
Naturwissenschaften 86, 475–478 (1999) Q Springer-Verlag 1999 475

Biogeochemical Cycle of Silica in an Apolyhaline Interdunal Holocene
Lake (Chad, N’Guigmi Region, Niger)
D. Sebag, E.P. Verrecchia
UMR 5561 CNRS Biogéosciences, Université de Bourgogne, 6 Blvd. Gabriel, F-21000 Dijon, France

A. Durand
UPRES A-CNRS 6143, Morphodynamique Continentale et Côtière, Laboratoire de Géologie, Université de Rouen,
F-76821 Mont Saint Aignan Cedex, France

Received: 28 December 1998 / Accepted in revised form: 3 May 1999

Abstract During the Holocene, the apolyhaline
conditions in interdunal ephemeral lakes in the
Lake Chad region led to various diagenetic pro-
cesses, which resulted in: (a) clay authigenesis, (b) or-
ganic matter lithification (plants and cyanobacterial
mats), (c) precipitation of sodium silicate (maga-
diite, kenyaite, zeolite), and (d) chert neoformation.
Each step in this diagenetic process involves silica,
which can be highly mobile under such conditions.
Therefore, the paleoenvironmental variations can
be investigated using the Si cycle.

During the Holocene, climatic fluctuations and hy-
drological conditions allowed the development of
numerous interdunal lacustrine systems in the Lake
Chad Basin (Durand 1995; Durand et al. 1984; Ser-
vant and Servant 1970). Paleoenvironmental ana-
lyses of Holocene deposits of the interdunal lake at
N’Guigmi (Niger) indicate a climatic change from
subarid (lacustrine sequence) to arid (palustrine se-
quence) conditions, followed by a definitive drying
up of the lake (Durand 1995; Gasse 1987; Sebag
1998). The oldest sedimentary sequences were
deposited in a lacustrine system, fed by a surficial
water supply that episodically dried up. The young-
est sedimentary sequences (3810B100 to
1870B100 years 14C BP) indicate a palustrine envi-
ronment with a phreatic water supply, colonized by
higher plants and micro-organisms. Diatoms and se-
dimentological data show a reducing environment
characterized by high salinity and pH.
Two groups of processes control sediment produc-
tion: (a) those that lead to physicochemical produc-
tion of CaCO3 and (b) those participating in the bio-
geochemical recycling of silica. Silica originates in

the sandy eolian substrate. Silica is always present
and is recycled in great quantities within the inter-
dunal system. This study aimed to: (a) investigate
the major steps in the silica cycle in the interdunal
system and (b) show that this element constitutes
one of the major ions in the biogeochemical dynam-
ics of these interdunal environments.
In the Holocene lake at N’Guigmi, the phreatic
groundwater contains dissolved silica resulting from
the dissolution of eolian quartz present upstream of
the system. Quartz is the only component of the eol-
ian sand-silt substrate, and is the initial source of sil-
ica in this surficial environment. The solubility of
quartz is low (6–14 ppm) in natural waters (Arbey
1980). Nevertheless, in the Lake Chad basin, present
and past studies of palustro-lacustrine interdunal en-
vironments show that concentrations of dissolved
silica are very high (up to 2700 ppm; Maglione 1976)
and are accompanied by clay authigenesis and in-
tense silicification processes (Servant and Servant
1970). These observations indicate an important re-
cycling of silica within the interdunal system.
Biological processes include all those resulting from
biological activity, i.e., respiration, photosynthesis,
evolution of organic matter, which can influence en-
vironmental conditions (pH, Eh, pCO2), and direct
biological precipitation of silicate phases, i.e., secre-
tion of siliceous frustules by diatoms or silification
of living organic tissue. This biological concentration
of silica in stable, hydrous, and/or amorphous mi-
neral forms often corresponds to a silica stockpile,
which can be easily remobilized (Erhart 1973).
These biological mineralizations (mainly siliceous
frustules) can also play a key role in clay authigene-
sis. Therefore, the preexistence of a large accumula-
tion of biogenic silica can affect the whole biogeo-
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Fig. 1A–D. SEM views. A) Silicified or-
ganic structure (stem). B) Silicified cyano-
bacteria found inside a reworked sand,
formerly covered by a cryptogamic crust
(Verrecchia et al. 1995). C) Magadiite with
a massive fabric (1) kenyaite palissadic fab-
ric (2), and kenyaite spherulites (3). D)
Crystals of zeolites found inside cracks of
concretions with a magadiite platelike ma-
trix. They correspond to one last early diag-
enetic step of silica recycling

chemical cycle of silicon in the interdunal environ-
ment.
Amorphous silica is more soluble than quartz. The
solubility of amorphous silica (100–140 ppm at
257 C) varies with the degree of crystallinity and
composition of the siliceous phase, temperature, na-
ture of ions present in solution, and alcalinity. The
concentration of dissolved silica can be very high in
solutions from apolyhaline pools (pH19; Maglione
1976). Under these conditions any decrease in pH
can lead to a supersaturation of the solution in
amorphous silica (Arbey 1980).
The basic and strongly sodic nature of palustrine
water can increase during periods of evaporation,
thereby leading to the dissolution of amorphous sili-
ca. During this process, the concentration of solu-
tions caused by evaporation can lead to the authi-
genesis of silicate minerals (Al-Droubi 1976; Ma-
glione 1976; Tardy 1981). The dilution of brine by
rainwater, as well as organic activity (plant coloniza-
tion, fermentation or oxydation of organic matter),
modifies the environmental physicochemical param-
eters and can also lead to precipitation of silicate mi-
nerals.
Uptake of silicon from amorphous silica constitutes
a key step in the Si cycle in interdunal lacustrine en-
vironments. Almost all of the available amorphous
silica is of biogenic origin. Because of the presence
of other cations in the solutions, the physicochemi-
cal precipitation of silica phases leads to other forms
of silicate minerals, which are generally more stable
(clay minerals, sodium silicates, zeolites). In addi-
tion, many types of biogeochemical uptake can be
distinguished depending on whether the precipita-

tion of amorphous silica is due to (a) bioprecipita-
tion, (b) high concentrations in dissolved silica (e.g.,
postmortem mineralization), or (c) both of the
above (mineralization de vivo in a supersaturated
solution). The main type of biogenic silica accumu-
lation (amorphous silica) results from siliceous frus-
tules secreted by diatoms, which proliferate in the
palustro-lacustrine interdunal environment. These
frustules constitute the matrix of all palustro-lacus-
trine sedimentary deposits, whether siliceous,
clayey, or carbonated. The precipitation of amor-
phous silica can also result from mineralization of
initially organic structures, such as fragments of
higher plants, membranes, and cell tissue (Fig. 1a).
This mineralization occurs in solutions strongly con-
centrated in dissolved silica and results in postmor-
tem or in vivo mineralizations. The latter can result
in the production of particular structures, such as
phytolites and cystolites and in the mineralization
only of cell membranes (silicified cyanobacteria;
Fig. 1b).
The remobilization of silicon from biogenic amor-
phous silica can lead to the reprecipitation of amor-
phous silica (primary cycle) or the formation of new
mineral species (secondary cycle). Two kinds of sec-
ondary precipitation forms can be distinguished: (a)
transitory forms, that can diagenetically evolve into
other mineral species (hydrous sodium silicates) and
(b) definitive forms with high structural stability
(clay minerals, zeolites).
Hydrous sodium silicates include many mineral spe-
cies: magadiite, kenyaite (Fig. 1c), makatite and ka-
nemite, and zeolites (Fig. 1d). These minerals have
been described in sodic carbonated evaporitic sys-
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tems (Eugster 1967; Johan and Maglione 1972; Ma-
cAtee et al. 1968; Maglione and Tardy 1971; Shep-
pard et al. 1970) and have been the object of many
paleoenvironmental studies (Eugster 1969; Icole and
Périnet 1984; Maglione and Servant 1973; Maglione
1970; Périnet et al. 1982; Rooney et al. 1969). At
N’Guigmi, accumulations of hydrous sodium sili-
cates occur as (Icole et al. 1983; Sebag 1998): (a)
hardened beds, (b) stems and roots of higher plants,
(c) cracked nodules, and (d) crystals dispersed in the
sediments. This diversity of deposits indicates the
variety of types of precipitation processes of hy-
drous sodium silicates. Hardened beds and nodules
are synsedimentary and result from a supersatura-
tion of palustrine water due to either concentration
by evaporation and/or lowering of pH. The latter
phenomenon occurs when the brine is in contact
with water that is more dilute or more acidic (me-
teoric water) or during the mixing of the stratified
lacustrine waters (Eugster 1969; Icole and Périnet
1984).
Mineralized plants and dispersed crystals are diag-
enetic in origin. The former are related to the diag-
enesis of the organic matter and the latter to capilla-
ry action upwards from the water table (Maglione
1973). In addition to transformations from one spe-
cies to another, hydrous sodium silicates may under-
go major structural changes. These transformations
can be identified by a loss in sodium and the devel-
opment of a chert facies. Cherts constitute a form of
late (or tertiary) diagenetic accumulation of silica.
Finally, authigenesis of clay minerals in Lake Chad
and neighboring interdunal systems has been re-
ported for a long time (Carmouze 1976; Carmouze
and Pedro 1977). Two main processes have been de-
scribed to explain their formation: precipitation
from ions in solution in lacustrine or phreatic water
(Al-Droubi 1976) and neoformation from ions in so-
lution and biogenic siliceous particles (Badaut 1981;
Chamley and Millot 1972). In all cases, the presence
of particles in suspension control the nature of au-
thigenous minerals (Gac 1980; Gac et al. 1978). De-
trital clays (kaolinite and illite) constitute the main
accumulation of Al and K, which are necessary for
clay authigenesis.
Studies of cherts have shown that they can result
from the diagenetic evolution of sodium silicates
due to (a) leaching of sodium by meteoric water
(Eugster 1969; Maglione and Servant 1973), (b)
spontaneous removal of sodium, whatever the na-
ture of the solutions (Hay 1968; O’Neil and Hay
1973), or (c) dehydration of the sodium silicate
phase (Icole and Périnet 1984). Cherts formed dur-
ing diagenesis are called “Magadi type cherts” and
have specific characteristics (Renaut and Owen

Fig. 2. Biogeochemical cycle of silicon in an interdunal sedimentary
system. The relative influence of each accumulation/reservoir can
change depending on climatic variations. 1 Physicochemical processes
(overgrowth, pH decreasing, supersaturation); 2 bioenhanced proc-
esses (organic matter oxidation, biomineralization) The percentages
have been calculated using ponderal proportions of total mineral mat-
ter. The two given figures refer to minimum and maximum calculated
proportions

1988; Schubel and Simonson 1990). No chert has
been observed at N’Guigmi, although their presence
has been recorded in the region. However, maga-
diite concretions are characterized by a relative in-
crease in silicon and a decrease in sodium when
compared to hardened beds and plant fragments.
This decrease in sodium probably indicates the first
step in the development of the chert facies.
Several types of processes interact in the biogeo-
chemical cycle of silicon: climatic, hydrological, geo-
chemical, and biological. The hydrosphere, bios-
phere, and lithosphere (Fig. 2) are all involved in
the cycle. The main source of silica is eolian quartz
and detrital clays. The first accumulation in the cycle
is supplied by the dissolution of quartz, silica being
released into the solution. Due to evaporation and
the interaction with cycles of other elements (Al, K,
Fe, Mg, Ca, Na), the silicon-rich solution leads to
the precipitation of quartz overgrowths, amorphous
silica, sodium silicates, and/or clays. The biosphere
plays a fundamental role in this cycle. The diagenet-
ic evolution of the organic matter modifies the phy-
sicochemical parameters controlling silica precipita-
tion. The stockpiling of silicon results from diatom
amorphous silica, which constitutes a source of sili-
con for future mineral neogenesis.
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During wet periods the lake was fed by surficial
sources. Detrital clays are concentrated by rain (set-
tling the dust) and runoff (transporting eolian clays
from the watershed into the interdunal system). Bio-
geochemical sedimentation in this environment
leads to the formation of laminated clay and diato-
maceous facies. Sedimentation results from the in-
teraction of biosphere-lithosphere reservoirs in the
cycle (Fig. 2). During dry periods groundwater sup-
plies the interdunal basin. Detrital input is depleted
in clays. Evaporitic sedimentation is characterized
by carbonate facies and the preciptation of amor-
phous silica and sodium silicates. In this case, sedi-
mentation is mainly the result of water input/evapo-
ration balance, illustrated by the hydrosphere-lithos-
phere exchange in the cycle (Fig. 2).

Al-Droubi A (1976) Géochimie des sels et des solutions concentrées
par évaporation. Modèle thermodynamique de simulation. Applica-
tion aux sols salés du Tchad. Mem Sci Géol 46

Arbey F (1980) Les formes de la silice et l’identification des évapo-
rites dans les formations silicifiées. Bull Cent Rech Explo-Prod Elf
Aquitaine 4 :309–365

Badaut D (1981) Néoformation de smectites à partir de frustules de
Diatomées. Le cas des lacs salés de l’Altiplano de Bolivie. Mise en
évidence par des techniques de microscopie électronique. Thèse de
3ème cycle. Université de Strasbourg, Strasbourg

Beneke K, Lagaly G (1983) Kenyaite: synthesis and properties. Am
Miner 68 :818–826

Carmouze JP (1976) La régulation hydrochimique du lac Tchad. Con-
tribution à l’analyse biogéodynamique d’un système lacustre endor-
éïque en milieu continental cristallin. Trav Doc ORSTOM 58 Trav-
aux et Documents ORSTOM, ORSTOM, Bondy

Carmouze JP, Pedro G (1977) Influence du climat sur le type de rég-
ulation saline du lac Tchad. Relations avec les modes de sédimenta-
tion lacustre. Sci Geol Bull 39 :33–49

Chamley H, Millot G (1972) Néoformation de montmorillonite à par-
tir de Diatomées et de cendres dans les sédiments marins de Santo-
rin. CR Acad Sci Paris 274 :1132–1134

Durand A (1995) Sédiments quaternaires et changements climatiques
au Sahel central (Niger et Tchad). Africa Geosci Rev 2 :323–614

Durand A, Fontes J-C, Gasse F, Lang J (1984) Le Nord-Ouest du Lac
Tchad au Quaternaire: étude de paléoenvironnements alluviaux,
éoliens, lacustres et palustres. Palaeoecol Africa 16 :215–243

Erhart H (1973) Itinéraires géochimiques et cycle géologique du sili-
cium. Doin, Paris

Eugster HP (1967) Hydrous sodium silicates from Lake Magadi, Ke-
nya: precursor of bedded cherts. Science 157 :1177–1180

Eugster HP (1969) Inorganic bedded cherts from the Magadi area,
Kenya. Contr Min Petr 22 :1–31

Gac JY (1980) Géochimie du bassin du lac Tchad. Bilan de l’altéra-
tion, de l’érosion et de la sédimentation. Trav Doc ORSTOM 123
Travaux et Documents ORSTOM, ORSTOM, Bondy

Gac JY, Badaut D, Al-Droubi A, Tardy Y (1978) Comportement du
calcium, du magnésium et de la silice en solution. Précipitation de
silice amorphe et de silicates magnésiens au cours de l’évaporation
des eaux du Chari (Tchad). Sci Géol Bull 31 :185–193

Gasse F (1987) Diatoms for reconstructing palaeoenvironments and
palaeohydrology in tropical semi-arid zones. Hydrobiologia
154 :127–163

Hay RL (1968) Cherts and its sodium-silcate precursors in sodium-
carbonate lakes of east Africa. Contribution to mineralogy and pe-
trology 17 :255–274

Icole M, Durand A, Périnet G, Lafont R (1983) Les silicates de sodi-
um du Manga (Niger), marqueurs de paléoenvironnements? Pal-
aeogeogr Palaeoclimatol Paleoecol 42 :273–284

Icole M, Perinet G (1984) Les silicates sodiques et les milieux évapo-
ritiques carbonatés-bicarbonatés sodiques: une revue. Rev Géol
Dyn Géogr Phys 25 :167–176

Johan Z, Maglione G (1972) La kanemite, un nouveau silicate de so-
dium hydraté de néoformation. Bull Soc Fr Minéral Cristallogr
95 :371–382

Mac Atee JL, House R, Eugster HP (1968) Magadiite from Trinity
County, California. Am Miner 53 :2061–2069

Maglione G (1970) La magadiite, silicate sodique de néoformation
des faciès évaporitiques du Kanem (littoral nord-est du lac Tchad).
Bull Serv Cart Géol Alsace-Lorraine 23 :177–189

Maglione G (1976) Géochimie des évaporites et silicates néoformés
en milieu continental confiné. Les dépressions interdunaires du Ka-
nem. Trav Doc ORSTOM 50 Travaux et Documents ORSTOM,
ORSTOM, Bondy

Maglione G, Servant M (1973) Signification des silicates de sodium et
des cherts dans les variations hydro-climatiques holocènes. CR
Acad Sci Paris 277 :1721–1724

Maglione G, Tardy Y (1969) Néoformation pédogénétique d’une
zéolite, la mordenite, associée aux carbonates de de sodium dans
une dépression interdunaire (Nord du Lac Tchad). CR Acad Sci
Paris 272 :772–774

O’Neil JR, Hay RL (1973) 18O/16O ratios in cherts associated with
saline lake deposits of East Africa. Earth Planetary Sci Lett
19 :257–266

Perinet G, Tiercelin JJ, Barton CE (1982) Présence de kanemite dans
les sédiments récents du lac Bogoria, Rift Gregory, Kenya. Bull
Miner 105 :633–639

Renaut RW, Owen RB (1988) Opaline cherts associated with subla-
custrine hydrothermal springs at Lake Bogoria, Kenya Rift valley.
Geology 16 :699–702

Rooney TP, Jones BF, Neal JT (1969) Magadiite from Alkali lake,
Oregon. Am Miner 54 :1034–1043

Schubel KA, Simonson BM (1990) Petrography and diagenesis of
cherts from Lake Magadi, Kenya. J Sed Petr 60 :761–776

Sebag D (1998) Dynamique biogéochimique et sédimentaire en mil-
ieu sub-aride: modalités de fonctionnement d’un lac interdunaire
holocène de la région du lac Tchad (N’Guigmi, Niger). Mémoire de
DEA. Université de Bourgogne

Servant M, Servant S (1970) Les formations lacustres et les Diatom-
ées du Quaternaires récent du fond de la cuvette tchadienne. Rev
Géol Dyn Géogr Phys 12 :63–76

Sheppard R, Gude A, Hay R (1970) Makatite, a new hydrous sodium
silicate mineral from lake Magadi, Kenya. Am Miner 55 :358–366

Tardy Y (1981) Silice, silicates magnésiens, silicates sodiques et géo-
chimie des paysages arides. Bull Soc Géol France 23 :325–334

Verrecchia EP, Yaïr A, Kidron GJ, Verrecchia KE (1995) Physical
properties of the psammophile cryptogamic crust and their conse-
quences to the water regime of sandy soils, north-western Negev
Desert, Israel. J Arid Environ 29 :427–437


