponding to cream-coloured sections (Muir et al., 2022). A targeted sampling approach 

was employed for the fossil termitaria, focusing on the carbonate-rich horizons. Samples were 

drilled at 0.5 to 3 cm intervals to obtain powdered samples weighing 0.18 to 0.24 g. Larger 

samples were drilled at wider intervals, while smaller samples with fewer laminations 

required closer intervals. The larger nodular (PCN) and hardpan (CALI H) host palaeosol 

samples were sliced and drilled, whereas the smaller nodules (CAL 2.4) and calcretised sands 

were powdered using a rotary mill, also yielding samples between 0.18 and 0.24 g. 

Two methods were used for stable isotope analysis. In 2023, six samples were analysed using 

the offline method in the Department of Geological Sciences (UCT) due to equipment repairs 

in the Department of Archaeology. Accurately weighed amounts (3–10 mg) of each powdered 

sample were reacted with 5 ml of 100% H₃PO₄ at 50 °C to extract CO₂. In 2024, six additional 

samples were analysed using the gas bench method in the Department of Archaeology after 

repairs were completed. 

For the gas bench method, about 0.25 mg of each powdered subsample was reacted with 5 

ml of 100% H₃PO₄ at 70 °C for 4 hours to extract CO₂. The extracted CO₂ was analysed for 

carbon and oxygen isotopes using a Finnegan MAT Delta XP mass spectrometer in dual-inlet 

mode. Data corrections were made using the CO₂-dolomite and CO₂-calcite fractionation 

factors of 1.009 and 1.01065, respectively. The isotopic signals produced by both carbonates 
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(calcite and dolomite) were considered in the corrections, taking into account their 

proportions in the samples. The resulting data are reported in δ notation, where: 

δ = !"#$%&'
!"(#)*#+*,-	

× 1000 and R = 18O/16O or 13C/12C 

 

Figure 3.1. A cross-section of fossil termitaria samples CAL GR 3 with carbonate-rich horizons, 
which were preferentially drilled for SIA and clastic sediment-rich areas. 

The Cavendish Marble (CM), Cacara Z (CZ New), and IAEA-CO-08 in-house standards were 

analysed in duplicate for each set of powdered samples. In the Department of Archaeology, 

CM, CZ, and IAEA-CO-08 are used to convert raw data to the PDB (Pee Dee Belemnite) and 

SMOW (Standard Mean Ocean Water) scales. The Department of Geological Sciences uses 

the NM (NBS-19) standard for these conversions. The PDB standard is primarily used as a 

reference for carbon isotopes in marine carbonates, while the Standard Mean Ocean Water 

(SMOW) scale is the preferred reference for carbonates in other rock types as well as for 

water in isotopic studies. The precision for δ¹³C and δ¹⁸O values was better than 0.1‰, as 

indicated by long-term standard duplication. The analytical method assumed all carbonate is 

calcite in the acid fractionation correction, resulting in a 1.47‰ overestimation of dolomite. 

Consequently, dolomite data were adjusted by subtracting 1.47‰. This correction accounted 

for the mixed isotopic signals from both carbonate minerals. While the Department of 
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Archaeology follows this method, the Department of Geological Sciences uses the correct acid 

fractionation equations for dolomite. 

 

The offline method was employed to determine the carbon and oxygen isotopes of six 

samples (CAL GR 2, CAL GR 3, PCN, CALI H) at the Department of Geological Sciences, UCT. 

Accurately weighed amounts (3–10 mg) of each powdered sample were reacted with 5 ml of 

100% phosphoric acid (H₃PO₄) at 50 °C for 12 hours to extract CO₂ (McCrea, 1950). The 

extracted CO₂ was analysed to measure the total carbonate content. Given the presence of 

calcite and dolomite, the dolomite fractionation factor (1.01065) was applied in the 

correction procedure, along with the CO₂-calcite fractionation factor (1.009). Data were 

normalised to the SMOW and PDB scales using the internal standard NM95, calibrated against 

NBS-19 (δ¹⁸O = 25.10‰ and δ¹³C = 1.57‰).  

 

While this method effectively dissolves calcite, dolomite reacts more slowly under these 

conditions (Al-Aasm et al., 1990; Sharma et al., 2002). Although the reaction was allowed to 

proceed thoroughly, the extent to which all dolomite was dissolved, especially in samples 

such as CAL 2.2, where it is abundant, cannot be fully confirmed, and may affect the final 

isotopic signature. 
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4. Results 

The fossil termitaria and their host palaeosols are described for each ichnosite (Calitzdorp and 

Groenefontein; Table 3.1) to assess differences between the termitaria and the host 

palaeosols. At both ichnosites, the fossil termitaria exhibit similar morphology and are 

interpreted to have the same tracemaker (Hadebe, 2021; Muir et al., 2022). Although XRD 

analysis effectively identified the minerals present, its semi-quantitative nature may result in 

imprecise estimates of mineral proportions. Nonetheless, its primary purpose here was to 

confirm mineral presence, particularly within the termitaria, which it achieved successfully. 

However, it is important to note that XRD has limitations in identifying specific mineral 

species, such as distinguishing between different types of mica.  Furthermore, while U-Th 

dating indicates the termitaria are approximately 320 ka, the timing between the construction 

of the termitaria and carbonate precipitation remains uncertain. A detailed analysis of the 

geological context, trace morphology, and petrography of these ichnosites falls beyond the 

scope of this study and is being investigated by the broader research group.   

4.1 Calitzdorp 

4.1.1 Host Palaeosol 

The host palaeosol includes samples from different forms of carbonate, including calcretised 

powdery sands (PCS), nodular calcrete (PCN and CAL 2.4), and hardpan calcrete (CALI H; Table 

3.1).  

 
The calcretised powdery sands, PCS, which physically bear the fossil termitaria, are largely 
composed of quartz (75 wt.%), a moderate proportion of plagioclase (11 wt.%), mica (10 
wt.%), and minor amounts of calcite (3 wt.%; Fig. 4.1 A; Table 4.1; Appendix Fig. 1). The major 
oxide composition is predominantly characterised by very high SiO2 (66.18 wt.%), followed by 
Al2O3 (7.25 wt.%) and CaO (6.85 wt.%; Table 4.2). The trace elements with the highest 
concentrations include Ba (417 ppm), Zr (336 ppm), and Sr (238 ppm). The δ13C and δ18O 
SMOW values of a single powdered sample of PCS are -1.74‰ and 32.22‰, respectively (Fig. 
4.2; Table 4.3). 
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Table 4.1. Mineral proportions determined by XRD analysis for host palaeosol and fossil 
termitaria samples from the Calitzdorp and Groenefontein ichnosites. 

Notes: Blank data points are either absent or below the detection quantity of 1 wt.%. 
Abbreviations: HP- Host palaeosol, FT-Fossil termitaria.  
 
The nodular calcrete, PCN and CAL 2.4 mainly comprise calcite (25 and 65 wt.%, respectively), 

quartz (42 and 25 wt.%, respectively), and plagioclase (14 and 10 wt.%, respectively), while 

only PCN contains mica (15 wt.%; Fig. 4.1 A; Tables 4.1, 4.2; Appendix Fig. 1). The major 

element composition is dominated by SiO2 (37.28 and 30.72 wt.%, respectively), and CaO 

(24.6 and 29.55 wt.%, respectively). The nodular calcrete is characterised by high 

concentrations of S (2116 and 2000 ppm, respectively), Ba (2432 and 1203 ppm, respectively) 

and Sr (817 and 768 ppm, respectively). The δ13C values of PCN range between -2.69 and -

0.29‰, with most of the values below -1.5‰, and the δ18O values are between 29.93 and 

31.31‰ (Fig. 4.2; Table 4.3). The δ13C of CAL 2.4 is -1.96‰, and the δ18O is 32.15‰. Relative 

to PCN, CAL 2.4 has consistent δ13C and slightly elevated δ18O (Fig. 4.2; Table 4.3). 

 

Mineral 

(wt.%) 

Calitzdorp Groenefontein 

HP FT HP FT 
CAL 

2.4 

CALI 

H 

PCN PCS CAL 

2.1 

CAL 

2.2 

CAL GR 

2-H 

CAL 

GR 2 

CAL 

GR 3 

CAL 

GR 4 

CAL 

GR 5 
Quartz 25 50 42 75 41 49 45 42 27 20 16 
Calcite 65 42 24 3 25 2  20 55 30 54 
Dolomite     1 12  33 12 28 24 
Plagioclase 10 8 14 11 9 37 21 5 6 10  
Alkali 

feldspar/rutile 
  5 1        

Mica   15 10 24  16    3 
Kaolinite       18     
Aragonite          12  
Serpentine           3 
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Figure 4.1. Mineral proportions (wt.%) determined by XRD of A) the host palaeosol and B) the 
fossil termitaria at the Calitzdorp ichnosite. For detailed data, see Table 4.1 and Appendix 
Figure 1. 
 
The hardpan, CALI H, has a large proportion of quartz (50 wt.%) and calcite (42 wt.%) and a 

minor proportion of plagioclase (8 wt.%; Fig. 4.1 A; Table 4.1; Appendix Fig. 1). The major 

oxide composition mainly comprises CaO (30.04 wt.%) and SiO2 (28.19 wt.%; Table 4.2). The 

trace elements S (1233 ppm), Ba (834 ppm) and Sr (815 ppm) have the highest proportions. 

The δ13C of CALI H ranges between -3.22 to -1.43‰, and the δ18O ranges from 28.35 – 30.5‰, 

with a clustering of samples between 28.9 and 29.6‰ (Fig. 4.2; Table 4.3).  
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Figure 4.2 The δ13C vs. δ18O stable isotope values of the host palaeosols, including the 
carbonate nodules (CAL 2.4 and PCN), hardpan (CALI H) and the calcretised sands (PCS) at the 
Calitzdorp ichnosite. For detailed data, see Table 4.3. 
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Table 4.2. Major oxide and trace element content for samples from the Calitzdorp and 
Groenefontein ichnosites.  

Notes: Abbreviations: b.d – below detection limit of ~0.01 wt.% for major oxides, n.a.- not 
analysed, HP- Host palaeosol and FT- Fossil termitaria. 

Major 

oxide 

(wt.%) 

Calitzdorp Groenefontein 
HP FT HP FT 

CAL 

2.4 

CALI 

H 

PCN PCS CAL 

2.1 

CAL 

2.2 

CAL GR 

2-H 

CAL 

GR 2 

CAL 

GR 3 

CAL 

GR 4 

CAL 

GR 

5sa

m 

SiO2 30.72 28.19 37.2

8 

66.18 31.11 32.28 74.07 8.16 5.36 8.51 6.35 
TiO2 0.22 0.24 0.26 0.52 0.21 0.23 0.72 0.08 0.06 0.11 0.07 
Al2O3 4.65 4.52 5.68 7.25 3.85 3.92 13.93 1.24 1.06 1.67 1.15 
Fe2O3 1.57 1.50 1.89 3.71 1.24 1.25 4.99 0.50 0.48 0.79 0.62 
MnO 0.03 0.05 0.04 0.05 0.04 0.08 0.03 0.10 0.09 0.14 0.10 
MgO 2.77 3.74 2.69 2.32 10.35 8.68 1.63 9.55 5.98 15.19 8.73 
CaO 29.55 30.04 24.6

0 

6.85 21.56 21.55 0.74 36.8

7 

43.86 71.62 39.2

8 Na2O 0.44 0.47 0.50 0.47 0.70 0.54 1.04 0.24 0.09 0.23 0.25 
K2O 0.77 0.76 1.10 2.18 0.83 0.81 2.48 0.20 0.18 0.24 0.20 
P2O5 0.81 0.60 1.36 0.28 0.48 0.36 0.13 0.20 0.21 0.31 0.26 
SO3 0.28 0.19 0.42 n.a. 0.10 0.09 0.12 0.19 0.16 0.50 0.23 
Cr2O3 <0.01 <0.01 <0.0

111 

n.a. <0.01 <0.01 0.01 <0.0

1 

<0.01 b.d. 0.00 
NiO 0.04 <0.01 0.01 n.a. 0.03 <0.01 b.d. 0.01 0.01 b.d. 0.01 
H2O 1.72 1.90 b.d. 

 

n.a. 0.64 0.63 5.29 0.70 0.43 3.47 1.26 
LOI 25.94 27.52 21.4

9 

n.a. 28.24 28.68 4.41 41.4

6 

41.66 41.65 41.1

0 Sum 99.41 99.55 99.2

3 

n.a. 99.40 99.12 99.89 99.5

1 

99.46 99.30 99.6

2 Trace element (ppm) 
Zn 33 37 41 50 31 38 59 26 21 19 31 
Cu 25 47 33 6 13 12 24 9 9 8 9 
Ni 17 16 17 26 9 11 33 11 3 5 <5 
Mo <5 <5 <5 <1 <5 <5 <5 <5 <5 <5 <5 
Nb 12 13 13 10 16 16 7 12 15 17 19 
Zr 98 120 122 336 111 143 349 13 <5 <5 <5 
Y <5 6 8 23 8 10 22 <5 <5 5 <5 
Sr 768 815 817 238 990 991 71 883 1026 1145 1192 
Rb 44 42 53 80 33 33 96 15 14 17 17 
U 5 <5 6 <3 <5 <5 <5 <5 <5 5 7 
Th 10 9 9 10 8 7 18 8 5 12 13 
Pb 34 33 36 18 32 32 43 30 30 31 34 
Co 5 25 15 14 <5 <5 7 <5 <5 <5 <5 
Mn 341 616 481 n.a. 561 928 248 1330 1220 1216 1415 
Cr 59 55 57 33 45 39 78 19 20 14 19 
V 64 45 62 80 28 47 98 28 26 23.00 18.0

0 F 853 701 920 n.a. 681 691 969 799 684 599 545 
S 2000 1233 2116 n.a. 717 584 1339 1573 1081 3223 1958 
Cl 1959 311 53 n.a. 135 164 5817 949 <10 647 294 
Sc 17 16 15 8 14 15 12 18 20 22 21 
Ba 1203 834 2432 417 705 430 449 358 156 135 227 
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Table 4.3. The δ13C and δ18O values (‰) of the Calitzdorp and Groenefontein host palaeosol 
and fossil termitaria carbonates.  

Notes: The # symbol refers to the sample number.  
 

Calitzdorp 
Host palaeosol Fossil termitaria 

CAL 2.4 PCN CAL 2.1 CAL 2.2 
# δ13C δ18O # δ13C δ18O # δ13C δ18O # δ13C δ18O 
1 -1.96 32.15 1 -2.54 30.07 1 -0.69 30.56 1 -2.25 30.60 

CALI H 2 -1.88 29.93 2 -3.43 29.70 2 -3.21 30.05 
1 -2.27 29.42 3 -2.41 30.34 3 -3.37 29.12 3 -2.77 29.37 
2 -2.15 29.14 4 -1.42 29.96 4 -2.73 31.10 4 -2.88 28.67 
3 -2.33 29.33 5 -2.69 30.16 5 -2.19 30.67 5 -3.50 30.23 
4 -2.01 29.37 6 -0.93 30.66 6 -3.14 30.59 6 -2.22 30.41 
5 -1.88 29.57 7 -1.28 31.15 7 -3.00 31.27 7 -1.89 30.66 
6 -2.89 28.56 8 -2.50 30.50 8 -2.77 30.66 8 -3.50 29.27 
7 -1.92 29.46 9 -0.29 31.03 9 -3.15 30.76 9 -2.31 30.39 
8 -2.01 28.98 10 -2.48 30.65 10 -3.45 30.67 10 -2.09 30.22 
9 -1.43 30.49 11 -2.10 31.22 11 -0.79 31.93 11 -2.73 29.59 

10 -1.76 28.51 12 -2.33 31.15 12 -2.31 30.68 12 -3.35 29.47 
11 -1.75 29.38 13 -2.61 30.80 13 -1.49 30.92 13 -1.97 30.32 
12 -2.59 29.13 14 -0.91 30.84 14 -2.32 29.09 14 -2.13 30.84 
13 -2.89 28.35 15 -1.89 30.55 15 -3.26 30.67 15 -2.91 29.44 
14 -3.22 28.72 16 -2.56 30.60    16 -1.02 30.74 
15 -2.67 30.40 17 -2.19 31.09    17 -1.55 28.62 

PCS 18 -2.61 30.67    18 -3.26 27.10 
1 -1.74 32.22 19 -2.40 31.31       

Groenefontein 
FT 

CAL GR 2 CAL GR 3 CAL GR 4 CAL GR 5 
1 -3.18 28.72 1 -4.16 30.37 1 -5.98 30.91 1 -7.10 30.76 
2 -3.65 28.62 2 -4.39 33.50 2 -6.57 30.42 2 -6.59 31.53 
3 -3.47 28.90 3 -4.18 29.88 3 -6.88 30.01 3 -6.90 31.12 
4 -3.95 28.12 4 -4.35 30.14 4 -7.12 29.75 4 -6.48 30.93 
5 -1.56 29.85 5 -5.25 26.24 5 -6.10 30.98 5 -7.19 30.94 
6 -2.70 28.79 6 -4.32 30.74 6 -6.94 29.87 6 -6.25 31.64 
7 -3.05 28.98 7 -4.66 30.08       
8 -3.37 28.73 8 -4.13 30.75       
9 -3.27 28.47 9 -4.13 30.75       

10 -3.49 29.12 10 -4.11 30.42       
12 -3.43 28.27          
13 -2.90 28.87          
14 -3.12 28.60          
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4.1.2 Fossil Termitaria 

The bulk mineralogy of CAL 2.1 comprises quartz (41 wt.%), calcite (25 wt.%), mica (24 wt.%), 

and plagioclase (9 wt.%) with minor dolomite (1 wt.%; Fig. 4.1 B; Table 4.1; Appendix Fig. 1). 

The dominant major oxides include SiO2 (31.11 wt.%), CaO (21.56 wt.%), and MgO (10.35 

wt.%; Table 4.2). The most abundant trace elements are Sr (990 ppm), S (717 ppm), and Ba 

(705 ppm). The δ13C values for CAL 2.1 range from -3.45 to -0.69‰, with most of the data 

values <-2‰, and the δ18O values range between 29.09 to 31.93‰, with most of the data 

values exceeding 30.5‰ (Fig. 4.3; Table 4.3). The CAL 2.2 fossil termitaria contain a high 

proportion of quartz (49 wt.%), plagioclase (37 wt.%), and dolomite (12 wt.%), with minor 

calcite (2 wt.%; Fig. 4.1 B; Table 4.1; Appendix Fig. 1) The most abundant major oxides are 

SiO2 (32.2 wt.%), MgO (8.7 wt.%), and CaO (21.5 wt.%; Table 4.2). The sample contains high 

proportions of Sr (991 ppm), Mn (928 ppm), F (691 ppm), S (584 ppm), and Ba (430 ppm). The 

δ13C of CAL 2.2 varies between -3.5‰ and -1.02‰, with clusters around 2‰ and 3‰, and the 

δ18O ranges from 27.1 to 30.84‰, with most values above 29‰ (Fig. 4.3; Table 4.3).  

Figure 4.3 The δ13C PDB vs. δ18O SMOW stable isotope values of the Calitzdorp fossil termitaria 
samples (CAL 2.1 and CAL 2.2). For detailed data, see Table 4.3.
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4.1.3 Synthesis 

The fossil termitaria-bearing host palaeosol, PCS, has the lowest proportion of carbonate 

minerals (3 wt.%), while the nodular and hardpan calcretes have a higher carbonate content 

(24– 65 wt.%; Fig. 4.1; Table 4.1). For all host palaeosols, the only carbonate mineral present 

is calcite. The major oxide composition of PCS is distinctly different from the other host 

palaeosols, with CAL 2.4 and CALI H exhibiting the most comparable compositions (Fig. 4.4; 

Table 4.2). The trace element composition of PCS differs from that of the other host 

palaeosols. Relative to PCS, the fossil termitaria have a higher carbonate content (3 wt.% vs. 

13 and 26 wt.%) and while PCS only contains calcite, the termitaria contain both calcite and 

dolomite. Relative to PCS, the major oxide compositions of fossil termitaria are enriched in 

CaO, MgO, Na2O, and P2O5 and depleted in Al2O3, Fe2O3, and K2O (Figs. 4.4, 4.5). While the 

major oxide compositions of the termitaria display enrichment in MgO and Na2O, their trace 

element proportions are generally comparable to those of the nodules and hardpan. The δ¹³C 

and δ¹⁸O signatures of the host palaeosols and fossil termitaria are largely indistinguishable 

from each other and exhibit an intermediate C3/C4 vegetation signal (Fig. 4.6; Table 4.3). 

Figure 4.4 The major element oxide composition against SiO2 for the Calitzdorp host palaeosol 
and fossil termitaria. For detailed data, see Table 4.2.
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Figure 4.5 The trace element composition against Zr for the Calitzdorp host palaeosol and 
fossil termitaria. For detailed data, see Table 4.2. 
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Figure 4.6. The δ13C vs. δ18O values of the carbonates in the host palaeosol and fossil termitaria 
samples at the Calitzdorp ichnosite. For detailed data, see Table 4.3. 
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4.2 Groenefontein  

4.2.1 Host palaeosol 

The host palaeosol at the Groenefontein ichnosite, represented by the fine-grained sand and 

mud of the CAL GR 2-H sample from the Bokkeveld shale, hosts all four termitaria (Table 3.1). 

 
The bulk mineralogy of CAL GR 2-H primarily comprises quartz (45 wt.%) and plagioclase (21 

wt.%), with a moderate quantity of mica (16 wt.%) and kaolinite (18 wt.%; Fig. 4.7 A; Table 

4.1; Appendix Fig. 1). The most abundant major element is SiO2 (74.07 wt.%), with a moderate 

proportion of Al2O3 (13.93 wt.%; Table 4.2). The prevalent trace elements include Cl (5817 

ppm), S (1339 ppm), and F (969 ppm). 

 

Figure 4.7. Mineral proportions (wt.%), determined by XRD, of A) the host palaeosol and B) 
the fossil termitaria at the Groenefontein ichnosite. For detailed data, see Table 4.1 and 
Appendix Figure 2. 
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4.2.2 Fossil Termitaria 
 
The sample CAL GR 2 is mainly characterised by quartz (42 wt.%), dolomite (33 wt.%), calcite 

(20 wt.%), and minor plagioclase (5 wt.%; Fig. 4.7 B; Table 4.1; Appendix Fig. 1). The primary 

major oxide is CaO (36.8 wt.%), with a minor amount of MgO (9.55 wt.%) and SiO2 (8.16 wt.%), 

and the prevalent trace elements include S (1573 ppm), Mn (1330 ppm), Cl (949 ppm), and Sr 

(883 ppm; Table 4.2). The δ13C and δ18O values are clustered between -3.95‰ and -2.7‰ and 

27.7‰ and 29.4‰, respectively, with a single outlying point at 1.56‰ δ13C and 29.9‰ δ18O 

(Table 4.4; Fig. 4.8). 

 

 
Figure 4.8 The δ13C vs. δ18O stable isotope values of the Groenefontein ichnosite fossil 
termitaria samples. For detailed data, see Table 4.3. 
 
The CAL GR 3 sample contains mostly calcite (55 wt.%), quartz (27 wt.%), and a moderate 

amount of dolomite (12 wt.%; Fig. 4.7 B; Table 4.1; Appendix Fig. 1). The major oxide 

composition is dominated by CaO (43.9 wt.%), with minor SiO2 (5.4 wt.%), and MgO (6 wt.%; 

Table 4.2). The most abundant trace elements in the sample are Mn (1220 ppm), Sr (1026 

ppm), and S (1081 ppm). The δ¹³C values are constrained between -5.25 and -4.11‰, while 
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the δ¹⁸O values range from 26.24 to 33.5‰, although two outliers influence this latter range. 

Most of the δ18O values cluster between 29.9 and 30.8‰ (Table 4.4; Fig. 4.8).  

 

Sample CAL GR 4 comprises mainly calcite (30 wt.%), dolomite (28 wt.%), and quartz (20 

wt.%), along with moderate aragonite (12 wt.%) and plagioclase (10 wt.%; Fig. 4.7 B; Table 

4.1). The primary major oxide is CaO (71.6 wt.%), followed by moderate amounts of MgO 

(15.2 wt.%) and minor SiO₂ (8.5 wt.%; Table 4.2). The main trace elements in the sample are 

S (3223 ppm), Mn (1216 ppm), and Sr (1145 ppm). These δ13C values of CAL GR 4 range 

between -7.12 to -5.98‰ (Fig. 4.8; Table 4.4). Conversely, the δ18O values have two discrete 

clusters of 29.5 – 30‰ and 30.9 – 31‰, respectively. 

 

Calcite (54 wt.%) is the main mineral in CAL GR 5, followed by dolomite (24 wt.%) and quartz 

(16 wt.%; Fig. 4.7 B; Table 4.1). The primary major oxide is CaO (39.3 wt.%), with minor MgO 

(8.7 wt.%) and SiO2 (6.3 wt.%; Table 4.2). The sample contains high amounts of S (1958 ppm), 

Mn (1415 ppm), and Sr (1192 ppm). The δ13C values are constrained between -7.19 and -

6.25‰ (Fig. 4.8; Table 4.4). The δ18O values are between 30.76 and 31.53‰, with most 

skewed to below 31.1‰. 

4.2.3 Synthesis 

The mineral composition of the four fossil termitaria at the Groenefontein ichnosite contains 

a high proportion of carbonate minerals (calcite and dolomite), whereas the host palaeosol 

contains kaolinite but no carbonates (Fig. 4.7; Table 4.1; Appendix Fig. 1). Sample CAL GR 4 is 

anomalous as it includes 12 wt.% aragonite in addition to calcite and dolomite. The major 

oxide compositions of the fossil termitaria are comparable, apart from elevated proportions 

of CaO, MnO, and MgO in CAL GR 4 and MgO depletion in CAL GR 3 (Fig. 4.9; Table 4.2). The 

major oxide composition of the fossil termitaria is distinct from that of the host. Similarly, the 

trace element compositions of the fossil termitaria are similar to each other but differ from 

the host palaeosol with relatively higher Sr content and lower Co, Co, Ni, and Zn content (Fig. 

4.10; Table 4.2). The stable isotope compositions of the fossil termitaria are distinct, and form 

3 groupings based mainly on δ13C values (Fig. 4.8; Table 4.4): CAL GR 2 is closer to the expected 

value of a C4-dominated carbonate, while CAL GR 3, CAL GR 4 and CAL GR 5 are more C3 in 
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character. A weaker grouping is apparent for δ18O values, where CAL GR 2 has the lowest δ18O 

values, CAL GR 5 has the highest δ18O values, and CAL GR 3 and CAL GR 4 are intermediary. 

 

 
Figure 4.9 The major element oxide composition against SiO2 of the Groenefontein host 
palaeosol and fossil termitaria. The dashed line through CAL GR2-H indicates relative major 
oxide enrichment. For detailed data, see Table 4.2. 
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Figure 4.10 The trace element composition against Zr of the Groenefontein host palaeosol and 
fossil termitaria. For detailed data, see Table 4.2.
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4.3 Calitzdorp and Groenefontein Synthesis 

The mineral compositions of the fossil termitaria are comparable at both ichnosites, with the 

fossil termitaria at both locations containing calcite and dolomite (Figs. 4.1, 4.7; Table 4.1; 

Appendix Figs. 1). Notably, an anomalous fossil termitarium, CAL GR 4, from Groenefontein 

also contains a moderate proportion of aragonite (12 wt.%; Fig. 4.7; Table 4.1). This carbonate 

mineralogy (calcite, dolomite and aragonite) is distinct from the host palaeosols, where at 

Calitzdorp, they exclusively comprise calcite, and at Groenefontein, they contain no 

carbonate minerals but include a moderate proportion of kaolinite (18 wt.%; a clay-forming 

mineral). At both ichnosites, relative to the host palaeosols, the fossil termitaria contain 

greater proportions of carbonate minerals, with the fossil termitaria at Groenefontein 

containing more carbonate minerals than the fossil termitaria at the Calitzdorp ichnosite (Figs. 

4.1, 4.7; Table 4.1).  

  
Figure 4.11 The major element oxides composition against SiO2 of the Calitzdorp and 
Groenefontein host palaeosols and fossil termitaria. For detailed data, see Table 4.2. The fields 
encircle the fossil termitaria samples from each ichnosite. 
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The fossil termitaria are generally comparable when considering major element 

compositions, with a few exceptions (Fig. 4.11; Table 4.2). While PCS contains a relatively 

higher CaO (6.85 vs. 0.74 wt.%), MgO (2.32 vs. 1.63 wt.%), MnO (0.05 vs. 0.03 wt.% ) and P2O5 

(0.28 vs. 0.13 wt.%) content than CAL GR 2-H the termitaria at both ichnosites are similarly 

enriched in these oxides relative to their respective host palaeosols (Figs. 4.11, 4.12; Table 

4.2). The host palaeosol at Calitzdorp (PCS) contains a lower SiO2 (66.18 vs. 74.01 wt.%) and 

Na2O (0.47 vs. 1.04 wt.%) contents relative to the Groenefontein host palaeosol (CAL GR 2-

H), yet the fossil termitaria at Calitzdorp contain more SiO₂ (~32 wt.% vs. 5–8 wt.%) and Na₂O 

(~0.5–0.7 wt.% vs. 0.09–0.25 wt.%). Similarly, the CAL GR 2-H contains significantly less CaO 

than PCS, while the Groenefontein fossil termitaria contain more CaO (37–72 wt.% vs. 22 

wt.%). Additionally, CAL GR 4 contains more MgO than all the samples (15 wt.% vs. 9–10 

wt.%).  

 

The XRD analysis aided in confirming the presence of calcite, dolomite, and aragonite in 

termitaria, which differs from the host materials (i.e., PCS, which only contains calcite and 

CAL GR 2-H, which is carbonate-free). However, XRD's semi-quantitative nature sets limits on 

its utility, showing a weak correlation between the carbonate (calcite and dolomite) to the 

‘corresponding’ oxides (CaO and MgO; Tables 4.1, 4.2). Although this method is not robust, it 

was used as an initial check to see if any correlation existed between the XRD and XRF results, 

helping to avoid unrealistic interpretations based solely on the XRD data. 

 

The major oxide proportions calculated from XRD-derived mineralogy deviated significantly 

from the actual values obtained through XRF analysis (Appendix Table 2).  The CAL 2.1 fossil 

termitarium was used to exemplify these discrepancies. The SiO2 content (57.73 wt.%) was 

overestimated by XRD compared to actual XRF measurements (28.58 wt.%), while CaO (14.29 

vs. 22.82 wt.%) and MgO (0.22 vs. 10 wt.%) were significantly underrepresented. This 

suggests, contrary to the XRD measurements, that quartz (primarily comprising SiO2) may be 

less abundant in this termitarium. Since SiO₂ is present in multiple minerals such as quartz, 

feldspar, and mica, a relative underestimation of total SiO₂ content in XRD results likely 

reflects a general underestimation of these silicate minerals. In contrast, the relatively higher 

CaO and MgO content indicates a greater abundance of carbonate phases (e.g., CaCO₃ and 

CaMg(CO₃)₂), which comprise a significant proportion of the carbonate composition. Although 
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XRD successfully identified minerals, its imprecise quantification limits interpretative value in 

this study. 

 

The trace element composition of the fossil termitaria is indistinguishable between 

ichnosites, except Cr, which is higher at Calitzdorp (40–45 ppm vs. 14–20 ppm; Fig. 4.12; Table 

4.2). The fossil termitaria are distinct from their host palaeosols at both ichnosites and share 

similar enrichment patterns. While PCS has a lower Ni and higher Sr content than CAL GR 2-

H, fossil termitaria from both ichnosites are similarly enriched in Sr and depleted in Ni relative 

to their host palaeosols (Table 4.2). The PCS palaeosol contains less Cu than CAL GR 2-H (6 

ppm vs. 24 ppm), yet the Calitzdorp fossil termitaria are relatively enriched in Cu (12–13 ppm 

vs. 6 ppm), whereas the Groenefontein fossil termitaria are depleted in Cu (8–9 ppm vs. 24 

ppm). 

 

While the Calitzdorp fossil termitaria are indistinguishable from each other in both δ¹³C and 

δ¹⁸O values, the Groenefontein fossil termitaria exhibit three distinct δ¹³C groupings, which 

are indicative of a pronounced C₃ signal. Some overlap is observed in δ¹⁸O values between the 

ichnosites (Fig. 4.13; Tables 4.3, 4.4). The CAL GR 2 sample is notably indistinguishable from 

other Calitzdorp samples in terms of δ¹³C values. Overall, the δ¹³C values of the carbonates in 

the termitaria at both ichnosites preserve a mixed C₃/C₄ vegetation signal. 

 

 

 



 
 

41 

Figure 4.12 The trace element composition against Zr of the Calitzdorp and Groenefontein host 
palaeosol and fossil termitaria. For detailed data, see Table 4.2. The fields encircle the fossil 
termitaria samples from each ichnosite.  
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Figure 4.13 The δ13C vs. δ18O values of the fossil termitaria from the Calitzdorp and 

Groenefontein ichnosites. 
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5. Discussion 

5.1 Fossil termitaria preservation 

At Calitzdorp and Groenefontein, the fossil termitaria are preserved as carbonate-rich 

features comprising calcite and dolomite (Figs. 4.1, 4.7; Table 4.1). A single anomalous 

termitarium at Groenefontein contains minor aragonite (12 wt.%). At Calitzdorp, the 

termitaria are preserved within a pedogenic carbonate palaeosol, whereas the termitaria at 

Groenefontein are preserved in a palaeosol with no carbonate content. Interestingly, the host 

palaeosol at Calitzdorp exclusively contains calcite, i.e., no dolomite is present.  

 

While calcite (CaO3) is commonly reported to be present in high amounts in both modern and 

fossil termite structures (e.g., MAT 1; Black and Okwakol, 1997; Mujinya et al., 2011; Singh et 

al., 2017; Watson, 1974; Coaton, 1981; Moore and Picker, 1991; Liu et al., 2007; Potts et al., 

2009), the occurrence of dolomite (CaMg(CO3)2) is not reported (Lee and Wood, 1971; Arshad, 

1981; Moore and Picker, 1991; Asawalam et al., 1999; Mujinya et al., 2011; Francis and Poch, 

2019). The exact mechanism behind carbonate precipitation in termitaria remains unclear; it 

is generally attributed to two main factors: 

1) Biogenic processes: Carbonate minerals are attributed to the termite activity. 

Carbonate minerals can be transported by the termites from the soil into their 

termitaria, or in the organic matter that they deposit, along with saliva and faeces, 

which breaks down and releases exchangeable bases like Ca and Mg, which promotes 

carbonate precipitation (Milne, 1947; Watson, 1974; Liu et al., 2007; Mujinya et al., 

2011; Hervé et al., 2018; McAuliffe et al., 2019; Francis and Poch, 2019).  

2) Abiogenic (physical) processes: As water evaporates at the soil's surface, ions in the 

groundwater, including Ca2+ and HCO3- and CO2 from the soils, are introduced into the 

termitaria (Hesse, 1955; Weir, 1973; Watson, 1974; Cerling, 1984; Cerling et al., 1989). 

Once Ca2+ and HCO3- become saturated in the termitaria soils, they begin to evaporate. 

Although these processes can result in carbonate precipitation in both the soil and 

termitaria, they are often preferentially preserved in the termitaria (e.g., Milne, 1947; 

Lee and Wood, 1971; Liu et al., 2007; Mujinya et al., 2011; Francis and Poch, 2019; 

Hadebe, 2021; Muir et al., 2022). For example, the calcium ions can be retained in the 
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termitaria as water evaporates from the surface of the subaerial mound. Alternatively, 

under arid conditions, substantial amounts of calcium carbonate can be retained in 

the termitaria, as limited rainfall reduces the likelihood of chemical leaching (Booi, 

2011; Francis and Poch, 2019; Francis et al., 2022).  

 

The two processes are not mutually exclusive, and in some cases, both biogenic and abiogenic 

processes promote carbonate precipitation within the termitaria. For example, termite 

bioturbation increases soil capillary networks, allowing calcium-saturated groundwater to 

evaporate at the surface, resulting in carbonate accumulation in the termitaria from both 

biogenic and abiogenic processes (Yanes et al., 2008; Mujinya et al., 2011). At the Calitzdorp 

ichnosite, carbonate minerals are preserved within the host palaeosol and fossil termitaria 

(Fig. 4.1; Table 4.1). This indicates that at least one phase of abiogenic carbonate precipitation 

(i.e., unrelated to the ancient termites) occurred at Calitzdorp, affecting both the host 

palaeosol and the fossil termitaria; the calcretisation of the palaeosol post-dates the 

termitaria as they are capped by the impenetrable hardpan, and its calcretisation may have 

been independent of the termitaria. In contrast, at Groenefontein, carbonates are only found 

within the fossil termitaria, suggesting localised chemical or physical properties linked to the 

termitaria and termite activity promoted carbonate precipitation (Fig. 4.7; Table 4.1). 

Dolomite occurs exclusively within the fossil termitaria at both ichnosites. Its precise origin 

remains uncertain, further complicated by the micritic textures and evidence of overprinting 

observed in the carbonates. Dolomite typically forms as a secondary replacement of calcite 

(Bustillo and Alonso-Zarza, 2007), although under certain conditions, such as calcium-leached 

groundwater or magnesium-rich bedrock, primary dolomite precipitation may occur 

(Podwojewski, 1995; Alonso-Zarza and Wright, 2010). However, these mechanisms seem 

unlikely here, as the surrounding carbonates in the palaeosols would also have been affected 

by such processes, yet are devoid of dolomite. While a full diagenetic reconstruction was 

beyond the scope of this study, the mineralogical complexity was taken into account during 

the interpretation of the stable isotope data. The presence of dolomite in the termitaria at 

both ichnosites is more likely to have been facilitated by high magnesium content in organic 

matter introduced through biogenic termite activity, including the deposition of organic 

material (i.e., plant material and termite frass), which is rich in exchangeable base cations 

(e.g., Ca²⁺, Mg²⁺, K⁺, Na⁺; Sarcinelli et al., 2009; Abe et al., 2011; Muvengwi et al., 2016; Mills 



 
 

45 

and Sirami, 2018; Pina et al., 2022; Roberts, 2024). This biogenic magnesium, combined with 

an influx of groundwater and subsequent ion saturation, likely promoted the carbonate 

precipitation of the magnesium-rich carbonate, dolomite. The dolomite present in the 

termitaria is of secondary origin, as evidenced by its co-occurrence with calcite and aragonite 

(CaCO₃), indicating a diagenetic or post-depositional formation process (Mehmood, 2018). 

This is distinct from primary dolomite (CaMg(CO₃)₂), which would typically occur as a pure 

mineral phase. The Calitzdorp and Groenefontein ichnosites demonstrated that biogenic and 

abiogenic carbonate precipitation processes were intertwined, with termite-mediated 

geochemical alterations and groundwater flux combining to produce the observed dolomite-

rich carbonate assemblages. 

 

Similarly, local Heuweltjies (Fig. 2.1 A), which are potentially of termite origin, are commonly 

preserved as carbonate-rich features within non-calcareous soils, where carbonate 

accumulation is often attributed to termite-mediated mineralisation processes (McAuliffe et 

al., 2014, 2019; Francis and Poch, 2019; Francis et al., 2022). Unlike the termitaria examined 

in this study, which contain both calcite and dolomite, Heuweltjies only contain calcite. This 

disparity suggests variations in carbonate precipitation processes. Notably, Heuweltjies, 

preserved as subaerial structures, may still contain carbonates linked to termite activity, 

warranting further investigation (e.g., termite-mediated biomineralisation; Potts et al., 2009; 

Francis and Poch, 2019) but differ from the subterranean termitaria in age, morphology, and 

preservation. Their subaerial preservation likely reduces the influence of groundwater on 

carbonate chemistry. Although exploring these differences is beyond this study’s scope, the 

dolomite enrichment in the termitaria is unique and warrants further investigation. 

 

The origin of the carbonates within the Calitzdorp area's fossil termitaria remains poorly 

understood but likely results from a complex interplay between abiogenic and biogenic 

processes. The carbonate-rich composition of these fossil structures aids in their hardness 

and resistance to weathering, thereby facilitating their preservation within the geological 

record. 
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5.2 Nutrient enrichment in the fossil termitaria 

The fossil termitaria at both Calitzdorp and Groenefontein are geochemically different to their 

respective host palaeosols (PCS and CAL GR 2-H; Figs. 4.11, 4.12). The fossil termitaria exhibit 

enrichment in CaO, MgO, MnO, and P2O5 and depletion in Al₂O₃, Co, Cu, Fe₂O₃, K₂O, and Zn 

(Figs. 4.12, 4.13; Table 4.2). These enrichment patterns are consistent with observations in 

modern termitaria, where termitaria are often enriched in exchangeable base cations such as 

Ca²⁺, Mg²⁺, K⁺, Na⁺, and essential nutrients, including Mn and P, relative to the surrounding 

soils (e.g., Midgley and Musil, 1990; Brune and Kühl, 1996; Hopkins et al., 1998; Mahaney et 

al., 1999; Jouquet et al., 2004; Seymour et al., 2014; Singh et al., 2017; Mills and Sirami, 2018; 

Souza et al., 2020; Chen et al., 2021; Koné et al., 2022). The observed differences between 

the termitaria and PCS may suggest that termites played a biogeochemical role, potentially 

through the selective use of clays or fungus cultivation. However, the similarity in enrichment 

patterns across other carbonate-rich palaeosols, which the termitaria are not directly situated 

in (CAL 2.4, CALI H, and PCN), suggests that physical processes, such as groundwater 

movement, may also have contributed to the observed geochemical signatures. 

 

Globally, modern and fossil termitaria exhibit significant variability in nutrient enrichment 

compared to their host soil (e.g., Mujinya et al., 2011; Singh et al., 2017). However, there are 

consistent geochemical trends across studies, such as high exchangeable base content, that 

offer valuable insights into termite behaviour and broader environmental dynamics, such as 

groundwater movement and nutrient cycling within these structures (Watson, 1974; Brune 

and Kühl, 1996; Hopkins et al., 1998; Holt and Lepage, 2000; Jouquet et al., 2004; Mujinya et 

al., 2013; Seymour et al., 2014; Singh et al., 2017; Mills and Sirami, 2018; Francis et al., 2022). 

The geochemistry of the fossil termitaria at Calitzdorp and Groenefontein shows notable 

similarities with modern termitaria from India and Tanzania, as they are all enriched in CaO, 

MgO, MnO, and P₂O₅ and depleted in Na₂O and SiO₂ (Fig. 5.1; Mahaney et al., 1999; Singh et 

al., 2017). However, the fossil termitaria in this study also deviate geochemically from modern 

termitaria around the world, including local Amitermes hastatus termitaria from Bainskloof. 

These modern termitaria are enriched in Al, Fe, K, Na and Ti (and corresponding oxides), while 

the fossil termitaria in this study are generally depleted in these elements, apart from minor 

Na2O enrichment in the Calitzdorp termitaria.  
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The most significant distinction between our fossil termitaria and their respective host 

palaeosols is the pronounced enrichment in CaO (~20–72 wt.% vs. ~1–7 wt.%) and MgO (~9–

15 wt.% vs. ~2 wt.%). This is due to the greater carbonate mineral proportion in the fossil 

termitaria relative to the host palaeosols (Figs. 4.1, 4.7; Table 4.1). A relatively high Ca and 

Mg content is also observed in local Heuweltjies (in Worcester; Fig. 2.1 A) and worldwide in 

modern termitaria (Figs. 5.1, 5.2; e.g., Midgley and Musil, 1990; Mahaney et al., 1999; 

Seymour et al., 2014) due to the high carbonate content in the features, contrasting their 

siliciclastic host palaeosols (Fig. 4.11; Table 4.2). In addition to the enrichment of CaO and 

MgO in all the termitaria, the Calitzdorp termitaria are also enriched in Na2O. While the 

enrichment of CaO and MgO in the fossil termitaria is likely associated with the presence of 

carbonates that precipitate after the construction of the termitaria, the enrichment of CaO, 

MgO and Na2O may also be directly linked to termite activity as termites typically enrich their 

termitaria with exchangeable bases from organic matter and frass (Lee and Wood, 1971; 

Watson, 1977; Lopez-Hernandez et al., 1986; Black and Okwakol, 1997; Brossard et al., 2007; 

Traoré and Jouquet, 2020). Termitaria are also generally enriched in Al, K and Ti (Singh et al., 

2017). In modern termitaria, elevated Al and K are attributed to high clay content, while 

elevated amounts of Ti are associated with low silica content. In this study, however, the fossil 

termitaria have a marked depletion in Al₂O₃ and K₂O, enrichment in TiO₂, and an absence of 

identifiable clay or micaceous minerals. This pattern is unusual, given that termites generally 

concentrate fine-grained materials such as clays within their termitaria (e.g., Mills et al., 2009; 

Wang and Henderson, 2013; Janzow and Judd, 2015; Baig et al., 2018). However, it is 

important to differentiate between particle size and mineralogical composition: termites 

generally prefer fine-grained materials for construction, but these may not always be 

composed of clay minerals, and could instead reflect the local lithology. While the absence of 

clay minerals may be expected in the Calitzdorp termitaria, aligning with the sandy nature of 

the palaeosol, it is particularly surprising at Groenefontein, where kaolinite, a clay-forming 

mineral, is readily available in the host palaeosol (Figs. 4.1, 4.7; Table 4.2; Holt and Lepage, 

2000; Jouquet et al., 2016; Oberst et al., 2020). In modern termitaria, elevated P is linked to 

a high pH and organic matter, suggesting a more alkaline environment and organic-rich 

termitaria (Wood, 1988; Brauman, 2000; Chen et al., 2021). There is a minor enrichment of 

P₂O₅ in the Calitzdorp and Groenefontein fossil termitaria compared to the palaeosol (~0.2–

0.5 wt.% vs. 0.1–0.3 wt.%; Fig. 5.1), which may also reflect the chemistry of organic materials 
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in the active termitaria that were subsequently preserved. Enrichment of Mn within fossil 

termitaria is often linked to frass, decomposition of the termites themselves and organic 

matter, which may include fungi (Mills et al., 2009; Muwawa et al., 2014; Koné et al., 2022). 

Though Fe and trace elements are often enriched by deep-soil mining (Mills et al., 2009; Sako 

et al., 2009; Stewart et al., 2012; Singh et al., 2017; Eze et al., 2020; Ngoy et al., 2023), they 

are not significantly enriched within the Calitzdorp and Groenefontein fossil termitaria, 

suggesting nonselective material use by ancient termites or geochemical alteration.  

 

While the Calitzdorp and Groenefontein fossil termitaria share similar geochemical 

compositions relative to their host palaeosols, they exhibit subtle differences in nutrient 

enrichment and depletion, with the Groenefontein fossil termitaria having more pronounced 

enrichment or depletion (Figs. 4.11, 4.12). This may be due to: 

1) Mineral composition: The difference in mineralogy between the host palaeosol and 

fossil termitaria. At the Calitzdorp ichnosite, both the fossil termitaria and host 

palaeosols contain carbonate minerals (13–26 wt.% vs 3–65 wt.%), with the fossil 

termitaria containing both dolomite and calcite carbonates, whereas the palaeosol 

only contains calcite. Contrastingly, at the Groenefontein ichnosite, the fossil 

termitaria comprise between 53–75 wt.% total carbonate (20–55 wt.% calcite, 12–33 

wt.% dolomite, and 12 wt.% aragonite), while the host palaeosol contains no 

carbonate (Fig. 4.7; Table 4.1). 

2) Duration of inhabitation: Termitaria, which are inhabited for longer, tend to show 

higher nutrient content relative to host soils due to extended periods of nutrient 

cycling (Seymour et al., 2014). The greater nutrient enrichment in the fossil termitaria 

at Groenefontein may potentially indicate that the original termitaria remained active 

for longer than those at Calitzdorp. Unfortunately, it is not possible to determine the 

duration of inhabitation within the termitaria for fossil material. Investigations into 

the morphology and clustering of fossil termitaria can provide insights into this, but 

are beyond the scope of this project. Furthermore, factors related to preservation can 

warp these interpretations.  
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While geochemical studies of modern termitaria can definitively demonstrate nutrient 

differences between the soils and termitaria, there are limitations to interpreting these 

differences for fossil termitaria. These limitations include:  

1) Impact of post-construction calcretisation: The fossil termitaria contain high 

proportions of carbonate minerals, which have aided their preservation. These 

carbonate minerals likely precipitated long after the construction of the termitaria. 

This post-construction alteration to the mineralogy of the termitaria, in turn, affected 

their original geochemical signature.  

2) Unspecified termite species: the species of the tracemaker can be informative about 

certain behaviours (like fungus culturing), in addition to the geochemical data (like 

marked Mn enrichment), which would help refine the interpretations made here; 

however, there are presently no body fossils or fungus culturing evidence preserved. 

The fossil termitaria at Calitzdorp and Groenefontein exhibit enrichment and depletion 

patterns relative to their host palaeosols that are consistent with modern termitaria (Fig. 4.12; 

Table 4.2; e.g., Midgley and Musil, 1990; Mahaney et al., 1999; Seymour et al., 2014; Singh et 

al., 2017). However, there are deviations. The post-construction carbonate mineral 

precipitation within the fossil termitaria influences the geochemical signatures of the fossil 

termitaria, but tentative interpretations may be made: the enrichment of MnO and P2O5 at 

both ichnosites and Na2O enrichment at the Calitzdorp ichnosite can be linked to the active 

role of termites in termitaria construction.  
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Figure 5.1 Major element proportions of fossil and modern termitaria relative to their host 
palaeosol or soils. Values <1 indicate depletion in the termitaria, and values >1 indicate 
enrichment.  
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5.3 Palaeoclimate  

The fossil termitaria from the Calitzdorp area provide a unique record of palaeoclimatic 

conditions in the southern Cape during the Quaternary, offering insights into both the 

prevailing vegetation and climate through their carbonate mineral composition and isotopic 

signatures. This discussion explores termite mounds as palaeoclimate indicators by analysing 

their mineral composition and stable isotope data to infer past vegetation, temperature, and 

precipitation conditions in the Calitzdorp region. 

 
The fossil termitaria in the Calitzdorp area are characterised by a high proportion of carbonate 

minerals within their structure (Fig. 4.1; Table 4.1), providing a valuable proxy for 

reconstructing palaeoclimatic conditions. These carbonates are pedogenic in origin, 

particularly evident at the Calitzdorp ichnosite, which preserves a range of morphological 

forms of pedogenic carbonates within the host palaeosol (Fig. 2.1 C; Hadebe, 2021). The 

occurrence of pedogenic carbonates in both the fossil termitaria and the surrounding 

palaeosols indicates semi-arid to arid environmental conditions (Wright and Tucker, 2009; 

Alonso-Zarza, 2003; Candy and Black, 2009; Gocke and Kuzyakov, 2011). The δ¹³C values of 

the carbonates in the fossil termitaria range from -0.69‰ to 7.19‰ and indicate the presence 

of both C3 and C4 vegetation on the palaeolandscape. This mixed C3/C4 signal indicates that 

the climate was suitable for maintaining vegetation with different environmental 

requirements and within the local context of the southern Cape. The Calitzdorp area falls 

within a biogeographical zone of mixed C3 and C4 vegetation, strongly associated with year-

round rainfall, receiving approximately 205–239 mm annually and classifying the region as 

semi-arid (Vogel et al., 1978; Cowling, 1983; Chase and Meadows, 2007; Holzapfel, 2008; 

Abatzoglou et al., 2018). The coupling of rainfall zones (i.e., SRZ, WRZ, and YRZ) and vegetation 

within South Africa likely persisted throughout the Quaternary, with minor spatial shifts. 

While year-round rainfall may have prevailed during the Middle Pleistocene, as suggested by 

the mixed C3 and C4 vegetation signal at the Calitzdorp ichnosite, it was likely low enough to 

support the formation of pedogenic carbonates in the termitaria. 

 

Although the Calitzdorp and Groenefontein ichnosites are only 12 km apart (Fig. 2.1 B), the 

fossil termitaria at Calitzdorp have, on average, higher δ13C values (-0.79 to -0.69‰ vs.-7.19 
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to -1.56‰) and therefore a stronger C4 signal than those from Groenefontein (Fig. 4.13; Table 

4.3). These differences in isotopic signals, including the distinct signature of fossil termitaria 

at Groenefontein (Figs. 4.8, 4.13; Table 4.3), may be attributed to: 

1) Timing of carbonate precipitation: The δ¹³C values of carbonates in the fossil termitaria 

indicate the prevailing vegetation at the time of carbonate precipitation (Meyer et al., 

2014; Licht et al., 2014). The overlapping signature of the Calitzdorp fossil termitaria and 

their host palaeosol may be due to the clustered fossil termitaria and palaeosol carbonate 

precipitation occurring at the same time, around 320 ka. The more dispersed fossil 

termitaria at Groenefontein may contain carbonates that precipitated at different times, 

with CAL GR 2, which coincides with the signatures of fossil termitaria at Calitzdorp 

potentially containing carbonate that also precipitated ~320 ka (Figs. 2.1, 4.13). Potential 

climate variation during the Quaternary may have influenced the dominant vegetation 

types, thereby affecting the groupings of the δ¹³C values (Walker, 1990; Talma and Vogel, 

1992; Petit et al., 1999; Hewitt, 2000; Chase and Meadows, 2007; Bar-Matthews et al., 

2010; Grobler et al., 2020; Mohale et al., 2022). The climate variation is more likely 

responsible for the variation in vegetation, as minor spatial differences between 

termitaria within or between the ichnosites (0.05–12 km) would not account for 

vegetation differences observed at approximately 320 ka. 

2) The porosity of the host palaeosols: The lower water uptake efficiency of C3 vegetation 

compared to C4 vegetation may explain the distribution of vegetation types at the 

Groenefontein and Calitzdorp ichnosites (Hura et al., 2007; Leegood, 2013; Cui, 2021). The 

host palaeosol at Groenefontein, consisting of fine-grained sands and muds, likely had 

higher water retention than the more coarse, medium-grained sands at Calitzdorp, which 

may have favoured C₄ vegetation over the C₃-dominated vegetation at Groenefontein (Yu 

et al., 1993). The coarser sands at the Calitzdorp ichnosite may have retained less water 

and would have been more suitable for C₄ vegetation, which thrives in water-stressed 

conditions (Sage et al., 1999; Sharp, 2017). Therefore, the palaeosols’ varying water 

retention capacities could have influenced the vegetation distinction between the 

Groenefontein and Calitzdorp ichnosites. 

3) Elevation: The Calitzdorp ichnosite is at ~80 m lower than Groenefontein. The growth of 

C₃ vegetation is generally favoured at higher altitudes, where cooler temperatures and 

increased moisture availability create more suitable conditions (Tieszen et al., 1979; 
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Rundel, 1980; Cowling, 1983; Cavagnaro, 1988; Masrahi et al., 2011). However, the 80 m 

elevation difference between Groenefontein and the Calitzdorp ichnosite is unlikely to 

cause significant vegetation changes; factors like soil composition and water availability 

likely played a more significant role in the dominance of C₃ vegetation at Groenefontein. 

Differences in palaeosol porosity and elevation may partially explain the varying δ¹³C values 

between Calitzdorp and Groenefontein. However, the timing of carbonate precipitation must 

also be considered. Although dating the fossil termitaria is beyond the scope of this project, 

it is part of ongoing research. If carbonate precipitation occurred at different times, these 

findings may reflect changes in Quaternary vegetation and climate in the Calitzdorp area. 

 

The δ18O values of the carbonates are significantly influenced by the δ¹⁸O signature of the soil 

water from which they precipitate (Talma and Netterberg, 1983; Dworkin et al., 2005; Jolivet 

and Boulvais, 2021). The carbonates in the fossil termitaria at both sites are largely 

overlapping and range from 26 to 33‰ (Fig. 4.6; Tables 4.3, 4.4). Given the overlap in δ¹⁸O 

values between the two ichnosites, it is possible that the groundwater source had similar δ¹⁸O 

values if the carbonates precipitated during the same period. However, if the carbonates 

precipitated at different times, the comparable δ¹⁸O values could instead reflect similar 

environmental conditions during both periods of carbonate formation. 

 

The temperature of the soil water from which the carbonates at both ichnosites precipitated 

is unknown. This means that the δ¹⁸O values of the carbonates cannot be used directly to 

estimate their temperature of formation. The temperature of the carbonate formation has 

been calculated for different water δ¹⁸O values to estimate a reasonable temperature range 

(+3 to -3‰; Table 5.1; Appendix Table 1). The fractionation factor (α) between dolomite and 

water was calculated using the δ¹⁸O values of all carbonate samples using the equation α δ¹⁸O-

water =(1000 + δ¹⁸O-carbonate)/(1000 + δ¹⁸O-water). The value of α determined for each 

sample was used to calculate temperature with the following equation: 

 

103ln αcarbonate-water= 0.3140(±0.022) × -/!

0"
− 3.14(±0.11) (Horita, 2014). 
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The values of water between -1 and 3‰ generated the highest proportion of plausible 

temperature estimates, comparable to the modern historical temperature range in Calitzdorp 

(Abatzoglou et al., 2018; Table 5.1; Appendix Table 1). To encompass the full range of possible 

temperatures, we considered a slightly broader range of 10–35 °C. The mean temperatures 

derived from water δ¹⁸O values between -1 and 3‰ spanned 15–34 °C. Water δ¹⁸O values 

between 0 and +1 yielded the most likely temperature distribution, with ~98% of the data 

falling within 10–35 °C. Furthermore, water δ¹⁸O values between 1 and 2‰ produced 

temperature estimates that were consistently warm, with 89–95% of values concentrated 

between 20–35 °C. The calculated temperatures suggest conditions similar to, or slightly 

warmer than, the present day, implying a warm climate regime (Abatzoglou et al., 2018). 

These estimates exceed modern-day groundwater temperatures in the region, inferred from 

Gamkaberg δ¹⁸O values of -3.4‰ (Diamond and Harris, 2019). The 4–5‰ discrepancy in δ¹⁸O 

values between fossil termitaria carbonates (~1–2‰) and modern-day groundwater (-3.4‰) 

can be attributed to various environmental factors. However, evaporation of water from the 

termitaria before secondary dolomite precipitation provides a plausible explanation, 

enriching the remaining water in ¹⁸O and resulting in relatively higher δ¹⁸O values. 

 

The warm environmental temperature (concentrated between 20-35°C) calculated from the 

δ18O values is supported by the contrasting geochemistry between host palaeosol and fossil 

termitaria (Figs. 4.1, 4.7, 4.12; Tables 4.1, 4.2). Additionally, in the absence of sufficient 

rainfall, the nutrients will not be leached, and the geochemical contrast between the host 

palaeosol and fossil termitaria can be preserved over time (Booi, 2011; Francis and Poch, 

2019; Francis et al., 2022). This preservation is evident in our study, where the fossil termitaria 

exhibit different geochemical signatures compared to their host yet are similar to each other 

(Figs. 4.11, 4.12; Table 4.2). This implies that the study region did not receive large amounts 

of rainfall, allowing for the preservation of the geochemical gradient between host palaeosol 

and fossil termitaria. Furthermore, the subterranean position of the fossil termitaria indicates 

a possible adaptation to unfavourable environmental conditions (i.e., extreme temperature 

or aridity), despite termite activity predating the calcretisation of the fossil termitaria (Turner 

et al., 2006). Faunal species which burrow or construct subterranean termitaria are protected 

from harsh environmental changes (Sankovitz and Purcell, 2021; Parr and Bishop, 2022). 

Under relatively warm and dry environmental conditions, the ancient termites may have 
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resorted to the cool and moist conditions provided by their subterranean shelters. These 

findings collectively suggest that warm, semi-arid conditions, characterised by limited 

(perennial) precipitation, prevailed in the study area, which possibly extended into the period 

in which the ancient termites constructed and occupied the fossil termitaria. 

 

The δ¹³C and δ¹⁸O values of carbonates in this study overlap primarily with the Heuweltjie 

carbonates, with δ¹³C values between 0 and -10‰ and δ¹⁸O values from approximately 26 to 

34‰ (Fig. 5.2; Table 4.3; Potts et al., 2009). There is also some overlap with carbonates that 

are not linked to termite activity, including speleothem deposits from the Western Cape, 

Gauteng, and Limpopo, as well as calcretes from the Northern Cape (Talma and Netterberg, 

1983; Hopley et al., 2009; Chase et al., 2021). However, unlike other carbonate groups in 

South Africa, which span a broader range of generally higher δ¹³C and lower δ¹⁸O values, our 

termitaria carbonates do not extend into these isotopic ranges (i.e., δ¹³C values of -15 to 12‰ 

and δ¹⁸O values of 8 to 38‰; Talma and Netterberg, 1983; Ringrose et al., 2009; Frauenstein 

et al., 2009; Mthembi et al., 2016). This difference suggests that, unlike the other calcretes 

that may reflect even more arid conditions or speleothems associated with specific 

hydrological settings, termitaria carbonates form under more localised or biologically 

influenced conditions that align closely with Heuweltjies, which are reported to have similar 

biological influence from termite activity. The restricted isotopic range in δ¹³C and relatively 

high δ¹⁸O values in termitaria carbonates underscore the influence of termite-driven 

processes and localised environmental factors distinct from broader South African carbonate 

formations. Although these carbonates are all sourced from Southern Africa and serve to 

contextualise the termitaria carbonates within a broader geographical framework, they 

originate from different processes. Therefore, no direct inferences or comparisons regarding 

Quaternary climate can be made due to their varying ages. 
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Table 5.1 Summary table of the temperatures estimated from δ18O values of the carbonates in the termitaria at Calitzdorp and Groenefontein. 

(See Appendix Table 1 for full details).  

Sample δ18O α 
3 

Temp. 
°C 

α 
2 

Temp. 
°C 

α 
1 

Temp. 
°C 

α 
0 

Temp. 
°C 

α 
-1 

Temp. 
°C 

α 
-2 

Temp. 
°C 

α 
-3 

Temp. 
°C 

       
CAL 2.1 30.56 1.0275 31.49 1.0285 26.56 1.0295 21.84 1.0306 17.33 1.0316 13.02 1.0326 8.89 1.0337 4.96 
CAL 2.2 29.78 1.0267 35.47 1.0277 30.33 1.0287 25.43 1.0298 20.76 1.0308 16.31 1.0318 12.04 1.0329 7.96 

CAL GR 2 28.77 1.0257 40.65 1.0267 35.26 1.0277 30.14 1.0288 25.26 1.0298 20.58 1.0308 16.14 1.0319 11.86 
CAL GR 3 30.29 1.0268 33.13 1.0279 28.10 1.0289 23.31 1.0299 18.74 1.0310 14.36 1.0320 10.16 1.0330 6.15 
CAL GR 4 30.32 1.0272 32.63 1.0283 27.62 1.0293 22.85 1.0303 18.33 1.0314 13.95 1.0324 9.80 1.0334 5.8 
CAL GR 5 31.15 1.0281 28.58 1.0291 23.78 1.0301 19.18 1.0312 14.78 1.0322 10.6 1.0332 6.58 1.0343 2.73 
Average: 30.14 1.0270 33.66 1.0280 28.61 1.0291 23.79 1.0301 19.20 1.0311 14.80 1.0322 10.60 1.0332 6.58 
Average 

temp. 
  34.4  29.3  24.4  19.8  15.4  11.2  7.1 

% of values with 
temps. between 

10–35 °C 

 64%  83%  97%  98%  95%  51%  27% 
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Figure 5.2 The δ13C vs. δ18O values of carbonates from across southern Africa relative to the 

fossil termitaria carbonates from the Calitzdorp and Groenefontein ichnosites in this study.  

 

The palaeoclimate of the southern Cape during the Pleistocene is subject to ongoing debate, 

with various records presenting contrasting interpretations. While some studies indicate 

cooler conditions during this period (Bar-Matthews et al., 2010; Eze, 2013; Dupont et al., 

2022), others suggest that the middle to late Pleistocene experienced warmer and drier 

conditions, characterised by the expansion of C4 grasses and higher interglacial sea levels 

(Henshilwood, 2008; Quick et al., 2015; Compton, 2016; Braun et al., 2020; Dupont et al., 

2022; Strobel et al., 2022). The variability can be attributed to the region's complex climatic 

dynamics, influenced by contrasting oceanic and atmospheric currents (Rogers, 1988; Walker, 
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1990; Hare and Sealy, 2013; Strobel et al., 2022). Other palaeoclimate records, which cover a 

similar period and location relative to the carbonates in this study, are the terrestrial (~263 

ka) and offshore sediment cores (~300 ka) from the southern Cape coast (Hahn et al., 2017; 

Strobel et al., 2022). These records suggest that arid conditions, marked by the cessation of 

major flood events and reduced rainfall, prevailed during the late Pleistocene. Furthermore, 

this study’s findings of a mixed C3/C4 signal are consistent with the speleothem record from 

Pinnacle Point (~50 km south of Calitzdorp), which also suggests a year-round rainfall regime 

during the Pleistocene (Braun et al., 2019). These regional palaeoclimate patterns suggest a 

fluctuating yet warm and dry climate characterised by semi-arid conditions and mixed C3/C4 

vegetation supported by year-round rainfall. This aligns with the interpretation that 

Calitzdorp experienced similar conditions during the Pleistocene, with perennial but limited 

rainfall sustaining both C3 and C4 plants. While the literature exhibits variability in its 

interpretation of the southern Cape’s Pleistocene climate, our findings are consistent with 

much of the evidence indicating warm, dry conditions with limited year-round rainfall during 

the Quaternary. 
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Conclusion 
 
The Quaternary fossilised termitaria near Calitzdorp have enhanced our understanding of 

nutrient enrichment and material selectivity in these fossil termitaria and offered insights into 

Quaternary palaeoenvironmental conditions in the southern Cape, where climate proxy data 

is sparse. Based on the geochemical assessment of six fossil termitaria, the following 

deductions can be made: 

1. The fossil termitaria are preferentially calcretised, and where their host palaeosols are 

calcretised, too, the carbonate content of the termitaria and soil is distinct. Dolomite 

is only preserved in the fossil termitaria and was likely aided by high initial inputs of 

magnesium-rich organic matter and frass deposited by the ancient termites. 

 

2. The geochemical signature of the termitaria exhibits a strong influence from termite 

activity and is distinct from their host palaeosols. Although the two ichnosites have 

different palaeosols, i.e., one with pedogenic carbonate and one without, the 

geochemistry between the termitaria relative to their host palaeosols is nearly 

indistinguishable. 

 

3. At the time of carbonate precipitation, a warm, dry climate with palaeotemperatures 

ranging from approximately 20 to 35°C persisted. Furthermore, the climate was 

characterised by consistent but limited year-round rainfall. 

 

This research offers significant contributions to the palaeoenvironmental understanding of 

the southern Cape during the Quaternary and provides novel geochemical insights into fossil 

termitaria, furthering our knowledge of termite-driven biogeochemical processes and their 

implications for palaeoenvironmental reconstructions in South Africa’s distinctive 

biogeographical context. Although these findings are significant and greatly contribute to our 

understanding, they have also left us with questions that require additional pursuit. Future 

avenues of research include:  

1. Radiometric dating of the Groenefontein termitaria. These termitaria have distinct 

stable isotope signatures, one of which was similar to the termitaria of Calitzdorp. 
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Radiometric dates could indicate whether these distinct groupings show climate 

variability through time. 

 

2. Further investigation into the dolomite content in termitaria. Dolomite is uniquely 

present in the termitaria; therefore, increasing the sample size of the termitaria 

analysed can help to validate this observation.
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Figure 1: X-ray diffractograms for samples of all the samples from Calitzdorp, Groenefontein 
and Matjiesrivier. For relative mineral proportions, see in-text Figure 4.1, Table 4.1.  
 
 



 
 

91 

Table 1. Temperatures estimated from δ18O values of the carbonates in the termitaria at Calitzdorp and Groenefontein. Values below α are 
represent the different assumed δ18O water values.  

Sample δ18O α  
+4 T. °C 

α 
+3 

T. 
°C 

α 
+2 

T. 
°C 

α 
+1 T. °C 

α 
0 T. °C 

α 
-1 T. °C 

α 
-2 T. °C 

α 
-3 T. °C 

α 
-4 T. °C 

CAL 2.1  

1 30.56 1.0265 36.60 1.0275 31.40 1.0285 26.50 1.0295 21.80 1.0306 17.30 1.0316 13.00 1.0326 8.90 1.0337 4.90 1.0347 1.10 

2 29.70 1.0256 41.10 1.0266 35.70 1.0276 30.60 1.0287 25.70 1.0297 21.00 1.0307 16.50 1.0318 12.30 1.0328 8.20 1.0338 4.20 

3 29.12 1.0250 44.40 1.0260 38.80 1.0271 33.50 1.0281 28.40 1.0291 23.60 1.0301 19.10 1.0312 14.70 1.0322 10.50 1.0333 6.40 

4 31.10 1.0270 33.90 1.0280 28.80 1.0290 24.00 1.0301 19.40 1.0311 15.00 1.0321 10.80 1.0332 6.80 1.0342 2.90 1.0352 -0.80 

5 30.67 1.0266 36.00 1.0276 30.90 1.0286 26.00 1.0296 21.30 1.0307 16.80 1.0317 12.50 1.0327 8.40 1.0338 4.50 1.0348 0.70 

6 30.59 1.0265 36.50 1.0275 31.30 1.0285 26.40 1.0296 21.70 1.0306 17.20 1.0316 12.90 1.0327 8.70 1.0337 4.80 1.0347 1.00 

7 31.27 1.0272 33.00 1.0282 28.00 1.0292 23.20 1.0302 18.60 1.0313 14.30 1.0323 10.10 1.0333 6.10 1.0344 2.30 1.0354 -1.40 

8 30.66 1.0266 36.10 1.0276 30.90 1.0286 26.00 1.0296 21.30 1.0307 16.80 1.0317 12.50 1.0327 8.40 1.0338 4.50 1.0348 0.70 

9 30.76 1.0267 35.60 1.0277 30.40 1.0287 25.60 1.0297 20.90 1.0308 16.40 1.0318 12.20 1.0328 8.10 1.0339 4.20 1.0349 0.40 

10 30.67 1.0266 36.00 1.0276 30.90 1.0286 26.00 1.0296 21.30 1.0307 16.80 1.0317 12.50 1.0327 8.40 1.0338 4.50 1.0348 0.70 

11 31.93 1.0278 29.70 1.0288 24.90 1.0299 20.30 1.0309 15.80 1.0319 11.60 1.0330 7.50 1.0340 3.60 1.0350 -0.10 1.0361 -3.70 

12 30.68 1.0266 36.00 1.0276 30.90 1.0286 25.90 1.0296 21.30 1.0307 16.80 1.0317 12.50 1.0327 8.40 1.0338 4.50 1.0348 0.70 

13 30.92 1.0268 34.80 1.0278 29.70 1.0289 24.80 1.0299 20.20 1.0309 15.70 1.0320 11.50 1.0330 7.40 1.0340 3.60 1.0351 -0.20 

14 29.09 1.0250 44.50 1.0260 38.90 1.0270 33.60 1.0281 28.60 1.0291 23.80 1.0301 19.20 1.0312 14.80 1.0322 10.60 1.0332 6.50 

15 30.67 1.0266 36.00 1.0276 30.90 1.0286 26.00 1.0296 21.30 1.0307 16.80 1.0317 12.50 1.0327 8.40 1.0338 4.50 1.0348 0.70 

CAL 2.2                    

1 30.60 1.0265 36.40 1.0275 31.20 1.0285 26.30 1.0296 21.60 1.0306 17.10 1.0316 12.80 1.0327 8.70 1.0337 4.70 1.0347 1.00 

2 30.05 1.0259 39.30 1.0270 34.00 1.0280 28.90 1.0290 24.10 1.0300 19.50 1.0311 15.10 1.0321 10.90 1.0331 6.80 1.0342 3.00 

3 29.37 1.0253 43.00 1.0263 37.50 1.0273 32.20 1.0283 27.30 1.0294 22.50 1.0304 18.00 1.0314 13.60 1.0325 9.50 1.0335 5.50 

4 28.67 1.0246 46.90 1.0256 41.20 1.0266 35.80 1.0276 30.60 1.0287 25.70 1.0297 21.00 1.0307 16.50 1.0318 12.30 1.0328 8.20 

5 30.23 1.0261 38.40 1.0271 33.10 1.0282 28.10 1.0292 23.30 1.0302 18.70 1.0313 14.30 1.0323 10.20 1.0333 6.20 1.0344 2.30 

6 30.41 1.0263 37.40 1.0273 32.20 1.0284 27.20 1.0294 22.50 1.0304 17.90 1.0314 13.60 1.0325 9.40 1.0335 5.50 1.0345 1.70 

7 30.66 1.0266 36.10 1.0276 31.00 1.0286 26.00 1.0296 21.30 1.0307 16.90 1.0317 12.60 1.0327 8.50 1.0338 4.50 1.0348 0.80 

8 29.27 1.0252 43.50 1.0262 38.00 1.0272 32.70 1.0282 27.70 1.0293 22.90 1.0303 18.40 1.0313 14.00 1.0324 9.90 1.0334 5.90 

9 30.39 1.0263 37.50 1.0273 32.20 1.0283 27.30 1.0294 22.50 1.0304 18.00 1.0314 13.70 1.0325 9.50 1.0335 5.50 1.0345 1.70 
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10 30.22 1.0261 38.40 1.0271 33.10 1.0282 28.10 1.0292 23.30 1.0302 18.70 1.0313 14.40 1.0323 10.20 1.0333 6.20 1.0344 2.30 

11 29.59 1.0255 41.80 1.0265 36.30 1.0275 31.20 1.0286 26.20 1.0296 21.50 1.0306 17.00 1.0317 12.70 1.0327 8.60 1.0337 4.70 

12 29.47 1.0254 42.40 1.0264 36.90 1.0274 31.70 1.0284 26.80 1.0295 22.00 1.0305 17.50 1.0315 13.20 1.0326 9.10 1.0336 5.10 

13 30.32 1.0262 37.80 1.0272 32.60 1.0283 27.60 1.0293 22.80 1.0303 18.30 1.0314 13.90 1.0324 9.80 1.0334 5.80 1.0345 2.00 

14 30.84 1.0267 35.20 1.0278 30.10 1.0288 25.20 1.0298 20.50 1.0308 16.10 1.0319 11.90 1.0329 7.80 1.0339 3.90 1.0350 0.10 

15 29.44 1.0253 42.60 1.0264 37.10 1.0274 31.90 1.0284 26.90 1.0294 22.20 1.0305 17.60 1.0315 13.30 1.0325 9.20 1.0336 5.20 

16 30.74 1.0266 35.70 1.0277 30.60 1.0287 25.70 1.0297 21.00 1.0307 16.50 1.0318 12.30 1.0328 8.20 1.0338 4.20 1.0349 0.50 

17 28.62 1.0245 47.20 1.0255 41.40 1.0266 36.00 1.0276 30.80 1.0286 25.90 1.0297 21.30 1.0307 16.80 1.0317 12.60 1.0328 8.40 

18 27.10 1.0230 56.30 1.0240 50.00 1.0251 44.20 1.0261 38.60 1.0271 33.30 1.0281 28.20 1.0292 23.40 1.0302 18.80 1.0312 14.50 

CAL 
GR 2                    

1 28.72 1.0246 46.60 1.0256 40.90 1.0267 35.50 1.0277 30.40 1.0287 25.50 1.0297 20.80 1.0308 16.30 1.0318 12.10 1.0328 8.00 

2 28.62 1.0245 47.20 1.0255 41.50 1.0266 36.00 1.0276 30.90 1.0286 26.00 1.0296 21.30 1.0307 16.80 1.0317 12.50 1.0327 8.40 

3 28.90 1.0248 45.60 1.0258 39.90 1.0269 34.60 1.0279 29.50 1.0289 24.60 1.0299 20.00 1.0310 15.60 1.0320 11.30 1.0330 7.30 

5 28.12 1.0240 50.10 1.0250 44.20 1.0261 38.70 1.0271 33.40 1.0281 28.30 1.0291 23.50 1.0302 18.90 1.0312 14.50 1.0322 10.40 

6 29.85 1.0257 40.40 1.0268 35.00 1.0278 29.90 1.0288 25.00 1.0298 20.40 1.0309 15.90 1.0319 11.70 1.0329 7.60 1.0340 3.70 

7 28.79 1.0247 46.20 1.0257 40.60 1.0267 35.20 1.0278 30.00 1.0288 25.20 1.0298 20.50 1.0309 16.00 1.0319 11.80 1.0329 7.70 

8 28.98 1.0249 45.20 1.0259 39.50 1.0269 34.20 1.0279 29.10 1.0290 24.30 1.0300 19.70 1.0310 15.30 1.0321 11.00 1.0331 7.00 

9 28.73 1.0246 46.50 1.0257 40.80 1.0267 35.40 1.0277 30.30 1.0287 25.40 1.0298 20.70 1.0308 16.30 1.0318 12.00 1.0329 7.90 

10 28.47 1.0244 48.10 1.0254 42.30 1.0264 36.80 1.0274 31.60 1.0285 26.60 1.0295 21.90 1.0305 17.40 1.0316 13.10 1.0326 8.90 

11 29.12 1.0250 44.40 1.0260 38.80 1.0271 33.50 1.0281 28.50 1.0291 23.70 1.0301 19.10 1.0312 14.70 1.0322 10.50 1.0332 6.50 

13 28.27 1.0242 49.20 1.0252 43.40 1.0262 37.80 1.0272 32.60 1.0283 27.60 1.0293 22.80 1.0303 18.30 1.0314 13.90 1.0324 9.70 

14 28.87 1.0248 45.70 1.0258 40.10 1.0268 34.70 1.0278 29.60 1.0289 24.80 1.0299 20.10 1.0309 15.70 1.0320 11.40 1.0330 7.40 

15 28.60 1.0245 47.30 1.0255 41.50 1.0266 36.10 1.0276 30.90 1.0286 26.00 1.0296 21.30 1.0307 16.80 1.0317 12.50 1.0327 8.40 

CAL 
GR 3                    

1 30.37 1.0263 37.60 1.0273 32.40 1.0283 27.40 1.0293 22.60 1.0304 18.10 1.0314 13.80 1.0324 9.60 1.0335 5.60 1.0345 1.80 

2 33.50 1.0294 22.40 1.0304 17.90 1.0314 13.60 1.0325 9.50 1.0335 5.50 1.0345 1.70 1.0356 -2.00 1.0366 -5.50 1.0377 -8.90 

3 29.88 1.0258 40.20 1.0268 34.80 1.0278 29.70 1.0289 24.90 1.0299 20.20 1.0309 15.80 1.0319 11.50 1.0330 7.50 1.0340 3.60 

4 30.14 1.0260 38.80 1.0271 33.50 1.0281 28.50 1.0291 23.70 1.0301 19.10 1.0312 14.70 1.0322 10.50 1.0332 6.50 1.0343 2.60 

5 26.24 1.0222 61.80 1.0232 55.30 1.0242 49.10 1.0252 43.30 1.0262 37.70 1.0273 32.50 1.0283 27.50 1.0293 22.70 1.0304 18.10 
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6 30.74 1.0266 35.70 1.0277 30.50 1.0287 25.60 1.0297 21.00 1.0307 16.50 1.0318 12.20 1.0328 8.20 1.0338 4.20 1.0349 0.50 

7 30.08 1.0260 39.10 1.0270 33.80 1.0280 28.80 1.0291 23.90 1.0301 19.40 1.0311 15.00 1.0321 10.70 1.0332 6.70 1.0342 2.80 

8 30.75 1.0266 35.60 1.0277 30.50 1.0287 25.60 1.0297 20.90 1.0308 16.50 1.0318 12.20 1.0328 8.10 1.0339 4.20 1.0349 0.40 

9 30.75 1.0266 35.60 1.0277 30.50 1.0287 25.60 1.0297 20.90 1.0308 16.50 1.0318 12.20 1.0328 8.10 1.0339 4.20 1.0349 0.40 

10 30.42 1.0263 37.30 1.0273 32.10 1.0284 27.10 1.0294 22.40 1.0304 17.90 1.0315 13.50 1.0325 9.40 1.0335 5.40 1.0346 1.60 
 
 CAL 

GR 4                    

1 30.91 1.0268 34.80 1.0278 29.70 1.0289 24.90 1.0299 20.20 1.0309 15.80 1.0319 11.60 1.0330 7.50 1.0340 3.60 1.0350 -0.10 

2 30.42 1.0263 37.30 1.0273 32.10 1.0284 27.10 1.0294 22.40 1.0304 17.90 1.0315 13.50 1.0325 9.40 1.0335 5.40 1.0346 1.60 

3 30.01 1.0259 39.50 1.0269 34.20 1.0280 29.10 1.0290 24.30 1.0300 19.70 1.0310 15.20 1.0321 11.00 1.0331 7.00 1.0341 3.10 

4 29.75 1.0257 40.90 1.0267 35.50 1.0277 30.30 1.0287 25.40 1.0298 20.80 1.0308 16.30 1.0318 12.10 1.0329 8.00 1.0339 4.00 

5 30.98 1.0269 34.50 1.0279 29.40 1.0289 24.50 1.0300 19.90 1.0310 15.50 1.0320 11.30 1.0330 7.20 1.0341 3.30 1.0351 -0.40 

6 29.87 1.0258 40.20 1.0268 34.90 1.0278 29.80 1.0288 24.90 1.0299 20.30 1.0309 15.80 1.0319 11.60 1.0330 7.50 1.0340 3.60 
CAL GR 

5 
                   

1 30.76 1.0267 35.60 1.0277 30.50 1.0287 25.60 1.0297 20.90 1.0308 16.40 1.0318 12.20 1.0328 8.10 1.0339 4.20 1.0349 0.40 

2 31.53 1.0274 31.70 1.0284 26.80 1.0295 22.10 1.0305 17.60 1.0315 13.20 1.0326 9.10 1.0336 5.20 1.0346 1.40 1.0357 -2.30 

3 31.12 1.0270 33.80 1.0280 28.70 1.0291 23.90 1.0301 19.30 1.0311 14.90 1.0321 10.70 1.0332 6.70 1.0342 2.80 1.0353 -0.90 

4 30.93 1.0268 34.70 1.0278 29.60 1.0289 24.80 1.0299 20.10 1.0309 15.70 1.0320 11.50 1.0330 7.40 1.0340 3.50 1.0351 -0.20 

5 30.94 1.0268 34.70 1.0279 29.60 1.0289 24.70 1.0299 20.10 1.0309 15.70 1.0320 11.40 1.0330 7.40 1.0340 3.50 1.0351 -0.20 

6 31.64 1.0275 31.20 1.0286 26.30 1.0296 21.60 1.0306 17.10 1.0316 12.80 1.0327 8.70 1.0337 4.70 1.0347 1.00 1.0358 -2.70 

Average temp.  39.7  34.4  29.3  24.4  19.8  15.4  11.2  7.1  3.2 

% of values with temps. 
between 10–35 °C 

18%  64%  83%  97%  98%  95%  51%  27%  4% 

Note: Abbreviations– T. – temperature. Temperature estimates of carbonate precipitation are in bold, constrained between 10–35°C. 

 

 

 

 



 
 

94 

Table 2. Calculation of major oxide values (wt.%) calculated from XRD proportions vs. the actual XRF major oxide proportions of the fossil 
termitarium CAL 2.1. These calculations assume the sample is ~100 g. Standard mineral proportions obtained from (Deer et al., 2009). 

Major 
oxide Quartz Quartz*X Dolomite Dolomite*X Calcite Calcite*X Muscovite Muscovite*X Plagioclase Plagioclase*X % From XRD 

values 

Actual 
% 

from 
XRF 

SiO2 100.00 41.00 0.00 0.00 0.00 0.00 48.42 11.62 67.84 6.11 58.73 28.58 

TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.87 0.21 0.00 0.00 0.21 0.17 

Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 27.16 6.52 19.65 1.77 8.29 3.35 

Fe2O3 0.00 0.00 0.00 0.00 0.00 0.00 6.57 1.58 0.03 0.00 1.58 1.12 

MgO 0.00 0.00 21.12 5.28 0.04 0.01 0.00 0.00 0.04 0.00 0.22 10.03 

MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 

CaO 0.00 0.00 31.27 7.82 55.92 13.98 0.00 0.00 0.00 0.00 14.29 22.82 

Na2O 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.08 11.07 1.00 1.08 0.49 

K2O 0.00 0.00 0.00 0.00 0.00 0.00 11.23 2.70 0.29 0.03 2.72 0.85 

P2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.30 

CO2+H2O 0.00 0.00 47.22 11.81 43.95 10.99 4.50 1.08 0.86 0.08 12.62 30.60 

Total 100.00 41.00 99.61 1.00 99.91 24.98 99.10 23.78 99.78 8.98 99.74 98.32 
XRD 

Proportion 
(X) 

41%  1%  25%  24%  9%    



 
 

95 



 
 

96 



 
 

97 



 
 

98 



 
 

99 



100 




