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Abstract 
 

Macroscopic opal-A concretions were observed in lake marl deposited in a small Flemish lake (Belgium) during 
the Allerød biozone of the Weichselian Late-glacial (ca. 12–11 ka BP). The silica from these concretions was 
derived within the profile, by the leaching of siliceous microfossils – mainly diatom frustules. Formation of the 
concretions probably resulted from pH- and/or evaporation related precipitation of the silica at a lower stratigraphic 
level, presumably corresponding more or less to a former low position of the groundwater table. The presence of 
these concretions is probably related to alternatingly wet and dry local conditions during the middle and later part 
of the Allerød. 

 
Introduction 

 
During a paleoecological investigation of the deposits 
of a former shallow Late-glacial lake at Snellegem 
(lat. = 510 10\ 06\\ N, long. = 30 08\ 48\\ E; 12 m above 
m.s.l.; surface approx. 7 ha; paleo-Zmax approx. 2 m) 
in Flanders, Belgium (Figure 1; Verbruggen, 1979; 
Denys et al., 1990), numerous small concretions were 
observed in lake marl corresponding to the lowermost 
part of the Allerød biozone (see Walker et al., 1994; ca. 
12–11 ka BP). They were encountered only in a small 
area, corresponding roughly with the deepest part of 
the former lake and where marl deposits were thickest 
(up to ca. 70 cm). These concretions consist of silica, 
which is most unusual for the geographical region and 
period considered. A possible model of their formation 
is suggested and its paleoenvironmental implications 
are discussed. 

Description 
 

Concretions were observed at two different levels with- 
in the sediment column. At a depth of 147–148 cm they 
were quite numerous and formed a rather distinct layer. 
Sieving revealed the presence of a considerably smaller 
number at 120 cm depth as well. The concretions were 
always less than 1 cm large, commonly not exceeding a 
few mm along the longest axis, and rounded, irregular, 
or sometimes somewhat flattened in shape. Those from 
the deeper layer were more irregularly formed, appear- 
ing more weathered than those at 120 cm (Figure 2a). 
The particles were hard and whitish or, especially in 
the lower stratum, more or less rust coloured. The con- 
cretions attracted our attention since they proved insol- 
uble in warm 1 N HCl but rapidly dissolved in boiling 
0.1 N NaOH. Staining tests for carbonates or gyp- 
sum (Allman & Lawrence, 1972) on particles etched 
with hot HCl proved negative. Moreover, the alkaline 
solution proved to be strongly enriched in silica (col- 
orimetric analysis with Merck Siliquant). Examination 



 

 

 
 

Figure 1. Lithology and pollen biozonation of the investigated core 
from the centre of the lake. Levels where silica concretions occur 
are shaded. The section represented in Figure 4 is indicated. 

 
 

of micromorphological thin sections showed that the 
concretions were essentially optically isotropic (Fig- 
ure 3), lacked internal structure and contained various 
dispersed inclusions (the latter warranting the mor- 
phological term ‘concretion’; Sellés-Martı́nez, 1996). 
Also, the concretions coloured white to pale blue under 
incident light. These observations suggested that they 
consisted largely of opal-A. This was confirmed by 
X-ray diffraction analyses, which yielded no evidence 
for the presence of other silica phases, other than some 
contaminating quartz sand. SEM investigation (Fig- 
ure 2b–d) showed a microporous structure with a sur- 
face texture of plate-shaped microcrystallites. The lat- 
ter has been reported as a weathering feature of opal 
(Drees et al., 1989). 

At 147–148 cm the concretions occurred in associ- 
ation with concentrations of organic matter and amor- 
phous iron oxyhydroxides (Figure 3). Traces of iron 
carbonate (siderite) were present in the rusty crust on 
their surface. Empty spaces often remained between 
the concretions and the surrounding sediment,  sug- 

 
gesting that they filled sedimentary voids – which are 
abundant throughout the marl – rather than that replace- 
ment of calcite by silica occurred. Moreover, some 
concretions contained unaltered calcite incrustations of 
Chara thalli. Warping of sediment lamination around 
the concretions was observed which probably can be 
related to later compaction. Following the terminology 
of Bullock et al. (1985) the concretions are most appro- 
priately referred to as ‘dense incomplete infillings of 
secondary amorphous silica’. 

 
 

Paleoenvironment 
 

In Figure 4 selected data and a summary of the diatom 
stratigraphy are presented for the relevant part of the 
sedimentary sequence, which may contribute to the 
assessment of the paleoenvironmental conditions lead- 
ing to the formation of the concretions. 

The concretions occur in sediments with a high 
content of autigenic calcite (60–80%), 7–15% organic 
matter (as ignition loss) and a relatively small detrital 
component, partly quartz (Figure 4). At 147–148 cm an 
increase in ignition loss corresponds with the presence 
of organic matter mentioned above. The thin sections 
also showed the presence of pyrite framboids in the lake 
marl somewhat below this level, pointing to anaerobic 
conditions. 

Opal in lake sediments is, if not of pyroclastic or 
hydrothermal origin, essentially biogenic and accumu- 
lates there mainly as the remains of diatoms, chrys- 
ophytes, testate amoebae, Heliozoa and sponges. In 
these Late Weichselian deposits, diatom valves and 
chrysophyte stomatocysts are by far the most abundant 
siliceous microfossils. In contrast to the underlying 
Bølling marl, the uppermost part of the Allerød marl, 
and the overlying Younger Dryas deposits, their con- 
centration is very low in the major part (some 45 cm) of 
the Allerød deposits. At a few levels diatom valves, less 
resistant than stomatocysts, are preserved fairly well 
(143 and 140 cm), whereas others are quite barren both 
for cysts and valves. Values for biogenic Si, extracted 
after removal of macroscopic concretions, according 
to the method of Engstrom & Wright (1984) are gen- 
erally less than 2 mg g 1, except for the 120 cm level, 
which stands out with almost 10 mg g 1. This peak 
value probably results from fine-grained opal particles 
which remained present in the sample. The values are 
slightly higher in the lowermost part, below 155 cm, 
where diatoms and statocysts are more abundant again. 
Although the concentrations of biogenic silica deter- 



 

 

 
Figure 2. Opaline concretions from lake marl at Snellegem. (A) General appearance of concretions from about 120 cm (upper left, A) and 
147–148 cm depth (lower right, (B) Scale bar = 1 cm. B. SEM micrograph of a concretion from ca 147–148 cm. Scale bar = 1 mm. (C) Detail 
of a concretion from ca 147–148 cm, showing porous structure and cast of Chara stem (centre). Scale bar = 1 mm. (D) Detail of a concretion 
from ca 147–148 cm, showing microporous structure with plate-shaped microcrystallites. Scale bar = 100   m. 

 
mined by this method are only approximative, we con- 
sider them representative in view of the rather uniform 
sediment composition. Apparent discrepancies in the 
relation between extracted silica and concentrations of 
siliceous microfossils can be attributed to strong vari- 
ations in assemblage composition as valve sizes of the 
more abundant diatom taxa – and hence biogenic sil- 
ica content – change greatly. Levels with low values 
for both biogenic silica and diatom/statocyst concen- 
trations nevertheless appear to be deficient in Si. 

The diatom assemblages indicate shallow but 
essentially permanent water and alkaline conditions for 
the Bølling and upper Allerød marl, where they are well 
preserved. A slightly acid to neutral puddle environ- 
ment can be inferred for the lower Allerød levels where 
diatom preservation is still adequate (assemblages A & 
B; see also Denys et al., 1990), indicating that water 

depth decreased. At the adjacent levels where hardly 
any valves are present, those observed mainly belong 
to Fragilaria taxa. In addition, some rather eurytopic 
diatoms (e.g. Cymbella microcephala Grun., Diploneis 
ovalis (Hilse) Cl., Gomphonema angustatum (Kütz.) 
Rabenh., Opephora martyi Hérib.) and a few more typi- 
cally subaerial forms are encountered here (Hantzschia 
amphioxys (Ehr.) Grun., Navicula amphibola Cl., Nav- 
icula gallica (W. Sm.) Lagerst. var. laevissima (Cl.) 
Lange-Bertalot). This zone with very low concentra- 
tion or absence of diatom valves in the lower part of 
the marl bed can be traced throughout the lake basin. 
A reliable reconstruction of the paleoenvironment for 
these sediments cannot be based on the diatom record 
alone, however, because of its poor preservation. The 
latter may result either from the recycling of deposited 
silica to the water column or from leaching of the sed- 



 

 

 
 

Figure 3. Photomicrographs of thin sections through the marl at ca. 147–148 cm. (A) Plane polarized light. 1. Amorphous opal, 2. void, 3. 
organic matter. 4. calcite pseudomorph of Chara stem. Note warping of sediment below the opaline concretion. (B) As A, but in cross-polarized 
light; the optically isotropic opal is now black. Arrow points to quartz grain inclusion. (C) Plane polarized light. 1. Amorphous opal, 2. void, 3. 
amorphous iron, 4. calcite pseudomorph of Chara stem. (D) As C, but in cross-polarized light. Scale bars = 1 mm. 

 
iment under temporary (semi-)-terrestrial conditions 
(cf. Brockmann, 1940; Pals et al., 1980; Beyens & 
Denys, 1982). Lake marl is deposited subaquatically, 
although the water may be very shallow. In the Allerød 
marl, concentrations of Chara oospores, aquatic pollen 
and Pediastrum, indicative of more permanent inunda- 
tion, are low and/or varying in the sediments with low 
concentrations of siliceous microfossils – in contrast to 
where limnic diatom assemblages are well preserved. 
Also, macroremains of higher plants are very scarce. 
These are decomposed more easily in case of a fluctuat- 
ing water table, with the lake bed falling dry periodical- 
ly. Moreover, strong enrichment of the lake water with 
13C and 18O, as evident from stable isotope analyses of 
the lake marl (Kiden et al., 1989), indicates high evap- 

oration rates during the deposition of the opal-deprived 
marl, which again argues in favour of the occurrence of 
considerable changes of the water-level in the shallow 
basin. In summary, the paleoenvironmental evidence 
suggests that the lake dried up repeatedly, occasionally 
or seasonally, during part of the period of marl deposi- 
tion, enabling thorough leaching of some horizons and 
preservation of siliceous microfossils at other levels. 
The development of a fen peat above 102 cm depth 
is consistent with a more prolonged lowering of the 
water level after deposition of the lake marl (Denys et 
al., 1990). 



 

 

 
 

Figure 4. Selected palaeoecological parameters, proxy indicators, diatom stratigraphy and pollen biozonation for part of the core. Horizontal 
bands indicate levels with silica concretions. Main components of diatom assemblage A: Navicula jaagii Meister 40%, N. bryophila Petersen 
var. lapponica Hust. 15%; assemblage B: Eunotia arcus Ehr. 21%, Tabellaria fenestrata (Lyngbye) Kütz. 14%, Fragilaria brevistriata Grun. 
9%, Eunotia praerupta Ehr. 7%. 

 
Discussion 

 
The presence of opaline concretions in late-Quaternary 
lake marl from a temperate region is most unusual, and 
comparable records could not be traced in existing lit- 
erature. Silcretes (siliceous duricrusts), associated with 
mediterranean and (sub)tropical climates and strong- 
ly evoparative soil conditions, may however present 
a useful analogue. Opal-A deposition occurs by pre- 
cipitation from solutions that are supersaturated in sil- 
ica (Williams & Crerar, 1985; Drees et al., 1989). 
According to Smale (1973), silcrete formation is often 
a within-profile process, taking place at poorly drained 

sites with a fluctuating water table. Pedogenic silcretes 
may form in a vadose groundwater environment by 
intermittent periods of leaching, infiltration and illuvi- 
ation alternating with evaporation, whereas the forma- 
tion of groundwater silcretes is related to silica trans- 
port driven by a fluctuating paleo-water table or lateral 
groundwater flows (Thiry & Millot, 1987; Thiry & 
Milnes, 1991; Simon-Coinçon et al., 1996). Alterna- 
tively, silica deposition can occur at the interface of 
rising silica-rich waters and percolating less alkaline 
waters, which may be from several m below to virtual- 
ly at the surface (Smale, 1973). Surface accumulation 
may also result from the evaporation of siliceous solu- 
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tions. Du Toit (1954) suggested that microfossils could 
provide a silica source for certain silcretes, but Smale 
(1973) considers this unlikely. Pseudogley soils with 
a silica-cemented A2 horizon have been reported from 
Argentina and Germany, where at least part of the silica 
was attributed to biogenic sources (Stephan, 1973). 

Solubility and dissolution rate of occurring sili- 
cate forms will determine their availability for leaching 
processes and contribution to subsequent precipitation. 
Both decrease with cristallinity and lesser hydration 
(e.g. Drees et al., 1989). Biogenic opal will there- 
fore constitute a much more readily available source 
of silica than e.g. quartz. Furthermore, the high spe- 
cific surface of diatom valves compared to sand grains 
will strongly favour their dissolution (e.g. Williams et 
al., 1985a). Silica solubility is relatively independent 
of pH below values of about 8.5–9, but ionisation of 
monosilicic acid causes a rapid increase above this lev- 
el (e.g. Siffert, 1962; Williams et al., 1985; Williams 
& Crerar, 1985; Drees et al., 1989). Consequently, pre- 
cipitation of opal from concentrated solutions can be 

ing would have resulted from percolation of rain water 
once this had occurred. It may also have been caused 
by strongly alkaline lake water, depleted in CO2 by 
photosynthesis, as the water table fell. The formation 
of the concretions can be explained by solution of the 
biogenic silica from part of the marl in percolating 
water under alkaline conditions, and the subsequent 
redeposition at a lower level. Silica reprecipitation was 
probably determined more by the chemical environ- 
ment than by evaporative concentration. Production of 
carbon dioxide by microbial decomposition of organ- 
ic matter, which is more abundantly present at cor- 
responding levels, will result in a local pH-lowering, 
inducing silica precipitation. Moreover, Siever (1962) 
observed a considerable lowering of the solubility of 
amorphous silica in the presence of humic compounds. 
Humic substances may also have been involved in the 
fairly good preservation of diatom valves at some low- 
er Allerød levels (cf. Hecky & Kilham, 1973). The 
presence of iron carbonate (siderite) on the concre- 
tions points to a chemical environment that is poor 

caused by a decrease of the pH (Williams & Crerar, in sulphide and Ca2 and has a low redox potential 
1985), and slight pH changes about pH 8.5–9 are quite 
capable of determining the balance between local sil- 
ica precipitation and dissolution. Water percolating 
through calcareous deposits that are poor in sodium 
carbonate will obtain a pH of about 8.4 if the dis- 
solved carbon dioxide remains in equilibrium with the 
atmosphere (Duchaufour, 1970). However, if no car- 
bon dioxide is produced within the sediment column, 
or when degassing occurs, the solution will acquire 
a much lower partial pressure of carbon dioxide on 
its way down and a considerably higher pH may be 
reached (Russell, 1961). Turner (1958) calculated that 
under such conditions, e.g. in case of heavy rains, a 

(Wright, 1990). Both pyrite and ferric iron compounds 
are present near 147–148 cm, pointing to variations 
in the oxydation state of these deposits. Pyrite forma- 
tion is linked to anaerobic decomposition of organic 
matter which produces H2S and HCO3  (e.g. Bern- 
er, 1984), lowering the pH. Oxydation of pyrite also 
generates acidity, resulting in decreased silica solubil- 
ity as pH falls below the 8.5–9 limit. Peterson & von 
der Borch (1965) invoked leaching of quartz sand at 
high pH, followed by a drop in pH and evaporation, 
to explain the deposition of opaline sediments in an 
Australian lagoon, whereas pH-related silica precipi- 
tation was proposed by De Wet & Hubert (1989) to 

pH of 9.9 would be possible with Ca2 4 concentrations 1 explain silicified strata in the deposits of a Jurassic 
remaining as low as 1•4 

x 10  mol l   . In a series of Nova Scotian lake. Smale (1973) suggested that silica 
leaching experiments, Turner et al. (1958) obtained pH reprecipitation can occur also by infiltration of water 
values of 8.8 to 9.8 and Ca2 concentrations between enriched in Fe2O3. At Snellegem, this is unlikely, how- 
1.1 and 4•5 x 10  4 mol l  1 for non-peaty materials. ever, in view of the low mobility of iron in a non-acidic 
Generally, their results were always very close to the 
theoretical values, except when organic matter was 
more abundant. Obviously, such pH conditions would 
allow rapid leaching of biogenic silica from lake marl, 
leaving the marl itself essentially unaffected. 

At Snellegem, the occurrence of the concretions 
near the base of horizons deprived in siliceous micro- 
fossils suggests that the opal was derived mainly from 
the overlying Allerød sediments, through a process of 
leaching when the lake fell dry (cf. Summerfield, 1983; 
Thiry & Milnes, 1991). As shown above, silica leach- 

environment, and because authigenic formation of clay 
minerals or silicates would be expected in such a case 
(Summerfield, 1983). 

As argued above, there are strong paleoenviron- 
mental indications for a fluctuating  water table at 
Snellegem at the time the concretions were formed. 
Bohncke & Wijmstra (1988) have also presented evi- 
dence for fluctuating water levels in deeper lakes during 
this period in the nearby Netherlands (see also Bohncke 
& Vandenberghe, 1991; Walker et al., 1994). Climatic 
conditions in the area during the middle and later part 



 
 

of the Allerød, prior to the local expansion of Pinus 
at about 11200 BP (Verbruggen et al., 1996), seem to 
have been particularly favourable for the occurrence of 
alternating dry and wetter phases as observed at Snel- 
legem. Such conditions are required to accommodate 
for both marl deposition during periods of (shallow) 
inundation and leaching of exposed sediment by rain 
water. This resulted in a downward flux of the sedi- 
mentary biogenic silica, and eventually reprecipitation 
due to pH-related solubility changes and evaporative 
concentration. In a wider context, our observations fur- 
thermore indicate that macroscopic silica deposition 
can occasionally occur under rather cool and relatively 
humid climatic conditions. 
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