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The Microbial Role in Hot Spring Silicification

Kurt O. Konhauser, Brian Jones, Vernon R. Phoenix, Grant Ferris and Robin W. Renaut

Recent experimental studies indicate that microorganisms 
play a passive role in silicification. The organic functional 
groups that comprise the outer cell surfaces simply serve 
as heterogeneous nucleation sites for the adsorption of 
polymeric and/or colloidal silica, and because different 
microorganisms have different cell ultrastructural chemis-
try, species-specific patterns of silicification arise. Despite 
their templating role, they do not appear to increase the 
kinetics of silicification, and at the very most, they con-
tribute only marginally to the magnitude of silicification. 
Instead, silicification is due to the polymerization of silica-
supersaturated hydrothermal fluids upon discharge at the 
surface of the hot spring. Microorganisms do, however, 
impart an influence on the fabric of the siliceous sinters 
that form around hot spring vents. Different microorgan-
isms have different growth patterns, that in turn, affect 
the style of laminations, the primary porosity of the sinter 
and the distribution of later-stage diagenetic cementation.

INTRODUCTION
Silica precipitation is an important process in many modern hot 
spring systems, where venting of hydrothermal fluids leads to the 
formation of heterogeneously nucleated amorphous silica masses 
and simultaneously the mineralization, and potential fossilization, 
of many different types of microorganisms. The waters originating 
from deep, hot reservoirs, at equilibrium with quartz, commonly 
contain dissolved silica concentrations significantly higher than the 
solubility of amorphous silica at 100°C (approximately 400 ppm) 
(1). Therefore, when these fluids are discharged at the surface, de-
compressional degassing and boiling, rapid cooling to ambient tem-
peratures, steam loss and evaporation, mixing and changes in solu-
tion pH all work together to cause the solution to suddenly exceed 
amorphous silica solubility (2). This in turn causes the discharged 
monomeric silica, Si(OH)4, to polymerize, initially to oligomers 
(e.g. dimmers, trimers and tetramers), and then to polymeric species 

with spherical diameters of 1–5 nm, as the silanol groups (-Si-OH-) 
of each oligomer condense and dehydrate to produce the siloxane 
(-Si-O-Si-) cores of larger polymers. The polymers quickly grow in 
size such that a bimodal composition of monomers and particles of 
colloidal dimensions (> 5 nm) are generated (3). Depending on the 
degree of supersaturation, these either remain in suspension, due to 
the external silanol groups exhibiting a residual negative surface 
charge due to a low zero point of charge (around pH 2), they coagu-
late via cation bridging and nucleate homogenously, or they pre-
cipitate heterogeneously on a solid substrate (4). In the latter case, 
once the first silica monolayer is deposited, silica itself becomes the 
reactive substrate.
 The precipitation of amorphous silica frequently leads to the 
formation of hard, siliceous sinters. Thick sinters tend to precipitate 
from neutral to slightly alkaline waters that had reservoir tempera-
tures in excess of 210°C. Those fluids also had to ascend quickly 
(i.e. without significant cooling or silica precipitation in the con-
duit system) with H2S separation and loss of CO2 during boiling 
and evaporation (2). In contrast, highly acidic effluents (below pH 
3) do not form thick sinters because protons appear to inhibit the 
silica polymerization process (5).
 Most siliceous sinters have been constructed, to some degree, 
around microorganisms. Indeed, even geyserite, the microbanded, 
amorphous silica sinter that forms in the proximity of spring vents 
and fissures, where temperatures in excess of 73oC were suppos-
edly deemed sterile except for scattered thermophilic microorgan-
isms (6), has now been shown to have surfaces commonly cov-
ered with biofilms, while their laminae generally contain silicified 
microorganisms (e.g. 7–8). Similar findings were also made by 
Cady and Farmer (9) who showed that thermophilic biofilms con-
tributed to the microstructural development of geyserites by serv-
ing as solid substrates for silica precipitation.
 When sinters are viewed in detail under the electron micro-
scope, they almost always show microbial cells encrusted in 
spheroidal grains both extracellularly, on the sheaths or walls of 
living cells (Fig. 1A), and intracellularly, within the cytoplasm, 
presumably after the cells have lysed (Fig. 1B). The silicification 

Figure 1. Transmission electron micrographs 
(TEM) of silicified bacteria from both a geyser 
outflow channel at Strokkur, Iceland, and a si-
liceous microstromatolite at Krisuvik, Iceland. 
(A) Filamentous cyanobacterium (possibly 
Calothrix sp.) from Krisuvik with epicellular, 
silica spheroids on outer sheath (arrow). (B) 
Lysed Chloroflexus sp. cell from Strokkur un-
dergoing intracellular mineralization. (C) Colo-
ny of unidentified cyanobacteria from Strokkur 
that are completely encrusted by silica matrix. 
Remnants of cytoplasm are still evident inside 
cell. (D) Lysed cyanobacterium from Krisuvik 
with epicellular and intracellular silica precipi-
tation. Note selective preservation of cell wall 
and sheath material (arrow).
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appears to begin with the attachment of silica colloids, on the 
order of 10's of nanometers in diameter (10–12). Those silica 
particles then grow in size on the cell surface, and eventually 
coalesce until the individual precipitates are no longer distin-
guishable. Frequently, entire colonies are cemented together in 
a siliceous matrix several micrometers thick (Fig. 1C). In hot 
spring sinters where diatoms comprise a significant fraction of 
the biological component (e.g. 13), silicification is biologically-
controlled, and the processes described herein do not apply.
 The timing and rate of silicification relative to death of the 
microorganisms governs their preservation as intact cells. When 
silicification is rapid, cell components can rapidly become en-
cased in a silica matrix, thereby retaining intact morphologies. 
Such a process accounts for the potential fossilization of micro-
bial remains into the rock record (e.g. 14). However, experimen-
tal studies have shown that unmineralized cells begin to degrade 
only a few days after death (15). As a result, their remnants may 
become progressively obscured, and just a silicified matrix con-
taining sheath and cell wall material may be left of the original 
organic framework (Fig. 1D). These observations suggest that 
silicification begins when microbial communities are living, and 
continues for some time after their death due to the high reac-
tivity of the newly formed silica. This notion is supported by 
microscopic examination of hot spring sinters where it has been 
shown that the silica precipitated in the porous spaces between 
filaments has the same basic spherical colloidal morphology and 
size as the silica precipitated on the original filaments (e.g. 16).
 This paper reviews our current understanding about how mi-
croorganisms silicify, and it addresse the key issue of what influ-
ence do microorganisms actually have on the construction of hot 
spring sinters.

MICROBIAL SILICIFICATION

Experimental Studies

The role that microorganisms play in their own silicification has 
been the subject of some debate. Some research has suggested that 
microorganisms play a passive role (17), whereas many other stud-
ies suggest that microbial surface ligands (e.g. hydroxy groups) 
serve as favorable nucleation sites for silica precipitation (e.g. 
10–11, 18). These latter studies suggested that by reducing the ac-
tivation energy barriers to nucleation, the microorganisms function 
as reactive interfaces, or templates, for heterogeneous nucleation. 
Because a sufficient supply of silica is generally available in hot 
spring effluent, often in excess of 400 ppm SiO2 (e.g. 19), contin-
ued adsorption results in the surface sites becoming saturated, al-
lowing particle nucleation to take place. After silica precipitation is 
initiated upon the bacterial surface, continued growth presumably 
occurs autocatalytically due to the increased surface area generated 
by the small silica phases.
 Crucially, the silicification of a microorganism does not 
necessarily result in its death. A study by Phoenix et al. (12) 
showed that mineralization of the cyanobacterium Calothrix 
sp. took place exclusively on the outer surface of the sheath (an 

extracellular polysaccharide layer that surrounds the cell). In 
fact, when Calothrix was grown in silica supersaturated condi-
tions (300 mg L-1 Si), its sheath doubled to tripled in width. 
Concomitantly, the filaments developed extensive mineral 
crusts up to 5 μm thick upon the sheath surface (Fig. 2), yet the 
cells still fluoresced, they continued to generate oxygen and 
the mineralized colonies exhibited comparable rates of pho-
tosynthesis to the nonmineralized colonies. Furthermore, the 
cell walls and cytoplasm remained free from silica precipitate. 
Thus, it appears that some cyanobacteria, such as Calothrix 
sp., can thrive in silica-rich environments because they form 
a protective layer that isolates the cells from the potentially 
damaging effects of silicification.
 In the past few decades a number of experimental studies 
have been designed to elucidate the actual mechanisms by 
which different microorganisms silicify. Oehler (20) was one of 
the first to experimentally subject various species of cyanobac-
teria to colloidal silica solutions over different lengths of time. 
At temperatures of ~ 100°C several months were required for 
complete mineralization, while at higher temperatures (165°C) 
the cells mineralized quickly, but the filaments fragmented, the 
trichomes coalesced, intracellular components were destroyed 
and there was a preferential preservation of the sheath and wall 
material. Francis et al. (21) experimentally silicified 30 dif-
ferent species of algae, bacteria and fungi for 2 to 24 weeks 
at temperatures of 55–60°C and found that some microorgan-
isms silicified readily, whereas others were less susceptible to 
silicification. Westall et al. (22) used experiments, similar to 
those of Francis et al. (21), to show that Gram positive bacteria 
and eukaryotes silicified with ease, while Gram negative bac-
teria did not readily silicify. Westall (23) later subjected four 
bacterial species to highly silicifying solutions and showed 
that the Gram positive Bacillus laterosporus produced a robust 
and durable crust after a week of silicification, whereas the 
Gram negative Pseudomonas fluorescens, P. vesicularis and P. 
acidovorans maintained delicately preserved walls that were 
lightly mineralized. Similarly, Toporski et al. (24) showed that 
P. fluorescens silicified to a higher extent than Desulfovibrio 
indonensis after 24 hours in 1000 ppm silica solutions. With 
increasing levels of silica added, both bacteria suffered signifi-
cant loss of shape and cellular detail.
 Although these studies clearly indicate that silicification is 
an inevitable outcome of exposing microorganisms to silica 
supersaturated solutions, they do not resolve whether microor-
ganisms actually mediate, or for that matter, enhance the rates 
and amounts of silicification. In other words, if microorganisms 
are indeed passive participants and play a negligible role in the 
precipitation of silica then their encrustation and/or replace-
ment by amorphous silica should be governed entirely by the 

Figure 2. TEM micrograph of a 
laboratory silicified Calothrix 
cell (mineralized for 12 days in 
300 mg L-1 Si solution) with ex-
tensive silicification upon out-
er surface of sheath (arrow). 
Note, the excellent intracellular 
preservation of cytoplasmic 
material despite the thickness 
of silica crust.

Figure 3. Silica sorption from 30 mg L-1 Si solution at pH 7. The 
grey columns represent the abiotic control and the darker col-
umns represent the bacterial experiment. The error bars repre-
sent the analytical uncertainty of the Si measurement. The 
amount Si sorbed is plotted as concentration of Si remaining in 
solution. Modified from Yee et al. (26).
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physicochemical conditions of the microenvironment where the 
microorganism resides. So, it would be expected that in under-
saturated silica solutions very little silica would be removed by 
the biomass, while in silica supersaturated solutions, the amount 
of silica removed in microbial systems would be comparable to 
those completely inorganic in nature.
 In the first instance, Fein et al. (25) documented that the sur-
faces of Bacillus subtilis had little affinity for monomeric silica 
(at concentrations of < 2 mg L-1), even at high bacterial densi-
ties and under low pH conditions, where most of the organic 
functional groups associated with bacterial surfaces are fully 
protonated and neutrally charged. Using Calothrix sp., Yee et 
al. (26) also established that in solutions undersaturated with 
respect to amorphous silica (30 mg L-1 Si solution), interactions 
between soluble silica and the cell’s sheath are insignificant 
(Fig. 3). These studies directly contradict the earlier premise 
by Urrutia and Beveridge (27) who suggested that silicate an-
ion adsorption onto positive amino surface functional groups 
in B. subtilis may be responsible for silica accumulation by 
bacteria. This discrepancy is likely due to i) there are fewer 
positively-charged amino groups in the Bacillus wall than 
negatively-charged carboxyl and phosphoryl groups, leading 
to the likely repulsion between cell polymers and monosilicic 
acid (25); and ii) monosilicic acid is not particularly reactive 
towards organic functional groups (28). However, the Urrutia 
and Beveridge (27) hypothesis might yet prove to be valid un-
der the conditions where polymeric/colloidal silica reacts with 
microbial polymers that have abundant amino groups (i.e. if 
the organic material is protein-rich).
 In terms of the kinetics of silicification, early studies with batch 
systems (supersaturated silica solutions inoculated with cultures 
of Calothrix) showed that biotic and abiotic experiments resulted 
in similar amounts of silica precipitation. Importantly, the silicifi-
cation appeared to occur within the first few hours (Phoenix and 
Konhauser, unpublished data). Studies have since been undertak-
en to determine if silica polymerization in silica supersaturated 
solutions causes the patterns of silicification observed in the labo-
ratory. Yee et al. (26) induced silica polymerization in two ways. 
First, a stock solution of Na2SiO3·5H2 was made to 300 mg L-1 
(Si), it was adjusted from pH ~12 to pH 7 with the addition of 
HCl, and then in some experiments bacteria were immediately 
added, while others remained bacteria free. The pH neutraliza-
tion process caused an immediate increase in the saturation state 
of the solution and induced silica polymerization. Second, the 
stock solution was prepared, the pH was adjusted but then heated 
for 24 hours at 77oC to depolymerize the 300 mg L-1 Si solution. 
Afterwards the solution was removed from the oven, and again 
bacteria were immediately added to some solutions, and the Si-
bacteria suspension was allowed to cool and polymerize. In both 
sets of experiments there appeared to be very little difference in 
the rate of polymerization between bacteria and bacterial-free sys-

tems. For example, at concentrations of 155 mg L-1 Si, nearly 50% 
of the original monomeric silica polymerized in less than 8 hours 
in both biotic and abiotic experiments (Fig. 4). Benning et al. (29) 
subsequently showed that in silica-supersaturated solutions, Calo-
thrix sp. only removed ~3% more SiO2 than bacteria-free systems, 
but eventually the cells became encrusted in amorphous silica pre-
cipitate. Clearly, at high silica levels there is such a strong chemi-
cal driving force for silica polymerization, homogeneous nucle-
ation, and ultimately silica precipitation, that there is no obvious 
need for microbial catalysis.

Cell Surface Influences

Although microbial silicification at hot springs is incidental, 
an inevitable consequence of microorganisms growing in po-
lymerizing solutions where silica abounds, both experimental 
and field studies have shown that different microorganisms 
are capable of being silicified with different degrees of fidel-
ity. This species-specific pattern is not surprising considering 
that the actual mechanisms of silicification rely, in part, on the 
microorganisms providing reactive surface ligands that adsorb 
silica from solution, and accordingly, reduce the activation en-
ergy barriers to heterogeneous nucleation. This means that cell 
surface charge may have a fundamental control on the initial 
silicification process.
 In an early attempt to describe the mechanisms of silici-
fication, Leo and Barghoorn (30) suggested that monomeric 
or low molecular weight polymeric silica was bound to the 
bacterial surface through hydrogen bonding as shown in the 
equation below.
B-OH + Si(OH)4 ‡ B-O-Si(OH)3 + H2O
where B-OH represents a hydroxy group on the bacterial sur-
face. Heaney and Yates (28) also suggested silica bound to the 
bacterial surface through hydrogen bonding, although their 
study indicated that it was the polymeric/colloidal fraction, not 
monomeric silica, that was immobilized. The latter hypothesis 
appears best corroborated by electron microscopic observations 
of microbial silicification, where the mineralization process ap-
pears to begin with the immobilization of preformed silica col-
loids onto the cell’s surface (10–12).
 Recently, Phoenix et al. (31) showed that the sheath of Calo-
thrix is electrically neutral at pH 7, consisting predominantly of 
neutral sugars, along with smaller amounts of negatively-charged 
carboxyl groups and positively-charged amino groups, in approxi-
mately equal proportions. On the one hand, the low reactivity of 
Calothrix’s sheath gives its surface hydrophobic characteristics 
that facilitate their attachment to solid submerged substrates, i.e. 
siliceous sinters. On the other hand, the sheath’s electroneutrality 
makes it less repulsive towards the polymeric silica fraction in so-
lution, and hence, it may actually aid in the silicification process.
 To test if the carbohydrates do indeed play a critical role in 
Calothrix silicification, Benning et al. (29) used high resolution 
synchrotron radiation Fourier-transform infra-red (SR-FTIR) to 
follow the silicification of individual filaments. Their results re-
corded an increase in the integrated area of the absorbance spectra 
for the silica/polysaccharide region (Si-O/C-O; 1150–950 cm-1), 
followed later by the occurrence and growth of a Si-O band at 
800 cm-1. From this, a two-step process was determined, where 
in the first stage the polysaccharide sheath thickens (in response 
to incubation in a silica-supersaturated medium), followed by the 
abiotic accumulation of amorphous silica precipitates upon the 
cell surface through the condensation of silanol groups.
 In contrast to Calothrix, the highly anionic nature of Bacillus 
subtilis may limit silicification from occurring on its cell wall 
as a result of electrostatic charge repulsion between the organic 
ligands and the negatively-charged silica species. For such an-
ionically-charged cell wall surfaces, silicification necessitates 

Figure 4. Silica polymerization by cooling. Initial temperature 
of 77oC cooled to 27oC. The open triangles (∆) represent the 
abiotic control, the solid squares (■) represent the bacterial 
experiment and the solid grey line indicates the solubility of 
amorphous silica at 27oC. Experiments conducted with 155 
mg L-1 Si solution at pH 7. Modified from Yee et al. (26).
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some form of cation bridging (e.g. Fe3+, Al3+). Numerous studies 
have demonstrated a strong interaction between aqueous cat-
ionic Fe [e.g. Fe(OH)2+; Fe(OH)2

+; Fe3+] and Al [e.g. (AlLOH)+, 
where L is an organic ligand] species and the organic ligands 
that comprise the cell surface (e.g. 32, 33). Not surprisingly, 
Fein et al. (25) showed that bacteria pre-coated with Fe(III) and 
Al(III) hydroxides could act as templates for silica deposition 
(in undersaturated solutions) over a wide range of pH condi-
tions. Compared to the negligible silica adsorption directly onto 
the cell surfaces in undersaturated solutions, virtually all of the 
monomeric silica was removed from solution by the presence 
of either Fe or Al. Moreover, increasing the concentrations of 
Fe or Al increased the extent of silica adsorption over the entire 
concentration range studied.
 Similar to above, Phoenix et al. (34) measured the effects of 
iron bridging in mixed Fe-Si solutions. However, the solutions 
used were supersaturated with respect to amorphous silica and 
the cells were not pre-coated with iron. Their results demonstrate 
that Bacillus subtilis cells immobilize more Fe than bacterial-
free systems in solutions with iron concentrations < 50 ppm Fe, 
yet as iron concentrations increase, the difference between iron 
immobilization in bacterial and bacteria-free systems decrease 
as abiotic precipitation processes become increasingly dominant 
(Fig. 5A). Correspondingly, the bacterial and bacteria-free sys-
tems remove nearly identical amounts of silica from solution, 
whatever the iron concentration, again due to the dominance of 
abiotic precipitation processes (Fig. 5B). These results suggest 

that in natural hot spring systems, where the concentration of 
soluble silica far exceeds that of iron, not only will the amount 
of iron partitioned onto the microbial mats be insignificant com-
pared to the abiotic reactions of silica with Fe(OH)3 or various 
clay phases, but the vast majority of silica precipitated will oc-
cur without the aid of a cation bridge.
 Collectively, these results imply that the association between 
silica and anionically-charged cell wall material is not caused 
by direct silica-bacteria interactions, but rather it is caused by 
the adsorption of silica onto Fe and Al oxides (and likely other 

multivalent metal cations) that are electrostatically bound to the 
bacterial surface. Consequently, silicate biomineralization onto 
negatively-charged bacteria appears to be a two stage process, 
whereby a metal cation binds initially to the cell wall, that in 
turn inorganically reacts with dissolved silica (35). Such a sce-
nario has direct analogues with the partitioning of negatively-
charged silica colloids onto positively-charged Fe(III) oxides. 
At circumneutral pH, two surface species of iron oxide exist, 
namely FeOH2

+ and Fe(OH)0. In either case, modelling suggests 
the Fe-silicate minerals form via hydrogen bonding between the 
hydroxyl ions associated with both the solid-phase iron and the 
polymeric silica (e.g. 36, 37).
 In summary, microorganisms do not notably increase the ki-
netics or amount of silica precipitation in hot spring systems. 
The microbial surface only interacts with reactive silica or met-
al species in the initial stages of silica immobilization; once the 
organic polymers are saturated with the silica complex, then 
the precipitate grows abiotically. Even so, the initial phase of 
bacterial silica immobilization appears to occur via two dis-
tinct mechanisms: i) hydrogen bonding between hydroxyl ions 
in the silica polymer with hydroxy groups in neutrally charged 
cyanobacterial sheaths; and ii) metal cation-(hydr)oxide bridg-
ing between the silica and the negatively-charged cell wall 
functional groups. A third mechanism, the reaction between 
polymeric/colloidal silica and positively-charged amino groups 
has yet to be conclusively demonstrated. Irrespective of which 
process takes place, given continuous exposure to silica super-
saturated solutions, one would expect that all microorganisms 
in a hot spring will inevitably end up with similar styles of 
silicification because once the initial silica is bound, additional 
silicification becomes a strictly inorganic process. Not surpris-
ingly, Jones et al. (38) have shown that each of the microbial 
species (growing on a glass slide submerged for four days 
in a 440 mg L-1 SiO2 solution) at Iodine Pool, located in the 
Waimangu geothermal area on the North Island of New Zea-
land, lost any key identifiable features that allowed for their 
recognition. In other words, so much silica was deposited on 
these cells that it was no longer discernible as to what com-
prised the initial silica-microbe interaction.

SINTER FORMATION
Individual sinter deposits are architecturally complex because 
the intricate lateral and vertical intercalations of lithofacies 
and biofacies (i.e. geyserite, spicules, columnar and stratiform 
microstromatolites, oncoids, and coccoid microbial mats) are 
common at all scales. Each biofacies may be characterized by a 
unique microbial assemblage that developed in response to the 
operative hydrodynamic, geochemical and temperature regimes 
(e.g. 39, 40). In turn, these microorganisms exert significant 
control and influence on fabric development in the sinters.
 Most sinters found in geyser and hot-spring systems are 
formed of amorphous silica, accessory minerals (e.g. kaolin-
ite, sulfur, jarosite, gypsum, halite), lithological detritus and 
biological material (41). Calcium carbonate (calcite and arago-
nite) and iron hydroxides also form in association with sinter 
deposits, but those minerals generally are not conducive to cell 
preservation (42).
 Not all amorphous silica found in these deposits originated 
through the same process. As a result, there is significant tex-
tural variation in the sinters that can be attributed to the balance 
between the silica that encrusted microorganisms (as described 
above), the silica that replaced organic substrates (e.g. sheaths 
and cell walls of microorganisms) and other organic surfaces (e.g. 
wood, leaves), and the isopachous cements that lined and/or filled 
pores and cavities in the sinters (Fig. 6A). The amorphous silica 
that encrusts a microorganism is really a cement that is precipitat-

Figure 5. Percent of Fe or SiO2 immobilized onto Bacillus sub-
tilis or microcosm wall from a 400 mg L-1 SiO2 solution as a 
function of original Fe concentration. (A) Percent Fe immobi-
lized after 4 hours. (B) Percent SiO2 immobilized after 4 hours. 
Modified from Phoenix et al. (34).
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ed from pore fluids in the same manner as the isopachous cement. 
Herein, encrustation is used to denote an amorphous silica cement 
that coats the surfaces of individual microorganisms. Isopach-
ous cements line and fill cavities of any type. As a consequence, 
the shape of the isopachous cement areas reflect the shape of the 
original cavity, not the shape of individual microorganisms. In ad-
dition, discrete silica spheres also accumulate in small, protected 
pockets (41). The encrustation and replacement of organic materi-
als and the precipitation of the amorphous silica spheres usually 

takes place while the sinter is on or very close to the surface of 
the discharge apron. Spring waters that are flowing over the sur-
face of the discharge apron usually mediate the precipitation of 
amorphous silica in this setting. In contrast, precipitation of the 
isopachous cements is mediated by subsurface water flow through 
the older, buried parts of the sinter (Fig. 6B). The porosity and 
permeability of the original sinters are the most important factors 
that control the distribution of the cements simply because they 
govern the passage of the subsurface waters.
 Much of the textural variation in siliceous sinters can be attrib-
uted to the different types of microorganisms that inhabit different 
discharge aprons or different parts of an individual apron, primar-
ily in response to differences in water temperature and acidity. 
Areas covered by alkaline water that have temperatures in the 20–
40°C range are commonly colonized by Calothrix – a filamentous 
cyanobacteria that is liable to extensive early silicification (e.g. 
43–46). Conversely, fungi that dominate areas with acidic waters 
(pH of < ~ 5.0), do not seem to be as susceptible to silicification 
(47). Thus, unlike Calothrix they do not have the same impact 
on fabric development in their sinters. Elsewhere, more subtle 
variations in water chemistry seem to control the distribution of 
different taxa. Fischerella, for example, appears to be restricted 
to waters that contain little or no sulphur (e.g. 48). Clearly there 
are many more such examples of microbial niches in hot spring 
settings (49), and hence, it should not be surprising that variations 
in microbial populations are commonly manifested in the textures 
of the sinters simply because different microorganisms interact 
uniquely with the polymerizing silica solutions.
 Most sinters found around geyser and hot-spring vents, and 
their associated discharge aprons, are characterized by lamina-
tions that reflect differences in such features as the type of min-
eralization, their porosity, the type of microorganisms that they 
contain, the attitude of those microorganisms and perhaps the 
complete absence of microorganisms (e.g. 46, 50–53). These 
features are interrelated because the primary porosity of a sin-
ter is fundamentally controlled by the microbial community 
and, in particular, the distribution and attitude of the microor-
ganisms in the mats. This can be best illustrated by considering 
stratiform stromatolitic sinters (16), a common biofacies found 
on a number of hot spring discharge aprons.

Stratiform Stromatolite Fabrics

This distinctive sinter is formed of alternating laminae that are 
dominated by prone filamentous microorganisms (P-laminae), up 
to 2 mm thick, and laminae formed of upright filamentous micro-
organisms (U-laminae), that are up to 5 mm thick (see Fig. 6 in 
reference 16). P-laminae are characterized by filamentous micro-
organisms that lie parallel, to subparallel to the depositional sur-
face (Figs 6A, 7A). Although most mats are monospecific, there 
are rare examples in which scattered specimens of other taxa may 
be present. There is relatively little porosity because the microor-
ganisms are densely packed and the spaces between the filaments 
are typically filled with amorphous silica. In some laminae, hollow 
tubes (1–2 µm diameter) that were once occupied by the trichomes 
of the filamentous microorganisms, are the only porosity present.
 U-laminae are characterized by composite pillars, up to 25 
µm in diameter, that are formed of the merger of 5–10 subverti-
cal to vertical silicified filamentous microorganisms (Figs 6A, 
7A). Such mats, which are typically dominated by genera of 
Calothrix or Phormidium, commonly have a diverse biota. In 
many cases, Synechococcus sp. live as epiphytes on the surfaces 
of the vertical pillars. These laminae often have high porosity 
that is formed in the open spaces between the filaments, between 
the filament pillars, as well as the hollow tubes that were once 
occupied by the trichomes (16).
 Frequently, the P-laminae and U-laminae form repetitive cou-
plets (P-U couplets), with both laminae formed by the same fila-
mentous microorganisms. Indeed, in many cases it is possible 

Figure 6. Schematic dia-
gram showing structur-
al and fabric evolution 
in a stratiform stromato-
lite. (A) Alternating lami-
nae formed of flat-lying 
and upright filamentous 
microorganisms. Note 
large cavities between 
pillars in U-laminae that 
may, locally, be partly 
filled with amorphous 
silica spheres. (B) Cavi-
ties in subsurface filled 
with isopachous amor-
phous silica cement 
that was precipitated 
from subsurface water 
that flowed through the 
porous sinter.

Figure 7. Stratiform stro-
matolite formed of P-U 
couplets, distal part of 
discharge apron at Ohaa-
ki Pool, North Island, New 
Zealand. (A) General view 
of stromatolite showing 
cavities preferentially lo-
cated in the laminae 
formed of upright fila-
ments. (B) Change in 
growth attitude of fila-
mentous microorganisms 
(arrow) at transition from 
P-laminae to U-laminae.



© Royal Swedish Academy of Sciences 2004
http://www.ambio.kva.se

Ambio Vol. 33, No. 8, December 2004 557

to find individual flat-lying filaments in the upper part of the 
P-laminae that, with growth, adopted an upright growth habit 
(Fig. 7B). The change in growth attitude is independent of taxa 
and probably reflects systematic temporal changes in the depo-
sitional environment (e.g. 53, 54).
 For the stratiform stromatolites, as well as many other or-
ganosedimentary structures, the cyclic alternation between differ-
ent laminae has been attributed to variations in growth patterns 
between the summer and winter months (e.g. 46, 51, 53–55). 
Caution must be attached to the exclusive acceptance of this idea 
because some filamentous microorganisms are known to change 
their growth attitude in response to daily phototactic controls 
(e.g. 17, 56, 57), whereas others such as Chloroflexus, respond 
to low levels of light rather than high light levels (55). Never-
theless, in most hot-spring systems, filamentous microorganisms 
tend to adopt an upright attitude during the summer that contrasts 
sharply with the prone attitude that is adopted during the winter 
months (17, 43). In some extremes, such as those in Iceland, the 
laminations consist of alternating layers, each ~ 250 μm thick, of 
filamentous populations of Calothrix and pure silica, devoid of 
any microbial component. The cyclical pattern arises from active 
cell growth during spring/summer when the microorganisms can 
keep pace with silicification (Fig. 8A), while during their natural 
slow growth phase in the dark autumn/winter months silicifica-
tion exceeds the cyanobacterium’s ability to grow upwards (Fig. 
8B). When conditions once again become favorable for growth, 
recolonization of the solid silica surface by free-living cyanobac-
teria, from the overlying waters, occurs (46).

Fabric Development

The U-lamina and P-lamina commonly form couplets that are 
stacked one on top of the other. The compartment-like fabric pro-
duced by the combination of these microbial mats is a direct result 
of the growth dynamics of the constituent microorganisms. The ri-
gidity of this fabric, that allows its long-term survival, is due to the 
early silicification of the microorganisms and subsequent enhance-
ment by the amorphous silica that encrusts them. These processes 
take place irrespective of whether or not the microorganisms played 
an active role in their own silicification and encrustation. In some 
highly supersaturated spring waters, amorphous silica spheres may 
accumulate in the spaces between the pillars in the erect lamina.
 Sinters formed of P-U couplets accrete vertically through time 
in direct response the continual seasonal cycles of growth. Thus, 
P-U couplets, with their primary porosity, become progressively 
buried by the growth of younger mats. Once below the surface of 
the discharge apron, the laminae are placed under the influence of 
subsurface waters that may, or may not, be related to the surface 
waters. Such waters will fill any porosity in the P- and U-laminae, 
with most being concentrated in the open compartments in the 
U-lamina (Fig. 9). In fact, most of these laminae are characterized 
by such high porosity and permeability that subsurface waters will 
easily pass through them. If the pore waters in the open compart-
ments between the U-laminae are supersaturated with respect to 

amorphous silica, then precipitation will take place, whereby the 
previously silicified and encrusted filaments facilitate nucleation. 
Thus, isopachous amorphous silica cements should be found lin-
ing the walls of these compartments.

 Most amorphous silica in sinters appears featureless in thin 
section or on the scanning electron microscope, and it is there-
fore difficult to interpret their formation using techniques like 
those used to decipher the development of cements in car-
bonate rocks. Etching of the silica by acidic steam, which is 
common in the Waikite Geyser complex (Whakarewarewa 
Geothermal area, North Island, New Zealand) highlights its 
internal structures (58). Such etching, that can also be dupli-
cated in the laboratory by using concentrated hydrofluoric 
acid, reveals laminations that record the accretion of silica in 
cavities that are akin to those found in the stratiform stromato-
lites. Analysis of those laminae shows amorphous silica com-
monly develops as isopachous cement that lines cavity walls 
(Fig. 9). Such cementation, that is indicative of precipitation 
in cavities that are filled with water, may eventually result in 
the complete occlusion of the cavity.

SUMMARY
Stratiform stromatolites have been used here to illustrate the 
processes that may control the development of siliceous sinter 
on the discharge apron of a hot spring or geyser. Despite the 
conclusions that microorganisms do not enhance the kinetics 
of silicification, and only marginally influence the magnitude 
of silicification, nonetheless, it is readily apparent that the 
early silicification of the microbial mats governs the develop-
ment of the primary fabrics and ultimately, the distribution 
of later-stage diagenetic cement. The ‘model’ developed from 
examination of the stratiform stromatolite can be applied to 
virtually any other type of sinter biofacies found on  discharge 
aprons. All sinters evolve through some combination of en-
crustation, replacement and cementation, with variations in 
the fabrics largely reflecting differences in the original growth 
attitudes of the constituent microorganisms.

Figure 8. SEM images from a section 
of microstromatolite collected 5 mm 
below the sinter apron surface at the 
main vent at Krisuvik, Iceland. (A) 
sharp contact between an inorganic 
silica layer (bottom left) and the pre-
dominantly filamentous, vertically-
aligned microbial layer dominated by 
Calothrix (top right) and (B) the gra-
dational upper surface of the micro-
bial layer. Note preferred vertical ori-
entation of cyanobacteria towards 
the sediment-water interface and iso-
lated filaments projecting into silica 
layer above. There is no continuum 
between cyanobacteria of one layer 
with those of an overlying microbial 
layer 100ʼs of micrometers above. 
Modified from Konhauser et al. (42).

Figure 9. Example of isopach-
ous amorphous silica cement 
in-filling the cavity of a strati-
form stromatolite on the dis-
charge apron on Waikite Gey-
ser, Whakarewarewa geothermal 
area. Cavity once occupied by a 
filamentous microbe. Etching 
by acidic steam shows mor-
phology of laminae in cement is 
inherited from the cavity walls 
and that amorphous silica 
formed through gradual accre-
tion of thin laminae (arrows in-
dicate growth direction).
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