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Calcification and Silicification: Fossilization Potential
of Cyanobacteria from Stromatolites

of Niuafo‘ou’s Caldera Lakes (Tonga)
and Implications for the Early Fossil Record
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Abstract

Calcification and silicification processes of cyanobacterial mats that form stromatolites in two caldera lakes
of Niuafo‘ou Island (Vai Lahi and Vai Si‘i) were evaluated, and their importance as analogues for interpreting
the early fossil record are discussed. It has been shown that the potential for morphological preservation of
Niuafo‘ou cyanobacteria is highly dependent on the timing and type of mineral phase involved in the fossil-
ization process. Four main modes of mineralization of cyanobacteria organic parts have been recognized: (i)
primary early postmortem calcification by aragonite nanograins that transform quickly into larger needle-like
crystals and almost totally destroy the cellular structures, (ii) primary early postmortem silicification of almost
intact cyanobacterial cells that leave a record of spectacularly well-preserved cellular structures, (iii) replacement
by silica of primary aragonite that has already recrystallized and obliterated the cellular structures, (iv) occa-
sional replacement of primary aragonite precipitated in the mucopolysaccharide sheaths and extracellular
polymeric substances by Al-Mg-Fe silicates. These observations suggest that the extremely scarce earliest fossil
record may, in part, be the result of (a) secondary replacement by silica of primary carbonate minerals (aragonite,
calcite, siderite), which, due to recrystallization, had already annihilated the cellular morphology of the
mineralized microbiota or (b) relatively late primary silicification of already highly degraded and no longer
morphologically identifiable microbial remains. Key Words: Stromatolites—Cyanobacteria—Calcification—
Silicification—Niuafo‘ou (Tonga)—Archean. Astrobiology 12, 535–548.

1. Introduction

Since the early fossil record is poor and has been
modified by long residence times in the crust, competing

interpretations of the oldest morphological fossil record are
common (Schopf and Packer, 1987; Schopf, 1993; Brasier et al.,
2002; Kazmierczak and Kremer, 2002, 2009a; Schopf et al.,
2007). For many years, it was authoritatively advanced by
some pioneers in the field of Precambrian micropaleontology
that the fossilization potential of cellular structures of cya-
nobacteria was significantly lower in carbonates (i.e., lime-
stones, marls, and dolomites) than in cherts (e.g., Hofmann,
1976). Therefore the search for early cellularly preserved mi-
crobiota was focused on siliceous deposits. Experiments with
silicification of various microfossils showed in fact that silic-
ified microbiota preserve their structure and maintain their

initial dimensions and shapes (Oehler and Schopf, 1971;
Oehler, 1976; Walters et al., 1977; Francis et al., 1978; Westall
et al., 1995; Bartley, 1996; Toporski et al., 2002). In accordance
with this focus, the studies of Proterozoic and Phanerozoic
cherts have yielded spectacular discoveries of exceptionally
well-preserved cyanobacteria-like forms and other microbial
structures. Examples include the Gunflint chert in Canada
(Barghoorn and Tyler, 1965; Awramik and Barghoorn, 1977),
the Bitter Springs chert in central Australia (Schopf, 1968;
Schopf and Blacic, 1971), the Belcher Supergroup (Hofmann,
1976), the McArthur Group (Oehler, 1978), and the Devonian
Rhynie chert from Britain (e.g., Trewin, 1996; Krings et al.,
2007; Preston and Genge, 2010). Thus, a ‘‘taphonomic win-
dow’’ was created that actually restricted the search for fossil
microbiota to a particular geochemical setting (Butterfield,
2003). Due to very early mineralization and emplacement of
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silica, microorganisms preserved in cherts can be re-
constructed almost three-dimensionally (e.g., Bitter Springs or
Scotia Group—see Knoll, 1992). Along these lines, detailed
work on early Silurian black cherts from central and south-
western Poland has shown that they, too, contain spectacu-
larly preserved cyanobacterial and acritarch cells (Kremer,
2006; Kazmierczak and Kremer, 2009b; Kremer et al., 2012).
All these discoveries provide a useful test bed for exploring
the diversity of cyanobacterial taphonomy (understood as a
diversity of diagenetic processes that lead to the formation of
different preservational stages of cyanobacterial taxa), giving
new insights into the earliest records of biological activity
preserved on Earth.

In this context, it appears mysterious why microbial re-
mains, particularly those that resemble cyanobacteria, are so
well preserved in Proterozoic and younger cherts but have
not been described equally often in Archean cherts, even
though these cherts form a sizeable section of the Archean
rock column. Studies of Archean fossil records generally
have not attempted to explain either this paucity of forms or
the inadequate inventory of cyanobacteria-like and other
microorganisms in otherwise obviously microbially medi-
ated sedimentary rocks. The paucity of well-preserved Ar-
chean sedimentary sequences and the high grade of their
metamorphic changes are usually taken as major reasons for
the scarcity of microfossils in them. In light of our observa-
tions, a key to understanding the rarity of the earliest record
of cyanobacteria-like fossils rests also with the physical-
chemical processes (early diagenesis) associated with fossil-
ization modes of cyanobacteria in modern mat communities.
These form in situ biosedimentary structures commonly re-
ferred to as stromatolites or, more generally, microbialites.
Here, we describe the modes of fossilization of contempo-
rary stromatolite-forming cyanobacterial mats from two
caldera lakes of the volcanic island of Niuafo‘ou (Tonga)
(Kazmierczak and Kempe, 2006). We use these detailed
studies to highlight the importance of microtaphonomical
processes responsible for the presence or absence of mor-
phological traces of microbial life in the mineral matrix. The
spectrum of taphonomical phenomena observed in Niua-
fo‘ou stromatolites on the microscale may, in our opinion,
provide a partial explanation of the apparent scarcity of the
earliest microbial life.

2. Setting and Material

The stromatolites for this study were sampled by two of
the authors (S.K. and J.K.) during a 3-week Niuafo‘ou field
campaign in June 1998. Niuafo‘ou is the northernmost island
of the Kingdom of Tonga, South Pacific (Fig. 1). The circular
volcanic island is 8.1 · 8.5 km wide and 52.3 km2 in area. It
contains a central caldera occupied by 10 lakes, the largest
(Vai Lahi: ‘‘Water Big’’) measuring 5.6 · 5.4 km (N-S and
E-W, respectively) with its deepest point of 121 m in its
northern basin, an area of 13.6 km2 and a volume of 1 km3.
The next largest lake is Vai Si‘i (‘‘Water Small’’), 31 m deep
and 1.14 km2 in area, with a volume of 0.0115 km3. The
center of the island (the islet Motu Lahi) is at 15�36¢00†S,
175�38¢30†W. A detailed geological description of Niuafo‘ou
is provided in Kempe and Kazmierczak (2012). Table 1 gives
the hydrophysical and Table 2 the hydrochemical data of the
water samples.

Vai Lahi shows a distinct stratification in its chemical
characteristics. Between 40 and 45 m, pH and Eh change
substantially. This layer separates the oxygenated surface
layer from an anaerobic bottom layer. The CO2 pressure
( pCO2) increases distinctly with depth, which suggests that
the lake must have been stagnant for some time since its last
overturn. Vai Si‘i has different parameters, which suggests
that the two lakes have been separated for some time. The
pH is higher but the conductivity much lower than in Vai
Lahi. Vai Si‘i is more distinctly stratified than Vai Lahi; pH
and Eh are very low in the bottom waters, whereas the pCO2

is much higher than in Vai Lahi. This suggests ongoing
volcanic CO2 input to the waters of Vai Si‘i, as well as the
influence of hydrothermal activity. The main ion ratios in-
dicate that the water in both lakes is not diluted seawater;
rather, it is the product of autonomous systems of rainwater,
juvenile water, and ions dissolved from volcanic rocks
through silicate weathering (Kazmierczak and Kempe, 2006;
Kempe and Kazmierczak, 2012).

Both lakes are alkaline (alkalinity 15.7–18.6 and 6.3–10.9
meq/L in Vai Lahi and Si‘i, respectively). The alkalinity of
these lakes (i.e., Acarb¼ [HCO�3 ]þ 2[CO2�

3 ]) is significantly
higher than in seawater (2.32 meq/L), which makes bicar-
bonate the second most concentrated anion after chloride,
while the Ca concentration is much lower than in seawater
(20.0 meq/L). In detail, Vai Si‘i is lower in alkalinity than Vai
Lahi, but the difference in alkalinity between surface and
bottom waters is much greater in Vai Si‘i. The supersatura-
tion of all carbonate minerals is very high at the surfaces of
both Vai Lahi and Vai Si‘i (Fig. 2, Table 2). The supersatu-
ration decreases with depth, due to an increase in pCO2

(Fig. 3). This pCO2 increase is due in turn to increased
respiration at depth as indicated by the lowering of the d13C
values in Vai Lahi. Aragonite and calcite reach saturation
at an approximate depth of 100 m. The concentration of
dissolved silica in both lakes is very high, roughly 100 times
higher than in seawater, a situation typical of alkaline
waters.

Various carbonate deposits, some in the form of stromat-
olites, constitute most of the sediment of the lake. The largest
stromatolites are over 1 m in diameter and up to 0.8 m high,
with surfaces displaying patterns reminiscent of tightly
convoluted brains. In 1998, when the field study was con-
ducted, some of the stromatolites were aerially exposed
along certain sections of the coast and had dried up. At the
splash zone, stromatolitic surfaces are covered with a layer of
noncalcified filamentous cyanobacteria without growth
continuity toward the calcareous stromatolite body. Surfaces
of stromatolites permanently occurring underwater are
patchily overgrown with only weakly calcifying filamentous
and coccoidal cyanobacterial mats. This indicates that at
present the cyanobacteria have less potential for actively
precipitating calcium carbonate compared to the heavily
permineralized stromatolite body formed earlier.

The uncalibrated 14C age measured at the bases of three
stromatolites is around 15,000 aBP. Our observations indi-
cate that at present the lake waters cannot sustain vigorous
growth (accretion) of the stromatolitic structures. The cal-
cium carbonate supersaturation level (SIAra, SICc) in both of
the studied Niuafo‘ou caldera lakes is apparently not high
enough to induce cyanobacteria to precipitate and accrete
calcium carbonate (Table 2, Fig. 2) (for calculations of SIAra
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and SICc in other alkaline lakes see Kempe and Kazmierczak,
1990, 2007). This is especially true for Vai Lahi. Therefore, the
massive large heads and crusts that occur along Vai Lahi’s
shores were formed during times of a higher lake level and
under conditions in which the supersaturation level was

significantly higher than it is today. Vai Si‘i has a lower d13C
value than Vai Lahi. All measured d13C values from the
stromatolite carbonates are positive and heavier than those
for marine carbonates. The d13C values are higher in older
samples. A shift toward the present lower values could have

FIG. 1. (A and B) Geographical location of Niuafo‘ou with aerial view of Vai Lahi and Vai Si‘i crater lakes and simplified
bathymetrical map of Niuafo‘ou Island. (C–E) Vai Lahi shore with a stromatolite field and examples of large brainlike Vai
Lahi stromatolites extending above water level (C and E) and partly underwater (D).
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been accomplished by the input of light volcanic (juvenile)
CO2 into the lake or from anaerobic 12C-rich deep waters
during incidental lake destratifications.

3. Methods

Standard microscopic analyses with a Zeiss-Opton light
microscope were performed on covered and polished pet-
rographic thin sections. Covered thin sections were used to
photograph in transmitted light, because glass cover reduces
effect of light scattering. To improve the overall integrity of
samples and preserve the original microstructure, we im-
pregnated some pieces of stromatolites with resin. Rock
platelets for scanning electron microscopic (SEM) examina-
tions were polished and etched with formic and fluoric acids.
These samples were not impregnated with resin. The SEM
examination involved a Philips XL 20 instrument, equipped
with an EDX dual-window (UTW/Open) microprobe
equipped in turn with an ECON detector model Econ-6
(Institute of Paleobiology, PAS, Warsaw). X-ray diffraction
analyses of carbonate microsamples were performed with a
CGR Inel diffractometer equipped with a cobalt lamp and
focusing goniometer with transmission optics for Debye-
Scherrer powder preparations. The 14C dating of stromato-
lites and d13C analyses of water samples were performed by

J. van der Plicht in the Centrum voor Isotopen Onderzoek
(Rijksuniversiteit Groningen).

4. Observations and Results

4.1. Modes of biomineralization

Detailed microscopic investigation shows that the studied
stromatolites are built by coccoidal and filamentous cyano-
bacterial mats that today grow actively on top of shallow
subaqueous stromatolites (Fig. 1D, 1E, Fig. 3). Although
normally a community composed of various coccoidal
and filamentous taxa (Myxosarcina, Rivularia, Calothrix,
Tolypothrix, Anabaena) forms the living stromatolite surfaces,
some of the living mats are composed of coccoidal strains
(Pleurocapsa group) only. Diatoms, filamentous green algae
(Cladophora spp.), and small ostracods are often associated
with the living mats. Surfaces of subaerially exposed stro-
matolites (Fig. 1D, 1E) are covered by remains of dried mi-
crobial mats in which traces of mineralization are barely
visible. Within the stromatolite body (below the freshly
mineralizing top layer), remnants of coccoidal and filamen-
tous cyanobacteria similar to those from the surface are
evident.

Our observations indicate that the Niuafo‘ou stromatolites
grow as a result of in vivo and early postmortem calcification

Table 1. Hydrophysical Data of Water Samples

Parameter Number Depth m Temp. �C pCO2 ppmv pH Eh mV Conductivity mS/cm

Vai Lahi Southern basin
W12b 0 26.8 8.34 278 5.65
W12 - 10 26.5 870 8.35 278 5.65
W3 - 25 27.0 788 8.39 154 5.69
W9 - 40 26.6 1620 8.27 n.d. 5.63
W11 - 42.5 26.4 1180 8.13 138 5.67
W10 - 45 26.2 2330 7.67 55 5.68
W2 - 50 26.3 2055 7.73 25 5.69
W1 - 100 26.5 1938 7.50 - 4 5.69

Vai Lahi Northern basin
W13 - 100 26.0 2013 7.65 5.71

Vai Si‘i
W15 - 10 26.9 644 8.69 201 3.24
W14 - 30 26.5 > 6000 7.25 - 206 4.18

n.d., not determined.

Table 2. Selected Hydrochemical Data of Niuafo‘ou Lakes

(SI = Saturation Index = log(Ion Activity Product/Kmineral))

Sample Depth m Alkalinity meq/L Si mg/L Ca meq/L Mg meq/L SI Calcite SI Aragonite SI Dolomite d13C per mill

Vai Lahi Southern basin
W12 - 10 15.70 5.30 0.71 21.04 0.65 0.50 2.94 —
W3 - 25 16.60 5.54 0.68 20.74 0.69 0.54 3.04 0.11
W9 - 40 15.70 5.52 0.70 21.04 0.57 0.47 2.80 —
W11 - 42.5 16.60 4.02 0.78 20.85 0.52 0.37 2.63 —
W10 - 45 16.30 5.36 1.06 21.08 0.21 0.06 1.87 —
W2 - 50 18.80 5.09 1.12 21.10 0.34 0.20 2.12 - 0.61
W1 - 100 18.60 5.48 1.15 21.15 0.13 - 0.02 1.68 - 0.41
Vai Lahi Northern basin
W13 - 100 15.50 8.95 1.09 21.01 0.18 0.03 1.80 —
Vai Si‘i
W15 - 10 6.30 1.88 1.17 9.43 0.89 0.75 2.87 - 1.98
W14 - 30 10.90 3.95 2.32 11.99 0.04 - 0.10 0.95 —
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of cyanobacterial mats. Vertical sections of Niuafo‘ou stro-
matolites display several alternating microfabrics (textures)
(Fig. 4A–D). The most prominent microfabric is a more
or less regular lamination composed in transmitted light of
darker and lighter layers. The darker layers are built of mi-

critic carbonate in which remnants of cyanobacterial cells are
occasionally visible (Fig. 4B, 4D). These organic-rich layers
are usually thin ( < 300 lm) compared with the much thicker
lighter layers. The light layers are composed of fine to coarse
crystalline aragonite (Fig. 4B–D). Fragments of stromatolites

FIG. 2. Carbonate mineral saturation in Vai Lahi and Vai Si‘i.

FIG. 3. Representative cyanobacteria from Niuafo‘ou stromatolites. (A and B) SEM images of a living cyanobacterial mat
composed of filaments (A) and coccoids (B) covering the mat surface. Optical images: (C) Myxosarcina-like coccoidal cya-
nobacteria partly silicified. (D) Almost perfectly preserved silicified filamentous cyanobacterium with thick mucilage sheaths.
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without lamination have also been observed. These are
composed mostly of micritic aragonite that grades into
patchily distributed nests of larger aragonite needles (Fig.
4C, 4E–G). The differences in texture and thickness rela-
tionships between alternating laminae correlate with certain
morphological characteristics of the cyanobacteria that par-
ticipate in their formation and with the intensity of in vivo or
early postmortem biomineralization of the microbial biofilms.

Three mineral phases have been identified in stromatolites
from the Niuafo‘ou lakes. The dominant phase is aragonite
precipitated by the cyanobacterial mat that covers the sur-
faces of stromatolites. At present, however, mineralization of
cyanobacterial mats is weak, and there are no precipitates
visible directly on the mat surface (Fig. 5A, 5B). Today the
mineralization is restricted to nanograins of calcium car-
bonate located within the common mucilage sheaths of
permanently water-covered cyanobacterial mats (Fig. 5C–E).
The outer mucopolysaccharide sheaths of the coccoid cya-
nobacteria mineralize with nanogranular aragonite appar-
ently precipitated in vivo (Fig. 5E). The CaCO3 mineralization
of the older parts of cyanobacterial mats is much more
intense (Fig. 5F).

The other mineral phases are amorphous silica and spo-
radically occurring silicates (clay minerals) (Fig. 6). These
phases occur in many different combinations and may occur
as alternating microlayers (Figs. 6A, 7A, 7B) from a few
to several hundred micrometers thick. Larger parts of
stromatolites mineralized only by one (aragonite or silica)
mineral phase have also been observed (Fig. 6).

It has been observed (Knorre and Krumbein, 2000; Kühl
et al., 2003; Kazmierczak and Kempe, 2004; Kazmierczak
et al., 2004, 2011; Benzerara et al., 2006, 2010; Riding, 2006,
2008; Kremer et al., 2008) that carbonate precipitation in
living cyanobacterial mats starts, as a rule, from nucleation of
nanograins of aragonite within the capsules surrounding
cells and groups of cells and within the mucilage sheaths of
colonies (extracellular polymeric substances) (Fig. 6C–E). The
same is true for Niuafo‘ou, where, in older stromatolite parts,
the aragonitic nanogranules transform into bigger crystals
(Fig. 5F). The growth of aragonite nanoparticles on and
within the remains of cyanobacteria destroys their original
morphological structure (Fig. 7C, 7D). The next stage of
mineralization is when the nanoparticles transform into lar-
ger crystals: first aragonite platelets and finally into large

FIG. 4. (A) Vertical section of a polished
slab of Vai Lahi stromatolite showing
the internal structure. (B) Vertical section
through Vai Lahi stromatolites showing
alternation of various microfabrics. (C)
Transition from small grains of aragonite
into larger crystals (bottom). (D) Lami-
nated and nonlaminated texture of Vai
Lahi stromatolite in vertical section. (E–G)
Examples of transformation of aragonite
nanogranules to needle-like crystals. In
the first stage (E) the remains of organic
matter are still present, whereas the last
stage (G) is practically devoid of organic
matter. (H) Part of the aragonite nano-
particles showing fluorescence indicative
of the presence of organic matter. (I) The
same stromatolite section as in (H), pho-
tographed in plain transmitted light.
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needle-like aragonite crystals bonded in fan-shaped arrays
(Fig. 4G). During these processes the organic parts undergo
further breakup. A typical transformation series is shown in
Fig. 4E–G. It seems that during aragonite permineralization
of cyanobacterial mats the original shapes of the cells are
preserved only at the earliest stage of mineralization (Fig. 7C,
7D). Subsequent mineralization that leads to the recrystalli-
zation of nanogranules into bigger crystals (Fig. 4C) totally
destroys the cell structure, and cell morphology is no longer
identifiable. Mineralization usually begins outside the cells,
but in some cases crystal nucleation and growth may occur
simultaneously outside and inside cells. In such cases, the
growth of aragonite destroys their internal structure without
a trace.

Silica mineralization is significant in many Niuafo‘ou
stromatolites, but it occurs irregularly and is less common
than aragonite (Fig. 6). Three modes of silica mineralization
can be distinguished: (i) patchy silicification, where only
small portions of the stromatolite are silicified (Fig. 6C); (ii)
mass-scale silicification, which forms regular silica/aragonite
alternating layers (Figs. 6A, 7A, 7B); and (iii) massive silici-

fication, when silica penetrates larger fragments of the stro-
matolite and forms a kind of siliceous crust (Fig. 6B, 6D). The
basic difference between silica and aragonite mineralization
lies in the mode of preservation of soft organic material in
stromatolites (Fig. 8D, 8E). In the case of silica mineraliza-
tion, details of the morphology of silicified cyanobacteria
remain recognizable. Aragonite permineralization, almost
as a rule, negatively affects the quality and quantity of pre-
served organic matter.

Silicification begins with the precipitation of amorphous
nanospheres of silica (opal and chalcedony) that are always
associated with organic components of cyanobacteria (cell
walls, trichomes, mucilage sheaths). It occurs in pore waters
saturated with respect to silica. Our observations indicate
that amorphous silica is not transforming into quartz mi-
crocrystals during the time of stromatolite formation (i.e.,
about 15,000 years). Thus, the mineralized microbiota remain
intact. Similar preservation can be observed in some geo-
logically older early diagenetic cherts. For instance, obser-
vations of early Silurian cherts (Kremer, 2006) show that
primary amorphous silica does not necessarily transform

FIG. 5. SEM images of filamentous and coccoidal cyanobacteria from surfaces of Vai Lahi and Vai Si‘i stromatolites (air-
dried samples). (A and B) Surface of cyanobacterial mats mineralized with aragonite. (C) Permineralized common mucilage
sheaths. (D) Aragonite grains precipitated in a filamentous mat. (E) Aragonite nanogranules (white arrows) in the mucus
enveloping cells of coccoidal cyanobacteria. (F) An older part of a Vai Si‘i stromatolite with aragonite nanogranules re-
crystallizing into larger crystals within cyanobacterial mucilage sheaths.
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during diagenesis into coarse quartz. It is interesting to note
that the cherty matrix of Silurian cherts, composed of crypto-
and microcrystalline quartz, did not damage organic cya-
nobacterial or acritarch remains during transformation from
the primary amorphous silica to the present chert.

Spectacular examples of the preservation of cyanobacteria
in silica are the filaments shown in Fig. 3A, 3D, where
the thick multilayered mucilage sheaths that surround indi-
vidual filaments are preserved. The secret of good silica
preservation lies in the nature of the mineralization process.
Although the nucleation phase is similar in both cases and
starts from amorphous nanograins, the subsequent growth is
different. In the case of silica permineralization, the organic
material is entirely impregnated by silica (Fig. 7E, 7F), since
nucleation from supersaturated solutions of monosilicic
acid (Si(OH)4) is considered to be homogenous (Iller, 1979;
Benning et al., 2005). Additionally, the rate of silicification
must generally be rapid. Depending on the saturation of the
monosilicic acid in the solution, the precipitation of silica
proceeds in steps that encompass formation of particle nuclei
and growth of particles and their subsequent coagulation
into gel or sol (Iller, 1979; Benning et al., 2005). This process
is similar to the rapid petrifaction of wood by silica (Knoll,
1985). In this way, soft organic parts, such as cells, may
undergo petrifaction inside and outside. Compared to silic-
ification, aragonite permineralization is not as complete and
leaves many pores and voids in which growth of aragonite
crystals can badly damage organic parts (Fig. 7D). Similar

spectacularly preserved silicified microbes, including cya-
nobacteria, are known from modern hot spring environ-
ments. In this case, the rapidly silicified microorganisms
are preserved with their morphology, diameter, length, and
some inner structures, such as remains of cytoplasm and
intercellular septation (e.g., Cady and Farmer, 1996; Renaut
et al., 1998; Jones et al., 2004). Also, fossil analogues of
modern siliceous thermal spring sinters, like the Devonian
Rhynie chert (Scotland), enclose cellularly preserved micro-
organisms (Trewin, 1994, 1996; Cady and Farmer, 1996;
Preston and Genge, 2010).

Our observations indicate that the mineralization of
Niuafo‘ou cyanobacterial stromatolites was a complex pro-
cess that involved various modes of mineralization of the
stromatolite-forming microbiota, as follows: (i) aragonite-
mineralized cyanobacteria embedded in an aragonite matrix
(Figs. 7C, 8C), (ii) silica-mineralized cyanobacteria within an
aragonite matrix (Figs. 7B, 7E, 7F, 8B), and (iii) silica-miner-
alized cyanobacteria within a silica matrix (Fig. 8A). Inter-
estingly, silica mineralization is often associated with the
formation of Al-Mg-Fe silicates. Two possible explanations
can be proposed for such complex mineralization modes.
The first implies a very early, almost in vivo, silicification of
cyanobacterial cells substituted later by calcification. The
second suggests an early diagenetic precipitation of arago-
nite within the mats, whereas the cellular remains of cya-
nobacteria underwent later silicification due to an increase in
silica concentration in the pore water.

FIG. 6. Examples of early diagenetic silicification of Niuafo‘ou stromatolites. (A and B) Patchy replacement of primary
aragonite by silica (A) and silica coatings (B) in a stromatolite body. (C) Vertical thin section showing patchy silicification of
originally aragonite stromatolite structure. (D) Tangential section showing interstitial spaces between aragonite microcolumns
filled tightly with silica. All transmitted light photomicrographs.
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The exceptional mineralization that occurs in Niuafo‘ou
cyanobacterial mats allows detailed observation and com-
parison of silica- and aragonite-mineralized mat sections.
Alternating mineralization with silica and aragonite is com-
mon within a distance of micrometers. Figures 9 depicts
sections of filamentous cyanobacterial mats that have been
mineralized with silica and microgranular aragonite. The
sections vary strongly with regard to the quality of soft-part
preservation. A magnified section of the same part of the mat
permineralized with silica and aragonite reveals that silica
preserves morphological details of cyanobacterial cells much
better (Fig. 8B, 8D). In contrast to the calcified sections, which
are almost barren of organics, the silicified parts reveal many
details of cell morphology, including often complete fila-
ments (trichomes) or large groups of coccoids, cell walls,
shrunken cell content, and internal septa.

Our study of the Niuafo‘ou stromatolites shows that
nucleation and growth of silica particles within the mucilage
sheaths and cell walls of cyanobacteria started very early
postmortem. Microbial cells (cyanobacterial, bacterial, algal,
and in few cases fungal) act here as passive surfaces for
aragonite and silica nucleation. Observation of the various
preservational stages of cyanobacteria from Niuafo‘ou
stromatolites revealed that relatively quick silicification
preserves almost perfectly morphological details of cyano-
bacteria and even bacteria. Interestingly, a significant dif-
ference has been observed in organic matter preservation
between silica and aragonite permineralization. When per-
mineralized by silica, a high percentage of organic matter
remains preserved in the mineralized cell walls and mucilage
sheaths (Figs. 8D, 9B). Mineralization of aragonite does not
preserve organic material nearly as well (Figs. 8E, 9C, 9D).

FIG. 7. SEM images showing modes of early diagenetic mineralization of cyanobacterial mats forming Niuafo‘ou stro-
matolites. (A) Vertical section of a stromatolite composed of alternating layers of aragonite and silica (white arrows). (B)
Section of a filamentous cyanobacterial mat with silicified cyanobacteria and aragonite matrix. (C) Section of a cyanobacterial
mat mineralized with aragonite but with cell walls of filamentous taxa permineralized by silicates. (D) Two cyanobacterial
filaments mineralized with aragonite in an aragonite matrix; note aragonite fan on the left side. (E) Comparison of two
mineralized filaments, in which the larger is mineralized with silica and the smaller, partially degraded, with aragonite; both
filaments are entombed in an aragonite matrix. (F) Silicified filament in aragonite matrix; note the perfect silica infilling. All
samples etched with formic and hydrofluoric acids.
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FIG. 8. SEM images showing modes of early diagenetic mineralization of cyanobacterial mats of Niuafo‘ou Island. (A)
Silicified section of a cyanobacterial filament embedded in silica matrix. (B) A tangential section through a silicified cya-
nobacterial filament with a well-preserved silicified cell wall (arrows); the cell wall still contains a lot of organic matter [see
energy-dispersive spectroscopy (EDS) spectrum in D]. (C) A tangential section through several filaments mineralized with
aragonite; note the destruction of the cell walls with only traces of organics (see EDS in E). (D and E) EDS spectra from cell
walls mineralized with silica (D) and aragonite (E). All samples etched with formic and hydrofluoric acids.

FIG. 9. Images of sections of cyanobacterial mats mineralized with silica and aragonite demonstrating differences in
preservation potential of the two mineral phases. (A) Section of filamentous mat showing alternation of silica and aragonite
layers photographed in plain light. (B) Magnified section of cyanobacterial mat mineralized with silica and aragonite
showing perfectly preserved silicified cyanobacteria co-occurring with poorly preserved filaments permineralized with
aragonite. (C and D) Section of the same filamentous mat as in (A) irregularly mineralized with silica and aragonite
photographed in plain (C) and polarized (D) light.
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Nucleation and growth of amorphous silica nanogranules on
both outer and inner parts of the organic cell wall protect
organic material from bacterial degradation and favor pres-
ervation of morphological details. Diagenesis of cherts is a
process of transformation of the unstable opal-A phase
(biogenic or inorganic) into the more stable opal-CT and
microcrystalline quartz (Iller, 1979). During such a transfor-
mation, the organic matter entombed in silica remains pro-
tected. In this way, many Paleozoic, particularly early
Silurian, cherts contain spectacularly preserved benthic
cyanobacterial mats and other microbiota (Kremer and
Kazmierczak, 2005; Kremer, 2006). Such a primary mineral-
ization is, however, rare in the Niuafo‘ou stromatolites.
Much more common is secondary silicification. The obser-
vation of microstructures indicates that silicification occurs
often as a relatively fast replacement of aragonitic nano-
granules by silica. Such replacement does not take place
throughout the entire stromatolite body but selectively and
very often only locally (Fig. 9). As a result of such silicifica-
tion, some parts of stromatolites are silicified and some re-
main calcareous. This produces an interesting result on the
microscale. In the silicified sections, individual cyanobacteria
(filaments) are well preserved, while in the carbonate parts
the morphology of cyanobacteria is usually no longer rec-
ognizable (Fig. 9).

4.2. The timing of mineralization

Careful studies of the modes of preservation of microbial
structures observed in Niuafo‘ou stromatolites lead us to the
conclusion that silica and aragonite mineralization occurred
almost synchronously (Fig. 7A, 7B, Fig. 9). This is best il-
lustrated by the Niuafo‘ou filamentous mat that has been
mineralized alternately with silica and aragonite (Fig. 9A).

Since these two mineral phases require different geochemical
conditions to precipitate, their precipitation must proceed
under particular taphonomic circumstances. This must have
been a consequence of the specific geochemical microenvi-
ronment created in the mat. Both lakes of Niuafo‘ou are high
in dissolved silica. It can be hypothesized that the irregular
volcanic activity in the lakes (the last eruption in the caldera
occurred in 1886; see Kempe and Kazmierczak, 2012, and
citations therein), particularly the settling of fresh and glassy
ashes, provides them with this silica. Hydrothermal activities
may also play a role in this enrichment process.

Thus, interstitial pore waters and mucilage sheaths can
form restricted geochemical niches where concentrations of
SiO2 can be even higher and reach a supersaturation that
induces silica precipitation as a primary mineral phase or
that replaces the aragonite nanogranules. The various modes
of silica mineralization observed seem to support such a
model. The silicification occurs usually very fast, prior to
bacterial degradation and possibly as an almost in vivo
mineralization, which may explain the spectacular preser-
vation of the silicified microbiota (Fig. 10A–C). The local
character of such mineralization is indicated by locally ob-
served permineralization of individual filaments half and
half by silica and aragonite (Fig. 9).

4.3. Implication for the early fossil record

Following the maxim that ‘‘the present is the key to the
past,’’ observation of the modern Niuafo‘ou stromatolites
may, at least in part, help explain the extremely poor Ar-
chean and Proterozoic microbial fossil record. Many of the
internal Niuafo‘ou microfabrics resemble those described
from Precambrian stromatolites (e.g., Hofmann, 1975; Semi-
khatov et al., 1979; Buick et al., 1981; Walter, 1983; Knoll et al.,

FIG. 10. Comparison of variously preserved cyanobacteria in silicified parts of stromatolites from Niuafo‘ou Island. (A–C)
Spectacularly well-preserved coccoidal (A) and filamentous cyanobacteria (B, C) due to primary silicification. (D–F) Poorly
preserved coccoidal (D) and filamentous (E, F) cyanobacteria due to secondary (i.e., after primary aragonite) or late (i.e., after
biodegradation) silicification.
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1989; Fairchild, 1991; Knoll and Semikhatov, 1998). The
common belief that cherts should preserve morphological
traces of life well often leads to the conclusion that the lack of
microfossils in Archean cherts is due to the lack or extreme
rarity of life itself. The Niuafo‘ou stromatolites provide ex-
amples of well-preserved cyanobacterial remains in silica as
well as examples of silicified sections that do not preserve
recognizable microbial remains. The spectrum of preserva-
tions of cyanobacteria observed in Niuafo‘ou stromatolites
shows that microfossils are only preserved when silicifica-
tion occurs relatively early, prior to degradation processes
such as hydrolysis, autolysis, or bacterial degradation (Fig.
10A–C). During late silicification, in cases where more time
was available for postmortem degradation processes, the cy-
anobacterial biomass had no chance to be fossilized and
usually did not leave a morphologically recognizable fossil
record (Fig. 10D–F).

The usual explanation for the poor fossil record of early
Earth, especially in the case of the Archean cherts, is that
these cherts must have been secondarily silicified (Paris et al.,
1985). This would mean that primary calcification destroyed
the morphological record of early life and left only uniden-
tifiable carbonaceous traces for subsequent silicification
(chertification). Our observations from Niuafo‘ou stromato-
lites suggest another interpretation: the silicification of Ar-
chean cherts could be primary (i.e., without an earlier
calcareous stage), but may have occurred at a time when the
microbial cellular structures had already undergone signifi-
cant degradation (Fig. 9C, 9D). On the other hand, if silica, as
commonly believed, was the secondary mineral phase, it
must have substituted for the primary aragonite (or other
carbonate) that, during recrystallization, had almost totally
destroyed morphological remains of organic matter. Other-
wise, early silicification should have preserved morphologi-
cal details of microorganisms similar to those observed in
Niuafo‘ou stromatolites.

5. Conclusions

It has been suggested many times that modern micro-
bialites, particularly stromatolites, may help us understand
the formation of similar structures from the earliest geolog-
ical record. Contemporary stromatolites growing in the two
caldera lakes on Niuafo‘ou island (Vai Lahi and Vai Si‘i) of
the Tonga Kingdom appear to be a perfect model for
studying mineralization processes in actively growing mi-
crobialites. First of all, the stromatolites from the Niuafo‘ou
lakes represent a unique site for testing in situ the preser-
vation potential of cyanobacteria permineralized with silica
and calcium carbonate. Our study showed that in vivo cal-
cification—typically associated with a transformation of
aragonite to calcite—destroys the morphology of calcified
cyanobacteria, whereas silicification, when rapid, helps to
preserve their morphological details. Our study showed that
morphological preservation of cyanobacteria largely de-
pends on two factors: the type of mineral phase and the time
of mineralization. We have distinguished four main modes
of mineralization of cyanobacterial mats that form these
stromatolites: (i) early (primary) postmortem calcification by
aragonite nanograins that transform into needle-like crystals
and almost totally destroy the cellular structures, (ii) early
(primary) postmortem silicification of whole cyanobacterial

cells that leave a record of spectacularly preserved cellular
structures, (iii) later (secondary) replacement by silica of
aragonite which through recrystallization had already de-
stroyed the cellular morphology, (iv) gradual (secondary)
replacement by Al-Mg-Fe silicates of primary aragonite
precipitated in the mucilage sheaths and extracellular poly-
meric substances.

Niuafo‘ou is also a unique site for searching for modern
analogues of many microfabrics observed in Precambrian
microbialites (particularly stromatolites). This wide spectrum
of morphological preservation modes encompasses many
possible stages of degradation of both filamentous and
coccoidal cyanobacteria. Many of the Niuafo‘ou textures
resemble microfabrics described from Precambrian stromat-
olites and can be regarded as their modern analogues.
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