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Abstract 
The Wolkberg, Chuniespoort, and Pretoria Groups are currently defined as the Transvaal succession in 
the eastern Transvaal, southern Africa and are succeeded by the Rooiberg and Waterberg Groups. The 
Waterberg Group is a clastic sedimentary succession that is present across the northern part of the 
Kaapvaal Craton and was deposited during the late Palaeoproterozoic. The Glentig Formation, which 
was laid down in the remnants of the shrinking Transvaal basin, represents the final stage of the 
Transvaal cycle. The Glentig Formation was previously classified as part of the uppermost Pretoria 
Group, but it is now considered a proto-Waterberg unit. The Swaershoek and Alma Formations 
(Waterberg Group) overlie the unconformity-bounded Glentig Formation. These formations developed 
during the Bushveld igneous complex's volcanic activity (BIC). Previous research only correlated the 
Glentig Formation with the Swaershoek and Alma Formations. However, neither the source rock 
characteristics nor the tectonic provenance of these formations have been studied in the past. In order 
to fill the gaps, the geochemistry of rocks of the above mentioned formations were studied to determine 
their source rock characteristics, provenance, and tectonic setting. Petrographic analysis indicates that 
the detrital components of the sandstones are dominated by quartz. Provenance analysis indicates that 
the sandstones are derived mostly from felsic igneous rocks, with little input from intermediate igneous 
rocks. The abundance of quartz relative to feldspar and rock fragments in the formations is consistent 
with a felsic-dominated provenance. Major and trace element geochemical results display a high SiO2 
component in all samples, as well as enrichments in Th and especially Zr. Tectonic setting 
discrimination diagrams show that the sandstones are from both passive and active continental margin 
tectonic settings. The chemical index of weathering (CIW), chemical index of alteration (CIA) and 
plagioclase index of alteration (PIA) and ternary diagram of Al2O3–(CaO+Na2O)–K2O (represented as 
A–CN–K) suggest that the source area of the sandstones was subjected to moderate to intense 
weathering conditions. 
Keywords: Geochemistry; Provenance; Tectonic setting; Glentig Formation; Waterberg Group. 

1. Introduction

The Swaershoek and Alma Formations are the Paleoproterozoic Waterberg Group's oldest
red-bed formations [1]. The Swaershoek Formation outcrops north of Modimolle town in the 
Limpopo Province, and it is conformably overlain by the Alma Formation along the Swaersberg 
Mountains' east-west strike (Figure 1). Conglomerates and sandstones dominate the for-
mations, which are periodically intruded by quartz-feldspar porphyries. The Swaershoek For-
mation overlies the Glentig Formation in the eastern Swaersberg Mountains. Previous geolog-
ical investigations in South Africa, particularly in the Waterberg and Rooiberg Groups, have 
mostly focused on the economically viable lithologies, with less attention paid to other for-
mations such as the Glentig, Swaershoek, and Alma Formations [2-3]. These units are deposi-
tional sequences, thus they are referred to as "chronostratigraphic units" [4]. 
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The mineralogical composition of clastic sedimentary rocks is controlled by several factors 
that include source rock composition, chemical and physical weathering, and sedimentation 
processes (i.e., mechanical sorting decomposition and diagenesis) [5]. The chemistry of si-
liciclastic sedimentary rocks has been long used for unravelling the source rock compositions, 
paleoclimatic conditions and tectonic setting. Several researchers [6-10] have studied the com-
position of siliciclastic sediments and their tectonic setting and provenance all over the world. 
The geochemistry of siliciclastic sedimentary rocks can display traits about the parent mate-
rials. Furthermore, weathering, transportation, and diagenesis are some of the determining 
factors of the chemical composition of clastic rocks. Emphasis has been put on the compara-
tively immobile elements such as Cr, Co, Th, Y, Zr, Hf, Nb and Sc [11]. The relatively low 
mobility of these elements during sedimentary processes allows or supports the discrimination 
between different tectonic provenances and paleoweathering conditions. 

 
Figure 1. Map showing the study area and relationships of the Glentig Formation and Swaershoek, and 
Alma Formations (Waterberg Group) north of Modimolle town, Limpopo (after [30]). Note: The blue and 
green lines in the inserted Google image show the farm boundaries 

In recent years, the use of geochemical techniques has advanced the determination of 
provenance of sediments. Sediments are deposited in three major sites or areas, namely, the 
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active continental margin, passive continental margin and Island arc [9]. The factors that con-
trol the mineralogical composition of clastic sedimentary rocks include (1) the composition of 
their source rocks, (2) environmental parameters influencing the weathering of source rocks 
(i.e., atmospheric chemistry, temperature, rainfall and topography), (3) duration of weather-
ing, (4) transportation mechanisms of the clastic material from the source region to depocentre, 
(5) depositional environment (e.g., marine versus freshwater), and (6) post-depositional pro-
cesses (i.e., diagenesis, metamorphism) [12]. Several investigations have substantiated the 
above aspects of the genesis of both ancient and modern siliciclastic sediments [6,8,13-22]. Quite 
a number of studies have also been focused on the identification of palaeo-tectonic settings 
of provenances based on the geochemical signatures of siliciclastic rocks [6-8]. Herein, the 
major and trace element geochemistry of the sandstones were used to determine provenance 
and tectonic setting of the investigated formations. 

The Glentig, Swaershoek, and Alma Formations are among South Africa's least studied 
geological formations. Previous research on the Alma, Swaershoek, and Glentig Formations 
focused mostly on the formations' stratigraphy and age [2,4,23-30]. The Alma Formation is de-
posited in the main Waterberg Basin and it is mainly composed of sandstones and shale with 
a total thickness of about 300 m thick [28]. The Swaershoek is the basal unit of the Waterberg 
Group in the Nylstroom Protobasin, and it is mainly made up of sandstones with interbedded 
conglomerates and breccias [24]. Research works by [27-28] are the only documented studies 
on the Glentig Formation. The Glentig Formation is a proto-Waterberg / Soutpansberg unit, 
according to the South African Committee on Stratigraphy [2,4]. The Glentig Formation's tec-
tonic context and depositional environment are not well studied, and its provenance is poorly 
understood. Despite the fact that considerable research has been done on the Swaershoek 
and Alma Formations, their provenance, tectonic setting, and source rock characteristics re-
main poorly documented. Hence, this study used major and trace element composition of the 
sandstones from the formations described above to provide information on the source rock 
characteristics, provenance, paleoweathering, and tectonic setting. The findings of this study 
could be utilized to deduce an interpretation of the basin's sedimentary history and evolution, 
as well as improve our understanding of the evolution of geological events that occurred in 
southern Africa during the previous 2 billion years. 

2. Geological setting 

During the Paleoproterozoic (2-0.85 Ga) age, the Waterberg Group was deposited in grad-
ually subsiding intra-cratonic basins in the north of the Kaapvaal Craton [1]. The group was 
formed primarily by alluvial/braided-fluvial processes in a secondary paleo-desert environ-
ment, within fault-bounded, perhaps pull-apart basins [31]. The Waterberg Group is one of the 
earliest known red-bed occurrences in South Africa, and it is part of the red-bed successions 
that are common in southern Africa [32]. These red layers, which have an average thickness 
of around 8.5 km, are sourced from the Transvaal Supergroup and the Bushveld Complex [33]. 
The Waterberg Group clastic sediments were deposited unconformably over the Blouberg For-
mation, Transvaal Sequence, Bushveld Complex granite and mafic rocks, and the Archean 
basement of the Kaapvaal Craton [34]. The ages of the Waterberg Group is constrained within 
the age limits of 2.06-1.88 Ga [2]. Conversely, [32] reported the age of the Waterberg Group 
to be 2054 ± 4 Ma. Catuneanu et al. [31] indicated that the Waterberg Group was deposited 
between the time frame of 3.0 to 1.8 Ga, whereas [34] presented the age of the Waterberg 
Group to be 1800-1900 Ma. The Waterberg Group is preserved within the Main and Middleburg 
Basin on the Kaapvaal Craton and it was deposited largely by alluvial/braided-fluvial with the 
secondary paleo-desert environment, within fault-bounded, possibly pull-apart type deposito-
ries [31]. The Waterberg Group's "red beds" are preserved in two major structural domains of 
the Kaapvaal Craton. They are an east-west elongated domain bounded to the north by the 
Zoetfontein-Melinda faults and to the south by the Thabazimbi-Murchison Lineament (TML) 
(Figure 2). The Central Bushveld Domain is a north-northwest elongated domain located be-
tween the Bushveld Complex's eastern and western lobes [35]. The Waterberg Group's primary 

768



Petroleum and Coal 

                          Pet Coal (2023); 65(3): 766-793 
ISSN 1337-7027 an open access journal 

outcrop sites (Waterberg Plateau) are located between the Zoetfontein Fault and the Thaba-
zimbi-Murchison Lineament, with two smaller outcrop areas to the west of Kanye in eastern 
Botswana [36]. The Nylstroom Syncline outcrop areas to the west of the Waterberg Plateau, as 
well as the Middleburg area, are part of the Central Bushveld Complex domain (Figure 2). 
Between Middelburg and Nylstroom, erosional outliers such as the Rust de Winter, Loskop, 
and Glentig Formations exist [37]. 

 
Figure 2. Geological map of the Waterberg Group (after [39]) 

The Waterberg Group is stratigraphically divided as shown in Figure 3. There are three 
basins in the Waterberg Group: the main Waterberg Basin, the Nylstroom Basin, and the 
Middleburg Basin (Figure 2). The Nylstroom, Matlabas, and Kransberg Subgroups are among 
the eleven formations that make up the main Waterberg Basin [2]. This research is focused on 
the Nylstroom Basin, which is made up of only two formations, the Swaershoek and Alma 
Formations. The Wilge River Formation is the sole formation found in the Middleburg Basin. 
The Glentig Formation is an unconformity-bounded unit that is overlain by the Waterberg 
Group's Swaershoek Formation and underlain by the Rooiberg Group's Schrikkloof Formation 
(Figure 3). The Glentig Formation was deposited between the last magmatism of the Bushveld 
Complex and the deposition of the Late Paleoproterozoic red beds of the Waterberg Group [38]. 
The Glentig Formation is composed of reddish to purple shale at the base, followed by sand-
stone and lava. The upper section is made up of conglomerate with pebbles of lava, then chert, 
sandstone, quartzite, and grey quartz-feldspar porphyry. The age of the Waterberg Group is 
reviewed by [32] and can be constrained between 2054 ± 4Ma, the age of a quartz porphyry 
lava near the base of the Swaershoek Formation [32], and ~1.88 to ~1.87 Ga, the oldest 
precise ages from dolerite sills intruding the Waterberg Group. 
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Figure 3. Stratigraphical subdivision of the Waterberg Group [32] 

An unconformity-bounded unit is a unit of rocks that is bounded above and below desig-
nated discontinuities in the stratigraphic succession, preferably of regional or inter-regional 
extent [40]. The basic unconformity-bounded units are known as synthems [41], and their 
names are derived from their geographical location. These synthems are regional units sepa-
rated by major unconformities, whether they are lithologically homogeneous or heterogeneous [41]. 
The units that are unconformity-bound are always diachronous [42]. According to [41], the 
nature of the bounding unconformities should be recognized to the extent that they overlap 
each other. Furthermore, the bounding unconformities must be extensive and distinguishable 
in order to be considered the boundaries of an unconformity-bounded unit. Likewise, [2] re-
ported that an angular unconformity separates the upper contact of the Glentig Formation and 
the lower part of the Swaershoek Formation (Waterberg Group). 

In the Nylstroom Basin, the Swaershoek Formation lies unconformably on top of the Glentig 
Formation [34]. It is made up of arenites and rudites with lutite intercalations and attained a 
maximum thickness of about 2500 m [41]. The Swaershoek Formation is divided into upper 
and lower parts (Figure 3), with the lower parts thought to have been deposited immediately 
after the Bushveld granites were deposited [43]. According to [44], the Swaershoek Formation 
conformably overlies the Rooiberg Group in the Modimolle (Nylstroom) area. Cheney and Twist [29] 

correlates the lower part of the Swaershoek Formation with the Loskop Formation, Rust de 
Winter Formation, and Glentig Formation. According to [44], the Swaershoek Formation is pri-
marily composed of reddish sandstone, with minor interactions of conglomerate, purple and 
reddish-brown shale, and red amygdaloidal lava (Figure 2). Furthermore, the rudites contain 
pebbles to boulders of rhyolite, arenite, quartz vein, chert, iron-formation, jasper, rudite, and 
lutites [43]. The Alma Formation is composed primarily of sandstones and it lies beneath the 
Swaershoek Formation. In the Nylstroom Basin, the formation reaches a maximum thickness 
of approximately 1800 m [33]. The depositional environment of the Alma Formation is thought 
to be a combination of alluvial fans that form a bajada along a scarp caused by an uplifted 
block in the southern parts of the Murchison strike-slip fault zone [33]. 
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3. Materials and methods 

A geological investigation was carried out in the Glentig, Magalakynsoog, Geelhoutkloof, 
Vlakfontein, and Gemsbokfontein farms, north of Modimolle town (previously known as Nyl-
stroom), where the Glentig, Swaershoek, and Alma Formations outcrop. The only outcrop of 
the Glentig Formation in South Africa is located in the Glentig farm, in the Limpopo Province, 
between longitudes 28˚25ˈ58.12" E and 28˚29ˈ22.13" E and latitudes 24˚28ʹ04.89ʺ S and 
24˚26ʹ05.33ʺ S (Figure 1). The outcrops were studied in order to delineate and classify the 
various lithologies. During the field investigation, 38 representative sandstone samples were 
collected for petrographic and x-ray fluorescence analyses. A total of 76 sandstone thin sec-
tions were prepared (2 thin sections per sample) and analysed using a Nikon Lv-UEPI-N pet-
rographic light microscope. The major and trace element geochemistry of the rocks was de-
termined by X-ray fluorescence analysis (XRF) at the Department of Geology and Mining, 
University of Limpopo. The collected samples were crushed and milled, wherein 12 g of the 
sample was taken in for whole-rock XRF analysis. The crushed samples were milled for ap-
proximately 3 minutes in order to achieve a homogenous texture. Before using the milling 
machine for all the samples, the milling machine was cleaned of residual sample dust using 
ethanol to avoid contamination of samples.  The milled samples were roasted at 1000 ℃ for a 
period of at least 3 hours to oxidize sulphur (S) and ferrous ion (Fe2+) in order to determine 
the loss of ignition (LOI).  Thereafter, the powered sample of approximately 12 g was mixed 
with a 3 g of cellulose binder using a pestle and mortar. Then, the 15 g powdered mixture was 
pressed using a hydraulic press at 20 to 25 T pressure in order to produce a homogenous 
pellet. The pressed pellets were labelled and ran through an Epsilon 3XLE EDXRF spectrome-
ter, which has a 50 kV mA high-performance ceramic tube. The Epsilon software program was 
used to quantify for the major and trace elements. The major elements that were analysed 
are SiO2, TiO2, Al2O3, Fe2O3, MnO, MgO, CaO, Na2O, K2O, P2O5 and Cr2O3. The analysed trace 
elements are As, Ba, Ce, Co, Cr, Cu, Ga, Hf, La, Mo, Nb, Nd, Ni, Pb, Rb, Sc, Sn, Sr, Ta, Th, Tl, 
U, V, W, Y, Yb, Zn, and Zr. The data received from the software program were tabulated and 
plotted on binary and ternary diagrams for geochemical interpretation. 

4. Results 

4.1. Field observations 

The Swaershoek Formation is about 300 m thick and unconformably overlies the Rooiberg 
Group (Figure 4a). The base of the formation in the Yellowwood Game Lodge is a 90 m thick 
fine-to-medium-grained massive sandstone. Overlying the massive sandstone is a clast-sup-
ported, poorly to moderately well-sorted conglomerate. A quartz-feldspar porphyry overlies 
the clast-supported conglomerate, which is approximately 26 m thick (Figure 4b-d). The 
quartz-feldspar porphyry has a thickness of about 12 m. There were no chill margins observed 
on the conglomerate or sandstone, indicating that the quartz-feldspar-porphyry is possibly 
extrusive. The feldspar-quartz porphyry is overlain by a 36-m-thick layer of medium-grained, 
planar cross-bedded sandstone. This sandstone is overlain by a brownish, coarse-grained 
massive sandstone with a thickness of about 10 m in the Yellowwood lodge and it is charac-
terized by the intrusion of multiple quartz veins.  

In the Yellowwood Game Lodge, the Alma Formation rests conformably on the Swaershoek 
Formation (Figure 5). The Alma Formation outcrop can be seen at the Yellowwood Game Lodge 
and extends into the Magalakynsoog North Farm. The thickness of the formation measured in 
the aforementioned locations is approximately 190 m. The formation's bottom is composed of 
a brown to light pink medium-grained massive sandstone. The maximum thickness of the 
basal unit is approximately 27 m. The massive sandstone and the underlying rhyodacite have 
a sharp contact (Schrikkloof Formation in the Rooiberg Group). A 13-meter-thick matrix-sup-
ported conglomerate overlies the massive sandstone. Quartzite, lava, and sand-size particles 
make up the polymictic pebble conglomerate. The clasts range from subrounded to well-
rounded. The conglomerate matrix is composed of the same fine-to-medium-grained massive 
sandstone. The unit reaches a maximum thickness of about 11 m in the Magalakynsoog North Farm.  
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Figure 4. Photographs of the Swaershoek Formation showing: (a) Swaersberg mountain; (b) Quartz-
feldspar porphyry; (c) massive sandstone; (d) Clast supported conglomerate; (e) matrix-supported cob-
ble conglomerate with clast supported cobble conglomerate towards the top right of the image; (f) Cob-
ble conglomerate truncated by quartz veins, the top part- the clast conglomerate grades to a matrix-
supported conglomerate; (g) Conglomerate with lenses of coarse-grained sandstone (The red lines indi-
cate the location of the sandstones lenses within the conglomerate); (h) Clast supported conglomerate 
truncated by an east-west striking blocky quartz vein 
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Figure 5. Photographs of the Alma Formation showing: (a) the contact between the Alma and Swaer-
shoek Formations; (b) Polymictic cobble conglomerate; (c) Conglomerate clast which has in turn pebbles 
of quartzite and lava; (d) Spherical weathering of clasts; (e) Planar bedded sandstone; (f-g) Trough 
cross-bedded sandstone; (h) Planar bedded sandstone 
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Figure 6. Photographs of the Glentig Formation showing: (a) Faint horizontally laminated sandstone; (b) 
Matrix supported sandstone; (c) Low angle trough cross-bedded sandstone; (d) Trough cross-bedded 
sandstone; (e) Cross-bedded sandstone with occasional pebbles of quartz; (f) Planar bedded sandstone 
with occasional pebbles of quartzite 

The transition from a pebble conglomerate to a cobble conglomerate is marked by a gra-
dational contact. The cobble conglomerate is a polymictic conglomerate supported by clasts. 
The majority of the clasts are boulders with diameters greater than 256 mm. The larger clasts 
are quartzite, while the smaller clasts are sandstones. The cobble conglomerate is overlain by 
a massive sandstone. The massive sandstone ranges in colour from brown to light pink and 
has a thickness of approximately 87 m. Overlying the massive sandstone is a cobble-sized 
oligomictic conglomerate. The conglomerate clasts are quartzite and range in diameter from 
158 mm to 260 mm. The matrix is made up of fine- to medium-grained sandstone.  

The Glentig Formation rests unconformably on the Rooiberg Group. It has a small area 
because it is confined to the south-eastern edge of the Yellowwood Game Lodge on the 
Swaersberg mountain slopes (Figure 1). The Glentig Formation is a 400 m thick succession of 
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sandstones topped by a thick grey quartz-feldspar porphyry. The Glentig Formation's lower 
unit is made up of planar-bedded sandstone with minor siltstone intercalation. The lower unit 
is approximately 100 m thick from the base and is overlain by cobble-sized conglomerate. 
Gradational contact exists between the underlying sandstone and the cobble-sized conglom-
erate. The conglomerate's clasts are mostly quartzite cobbles and lava, with a medium-to-
coarse-grained sandstone matrix (Figure 6). In the Magalakynsoog North Farm, the conglom-
erate reached a maximum thickness of about 100 m. A greyish quartz-feldspar porphyry lies 
on top of the cobble conglomerate. In the study area, the porphyry reaches a maximum thick-
ness of about 200 m. The porphyry trends east to west and thins towards the edges of the 
Glentig Formation in the east, reaching maximum thickness on the formation's western side. 
The stratigraphic section of the Alma, Swaershoek and Glentig Formations in both Yellowwood 
Game Lodge and Magalakynsoog North Farm is shown in Figure 7. 

 
Figure 7. Stratigraphic correlation of the Swaershoek, Alma and Glentig Formations 
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Figure 8. Photomicrographs showing: (a-c) Monocrystalline quartz (Qm) and polycrystalline quartz (Qp), 
and quartz overgrowth in the sandstones of the Swaershoek Formation; (c-e) Feldspar (F), feldspar 
overgrowth and replacement of feldspar by replaced by clay minerals; in the sandstones of the Alma 
Formation; (f-h) Quartz, feldspar, clay minerals, mica (M) and lithic fragments (LF) in the sandstones of 
the Glentig Formation 
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4.2. Sandstone petrography 

Quartz is the most dominant mineral found in the samples. It usually appears colourless 
and it is less weathered compared to other minerals. The mineral commonly occurs as a 
monocrystalline quartz and a few occurring as polycrystalline quartz. Both alkali feldspar (or-
thoclase) and plagioclase feldspar (albite) are present in the thin sections, with alkali feldspar 
being the most dominant. These feldspars are much easily weathered compared to quartz 
minerals. In addition, the feldspar grains are smaller in size and less rounded when compared 
to the quartz grains. Just like the quartz grains, both monocrystalline and polycrystalline feld-
spar grains are present and there are feldspar overgrowths. Occasionally, there is present of 
reddish-brown stain, perhaps hematite rims around the original detrital feldspar grain. Some 
of the feldspar grains partially replaced or altered by clay minerals. The identified rock frag-
ments are sedimentary, and these shards of rock have been weathered to sand-size particles 
and are now sand grains in the sedimentary rock (Figure 8). The framework grains are bound 
together by both the matrix and cement. The matrix is mostly clay minerals and they are 
either detrital or diagenetic in form. The common cementing minerals are clay, quartz over-
growth, and feldspar overgrowth. The mica in the sandstones is muscovite and biotite, with 
muscovite occurring more frequently than biotite. The mica is found as clasts and as matrix. 

4.3. Sandstone geochemistry 

4.3.1. Major elements 

The result of the major elements analysis is presented in Table 1. The result shows that 
the concentration of SiO2 or silica range is wide in all the samples, ranging from 31% to 97% 
with an average of 71%. There is a moderate concentration of Al2O3 and Fe2O3, ranging from 
2.3% to 26% and 0.4% to 16%, with an average of 10% and 5.6%, respectively. The con-
centration of TiO2, MnO, MgO, CaO, Na2O, K2O, P2O5 and Cr2O3 are low, ranging from 0.11% 
to 1.79%, 0.01% to 0.25%, 0.04% to 3.66%, 0.01% to 1.25%, 0.00% to 0.40%, 0.48% to 
6.67%, 0.01% to 1.28% and 0.008% to 0.058%, respectively. In addition, TiO2, MnO, MgO, 
CaO, Na2O, K2O, P2O5 and Cr2O3 have an average concentration of 0.46%, 0.04%, 0.47%, 
0.18%, 0.08%, 3.19%, 0.20% and 0.03% respectively. Al2O3 is inert and that is why it is less 
mobile unlike other oxides; hence its abundance was used to compare with other oxides. The 
detected major oxides in the analysed samples were plotted against Al2O3, to compare their 
mobility to Al2O3 (Figure 9). The Al2O3 shows a positive correlation with MgO and Fe2O3, 
whereas TiO2, CaO, Na2O, and P2O5 shows no trend. The positive correlation of MgO and Fe2O3 
with Al2O3 perhaps suggests that they are associated with micaceous/clay minerals. 

In the binary plot variation diagram of major elements against SiO2 (Figure 10), MgO, TiO2, 
Al2O3 and Fe2O3 show a negative correlation to SiO2, while there is no trend for the other major 
elements. The increase in SiO2 marks a maturity in the sandstone, resulting in a decrease of 
feldspars and volcanic rock fragments. The negative correlation of SiO2 with the other major 
elements is attributable to most of the silica being sequestered in quartz. Also, the samples 
were normalised to UCC, PAAS and NASC (Figures 11 – 13; Table 2). Most samples from the 
Glentig, Alma and Swaershoek Formations are lower as compared to the UCC and NASC con-
centrations. However, two samples from the Swaershoek Formation shows a positive correla-
tion and enrichment of P2O5. The other samples in the contextual information showed the 
values that were close to that of the NASC and almost the same values or concentrations of 
potassium feldspar (Figure 9). The Fe2O3 content, though slightly lower in one sample from 
the Alma Formation, most of the recorded concentrations are similar to those of NASC and 
UCC. The Spider plot of major elements normalized against UCC shows a depletion of CaO in 
all the samples (Figure 12). However, there is a slight increase in the enrichment of potassium 
feldspar, which could be attributed to the presence of potassium-rich rocks around the area 
or from the source area. Generally, the concentrations of CaO in the analysed samples are 
comparable to or the same as the concentrations of the PAAS and the NASC (Figure 12). The 
plot of major elements shows a slight enrichment of Fe2O3, which is consistent with previous 
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plots. Samples from Glentig Formation also shows a slight depletion of MgO (Figure 13). Only 
one sample from the Swaershoek Formation exhibits depletion in the concentration of TiO2. 

  
Figure 9. Binary plot of major elements versus Al2O3 showing the distribution of samples from Glentig, 
Alma and Swaershoek Formations [15]. The average UCC, PAAS and NASC data were included for com-
parison 

Table 1. Results of major oxide compositions (wt%) analysed by X-ray fluorescence spectrometry 

Formation Lithology Sample ID SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 Cr2O3 LOI 
Alma Sandstone PEB 001 86.61 0.12 2.45 9.5 0.02 0.04 0.03 0.02 0.68 0.046 0.113 0.46 
Alma Sandstone PEB 002 72.55 0.38 12.05 8.28 0.05 0.48 0.04 0.06 4.17 0.056 0.022 1.89 
Alma Sandstone PEB 003 73.34 0.34 12 7.64 0.05 0.47 0.04 0.14 4.16 0.063 0.008 1.71 
Alma Sandstone PEB 004 67.03 0.46 15.88 7.85 0.05 0.66 0.03 0.07 5.13 0.096 0.009 2.78 
Alma Sandstone PEB 005 90.4 0.19 4.96 1.21 0.02 0.19 0.02 0.02 1.65 0.051 0.058 0.73 
Alma Sandstone PEB 006 96.23 0.11 1.88 1.5 0.01 0 0.03 0.01 0.48 0.061 0.057 0.27 
Alma Sandstone PEB 007 75.71 0.09 4.96 16.15 0.03 0.23 0.09 0.05 1.64 0.093 0.018 0.67 
Alma Sandstone PEB008 66.3 0.33 3.02 2.56 0.01 0.33 0.04 0.12 5.66 0.025 0.112 2.18 
Alma Sandstone PEB009 75.9 0.45 5.22 5.41 0.05 0.55 0.08 0.03 3.66 0.052 0.253 0.82 
Alma Sandstone PEB010 86.36 0.23 8.33 6.88 0.02 0.32 0.06 0.02 2.11 0.036 0.005 1.58 
Alma Sandstone PEB011 75.32 0.12 2.22 4.33 0.03 0.56 0.02 0.22 0.88 0.023 0.026 3.32 
Alma Sandstone PEB012 50.21 0.36 4.66 6.88 0.01 0.45 0.03 0.05 2.32 0.024 0.034 3.23 
Alma Sandstone PEB013 45.66 0.45 6.88 8.32 0.04 2.01 0.12 0.04 4.16 0.035 0.045 0.47 
Alma Sandstone PEB 016 68.62 0.5 13.75 9.8 0.04 0.42 0.03 0.09 4.59 0.093 0.011 2.18 
Glentig Sandstone MEL0012 88.32 0.2 5.86 1.54 0.02 0.27 1 0.04 4.59 0.046 0.015 0.82 
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Formation Lithology Sample ID SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 Cr2O3 LOI 
Glentig Sandstone MEL0015 76.63 0.5 10.66 5.73 0.05 0.5 0.07 0.06 4.59 0.094 0.022 1.58 
Glentig Sandstone MEL0016 54.64 1.68 17.04 12.5 0.25 2.91 1.25 0.14 4.59 1.05 0.025 3.32 
Glentig Sandstone MEL0017 47.95 1.79 22.56 14.4 0.06 0.46 1.2 0.4 4.59 1.28 0.019 3.23 
Glentig Sandstone MEL0018 91.92 0.35 3.01 2.96 0.01 0.04 0.01 0.01 4.59 0.042 0.037 0.47 
Glentig Sandstone MEL026 74.25 0.13 14.82 2.68 0.04 0.45 0.04 0.05 4.59 0.061 0.011 2.16 
Glentig Sandstone MELS0016 87.22 0.35 5.01 3.54 0.03 0.1 0.02 0.01 4.59 0.085 0.018 0.9 
Glentig Sandstone MEL0025 81.36 0.11 11.43 1.61 0.01 0.22 0.01 0.08 4.59 0.048 0.008 1.76 
Glentig Sandstone MEL0019 49.66 0.32 23.54 5.33 0.02 3.22 0.02 0.02 0.68 0.113 0.046 2.18 
Glentig Sandstone MEL0020 50.21 0.65 23.33 6.44 0.01 2.33 0.03 0.06 4.17 0.022 0.056 0.82 
Glentig Sandstone MEL0021 43.88 0.11 16.24 8.21 0.03 0.05 0.12 0.14 4.16 0.008 0.063 1.58 
Glentig Sandstone MEL0022 75.65 0.58 19.04 2.12 0.04 0.54 0.03 0.07 5.13 0.009 0.096 3.32 
Glentig Sandstone MEL0023 80.36 0.69 16.88 3.01 0.06 0.98 1.02 0.02 1.65 0.058 0.051 3.23 
Glentig Sandstone MEL0024 45.75 0.47 26.44 8.21 0.01 2.33 0.07 0.01 0.48 0.057 0.061 0.47 
Swaer-
shoek 

Sandstone MEL0026 66.63 0.68 5.66 6.44 0.03 0.45 1.25 0.05 1.64 0.018 0.093 2.18 

Swaer-
shoek 

Sandstone MEL0027 50.65 0.26 22.21 9.44 0.05 3.11 1.02 0.12 5.66 0.112 0.025 0.82 

Swaer-
shoek 

Sandstone MEL0028 89.21 0.23 3.44 1.25 0.06 0.25 0.01 0.03 3.66 0.253 0.052 1.58 

Swaer-
shoek 

Sandstone MEL0029 73.44 0.66 10.21 1.88 0.02 0.33 0.04 0.02 2.11 0.005 0.036 3.32 

Swaer-
shoek 

Sandstone MEL0030 63.88 0.21 14.66 6.44 0.04 1.22 0.02 0.22 0.88 0.026 0.023 3.23 

Swaer-
shoek 

Sandstone MEL0031 45.36 0.65 18.36 10.22 0.06 3.66 0.01 0.05 2.32 0.034 0.024 0.47 

Swaer-
shoek 

Sandstone MEL0032 66.32 0.32 2.33 7.88 0.03 0.23 0.03 0.04 4.16 0.045 0.035 2.16 

Swaer-
shoek 

Sandstone MEL0033 71.63 0.54 16.44 2.44 0.04 0.33 0.04 0.09 4.59 0.011 0.093 0.9 

Swaer-
shoek 

Sandstone MEL0034 92.54 0.12 3.55 3.69 0.03 0.55 0.04 0.04 4.59 0.015 0.046 1.76 

Swaer-
shoek 

Sandstone MEL0035 88.36 0.14 6.22 2.55 0.02 0.32 0.03 0.06 4.59 0.022 0.094 0.46 

Swaer-
shoek 

Sandstone MEL0036 76.54 0.34 14.88 1.08 0.05 0.56 0.02 0.14 4.59 0.025 1.05 1.89 

Swaer-
shoek 

Sandstone MEL0037 83.22 0.12 6.11 1.01 0.06 0.45 0.03 0.04 4.59 0.019 1.28 1.71 

Swaer-
shoek 

Sandstone MEL0038 81.63 0.02 8.72 0.44 0.01 2.01 0.09 0.12 4.59 0.037 0.042 2.78 

UCC  
 

66.6 0.64 15.4 5.04 0.1 2.48 3.59 3.27 2.8 0.12 
  

PAAS  
 

62.4 0.99 18.78 7.18 0.11 2.19 1.29 1.19 3.68 0.16 
  

NASC  
 

64.82 0.8 17.05 5.7 0.1 2.83 3.51 1.13 3.97 0.15 
  

Table 2. Comparison of the average major elements composition of this study with those of the standard values 

Oxide (wt.%) This study (sandstone) UCC PAAS NASC 
SiO2 (%) 71.40 66.6 62.40 64.82 
TiO2 (%) 0.40 0.64 0.99 0.80 
Al2O3 (%) 10.90 15.40 18.78 17.05 
Fe2O3 (%) 5.59 5.04 7.18 5.70 
MnO (%) 0.04 0.10 0.11 0.00 
MgO (%) 0.84 2.48 2.19 2.83 
CaO (%) 0.20 3.59 1.29 3.51 
Na2O (%) 0.07 3.27 1.19 1.13 
K2O (%) 3.47 2.80 3.68 3.97 
P2O5 (%) 0.11 0.12 0.16 0.15 
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Figure 10. Binary plot of major elements against SiO2 variation diagrams for the Glentig, Alma and 
Swaershoek Formations 

 
Figure 11. Spider plot of major elements normalised against PAAS (after [7,46]) 
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Figure 12. Spider plot of major elements normalised against UCC (after [7,46]) 

 
Figure 13. Spider plot of major elements normalised against NASC (after [7,46]) 

4.3.2. Trace elements 

Trace elements concentration in the sandstones of the Glentig, Alma and Swaershoek For-
mations are presented in Table 3 (A-B). The trace element fields were grouped into large ion 
lithophile elements (LILE), high field strength elements (HFSE) and transition trace elements 
(TTE). The result shows that the concentration of LILE ranges from 2.80 to 3290 ppm for Ba, 
2.01 to 618 ppm for Rb, 2.10 to 240 ppm for Sr, 1.18 to 216 ppm for Th, and 0.1 to 8.9 ppm 
for U. The concentration of the HFSE, such as Zr, Hf, Y and Nb, ranges from 82ppm to 596 
ppm, 2.76 ppm to 14 ppm, 0.5 ppm to 146 ppm and 0.62 ppm to 65 ppm, respectively. The 
concentration of the TTE like Sc, V, Cr, Ni, and Zn varies from 0.3 ppm to 25 ppm, 0.07 ppm 
to 149 ppm and 8.6 ppm to 393 ppm, 0.27 ppm to 131 ppm and 0.09 ppm to 586 ppm, 
respectively. Just like the major elements, the concentrations of these trace elements are 
compared with the average concentration of those of UCC and PAAS. The concentration stud-
ied samples are generally comparable to those of UCC and PAAS (Figures 14-15). However, 
the spider plot of trace elements normalised against UCC (Figure 14) shows the depletion of 
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Rb, V and Zn. The LILE shows a depletion of Rb for Swaershoek Formation and slightly higher 
for samples from the Glentig and Alma Formations. The HFSE concentration shows depletion 
of Y, while an enrichment was recorded for Hf for the Glentig Formation. 

 
Figure 14. Spider plot of trace element normalised with UCC 

 
Figure 15. Spider plot of trace element normalised with PAAS 

Table 3A. Results of trace element compositions (wt%) analysed by X-ray fluorescence spectrometry 

For-
mation 

Li-
thol-
ogy 

Sample ID As Ba Ce Co Cr Cu Ga Hf La Mo Nb Nd Ni 

Alma S PEB 001 68 1277 244 6,9 127 2,8 22 11 135 2,1 19 110 14 
Alma S PEB 002 7,6 303 68 2,3 239 <2 2,7 <5 33 2,2 2,1 28 5,3 
Alma S PEB 003 74 833 135 3,9 118 <2 18 10 93 2 17 73 9,2 
Alma S PEB 004 31 1493 122 4,4 51 7,7 22 12 78 2,7 22 55 8,4 
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For-
mation 

Li-
thol-
ogy 

Sample ID As Ba Ce Co Cr Cu Ga Hf La Mo Nb Nd Ni 

Alma S PEB 005 NA NA NA NA NA NA NA NA NA NA NA NA NA 
Alma S PEB 006 NA NA NA NA NA NA NA NA NA NA NA NA NA 
Alma S PEB 007 22 402 47 3,4 255 <2 8,5 <5 22 2,7 2,4 25 6 
Alma S PEB008 25 1221 236 4 87 4,3 23 14 163 3 18 130 13 
Alma S PEB009 4,3 671 49 3,4 253 6,7 6,9 <5 25 2 4,8 15 6,1 
Alma S PEB010 10 1260 86 6,4 203 5,8 15 7 43 2,2 11 41 13 
Alma S PEB011 28 2421 204 34 175 79 21 8,7 88 2,9 26 62 131 
Alma S PEB012 11 3290 338 8,9 150 15 22 <5 137 2,8 17 113 22 
Alma S PEB013 4,6 429 64 2,4 393 7 4,5 <5 36 <2 3,5 31 4,7 
Alma S PEB 016 25 1221 236 4 87 4,3 23 14 163 3 18 130 13 
Glentig S MEL 0012 4,3 671 49 3,4 253 6,7 6,9 <5 25 2 4,8 15 6,1 
Glentig S MEL 0015 10 1260 86 6,4 203 5,8 15 7 43 2,2 11 41 13 
Glentig S MEL 0016 28 2421 204 34 175 79 21 8,7 88 2,9 26 62 131 
Glentig S MEL 0017 11 3290 338 8,9 150 15 22 <5 137 2,8 17 113 22 
Glentig S MEL 0018 4,6 429 64 2,4 393 7 4,5 <5 36 <2 3,5 31 4,7 
Glentig S MEL 026 41 657 364 3,8 117 5,4 35 15 226 <2 106 115 7,5 
Glentig S MELS 0016 <3 694 54 3,4 266 51 6,5 <5 22 3,4 3,4 11 7,2 
Glentig S MEL 0025 11 276 61 2 57 <2 21 11 22 <2 65 19 5,6 
Glentig S MEL 0019 1,10 2,80 15,1 1,98 8,60 2,15 0,74 2,47 0,43 2,71 0,62 1,79 0,27 
Glentig S MEL0020 4,50 10,30 39,4 4,75 17,40 3,50 0,88 3,44 0,55 3,46 0,77 2,17 0,32 
Glentig S MEL0021 3,90 10,50 40 4,77 16,70 3,41 0,83 3,46 0,56 3,21 0,70 2,11 0,31 
Glentig S MEL0022 5,80 10,30 39,7 4,70 17,30 3,57 0,82 3,41 0,56 3,29 0,70 2,05 0,30 
Glentig S MEL0023 3,10 10,20 39,9 4,73 17,00 3,51 0,83 3,30 0,55 3,39 0,74 2,11 0,32 
Glentig S MEL0024 3,70 10,50 41,5 4,80 17,70 3,45 0,77 3,43 0,57 3,31 0,70 2,05 0,32 
Swaer-
shoek 

S MEL0026 4,20 10,60 39,6 4,86 17,50 3,42 0,80 3,36 0,56 3,61 0,71 2,13 0,32 

Swaer-
shoek 

S MEL0027 3,30 9,60 39,4 4,62 17,30 3,37 0,80 3,33 0,56 3,26 0,74 2,18 0,31 

Swaer-
shoek 

S MEL0028 2,70 10,10 40,4 4,81 17,60 3,31 0,80 3,45 0,56 3,49 0,71 2,06 0,31 

Swaer-
shoek 

S MEL0029 2,40 9,70 37,6 4,62 16,60 3,22 0,84 3,27 0,52 3,31 0,67 2,03 0,30 

Swaer-
shoek 

S MEL0030 3,40 8,70 34 4,17 15,60 3,21 0,80 3,35 0,56 3,38 0,73 2,21 0,30 

Swaer-
shoek 

S MEL0031 2,90 6,30 33,6 5,03 19,40 3,74 0,97 4,11 0,67 4,01 0,90 2,60 0,37 

Swaer-
shoek 

S MEL0032 0,60 6,80 29,2 3,75 13,30 2,80 0,73 2,90 0,47 2,95 0,63 1,89 0,27 

Swaer-
shoek 

S MEL0033 2,40 15,40 65,9 7,84 29,20 6,15 1,40 6,17 1,02 6,32 1,40 4,11 0,60 

Swaer-
shoek 

S MEL0034 9,10 6,90 31 3,78 13,90 3,07 0,75 3,21 0,53 3,28 0,72 2,19 0,30 

Swaer-
shoek 

S MEL0035 1,80 7,30 30 3,68 13,90 2,59 0,70 2,82 0,47 2,92 0,63 1,88 0,27 

Swaer-
shoek 

S MEL0036 5,60 6,40 27,6 3,48 13,30 2,74 0,76 3,04 0,50 3,34 0,71 1,99 0,28 

Swaer-
shoek 

S MEL0037 2,60 5,80 25,7 3,14 11,80 2,50 0,66 2,76 0,47 2,89 0,69 2,03 0,28 

Swaer-
shoek 

S MEL0038 4,30 8,40 34,6 4,28 16,20 3,28 0,80 3,22 0,52 3,20 0,72 2,02 0,29 

UCC    626,00  17,00 92,00 28,00 17,50 5,30   12,00  47,00 
PAAS    628,00  23,00 110,00 50,00 20,00 2,00   19,00  55,00 

S-sandstone;  
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Table 3B. Results of trace element compositions (wt%) analysed by X-ray fluorescence spectrometry 

Formation L* Samples Pb Rb Sc Sn Sr Ta Th Tl U V W Y Yb Zn Zr 

Alma S PEB 001 35 236 6,1 5,3 19 <2 18 3 6,1 49 <5 78 5,2 121 421 

Alma S PEB 002 19 24 2,6 <3 11 <2 2 2,4 2,2 41 11 15 <4 8,6 174 

Alma S PEB 003 33 185 6,6 3,9 16 <2 17 <2 5,2 28 <5 61 5,3 146 365 

Alma S PEB 004 61 248 8,2 5,9 59 4,2 22 <2 6,2 42 <5 53 <4 73 496 

Alma S PEB 005 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 

Alma S PEB 006 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 

Alma S PEB 007 24 77 4,2 3,5 8,9 3,8 2 2,1 3,2 48 7,6 24 <4 43 82 

Alma S PEB008 65 260 8,3 6,2 33 2,5 25 <2 7,6 43 <5 71 7,4 142 551 

Alma S PEB009 8,7 64 3,6 <3 6,7 <2 11 <2 <2 23 13 4,9 <4 11 171 

Alma S PEB010 47 171 8,2 <3 24 <2 10 <2 4,8 56 7,6 29 <4 93 267 

Alma S PEB011 41 234 21 3,1 53 <2 14 <2 8,9 114 9,3 37 <4 586 441 

Alma S PEB012 65 234 25 4,8 204 4,2 18 <2 7,9 149 <5 38 <4 25 294 

Alma S PEB013 13 35 4 <3 12 <2 4,2 <2 2,8 70 7 18 <4 23 141 

Alma S PEB016 65 260 8,3 6,2 33 2,5 25 <2 7,6 43 <5 71 7,4 142 551 

Glentig S MEL0012 8,7 64 3,6 <3 6,7 <2 11 <2 <2 23 13 4,9 <4 11 171 

Glentig S MEL0015 47 171 8,2 <3 24 <2 10 <2 4,8 56 7,6 29 <4 93 267 

Glentig S MEL0016 41 234 21 3,1 53 <2 14 <2 8,9 114 9,3 37 <4 586 441 

Glentig S MEL0017 65 234 25 4,8 204 4,2 18 <2 7,9 149 <5 38 <4 25 294 

Glentig S MEL0018 13 35 4 <3 12 <2 4,2 <2 2,8 70 7 18 <4 23 141 

Glentig S MEL026 23 618 2,4 17 12 8,3 216 4,2 33 5,2 6,4 146 22 184 335 

Glentig S MELS0016 618 54 4,8 <3 4,7 <2 6,9 2,1 4,2 202 5 <4 <4 9,3 170 

Glentig S MEL0025 12 453 2 9,1 10 7,1 128 <2 15 8,7 <5 93 13 16 234 

Glentig S MEL0019 1,66 0,26 0,40 146,40 2,90 33,40 1,10 <0.1 <0.1 <0.1 <0.1 5,90 <0.01 <0.1 101,00 

Glentig S MEL0020 2,09 0,32 0,50 65,60 9,70 85,00 4,50 <0.1 0,20 <0.1 <0.1 <0.5 <0.01 <0.1 200,00 

Glentig S MEL0021 1,97 0,30 1,10 56,00 8,10 71,60 3,90 <0.1 0,20 <0.1 <0.1 0,90 <0.01 <0.1 145,00 

Glentig S MEL0022 2,06 0,30 0,90 63,60 9,30 77,80 5,80 <0.1 0,20 <0.1 <0.1 2,40 <0.01 <0.1 223,00 

Glentig S MEL0023 1,99 0,31 0,40 57,00 8,50 86,40 3,10 0,10 0,50 0,10 <0.1 <0.5 <0.01 <0.1 210,00 

Glentig S MEL0024 2,01 0,31 0,50 50,00 7,80 83,50 3,70 0,10 0,50 0,40 <0.1 0,80 <0.01 <0.1 141,00 

Swaer-
shoek S MEL0026 2,02 0,32 0,80 64,00 10,70 79,80 4,20 <0.1 0,40 <0.1 <0.1 2,70 <0.01 <0.1 225,00 

Swaer-
shoek S MEL0027 2,04 0,31 0,30 62,90 10,10 80,00 3,30 <0.1 0,40 <0.1 <0.1 <0.5 <0.01 <0.1 440,00 

Swaer-
shoek S MEL0028 2,05 0,33 0,50 61,30 9,50 77,10 2,70 <0.1 0,30 <0.1 <0.1 1,90 <0.01 <0.1 566,00 

Swaer-
shoek S MEL0029 2,04 0,30 0,70 56,20 8,90 67,50 2,40 <0.1 0,30 <0.1 <0.1 1,60 <0.01 <0.1 596,00 

Swaer-
shoek S MEL0030 2,03 0,30 0,80 87,90 6,80 64,10 3,40 <0.1 0,30 <0.1 <0.1 1,90 0,01 <0.1 147,00 

Swaer-
shoek S MEL0031 2,31 0,36 0,30 69,50 5,20 104,50 2,90 <0.1 0,20 <0.1 <0.1 <0.5 <0.01 <0.1 258,00 

Swaer-
shoek S MEL0032 1,78 0,27 0,50 71,40 4,80 97,20 0,60 <0.1 0,20 <0.1 <0.1 1,00 <0.01 <0.1 365,00 

Swaer-
shoek S MEL0033 3,75 0,55 1,70 169,50 10,50 42,00 2,40 <0.1 0,20 <0.1 0,10 <0.5 <0.01 <0.1 125,00 

Swaer-
shoek S MEL0034 1,91 0,31 0,70 71,00 4,90 101,70 9,10 <0.1 0,10 <0.1 <0.1 1,40 <0.01 <0.1 142,00 

Swaer-
shoek S MEL0035 1,77 0,27 1,00 68,30 3,60 94,20 1,80 <0.1 0,10 <0.1 <0.1 <0.5 <0.01 <0.1 142,00 

Swaer-
shoek S MEL0036 1,82 0,29 1,00 70,10 5,10 96,60 5,60 <0.1 0,20 <0.1 <0.1 <0.5 <0.01 <0.1 364,00 

Swaer-
shoek S MEL0037 1,69 0,28 0,40 54,90 4,40 156,70 2,60 <0.1 0,40 <0.1 <0.1 1,40 <0.01 <0.1 146,00 

Swaer-
shoek S MEL0038 1,94 0,29 0,70 75,00 7,50 75,90 4,30 <0.1 1,10 <0.1 <0.1 1,00 <0.01 <0.1 368,00 

UCC   17,00 84,00 14,00  32,00  10,50  2,70 97  21,00  67 193,00 

PAAS   20,00 160,00 16,00  200,00  14,60  3,10 150  27,00  85  

L*- lithology; S-sandstone; 
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5. Interpretations and discussion 

5.1. Petrography and mineralogy 

Petrographic analysis reveals that quartz dominates the Swaershoek, Alma, and Glentig 
Formations, followed by feldspar, clay minerals, mica, and lithic fragments. There is more 
monocrystalline quartz and less polycrystalline quartz. According to [47], polycrystalline quartz 
is dominant at first, but it is usually broken down into monocrystalline quartz. The presence 
of monocrystalline quartz in high concentrations indicates sediment maturity. The petro-
graphic study of sandstones and conglomerates from the study area also revealed that they 
are moderately to well-sorted with mostly sub-rounded to rounded grains. The lack of signifi-
cant petrographically distinct compositional variations in the sandstones may indicate that 
their source was homogeneous. As a result, the transportation distance from the source area 
was inferred to be relatively long. According to Folk's [48] genetic and empirical classification 
of quartz types, monocrystalline quartz grains are primarily plutonic, hydrothermal, and recy-
cled sedimentary in origin, whereas polycrystalline quartz grains are recrystallized and 
stretched metamorphic types. The presence of more monocrystalline quartz grains indicates 
that the sediments were mostly derived from a granitic source [49]. As reported by [50], such 
grains could have formed as a result of disaggregation of the original polycrystalline quartz 
during high energy or long-distance transport from the metamorphic source. The presence of 
a few pure feldspar grain fragments in some of the sandstones suggests an igneous source, 
whereas the altered feldspar grains suggest a metamorphic source [49]. The presence of mica 
could be due to the fact that in the depositional environment, muscovite is more chemically 
stable than biotite. The identified rock fragments are sedimentary in nature, and they have 
been eroded down to sand size, becoming sand grains in the sedimentary rock. 

5.2. Source rock provenance 

The studied samples were also compared to the Upper Continental Crust (UCC), North 
American Shale Composite (NASC), and Post-Archean Australian Shale (PAAS) (Figure 9; Table 2). 
The major elements show variations in the analysed samples, but still comparable with the 
average composition of the UCC, PAAS, and NASC. The average concentration of Na2O in this 
study is low as compared to those of UCC, PAAS and NASC, this could be due to the low 
amounts of Na-rich plagioclase in all the samples. The average K2O/Na2O ratio is 46, this 
indicates that there is a relatively high alteration of the feldspars. [45] reported the average 
N2O for the Rooiberg Group to be just greater >1, which perhaps indicates the presence of 
albite that has been altered slightly. In this study, the average K2O/Na2O is greater than >5 
which for albite represents a high degree of alteration. The K2O enrichment also suggests the 
presence of illite and sericite, which are further proof of high weathering of the feldspars. 
Likewise, K2O is higher as compared to that of UCC and is slightly lower as compared to that 
of PAAS and NASC. This could be due to the fact that K and Na are strongly removed or 
depleted during weathering. The MgO and CaO average concentration is lower as compared 
to those of NASC, UCC and PAAS. 

The concentration of major elements analysed for this study was used to determine the 
source rock provenances. Folk [48] defined provenance as a term that has been used to include 
all factors involving the production or birth of sediments. The definition of provenance was 
further expanded to encompass all factors related to sediment production, with “specific ref-
erence to the composition of the parent rocks as well as the physiography and climate of the 
source area” [7,52]. In this study, provenance discriminant analysis was used to differentiate 
between the four major provenances (mafic igneous, intermediated, felsic igneous and 
quartzose sedimentary or recycled provenances) as proposed by [53]. The discriminant func-
tion plot infers that the sediments from the Swaershoek, Alma and Glentig Formations have 
been derived from felsic and intermediate igneous provenances (Figure 16). These sediments 
could have been derived from the whining stages of the emplacement of the Bushveld igneous 
complex. Similarly, the binary plot of TiO2 vs Zr indicates that the samples were derived from 
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intermediate and felsic rocks (Figure 17). However, one sample from the Swaershoek For-
mation was the outlier that plotted in the mafic igneous rocks, this could suggest that some 
of the sediments were derived from the mafic layers of the Bushveld Igneous Complex. Like-
wise, the binary plots of TiO2 versus Ni revealed that the samples are mostly of acid or felsic 
provenance (Figure 18). The findings of this study agrees with the work conducted by [43], 
wherein [43] reported that the rocks of the studied geologic formations originate from the 
Transvaal Group. 

 
Figure 16. Major elements discrimination function diagram for the studies sandstones on the background 
diagram of [9] indicating the provenance of the source rocks. The discriminant functions are: Discriminant 
Function 1 = (-1.773 TiO2) + (0.607 Al2O3) + (0.760 Fe2O3) + (-1.500 MgO) + (0.616 CaO) + (0.509 
Na2O) + (-1.224 K2O) + (-9.090); Discriminant Function 2 = (0.445 TiO2) + (0.070 Al2O3) + (-0.250 
Fe2O3) + (-1.142 MgO) + (0.438 CaO) + (1.475 Na2O) + (-1.426 K2O) + (-6.861) 

  

Figure 17. Binary plot of TiO2 versus Zr for samples 
from the Glentig, Alma and Swaershoek For-
mations (Background field after [54]) 

Figure 18. Binary plot of TiO2 against Ni showing 
the different clastic sediments and an acidic 
provenance (Background field after [23]) 
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5.3. Tectonic setting 

Several researchers have documented that the chemical compositions of siliciclastic sedi-
mentary rocks are considerably controlled by plate tectonic settings of their provenances and 
depositional basins [6-8]. Thus, siliciclastic rocks originating from different tectonic settings 
possess terrain-specific geochemical signatures. Tectonic setting discrimination diagrams offer 
reliable results for siliciclastic rocks that have not been highly affected by post-depositional 
physical weathering, chemical weathering and metamorphic process [7,15].  

 
Figure 19. Binary plot of Log (K2O/Na2O) versus 
SiO2 for the Alma, Glentig, and Swaershoek For-
mations (Background field after [8]) 

Bivariate plots of major and trace element 
geochemistry have been used to determine 
the tectonic setting of sandstones [6,8,14,25]. 
The binary plot of SiO2 versus Log 
(K2O/Na2O) indicated that the sediments 
had been derived from a passive margin and 
an active continental margin (Figure 19). 
According to [8], passive continental margin 
represents a quartz-rich, mineralogically 
mature sediments deposited in plate interi-
ors at intracratonic basins or stable conti-
nental margins. Active continental margins 
represent sediments that are quartz- inter-
mediate, derived from tectonically active 
continental margins or adjacent to active 
plate boundaries [8]. 

5.4. Paleoweathering conditions 

The degree of weathering of the source rock depends mainly on the nature of the source 
rock, period of weathering, climatic conditions and rates of tectonic upliftment of the source 
region. Calcium (Ca2+), sodium (Na+) and potassium (K+) cations are mainly removed during 
weathering, the relative concentration of these elements left in the samples serve as the in-
dicators of the degree of weathering. As the intensity of weathering increases, the concentra-
tion of Ca2+, Na+, K+ and Sr decreases, such depletion can be attributed to the alteration of 
feldspars.  The decrease in these ions gives rise to an increase in Fe+, Al3+ and Ti. Fiantis et al. [11] 
indicated that weathering indices help to determine or unravel how much of the original con-
centration has been removed compared to the remaining concentration. To determine the 
paleoweathering conditions, [53] proposed the chemical index of weathering (CIW), chemical 
index of alteration (CIA) and plagioclase index of alteration (PIA) to evaluate the degree of 
chemical weathering.  

The provenance studies have indicated that the source rock of these sediments is acidic 
and according to [53], the alkali contents of siliciclastic sediments are prone to depositional 
alteration. The ratios of K2O/Na2O and the sum of K2O+Na2O are reliable indicators of the 
degree of weathering. The molecular proportions of mobile and immobile oxides have been 
used for the determination of source rock weathering. Source rock weathering indices used in 
this study are the CIW, CIA, and PIA. The calculated values for these weathering indices are 
shown in Table 2. According to [53], the CIA is defined by the formula for the evaluation of the 
degree of weathering: 

CIA = [Al2O3/(Al2O3 + CaO∗ + Na2O + K2O)] ∗ 100          (1) 

wherein CaO* is the content of CaO incorporated in the silicate fraction. 
The chemical index of alteration represents the ratio of former minerals to secondary min-

erals. CIA values for unweathered rocks are typically less than 50, range between 50 and 80 
for weathered rocks, and can reach 100 for highly weathered rocks. In general, CIA values 
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increase as the degree of weathering increases, reaching 100 when all of the Ca, Na, and K 
have been leached from the weathering residue [53]. The CIA values for the studied samples 
ranges from 34.16 to 97.93, averaging 63.88 (Table 2). These CIA values revealed that the 
samples have undergone moderate to the high degree of weathering. This in line with the 
proximity of the source of the rocks which is the Bushveld Igneous Complex. The CIW of the 
analysed samples ranges from 81.32 to 99.83, averaging 96.61 (Table 2). These values indi-
cate a high degree of chemical weathering. According to [52], the CIW formula is given by: 

CIW = � Al2O3  
Al2O3+CaO+Na2O

�100               (2) 

The CIW is better as compared to other weathering indices because it involves fewer com-
ponents and entails components that contain consistent geochemical demeanour during 
weathering. The plagioclase index of alteration (PIA) assesses the source area weathering and 
redistribution during diagenesis. This is attained by monitoring and quantifying progressive 
weathering of feldspars to clay minerals and according to [54], the formula is given as: 

PIA = �Al2O3 −
K2O

Al2O3+CaO+Na2O−K2O
� ∗ 100           (3) 

The PIA values range from 54.98 to 122.22, averaging 96.16 (Table 2). This indicates 
moderate to intensive weathering of the feldspars. When weathering occurs, calcium is 
leached first then followed by potassium and then sodium (Figure 20). The plagioclase index 
of alteration (PIA) denotes that, if the determined value after the calculation is less than 50 
then the sample is fairly fresh, thus it has not been subjected to intense weathering [53]. While 
a PIA value between 50 and 100 does show some degree of weathering, thus close to 50 is 
least altered and close to 100 shows a high degree of alteration (Table 4). The PIA values 
range from 54.98 to 122.22, indicating that most of the samples are altered. The bivariate 
diagrams show a weak correlation of the feldspars with the PIA (Figure 20). Nesbitt and Young [24] 
reported that the weak correlation of the feldspars with PIA could be attributed to potassium 
leaching. 

Table 4. Indices of weathering calculated from the major elements 

Samples Lithology Formation CIA PIA CIW 

PEB 001 Sandstone Alma 77.04 97.25 98.00 
PEB 002 Sandstone Alma 73.84 98.75 99.18 
PEB 003 Sandstone Alma 73.44 97.76 98.52 
PEB 004 Sandstone Alma 75.23 99.08 99.37 
PEB 005 Sandstone Alma 74.59 98.81 99.20 
PEB 006 Sandstone Alma 78.33 97.22 97.92 
PEB 007 Sandstone Alma 73.59 95.95 97.25 
PEB008 Sandstone Alma 34.16 106.45 94.97 
PEB009 Sandstone Alma 58.06 93.41 97.94 
PEB010 Sandstone Alma 79.18 98.73 99.05 
PEB011 Sandstone Alma 66.47 84.81 90.24 
PEB012 Sandstone Alma 66.01 96.69 98.31 
PEB013 Sandstone Alma 61.43 94.44 97.73 
PEB 016 Sandstone Alma 74.49 98.71 99.13 

MEL 0012 Sandstone Glentig 51.00 54.98 84.93 
MEL 0015 Sandstone Glentig 69.31 97.90 98.80 
MEL 0016 Sandstone Glentig 74.02 89.96 92.46 
MEL 0017 Sandstone Glentig 78.47 91.82 93.38 
MEL 0018 Sandstone Glentig 39.50 101.28 99.34 
MEL 026 Sandstone Glentig 76.00 99.13 99.40 

MELS 0016 Sandstone Glentig 52.02 93.33 99.40 
MEL 0025 Sandstone Glentig 70.95 98.70 99.22 
MEL 0019 Sandstone Glentig 97.03 99.83 99.83 
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Samples Lithology Formation CIA PIA CIW 

MEL0020 Sandstone Glentig 84.56 99.53 99.62 
MEL0021 Sandstone Glentig 78.61 97.89 98.42 
MEL0022 Sandstone Glentig 78.45 99.29 99.48 
MEL0023 Sandstone Glentig 86.34 93.72 94.30 
MEL0024 Sandstone Glentig 97.93 99.69 99.70 
MEL0026 Sandstone Swaershoek 65.81 75.56 81.32 
MEL0027 Sandstone Swaershoek 76.56 93.56 95.12 
MEL0028 Sandstone Swaershoek 48.18 122.22 98.85 
MEL0029 Sandstone Swaershoek 82.47 99.26 99.42 
MEL0030 Sandstone Swaershoek 92.90 98.29 98.39 
MEL0031 Sandstone Swaershoek 88.52 99.63 99.67 
MEL0032 Sandstone Swaershoek 35.52 103.98 97.08 
MEL0033 Sandstone Swaershoek 77.69 98.91 99.22 
MEL0034 Sandstone Swaershoek 43.19 108.33 97.80 
MEL0035 Sandstone Swaershoek 57.06 94.77 98.57 
MEL0036 Sandstone Swaershoek 75.80 98.47 98.94 
MEL0037 Sandstone Swaershoek 56.73 95.60 98.87 
MEL0038 Sandstone Swaershoek 64.50 95.16 97.65 

 

 
Figure 20. Bivariate diagrams showing the mobility of elements during weathering of feldspars (PIA) in 
the samples from Glentig, Alma and Swaershoek Formations 

The Al2O3–(CaO+Na2O)–K2O (represented as A–CN–K) ternary diagram of [24] is another 
useful approach for assessing the composition of source rock and mobility of elements during 
chemical weathering of source material and post-depositional chemical modifications. The A–
CN–K ternary plot of the sandstones (Figure 21) was plotted to unravel the compositional 
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changes of the sandstones that are related to chemical weathering, diagenesis and source 
rock composition.  

 
Figure 21. A-CN-K ternary diagram of molecular proportions of Al2O3-(CaO+Na2O)-K2O for Swaershoek, 
Alma and Glentig Formations (Background field after [24]). The CIA scale shown at the left side is for 
comparison 

The Al2O3–(CaO+Na2O)–K2O composition of the studied samples was plotted on the A-CN-
K ternary diagram background fields of  [24]. The arrows indicate the weathering path for gab-
bro, tonalite, granodiorite, adamellite and granite, respectively. The A–CN–K diagrams of the 
sandstones show that all the samples plotted above the line joining plagioclase and K-feldspar 
(Figure 21). The weathering trendline of the sandstones is closer to the A–K boundary, signi-
fying the silicates (i.e. feldspar) have experienced intense or high weathering resulting in the 
leaching of Ca2+ and Na+ out of plagioclase. Furthermore, the sandstones' weathering trendline 
(red dotted arrow in Figure 21) is parallel with the A–K boundary and slightly extends toward 
the A apex, indicating K leaching and Al enrichment. This suggests that additional weathering 
has resulted in the decomposition of K-bearing minerals (biotite, illite, and potassium feld-
spar). Thus, kaolinite dominates the secondary clay minerals. In the sandstones, kaolinite, 
illite and smectite are the main weathering products. 

6. Conclusions 

The provenance, tectonic setting, and paleoweathering conditions of the sandstones from 
the Swaershoek and Alma Formations (Waterberg Group) and Glentig Formation have been 
assessed using inorganic geochemical studies. The major oxide and trace element concentra-
tions in the sandstones show significant variation in composition across the samples. The 
discrimination diagrams based on major oxide geochemistry shows that the sandstones are of 
a felsic/silicic source provenance with little contribution from the intermediate igneous prove-
nance, suggesting that they were mostly derived from a cratonic interior or recycled orogen. 
These sediments could have been derived from the whining stages of the emplacement of the 
Bushveld igneous complex. The tectonic setting discrimination diagrams support the passive-
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active continental margin setting of the provenance. The aforementioned characteristics indi-
cate that the sandstones were deposited on a passive continental margin that received an 
enormous amount of immature detritus from the hinterland areas. The CIA and PIA values, 
as well as the A-CN-K ternary diagram suggest that the source area of the sandstones was 
subjected to moderate to intense weathering conditions. 
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