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Abstract The efficacy of higher plants at mining
Si from primary and secondary minerals in terrestrial
ecosystems is now recognized as an important
weathering mechanism. Grassland ecosystems are a
particularly large reservoir of biogenic silica and are
thus likely to be a key regulator of Si mobilization.
Herein, we examine the effects of parent material
(basaltic and granitic rocks) on the range and
variability of biogenic silica pools in grass-dominated
ecosystems along two precipitation gradients of
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Kruger National Park, South Africa. Four soil pedons
and adjacent dominant plant species were character-
ized for biogenic silica content. Our results indicate
that although soils derived from basalt had less total
Si and dissolved Si than soils derived from granite, a
greater proportion of the total Si was made up of
biogenically derived silica. In general, plants and
soils overlying basaltic versus granitic parent mate-
rial stored greater quantities of biogenic silica and
had longer turnover times of the biogenic silica pool
in soils. Additionally, the relative abundance of
biogenic silica was greater at the drier sites along
the precipitation gradient regardless of parent mate-
rial. These results suggest that the biogeochemical
cycling of Si is strongly influenced by parent material
and the hydrologic controls parent material imparts
on soils. While soils derived from both basalt and
granite are strongly regulated by biologic uptake, the
former is a “tighter” system with less loss of Si than
the latter which, although more dependent on
biogenic silica dissolution, has greater losses of total
Si. Lithologic discontinuities span beyond grasslands
and are predicted to also influence biogenic silica
cycling in other ecosystems.

Keywords Biogenic silica - Soil - Parent material -
South African savannas - Terrestrial plants

Abbreviations
ANPP  Aboveground net primary productivity
BSi Biogenic silica
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DSi Dissolved silica

SOC  Soil organic carbon
TSi Total silica

WRB  World Reference Base

Introduction

Growing evidence suggests a major role of biolog-
ically mediated silica cycling in regulating silica
storage and mobility in terrestrial ecosystems (Conley
2002; Blecker et al. 2006; Melzer et al. 2010).
In some ecosystems, this biogenic silica (BSi) can
comprise up to 80% of the soluble silica pool (Derry
et al. 2005) that is readily mobilized through leaching
or erosional loss. It is generally more labile than
mineral silica and is likely an important source of
silica export from terrestrial ecosystems to rivers and
estuaries (Conley 2002).

Grassland ecosystems support a particularly large
reservoir of BSi due to dominance by grasses which
have relatively high silica content. Grassland BSi
storage has been linked to climate (Kelly et al. 1998;
Blecker et al. 2006), plant type and productivity
(Blecker et al. 2006; Saccone et al. 2007), and key
ecological drivers such as fire and grazing (Melzer
et al. 2010). In general, increased chemical weath-
ering and biological activity in grassland ecosystems
associated with increasing precipitation, for example
result in increased BSi availability for plant uptake.

Although previous studies have focused on the
influence of parent material on weathering rates, soil
nutrients (e.g. Hamdan and Burnham 1996), and the
physical properties that influence soil hydrology (e.g.
Osher and Buol 1998), little is known about how
parent material influences the biological cycling of
silica. Identifying how geologic factors like mineral
type and crystal size control the production, mobili-
zation, and storage of BSi would further constrain
estimates of the range and variability of silica that is
released through biologically mediated weathering
processes.

The most common rock types used as “weathering
endpoints” in the majority of studies are of granitic
and basaltic composition. These lithologies are
widespread in a variety of terrestrial ecosystems
and their compositional and structural differences set
the range and variability of soil properties found
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within a single ecosystem (Stephen 1952; Plaster and
Sherwood 1971). In general, basalts contain less Si
than granites; however, basalts are more -easily
weathered (Maybeck 1986; Amiotte-Suchet and
Probst 1993) because they are mafic in composition
and contain most of their Si in the minerals feldspar
and olivine. Conversely, granites have higher
amounts of Si and are more stable at the Earth’s
surface because they are felsic in composition and
contain most of their Si in the minerals quartz and
feldspar. Although granites weather at a slower rate
than basalts, they contain more silica and can provide
a longer-term supply to the biota.

The geochemical weathering of silicate minerals is a
slow process (Lerman 1988) that is accelerated by the
effects of plant growth (Richter and Markewitz 1995;
Blecker et al. 2006). Meunier (2003) demonstrated that
the inclusion of plants increased estimates of geo-
chemical weathering by a factor of up to eight. Several
key biological mechanisms are identified as directly
influencing weathering, namely, production of CO,
and organic acids (Berner 1992), and biocycling of
metals (Drever 1994) and silica (Kelly et al. 1998). The
underlying mechanisms, however, vary as a function of
climate and ecosystem (Berner 1992).

The transformation of inorganic Si to BSi is driven
by plants as they take up Si in the form of monosilicic
acid (Si(OH)4) and transform it into BSi, (e.g.
phytoliths or more soluble forms of SiO4-nH,0)
(Raven 1983; Piperno 1988; Datnoff et al. 2001).
Plants can accumulate Si from <0.5 to 15 wt%
(Epstein  1994). Biogenic silica is found in the
greatest quantities in grasses, comprising up to
~10% of their dry weight (Lovering 1959; Kelly
1989; Kelly et al. 1991). When plant tissues decom-
pose, BSi enters the soil system where it may be
distributed throughout the profile by physical trans-
location and chemical dissolution (Bartoli 1981,
1983). Grassland soil BSi typically makes up ~3 to
5 wt% on a total (<2 mm) soil basis (Drees et al.
1989; Kelly 1989), but may range from <0.5 to 5, and
in some cases up to 20 wt% (Hart 1992; Alexandre
et al. 1997; Clarke 2003). Dissolution rates of BSi
can be 5 orders of magnitude faster than those of
mineral silicates because of its greater solubility
(Lindsay 1979; Hurd 1983). The degree to which BSi
is translocated within soils is dependent on temper-
ature, particle size, chemical composition, and the
presence of disrupted layers (Drees et al. 1989). In
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general, BSi accumulates in soils when its production
rate exceeds its dissolution and physical removal
rates (Kelly et al. 1991; Meunier 2003; Blecker et al.
2006); however, this is dependent on the suite of
silicate minerals present and their solubility potential,
and the saturation state of the solution.

Weathering processes and soil formation are
impacted strongly but variably by plant cycling of
Si (Kelly et al. 1998). As much as 80% of the total Si
inputs to oceans is from rivers (e.g. Treguer et al.
1995), and as much as 16% of the total Si is
biogenically derived (Conley 1997). In tropical
ecosystems, BSi inputs into soil solution and
subsequent delivery to riverine systems can be much
higher depending on local edaphic conditions (Alex-
andre et al. 1997; Derry et al. 2005). Although silicate
mineral weathering is the primary source of Si to soil
solution, the short-term source to plants and the
retention in terrestrial ecosystems is strongly influ-
enced by the amounts and chemical mobility of BSi
(Farmer et al. 2005). The capacitor role of rocks, with
different primary mineral assemblages, on BSi
dissolution is not completely understood and is
necessary information to determine the fate and
mobility of Si in soils. Based on isolated mineral Si
and plant and soil BSi pools, we (1) evaluated the
variability of BSi concentrations in aboveground
biomass and soils with parent materials that compo-
sitionally fall within the range of basalts and granites,
(2) determined whether a precipitation gradient
affects Si dynamics in soils of granitic and basaltic
composition.

Methods
Study area

Kruger National Park (KNP) is located in the ~2 mil-
lion ha area situated in the continental interior, low-
veld region of the Limpopo and Mpumalanga
provinces of northeastern South Africa (Fig. 1). The
north—south trending park extends ~400 km and
covers two climatic zones: the lowveld bushveld
zone near Skukuza in the south (rainfall of
500-700 mm year') and the arid bushveld zone
near Shingwedzi in the north (rainfall of 300-500
mm year‘l) (Venter et al. 2003). Both climatic zones
are classified as dry, low-latitude steppe (BSh) by the

Koppen climate classification (Peel et al. 2007). For the
purposes of this paper we assume that past rainfall has
not shifted dramatically at least over the past two or
three hundred thousand years. The best available
analysis of recent climate shifts come from recon-
structions of summer (wet season) rainfall for Pretoria
over the past 200 ka (Partridge et al. 2004), which fixes
the range in insolation-driven variation of rainfall at
540 and 90 mm year ' with a present-day value of
780 mm year™'. Full glacial rainfall was likely lower
than the present value.

The rocks in KNP display a long geologic history
that has been described in detail by Schutte (1974),
Bristow (1980), Bristow and Venter (1986) and
Venter (1990). The oldest material exposed at KNP
is part of the granitic and gneissic basement complex,
~3.5 Ga in age (Barton et al. 1986), which forms
most of the gently rolling (<5% slopes), western
portion of the park. The flatter, eastern portion of the
park is of the Karoo Sequence, which is primarily
basaltic and rhyolitic rocks (Van Riet and Cooks
1990), ~300 Ma in age. This study was conducted
on soils developed from a complex suite of rocks that
are compositionally similar to basalts (pedons 1 and
3) and granites (pedons 2 and 4) in both climatic
regions (Fig. 1). We infer similar residence times for
basaltic and granitic soils within each climatic zone
based on their geomorphological juxtapositioning
(i.e. general processes of denundation, weathering,
and mass wasting that shape geomorphic environ-
ments are expected to operate similarly in terrains
with comparable tectonic histories and topographic
highs and lows or superpositioning) upstream of the
rhyolite ridge which sets base level for the entire
KNP. The average catchment erosion rates in the
granites that make up the western portion of the park
is 3.5 m Ma~! (£0.5; n = 16) based on 19Be mea-
surements in quartz sand collected from 1st through
4th order streams in four river catchments throughout
the park (Chadwick et al. 2009). Soil thickness on the
granite crests range from about 60 cm in the northern,
drier region to about 100 cm in the southern, wetter
region. Based on the catchment erosion rates and the
average soil thickness it can be estimated that soil
residence times range from about 200 ka in the north
to about 500 ka in the south (Chadwick et al. 2010).
Slight compositional variations exist between typical
basalts and granites and the rocks of this study.
However, for the purpose of this study, the rocks are
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Fig. 1 The site locations in
Kruger National Park in

South Africa at Shingwedzi
and Skukuza (adapted from
Van Riet and Cooks 1990)
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referred to as basalts and granites and their overlying
soils are referred to as basaltic and granitic soils
respectively. Khomo (2008) recognized a distinction
between the Skukuza and Shingwedzi granitic lithol-
ogies in which the latter exhibited migmatization and
migmatite fractionation during weathering. Migma-
tite was less prevalent at Skukuza as was shown by
their average Ti and Zr concentrations. The climatic
and lithologic differences among the four sites
provided an opportunity to quantify the relative
importance of the effects of soil parent material on
BSi cycling (Table 1).

Field sampling

Soil pit locations were selected based on their
topographic positioning (e.g. level uplands), substrate
and vegetation, and accessibility. Hand-dug pits were
excavated on broad level upland crest positions to
minimize the effects of run-on/run-off. Four pedons,
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representing each lithologic-climatic pair, were
described and sampled based on genetic horizons
(Schoeneberger et al. 1998). The drier granitic and
basaltic soils are classified as Typic Haplocambids
and Typic Haplocalcids, respectively. The wetter
granitic and basaltic soils are classified as Typic
Dystrustepts and Vertic Eutrudepts (Khomo 2008;
Khomo et al. 2011). Samples were shipped from the
field to the laboratory in quart-sized plastic bags in
coolers. Rock parent material samples were obtained
from rock underneath soils, except for the Skukuza
basalt site. However, due to the migmatite fraction-
ation during weathering, parent material data for
granitic sites were obtained from published data in
the literature for outcrop rocks at the study site
(Vorster 1979; Khomo 2008). Unlike the rocks under
soil, these outcrop rocks retain the geochemical
composition of unfractionated migmatite (Robb
1977). The dominant grass species were sampled
adjacent to the soil pits (Table 1) and combined into a
bulk sample for analyses.
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Table 1 Climatic and site property data for four locations within Kruger National Park

Site properties Site location

Skukuza

Shingwedzi

Latitude/longitude

Granite 7451196N, 0322428E

Basalt 7443514N, 0342778E
MAP (mm)?* 454
MAT (°C)° 23
ANPP (g m™2)°

Granite 445

Basalt 473
Climate* BSh
Biome Savanna

Grass species
Granite Cedrus ciliaris

Basalt Bothriochloa radicans

7231971N, 0348678E
7224605N, 0394825E
599

22

329
417
BSh

Savanna

Eragrostis rigidior, Cymbopogon plurinodis

Themeda triandra, Heteropogon contortus

* MAP = Mean annual precipitation (Codron et al. 2005)
MAT = Mean annual temperature (Venter 1990)
ANPP = Aboveground annual net primary productivity
BSh = Dry low latitude steppe (Peel et al. 2007)

Soil and water analyses

Soil samples were air dried and sieved through a
2 mm (#10 mesh) sieve. Samples for C analysis were
ground in a ball mill and oven dried. Total C was
analyzed on a LECO-TruSpec CN analyzer at the
Natural Resource Ecology Laboratory at Colorado
State University.

Soil texture on <2-mm unground soil was deter-
mined using the hydrometer method (Gee and Bauder
1986). Bulk density was determined by the clod
method (Blake and Hartge 1986). Pedon 3 clods were
fragile and could not be used upon receipt at the
laboratory, so we estimated bulk density for these
samples using an empirical equation relating bulk
density to organic carbon (Adams 1973; Rawls
1983). Parent material bulk densities were 2.9 and
2.8 gecm ™ for basalts and granites, respectively
(Mussett and Khan 2000). Soil pH was determined
on air-dried soil using the soil:water (1:1) method and
Orion Model 420A pH meter.

Mineral Services of SGS Canada Inc., Toronto,
conducted total elemental analysis on pulverized soil
samples. Inductively coupled plasma atomic emission
spectroscopy (ICP-OES) analyzed pulverized samples

for Al, Ba, Ca, Cr, Fe, K, Mg, Mn, Na, Nb, P, Si, Sr, Ti,
Y, Zn, and Zr after Li-metaborate fusion.

Mineralogy was determined on a Scintag PADV
from 2° to 65° 26 at 2° per min with Cu-radiation
(University of Colorado, Boulder). Clay samples
were additionally exposed to ethylene glycol and
scanned at 2-20° 20 at 2° per min to distinguish the
2:1 expandable clays from the 1:1 clays. Rock thin-
section analysis was also conducted for mineralogi-
cal composition. Si concentration in soil solution
(dissolved silica, DSi) was determined on saturation
paste extracts (Lajtha et al. 1999).

Biogenic silica analyses

Biogenic silica was recovered from dominant plant
species using a gravimetric approach (Blecker et al.
2006) adapted from Piperno (1988), Kelly (1990),
and Parr et al. (2001) in which samples were
washed, ashed, chemically treated, filtered, and
weighed. Approximately 10 g of 2-3 cm length
oven-dried plant material were cleaned with a
solution of 5% sodium hexametaphosphate, 10%
HCl and de-ionized water (DI) in 1:1:8 ratios,
respectively. Samples were then thoroughly rinsed
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with DI, treated with 80°C, 70% ethanol to strip the
waxy coatings, and rinsed with DI water again. They
were dried at 65°C in preparation for dry ashing.
Pre-weighed subsamples of washed and dried plant
material were placed in ceramic crucibles and ashed
for 2 h in a muffle furnace at 500°C after which they
were allowed to cool in a desiccator and weighed.
The resultant ash was then treated at a temperature
of 65°C with 10% HCI, filtered through pre-weighed
0.2 um polycarbonate membranes, treated at a
temperature of 65°C with 30% H,0O, and filtered
again through pre-weighed 0.2 pm polycarbonate
membranes. Samples were oven dried at 60°C and
weighed, after having been rinsed thoroughly with
DI water. Plant biogenic silica concentrations were
converted to kg ha™' by incorporating aboveground
net primary productivity (ANPP). Only standing
crop biomass data was available for the study sites;
ANPP data were limited in KNP and, thus, a
correction was applied to the study sites using data
from Satara, KNP in which both standing crop data
and ANPP data exist (Greg Buis, unpublished data,
personal communication).

Soil BSi was extracted by the alkaline wet
chemical dissolution method using the weak base
Na,COj3. Although the Na,CO5; method has primarily
been used by scientists studying aquatic systems
(DeMaster 1981; Conley 1998), we, along with our
colleagues, found it suitable for recovery of BSi from
soils (Saccone et al. 2006, 2007; Sauer et al. 2006).
Approximately 30 (£0.05) mg of hand-ground
freeze-dried soil was measured into 60 mL polypro-
pylene round flat-bottom bottles with 40.0 mL of 1%
Na,COj;. Bottles were placed in an 85°C shaking
water bath for a total of 3, 4, and 5 h at which times
1.0 mL aliquots were removed for analysis. Analysis
for dissolved Si (DSi) was conducted using the
molybdate blue spectrophotometric method where the
spectrophotometer was set at 812 nm (Mortlock and
Froelich 1989), a modification from the reduced
molybdosilicic acid spectrophotometric method
(Strickland and Parsons 1968; Fanning and Pilson
1973). Disodium hexaflourosilicate, 994+% Na,SiFg
from Alfa Aesar (Ward Hill, MA), was dissolved in
high purity water to make a stock standard solution.
The solubility differences between BSi and mineral
Si cause them to go into solution (of Na,COs3) at
different rates. The dissolution of BSi has been
shown to occur within the first 2 h, whereas mineral
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Si (specifically clay minerals) continues to go into
dissolution at a constant rate long after (DeMaster
1981; Koning et al. 2002; Saccone et al. 2006). Thus,
BSi can be calculated from the intercept of the linear
portion of the mineral Si dissolution curve (DeMaster
1981; Koning et al. 2002). Soil Si concentrations
were converted to areal units (e.g. kg ha™') by
incorporating depth and bulk density data. The total
volumetric Si value for a pedon is found from the
sum of its horizons.

Mass balance

Constituent mass balance is used to quantify fluxes
by focusing on element losses on the basis of
volume change and parent material composition.
Specifically, it uses the amounts of immobile
constituents to quantify the gains and losses of less
mobile material during pedogenesis. The processes
of primary mineral weathering can be partitioned
into three major groups: (1) the release of ions or
molecules into solution, (2) the production of new
secondary minerals, and (3) the residual accumula-
tion of insoluble material (Bland and Rolls 1998).
The relative partitioning of elements among the
solution, secondary minerals, and residual mineral
fractions is dependent on the rate of weathering, the
composition of minerals in the parent material, and
the mobilities of the ions in the soil geochemical
environment. The mass balance approach allows us
to quantify the extent of weathering by calculating
the volume changes associated with the mass fluxes
(gains and losses) within soil horizons and among

soils.
Strain, &;, is a volumetric change in the soil that

is facilitated by mass flux. It is calculated by
comparing volumes of parent material and soil
(Brimhall and Dietrich 1987; Chadwick et al. 1990;
Brimhall et al. 1992) as follows:

o (ppciyl’) -

T (0, Cin)

where p is bulk density, w is the soil horizon, p is
parent material, and C; is the concentration of an
immobile element. Positive strain denoted dilation or
volume gain and negative strain denoted collapse or
volume loss. Conservative elements defined above
may include Zr, Ti, Nb, and Y.
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Element mobility within the soil is characterized by
the mass transfer coefficient, t;,, to examine weath-
ering and element flux. Mass transfer was computed
from density, chemical composition data, and volume
change (Brimhall and Dietrich 1987; Chadwick et al.
1990; Brimhall et al. 1992) as follows:

Tjiw = M(SLW + 1) -1

(ppcfs[’)

where C; is the concentration of a chemical species
and &, is the volumetric strain. Zirconium was used
as the conservative element or reference point for this
study and its selection was based on transported mass
fraction versus strain comparisons (with Zr and Ti
immobile elements) as well as comparisons with clay
and sand abundances. Bedrock was the parent
material for all pedons. The bedrock basalt from
pedon 1 was applied to pedon 3 because no exposure
to bedrock existed for the latter. The last horizon of
each pedon was either lengthened or shortened to
normalize soils to equivalent depths (i.e. 100 cm) for
conducting mass balance calculation.

We calculated mass fluxes of Si by summing the
product of horizon-specific mass transfer coefficients
and rock density (~3 g cm ™). For example, a 1-m
deep soil profile with a depth-weighted average
Tz:si of —0.5 would produce a long-term flux of
—1.5gSicem 2 or —1.5E7 kg Si ha™'.

Results

Physical, chemical and mineralogical composition
of the soils

Regardless of parent material and precipitation
regimes, soils possess similar morphological features
(Table 2). In general, all pedons have thin A horizons
and multiple Bw horizons with fine to medium
subangular blocky structure. Basaltic soils, however,
have larger and more stable soil aggregates relative to
the granitic soils, which is likely due to the greater
organic carbon and clay content. At both Shingwedzi
and Skukuza sites, the basaltic soils had greater
amounts of clay and lower sand content, lower bulk
density, and greater organic carbon than their granitic
counterparts (Table 2). The pH values were generally
more acidic in granitic soils and in soils obtained in
the higher precipitation zone (Skukuza) (Table 2).

The granites are primarily composed of quartz and
plagioclase with some microcline and minor amounts
of ferromagnesian minerals. Kaolinite and mica make
up a majority of the clay fraction. Textural evidence
from petrographic analysis suggests a metamorphic
overprint on the granitic rocks. Evidence of low
temperature alteration or weathering is apparent in
altered biotite grains, the replacement of epidote for
plagioclase, and the in-filling of faults and fractures
by epidote. The basalts are made up of a fine
groundmass of plagioclase with minor phenocrysts of
olivine and opaques. Kaolinite and mica make up the
majority of the clay mineralogy in the Skukuza
basaltic soils, but mica and smectite make up the
majority of the clay mineralogy in the Shingwedzi
basaltic soils.

The chemical composition of the granites and
basalts used for our mass balance determinations are
presented in Table 3. Granites at Shingwedzi and
Skukuza were uniform in their elemental concentra-
tion with a <3% difference in the major (Si and Al)
and less than 4% difference in the intermediately
abundant (Ca, Na, K, and Fe) elements (Table 3).
The minor granitic constituents Mg and P were less
than 0.3% different and the trace constituents Zr and
Ti were less than 0.02% different from Shingwedzi
to Skukuza. Basalt was not exposed at Skukuza so
data used were derived from Shingwedzi basalt
samples.

Pedon transformation and elemental transfers

Granitic soils exhibited up to 5% collapse and up to
27% dilation at the drier Shingwedzi site and up to
36% collapse at the wetter Skukuza site (Fig. 2). Both
granitic soils exhibited uniform strain with depth.
Although the granitic Shingwedzi soils do not show
significant collapse, these soils have net elemental
loss in each horizon. Silicon and Al show uniform
losses with depth and the greatest losses are in
surface horizons (Table 4). Base cations (e.g. Ca, K,
and Na) do not show a clear trend in losses or gains
with depth. In general, the granitic Skukuza soils
show greatest loss of cations and exhibit a uniform
distribution for Si, Al, and Mg. All soils experienced
more intense weathering in the surface. The base
cations that are likely more susceptible to biocycling,
such as K, do not show this depth distribution as
greater losses of these elements, relative to other
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Table 2 Abbreviated morphological descriptions for each of the four pedons within Kruger National Park

Site location/ Pedon Diagnostic Depth  Bulk density Texture Clay pH Organic Color Structure
lithology horizon (cm) (g cm73) class (%) carbon (%) moist/dry
Shingwedzi/ 1 A 0-5 1.4 c 53 7.1 24 10YR 2/1 1 f sbk
basalt 10YR 3/1
BA 5-31 1.7 c 61 6.6 2.0 10YR 2/1 3 f sbk
10YR 3/1
Bwl 31-75 1.4 c 67 73 19 10YR 2/1 2 f sbk
10YR 3/1
Bw2 75-100 1.6 c 61 76 1.4 10YR 2/1 1 f sbk
10YR 3/1
Shingwedzi/ 2 A 0-1 1.4 sl 11 6.7 1.1 10YR 3/3 0 sg
granite 10YR 4/4
Bwl 1-13 1.5 sl 14 6.6 0.6 10YR 2/2 1 vf sbk
10YR 4/3
Bw2 13-22 1.7 sl 15 6.8 04 10YR 3/3 2 m sbk
10YR 4/4
Bw3 22-45 1.7 sl 14 6.6 04 7.5YR 3/3 2 f sbk
7.5YR 4/4
Skukuza/ 3 A 0-8 1.5 cl 30 59 22 5YR 2.5/2 2 m gr/2 m
basalt 5YR 3/3 sbk
Bwl 8-19 1.3 cl 39 60 19 5YR 2.5/2 Imfgr/lf
5YR 3/3 sbk
Bw2 19-32 1.6 cl 39 63 1.0 2.5YR 2.5/3 1 m sbk
2.5YR 2.5/4
C1 32-46 1.7 scl 28 6.6 0.5 7.5YR 3/4 0m
7.5YR 4/4
C2 46+ 1.7 scl 33 64 04 7.5YR 3/4 0m
7.5YR 4/4
Skukuza/ 4 A 0-15 1.7 sl 14 50 0.5 7.5YR 2.5/3 1 f-m sbk
granite 7.5YR 5/4
Bwl 15-41 1.8 sl 14 47 0.3 7.5YR 3/4 1 f-m-co
7.5YR 4/4 sbk
Bw2 41-62 1.8 sl 17 47 0.3 S5YR 4/4 1 f sbk/
7.5YR 5/4 I f-m gr
Bw3 62-95 1.9 sl 14 50 02 7.5YR 4/4 1 vff gr/sg
7.5YR 6/4
C 95-105 1.9 sl 11 47 02 10YR 4/3 0m
10YR 6/4

Abbreviations are according to USDA Soil Survey Staff (1975)

elements, are partially due to active mining by plant
roots deeper in the profile (Jobbagy and Jackson

2004).
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Basaltic soils exhibited dilation which varied with
depth at both sites. Dilation increased with depth in
the Skukuza soils to nearly three times its original
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Table 3 Chemical composition of rock parent material for
each of the four pedons within Kruger National Park

Shingwedzi Skukuza

Basalt (%) Granite (%) Basalt (%)* Granite (%)

Si0,  53.05 70.59 53.05 68.45
ALO; 13.23 15.68 13.23 14.74
Fe,O;  9.01 1.86 9.01 3.00
CaO 5.04 2.10 5.04 3.08
MgO 3.81 0.50 3.81 0.78
Na,O 229 5.53 2.29 243
K,O 4.46 1.93 4.46 5.06
TiO, 3.84 0.28 3.84 0.30
P,0s 0.69 0.14 0.69 0.05
Zr 0.06 0.01 0.06 0.01

* Data derived from Shingwedzi basalt samples

volume and increased in the A and Bwl horizons in
the Shingwedzi soils to nearly double its original
volume (Fig. 2). Similar to the granitic soils, the base
cations from basaltic Shingwedzi soils showed a net
loss throughout their depth. Silicon and Al showed
net gains and their increase with depth at Skukuza
may indicate their incorporation into secondary

minerals. Skukuza soils exhibit a net cation loss at
the surface with cation gains at depth from Al, Ca,
Mg, Na, and Si. In all soils, mass balance calculations
suggest that strain is primarily attributed to base
cation transfers downward within the pedons
(Table 4). The incorporation of organic carbon and
clay illuviation may also contribute to dilation,
especially in the basaltic soils.

Soil elemental fluxes for each pedon are consistent
with the volume changes represented by the strain
calculations and elemental transfer data. Silicon
losses in granitic soils were high relative to other
elements while basaltic soils had net gains (Table 5).
Aluminum contributed to volume change following
in a similar pattern to that of Si. Calcium, K, Mg, and
Na were primarily lost from the Shingwedzi basaltic
and both granitic soils (Table 5).

Si transformations, transfers and losses

The elemental losses and gains from soils are the
result of multiple processes and the compositional
difference among parent materials. These processes
regulate the intensity of transformations, transfers,
and net loss of Si from soils. Shingwedzi and
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Shingwedzi granitic soil
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120

Fig. 2 Strain (ez.) as a function of a depth to 100 cm for
soils derived from basalt and granite at Shingwedzi and
Skukuza. Dotted vertical line represents zero strain or zero

volume change. Positive strain denotes dilation or volume gain
and negative strain denotes collapse or volume loss. Strain
calculations used Zr as the immobile element
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Table 4 Select elemental constituents and their mass transfers within and among pedons in Kruger National Park

Site: lithology Pedon: horizon % Tjw
Si Al K Ca Na Mg Si Al K Ca Na Mg
Shingwedzi: basaltic soils 1: A 252 6.1 25 1.1 08 12 0.4 02 -01 —-06 -—-04 —-03
1: BA 238 62 24 1.1 07 14 0.3 02 -0.1 —-06 -05 -02
1: Bwl 239 6.1 24 12 08 1.6 0.3 02 -0.1 -06 —-04 —-0.1
1: Bw2 244 62 23 1.1 08 1.7 0.3 02 -02 -06 -—04 0.0
Shingwedzi: granitic soils  2: A 339 69 16 10 24 02 -04 -06 -05 -06 -07 -0.6
2: Bwl 337 72 17 10 23 03 -04 -05 -04 -06 -07 -05
2: Bw2 337 73 17 09 23 02 -04 -05 -04 -07 -07 -0.6
2: Bw3 344 72 17 08 24 02 -02 -03 -02 -06 -05 -05
Skukuza: basaltic soils 3 A 228 65 16 1.1 07 06 -02 -02 -06 -08 —-06 —-0.8
3: Bwl 201 72 13 10 08 06 —-02 01 —-06 -07 -05 -0.7
3: Bw2 197 85 1.0 20 09 1.1 0.1 07 —-06 -02 -03 -03
3:Cl 193 82 07 35 1.1 19 0.6 14 -0.6 1.0 0.4 0.7
3:C2 208 7.7 06 48 14 25 0.9 1.5 —-0.6 2.0 0.8 1.4
Skukuza: granitic soils 4: A 360 63 30 06 17 00 -05 -07 -07 —-09 —-06 -—1.0
4: Bwl 355 64 31 06 17 01 -05 -07 -07 -09 -06 -—-09
4: Bw2 358 64 31 05 16 01 -05 -06 -06 -09 -06 -—-09
4: Bw3 357 63 28 05 17 01 -03 -05 —-06 -09 -04 -09
4: C 348 67 29 05 18 01 -05 —-06 -07 -09 -06 -09

Table 5 Select elemental constituents and their mass flux
(g cm™?) for each pedon within Kruger National Park

Shingwedzi Skukuza

Basaltic soil Granitic soil Basaltic soil Granitic soil

Si 8.6 —18.8 9.9 -53.0
Al 1.5 -7.1 59 —-17.2
Ca -—-24 —2.1 2.5 —17.1
Na -0.8 =55 0.3 -3.6
K -06 —-0.9 2.2 —10.1
Mg -03 —0.3 0.9 -2.0

Skukuza basaltic soils accumulated Si relative to the
parent materials while granitic soils at both locations
presented net losses relative to parent material
amounts (Fig. 3). There is also an important interac-
tion between climate and rock type, where wetter
granitic soils have greater Si loss than drier granitic
soils. This climatic relationship is not apparent in the
basaltic soils.

Dissolved Si (DSi) concentrations from the soil
solution reflect the degree to which the soil mineral
pool provides labile Si for either plant uptake,
leaching, or secondary mineral formation. In general,
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Fig. 3 Soil Si flux (kg ha~") (x10°) for basaltic and granitic
soils at Shingwedzi and Skukuza sites. Calculations were based
on soil depths of 100 cm

the DSi levels were greater in the surface horizons
and less at lower horizons of the basaltic versus
granitic soils (Fig. 4). At greater depths, Skukuza
soils had lower DSi concentrations than Shingwedzi
soils which, on average, was a difference of 3% for
granitic soils and 27% for basaltic soils (Fig. 4).
Biogenic Si values in plants ranged from ~ 4 to
7% by weight (131-325 kg ha™") (Fig. 5a) and are
generally higher than those of North American
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grasslands (Raven 1983; Sangster and Hodson 1986; & 400
Piperno 1988; Epstein 1999; Datnoff et al. 2001; f’_g
Blecker et al. 2006; Melzer et al. 2010). Although 9 2001
plant species differences (Table 1) can account for
some of the BSi variability, precipitation and soil Si 0
availability seem to predominate (Blecker et al. Shingwedzi Skukuza

2006). Regardless of site, plants overlying basaltic
soils had greater BSi than plants overlying granitic
soils. At Shingwedzi, plants overlying basaltic soils
had 44% more BSi than those overlying granitic soils;
at Skukuza, plants overlying basaltic soils had 46%
more BSi than those overlying granitic soils (Fig. 5a).
Plants overlying basaltic soils at Shingwedzi had 26%
greater BSi than those at Skukuza. Plants overlying
granitic soils at Shingwedi had 28% greater BSi than
those at Skukuza (Fig. 5a).

Soil BSi values ranged from 1 to 7% by weight
and pedon totals ranged from ~317,000 to 793,000
kg ha™' (Fig. 5b). On average, soil BSi was 45%
higher in basaltic soils than granitic soils, comparing
within climatic zones (Fig. 5b). The drier Shingwedzi
basaltic and granitic soils had 13 and 39% greater
BSi, respectively, than their wetter Skukuza counter-
parts (Fig. 5b). The proportion of total soil Si derived
from soil BSi is greatest in the upper portions of the
soil profile in basaltic soils (Fig. 6a, c). The Bwl
horizon of the basaltic Skukuza soil was made up of
~16% BSi and the BA horizon of the basaltic
Shingwedzi soil was made up of ~13% BSi. In
contrast to the basaltic soils, the granitic soils did not
exhibit a well defined depth distribution; however,

Fig. 5 a Plant biogenic silica (BSi) (kg ha™") for the dominant
grass species overlying basaltic and granitic soils at Shing-
wedzi and Skukuza sites. b Soil biogenic silica (BSi) (kg ha™}h)
(x10*) for basaltic and granitic soils at Shingwedzi and
Skukuza sites. Calculations were based on soil depths of
100 cm

slightly greater quantities of BSi were found deeper
in the soil profile (Fig. 6b, d).

Discussion

Figure 7 illustrates the important processes and
components of the biogeochemical cycling of Si
used to guide this research. For this study the central
focus of the Si cycle takes place at the soil-plant
interface where chemical and biological processes
interact to form mineral and biogenic pools. Addi-
tionally, the Si pools are parameterized by fluxes,
mainly, mineral and soil BSi dissolution, plant
uptake, litterfall, secondary mineral formation, and
atmospheric inputs and leaching outputs that define
the Si biogeochemical mass balance (Bormann et al.
1998; Moulton et al. 2000) as:
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F, atmospheric + F, weathering + F; litterfall
— I"vegetationuptake + F, soilstorage + F drainage
where F is the flux.
Simple modeling of Si biogeochemistry at the
ecosystem scale (by estimating pools and fluxes)

requires consideration of parent material (the primary
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Skukuza Granite

source of Si), stage of soil development (Conley et al.
2006), and the consequent mineralogical composition
in the soil. The mineralogical form of silica regulates
solubility and its availability for plant uptake; how-
ever, in the case of soil BSi, the relative solubility
is accelerated by higher surface area, lower Al
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Fig. 7 Conceptual model of the terrestrial silica cycle. Boxes
represent pools and arrows represent fluxes. Dashed arrows
emphasize the area of the cycle that was of particular interest
for measurements in this study (adapted from Blecker et al.
2006)

concentration, and greater water content (Bartoli and
Wilding 1980). We use a model that separates BSi
deposited into the soil by differences in relative
solubility. These fractions include, (1) soil BSi
particles that have lower solubilities and are verti-
cally translocated and stored in the soil (stable BSi)
and (2) soil BSi particles that have higher solubilities
(labile BSi) and are more likely to be dissolved into
solution and either taken up by plants or leached out
of the soil. The compartmentalization and cycling of
soil BSi appears to be complexly influenced by parent
material (and associated textural and mineralogical
differences) and by climate: for basaltic soils,
increasing precipitation does not alter overall Si
gains relative to parent material, but for granitic soils,
increasing precipitation (e.g. Skukuza site) magnifies
Si losses.

Based on the inherent weatherability differences of
the parent materials we expected basaltic soils to
have lower total soil Si but greater total soil DSi than
granitic soils due to the congruent dissolution asso-
ciated with basalt weathering. Our mineralogical
analyses also suggest that basalts will release more Si
to solution than granites as it is almost entirely made
up of plagioclase. The dissolution of albite (i.e. Na
end-member of plagioclase), specifically, could be an
important source of Si while anorthite (i.e. Ca end-
member of plagioclase) dissolution does not release

Si as readily as it more commonly weathers to
kaolinite. The basaltic soils are high enough in Al and
Mg so that the formation of kaolinite and smectite is
possible which, upon dissolution, may be an addi-
tional Si source to solutions. Granitic rocks are more
unpredictable in their weathering as they are made up
of a greater assemblage of minerals; although, quartz
and feldspars make up the largest percentage of all
the constituents in the granitic rocks. Although quartz
would require less water to dissociate and release Si
to solution, it is not an important source of silicic acid
in the soil solutions.

We found that basaltic soils have lower total DSi
(on a mass profile basis) relative to granitic soils
(Fig. 8), but have greater concentrations of DSi in the
surface horizons (i.e. uppermost horizon for each
respective soil pedon) (Fig. 4), which reflects the
importance of soil texture and hydrology. In general,
basaltic soils retained more Si (positive mass transfer
coefficients), while granitic soils exhibited net losses
relative to the parent material. The additions of eolian
materials to these systems are largely unknown but it
is apparent that inputs of Si to these ecosystems could
offset losses due to leaching and erosional processes.
Although basaltic soils have less total Si than granitic
soils, mass balance calculations suggest there have
been smaller losses of Si from basaltic soils; this
likely reflects long-term pedological and hydrological
dynamics. For example, the finer textures in the
basaltic soils should lead to much lower hydraulic
conductivities, which should reduce losses of soluble
Si from the soil profile over the long term. The more
porous and quartz-rich granitic soils, by contrast,
have coarser textures and these higher hydraulic
conductivities should lead to more rapid loss of Si
under similar climatic regimes.

The retention of BSi in these basaltic and granitic
soil systems is likely due to the degree and rates of
biocycling that are responsible for the production
(by plant uptake) and perhaps the degree of redistri-
bution (by fauna). A greater proportion of the total Si
is composed of BSi in basaltic soils; on average, 11%
of basaltic soil Si was BSi and 3% of granitic soil Si
was BSi. The greater plant BSi production and finer
textures, which slows down the translocation process,
associated with the basaltic soils may account for
their greater amounts of BSi storage and retention.
The depth distribution of BSi suggests that the soils
of the South African savanna show a high degree of
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Fig. 8 Plant biogenic silica (BSi) and soil total and surface
(to 20 cm depth) dissolved silica (DSi) (kg ha™!) for each
basaltic and granitic soil at Shingwedzi and Skukuza

bioturbation. Undisturbed soils (not highly bioturbat-
ed) should have highest BSi values at the soil surface
(Gol’eva 1996, 1999, 2001; Oehler 1979) while
highly bioturbated soils or soils exposed to percolat-
ing soil water would have a more uniform or irregular
depth distribution of BSi where downward movement
may result in accumulation in the B-horizon (Hart
and Humphreys 1997; Boettinger 1994; Piperno
1988). Bioturbation by termite mound building, in
particular, is a key contributor to the vegetative
distribution in this savanna landscape and a useful
indicator of hydrogeomorphic conditions (Levick
et al. 2010). Levick et al. (2010) conducted their
study on termite mound distribution across the
granitic semi-arid portions of the park and found
that these bioturbators prefer well drained crest
hillslope positions. In the soils of semi-arid systems
where leaching is generally low, the presence of BSi
at greater depths (such as in the granitic soils)
suggests a greater degree of bioturbation. This
bioturbation may act to preserve BSi in soils by
physically removing the biogenically derived miner-
als deeper into the profile away from weathering
agents that may accelerate dissolution (e.g. organic
acids).

The dissolution rate of BSi into the soil solution is
calculated from mean residence time of soil BSi.
Blecker et al. (2006) determined soil BSi turnover for
North American grasslands by the ratio of the soil
BSi pool (kg Si ha~')/annual litterfall Si input
(kg Si ha~' year™') and found turnover times rang-
ing from 250 to 1300 years across a bioclimose-
quence from tallgrass prairie (MAP: >800 mm) to
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shortgrass steppe (MAP: <500), respectively. The
same calculation was utilized in this study and
resulted in average turnover times of BSi in surface
horizons (the biologically active zone) of ~ 460 years
for granitic soils and ~700 years for basaltic soils.
Relative turnover times of BSi between these parent
materials may be driven by the site specific hydro-
logical differences. Sites located in North America
with similar precipitation but much cooler annual
temperatures have shorter turnover times (Blecker
et al. 2006). When turnover time is presented on a
total soil profile basis bioturbation appears to con-
tribute to overall longer turnover times, especially in
granitic systems, by transporting BSi out of or into
the biologically inactive zone, thus preserving it or
enhancing dissolution, respectively. The same calcu-
lation for BSi in the entire soil profile was approx-
imately 2,650 years regardless of parent material
suggesting that the greater bioturbation in soils
derived from granite contributed to stabilization
(increasing the turnover times) deep within the
profile.

Distinctions are made between the Si cycling in
basaltic versus granitic soils based on their relative
pool sizes and turnover time (Table 6). We suggest
that the biocycling of Si is ‘tighter’ in the basaltic soil
system and ‘leakier’ in the granitic soil system.
Although plants overlying both basaltic and granitic
soils rely on BSi dissolution as their primary Si
source, the granitic soils turnover BSi at a faster rate.
The shorter turn over time of BSi in granitic systems
is likely due to the availability of Si from BSi
because, compared to quartz, it has a higher solubil-
ity. Relative to basaltic soils, surface horizons of
granitic soil solutions are farther from saturation with
respect to Si due to limited Si sources, greater
leaching potential and greater translocation due to
bioturbation; soil BSi is thus more readily dissolved
in these systems in the biologically active surface
horizons. In contrast, BSi in basaltic soils have a
longer turnover time because BSi and plagioclase
dissolution are major sources of Si to the soil
solution. Because there are two major sources of Si
and because little Si is being lost, surface horizons of
basaltic soil solutions are closer to saturation with
respect to Si which allows greater potential storage of
Si (as BSi) in these soils with longer turnover times.
The DSi concentrations (mol L") are higher in the
surfaces of basaltic soils which, along with their
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Table 6 Relative - . - - - .
differences in key BSi cycle properties Basaltic soils Granitic soils
properties between basaltic Total Si-profile (kg ha™") _ T
and granitic soils within . . )
Kruger National Park Dissolved Si-surface (mol L™ ") + -

Plant biogenic Si (kg ha™") + -

Soil biogenic Si (kg ha™') + -
+ represents greater Total Si loss-profile (kg ha™") - +
quantities; — represents Turnover time-surface (kg ha™' year™") + -

lower quantities

slightly higher ANPP, contribute to the higher
abundances of BSi in their overlying plants. Dis-
solved Si concentrations of the soil subsurface
(i.e. soil horizons stratigraphically below the upper-
most horizon) are similar in both soil types but are
greater in the surface (relative to the subsurface) in
basaltic soils. Furthermore, Fig. 8 demonstrates that
DSi totals (kg ha™') in granitic soils are far greater
than plant BSi totals and can result in Si loss from the
system while DSi totals from basaltic soils are
slightly less than plant BSi totals suggesting Si
storage in less labile forms and hence its longer term
preservation. We suggest that plants deriving Si from
granitic soils relative to basaltic soils must mine
deeper within the soil to get the same supply of Si,
supporting the idea that Si is mobilized by plants and
regulated by BSi dissolution.

Conclusions

The cycling of BSi in terrestrial ecosystems has been
shown to greatly impact the global biogeochemical
cycle of Si (Conley 2002; Blecker et al. 2000).
Recent studies have focused on quantifying BSi pools
and fluxes in various ecosystems to understand the
mechanisms driving Si transport among inorganic
and organic pools. Ultimately, a better understanding
of how plants mobilize Si transport from terrestrial to
oceanic systems is necessary to assess the role that
the global expansion of grasslands played during the
late Neogene, and continue to play in the future, on
both marine and terrestrial Si cycles, and thus the
global C cycle.

In this study, we have found that the quantities,
fate, and mobility of BSi in the soils of South African
grassland ecosystems are strongly influenced by the
chemical and physical nature of the soil parent

material. A comparison of finer basaltic soils with
coarser granitic soils showed a distinction between Si
cycling driven by biologic uptake and by mineral
dissolution respectively. The total initial amount of Si
in rocks may not be important except for the longer-
term supply of Si. Although previous studies have
shown that ANPP drives Si uptake by plants, these
studies were conducted on soils that have similar
parent materials. Our results suggest that while ANPP
is an important mechanism driving Si mobilization,
parent material strongly influences Si cycling through
differences in soil textures and hydrology.
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