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Abstract: The Flybye Springs, Northwest Territories, consist of 10 active vents and numerous small seeps that dis-
charge sulphide- and barium-rich spring waters at an average temperature 8.5 °C. Oxidation of sulphide to sulphate
drives precipitation of stellate and platy barite microcrystals in the proximal flow paths. Downstream, and in vent- and
tributary-fed ponds, barite is precipitated among streamer and mat forming colonies of sulphur-tolerant microbes, in-
cluding Thiothrix, Beggiatoa, Thioploca, Chromatium, Oscillatoria, fungi (dominantly Penicillium), and unicellular sul-
phate reducing bacteria. These microbes mediate barite saturation by adjusting redox gradients and via passive
adsorption of barium ions to cell surfaces and extracellular polymeric substances. Passive biomineralization produces
barite laminae in floating microbial mats, nanometric coatings, and micrometric encrustations around microbial cells
and filaments, and local permineralization of Thiothrix, Beggiatoa, and Oscillatoria outer cell walls. Intracellular bar-
ium enrichment and (or) metabolic sulphur oxidation may be important to “active biomineralization” that produces
nanometric barite globules on the tips of fungal hyphae, barite-filled cell cavities in Beggiatoa and Thiothrix, and
baritized sulphur globules. Degradation of biomineralized cells generates detrital “microfossils,” including barite tun-
nels, layered cylinders, solid cylindrical grains and chains of barite beads. The diversity of inorganic and
biomineralized barite in the Flybye Springs flow path highlights the influence of ambient chemistry, microbial metabo-
lism, and cellular structure on barite solubility and on the taphonomy of microfossils preserved in barite.

Résumé : Les sources Flybye, aux Territoires du Nord-Ouest, comprennent 10 évents actifs et de nombreuses petites
résurgences qui déchargent des eaux de source riches en sulfures et en baryum à une température moyenne de 8,5 °C.
L’oxydation des sulfures en sulfates cause la précipitation de microcristaux de barytine, de formes étoilées et lamellaires,
dans les chemins de coulée proximaux. Vers l’aval, et dans des étangs alimentés par les évents et les tributaires, la
barytine est précipitée parmi des colonies de microbes tolérant le soufre et qui produisent des filaments et des mattes;
ces microbes comprennent Thiothrix, Beggiatoa, Thioploca, Chromatium, Oscillatoria, des champignons (principalement
Penicillium) et des bactéries unicellulaires sulfatoréductrices. Ces microbes atténuent le saturation de la barytine en
régulant les gradients redox et par l’adsorption passive d’ions baryum sur la surface de cellules et sur des substances
polymères extracellulaires. La biominéralisation passive produit des lames de barytine dans les mattes microbiennes
flottantes, des revêtements d’échelle nanométrique et des incrustations d’échelle micrométrique autour des cellules et
des filaments microbiens ainsi que la pétrification locale des parois externes des cellules de Thiothrix, de Beggiatoa et
d’Osciallatoria. L’enrichissement intracellulaire en baryum et (ou) l’oxydation métabolique du soufre pourraient être
importants pour la « biominéralisation active » qui produit des globules de barytine d’échelle nanométrique aux extrémités
des hyphes fongiques, des cavités cellulaires remplies de barytine dans Beggiatoa et Thiothrix, ainsi que des globules
de soufre « baritynisées. » La dégradation des cellules biominéralisées génère des « microfossiles » détritiques qui
comprennent des tunnels de barytine, des cylindres stratifiés, des grains solides en forme de cylindres et des chaînes de
particules de barytine. La diversité de la barytine inorganique et biominéralisée dans le chemin d’écoulement des sources
Flybye montre l’influence de la chimie ambiante, du métabolisme microbien et de la structure cellulaire sur la solubilité
de la barytine et la taphonomie des microfossiles préservés dans la barytine.
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Bonny and JonesIntroduction

Mineral springs that precipitate calcite, aragonite, silica,
and iron oxides in microbially colonized flow paths are glob-
ally abundant. Research at these springs has provided insight
into the controls on mineral solubility, crystallography, and
microfossil preservation (Walter and Des Marais 1993; Wes-
tall 1999; Jones et al. 2000; Konhauser et al. 2003), improv-
ing the interpretative potential of chemical sediments in the
geologic record (e.g., Arp et al. 2001; Kaufman and Xiao
2003). In contrast, springs that precipitate barite (BaSO4) as a
dominant mineral phase are rare (Cadigan and Felmlee 1977;
Sasaki and Minato 1982; Younger 1986), and the influence of
microbes on barite precipitation has only recently come under
investigation (Senko et al. 2004).

The Flybye Springs in Canada’s Northwest Territories are
unique as the only known location where barite precipitates as
a dominant mineral phase from cold spring water. The Flybye
spring water is barium-rich (up to 12 ppm), contains high
levels of dissolved sulphide, and supports a microbial com-
munity dominated by sulphur-oxidizing bacteria, sulphur-
tolerant cyanobacteria, and fungi. These microbes assert
microenvironmental influence on redox and ionic concentra-
tion gradients and thus mediate barite solubility in, on, and
around microbial mats, cells, and intracellular inclusions.
Barite precipitated through microbial mediation, or
biomineralization, at Flybye Springs commonly produces
microfossils that preserve the dimensions of microbial cells
and cellular inclusions. Although the geochemical cycling of
barium is strongly linked to organic productivity (Bertram
and Cohen 1997; Ganeshram et al. 2003), and the influence
of sulphur-metabolizing microbes on barite saturation gradi-
ents is well established (e.g., Baldi et al. 1996; Senko et al.
2004), the textural products of barite biomineralization have
not been documented outside of laboratory experiments
(e.g., Sakorn et al. 2002; Gonzalez-Munoz et al. 2003).

This paper uses a combined geochemical and microscopic
approach to describe the unique physiochemical and micro-
biological characteristics of the Flybye Springs flow path
that combine to facilitate what is, to the best knowledge of
the authors, the first account of “natural” barite
biomineralization and its microtextural artefacts.

Study site

The Flybye Springs sit at a southwesterly dipping contact
between massive Devonian limestone and black, pyritic
shale (Cecile 2000) exposed on the north side of a terraced
valley between the Selwyn and Mackenzie mountain ranges
in the Sahtu Region of Canada’s Northwest Territories
(Fig. 1A). There are numerous mineral springs in the area
(Cecile 2000), but the Flybye Springs are the only ones
known to precipitate barite as a dominant mineral phase.
Barium in the Flybye spring water is thought to be derived
from dissolution of barite microcrystals and barium-enriched
feldspars dispersed in Paleozoic marine aquifer strata (Ce-
cile et al. 1984; Orberger et al. 2005).

The Flybye spring water emerges through a sparsely vege-
tated crescent-shaped mound, 200 m2 in area and up to 5 m
high, which is composed of relict barite tufa formed by past
activity at the springs. There are ten active spring vents and

numerous small seeps concentrated on the southeastern side
of the mound, and spring water flows downhill towards a
mud wallow frequented by caribou and other wildlife
(Fig. 1B). This study focuses on microbes and mineral pre-
cipitates found in the flow paths of the four largest spring
vents, D1–D4 (Fig. 1C). Located just south of the Arctic
Circle, the Flybye Springs experience harsh winters that pre-
cluded year-round observation of the field site—all data per-
tain to summer (July–August) conditions.

Methods and materials

Fieldwork
The pH, conductivity, and dissolved oxygen (DO) content

of the Flybye spring water were measured across the spring
site in July 2004 and August 2005 using a portable Accumet
AP62 pH/mV meter and an Orion Model 1230 D.O./pH/mV
probe. Water samples were collected from vents D1–D4
through a 0.45 µm pore size Fisherbrand water-testing mem-
brane, and stored in sterile 250 mL Nalgene containers for
isotopic and elemental analysis. H2S(g) dissolved in the
spring water was collected from the flow path beneath vent
D1 by precipitation as CdS. Gases exsolving from a vent-fed
pool below spring D2 were collected by filling a sterile
Nalgene bottle with spring water, inverting it above a spring
vent, and trapping the rising gas bubbles in the bottle.

Fresh mineral precipitates and microbial samples were
collected in sufficient number to represent the textural and
chromatic variability observed in the field. One half of each
microbial sample was stored in spring water and the other
was preserved in a 6:3:1 solution of water, 95% alcohol and
formalin, with 5 mL of glycerol added per 100 mL. Twelve
glass slides were placed in the proximal flow paths of vents
D1–D4 in early July 2004. Despite careful flagging, only
three slides were retrieved 10 months later, and two of these
were fractured. Caribou hair, antlers, and hoof prints on the
spring mound indicate that the site was disturbed repeatedly
over the course of the year.

Laboratory analyses
Elemental spring water chemistry was determined by in-

ductively coupled – mass spectrometry (ICP–MS) at the
University of Saskatchewan, Saskatoon, Saskatchewan. Bar-
ium measured significantly lower than data reported by Ce-
cile et al. (1984), prompting re-analysis of select samples by
neutron activation analysis (NAA) at the University of
Alberta’s SLOWPOKE Facility (following Al-Jundi 2001).
SOLMINEQ88 was used to evaluate the saturation state of
the spring water with respect to relevant mineral phases. The
gas sample was analyzed on a Finnigan Mat 252 mass spec-
trometer. The δ34S of H2S gas samples (precipitated as CdS
and converted to AgS) and dissolved sulphate were deter-
mined by elemental analysis and isotope ratio mass spec-
trometry (EA–IRMS) at the University of Calgary Isotope
Science Laboratory, Calgary, Alberta.

Mineral precipitates and retrieved glass slides were exam-
ined by petrographic microscope, X-ray diffraction (XRD),
scanning electron microscopy (SEM), and energy dispersive
X-ray analysis (EDX). SEM samples were desiccated,
mounted on steel stubs with carbon tape, sputter coated with
gold, and examined in secondary electron and backscattered
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electron mode on a JEOL 6301 field emission scanning elec-
tron microscope at accelerating voltages of 5–30 kV. In
backscattered electron SEM images, variations in atomic
weight are reflected in image brightness—barium (with an
atomic mass of 137.3) is very bright in contrast to increas-
ingly dark sulphur (32.1), silicon (28.1), and organic mate-
rial (�12.0).

Microbial samples were examined by light microscopy
and SEM. Diatoms were identified to species level following
Simonsen (1987). Where possible, soft-bodied microbes
were identified by morphological criteria following Rippka
et al. (1979), Reichenback (1981), Larkin and Strohl (1983),
Schlegel and Bowien (1989), and Wher and Sheath (2003).
The Flybye Springs filamentous microbes were identified to
genus level with a high degree of confidence, but species as-
signments were not possible on the basis of morphology (cf.
Douglas and Douglas 2001; Teske and Nelson 2005). A vari-
ety of submicron-sized unicellular microbes and actino-
mycetes were found in SEM, but as these forms are not
volumetrically dominant or commonly mineralized, they

were not identified. Powdered samples of microbes and
detrital organic materials were also investigated by NAA to
assess barium, radium, and strontium enrichment in biomass
submerged in the Flybye spring water.

Results

Spring water physiochemistry
The Flybye spring water emerges with an average vent

temperature of 8.5 °C and is heated by sunlight to 14 °C be-
fore entering the mud wallow. Water pH is circumneutral at
the vents and increases downstream to a maximum value of
8.4. The spring water is anoxic to dysoxic on emergence,
containing ≤0.54 mg/L dissolved oxygen, and exsolves mal-
odorous H2S gas.

Water emerging from vent D1 and nearby seeps has
δ34Ssulphide values ranging from 13.7‰–15.8‰, which are
consistent with a sulphur source in Paleozoic marine strata
(Cecile et al. 1984; Canfield 2001; Allen et al. 2002). The
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Fig. 1. Study area. (A) Location of the Flybye Springs. (B) Aerial view of Flybye Springs site. (C) Aerial view of boxed area in im-
age B showing spring vents D1 to D4.



34Ssulphate increases downstream in the D1 flow path, shifting
from 17.3‰ at 1 m, to 19.0‰ by 5 m, then reverses the trend,
dropping to a minimum of 14.7‰ in the distal flow path.

Flybye spring water becomes oxygenated (cf. van
Everdingen 1972) an average distance of 8 m from its
source; however, re-mixing with anoxic or dysoxic waters
emerging from seeps in the lower mound complicate the dis-
solved oxygen profile of many spring water tributaries
(Fig. 2). Stream-fed pools on the lower Flybye Spring
mound are redox stratified, with anoxic, organic-rich bottom
waters, and clear, oxygenated surface waters. Vent-fed pools
on the upper mound are also redox stratified, with anoxic
bottom waters and dysoxic surface waters (Fig 2).

Gas bubbles exsolving from a vent-fed pool were found to
contain methane, propane, ethane, and iso- and normal bu-
tane, in a ratio consistent with a source in a medium matu-
rity natural gas seep (K. Muehlenbachs, personal
communication, 2006). The gas also contains carbon diox-
ide, which probably originated from CO2 dissolved in spring
water and microbial respiration in organic detritus accumu-
lated in the pools.

The spring water contains high concentrations of sodium
and chloride, and is anomalously enriched in barium relative
to regional surface waters (Cecile et al. 1984) (Table 1). So-
lutions are saturated with respect to mineral phases for
which the saturation index (logarithm of the ion activity
product divided by the solubility constant, or log IAP/K) is
0. Upon emergence, the Flybye spring water is near satura-

tion with respect to calcite (–0.16 to 0.00), aragonite (–0.31
to –0.01), and chalcedony (–0.02 to 0.10), undersaturated
with respect to witherite (–2.48 to –0.82), and supersaturated
with respect to barite (0.99 to 2.32) (using SOLMINEQ88).

During the summer months, all inundated parts of the
Flybye flow path are microbially colonized, and desiccated
mat samples were found to be up to three times enriched in
strontium compared with surrounding spring water, and con-
tain up to 36.5 wt.% barium. This corresponds to roughly 14
wt.% barium in hydrated mats, or 24.8 wt.% barite if all
mat-bound barium were precipitated with sulphate.

Spring biology
Microbes inhabit all inundated parts of the Flybye Springs

mound. Good correlation was found among the macroscopic
appearance of microbial colonies, their constituent microbial
genera, and spring water physiochemistry (Table 2; Fig. 2).
The flow paths of springs D1, D2, and D3 share a down-
stream progression of microbial genera (Fig. 2).

In proximal dysoxic flow paths, white fringes 1–3 cm
long (Fig. 2A) composed of Thiothrix (Figs. 3A, 3B) are
established within 1.5–2 m of most vents and seeps. In
dysoxic eddies and pools downstream, filaments of
Beggiatoa (Fig. 3C) are intertwined with Thiothrix in
streamers up to 5 cm long, which also contain abundant
mucus, or extracellular polysaccharides (EPS) (Fig. 2B).

Redox-stratified vent-fed ponds have tiered microbial com-
munities (Fig. 2C). Thioploca (Figs. 3D, 3E) forms black-
green, EPS-rich drapes with sulphur-reducing bacteria and
Chromatium (Fig. 3F) in degrading organic detritus in anoxic
bottom waters. Diatoms (including Achnanthes minutissima,
Achnanthes flexella, Cymbella microcephala, and species of
Amphora and Navicula), Oscillatoria (Figs. 3G–3I), and

Beggiatoa cohabitate in green–brown microbial mats floating
in dysoxic waters 3–10 cm below the surface of the ponds.

Ponds fed by spring water tributaries have oxygenated
surface waters with floating bubbly, laminated green–orange
mats (Fig. 2D). The top layer of these mats is dominated by
cyanobacteria, including Oscillatoria, Planktothrix, and an
Anabaena-like cyanobacterium that lacks heterocysts
(Figs. 3I, 3J), and diatoms. Basal layers of mats contain
patches of Beggiatoa filaments, degrading cyanobacteria,
and Chromatium. Sulphur-reducing bacteria colonize detrital
organics accumulated at the bottom of the ponds.

Substrates bordering spring water tributaries are com-
monly encrusted by yellow films composed of sulphur and
fungal hyphae (Figs. 3K, 3L). Although it cannot be certain
that samples were not contaminated after collection, SEM
analysis of these films showed that they are dominated by
Penicillium sp. Thiothrix filaments were found intertwined
with fungal hyphae in several areas, which indicates that the
fungi are endemic to the edges of the spring flow path. Fun-
gal diversity may be limited by the high sulphur content of
the spring water, which is inhibitory to many fungal species
(Gadd 1993; Rajashekhar and Kaveriappa 2003).

Fungal hyphae are also present in organic detritus in the
spring flow path. Beneath overhanging shrubbery, many
“microbial” mats floating in vent- and stream-fed ponds con-
tain up to 80% degrading leaves, by volume. The air-
exposed surfaces of these “leafy mats” are heavily colonized
by fungi. Submerged leafy mat surfaces are commonly ma-
genta due to dense colonization by Chromatium.

Mineral precipitates
Glass slides left in the proximal flow paths for 10 months

developed mineral encrustations 50–250 � m thick, suggest-
ing a very slow rate of mineral precipitation from spring wa-
ter (Fig. 4A). Rocks, desiccating microbial mats and
streamers, and detrital organics submerged in spring water
tributaries, however, bear yellow films of elemental sulphur
and yellow–grey mineral encrustations up to 5 mm thick
(Fig. 4B). The yellow–grey crusts are composed of micro-
bial cells and EPS, microcrystalline barite, amorphous silica
in the form of diatom frustules and algal cysts, and elemen-
tal sulphur (Figs. 4C, 4D).

Sulphur is found as microcrystalline rhombic crystals and
spherical globules (Fig. 4E). Crystalline elemental sulphur is
a typical product of inorganic redox reactions in oxygenating
spring water (Douglas and Douglas 2000). The spherical
globules, however, are identical in size and shape to those
produced by sulphur-metabolizing bacteria (Figs. 3B, 3C, 3F)
and are most likely biogenic (cf. Douglas and Douglas 2001).

Barite is the most abundant and least soluble mineral pre-
cipitating from Flybye spring water. The Flybye barite is rela-
tively pure, containing <0.3% calcium and <0.5% strontium,
but is radioactive (up to 8 � Sv/h, or three times background
levels) due to co-precipitation of radium (Cecile et al. 1984).

Inorganic barite precipitation
The Flybye spring water is supersaturated with respect to

barite with even slight oxidation of vent waters (Kharaka et
al. 1988: SOLMINEQ88). Proximal to spring vents, barite
precipitates in suspension as stellate microcrystals, 4–10 � m
in diameter (Fig. 5A); scalloped platy microcrystals, 0.5 � m
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to 1 µm long, which are composed of subhedral platy
microcrystals 200 nm wide (Figs. 5B, 5D); and intergrown
tabular microcrystals 0.5–3 µm wide (Figs. 5C, 5D). These
barite crystals accumulate among microbial mats and
streamers bordering the flow paths, and continued crystal
growth commonly envelops microbial cells or EPS strands
(Figs. 5C, D). Microbial cells are also enveloped by balls of

blocky barite microcrystals, up to 40 mm in diameter, found
among porous clumps of detrital plant material and animal
hair in proximal flow path tributaries (Figs. 5E, 5F). Sponta-
neous precipitation of barite from spring water ceases be-
yond �5 m of most spring vents, and inorganic barite
crystals are found only as scattered, presumably detrital,
grains.
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Fig. 2. Schematic representation of flow path beneath vent D1. (A) Idealized profile of flow path below vent D1 showing physiochemical
data and distribution of microbial communities. (B) Fringes of Thiothrix. (C) Streamers composed of Thiothrix and Beggiatoa filaments.
(D) Tiered microbial mats in a vent-fed pond. (E) Bubbly microbial mat from stream-fed pond (pocket knife is 10 cm long).



Barite laminae in microbial mats
Mats in the proximal flow path entrap randomly distrib-

uted detrital barite microcrystals, but elsewhere on the
spring mound, most mat-bound barite is concentrated in nar-
row laminae. Mats floating in spring water ponds commonly
contain one or more barite laminae ≤10 µm thick (Figs. 6A,
6B). These laminae are sandwiched between lower
Beggiatoa-rich and upper Oscillatoria – diatom-rich mat
layers in dysoxic, vent-fed ponds, and between lower
Beggiatoa-rich and upper Oscillatoria–Anabaena (?) – dia-
tom-rich layers in surface oxygenated, stream-fed ponds
(Figs. 6C, 6D). The barite laminae are composed of tightly
packed anhedral to subhedral granular microcrystalline bar-
ite surrounded by EPS with few to no visible microbial cells
(Figs. 6C, 6D).

“Leafy” microbial mats contain distinct barite laminae lo-
calized beneath the cuticular layers of degrading leaves.
These laminae are composed of loosely packed composite
barite spherules 0.8 to 5.0 µm in diameter (Fig. 6E). There is
a gradational change in the habit of the composite
microcrystals with spherule size: spherules ≤1 µm are com-
posed of radially arranged anhedral barite rods (Fig. 6F); in-
termediate-sized spherules are have an outer layer of
subhedral platy crystals ≤100 nm long (Fig. 6G); and large
spherules are coated by subhedral plates that are up to
0.5 µm long (Fig 6E).

Barite coated and encrusted microbes
Barite is found coating the outer surfaces of microbes of

diverse genera throughout the Flybye spring system. Initial
barite precipitation involves the deposition of globules of
barite, <100 nm in diameter, on outer cell surfaces. Early
globule precipitation is spatially specific in fungi, with glob-
ules concentrated at hyphal tips (Fig. 7A), but it appears ran-
dom in other microbial groups (Fig. 7B). Progressive

globule precipitation forms cell-encompassing coatings
(Figs. 7C, 7D).

Globular barite coatings are common on Thioploca bun-
dles growing in anoxic ponds, where they adhere to the exte-
rior of Thioploca’s thick EPS sheath (Figs. 7D, 7E), and are
basal to secondary encrustations. Unicellular bacteria, most
likely sulphate-reducing bacteria (SRB), attached to the
Thioploca sheaths are enveloped by these barite
encrustations and preserved as ovoid molds (Fig. 7F).

Secondary encrustations can triple the diameter of coated
microbes (Figs. 8A, 8B). They are composed of subhedral to
euhedral platy barite crystals that precipitate in situ
(Fig. 8C) and (or) detrital grains trapped by EPS films
(Fig. 8D). Fragmentation of coated and encrusted microbial
filaments generates tunnel-shaped detrital grains (Fig. 8D).

Barite-permineralized cell walls
The outer cell layers of Thiothrix and Beggiatoa growing

as streamers in flow path tributaries, and Beggiatoa and
Oscillatoria in the upper layers of mats floating in vent-fed
ponds, are commonly impregnated, rather than coated, by
nanometric barite globules (Figs. 9A–9C). Permineralized
cell walls are basal to secondary encrustations of anhedral
and subhedral barite microcrystals in many specimens
(Figs. 9D–9F). Degradation of the cell contents following
permineralization of the cell wall creates tunnel-shaped
grains that, most commonly, are not only externally en-
crusted, but also filled by barite microcrystals (Figs. 9D,
9E). Fragmentation of these microfossils generates three-
layered detrital grains (Fig. 9F).

Intracellular barite precipitation
A distinct mode of baritization was found in Beggiatoa

and Thiothrix filaments growing near the top of a glass slide
�4 m from vent D2, and in Beggiatoa filaments from the
bottom layer of mats floating in stream-fed ponds. These fil-
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Cecile et al. (1984) ICP–MS (2004) ICP–MS (2005) NAA (2005)

Ca2+ 38 47 42
Mg2+ 18 11.7 15.6
Mn2+ 0.016
K+ 3.3 2.6 3.2
Na+ 62 52.6 56.7
Ba2+ 112a 0.57b 3.38 12
Sr2+ 0.02b 1.06
Fe2+ <0.025 0.08 0.007
Pb2+ 0.013 0.018
Cl– 110 72.9 61 72.4
HCO3

2– 245 192
SO4

2– 36 53.4 53.3
NO3

– 2.2
UO2 0.007 0.001
SiO2 7.4 4.9 3.7
Ra (pCi/L)c 41.5 (1.5 Bq/L)

Note: ICP–MS, inductively coupled plasma mass spectrometry; NAA, neutron activation analysis; data from Cecile
et al. (1984) were generated by atomic adsorption mass spectrometry.

aMay have been estimated from charge balance calculations rather than measured directly.
bAnomalously low values may reflect difficulties with the ICP–MS method for measuring these elements (cf. Al-

Jundi 2001).
c1 pCi = 37 mBq.

Table 1. Average chemical composition (in ppm) of Flybye Springs vent waters.
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Genus Morphology ISD ST Habitat Flybye field appearance

Sulphur-oxidizing bacteria
Thiothrix Colourless cylindrical filaments; 1–2 µm wide; septa

every 0.5–1 µm; unsheathed; occur in rosettes;
adhere to filaments of Beggiatoa

Yes Yes Flowing dysoxic water White fringes; streamers

Beggiatoa Colourless cylindrical filaments; 3–5 µm wide; septae
every 1–2 µm; unsheathed; occur singly;
form hormogonia; gliding movement

Yes Yes Oxic–anoxic interface, low
current conditions

Streamers; basal layers of floating
mats; rarely top layers of floating
mats

Thioploca Up to 15 Beggiatoa-like filaments within a common
sheath up to 20 µm in diameter; sheath has sub-
regular constrictions and in some places longitudinal
wrinkles; macroscopic green-blue colour

Yes Yes Bottom of dysoxic–anoxic lakes,
ponds, and springs with ele-
vated sulphide

Stringy drapes among organic detritus
at the base of vent-fed ponds

Purple sulphur bacteria
Chromatium Motile; oval to bean shaped cells 1–3 µm long;

pink in light microscope
Yes Yes In photic zone with hydrogen

sulphide and organic carbon
Magenta patches on “leafy mats”;

mid-lower layers of floating mats
Cyanobacteria
Oscillatoria Olive-green filaments; 5 µm wide; septa every 1 µm

(or less); unsheathed; non-refractory internal gran-
ules; form hormogonia by necrotic cell
development; gliding movement

No Yes Flowing or stagnant oxygenated
to dysoxic water, wide chemi-
cal and thermal tolerance

Abundant in orange–green top-mid
layers of floating mats

Planktothrix Green filaments; 4–5 µm wide; septa every 1.5 µm;
slightly constricted at cross walls; unsheathed;
slightly expanded terminal cells

No No Cool to warm freshwater lakes
and ponds

Top green layer of mats floating in
stream-fed ponds

Anabaena (?) Blue-green filaments; 3 µm wide; septa every �4 µm;
deep constrictions at cross walls; no heterocysts ob-
served in filaments from Flybye Springs

No No Cool to warm freshwater lakes,
ponds, and streams

Top green layer of mats floating in
stream-fed ponds; mud wallow
hoof prints

Note: ISD, intracellular sulphur deposition; ST, sulphide tolerant (after Rippka et al. 1979; Reichenback 1981; Larkin and Strohl 1983; Schlegel and Bowien 1989; Kojima et al. 2003; Wher and
Sheath 2003; Teske and Nelson 2005).

Table 2. Morphological and environmental details of the dominant microbial genera at the Flybye Springs.



aments have cellular compartments that are locally filled by
barite (Fig. 10). Chains of neighbouring cells are in some
places baritized together (Figs. 10A, 10B), but it is also
common to find filaments of Beggiatoa or Thiothrix in
which only one cell, or several adjacent cells, are barite
filled, and surrounding cells appear viable (Figs. 10C–10E).
Barite precipitation is limited to the cell cavity, or cytoplas-
mic chamber, and does not appear to affect septae, nor cell
walls (Figs. 10A, 10B). In no instance was a filament found
that was both filled and coated or permineralized by barite.
Indeed, in many instances barite-filled filaments were found
among completely non-mineralized filaments (e.g., Fig. 10A).

It is difficult to assess the crystal morphology of the cell-
filling barite because it is surrounded by intact cell walls

(Fig. 10E). Detrital, unimodal cylindrical grains composed of
nanometric anhedral barite are locally abundant among desic-
cating Beggiatoa streamers, however, and may represent cell-
filling barite released from degrading filaments (Fig. 10F).

In the sulphide-rich proximal spring flow path, Beggiatoa
and Thiothrix filaments are commonly packed with 1.5 µm
spherical inclusions identifiable as sulphur globules by their
refractory appearance in crossed polar light microscopy and
EDX analysis. Detrital chains of intergrown, subcrystalline
sulphur spheres are released upon cell death (Fig. 11A).
Morphologically analogous chains of intergrown subspherical
barite were also found among desiccating streamer colonies
and are dispersed in Beggiatoa-rich mats in stream-fed ponds
(Figs. 11B, 11C). In some specimens barite spheres are
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Fig. 3. Light microscope and SEM images of microbes from Flybye Springs. (A) Rosettes of Thiothrix. (B) Thiothrix filaments with inter-
nal sulphur globules. (C) Beggiatoa filaments with internal sulphur globules. (D) Ensheathed Thioploca filament bundles. (E) Detail view
of Thioploca bundle with deep sheath constriction points (arrows). (F) Chromatium with internal sulphur globules. (G) Filament of
Oscillatoria with necrotic cells (arrows). (H) Filaments of Oscillatoria (O), with nonrefractory granular inclusions and Beggiatoa (B) with
refractory sulphur globules. (I) Aligned filaments of Oscillatoria (O) and Planktothrix (P). (J) Anabaena (?) (A) filaments and a diatom
(D). (K) Branching fungal hyphae among elemental sulphur rhombs and beads. (L) Detail of Penicillium conidiophores.



aligned along lysed filaments (Figs. 11D, 11E), indicating
that they may have formed intracellularly. A cluster of
Chromatium found on the slide retrieved from the D2 flow
path was found to contain both intracellular sulphur globules
and barium-enriched intracellular inclusions (Fig. 11F).

Discussion

Barite crystal habit varies as a function of the degree of
saturation (Torres et al. 2003), the chemistry, and the viscos-
ity of precipitating solutions (Sasaki and Minato 1982;
Radanovic-Guzvica 1999; Su et al. 2002). The wide array of
barite crystal forms found in fresh precipitates reflects the
physiochemical and biological diversity of the Flybye
Springs flow paths. Barite precipitates through three poten-
tial mechanisms at Flybye Springs: (1) inorganically from
barite supersaturated solutions; (2) by passive biologic medi-
ation, in the presence of living or dead biomass; and (3) by
active biologic mediation, in the presence of fungi and sul-
phur-metabolizing bacteria.

Proximal to the vents, spring water achieves barite
supersaturation via rapid oxidation of H2S to SO4, and

stellate and tabular barite microcrystals form in solution. Be-
yond �5 m of the spring vents and seeps, inorganic barite
nucleation is likely inhibited by a combination of lower bar-
ium concentrations (due to upstream barite precipitation),
decreasing pCO2 (cf. Lindgren 1933; Bolze et al. 1974), the
presence of organic leachates derived from surrounding veg-
etation (cf. Smith et al. 2004), and sequestration of barium
and sulphate in microbial biomass.

The stellate barite crystals found at Flybye Springs are
typical of those precipitated at the air–water interface in
barite-supersaturated solutions (Sermon et al. 2004);
whereas platy barites are more typical of precipitation at
interfaces between oxidized and reduced solutions (Stark et
al. 2004; Wagner et al. 2005). Scalloped crystals (Fig. 5B)
usually form by very rapid precipitation (cf. Stark et al.
2004) and likely formed in more strongly barite-
supersaturated Flybye spring water than the euhedral, tabu-
lar crystals shown in Fig. 5D (cf. Shikazono 1994; Greinert
et al. 2002).

Although composite blocky barite balls form in close con-
tact with microbial cells (Fig. 5F), they are also thought to
form inorganically. They are found only among porous de-
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Fig. 4. Fresh mineral precipitates from Flybye Springs. (A) Mineral encrustation on glass slide retrieved from below spring D2.
(B) Mineral encrustations on rocks and detrital organics proximal to spring D2 (arrows). (C) scanning electron microscopy (SEM) image
of sample collected from image B. (D) Detail backscattered electron SEM image of previous sample showing an algal cyst (a), diatoms
(d), extracellular polysaccharides (eps) and detrital barite (b). (E) Elemental sulphur rhombs (r) and globules (g) trapped in EPS (eps).



bris (most commonly, clumps of caribou hair) in proximal
flow path tributaries at Flybye Springs. Turbulence incited
by such obstacles drives rapid oxidation of spring water
flowing through them and probably facilitates precipitation

of the composite barite balls. Analogous balls of blocky cal-
cite have been described from a hot sulphur spring flow
path, where they are associated with high rates of CO2 de-
gassing (Bonny and Jones 2003).
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Fig. 5. Inorganic barite precipitated from Flybye Springs. (A) Stellate barite microcrystals (arrows) among elemental sulphur globules.
(B) Scalloped platy barite microcrystal (arrow). (C) Tabular barite microcrystals surrounded by extracellular polysaccharides (eps) and
microbial filament. (D) Close view of tabular barite microcrystals. (E) Composite blocky barite ball (arrows) trapped in EPS (eps).
(F) Microbial cells forming casts (arrows) in blocky barite crystal.
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Fig. 6. Barite laminae in floating microbial mats. (A) Backscattered electron SEM image of barite lamina in stream-fed pond mat.
Locations of (C) and (D) shown. (B) Backscattered electron SEM image of barite laminae in vent-fed pond mat (arrows). (C) Upper
boundary of barite lamina from (A) (arrows) showing filamentous cyanobacteria and diatom above, granular barite below. (D) Lower
boundary of barite lamina from (A) (arrows) showing detrital diatom frustules, decaying organics, and sulphur-metabolizing microbes
below and granular barite above. S indicates sulphur inclusions. (E) Sparse barite lamina below leaf cuticle from floating “leafy
mat”— barite spherules in three sizes, small (S), medium (M), large (L). (F) Detail of medium-sized barite spherule from leafy mat
barite lamina. (G) Detail of small barite spherule from leafy mat barite lamina.
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Despite the lack of textural evidence for a microbial influ-
ence on “inorganic” barite precipitation, barite solubility in
the proximal flow paths may be subtly influenced by bacte-
rial metabolism. Biological sulphur oxidation may contrib-

ute to the production of dissolved sulphate for barite precipi-
tation (cf. Senko et al. 2004), and the �4‰ fractionation
between δ34Ssulphide and δ34Ssulphate in the proximal D1 flow
path probably arises from bacterial sulphate reduction (cf.

Fig. 7. Barite coating and encrusting microbial cells. (A) Nanometric barite globules (arrows) concentrated near tip of fungal hypha.
(B) Barite coated and encrusted Thioploca sheath. Locations of (C) and (D) shown. (C) Cross-section of Thioploca filament in B.
(D) Detail of sparsely mineralized part of Thioploca filament showing random arrangement of nanometric barite globule coating.
(E) Two single-celled bacteria (arrows) with cell encompassing globular barite coatings. (F) Backscattered electron SEM image of bar-
ite encrusted Thioploca filaments with casts of sulphate-reducing bacteria (arrows).



Torres et al. 2003; Canfield 2001). Atmospheric oxidation in
the distal flow path produces dissolved sulphate with δ34Ssulphate
values much lower than those measured proximal to the
vents (14.3‰–15.5‰ vs. 17.3‰–19‰), indicating that sul-
phate in the distal flow path is derived by oxidation of bac-
terially reduced sulphur. Sulphate reducing bacteria
counteract atmospheric oxidation of the spring water, pro-
longing dysoxic conditions in the Flybye Springs flow paths
and thus limit inorganic barite precipitation window to the
proximal flow paths. Prolonged dysoxia also extends the en-
vironmental niche favoured by redox boundary sulphur-
oxidizing bacteria.

Biologically mediated barite precipitation takes place
throughout the Flybye Springs flow paths but is most impor-
tant outside the inorganic barite precipitation window. Mi-
crobial mats and biofilms are generally enriched in divalent
cations due to the adsorptive capacity of microbial cells and
EPS (Arp et al. 1999; Schultze-Lam and Beveridge 1994).
Barium enrichment in microbial mats and biofilms growing
in barium-rich solutions is well documented (e.g., Douglas
and Douglas 2001; Tazaki and Watanabe 2004), and second-
ary exposure to dissolved sulphate may induce precipitation
of subhedral barite microcrystals in microbial biomass

(Tazaki et al. 1997; Sanchez-Moral et al. 2004; Glamoclija
et al. 2004). Direct nucleation of barite on microbial sur-
faces has not been documented from a natural setting, how-
ever, nor have microbial mats with discretely baritized
laminae.

The development of barite laminae at Flybye Springs is
attributable to redox stratification in floating mats, which
prevents homogeneous exposure to dissolved sulphate. In
vent-fed ponds, barite laminae form between Beggiatoa and
Oscillatoria layers—a transition that usually spans an oxic–
anoxic boundary (Larkin and Strohl 1983; Jørgensen and
Des Marais 1986). Barite precipitation may also be limited
in the lower levels of floating mats by SRB-established an-
oxia among degrading filaments. The thickness of the
baritized laminae probably corresponds to the thickness of
the redox boundaries in the floating microbial mats, with
barite undersaturated on the lower side because of a lack of
sulphate, and supersaturated in barium-enriched EPS above.

The top layers of floating mats may escape baritization
because of a directional barium source. Evaporative wicking
at the mat surface (cf. Arp et al. 1999), and directional bar-
ium delivery from a vent source below the mats, would fa-
vour upward diffusion of barium. Fixation of this barium by
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Fig. 8. Barite encrusting microbial cells. (A) Thioploca filament with subhedral crystals (2nd layer) on top of anhedral encrustation
(1st layer). (B) Heavily encrusted filament. (C) Detail of surface of encrusted filament in B showing intergrown subhedral platy
crystals. (D) Detrital tunnel-shaped grain with outer layer of detrital barite trapped in EPS (eps).



precipitation at the redox boundary (cf. Torres et al. 2003)
might prevent mineralization of the upper mat layers, allow-
ing upwards microbial growth. The subhedral and anhedral

granular barite microcrystals found in the barite laminae are
similar to laboratory barite precipitated from highly super-
saturated solutions (cf. Bala et al. 2005), which supports the
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Fig. 9. Barite permineralized microbial cell walls (arrows). (A) Side view of permineralized filament with diameter corresponding to
Beggiatoa or Oscillatoria. (B) Cross-section of permineralized filament. (C) Detail of surface of permineralized cell with diameter
corresponding to Thiothrix. (D) End of filament showing encrusting barite (e), permineralized cell wall (p), and infilling precipitates
(f). Location of (E) is shown. (E) Detail of filament in (D) showing distinction between permineralizing barite globules (p) and
encrusting platy crystals (e). (F) Three-layered detrital grain.



idea that the redox boundary is an efficient barium
immobilizer. As mat growth proceeds upwards, vertical mi-

gration of the redox boundary might generate the stacked
barite laminae found in some mats.
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Fig. 10. Barite filled microbial cells. (A) Barite filled Beggiatoa filament (arrows) among non-mineralized filaments. (B) Backscattered
electron SEM image of barite filled cells in Beggiatoa and Thioploca filaments; note that cell walls and septae are not mineralized
(arrows). (C) Crossed polar light microscope image of Thiothrix filaments with isolated groups of barite filled cells (arrows).
(D) Two barite filled cells in Thiothrix filament (arrows). (E) Chain of barite filled cells embedded in EPS (arrows indicate septal
breaks). (F) Unimodal microcrystalline detrital grains which may represent barite released from degrading filaments (arrows).



The arrangement of barite spherulites in “leafy mats” may
likewise be determined by a local redox boundary between
anoxia in degrading leaf tissue and oxygenated fluids across
the outer, waxy cuticle. The leaf-associated spherulites are

similar in size and morphology to barite spherulites experi-
mentally precipitated in solutions rich in fulvic acid by
Smith et al. (2004). Humic acids, including fulvic acid, in-
hibit barite nucleation and crystal growth (Smith et al. 2004)
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Fig. 11. Bacteriogenic sulphur and barite globules. (A) Detrital elemental sulphur chains (arrows). (B, C) Detrital barite spheres in sec-
ondary electron and backscattered electron SEM images (arrows). (D, E) Detrital barite spheres aligned along a lysed filament in sec-
ondary electron and backscattered electron SEM images (arrows). (F) Backscattered electron SEM image of Chromatium cells with
elemental sulphur (S) and barium-enriched inclusions (Ba).



and may be responsible for the morphological distinction be-
tween the leaf-associated and other mat-bound barite
laminae at Flybye Springs. Ultimately, the barite laminae
formed as a result of barium enrichment in microbial bio-
mass. In this regard, the laminae may be considered biologi-
cally mediated (cf. Braithewaite and Whitton 1987), but
degrading leaves are equally able to induce barite precipita-
tion as microbes. True microbial biomineralization at the
Flybye Springs occurs in direct contact with microbial cells.

Microbial surfaces are generally negatively charged due to
the presence of carboxyl and phosphoryl groups in the outer
cell membrane (gram-negative bacteria), peptidoglycan layer
(gram-positive bacteria), or EPS sheaths (Schultze-Lam and
Beveridge 1994; Fortin et al. 1998). Binding of cations to
these sites promotes the binding of counterions and can thus
facilitate mineral precipitation. In this scenario,
biomineralization takes place passively, as a result of the
chemical properties of the external cell surface (cf. Lead-
beater and Riding 1986). Passive biomineralization has been
invoked to explain the formation of microbial molds or tubes
in silica (Konhauser et al. 2003), calcite (Merz-Preiß 2000),
zinc and arsenic sulphides (Douglas and Douglas 2001;
Jackson et al. 2001), and iron oxides (Fortin et al. 1998), but
has never before been reported in barite.

At Flybye Springs, primary barite coatings and secondary
encrustations are common on and around various microbial
genera. Concentration of barium on cell and sheath surfaces
would lower the activation energy for barite in close proxim-
ity to microbial cells exposed to sulphate. In dysoxic Flybye
spring water, sulphate sourced from atmospheric and micro-
bial sulphur oxidation could react with adsorbed barium to
precipitate barite globules on microbial cells. Barium ad-
sorbed to the EPS sheaths of Thioploca would have less op-
portunity to interact with dissolved sulphate because of the
anoxia that prevails in the methane-rich, vent-fed bottom
waters of the ponds that Thioploca inhabits. Hydrated meth-
ane has been reported to decrease barite solubility, however,
so vent-sourced methane may actually promote barite pre-
cipitation on Thioploca sheaths exposed to even trace
amounts of sulphate (cf. Tomson et al. 2003).

Localization of barite globules around hyphal tips sug-
gests that distinct processes control barite solubility around
fungi. Fungi have a subcrystalline protein latticework, called
chitin, imbedded among polysaccharides in their outer cell
wall. Chitin contains a variety of anionic subgroups, includ-
ing phosphate, carboxyl, and sulphydryl groups, but does not
readily bind divalent cations and resists mineralization
(Gadd 1993). Mineral precipitation on fungal hyphae thus
takes place either around degrading cells or as a by-product
of energy-dependent cellular processes related to detoxifica-
tion (Gadd 1993).

Fungi growing in barium-rich solutions employ several
mechanisms to avoid barium toxicity, including sequestering
barium ions into inert precipitates, preventing barium uptake
by secreting chelating enzymes, and actively flushing bar-
ium ions from the cell after accumulating them in cytoplas-
mic vacuoles (Aruguete et al. 1998; Mukherjee et al. 2001;
Weber 2002; Steiman et al. 2004). Both secretion of chelat-
ing enzymes and flushing of metal-enriched vacuoles take
place at the apex of fungal hyphae (Gadd 1993; Weber 2002)
and could produce a barium-enriched microenvironment

around hyphal tips that would favour barite precipitation in
sulphate-bearing solutions.

Fungi growing in sulphide-rich solutions also battle sul-
phide toxicity, and many detoxify by carrying out non-
metabolic sulphur oxidation (Natorff et al. 2003). In this
process, sulphur is oxidized intracellularly, and sulphate ions
are complexed with the enzyme sinigrin, which is expelled
to release sulphate extracellularly (Sakorn et al. 2002).
When hyphae are grown on barium-enriched agar, this pro-
cess induces rapid precipitation of barite around sulphur-
oxidizing cells (Sakorn et al. 2002). Reaction of barium dis-
solved in spring water with fungally sourced sulphate could
also drive precipitation of barite globules around fungal tips
in the Flybye Springs flow path.

Irrespective of the detoxification process involved,
Penicillium can be considered to be actively biomineralizing
at the Flybye Springs, precipitating barite as a by-product of
physiological processes (cf. Leadbeater and Riding 1986).
Precipitates nucleated against microbial substrates are gener-
ally small, hydrated, and amorphous (Douglas and Douglas
2001), but can act as substrates for the growth of secondary
crystalline phases. Gonzalez-Munoz et al. (2003) induced
barite precipitation around bacteria (Myxococcus xanthus)
growing in barium-enriched agar, and observed a progres-
sion from spherical to rhombic barite precipitation, similar
to the crystallographic change from globular coatings to
crystalline barite encrustations. It can be suggested that once
the nucleation threshold is crossed by formation of barite
globules on microbial surfaces at Flybye Springs, barium
and sulphate are able to diffuse towards the globule surface
from the spring water, allowing growth of secondary barite
encrustations.

Barite permineralization of cell walls requires that barium
and sulphate ions diffuse through the outer cell surface.
Permineralization was observed only in filaments of
Thiothrix, Beggiatoa, and Oscillatoria. These are all redox
interface organisms (Jørgensen and Des Marais 1986; Nel-
son 1987; Garcia-Pichel and Castenholz 1990) found near
oxic–anoxic interfaces, where sulphate is not expected to
limit barite saturation; once again, barite precipitation re-
quires concentration of barium, this time within the outer
cell layer. The fact that members of these genera are
permineralized, rather than simply coated, may arise from
the distinct properties of their outer cellular surfaces.

Neither Oscillatoria nor Beggiatoa form EPS sheaths, and
sheath formation in Thiothrix is inconsistent and probably
environmentally determined (Reichenback 1981). No
sheathed Thiothrix filaments were found in samples from
Flybye Springs.

This lack of an EPS sheath may be important to facilitat-
ing permineralization as it allows barium ions to diffuse un-
impeded towards the external cell surface (cf. Oehler and
Schopf 1971). Binding of barium in EPS may, in fact, pre-
vent permineralization of Thioploca sheathed filaments, de-
spite their morphological similarity to Beggiatoa and
Oscillatoria.

Beggiatoa, Thioploca, and Oscillatoria have similar multi-
layered cell walls, in which only the inner layers (cytoplas-
mic membrane and murein layers) participate in septation,
and outer layers are continuous along the length of the fila-
ments (Larkin and Strohl 1983; Teske and Nelson 2005).
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The outer layers of all three genera include an outer mem-
brane, a peptidoglycan wall, a gram-negative cell envelope,
and, in some species, subcrystalline fibrillar arrays of pro-
teins, which may facilitate cation adsorption to the outer cell
surface (Larkin and Strohl 1983; Adams et al. 1999).
Beggiatoa and Oscillatoria also have similar perforations
through their peptidoglycan walls, which are arranged near
septal cross-walls in both microbial groups (Palinska and
Krumbein 2000). The cellular structure of Thiothrix is not as
well documented but is generally considered to be simpler,
composed of an inner cytoplasmic membrane, a
peptidoglycan cell wall, and an outer cellular envelope
(Larkin and Strohl 1983; Teske and Nelson 2005).

Silica permineralized microfossils are common in the geo-
logic record and are thought to form by nucleation of silicic
acid on reactive carboxyl, hydroxyl, and phosphoryl groups
within the permineralizing “organic template” (Westall
1999; Konhauser et al. 2003). Subsequent polymerization of
silica then preserves the organic structure. A similar mecha-
nism is proposed here for permineralization by barite
wherein barium cations are adsorbed to reactive groups in
the organic template and subsequently complex with dis-
solved sulphate to form barite globules that preserve the or-
ganic structure. In thick-walled filaments of Beggiatoa and
Oscillatoria, the peptidoglycan layer perforations may be
important to the permineralization process. These structures
are thought to function as transport pathways between the
cytoplasm and external solutions (Palinska and Krumbein
2000) and may facilitate barium diffusion into thick, multi-
layered cell walls at Flybye Springs.

Barite precipitation inside cellular cavities requires trans-
port of barium through cell walls. Intracellular barite precip-
itation at Flybye Springs takes place in Beggiatoa and
Thiothrix filaments that are commonly surrounded by com-
pletely nonmineralized cells of the same and other genera.
Clearly, intracellular barite precipitation takes place where
barite supersaturation is achieved inside, rather than around,
microbial cells.

Barium enrichment in cytoplasmic fluids has been re-
ported for various microbial groups, including fungi
(Cormack et al. 1975; Grupe and Herrmann 1988), green al-
gae (Mann and Fyfe 1984; Ganeshram et al. 2003), and dia-
toms (Vinogradova and Koval’skiy 1962). Above a certain
concentration, however, barium bioaccumulators approach a
toxicity threshold (Baldi et al. 1996) and must actively rid
themselves of barium, sequester barium in an inert form,
block further transport of barium into their cells, or die
(Aruguete et al. 1998).

In the Flybye spring waters microbes are exposed to bar-
ium concentrations up to 12 ppm (this paper, Table 1), which
are well above seawater and continental freshwater norms of
5 and 54 ppb (Bolze et al. 1974). Barium toxicity may be a
plausible explanation for intracellular barite precipitation in
Beggiatoa and Thiothrix at the Flybye Springs, as a cellular
mechanism to combat metal toxicity has not been docu-
mented for either genera.

If cytoplasmic barium concentrations achieved toxic levels
and induced the death of single cells, or groups of cells
along a filament, they would cease osmoregulation and dis-
solved sulphate might be able to diffuse across the cellular
membranes, producing barite supersaturated conditions in-

side the cell. If there were ambient sulphate and high barium
concentrations in fluids surrounding the microbes, however,
it is a mystery as to why their cell walls were not
permineralized, coated, or encrusted. One explanation might
be that the sulphate was sourced within the boundary of the
cell wall—perhaps from oxidizing sulphur globules. An
intracellular sulphate source would also explain why
Oscillatoria, which is morphologically similar to Thiothrix
and Beggiatoa but does not accumulate intracellular sulphur
granules, does not experience intracellular barite precipita-
tion at Flybye Springs.

Filaments of Beggiatoa, Thiothrix, and Chromatium
throughout the Flybye spring flow paths and ponds contain
numerous intracellular sulphur globules. The composition of
bacteriogenic sulphur globules varies between microbial
genera, and within single genera, growing in distinct
physiochemical environments. Pasteris et al. (2001) found
inclusions in marine Beggiatoa strains that are composed of
relatively pure fine-grained, microcrystalline sulphur in a
protein envelope; but in most cases, sulphur inclusions have
lower density than crystalline elemental sulphur (Mas and
van Gemerden 1987). In filamentous sulphur-oxidizing bac-
teria, sulphur globules are commonly composed of
metastable fluid polythionates (Steudel 1989;
Pattaragulwanit et al. 1998), whereas sulphur globules in
anoxygenic phototrophs are dominated by sulphur chains
(Prange et al. 2002).

Oxidation of any composition of sulphur globules to sul-
phate in a barium-enriched cytoplasmic chamber could initi-
ate rapid precipitation of barite in the cellular cavity.
Oxidation of intracellular sulphur globules has been reported
to occur spontaneously upon cell death (Brigmon et al.
1994). It is more common, however, for sulphur globules to
crystallize as elemental sulphur (Steudel 1987). Cells with
densely packed sulphur inclusions may, in fact, be
“permineralized” by elemental sulphur crystals that breach
globule-restraining membranes soon after cell death (Ohno
and Tazaki 2000). Oxidation of permineralizing sulphur in a
barium-enriched cytoplasmic chamber exposed to oxygen-
rich fluids by degradation of the cell wall could provide a
means to baritize the intracellular cavity wholesale, as is
found in many of the Beggiatoa and Thiothrix filaments at
Flybye Springs (Fig. 10).

Apparent baritization of sulphur globules (Fig. 11) is
more difficult to explain. Sulphur globules in Thiothrix and
Beggiatoa are located inside the outer cell wall, but are re-
stricted to invaginations of the cytoplasmic membrane and
further surrounded by a “sulphur-inclusion envelope”; they
do not come into contact with cytoplasmic fluids (Larkin
and Strohl 1983; Nelson 1987; Larkin and Henk 1996). Sul-
phur globules in Chromatium are dispersed in the cytoplasm
but surrounded by extracytoplasmic vesicular membranes
that prevent contact between the contents of the sulphur
globule and the cytoplasm (Pattaragulwanit et al. 1998;
Reinartz et al. 1998). Precipitation of barite within the glob-
ule-restraining membrane thus necessitates barium diffusion
from the cytoplasm into the sulphur globule. This might take
place if the cell were approaching a barium toxicity thresh-
old and lost its ability to regulate transport of ions across the
cytoplasmic membrane. Alternately, the sulphur globules
themselves may have become barium enriched.
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Some sulphur globules have been found to incorporate or-
ganic molecules (Mas and van Gemerden 1987) and up to
5% iron, calcium, silica, aluminum, and magnesium
(Douglas and Douglas 2000). Anionic groups in the sulphur
globules or their restraining membranes render them hydro-
philic (Steudel 1989), and trace element enrichments may be
explained by adsorption of cations to these charged sites.
Barium could potentially be adsorbed likewise, and oxida-
tion of barium-enriched sulphur globules might initiate bar-
ite precipitation in the sulphur globule restraining membrane
without supplying sulphate to the cytoplasm. This process
could take place upon cell death and desiccation, but the
barium-enriched inclusions found in Chromatium (Fig. 11F)
suggest that sulphur globules can become barium enriched
(or baritized) in viable cells.

Metabolic oxidation of sulphur globules to sulphate is car-
ried out by Chromatium, as well as select species of fresh-
water Thiothrix and Beggiatoa (Nelson 1989; Patritskaya et
al. 2001). Complete oxidation of sulphate generally only
takes place, however, in stressed environmental conditions;
for example, in light-restricted Chromatium colonies
(Overmann and Pfennig 1992) or among bundles of sulphur-
oxidizing bacteria stranded in low-sulphide waters (Nelson
1989). In Chromatium, sulphur oxidation sites are located
inside the extracytoplasmic membranes that surround sul-
phur globules and could produce sulphate for barite precipi-
tation in situ (Pattaragulwanit et al. 1998). Sulphur oxidation
in Beggiatoa and Thiothrix is also thought to be mediated by
membrane bound-enzymes, though the process is not well
understood (Reinartz et al. 1998; Patritskaya et al. 2001). It
is interesting to speculate that, in addition to low sulphide
concentrations in desiccating tributaries and in aerated
splash zones, stresses associated with barium toxicity might
prompt microbes to oxidize their sulphur globules—with un-
expected results.

Both cellular cavity-filling barite precipitation and
baritization of sulphur globules are ultimately thought to
arise as a result of intracellular sulphur storage and (or) bar-
ium bioaccumulation and can thus be considered end-
products of active biomineralization (cf. Leadbeater and
Riding 1986).

Though both passive and active biomineralization have been
reported from diverse mineralogies (Knoll 1985; Westall 1999;
Riding and Awramik 2000; Jackson et al. 2001), microfossil-
generating biomineralization in barite has not been docu-
mented prior to this study. Passive barite biomineralization
at the Flybye Springs is dependent upon microbial barium
concentration via adsorption to cell surfaces and exudates.
Active biomineralization proceeds by physiological media-
tion of barite saturation gradients around and inside micro-
bial cells. Microbial taphonomy in carbonate, silica, and iron
oxides has been found to be texturally sensitive to differ-
ences in cellular structure, metabolism, and ambient chemis-
try (e.g., Walter and Des Marais 1993; Arp et al. 1999),
which has important implications for their interpretative po-
tential in the geologic record. Generally, microfossils have
more textural variability in minerals that can precipitate by
both active and passive biomineralization (e.g., calcium car-
bonate precipitated actively via photosynthetic CO2 with-
drawal or passively by calcium adsorption to cell surfaces
and exudates); thus, they provide the most insight into the

physiochemical conditions of their environment of formation
(Arp et al. 2001; Kaufman and Xiao 2003; Shen et al. 2001).

Active and passive biomineralization processes are associ-
ated with distinct microbial genera at the Flybye Springs
(with some overlap) and generate texturally specific detrital
barite microfossils. Barite laminae, tunnels, multi-layered
cylinders, intracellular casts, and sulphur-globule-mimicking
grains all bear textural details that are determined in part by
the ecology, morphology, cellular structure, and metabolism
of the microbes involved in their formation. Such
microfossils would have high interpretative potential if pre-
served in the geologic record.

Barite is highly insoluble and stable through diagenesis if it
is sequestered from anoxic solutions (Jewell 2000; Karnachuk
et al. 2002) and commonly forms in microbially colonized
environments (Carroue 1996; Burhan et al. 2002; Torres et
al. 2003; Lu et al. 2004). Indeed, some of the Earth’s earliest
putative stromatolites formed in barite precipitating environ-
ments (Buick et al. 1981; Shen et al. 2001; Kiyokawa et al.
2006). The biomineralization processes taking place at the
Flybye Springs offer a rare glimpse into how some of
Earth’s earliest organisms may have interacted with their
geochemical environment and the kinds of microfossil evi-
dence they might have left behind.

Microfossil-generating biomineralization at Flybye
Springs takes place where spontaneous inorganic barite pre-
cipitation is no longer favoured by spring water
physiochemistry. Practically speaking, these microfossils
represent fixation of barium from spring water that is ulti-
mately destined for dispersal in the watershed surrounding
Flybye Springs. Barium is highly toxic to many plants and
animals and creates environmental problems when it leaches
into groundwater (Baldi et al. 1996). Barium
bioaccumulating fungi have been applied in bioremediation
of barium-rich petroleum waste products (Dominguez-
Rosado et al. 2004), and barite biomineralizing bacteria
might be equally suited to bioremediation technologies. Ra-
dioactive barite scale and sludge generated by the hydrocar-
bon industry are relatively inert under oxic conditions but
can be remobilized if they are exposed to anoxic solutions or
sulphate reducing bacteria after disposal (Desideri et al.
2006). Dysoxic niche-occupying barite biomineralizing mi-
crobes, like those found at Flybye Springs, may be well
suited to controlling barium leachates generated at redox
boundaries.

Conclusions

The Flybye spring water emerges rich in sulphide and bar-
ium, precipitates elemental sulphur and barite, and supports
a rich community of sulphur-tolerant and sulphur-
metabolizing microbes. Proximal to the spring vents, barite
microcrystals precipitate inorganically from barite supersatu-
rated spring water. In distal tributaries and vent- and stream-
fed ponds, barite precipitates in direct association with mi-
crobes.

Adsorption of barium to negatively charged molecules in
microbial cell walls, sheaths, and EPS is considered impor-
tant to establishing localized barite supersaturation and pro-
duces the following passively biomediated and
biomineralized precipitates:
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(1) Microcrystalline barite laminae at microbially mediated
oxic–anoxic boundaries in floating microbial mats.

(2) Nanometric coatings and micrometric encrustations of
barite on diverse microbial cells, which generate tunnel-
shaped microfossils.

(3) Barite permineralized outer cell layers in Beggiatoa,
Thiothrix, and Oscillatoria, which can be encrusted and
filled by secondary precipitates to form three-layered
microfossils.

Intracellular barium-enrichment and (or) physiologic sul-
phur oxidation may be important to the formation of actively
biomineralized precipitates, including the following:
(1) Nanometric barite globules near the tips of fungal

hyphae.
(2) Barite impregnated cellular cavities in non-

permineralized Beggiatoa and Thiothrix filaments.
(3) Baritized sulphur globules produced in and released

from Chromatium, Beggiatoa, and Thiothrix.
The variability in biomineralization at Flybye Springs

stems from differences in the chemical microenvironment
where barite precipitation takes place and differences in cellu-
lar structure and metabolic strategy among microbial genera.
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