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ABSTRACT:
A synthesis of the geochemistry of silcretes and their host sediments in the Kalahari Desert
and Cape coastal zone, using isocon comparisons, shows that silcretes in the two regions are
very different. Kalahari Desert silcretes outcrop along drainage-lines and within pans, and
formed by groundwater silicification of near-surface Kalahari Group sands. Silicification was
approximately isovolumetric. Few elements were lost; Si and K were gained as microquartz
precipitated in the sediment porosity and glauconite formed in the suboxic groundwater
conditions. The low Ti content reflects the composition of the host sands. Additional
elements in the Kalahari Desert silcretes were supplied in river water and derived from
weathering of silicates in basement rocks. Evaporation under an arid climate produced highpH groundwater that mobilised and precipitated Si; this process is still occurring.
In the Cape coastal zone, pedogenic silcretes cap hills and plateaus, overlying deeply
weathered argillaceous bedrock. Silicification resulted from intensive weathering that
destroyed the bedrock silicates, almost completely removing most elements and causing a
substantial volume decrease. Some of the silica released formed a microcrystalline quartz
matrix, and most Ti precipitated as anatase, so the Cape silcretes contain relatively high Ti
levels. The intense weathering that formed the Cape silcretes could have occurred in the
Eocene, during and after the Palaeocene-Eocene Thermal Maximum, when more acidic
rainfall and high temperatures resulted in intensified silicate weathering world-wide. This
could have been responsible for widespread formation of pedogenic silcretes elsewhere in
Africa and around the globe.
Trace element sourcing of silcrete artefacts to particular outcrops has most potential in the
Cape, where differences between separate bedrock areas are reflected in the silcrete
composition. In the Kalahari Desert, gains of some elements can override compositional
differences of the parent material, and sourcing should be based on elements that show the
least change during silicification.
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1. Introduction
After Australia, southern Africa contains the most extensive coverage of silcrete (silicacemented duricrust) in the world (Figure 1). Silcrete occurs in two distinct geographical and
sedimentological contexts. In the centre of the subcontinent, silcretes occur within Kalahari
Group sediments, with outcrops described from the presently arid to semi-arid Kalahari
Desert (e.g. Summerfield, 1982; 1983c; Nash et al., 1994b; Nash et al., 1994a; Nash and
Shaw, 1998; Shaw and Nash, 1998; Nash et al., 2004; Ringrose et al., 2005; Ringrose et al.,
2009; Nash et al., 2013a; Ringrose et al., 2014; Nash et al., 2016) and the tropical southern
Congo Basin (e.g. Veatch, 1935; Cahen and Lepersonne, 1952; Linol et al., 2015; Linol et al.,
2019). In the more temperate Cape coastal zone of South Africa, silcretes largely occur
capping dissected plateaus developed on deeply weathered bedrock (Frankel and Kent, 1938;
Bosazza, 1939; Frankel, 1952; Mountain, 1952; Summerfield, 1981; 1983c; b; Nash et al.,
2013b).
Whilst much has been written about southern African silcretes, it remains unclear why
silica-cemented duricrusts have developed in two such different geological and
geomorphological contexts. Summerfield (1983a) proposed that silcretes in the Kalahari
Desert developed in alkaline, semi-arid environments, whilst the majority of Cape coastal
silcretes formed under more humid tropical, low-pH conditions; this is primarily because the
latter contain pedogenic structures and overlie deeply weathered profiles, both lacking in
Kalahari Desert silcretes.
Other inferences about silcrete genesis in the Kalahari Desert and Cape coastal zone have
been made on the basis of geochemical data. Cape coastal silcretes have a higher Ti content
than their Kalahari Desert counterparts, so Summerfield (1983a) postulated that higher Ti
‘weathering profile silcretes’ indicated hot, humid palaeoenvironments at the time of
silicification, whilst Ti-poor ‘non-weathering profile silcretes’ reflected more arid
environments. However, it has been shown that Ti levels are more closely related to parent
material chemistry than palaeoclimate (Milnes and Twidale, 1983; Young, 1985; Twidale and
Hutton, 1986; Nash et al., 1994a; Webb and Golding, 1998).
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Figure 1
Distribution of silcrete in the Kalahari Desert and Cape coastal zone. Distribution of Cape
silcretes is generalised from Roberts (2003); note that the actual area of silcrete occupies only
a small proportion of the shaded areas. Kalahari Desert silcrete localities are shown as dots.
Localities of analysed samples are shown as follows. Okavango system: O – Okavango
River, L – Lake Ngami, B – Boteti River, S – Sua Pan, N – Nata River, Nt – Ntwetwe Pan;
outside Okavango system: T - Tswaane. Cape: A – Albertinia, R – Riversdale, H –
Herbertsdale, Hd – Heidelberg, G – Grahamstown. (a) Google Earth image downloaded
January 7, 2020, ©DigitalGlobe. (b) World View satellite image (obtained January 7, 2020
through Global Mapper).
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Silcretes from different parts of the Kalahari Desert and Cape coastal zone have different
trace element compositions (Nash et al., 2013a; Nash et al., 2013b). This has been used to
identify likely source areas for artefacts from Middle Stone Age archaeological sites in the
Kalahari Desert (Nash et al., 2013a; Nash et al., 2016). However, the geochemical basis of
this differentiation is unclear, in particular whether it represents differences in the material
hosting the silcrete or the silicification mechanism itself. Nash et al. (2013a) suggested from
their studies in the Kalahari Desert that differences in host sediment composition were
critical, but this has yet to be rigorously tested. Furthermore, uncertainties remain in terms of
the magnitude of the compositional differences needed to definitively indicate different
sources.
This paper presents the first meta-analysis of the substantial number of published
geochemical analyses of silcrete and host bedrock/sediments now available for southern
Africa. It aims to (i) identify more precisely the constraints on and timing of silcrete
formation and (ii) determine the robustness of silcrete artefact sourcing investigations in the
subcontinent. The study focusses on silcrete genesis in the Kalahari Desert and Cape coastal
zone only. Silcretes are present elsewhere in southern Africa, e.g in the Congo Basin (Linol
et al., 2019), but limited chemical data for selected elements are available for these silcretes,
so they could not form part of this geochemical study.
2. Silcretes in the Cape coastal zone and Kalahari Desert
Silcretes outcrop extensively along the southern Cape coastal zone of South Africa (Figure
1), where they occur along drainage lines or, most commonly, as subhorizontal caprocks on
partially dissected plateaus which represent palaeosurfaces (e.g. around Grahamstown; Figure
2a); isolated outcrops in a particular area frequently lie at the same level (Summerfield, 1981;
Roberts, 2003). Cape silcretes almost exclusively overlie deeply weathered saprolite (Figures
2b, c) developed upon argillaceous bedrock, most commonly either Late Carboniferous to
Early Permian Dwyka Group or Lower Devonian Bokkeveld Group. Other host rocks in
particular areas include Mesoproterozoic granites and gneisses, Neoproterozoic
metasediments and Early Jurassic dolerites; in addition, silicified Cenozoic sediments may
form the upper part of some silcrete profiles (Roberts, 2003).
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Figure 2
Silcretes in the Cape coastal zone: (a) View of a silcrete-capped palaeosurface near
Grahamstown; (b) 2.5 m thick pedogenic silcrete profile at Rooikop, east of Grahamstown;
(c) 2.3 m thick pedogenic silcrete profile developed above red mottled and bleached
weathered bedrock, Enniskillin, near Grahamstown.
Cape coastal silcretes are of variable thickness, typically 1-3 m but exceeding 8 m in some
locations (Mountain, 1952; Roberts, 2003). Most have pronounced vertical to sub-vertical
jointing, giving a columnar appearance (Figure 2c) (Summerfield, 1983c). Both massive and
glaebular silcretes are common, and glaebular horizons may overlie brecciated layers that
grade into massive silcrete (Frankel and Kent, 1938; Summerfield, 1981). All of these
features are suggestive of formation by pedogenic silicification (cf. Thiry and Milnes, 1991;
Thiry, 1999; Nash and Ullyott, 2007; Ullyott and Nash, 2016; Thiry and Milnes, 2017).
Silcretes occur within the surface and near-surface sediments of the Kalahari Group (e.g.
Nash et al., 1994b; Linol et al., 2015), which comprises several different formations mostly
deposited in aeolian, fluvial and lacustrine environments (Du Plessis, 1993; Haddon and
McCarthy, 2005). The surface sediments, which have undergone aeolian transport in many
areas, comprise predominantly red-orange, well-sorted, fine to medium grained, quartz-rich
unconsolidated sand, interbedded with clayey and silty sands (Milzow et al., 2009). The
6

Kalahari sands represent the world’s largest body of sand, covering over 2.5 million km2 of
central and southern Africa (Figure 1) (Thomas and Shaw, 1991).
The majority of Kalahari Desert silcrete outcrops occur in, or close to, landscape
depressions (Figures 3a, b) such as pans and fossil valley systems (Summerfield, 1982; Shaw
and de Vries, 1988; Nash et al., 1994b; Nash et al., 1994a; Shaw and Nash, 1998; Nash et al.,
2004; Ringrose et al., 2005; Kampunzu et al., 2007) where the surface aeolian, fluvial and
lacustrine sediments have been cemented (Summerfield, 1982). They include the only
examples of silcrete in the world considered to be forming at the present day (MacGregor,
1931; Shaw et al., 1990). Surface silcrete occurrences are usually localised and vary from
gravel lags on the margins of pans (Summerfield, 1982; Nash and Shaw, 1998) to irregular or
lenticular layers up to 7 m thick in the flanks of valleys and as part of palaeolake shorelines
(Figure 3) (Shaw and de Vries, 1988; Nash et al., 1994a; Ringrose et al., 2005; Kampunzu et
al., 2007; Ringrose et al., 2009). The silcretes are typically massive (Figures 3b, c) and lack
pedogenic structures, suggesting that they formed by groundwater silicification at or near the
watertable (Nash et al., 1998; Ullyott et al., 1998; Nash and Ullyott, 2007; Ullyott and Nash,
2016). Partial or complete replacement of pre-existing calcrete is widespread, and silcretes
may also rarely be associated with ferricretes (e.g. Nash et al., 1994b; Nash et al., 1994a;
Nash and Shaw, 1998; Nash et al., 2004; Ringrose et al., 2005).
Most Kalahari Desert silcretes consist of quartz grains inherited from the parent sands
lying within chalcedonic silica and/or microquartz cements (Summerfield, 1982). Void fills
are common and are composed of a variety of silica polymorphs: α-quartz, opal-CT or opalT, and moganite (e.g. Summerfield, 1982; Nash et al., 1994b; Nash and Hopkinson, 2004).
3. Data sources and methodology
3.1. Geochemical data sources
To understand the processes by which silcretes in the Kalahari and Cape have formed, it is
necessary to compare the chemical composition and mineralogy of the host bedrock/
sediment and the silcrete developed within or upon this bedrock/sediment. There is a large
amount of analytical data available for both the host lithologies and the silcretes that outcrop
either within or directly above these lithologies, so no new data were collected for this study.
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Figure 3
Silcretes in the Kalahari Desert: (a) Localised silcrete outcrop in the floor and flanks of the
Xaudum Valley, northwest Botswana; (b) Drainage-line silcrete in the floor of the Boteti
River at Samedupe, north-central Botswana; (c) Silcrete exposed in an escarpment at the
eastern edge of the Kalahari Group sediments, Sesase, Botswana; (d) Complex 5 m thick
silcrete-calcrete profile overlying granitoid-gneiss bedrock at Tswaane Quarry, central
Botswana.
For the Cape silcretes, analyses of Dwyka or Bokkeveld Group bedrock and associated
silcretes were compiled from a number of sources: Dwyka Group - 25/23 major/trace element
analyses (Frankel and Kent, 1938; Summerfield, 1983b; Huber et al., 2001); Bokkeveld
Group - 50/47 major/trace element analyses (Summerfield, 1983b; Marker et al., 2002;
Fourie, 2010); silcretes developed on Dwyka Group - 18/13 major/trace element analyses
(Frankel and Kent, 1938; Summerfield, 1983b; Nash et al., 2013b); silcretes developed on
Bokkeveld Group - 81/29 major/trace element analyses (Bosazza, 1939; Frankel, 1952;
Summerfield, 1983b; Nash et al., 2013b). Few, if any, bedrock and silcrete analyses are
available for other host rocks for the Cape silcretes, so this study is restricted to
understanding silcrete development on Dwyka and Bokkeveld Group bedrock only. Sample
localities of both silcretes and bedrock are scattered across the entire area of silcrete and
bedrock outcrop, and the analyses are therefore believed to be representative of the
8

composition of these rock types. Only analyses of fresh or relatively fresh bedrock were
included in this study. Summerfield (1984) analysed silcrete and underlying heavily
weathered or altered bedrock at three locations in the Cape. However, because fresh bedrock
was not analysed, his bedrock data are not used here.
For the Kalahari Desert, the chemical composition and mineralogy of silcretes and host
sediments within the endorheic Okavango system in the Middle Kalahari were compared.
Both sediments and silcretes in this region have been extensively studied and analysed: sands
- 180/37 major/trace element analyses (McCarthy and Metcalfe, 1990; McCarthy et al., 1991;
McCarthy and Ellery, 1995; Huntsman-Mapila et al., 2005); silcretes - 82/78 major/trace
element analyses (Summerfield, 1982; Nash and Shaw, 1998; Nash et al., 2013a). Only
sediments and silcretes in areas directly affected by the Okavango River and/or Delta and its
outflows (either present-day or past) were considered; these included analyses from sites
along river channels, within lake basins and pans, and within the Okavango Delta itself.
Additional major and trace element data are available for silcretes within valleys directed
towards the Okavango Delta (e.g. the Xaudum; Nash et al., 2013a) and Makgadikgadi Basin
(e.g. the Okwa; Nash et al., 2004); however, there are no analyses of unsilicified sediments
associated with these silcretes, so they were not considered further.
All available analytical data for silcretes in the Kalahari Desert were used to calculate the
overall median composition of Kalahari silcrete: 134/86 major/trace element analyses
(Summerfield, 1982; Nash et al., 1994a; Nash and Shaw, 1998; Nash et al., 2004; Nash et al.,
2013a). This was then compared with the analyses from the Okavango Delta system (as
defined above) to determine if the Okavango sediments and silcretes are broadly
representative of those in the Kalahari Desert as a whole.
Geochemical data acquired through both X-ray fluorescence (XRF) and inductively
coupled plasma mass spectrometry (ICP-MS) were included within this study; as will be
discussed, the fact that consistent results were obtained using disparate data sets gives more
confidence to the findings. It should be noted that not all analyses contained the same number
of elements, so the number of analyses for each element varies; the numbers given above are
a maximum.
3.2. Geochemical data analysis
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In this study, a detailed geochemical analysis was carried out using isocon plots (Grant,
2005), whereby concentrations of components in an altered rock (e.g. silcrete) are plotted
against those in the parent material. The isocon plots were compiled using median elemental
contents of silcretes and their parent lithologies, in order to obtain the overall chemical trends
accompanying silicification. For one silcrete outcrop (close to Grahamstown in the Cape
coastal zone; Frankel and Kent, 1938), analyses of parent material immediately underlying a
silcrete were available, so this isocon could be compared with the isocons obtained using
median analyses. Complete element analyses were not available for all data sets, so some
isocons lack particular elements.
In these plots, the isocon is a straight line from the origin passing through points for all
components that are immobile (i.e. showing no enrichment or depletion relative to the
parent). In silcrete studies, Zr is selected as the immobile element (Webb and Golding, 1998;
Nash et al., 2004), because it is present as zircon, which is one of the least soluble minerals
(Thornber, 1992) and is extremely resistant to weathering and diagenetic processes
(Pettijohn, 1941; Morton, 1984). Angular to well-rounded fragments of zircon are common in
silcretes and exhibit sharp, unaltered boundaries with no evidence of etching (Watts, 1978;
Webb and Golding, 1998; Eggleton and Taylor, 2017).
On isocon plots, elements that fall above or below the isocon have been respectively
enriched or depleted in the altered material (in this case silcrete) plotted on the vertical axis.
The gain or loss of mobile elements during silicification can be calculated as a percentage of
the parent composition:
% 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 =

�𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ×

𝑍𝑍𝑍𝑍𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
�−𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑍𝑍𝑍𝑍𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

× 100

Equation 1

where C is the concentration of a particular element.

The volume change during silicification can be calculated from the Zr content and
densities of the silcrete and parent material:
𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

=

𝑍𝑍𝑍𝑍𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑍𝑍𝑍𝑍𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

×

𝑑𝑑𝑒𝑒𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

Equation 2

If silcrete formation occurred at constant volume, as shown by the preservation of original
textures from the parent material, then the ratio of the Zr contents is the inverse of the density
ratio.
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The results of our analyses are now discussed thematically, first for the Cape coastal zone
(section 4) and then for the Kalahari Desert (section 5).
4. Cape silcretes
4.1. Composition and mineralogy of the Dwyka and Bokkeveld Group bedrock
The Bokkeveld Group is composed largely of mudstones with minor sandstones; the
mudstones are black when fresh and consist of quartz, illite, some chlorite (clinochlore) and
feldspars (albite, orthoclase, microcline) (Fourie, 2010). Zircon is the most abundant heavy
mineral; brookite, rutile and monazite also occur. Available geochemical data show that the
median chemical composition of Bokkeveld Group mudstones (Table 1) is dominated by
SiO2 and Al2O3 due to the quartz and clay content. The strong correlation of Al2O3 with K2O
(r2 = 0.95) reflects the dominance of illite as the Al-bearing mineral in these rocks. The Al2O3
and K2O concentrations are very strongly correlated with Ba, Rb, Cs, Sc and Ga, implying
that all these trace elements are present in illite. The substantial amount of Fe2O3 (7%)
probably occurs as iron oxides. There is too much TiO2 (1%) for it to exist entirely as
brookite/rutile; probably most is present in clays.
In comparison, the Dwyka Group consists largely of diamictites, which contain clasts of
quartz, feldspar (plagioclase, K-feldspar) and rock fragments in a clay matrix (kaolinite,
smectite, illite); there may be minor amounts of pyroxene, chlorite and carbonate (calcite and
minor dolomite), along with trace levels of opaque minerals (mainly magnetite, minor
sulfides), epidote, garnet, muscovite, biotite, zircon and amphibole (Reimold et al., 1997;
Huber et al., 2001). The different mineralogy of the Dwyka Group compared to the
Bokkeveld Group means that, although the composition is also dominated by SiO2 and Al2O3,
the Dwyka Group contains greater levels of Na2O, CaO and MgO (Table 1), reflecting the
higher percentage of plagioclase and Mg silicates (both as individual grains and as a
component of igneous rock fragments). There is no significant correlation between Al2O3 and
K2O or most trace elements because there are a number of different Al-bearing minerals
present. K2O is strongly correlated with Rb because these elements will readily substitute for
each other in K-bearing minerals. The Fe2O3 concentrations are strongly correlated (r2 = 0.810.82) with Mn and LOI, suggesting that Fe is mainly present as ferric oxide/hydroxide
minerals that contain significant levels of Mn. As for the Bokkeveld Group, the TiO2 present
probably occurs mostly in clays.
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4.2. Composition and mineralogy of the Cape silcretes
Cape coastal zone silcretes consist predominantly of quartz as floating inherited quartz grains
in a matrix of microquartz (Summerfield, 1981; 1983c; b). In addition, there is a significant
amount of microcrystalline anatase, often as alternating lamellae of silica and anatase in
geopetal concave-upwards colloform structures (Frankel and Kent, 1938; Summerfield,
1983c; b).
Available geochemical data show that there is little difference in the composition of
silcretes developed on Dwyka Group or Bokkeveld Group strata (apart from three elements,
discussed below), so they are considered together. Overall, the median composition of the
Cape silcretes (Table 1) is dominated by SiO2 (95%) with small amounts of TiO2 (1.7%),
Fe2O3 (0.9%) and Al2O3 (0.5%) and very low levels (<0.05%) of all other major elements,
including MgO, CaO, Na2O and K2O. The trace element present in the highest concentrations
is Zr (~500 ppm); there are moderate levels (>10 ppm) of Ba, Nb, Sr, Pb, Hf, Y, Cu and Ce
(in decreasing order of abundance), and low levels (<5 ppm) of other trace elements. The
only difference between silcretes developed on Dwyka Group or Bokkeveld Group strata is
that the latter silcretes contain significantly smaller amounts of Fe2O3, Cr and V.
The TiO2 content of Cape silcrete primarily reflects the presence of anatase (although
trace amounts of the Ti-bearing heavy minerals brookite/rutile may also be present). TiO2
concentrations in the silcretes are very strongly correlated (r2>0.98) with Nb and Ta; the close
similarity in ionic radius between Ti, Nb and Ta means that anatase can contain substantial
amounts of Nb and Ta (Huy et al., 2012). TiO2 is also strongly correlated (r2 = 0.8-0.94) with
many heavy rare earth elements (HREEs; Er, Ho, Lu, Tm, Y, Yb) as well as a number of
other trace elements (Sn, U, W, Co, Mo), suggesting that the anatase in the silcretes contains
these elements as well.
Zr is probably present as zircon, because Zr concentrations are very strongly correlated (r2
= 0.99) with those of Hf, and zircon often contains minor amounts of Hf (Wang et al., 2010).
Fe2O3 is present as iron oxides; the strong correlation of Fe2O3 with Cr, V, As, Se and Te (r2
= 0.72-0.81) indicates that these trace elements occur within the iron oxides. The higher level
of Fe2O3 in the Dwyka Group silcretes is reflected in their greater Cr and V concentrations.
4.3. Formation of the Cape silcretes
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Isocon comparisons were made between the median compositions of Dwyka and Bokkeveld
Group sediments and the respective overlying silcretes (Table 2; Figure 4). In addition, a
comparison was made using Frankel and Kent’s (1938) analyses of silcrete and directly
underlying Dwyka Group bedrock at Grahamstown; only major element analyses are
available in their study, so median Zr concentrations from Dwyka Group sediments and
silcrete were used to construct this isocon.
All three isocons are very similar (Figure 4) and show almost complete loss of most major
elements during silicification (Al2O3, Fe2O3, CaO, MgO, Na2O, K2O and LOI; mostly >90%),
together with some loss of SiO2 and TiO2 (40-60%). Most trace elements are also lost; Hf, Ta
and Nb show the lowest losses (<50%). The fact that three independent sets of data show the
same results strongly suggests that the same silicification process has been active for all Cape
silcretes encompassed by the available analyses.
To calculate the volume change during silicification using Equation 2, it is necessary to
know the density of the parent bedrock and the overlying silcrete. The density of Dwyka
Group sediments has been measured as 2.46-2.58 g/cc (Bothma, 2015). No density data are
available for the Bokkeveld Group, but the values are likely to be very similar to those of
shales in the Ecca Group (2.53-2.76 g/cc; Baiyegunhi et al., 2019), given the similarity in
lithology. The density of the Cape silcretes, based on their porosity (~2%; Schmidt et al.,
2017) and anatase content (~2%) is ~2.62. Inserting these values into Equation 2 along with
the median Zr concentrations of silcrete and bedrock, the ratio of volume of parent bedrock :
volume of silcrete is 2.5-2.8 for the Bokkeveld Group silcretes and 3.5-3.9 for the Dwyka
Group silcretes (Table 2). Thus, there has been a substantial volume loss during formation of
the Cape silcretes; a 3 m thick silcrete (typical maximum thickness; Roberts, 2003) represents
an original bedrock thickness of 7.5-12 m. This loss in volume matches the almost complete
loss of most major and trace elements evident from the isocon analysis.
In contrast to this finding, Summerfield (1984) regarded formation of the Cape silcretes as
isovolumetric. This suggestion was based on Mountain’s (1952) record of intensively leached
Dwyka diamictite retaining undistorted ghosts of the boulders occurring in the subjacent
fresh bedrock, and thin sub-vertical quartz veins that continue without disruption from fresh
Bokkeveld Group bedrock into overlying deeply weathered material. However, neither of
these observations referred directly to the silcretes, and the consistency of the isocon results,
obtained from separate stratigraphic units using different analytical techniques (XRF and
13

Figure 4
Major and trace element isocon plots for: (a, b) Bokkeveld Group bedrock and associated
silcretes (c, d) Dwyka Group Group bedrock and associated silcretes (e, f) Okavango delta
sediments and associated silcretes. See Figure 1 for locations of silcrete samples, Table 1 for
data.
ICP-MS) run at different laboratories, substantiates the fact that that substantial volume loss
occurred. Roberts (2003) illustrated Cape silcretes with intact cross-stratification that
haveformed within Cenozoic sediments. However, these are groundwater silcretes that have
undergone isovolumetric silicification; they show none of the features (columnar jointing,
glaebular horizons overlying brecciated layers) typical of the pedogenic silcretes developed
14

on the Bokkeveld and Dwyka Group strata. No analyses are available for the groundwater
silcretes or their host sediments, so they were not included in the isocon analysis.
Silicification of the Cape silcretes was accompanied by retention of the detrital quartz
component (as shown by textural analysis; Summerfield, 1983b; a). Clays and any other
silicate minerals in the clay-rich host lithologies were broken down during silcrete formation,
and most of the constituent elements completely removed from the system (Figures 5a, b),
apart from much of the silica (retained as a microcrystalline quartz matrix) and the TiO2
(largely retained as neoformed anatase). The silcretes overlying Dwyka and Bokkeveld
Group rocks contain more TiO2 (1.7%) than the parent rocks (0.7-1%), even though some Ti
is lost during silicification, because of the substantial volume reduction demonstrated by the
isocons.
As Si, Ti and the other elements were released by weathering (Figures 5a, b), they moved
vertically downwards through the profile in infiltrating rainwater, most likely during
alternating phases of wetting and drying accompanying pedogenesis (cf. Thiry and Milnes,
1991; Thiry and Simon-Coinçon, 1996; Thiry, 1999). The gravitational movement of
solutions during silicification is clearly indicated by the vertically stacked concave-upwards
colloform structures in the Cape silcretes, composed of alternating lamellae of silica and
anatase (Frankel and Kent, 1938).
Three trace elements (apart from Zr) show the lowest losses during silicification: Nb, Ta
and Hf. Most of the Nb and Ta was incorporated into anatase as it formed; as discussed
above, anatase often contains significant levels of Nb and Ta. Hf was retained within zircon,
because this mineral is unaffected by weathering and silicification. Hf and Zr are strongly
correlated within the silcretes but not the parent strata, probably because Hf in the Bokkeveld
and Dwyka Group sediments is present in both clays and zircon; only that in zircon was
retained during silicification.
Only a small percentage of most trace elements was retained during silicification; in the
silcretes, many of these elements are correlated with TiO2 or Fe2O3 (as discussed above),
suggesting that formation of anatase and retention of some iron oxide resulted in the
associated preservation of a large suite of trace elements, albeit at low levels. The role of
anatase is not surprising as nanocrystalline anatase has been shown to adsorb contaminant
metals (Kanna et al., 2005).
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Figure 5
Schematic depiction of the changes in major element chemistry occurring during formation
of silcretes in the Cape coastal zone (a, b) and Kalahari Desert (c).
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The precipitation of silica within the regolith profile to form the Cape coastal silcretes
could have been driven by evaporation within the soil profile (Webb and Golding, 1998; Lee
and Gilkes, 2005), or by mixing of infiltrating silica-rich groundwater with deeper saline
groundwater; the introduction of significant quantities of salt into a silica-rich solution can
result in silica precipitation (Iler, 1979; Marshall and Warakomski, 1980).
The removal of most elements to very low levels during formation of the Cape silcretes
(Figures 5a, b) implies an abundant source of infiltrating water, i.e. relatively high rainfall
conditions. This is also indicated by the intensity of the weathering that destroyed the clays
and feldspars, supporting Summerfield’s (1983a) hypothesis that the Cape coastal silcretes
formed under a relatively humid climate.
The isocon data indicate that the silica that formed the Cape silcretes was released during
a period of intense weathering that led to the development of the thick weathered bedrock
profiles found in the Cape coastal zone, i.e. silicification was contemporaneous with
weathering. It is possible that the silica released into the groundwater at this time also
silicified adjacent unconsolidated Cenozoic sediments, i.e. pedogenic and groundwater
silicification in the Cape coastal zone could have been contemporaneous. If this is the case,
then the intense weathering that formed the Cape silcretes must have occurred during the
Cenozoic.
A potential candidate for the cause of this silicification event is the Palaeocene-Eocene
Thermal Maximum (PETM), when there was a very rapid, massive addition of carbon
dioxide into the atmosphere, increasing average global temperatures by approximately 6 °C
(Kennett and Stott, 1991; Bowen et al., 2015). The increase in CO2 levels in the atmosphere
to 1700-2250 ppm (Panchuk et al., 2008; Zeebe et al., 2009) would have raised the carbonic
acid levels of rainfall such that the acidity was ~2.5-3 times that of present rainfall, and the
oceans rapidly acidified at the same time (Zachos et al., 2005). Intensified silicate weathering
and pedogenesis was associated with the PETM, as shown by anomalously radiogenic Osisotope compositions, significantly increased kaolinite abundances and anomalous silica-rich
facies in sediments deposited at this time (Dypvik et al., 2011; Dickson et al., 2015; Chen et
al., 2016); the latter apparently represent the burial of excess silica weathered off the
continents during the PETM (Penman, 2016). The Eocene Climatic Optimum that followed
the PETM was characterised by warm temperatures, high rainfall and deep weathering to
high latitudes, and was accompanied by greatly increased silica levels in the oceans
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(McGowran, 1989). Thus, the intense weathering that led to formation of the Cape silcretes
could have occurred in the Eocene.
Since the weathering event that followed the Palaeocene-Eocene Thermal Maximum was
world-wide, it would be expected that silcretes formed elsewhere at the same time. Therefore,
silcrete formation in the Cape may have been synchronous with extensive silicification within
the Eocene ‘Polymorph Sandstone’ in the southwest Congo Basin (cf. Tshibidi, 1986; Linol
et al., 2015). Pedogenic silcretes similar to those in the Cape are known from central
Australia (e.g. Wopfner, 1978; Thiry and Milnes, 1991; Webb and Golding, 1998), where
some of them contain leaf impressions dated as Eocene (Greenwood et al., 1990; Greenwood,
1996; Hill et al., 2016), and from western Europe (e.g. Thiry and Simon-Coinçon, 1996;
Thiry, 1999), where silcretes in the Paris Basin are regarded as Eocene in age on the basis of
stratigraphy (Thiry, 1989). Thus it is possible that pedogenic silicification occurred around
the world in the aftermath of the PETM.
Pedogenic silcretes are generally believed to have formed under acidic weathering
conditions (e.g. Thiry, 1999; Nash and Ullyott, 2007; Taylor and Eggleton, 2017) to explain
the dissolution of silicate minerals (clays and feldspars) and release of the silica required for
silcrete formation. The source of the acidity has been variously ascribed to organic acids,
oxidation of sulphide minerals and/or precipitation of ferric oxyhydroxides (Summerfield,
1983a; Nash and Ullyott, 2007; Taylor and Eggleton, 2017), but there is no evidence that any
of these processes were active during formation of the Cape silcretes. Instead it is more likely
that the acidity responsible for pedogenic silicification arrived as carbonic acid in the low pH
rainfall that fell around the world during the PETM.
5. Kalahari Desert silcretes
5.1. Composition and mineralogy of host sediments in the Okavango system
The mineralogy of the surface sediments across the entire area covered by the Kalahari
Group is dominated by quartz, with small amounts of fine-grained calcite and dolomite, clays
(kaolinite, illite, smectite) and feldspars (plagioclase, microcline and K-feldspar) (McCarthy
et al., 1991; McCarthy and Ellery, 1995; Chatupa and Direng, 2000; Huntsman-Mapila et al.,
2005; Ringrose et al., 2014). The heavy minerals present vary according to the mineralogy of
(often deeply) underlying bedrock: zircon, ilmenite, tourmaline, staurolite, kyanite, epidote,
zoisite, andalusite, apatite, brookite, rutile, sillimanite, sphene, amphibole and garnet (Moore
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and Dingle, 1998; Nuumbembe, 2016). In evaporitic pans, the near-surface sediments may
contain halite and be covered by a surface crust of trona and thermonatrite (McCarthy et al.,
1991).
Within the Okavango system, the chemical composition of the silcrete host sediments
(Table 1) is dominated by SiO2 (median 91 wt%), as expected given the preponderance of
quartz sand, with minor amounts of other major elements, each of which is <1% except for
Al2O3 and LOI (2 and 3 wt% respectively). Trace element concentrations are high for Ba
(200 ppm) and Zr (100 ppm), moderate (10-35 ppm) for Sr, V, Co, Cr, Rb, Ce, Zn and Ta (in
decreasing order of abundance), and low (<8 ppm) for all other trace elements.
The levels of CaO, MgO and LOI present (medians 0.6, 0.3 and 3 wt% respectively) are
strongly correlated with each other and with Sr and U concentrations (r2 = 0.94-0.95). All are
present in calcite/dolomite; the affinity of carbonates for Sr and U has been well documented
(e.g. Carlisle, 1983). The K2O concentration (median 0.5 wt%) probably reflects the presence
of illite and perhaps also K-feldspar.
The amounts of Fe2O3, TiO2 and Al2O3 present in sediments of the Okavango system
(median 0.8, 0.1 and 2 wt % respectively) are all well correlated (r2 = 0.84-0.99). XRD and
SEM studies by McCarthy and Ellery (1995) and Huntsman-Mapila et al. (2005) did not
record any Fe- or Ti-rich heavy minerals in these sediments, and both suggested that the iron
and titanium are associated with clays (mainly illite). It is likely the iron oxide coatings on
the quartz grains, that impart the red-orange colour to much of the Kalahari sands, also play a
role. Analyses of these coatings elsewhere in the Kalahari Desert showed that they contain
Fe, Al, Ti and V (Vushe and Amutenya, 2019).
The levels of Fe2O3, TiO2 and Al2O3 in sediments of the Okavango system are correlated
(r2 = 0.81-0.94) with a number of trace elements (V, Rb, Th, Ga, Y and REEs, except Tm and
Lu), suggesting that the clays and/or iron oxide coatings have adsorbed these elements; iron
oxides are known to strongly adsorb a variety of species (e.g. Dzombak and Morel, 1990).
The concentrations of Nb and Ta are strongly correlated with each other (r2 = 0.82) but not
with TiO2. As noted above, the close similarity in ionic radius between Ti, Nb and Ta means
that Ti-rich minerals can contain major amounts of Nb and Ta (Huy et al., 2012), so the lack
of correlation between Nb-Ta and TiO2 confirms the absence of Ti-rich heavy minerals in the
Okavango sediments.
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The presence of small amounts of zircon probably explains the level of Zr present (median
100 ppm). Zircon often contains Hf, but Hf concentrations also show a moderate correlation
with Al-Ti-Fe and REEs, indicating that this element is present in the clays/iron oxide
coatings as well as in zircon.
Although other heavy minerals have been recorded from the Kalahari Group, there is no
evidence of these in the composition of the Okavango system sediments. For example,
monazite, which is a phosphate mineral with high abundances of light rare earth elements
(LREEs), has not been found and there is no correlation between P2O5 and LREE
concentrations.
5.2. Composition and mineralogy of silcretes in the Okavango system
Duricrusts in the Kalahari sands include calcretes, silcretes and intergrade varieties between
the two (Nash and Shaw, 1998; Nash et al., 2004); the discussion here is restricted to silcretes
sensu stricto (i.e. >85 wt% SiO2; Summerfield, 1983a). The analytical data shows that the
median composition of silcretes in the Okavango system (Table 1) is dominated by SiO2
(median 94 wt%) with small amounts (<1.1 wt%) of Al2O3, K2O, Fe2O3, MgO, CaO and TiO2
(in decreasing order of abundance). Of the trace elements, Ba is the most abundant (~1000
ppm); there are high levels of Cr (~200 ppm), Sr and Zr (50 and 65 ppm respectively), low
levels (3-20 ppm) of Rb, Ce, La, Nd and Y (in decreasing order of abundance), and very low
levels (mostly <1 ppm) of other elements.
There is no significant difference between the median composition of silcretes within the
Okavango system and the median composition of all Kalahari Desert silcretes (Table 1);
although the Okavango system covers a limited geographical area, its sediments are derived
from a range of bedrock, fluvial and aeolian sources and are therefore broadly representative
of the Kalahari Group as a whole.
The mineralogy of the silcretes is dominated by quartz, both as inherited grains from the
Kalahari sands and as cement filling the pore spaces between the grains. There may also be
small amounts of calcite, effectively diluting the silica and resulting in negative correlations
between Si and Ca (Nash et al., 2004).
The silcretes also commonly contain a dark green mineral, as both pan-lacustrine and
drainage-line silcretes are often pale to dark green in colour (Boocock and van Straten, 1962;
Nash et al., 2004); pan-lacustrine silcretes, in particular, may be strikingly green
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(Summerfield, 1982). Thin section examination shows that the dark green mineral is present
as rounded green-brown pellets 100-200 µm across as well as thin cement rims around quartz
grains. This mineral was previously identified as glauconite by Summerfield (1982) and Du
Plessis (1993), and XRD analysis during this study (Figure 6) confirmed the identification.
Electron microprobe analyses of the green pellets from four different silcretes show that the
glauconite contains, as expected, Si, Al, Fe, K and Mg, along with small amounts of Na
(substituting for K), minor Ti and trace levels of Cr, Ni, Zn and V. The SiO2 content is
approximately double that typical of glauconite (~80% compared to 40-50%) because the
glauconite pellets have been impregnated by silica during silcrete formation. If the
microprobe analyses are adjusted to take this into account, the median composition of the
glauconite is ~7% MgO, 10% Al2O3, 8% K2O and 4.5% FeO.
Glauconite has a variable composition from K-poor, disordered glauconitic smectite to Krich, ordered glauconitic mica; stages of development are defined by increasing K2O content
from ~2 wt.% (nascent) to >8 wt.% (highly evolved; Odin, 1988). The high K2O content of
the glauconite in Kalahari silcretes and the 10Å (8.75º 2θ) position of the 001 peak (Figure 6)
are typical of micaceous glauconite, also indicated by the fibrous extinction pattern of the
glauconite pellets under crossed polars in thin section. The levels of MgO in Kalahari
silcretes are higher and total Fe lower than typical glauconite (1-5% and 10-25%
respectively; Odin and Matter, 1981; Drits et al., 2010; Huggett and Cuadros, 2010).
Glauconite normally forms in shallowly buried, muddy, organic-rich marine sediments
under sub-oxic conditions (Kelly and Webb, 1999; Kelly et al., 2001); the dark green colour
reflects the fact that the Fe within glauconite is partly present as Fe2+ due to the reducing
conditions during formation. However, the glauconite within the Kalahari silcretes formed in
a terrestrial environment. Non-marine micaceous glauconite has been occasionally recorded
from hypersaline lacustrine environments (Porrenga, 1968; Huggett and Cuadros, 2010),
similar to the hypersaline pans where the darkest green Kalahari silcretes occur
(Summerfield, 1982).
The presence of glauconite in the Kalahari silcretes explains the small amounts of Al2O3,
K2O, Fe2O3 and MgO present and the very strong correlation (r2 = 0.98) of K and Al; other
K-bearing minerals present in the Kalahari sands (K-feldspar and muscovite) were not
detected by element mapping of silcrete thin sections. The Kalahari glauconite also contains
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Figure 6
X-ray diffraction traces of two green Kalahari Desert silcrete samples from Tswaane,
showing the presence of glauconite and sepiolite. See Figure 1 for location.
small amounts of Na (substituting for K) and minor Ti; this explains the strong correlation (r2
= 0.84-0.86) of K with Na and Ti. The Rb in Kalahari glauconite is probably substituting for
K, as these species are highly correlated (r2 = 0.99) and micaceous glauconites typically
contain 200-300 ppm Rb (Odin and Matter, 1981). Some trace elements in the Kalahari
silcretes (Cs, Ga, Hf, Nb, Ta, Th, Zr, Cu, Pb and Zn) are strongly correlated with K (r2 =
0.78-0.95), suggesting that these are also present in the glauconite.
Mg and Fe are not correlated with K within the Kalahari silcretes, despite the presence of
all three elements in glauconite, because they are also present in other minerals. The hydrous
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Mg silicate sepiolite was identified by XRD (Figure 6); this mineral is typically associated
with silica precipitation in continental, often arid environments, including in the Kalahari
Desert (Garrels and MacKenzie, 1967; Webb and Finlayson, 1987; Ringrose et al., 2009). It
is likely that a small amount of Fe oxide/hydroxide is also present in some of the Kalahari
silcretes, which contain higher levels of Fe than would be present just in glauconite.
The concentrations of Ba and Sr are very strongly correlated with S (r2 = 0.87-0.92),
implying that both are present as sulphates. This is consistent with the hypersaline conditions
in the pans and groundwater (McCarthy and Metcalfe, 1990; McCarthy et al., 1991).
The REE concentrations are very strongly correlated (r2 = 0.77-0.91) with each other (Ce,
Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pr, Sm, Tb, Tm, Yb, Y) but not with any major elements or
other trace elements. This suggests that they are present as a rare earth mineral, e.g.
bastnasite, which is present in regolith-hosted rare earth deposits (Bao and Zhao, 2008),
and/or xenotime, which can precipitate in sediments as minute grains or thin coatings on
detrital zircon grains (McNaughton et al., 1999).
5.3. Formation of the silcretes in the Okavango system
The isocon comparison of the composition of sediments and silcretes in the Okavango system
(Table 2; Figure 4) shows a substantial gain of SiO2 (65%), Fe2O3 (30%) and K2O (140%),
minor loss of Al2O3, Na2O and TiO2 (10-20%), minor gain of MgO (20%) and substantial
loss of CaO (70%). Among the trace elements, there are very large gains of Cr (>1000%) and
Ba (600%), and substantial gains of Sr, Hf, Ga, U and Rb (>50%). Most REEs are almost
stable (+-10%; Dy, Er, Eu, Gd, Nd, Pr, Sm, Y, Yb, La) but some show a loss (Ce, Tm) or
gain (Ho, Tb). There are substantial losses (>50%) of only a few trace elements (Co, Nb, Ta
and Zn).
To calculate the volume change during silicification using Equation 2, the density of the
silcrete and parent material are required. The silcrete density is 2.64-2.66 g/cc, based on the
porosity (<1%; Schmidt et al., 2017) and the content (3-4%) and density of glauconite (2.42.95 g/cc; Patchett et al., 1993); the density of unconsolidated Kalahari sands ranges from
1.4-1.8 g/cc (Schwartz et al., 1981; Pinard et al., 2014; Vushe and Amutenya, 2019).
Inserting these values into Equation 2 along with the median Zr content of sediments and
silcrete in the Okavango system (104 and 65 ppm respectively), the volume parent / volume
silcrete ratio is 0.9-1.2 (Table 2), i.e. silicification is effectively isovolumetric. This is
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consistent with the precipitation of silica within the pore spaces of the sands, which have 3040% porosity (based on their density and composition).
The substantial addition of SiO2 to the silcretes in the endorheic Okavango system (as
cements and void fills; Nash and Hopkinson, 2004) is sourced primarily from water in the
Okavango River, which has its headwaters in the Angolan highlands (Figure 1). The
Okavango has an average annual discharge of ~1 x 1010 m3 where it enters Botswana. The
hydrological regime is dominated by low flows but with an annual flood pulse generated by
rainfall over the headwaters in Angola; in exceptionally wet years, floodwaters may extend
along the Boteti River (Figure 1). Substantially higher flows during the late Quaternary
formed extensive palaeolakes linking the now discrete Ngami, Mababe and Makgadikgadi
basins to the Okavango Delta (cf. Burrough et al., 2009). Because the system is endorheic,
with internal drainage and no outflow, all the silica supplied during low flows and large
floods is retained in the basin and is therefore available for silcrete formation.
The Okavango River presently delivers an estimated 360,000 tonnes of solutes to the
Okavango Delta per year, ~50% of which can be dissolved silica, with concentrations up to
20 mg/L (McCarthy and Ellery, 1998; McCarthy, 2006); there is negligible solute input from
rainfall (Milzow et al., 2009). Silica is removed biogenically as diatom frustules and
phytoliths, which accumulate in stream and pan sediments in the Okavango Delta and its
outflows (McCarthy and Ellery, 1995; Ringrose et al., 2014; Struyf et al., 2015).
The dissolved silica in the Okavango River was released by weathering of mafic silicates
and feldspars in the Proterozoic granitoids and gneisses of the Angolan highlands, along with
bicarbonate and cations including Ca. The composition of Okavango River water is
characterised by a mHCO3-:mCa2+ ratio of > 2; evaporation of water with this ratio
automatically produces an alkaline brine (following the Hardie-Eugster model; Drever,
1997). As a result, groundwater in parts of the Okavango system, particularly in areas where
evapotranspiration is high such as the centres of islands in the Okavango Delta and pans in
the distal Makgadikgadi Basin, often has a high pH (>10) and precipitates alkaline salts like
trona (Na carbonate/bicarbonate; McCarthy and Metcalfe, 1990; Ringrose et al., 2009).
The high pH groundwater present in many parts of the Okavango system dissolves the
diatom frustules and phytoliths in the upper layers of floodplain sediment (Ringrose et al.,
2014; Struyf et al., 2015), because silica solubility increases greatly at pH > 9. As a result,
this groundwater is silica-rich. Freshwater inflow to the Okavango Delta during seasonal
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flooding (Milzow et al., 2009; Wolski et al., 2012) infiltrates into the groundwater and
decreases its pH to circumneutral (5-6); the resulting drop in silica solubility causes the
dissolved silica to precipitate within the pore spaces of the sandy sediments, forming silcrete.
Strongly evaporative conditions following the cessation of flooding also help to drive silica
precipitation (McCarthy et al., 1991; McCarthy and Ellery, 1995); evaporation rates are very
high over the Okavango Delta (>2,000 mm yr-1; McCarthy, 2006). Silcretes are found mainly
in the distal part of the Okavango delta and its outflows, and this has been attributed to the
progressive enrichment of silica in the surface water down the flow gradient due to
evapotranspiration processes (McCarthy and Ellery, 1995; Shaw and Nash, 1998; Milzow et
al., 2009).
The process of silicification within the Okavango system was accompanied by the
dissolution of clay minerals within river, delta and pan sediments, because clay solubility
increases significantly at alkaline pH (Carroll and Starkey, 1971). In addition, in the
relatively organic-rich sediments of the Okavango Delta (McCarthy and Ellery, 1995), the
ferric iron in the iron oxide coatings present on quartz grains would likely be reduced to
soluble ferrous iron by the reducing conditions within the sediments, and removed. Reductive
removal of the iron oxide sand coatings may be at least partly responsible for the white
colour of most sands in the Okavango Delta itself, compared to the red-orange colour of
adjacent wind-blown sands in areas immediately above the Okavango floodplain.
Many of the elements in the clays and iron oxide coatings were retained in silcrete through
glauconite precipitation, which is widespread in Kalahari silcretes, although there was a loss
of Al and Ti (Figure 5c). The gain of K in the silcretes was probably largely derived from the
continuing input of K in the river water during seasonal or periodic flooding, released by
weathering of K silicates (e.g. K-feldspar) in the gneisses and granitoids of the Angolan
highlands. Dissolution of the small amounts of illite and K-feldspar present in the Kalahari
sands would have also supplied K. The gain of Fe probably came from solution of the iron
oxide coatings of sand grains in the sediments surrounding the silcrete.
The formation of glauconite was probably independent of silicification and more or less
contemporaneous. The fact that glauconite pellets (where present) are silicified, as described
previously, suggests that silicification may slightly postdate glauconite precipitation.
Glauconite precipitation scavenges Rb (because this element substitutes readily for K) as well
as Cr (Figure 4); glauconite can contain significant levels of Cr (Bitschene et al., 1992). The
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gains of Hf and Ga during silcrete formation may also be due to incorporation into
glauconite, as these trace elements in the silcretes are strongly correlated with K.
The loss of Ca during silicification indicates that the calcite originally present in the
sediments has dissolved. The Sr released probably precipitated as a sulphate (as discussed
above); the U released is retained but not by glauconite (there is no correlation between K
and U in the silcretes).
The Cape silcretes contain anatase, but there is no evidence of anatase precipitation within
the silcretes of the Okavango system; Ti is instead present within glauconite, as shown by the
strong correlation between Ti and K. The losses of Nb and Ta during silicification confirm
that no anatase has formed; in the Cape silcretes at least half of the Nb and Ta were retained
because they were incorporated into anatase as it precipitated.
Overall there was no real loss or gain of REEs during silicification. This suggests that as
these elements were released by dissolution of clays and iron oxide coatings, they were
incorporated into a new mineral phase. As discussed above, this was probably a rare earth
mineral. Rare earths are often mobile during weathering and can accumulate in the regolith
profile, adsorbed to clays and/or as REE-hosting minerals, both residual (monazite) and
neoformed like xenotime and bastnasite (McNaughton et al., 1999; Bao and Zhao, 2008).
The silicification process evident within the Okavango system (Figure 5c) is likely to be
applicable to silcretes developed in Kalahari sands elsewhere in central southern Africa; these
silcretes all have the same distinctive geochemical, mineralogical and textural features,
reflecting the uniform silicification mechanism and parent materials. For example, glauconite
is present at Tswaane on the Okwa River (Figure 6), a fossil feeder to the Makgadikgadi
Basin but not connected to the Okavango River or its outflows. Granitoids, gneisses and
basalts underlie much of the Kalahari Group, and weathering of the silicates in these rocks
has influenced the composition of groundwater throughout the region, as shown by the
alkaline pH (8.5-10.3) of groundwater within the Kalahari Group across Botswana (Batisani,
2012).
Overall, the major elements in the Kalahari silcretes were derived from the host sediments
(Al, Mg, Ti, some of the Si, K, Fe), together with a considerable input from river water (K
and Si) (Figure 5c). Additional Fe was probably derived from dissolution of the iron oxide
coatings on sand grains in the sediments surrounding the silcrete. The bulk of the trace
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elements probably also came from the Kalahari sands; the additional input of Cr and Ba may
have come in river water.
There are no silcretes elsewhere in the world similar to the Kalahari Desert silcretes,
particularly with respect to the association with alkaline groundwater and glauconite.
Alkaline lakes occur in Death Valley, California (Garrels and MacKenzie, 1967), the lower
Nile Valley in Egypt and the East African Rift (Schagerl and Renaut, 2016), but silcretes are
unknown from these areas.
6. Comparison of Kalahari Desert and Cape silcretes
Compared to the Kalahari Desert silcretes, the Cape silcretes have considerably higher
concentrations of TiO2 (Table 1); in fact, there is virtually no overlap between the TiO2
concentrations in the two silcrete types. For the other major elements, the Cape silcretes have
lower levels of Al, Mg, Ca, K, Na and LOI, and for the trace elements, higher concentrations
of most species apart from Ba, Cr, Sr and Rb, which are substantially greater in Kalahari
silcretes (Table 1). This is despite the fact that silicification of the Cape silcretes resulted in
almost complete loss of most major and trace elements (losses were lower for Si, Ti, Hf, Ta
and Nb), whereas the Kalahari silcretes show a substantial gain of many elements (Si, Fe, K,
Cr, Ba, Rb, Sr, Hf, Ga and U), with substantial losses (>50%) of only a few trace elements
(Figures 5a, b, c). These differences are due to two factors: the composition of the host
bedrock/sediments and the silicification process.
The Dwyka and Bokkeveld Group bedrock within which the Cape silcretes analysed here
developed contains a high proportion of silicate minerals, particularly feldspars and clays,
and as a result has much higher levels of TiO2 and almost all trace elements than the Kalahari
Group sands (Table 1). Even though the concentrations of these elements decreased
substantially during silicification (Figure 4), sufficient were retained that Cape silcretes have
greater amounts of TiO2 and most trace elements. Geochemical evidence shows that
formation of the Cape silcretes occurred during a period of intensive weathering that
developed a thick regolith profile and caused a substantial reduction in volume (by a factor of
2.5-4), associated with the destruction of clays and other silicate minerals and almost
complete loss of most major and trace elements. Much of the silica released from the silicate
minerals was retained as a microcrystalline quartz matrix, forming the silcretes; most of the
TiO2 released from the silicates precipitated as microcrystalline anatase. As these elements
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were released, they moved vertically downwards through the profile in groundwater over
relatively short distances.
In contrast, formation of the Kalahari Desert silcretes involved accumulation rather than
loss of elements; in particular there was a considerable input of K and Si, and probably also
Cr and Ba, from river water (Figure 4). The precipitation of silica infilled the porosity in the
sands, so silicification was close to isovolumetric. The major new mineral formed was
glauconite, reflecting the suboxic groundwater conditions; there is no evidence of anatase
precipitation. In the Okavango system, the additional elements in the river water were
ultimately derived from weathering of basement rocks in the Angolan highlands;
considerable long-distance transport has occurred. There were substantial losses during
silicification of only a few elements (Figure 4). It is notable that Kalahari silcretes contain
more Al than Cape silcretes even though their parent material has less (Table 1); this is
probably because Al was retained by glauconite precipitation in the Kalahari silcretes, whilst
no new Al-bearing mineral formed in the Cape silcretes. Silicification of the Kalahari
silcretes was driven by evaporation and periodic input of floodwater under an arid to semiarid climate; these processes are still occurring at the present day (McCarthy et al., 1991;
McCarthy and Ellery, 1995; Ringrose et al., 2014). The crucial factor is that the
evapotranspiration of groundwater in the Kalahari produces groundwater with a high pH that
facilitates the mobility and precipitation of Si.
Cape coastal silcretes often cap dissected plateaus and overlie deeply weathered saprolite
(Figure 2), because they formed by pedogenic silicification on palaeosurfaces. In contrast, the
majority of Kalahari silcretes outcrop in or close to landscape depressions where the
watertable is close to the surface, i.e. they are groundwater, pan-lacustrine or drainage-line
silcretes.
In summary, the only real similarity between the Kalahari Desert and Cape silcretes is that
they are both composed largely of silica. In almost all other aspects (non-silica geochemistry
and mineralogy, process of silicification, occurrence in the landscape), they are totally
different.
7. Implications for artefact sourcing studies
Analyses of silcretes from different parts of the Kalahari Desert and Cape coastal areas
demonstrate small but significant differences in trace element composition (Nash et al.,
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2013a; Nash et al., 2013b), and this has been used to identify likely source areas for artefacts
from archaeological sites in the Kalahari Desert (Nash et al., 2013a; Nash et al., 2016).
Provenance studies of artefacts rely on the distinctiveness of the source lithology (in this case
its trace element composition); understanding the geological process that formed the artefact
lithology is not necessarily important. However, a knowledge of how the southern African
silcretes formed helps to understand the reliability of silcrete artefact sourcing, because
differences in composition of the host lithology may not be reflected in differences in silcrete
composition if relatively uniform geochemical changes during silcrete formation overprinted
the variability in the host lithology. If this were the case, separate silcrete outcrops would be
likely to have similar trace element compositions, meaning that artefact sourcing to a
particular outcrop area is more difficult. On the other hand, if variability in the composition
of the host lithology is faithfully reflected in the silcrete composition, then tracing artefacts to
a single outcrop may be more probable.
The Kalahari silcretes, to a large extent, retain the trace element composition of the parent
sands (Tables 1, 2), so any variations in composition of the sands, due to slight differences in
their source, should be reflected in the composition of the silcrete. Nevertheless, there are
significant gains and losses of a number of elements during silicification, and these could
override the compositional differences of the parent material if they are uniform across the
area (particularly if sourcing studies use ordination techniques that employ the entire dataset).
So, to increase the likelihood of successful artefact sourcing, it should be based on the
elements that show the least change during silicification, and specifically avoid those that
show substantial gains (Cr, Ba, Rb, Sr, Hf, Ga and U). Those that suffered considerable loss
(Co, Nb, Ta and Zn) could still be useful if their original relative proportions are
approximately maintained.
For the Cape silcretes, only a small percentage of most trace elements was retained during
silicification (Tables 1, 2), but nevertheless the anatase and iron oxide in the silcretes
adsorbed a large suite of trace elements, albeit at low levels, and largely preserved the trace
element signature of the bedrock. Therefore, any differences in the bedrock composition are
maintained in the silcrete composition. There are substantial differences between the median
compositions of the Dwyka and Bokkeveld Groups (Table 1), and it is likely that any smaller
compositional differences between different outcrops of each unit, due to slight differences in
the sediment supply, will be faithfully reflected in the silcrete composition. This means that
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artefact sourcing of Cape silcretes to particular outcrops may be possible using trace
elements.
8. Conclusions
Isocon studies of silcretes and their host materials in the Kalahari Desert and the Cape coastal
zone have shown that, apart from the dominance of silica in their composition, they are very
different. Silcretes in the Cape coastal zone are mostly pedogenic in origin, as shown by their
columnar jointing and glaebular textures. Silcrete formation resulted from a period of
intensive weathering of generally argillaceous bedrock that almost completely removed most
major and trace elements, accompanied by a substantial decrease in volume (by a factor of
2.5-4). This process was independent of the bedrock on which the silcretes developed. Any
silicate minerals present were destroyed; most of the elements released were moved vertically
downwards in percolating groundwater, as shown by concave-upwards colloform structures.
However, some of the silica was retained as a microcrystalline quartz matrix, and most of the
Ti precipitated as anatase. The episode of intense weathering that led to formation of the
Cape silcretes could have occurred in the Eocene, during and after the Palaeocene-Eocene
Thermal Maximum. At this time elevated CO2 levels in the atmosphere raised the acidity of
rainfall and, together with relatively high temperatures, resulted in intensified silicate
weathering around the globe. The pedogenic silcretes with a similar geochemistry and
morphology that occur elsewhere the world could also have formed at this time; silcrete
formation in the Cape may have been synchronous with Eocene silicification in the Congo
Basin, central Australia and the Paris Basin.
Silcretes in the Kalahari Desert formed by approximately isovolumetric silicification of
unconsolidated quartz sands, due to precipitation of silica in the pore spaces. This process
involved substantial losses of only a few elements and accumulation of Si and K; the latter
were incorporated into neoformed glauconite, which precipitated due to the suboxic
groundwater conditions. There was no anatase precipitation, and the Kalahari silcretes have
smaller amounts of TiO2 and most trace elements than Cape silcretes due to the much lower
concentrations of these species in the host sediments. The additional elements in the Kalahari
silcretes were derived from weathering of basement rocks and supplied in river water;
considerable long-distance transport of silica has occurred in the case of silcretes in the
Okavango Delta and its outflows. Silicification of the Kalahari silcretes was driven by
evaporation under an arid to semi-arid climate producing groundwater with a high pH that
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facilitated the mobility and precipitation of Si. This process is still occurring but is not
applicable to silcretes elsewhere in the world, which lack glauconite.
The results presented here are of significance for archaeological studies seeking to identify
the raw material outcrops from which silcrete used in stone tool manufacture was sourced.
Silcretes in the Cape coastal zone have been shown to largely retain the trace element
signature of the underlying bedrock, which shows considerable geographic variation, so
artefact sourcing to particular outcrops may be possible. For Kalahari silcretes, significant
gains of some elements could override the compositional differences of the parent material,
so to increase the likelihood of successful artefact sourcing it should be based on the elements
that show the least change during silicification.
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Table 1
Median analyses of Cape and Kalahari silcrete and associated bedrock/sediments; major elements as wt% and trace elements as ppm; LOI = loss
on ignition. Overall medians include all available silcrete analyses for each region, not just Cape silcretes overlying Dwyka/Bokkeveld Group
bedrock or Kalahari silcretes in the Okavango Delta.

Table 2
Percentage gain/loss for each element calculated from the isocon analysis; LOI = loss on ignition. See text for details. Missing values indicate
that the silcrete and/or host material analyses lacked this element.
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