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Abstract. Particulate biogenic silica (BSi) carried by rivers to estuaries and marine sediments is

generally assumed to be primarily composed of diatoms. Phytoliths – biogenic opal formed in

plants – are found in some marine sediments where they are interpreted to be the result of

atmospheric and river inputs. In this study, we evaluate the contribution of phytoliths to the

suspended load of rivers of the Nyong basin (Cameroon). BSi (2 lm to 2 mm fraction) in the soils

and the rivers range respectively, from 0.9 to 3.9 wt% and from 1.3 to 4 wt%. About 90% of the

BSi pool in both soils and river suspended load are composed of phytoliths. Thecamoebians and

fresh water diatoms are minor components. The concentrations of BSi and the phytolith assem-

blages show great similarities between the waters and the soil samples. This result implies that the

erosion of top soils is the major source of the suspended load, in good agreement with the trans-

port-limited weathering regime of the study basin.

Introduction

Weathering of silicates on the earth’s surface is a key factor in global change
because it acts as a sink for atmospheric CO2 and represents the major source
of dissolved silica in the ocean for diatom growth (Tréguer et al. 1995;
Harrison 2000; Moulton et al. 2000). Despite abundant literature on the
mechanisms of silicate weathering, the continental biogeochemical cycle of
silica is poorly constrained (Meunier et al. 2001; Conley 2002).

Dissolved silica in rivers mainly originates from the weathering of conti-
nental silicates (Bluth and Kump 1994). Conley (1997) calculated from volume-
weighted averaging (Meybeck 1988) that 16% of the river suspended load of
silica is delivered to the ocean as biogenic silica (BSi). BSi in sediments is
generally measured using hot alkaline solutions (DeMaster 1981; Conley 1997,
2002; Michalopoulos and Aller 2004). This approach assumes that BSi is
mainly composed of diatoms. Phytoliths – amorphous silica particles formed in
plants – are a sizeable BSi pool in the global biogeochemical silica cycle
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(Conley 2002). Phytoliths in soils commonly range from less than 1 to 30 g/kg
(Wilding et al. 1989; Alexandre et al. 1997; Runge 1999; Clarke 2003) but can
reach 1000 g/kg in some soil horizons (Meunier et al. 1999). Using a non-
destructive extraction, and a point-counting approach, several authors have
shown that phytoliths transported by wind are recovered in significant amount
in marine sediments (Melia 1984; Pokras and Mix 1985; Jansen et al. 1989;
Piperno 1997; Abrantes 2003).

Although phytoliths have already been observed in the river suspended load
(Olivié-Lauquet et al. 2000), they have never been quantified in the BSi pool.
Such a quantification of phytoliths would bring new insights on the processes
involved in the biogeochemical cycle of Si. In this paper, we analyse the con-
tribution of phytoliths to the suspended load of a tropical basin (Nyong basin,
Cameroon) using a non-destructive extraction. This basin was chosen because
it has been the object of extensive hydro-geochemical investigations for the last
10 years, which provide key information (soil mineralogical composition,
water discharge, total suspended sediment load of the rivers, mineralogical
composition of the river suspended sediments, dissolved silica concentration of
the rivers) for the interpretation of our data.

Environmental setting of the study area

The study area is presented in Figure 1. The climate of the area is equatorial,
with two rainy seasons from March to May and from September to
November. The mean annual rainfall is 1630 mm (estimated from 1993 to
1995) and the mean annual air temperature is 24 �C ±1 (Braun et al., in
press). The Nyong River basin, the second in size in Cameroon, covers
27,800 km2 between 9�54¢ E and 13�30¢ E of longitude and 2�48¢ N and
4�34¢ N of latitude.

The Nsimi watershed (11�50¢ E, 3�10¢ N, at 120 km of Yaoundé) is located
above a dam on the Mengong River, one of the tributaries of the Nyong River.
This small watershed covers 60 ha, and was chosen in 1993 by the French
programs PEGI (INSU–CNRS–ORSTOM) and DYLAT (ORSTOM) as an
observatory of hydro-biogeochemical cycles in Central Africa.

The geological substratum of the Nsimi watershed is a highly folded
2.8 Ga intermingled granodiorite and monzogranite belonging to the Sang-
melina suite (Viers et al. 1997). The Soo and Awout Rivers, tributaries of the
Nyong River, follow some of the folds. Both soft saprolite and the fracture
network in the hard rock form a large water reservoir (Braun et al. 1998).
Depending on the geomorphological position, two weathering covers are
observed: (1) convex-rounded hills, characteristic of the erosion surface of the
‘South Cameroonian plateau’ and (2) swamps of various size (Viers et al.
1997). Convex-rounded hills are covered by polycyclic soil formations
reaching 40 m thick; from bottom to top they are composed of a variegated
saprolitic horizon, a ferruginous nodular horizon, and a soft clayey yellow
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horizon. A typical hydromorphic soil profile from swamps is composed of a
yellow clayey and sandy horizon at the bottom and a brown, organic-rich,
silty-clayey horizon at the top. The mineralogical phases of the soils are
represented by residual primary minerals (quartz, K-feldspar) and iron- and
aluminium-rich weathering products (kaolinite, goethite and hematite) (Viers
et al. 2000). Accessory minerals are mainly Fe-oxides, Ti-oxides and Zircon
(Oliva et al. 1999).

Figure 1. Location of the study area; (a) water samples (black circles) were collected along the

Nyong Rivers and its tributaries; (b) soils samples were collected in a cross section along the Nsimi

watershed.

103



The convex-rounded hills in the Nyong watershed are covered by semi-
deciduous forest (60%) and food crops (40%). Typical crops are represented
by tubers, manioc, peanuts, palm-trees and plantain (Letouzey 1985).
Hydromorphic areas represent 20% of the Nyong watershed area and are
preserved from cultivation. Well-drained areas are covered by Caesalpiniaceae
and raphia palm-trees while poorly drained areas are covered by raphia palm-
trees only. Palm-trees and various species of semi-aquatic Poaceae and
Cyperaceae develop in the swamps.

The Mengong is a tributary of the Soo River, the major tributary of the
Nyong River. Waters of the Mengong come from hillside groundwater, from
swampy areas and from superficial drainage of the rounded hills. Olivié-Lau-
quet (1996) showed that the Nyon River contains a low suspended load (lower
than 3 mg/l). The Nyong Basin is characteristic of a ‘transport-limited system’
(Stallard 1988), due to low tectonic activity, flat morphology and deep
weathering profiles, which characterize wide areas of the equatorial zone. The
mineralogical composition of the >0.45 lm fraction of the suspended load is
essentially composed of quartz, kaolinite and amorphous silica (Olivié-Lauquet
1996).

Field and laboratory techniques

Soil sampling

Nine samples were collected from the humic horizon of the soils (0–10 cm) in
1997, in a cross section along the Mengong River (Figure 1). Samples are
named according to their elevation above sea level (in meter): 669.5, 669.8, 670,
671, 672, 675, 680, 687, 690. Samples 669.5–672 were sampled in the swampy
area. Sample 670 was collected under a palm tree. Samples 675–687 were
collected on a slope under palm trees, Poaceae and some dicotyledonous
species (abundant at the bottom of the slope). Sample 690 was collected on the
top of the hill under a forest cover.

Water sampling

Five samples of 120–150 l of water were taken during one of the rainy seasons
at (1) Mbalmayo, in the Nyong River (October 2000), (2) Olama in the Nyong
outlet (October 2000), (3) Messam in the Awout River (October 2000), (4)
Pont-Soo in the Soo River (November 2000) and (5) at the outlet of the Nsimi
watershed in the Mengong River (October 2001) (Figure 1a). Two litres of
chloroform were added to the water samples in order to stop any biological
activity, in particular the bloom of silicon microorganisms. Samples were
decanted for 2–3 weeks in order to concentrate the suspended fraction and
poured into 1 l bottles for transport.
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Study of amorphous silica particles

Twenty grams of dried soil samples were sieved at 2 mm. The extraction of
amorphous silica particles was made following a wet extraction procedure
(Kelly 1990). It consists of the following steps: (1) dissolution of carbonates
using HCl (1 N) ; (2) oxidation of organic matter using H2O2 (30%) at 90 �C;
(3) removal of the clay fraction (<2 lm) by decantation; (4) densimetric
separation of opal particles in a heavy liquid of ZnBr2 (density of 2.3 g/cm3).
Particles were dried and weighed after extraction. For water samples, the
suspended load was extracted by centrifugation and weighed before the
amorphous silica separation was done, following the procedure applied for soil
samples. Concentrations obtained after chemical extraction and weighing are
minimal values because a small amount of material may be lost, especially
during the heavy liquid extraction. Therefore, the related proportions of ex-
tracted particles, calculated after weighing, may be slightly underestimated and
represent the amorphous silica load ranging from 2 lm to 2 mm.

The amorphous silica particles were mounted in Canada balsam on glass
slides and analysed using an optical microscope at · 600 magnification.
Microscope observations show that the obtained extractions contain less than
5% impurities (clays, organic matter). For each slides, the number of parti-
cles counted from soil and water samples was, respectively, 225–450 and 100–
220. Error on concentrations, obtained after double counting of one slide, is
±5%.

Mineralogical and elementary compositions of the samples were determined
using X-ray diffraction. Amorphous silica particles were also observed and
analysed using a scanning electron microscope (SEM) equipped with an energy
dispersive spectrometer (EDS).

Results and discussion

BSi in soils

The amorphous silica load is entirely composed of BSi. Three types of BSi
(2 lm to 2 mm fraction) are identified (Table 1) : phytoliths, diatoms and
thecamoebians. About 84–94% of the BSi is composed of phytoliths. The
phytoliths concentrations measured in the soils (0.7–3.5 wt%) are similar to the
phytolith concentrations found in humic horizons of soils in other tropical
grasslands and forests (Alexandre et al. 1997; Runge 1999). Thecamoebians are
proteozoı̈c Amoebae living in fresh waters. They are composed of a proteinic
testate (agglutinate, siliceous or calcareous) (Ogden and Hedley 1980). They
live and reproduce at pH levels ranging from 3 to 9 (Bonnet 1964). The geo-
metric forms showed in Figure 2a–d) are parts of different silica testate from
thecamoebians. Thecamoebians account for 5–13% of the BSi, with the highest
proportions encountered in the swamp and in the lower part of the hillside.
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Diatoms, present in various terrestrial environments including soils (Clarke
2003), are scarce even in the swamp (from 1 to 3% of BSi).

Phytolith assemblages are presented in Figure 3. Phytoliths were classified
according to the classification of Twiss (Twiss et al. 1969; Twiss 1992) and
the descriptions of Barboni et al. (1999) and Alexandre et al. (1997).
Analysis of phytolith assemblages allows us to reconstitute the different
original formations. The following phytolith types were encountered in the
assemblages: (1) Poaceae types including dumbbell type, mainly produced by
the small cells of tall C4 grasses epidermis, elongate smooth or elongate
sinuous, point-shaped and fan-shaped types produced in the epidermis and
bulliform-cells of all grasses, (2) rough spherical type produced in the
sclerenchym of tropical ligneous dicotyledons, (3) crenate spherical type
produced by Palmae, (4) cork-cell like phytolith without any taxonomic
significance.

The distribution of Poaceae phytoliths does not vary significantly along the
cross section. When phytoliths from short cell of grass epidermis (dumbbell

Table 1. Concentration and composition of the particulate biogenic silica (BSi) (2 lm to 2 mm

fraction) in soils (a) and rivers (b).

BSi Soil samples (wt%) Phytolith/BSi

(%)

Thecamoebian/

BSi (%)

Diatom/

BSi (%)

(a) Soils

Hill top 690 1.25 94 5 1

687 0.83 92 6 2

Slope 680 0.76 92 8 0

675 1.23 84 13 3

672 0.86 87 12 1

671 2.52 90 9 1

Swamps 670 2.72 91 8 1

669.8 3.32 84 13 3

669.5 3.93 90 9 1

(b) Rivers

Suspended

load (mg/l)

Dissolved

Sia (mg/l)

BSi

(wt%)

Phytolith/

BSi (%)

Thecamoebae/

BSi (%)

Diatom/

BSi (%)

Mengong 1.92 3.4–4.5 4.07 93 4 3

Outlet

Messam 1.86 4.2–5.0 1.92 89 3 8

(Awout)

Pont-Soo 4.27 4.2–5.6 1.56 99 1 0

(Soo)

Mbalmayo 1.7 3.4–4.5 1.6 91 4 5

(Nyong)

Olama 2.7 3–4.8 1.32 94 5 1

(Nyong)

aNdam Ngoupayou (1997).
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type) are present, the Poaceae assemblages are characteristic of tall C4 grasses
(Fredlund and Tieszen 1994). Proportions of tropical ligneous dicotyledon
phytoliths (rough spherical type) are more variable than the Poaceae and
Palmae phytolith (crenate spherical type) proportions. In order to better dis-
play these fluctuations, phytolith proportions are expressed in terms of ligne-
ous dicotyledon/Poaceae (D/P) and dicotyledon/Palmae (D/Palmae) phytolith

Figure 2. Microscopic observation of BSi particles transported by rivers: (a) various geometric

forms of Amoebae testate particles from thecamoebians observed under optical microscopy; (b–d)

various Amoebae testate particles under SEM; (e–h) some phytoliths under SEM; (e) a spherical

crenate phytolith from Palmae; (f) a spherical crenate phytolith covered by a pitted surface ; (g) a

silica bridge (see arrow) between an organo-mineral particle (OM) and a phytolith particle (P); (h) a

fan-shaped phytolith (P) covered by clays.
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ratios (Figure 3). The D/P index has proved to be a good indicator of the
dicotyledon tree cover density in tropical areas. It is usually lower than 0.5 in
tropical grassland assemblages, reaches 1 for secondary tropical forest and goes
up to 7 in equatorial forests (Alexandre et al. 1997; Barboni et al. 1999;
Brémond et al. 2004a). Phytoliths assemblages found in samples from the slope
and swamp soils are characterized by D/P ratios ranging from 0.4 to 1.5 and
low D/Palmae ratios ranging from 0.13 to 1.48. Phytoliths assemblages found
in samples from the swamps cannot be distinguished from phytolith assem-
blages from the slopes. The assemblages from the top of the hill present the
highest D/P and D/Palmae ratios, respectively, of 3.07 and 1.48.

Figure 3. Phytolith assemblages in soil (a) and water (b) samples. Abundance of Poaceae and

non-Poaceae phytoliths are calculated taking into account the sum of phytoliths, including the non-

unidentified types. D/P is the ligneous dicotyledon phytolith (rough spherical)/Poaceae phytolith

ratio. D/Palmae is the ligneous dicotyledon phytolith (rough spherical)/Palmae phytolith (spherical

crenate) ratio.
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Phytoliths from samples found in the swamp (samples 672–669.5) are 2–3 times
more concentrated than the samples located at higher elevations (675–687). This
may suggest that phytolith productivity of grasses and palm trees settled in the
swamp is higher. Yet phytolith assemblages of the swamp samples do not show
any significant increase of phytoliths from Poaceae and Palmae compared to the
samples located above. Consequently, phytoliths have accumulated downwards
by physical erosion. This hypothesis is strengthened by the fact that there are no
ligneous dicotyledons growing in the swamp while significant amounts of
dicotyledon phytoliths were encountered (samples 669.5–672).

BSi in waters

An X-ray diffractogram of the water suspended load displays the occurrence of
quartz and kaolinite. A noticeable bump from 10� 2 to 38� 2h indicates the
presence of amorphous silica. These results confirm the previous study of
Olivié-Lauquet et al. (2000). Extraction techniques show that the amount of
amorphous silica (2lm to 2mm fraction) ranges from 1.3 to 4% of the sus-
pended load, in good agreement with the XRD data.

The amorphous silica is entirely composed of BSi with dominant phytoliths
(89–99%, Table 1(b)). These values are similar to the BSi values obtained
from the surface soil samples. SEM observation of the suspended load of the
Mengong outlet sample shows that phytoliths are transported in waters as
(1) isolated particles (Figure 2e,f), (2) linked to other particles by a silica
bridge (Figures 2g) and (3) aggregated with other material such as clays
(Figure 2h). Dissolution pits on the surface of phytoliths were also observed
(Figure 2f). The occurrence of phytoliths with pitted surface were also ob-
served in soil samples (Alexandre et al. 1997; Meunier et al. 1999). Investi-
gation of phytolith assemblages of the water samples shows that they are not
significantly different from the assemblages the soils: the Mengong waters and
the swamp soil samples contain, respectively, 7 and 10% of ligneous dico-
tyledon type, 20 and 10–25% of Poaceae type and 50 and 60–80% of palmae
type. Slight differences are observed for the other rivers and particularly in
their lower D/P values. These results could be interpreted as a mixture of
phytolith from cultivated areas downstream from the Nsimi watershed. Our
data therefore demonstrate that river BSi is similar to the BSi found in the
top soil of the watershed. This result implies that regional atmospheric input
is not an important source of BSi compared to the local physical erosion of
soils.

The dissolved Si from phytoliths can be calculated assuming that the Si
content accounts for 42% of the phytolith amount (0.37 mol of H2O for 2 mol
of SiO2), (Alexandre et al. 1997). Assuming that all phytoliths dissolve, the
amount of Si coming from the dissolution of phytoliths (2lm to 2mm fraction),
present in the rivers, ranges from 10.4 to 30.5 lg/l in the Nyong and the
Mengong Rivers. These values are very low compared to the total dissolved Si
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load of 3–5.6 mg/l given by Ndam Ngoupayou (1997) in the entire Nyong
watershed. However, the contribution of dissolved silica originating from the
dissolution of phytoliths in the soils is unknown. Therefore, the contribution of
phytoliths to the dissolved silica concentration in rivers cannot be evaluated.

The calculated BSi concentration of 27.2–78.1 lg/l are lower to values
given by Conley (1997) and can be explained by the low physical erosion rate
and consequently low suspended matter concentrations in rivers which
characterize the Nyong basin. Taking into account the total suspended sed-
iment load for the Nsimi watershed, Braun et al. (in press) found a physical
weathering rate of 28 kg/ha/yr. If we postulate that the physical erosion
affects only the top 10 cm of the soil where phytoliths are concentrated, we
can calculate the output of phytoliths, taking into account the mean phytolith
concentration in soils (1.7 wt%, calculated from Table 1) and the surface of
the watershed (60 ha). The calculation gives a phytolith output of 28.5 kg/yr
which is nearly twice the value of the phytolith flux calculated from the river
data at the Mengong outlet (15.4 kg/yr) (Table 2). The difference can be
explained by phytolith dissolution or a dilution of only a factor of 2 with
deeper soil horizons which are poorer in phytoliths (Alexandre et al. 1997).
Our results show that the amount and assemblages of phytoliths in rivers is
an indicator of the erosion of the surficial horizons of the soil. The flux of
phytoliths increases with water discharge with values of 118 · 103 kg/yr at
Mbalmayo and 233.5 · 103 kg/yr at Olama, in the Nyong River.

Are our results expected to hold for other tropical or temperate rivers? A
consequence of this study is that the amount of suspended phytoliths in rivers is
a good indicator of both phytolith production and soil erosion. High phytolith
loads should be found where vegetation is highly productive such as the inter-
tropical low-elevation forests (e.g., Lucas et al. 1993; Alexandre et al. 1997;
Wüst and Bustin 2003), and grassy covers (e.g., Meunier et al. 1999; Runge
1999; Alexandre et al. 2000), while temperate and high elevation forests do not
produce significant amount of phytoliths (Bartoli, 1986; Bremond et al., 2004b).
The second factor which is required for finding significant amount of phytoliths
in the particulate load of rivers is that the proportion of material originated
from the erosion of soil must be high compared with the load originated from
the erosion of parent rocks (devoid of phytoliths). This is clearly the case (1) in
intertropical low-elevation (and low-suspended load) zones where the tectonic
activity is low and the soils well developed and (2) in areas where human
activities (deforestation and agriculture) are highly developed.

Conclusion

This study demonstrates that BSi transported by rivers can be essentially
composed of phytoliths originating from the erosion of top soils. Phytoliths
comprise more than 90% of BSi (2lm to 2mm fraction) and can account for
4% of the entire suspended load (Mengong River). High phytolith loads in
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rivers should be found in the continental areas where the vegetation is highly
productive and the erosion of soils is a significant part of the physical erosion.
The flux of phytoliths in the suspended load may therefore represent a sig-
nificant contribution to the global biogeochemical cycle of silica (Conley 2002).

We recommend that non-destructive chemical extraction and microscopy be
used in future studies to better define the different biogenic silica particles
contained in the suspended load.
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Ndam Ngoupayou J. 1997. Bilans hydrogéochimiques sous forêt tropicale humide en Afrique: du
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