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ABSTRACT

Microbialites were discovered in an open pit pond at an abandoned asbestos mine near Clinton Creek, Yukon,

Canada. These microbialites are extremely young and presumably began forming soon after the mine closed in

1978. Detailed characterization of the periphyton and microbialites using light and scanning electron microscopy

was coupled with mineralogical and isotopic analyses to investigate the mechanisms by which these microbialites

formed. The microbialites are columnar in form (cm scale), have an internal spherulitic fabric (mm scale), and are

mostly made of aragonite, which is supersaturated in the subsaline pond water. Initial precipitation is seen as

acicular aragonite crystals nucleating onto microbial biomass and detrital particles. Continued precipitation

entombs benthic diatoms (e.g. Brachysira vitrea), filamentous algae (e.g. Oedogonium sp.), dinoflagellates, and

cyanobacteria. The presence of phototrophs at spherulite centers strongly suggests that these microbes play an

important initial role in aragonite precipitation. Substantial growth of individual spherulites occurs abiotically

through periodic precipitation of aragonite that forms concentric laminations around spherulite centers while

pauses in spherulite growth allow for colonization by microbes. Aragonite associated with biomass

(d13C = )4.6& VPDB) showed a 13C-enrichment of 0.8& relative to aragonite exhibiting no biomass

(d13C = )5.4& VPDB), which suggests a modest removal of isotopically light dissolved inorganic carbon by

phototrophs. The combination of a low sedimentation rate, high calcification rate, and low microbial growth rate

appears to result in the formation of these microbialites. The formation of microbialites at an historic mine site

demonstrates that an anthropogenically constructed environment can foster microbial carbonate formation.
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INTRODUCTION

Microbialites are defined as lithified organo-sedimentary

structures in which microbes are involved in trapping, bind-

ing, and ⁄ or precipitation of sediments (Burne & Moore,

1987; Winsborough & Golubic, 1987). However, establish-

ing the possible roles of microbes in microbialite formation

remains challenging, particularly in ancient microbialites that

lack well-preserved microfossils (Grotzinger & Rothman,

1996; Grotzinger & Knoll, 1999). Microbialites are consid-

ered to be an important marker for early life on Earth and a

principal feature of carbonate environments during the

Archean and Proterozoic (Burne & Moore, 1987; Grotzinger

& Knoll, 1999; Riding, 2000). Widely cited are stromatolites

(Greek stromat, to spread out, Latin stroma, bed covering;

Greek lithos, stone), which are microbialites exhibiting an

internal laminated fabric, and thrombolites (Greek: thrombos,

clot; lithos, stone) that have an internal mesoscopic fabric

consisting of millimeter- to centimeter-scale mesoclots

(Kennard & James, 1986; Riding, 2000). Modern freshwater

microbialites include those found in Kelly Lake (Ferris et al.,

1997) and Pavilion Lake, BC, Canada (Brady et al., 2009).

The physical, geochemical, and biological processes that lead

to microbialite formation are intrinsically preserved within the

microbialites themselves, which provide clues to their origins.

Therefore, understanding the relationship between the physi-
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cal and chemical factors as well as the role that microbes play

in forming these structures in modern environments is neces-

sary to help understand the processes that led to their forma-

tion in the geological past.

Modern carbonate microbialites were discovered in a

flooded open pit at an abandoned asbestos mine near Clinton

Creek, Yukon, Canada. These microbialites presumably began

forming soon after the mine closed in 1978. The time

required for the formation of these microbialites in a pit, exca-

vated by the mining company, is akin to a long-term experi-

ment (e.g. Land, 1998). In this sense, the site provides a

valuable opportunity to study microbialite formation in an

anthropogenically constructed environment with a known

time of formation (1978 to the time of sampling in 2007). In

regards to microbialites at mine sites, iron-rich stromatolites

have been discovered at acid mine drainage sites, which has

relevance for understanding the development of iron forma-

tions during the Precambrian and has implications for remedi-

ation of acid mine drainage (Leblanc et al., 1996; Brake et al.,

2002; Fang et al., 2007). The Clinton Creek microbialites are

the first to be described at an ultramafic mine site and enhance

our understanding of processes that lead to the precipitation

of secondary carbonate minerals at mines and intuitively, on

early Earth when weathering of ultramafic material was more

common. In this study, a detailed microscopic examination of

the microbialites is coupled with field observations and miner-

alogical and isotopic analyses to elucidate the processes that

lead to microbialite formation in this environment.

METHODS

Site description and sampling procedures

The abandoned Clinton Creek asbestos mine is located

77 km northwest of Dawson City, Yukon, Canada (Fig. 1A).

The asbestos deposit lies on the Klondike Plateau along a

northeast trending ridge and occurs approximately 155 m

above the Clinton Creek valley. The ultramafic bedrock

consists of serpentinite and harzburgite, lherzolite, dunite

and pyroxenite, which have almost entirely been serpentinized

to form chrysotile and antigorite (Htoon, 1979). The mine

produced chrysotile asbestos for 11 years with an average

waste-to-ore ratio of 5.5:1 prior to being closed in 1978

(Htoon, 1979). Of specific interest to this study is the

Porcupine open pit that is located at 64�26¢42¢¢N and

140�43¢25¢¢W with an elevation of 387 m above sea level

(Fig. 1B).

The region is characterized by a subarctic climate with

discontinuous permafrost (Htoon, 1979). The mean annual

temperature for this region is )4.4 �C with the coldest and

warmest months being January ()26.7 �C) and July

(15.6 �C), respectively. The yearly mean precipitation is

A B

Fig. 1 Location of the Clinton Creek site (A) and an aerial photograph (B) showing the Porcupine open pit (P) and tailings pile (T) separated by Clinton Creek (arrow)

(Courtesy of Natural Resources Canada: National Air Photo Library).
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324 mm, which includes on average 200 mm of rainfall and

160 cm of snowfall. These data come from the Dawson City

weather station (Environment Canada).

In August 2007, the water level in the Porcupine open pit

was at least 1 m lower than had been seen in previous years

(Summer 2004 and 2005), which allowed for the discovery of

approximately 20 microbialites along the periphery of the

pond (Fig. 2A,B). Two microbialites were collected for this

study: one exhibited a single column, whereas the other had

two columns coming from a single base. The microbialites

were collected by gently breaking them off from the under-

lying substrate and placing them into sterile plastic bags.

Additional samples of periphyton were scraped off submerged

rock surfaces using an ethanol-rinsed (70% v ⁄ v) spatula and

placed into sterile 50-mL plastic vials with natural pond water.

Subsamples were fixed at the field site in �2% glutaraldehyde

with natural water in sterile 5-mL plastic vials. Dilute HCl

(10%) was used for fizz tests in the field to determine the pres-

ence of carbonate minerals by adding it drop-wise onto wet

periphyton and other materials that were discarded after test-

ing. Water samples were filtered through 0.45-lm filters into

sterile 125-mL polyethylene bottles. In addition, filtered

pond water was dispensed into TraceClean� 40 mL amber

borosilicate vials with 0.125¢¢ septum liners for stable isotope

analysis of the dissolved inorganic carbon (DIC). For cation

analysis, samples were acidified in the field using concentrated

nitric acid to pH�2. The pH of the pond water was measured

using a HACH sension156 portable multiparameter meter

and alkalinity was determined by titration with 0.1 N HCl in

the field (Lahav et al., 2001). All samples for laboratory analy-

ses were stored at 4 �C until being processed.

Water chemistry

Cations and anions were analyzed using a Perkin-Elmer

Optima 3300 DV inductively coupled plasma – atomic emis-

sion spectrometer (ICP–AES) and Dionex IC-3000 ion chro-

matograph (IC), respectively. All blanks of deionized water

were below detection limits for both cations and anions.

Charge balances and saturation indices (SIs) were determined

using PHREEQC (Parkhurst & Appelo, 1999). The stable

carbon-isotopic composition of the pond water DIC (n = 1)

was determined at the Pacific Centre for Isotopic and

Geochemical Research in the Department of Earth and Ocean

Sciences; detailed methods are provided by Power et al. (2009).

Microscopy

Periphyton was examined to characterize the microbes that

were present in the pond and that might become entombed in

the microbialites during calcification. Differential interference

contrast microscopy with a Zeiss Imager.Z1 microscope

equipped with an AxioCam digital camera was used for imag-

ing the periphyton. Polished petrographic thin sections (five

vertical and six horizontal sections) of the microbialites were

viewed using a Nikon Eclipse LV100POL reflected-light

microscope with UV-fluorescence and imaged using a Nikon

Digital Sight DS-Ri1 camera.

Microbial samples (periphyton and microbialites) were pre-

pared for scanning electron microscopy (SEM). Periphyton,

fixed in �2% glutaraldehyde in natural water, was immobi-

lized onto 0.4-lm filters and dehydrated through a tradi-

tional ethanol series (25%, 50%, 75%, and 100% · 3). The

samples were then critical point dried in a Samdri-PVT-3B

(Tousimis Research Corporation) and placed onto aluminum

stubs using 12-mm carbon adhesive tabs (EM Science).

Portions (cm scale) of microbialite with an outer surface were

also dehydrated and critical point dried. In addition, petro-

graphic thin sections were acid-etched by immersing slides in

0.5–1% HCl for 2–4 min and then immersing the slide in

�2% glutaraldehyde solution made with filtered (0.45 lm)

deionized water for 20 min. Slides were then dehydrated and

critical point dried to preserve exposed biomass. The acid

treatment provided greater exposure of microbial remnants

BA

Fig. 2 (A) Porcupine open pit pond with the

August 2004 water level labeled. (B) Photographs

of the microbialites along the periphery of the pond

with a marker for scale.
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and detrital particles in comparison to non-treated petro-

graphic slides.

All samples for SEM were platinum coated using a Denton

Vacuum Desk II sputter coater to reduce charging. A LEO

(Zeiss) 1540 XB field emission gun – scanning electron

microscope (FEG-SEM) was operated at 1.0 kV to produce

high-resolution images and from 10 to 20 kV to examine

samples using a quadrant-backscattered electron detector for

better contrast. An Oxford Instruments’ INCAx-sight energy

dispersive spectrophotometer (EDS) was utilized for elemen-

tal analysis at an operating voltage between 10 and 20 kV.

X-ray powder diffraction

Mineral phases of the periphyton and microbialite were identi-

fied with X-ray powder diffraction (XRPD). Finely ground

aliquots of sample were mounted as slurries onto petrographic

slides with anhydrous ethanol and allowed to dry at room

temperature. XRPD data were collected on a Siemens

(Bruker) D5000 h–2h diffractometer equipped using a VÅN-

TEC-1 detector. A long, fine-focus Co X-ray tube was oper-

ated at 35 kV and 40 mA. Data for mineral identification

were collected with a step size of 0.04� 2h and counting time

of 1 s per step over a range of 3–80� 2h. Mineral phases were

identified with reference to the ICDD PDF 4+ 2008 database

using the program DIFFRAC
plus

EVA 13 (Bruker AXS, 2007).

In order to distinguish between vermiculite and smectite

minerals, smear-mounted specimens were solvated in glycerol

at 60 �C for 24 h according to the method of Moore &

Reynolds (1997). Following solvation, both vermiculite and a

smectite mineral were identifiable from the pattern of the

periphyton sample. The very small peak, tentatively identified

as the vermiculite (001) reflection, in the pattern for the

microbialite sample was no longer detectable after glycerol

solvation. However, no peaks identifiable as belonging to a

smectite mineral appeared, which prevented more conclusive

identification of this phase.

Isotope analyses of microbialite and periphyton

Rather than using bulk samples, a micromill was employed to

subsample a microbialite slab (�3 · 2 cm; cut horizontally)

in areas ranging from approximately 1.0 to 2.5 mm2. In a

comparative study, micromilling was considered the preferred

method for obtaining highly spatially resolved isotope data of

high analytical precision (Spötl & Mattey, 2006). A horizon-

tally cut slab, rather than a vertically cut slab, was sampled

because it limits temporal variability given that microbialite

growth is predominantly vertical. Microbialite sampling

focused on areas containing microbial biomass, observed as

darker areas, and areas that lacked biomass, observed as opaque

milky white areas. A digital camera was used to photograph

sampling locations before and after milling each area. Discreet

sampling using the micromill provided sufficient material for

each sample to be analyzed once. Approximately 40–60 lg of

sample was reacted with excess H3PO4 under vacuum at

90 �C for 25 min, using a Micromass MultiPrep autosampling

device at the Laboratory for Stable Isotope Science at the Uni-

versity of Western Ontario; detailed methods are described by

Metcalfe et al. (2009). Stable isotope results are presented in

standard delta (d) notation relative to Vienna Standard Mean

Ocean Water (VSMOW, oxygen) and Vienna PeeDee Belem-

nite (VPDB, carbon). The external precision (1r deviation)

for isotopic analyses is <0.2& for d18O and <0.1& for d13C,

as estimated from the repeated analysis of NBS-19, NBS-18,

Suprapur, and a laboratory standard. In addition, samples of

wet periphyton (n = 5) were immobilized onto 0.45-lm

filters, rinsed three times with deionized water, and air-dried

at room temperature prior to being gently ground in a mortar

and pestle. The periphyton was analyzed in the same manner

as the microbialite samples to determine the isotopic composi-

tion of the carbonate minerals in the periphyton.

Samples of periphyton (n = 3) were analyzed for their

organic carbon isotope compositions. Samples were dried at

60 �C for 1 day prior to being ground using a mortar and

pestle. Aliquots (250 mg) of ground sample were treated with

10 mL of 1.0 N HCl in 15-mL glass vials at 60 �C for 1 h to

remove carbonate in the periphyton. Samples were filtered

using Whatman glass microfiber filters GF ⁄ C (1.2 lm), rinsed

three times with deionized water, and dried at room tempera-

ture. A Costech Instruments’ elemental combustion system

connected to a Thermo Finnigan Delta Plus XL was used to

determine the carbon isotope composition relative to VPDB.

An analytical precision of ±0.1& (1r deviation) for d13C

is estimated from repeated analyses of keratin ()24.0&),

ANU-sucrose ()10.5&), and NBS-22 ()30.0&).

RESULTS

Water chemistry

The Porcupine open pit is a subsaline (�2.7 g L)1), oligo-

trophic pond with an area of �0.024 km2. The pond has

neither fluvial inflows nor outflows and is therefore susceptible

to evaporation in this relatively dry climate. The pond’s depth

was not measured, but given the water clarity, it is likely that

the photic zone occupies most of the pond. Water levels vary

substantially from year to year and probably depend on the

season as seen by several, higher water lines around the pit.

Furthermore, mats of asbestos fibers with the consistency of

poor quality paper were observed draping over rock surfaces.

These formed from fibers settling out of the water column,

being trapped in periphyton, and drying onto rock surfaces as

water levels declined.

Table 1 contains water chemistry data for the pond water,

which has an average pH of 8.4 and total alkalinity of 217 mg

HCO3
) L)1. Cation concentrations are Mg2+ >> Ca2+ >>

Na+ > K+ > Si4+, whereas those of anions are SO4
2) >>
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DIC > Cl). The stable carbon-isotopic composition (d13C) of

the DIC is )7.8& VPDB. In regards to carbonate minerals,

the pond is supersaturated with respect to aragonite [CaCO3],

calcite [CaCO3], dolomite [CaMg(CO3)2], and magnesite

[MgCO3] with mean SIs of 0.60, 0.74, 3.36, and 0.91,

respectively.

Periphyton characterization

Periphyton covering the bottom of the pond appeared grayish

green in color and on one occasion was seen covered with

small oxygen bubbles produced by benthic cyanobacteria and

algae. Microscopic examination of the periphyton revealed

that it included cyanobacteria (e.g. Oscillatoria sp.), filamen-

tous algae (e.g. Oedogonium sp.), diatoms, heterotrophic

bacteria, and detritus (Fig. 3A). Diatom species that were

identified in the periphyton and water include Nitzschia

alpine, Cymbella microcephala, Nitzschia commutata and

most commonly Brachysira vitrea, Craticula halophila, and

Fragilaria tenera. When viewing the periphyton by UV-fluo-

rescence microscopy, the chlorophyll in the phototrophs fluo-

resces a distinct red color and the filamentous cyanobacteria

are easily recognizable (Fig. 3B). SEM examination of the

periphyton shows diatom frustules, commonly B. vitrea, as

well as dinoflagellate cysts and filamentous algae, which are

common (Fig. 3C,D). Less recognizable are heterotrophic

bacteria and cyanobacteria. There appears to be a substantial

amount of dead microbial biomass, for example, deflated algal

filaments are easily found (Fig. 3D).

In the field, reaction of dilute HCl with moist periphyton

scraped off submerged rock surfaces caused fizzing, which

suggests that significant quantities of carbonate minerals were

present in the periphyton. XRD analysis detected primary

minerals including clinochrysotile, diopside, magnetite,

quartz, a smectite mineral (possibly saponite), muscovite,

dolomite and calcite all of which are contained in the

surrounding bedrock (Htoon, 1979) (Fig. 4A). Secondary

aragonite and clay minerals, kaolinite and possibly vermiculite,

were also detected. The aragonite in the periphyton has an

average d13C value of )0.7& VPDB and average d18O value

of 13.6& VSMOW whereas the organics have an average

d13C value of )23.2 ± 1.1& VPDB.

Microbialite characterization

Macroscopically, the microbialites are columnar in form,

moist, dark gray, and range in height from a few centimeters

to approximately 15 cm (Fig. 2B). One microbialite that was

Table 1 Major dissolved ion concentrations of the Porcupine pit pond water

Year pH

Alkalinity

(mg HCO3
) L)1)

d13C – DIC

(& VPDB) Mg2+ Ca2+

Cations (mg L)1) Anions (mg L)1)

Si4+ Na+ K+ Fe3+ Al3+ Cl) SO4
2) NO3

)

2004 8.42 177 – 356 112 0.8 23.9 2.7 0.04 0.02 30.8 1320 n.d.

2005 8.36 243 – 350 95.7 0.7 35.7 5.2 n.d. 0.02 35.6 2380 2.30

2007 8.40 231 )7.8 520 119 n.d. 30.8 5.2 n.d. n.d. 33.2 2000 n.d.

Dashes ()) and ‘n.d.’ indicate data not obtained and analytes not detected, respectively.

A B

C D
Fig. 3 Light and electron micrographs of periphy-

ton from the Porcupine pond. (A) Photomicrograph

of the periphyton showing filamentous algae,

diatoms, and dinoflagellates with a corresponding

UV fluorescence image (B) showing autofluores-

cence of chlorophyll in phototrophs. (C) SEM micro-

graph showing several diatom frustules of

Brachysira vitrea (Bv), dinoflagellate plates, and a

filament of cyanobacteria hanging down a diatom

(arrow). (D) Micrograph showing deflated algal fila-

ment, dinoflagellates, diatom frustules, and some

filamentous cyanobacteria (arrow).
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sampled had two columns that were attached to the substrate

by a single base, but no other branching forms were seen.

Some exhibit white crusts near the top, suggesting capillary

rise and evaporation of pond water upon subaerial exposure.

Centimeter-scale cobbles of serpentinite are found at the base

of some microbialites. Examination of cut microbialite slabs

reveals an internal spherulitic fabric (Fig. 5A,B). Individual

spherulites are rounded to subrounded, millimeter-scale,

moderately packed and, in some places, appear to be joined

in an anastomosing porous meshwork. Figure 5C shows an

individual spherulite with a dark aragonite center having a

milky white aragonite outer area. The slab faces range in color

from dark gray to beige to milky white, depending on the

amount of biomass and detrital particles trapped in the car-

bonate. X-ray diffraction shows that the microbialites are pre-

dominately composed of aragonite and contain minor

amounts of clinochrysotile, magnesium-rich calcite, quartz,

and possibly vermiculite (Fig. 4B).

Petrographic thin sections of microbialites show aragonite

forming the spherulites as acicular crystals fanning out from

centers that include microbial remnants and detrital particles

(Fig. 6A). Detrital grains are more pronounced when thin

sections are viewed using reflected light, and spherulites pro-

duce an extinction cross when viewed using cross-polarized

light. The aragonite that grows out of spherulite centers is

almost entirely free of microbial remnants and detrital parti-

cles. Outer spherulite areas often exhibit concentric lamina-

tions that vary in thickness, but are typically tens of microns

thick (Fig. 6B). Layers of diatoms, conforming to these lami-

nations, are occasionally seen in the outer spherulite areas

(Fig. 6C). Some spherulites have grown near each other,

merging into larger spherulites, and distorting their rounded

shape (Fig. 7A). In some places of the microbialites, elon-

gated growth of spherulites can develop into an anastomosing

porous meshwork. When viewed under ultraviolet light, the

aragonite produces a very intense blue autofluorescence

(Peckmann et al., 2001; Spötl et al., 2002), and chlorophyll

associated with remnants of phototrophs, generally found at

spherulite centers, fluoresces a distinct red (Fig. 7B). Diatom

frustules are a common feature at spherulite centers with some

A

B

Fig. 4 Powder X-ray diffraction pattern of minerals

in the periphyton (A) and microbialite (B). The plot

is of X-ray intensity vs. 2h (degrees) and ICDD data

for matching mineral phases are indicated by stick

patterns.
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appearing to have cell remnants within the frustules that also

fluoresce red (Fig. 7C,D). Dinoflagellates and algae are less

common, but are easily found (Fig. 7E), and occasionally

cyanobacteria are visible (Fig. 7F).

Examination of the microbialite surfaces by SEM shows

that they are covered in debris including chrysotile fibers,

detrital particles, clay minerals, and some iron oxides. Aggre-

gates of acicular aragonite are a prominent feature on the

surface. Oscillatoria sp. filaments protrude outward from the

microbialite surface (Fig. 8A), which is littered with diatom

frustules of mostly B. vitrea that, in some cases, are partially

embedded in aragonite (Fig. 8B). Polished thin sections show

numerous detrital grains on the outside surface of the spheru-

lites (Fig. 8C) with some being present at spherulite centers,

but nearly absent in outer spherulite areas. Chemical charac-

terization of the detrital grains by EDS shows that they are

mostly serpentine minerals, but magnesite, magnetite, dolo-

mite, and quartz are also detected. Under backscattering

conditions, the aragonite exhibits no variation in grayscale,

and concentric laminations, seen using light microcopy, are

not visible. Diatoms are seen trapped within the aragonite

matrix at spherulite centers (Fig. 8D) and are often infilled

with aragonite or have organic matter. Similarly, cross-

sections of dinoflagellates, algae, and cyanobacteria appear as

circles and ovals that are filled with either aragonite or organic

matter (Fig. 8E,F). Algal and cyanobacterial cross-sections

range from approximately 7 to 10 lm, similar to the width of

filaments seen on the microbialite surface whereas larger

circles have a broader range from approximately 16 to 35 lm,

which are similar to the widths and lengths of the dinoflagel-

lates seen in the periphyton. Cross-section widths are depen-

dent upon the angle and position of the microbe when it is

cut. Much less common are small carbon filaments (1 lm

wide), such as the one shown in Fig. 8G, which could possibly

be a filamentous cyanobacterium.

Acid etching of polished thin sections removed approx-

imately 5 to 10 lm of aragonite off the surface (Fig. 9A)

that revealed complete diatom frustules that were previ-

ously entombed in aragonite making them difficult to

identify. Many of the diatom frustules are of B. vitrea

(Fig. 9B), which is similar to what is seen on microbialite

surfaces. Furthermore, single cell algae are differentiated

from filamentous algae (Fig. 9C), and filamentous cyano-

bacteria are easily recognizable and are more common

(Fig. 9D). The preservation of cyanobacteria varies from

being well preserved (Fig. 9E) to being degraded into a

stringy, clotted mesh of organics where filaments are less

recognizable (Fig. 9F) or completely unrecognizable.

Carbon- and oxygen-isotopic compositions of samples col-

lected from a microbialite slab using a micromill are shown in

Fig. 10. An example photomicrograph (Fig. 10A), taken

using the micromill digital camera, shows sampling locations

for both a dark and white area. Milky white areas (n = 19) of

the microbialite slab have d13C values ranging from )6.1& to

)5.0& (mean )5.4&), whereas darker areas (n = 17) with

greater amounts of biomass have d13C values that range from

)5.4& to )3.7& (mean: )4.6&). d18O values of the micro-

bialite samples range from 14.3& to 15.2& (mean: 14.7&)

A B C

Fig. 5 (A) A complete cross-section of a microbia-

lite column with a closer view of the spherulitic

fabric (B). Note that gray areas correspond to areas

of greater biomass as opposed to milky white areas

that are mostly devoid of microbial remnants and

detrital particles. (C) A high magnification image of

an individual spherulite showing a darker biomass-

rich area at the core surrounded by milky white

aragonite.
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and 14.4& to 15.1& (mean: 14.8&) for the milky white

areas and the darker areas, respectively. There is no correlation

between the d13C and d18O values of the dark (R2 = 0.09) or

white (R2 = 0.06) carbonate minerals analyzed.

DISCUSSION

Water chemistry

The water chemistry of the Porcupine pond is strongly influ-

enced by the physical and geological characteristics of the pit,

which produces water that is subsaline, moderately alkaline,

and oligotrophic. The enclosed nature of the pit acts to

concentrate cations (e.g. Mg2+ and Ca2+) that are released

from the dissolution of the surrounding ultramafic bedrock,

which also neutralizes acidity. Furthermore, there is minimal

nutrient input given the lack of soil surrounding the pit. The

high sulfate concentrations are a result of oxidation of sulfide

minerals found in the bedrock and observed as rusting (oxida-

tion of pyrite) on some pit walls. Brachysira vitrea, seen

commonly in the periphyton, is primarily benthic, broadly dis-

tributed, and common in alkaline and oligotrophic lakes with

low-to-moderate conductivity (Wolfe & Kling, 2001), which

is consistent with the Porcupine pond.

The physical, geochemical, and biological characteristics of

a lake are important influences on the carbon-isotopic compo-

sition of the DIC. Bade et al. (2004) found a strong correla-

tion between pH and d13C-DIC due to fractionation between

atmospheric CO2 and carbonate species; e.g. a lake at pH 8

would have a d13C-DIC � 0&. Assuming that the bulk

atmosphere at Clinton Creek contains CO2 with a d13C value

of approximately )8& (Clark & Fritz, 1997; Keeling et al.,

2005), a d13C-DIC value of 0& would be consistent with

equilibrium carbon-isotopic exchange between atmospheric

CO2 and DIC at circumneutral pH where HCO3
) is the dom-

inant aqueous carbonate species (Faure, 1986). Therefore,

equilibrium exchange of CO2 (g) with pond DIC is insuffi-

cient to explain the measured d13C value of )7.8&.

Influxes of terrestrially derived organic matter, which con-

tain organic acids, into a lake and subsequent degradation

should decrease d13C-DIC values (Bade et al., 2004; Åberg

et al., 2007; Karlsson et al., 2007). In the case of the Porcu-

pine pond, there is little influx of organic matter based on field

observations and indicated by the low nutrient levels. The

dissolution of bedrock carbonate should also decrease the

d13C value of DIC (Bade et al., 2004). Bedrock carbonate,

mostly magnesite, at Clinton Creek has d13C values ranging

from )9.41& to )1.83& (Wilson et al., 2009). For instance,

dissolution of calcite (the bedrock carbonate mineral least

resistant to weathering at Clinton Creek) having this range of

measured d13C values would give rise to DIC with a d13C

value between approximately )10.4& and )2.8& (Romanek

et al., 1992). Therefore, the dissolution of bedrock carbonate

seems likely to be the strongest factor influencing the carbon

isotope composition (d13C = )7.8&) of the pond water DIC.

Dissolved calcium originates from the dissolution of calcite

and dolomite found in the country rock. Although the pond

water is supersaturated with respect to both calcite and

aragonite, aragonite preferentially precipitates in the Porcu-

A

B

C

Fig. 6 Photomicrographs showing stages of spherulite growth. (A) Initial pre-

cipitation of acicular aragonite crystals fanning out from biomass and detrital

particles and (B) complete calcification to form spherulites with concentric lami-

nations formed through periodic abiotic precipitation of aragonite. (C) A hiatus

in spherulite growth can allow for colonization by microbes, seen here as a layer

of diatom frustules.
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pine pond. In aqueous solutions with high Mg ⁄ Ca molar

ratios and low supersaturation, similar to that of Porcupine

pond, aragonite will preferentially precipitate rather than

calcite because calcite growth rates decrease with increasing

Mg ⁄ Ca ratios whereas aragonite growth rates remain constant

(De Choudens-Sánchez & González, 2009). In addition,

although the pond water is supersaturated with respect

to magnesium carbonate minerals, the formation of

magnesite and dolomite are kinetically inhibited at ambient

temperatures (Land, 1998; Hänchen et al., 2008). Intuitively,

the precipitation of aragonite rather than another carbonate

mineral has a significant influence on the fabric of the micro-

bialite.

Role of microbes in spherulite formation

The abundance of microbial remnants at spherulite centers

suggests that microbes are involved in aragonite precipitation

by acting as nucleation sites. Spherulites found in hot water

travertine crusts, composed of radiating aragonite needles

around hollow centers, have been suggested as being microbi-

ally nucleated (Guo & Riding, 1992), and sulfate-reducing

bacteria have been implicated as catalysts for mineral nucle-

ation in the formation of calcite stromatolites and pisoids dis-

covered in a landfill leachate collection system (Maliva et al.,

2000). Furthermore, Braissant et al. (2003) were able to form

spherulites similar to those found in natural environments

using extracellular polysaccharidic media; demonstrating the

influence of bacterial outer structure composition on the

morphology and mineralogy of bacterially induced calcium

carbonate. Besides acting as nucleation sites, micro-organisms

may also alter the aqueous geochemistry of microenviron-

ments in a manner that induces carbonate precipitation.

Periphyton in general has been implicated in tufa deposition

(Primc-Habdija et al., 2001), and algae and diatoms have

been shown to mediate calcium carbonate precipitation in

batch culture experiments (Heath et al., 1995). In addition,

numerous studies have shown that heterotrophic bacteria

(Warthmann et al., 2000; Roberts et al., 2004; López-Garcı́a

et al., 2005; Rodriguez-Navarro et al., 2007) and cyanobac-

teria (Thompson & Ferris, 1990; Dittrich et al., 2003;

Lee et al., 2006; Zaitseva et al., 2006; Power et al., 2007)

may mediate carbonate precipitation. Symbiotic microbial

communities of cyanobacteria, diatoms, and heterotrophic

bacteria in the form of biomicrospheres have been shown

to induce calcification and have been suggested as being

A B

C D

E F

Fig. 7 Photomicrographs of polished thin sections

of the microbialite. (A) The microbialites have a

spherulitic fabric showing microbial biomass and

detrital particles entombed at spherulite centers and

concentric laminations in outer spherulite areas; (B)

the corresponding fluorescence micrograph. (C, D)

Numerous diatom frustules, likely of Brachysira vi-

trea, some with green cell remnants (arrows), which

fluoresce pink with ultraviolet light excitation. (E)

Spherulite center showing numerous diatom frus-

tules and three cross-sections of algae (�8 lm in

width; arrows). (F) A filament (�1.5 lm in width;

arrow) near a spherulite center resembling a fila-

mentous cyanobacterium.
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precursors for the formation of ooids without hard nuclei

(Brehm et al., 2006). A natural balance exists between the

growth of phototrophs and heterotrophs in which carbon is

cycled by first incorporating DIC into primary producer bio-

mass through photosynthesis (eqn 1), followed by degrada-

tion of this organic matter by aerobic or anaerobic

heterotrophic bacteria, including sulfate-reducing bacteria

(eqn 2), which were cultured from samples (cm scale) of mi-

crobialite (data not shown).

HCO�3 + H2O + hv ! CH2O + OH� + O2 " ð1Þ

4CHO�2 + SO2�
4 + Hþ ! 4HCO�3 + HS� ð2Þ

Photosynthesis results in the alkalization of microenviron-

ments by producing hydroxyl anions that can shift the carbon-

ate equilibrium toward carbonate anion stability (eqns 1 and

3; Thompson & Ferris, 1990; Ludwig et al., 2005; Tesson

et al., 2008), whereas degradation of organics may increase

the bicarbonate anion concentration (eqn 2; Slaughter & Hill,

1991; van Lith et al., 2003). For example, Myxococcus

xanthus, a common soil bacterium, increases carbonate alka-

linity and acts as a nucleation site for the formation of vaterite

spherulites (Rodriguez-Navarro et al., 2007). However,

given the presence of phototrophs at spherulite centers, pho-

tosynthesis may be a key process in initiating aragonite precip-

itation (eqns 1 and 4).

HCO�3 $ CO2�
3 + Hþ ð3Þ

Ca2þ + CO2�
3 ! CaCO3 ð4Þ

Growth and metabolism of phototrophs has a significant

influence on the chemistry (e.g. pH) of interstitial water of the

periphyton and the microenvironments of cells or colonies.

For instance, culturing of subsamples (cm scale) of microbia-

lite in BG-11 growth media (Stanier et al., 1971; pH = 7)

with dissolved silicon leads to the formation of laterally

continuous biofilms covering these microbialite portions.

After 2 months in a closed system (i.e. a flask), the initially

pH-neutral media became more alkaline, ranging from pH

9.5 to 11. This indicates that the microbial consortium associ-

ated with the microbialites is able to cause alkalization and

intuitively induce carbonate precipitation. In contrast, the lack

of microbes in outer spherulite areas strongly suggests that

continued spherulite growth occurs through abiotic aragonite

precipitation. Given that the pond water is supersaturated

with respect to aragonite, concentric laminations could form

abiotically on microbially induced aragonite precipitates when

A B

C

E F G

D

Fig. 8 SEM micrographs of the outer microbialite

surface and cross-sections imaged using backscatter

detector. (A) Filamentous algae protruding from the

microbialite surface shown in background. (B) Dia-

tom frustules of Brachysira vitrea are common on

the outer surface with some appearing to be partly

embedded within aggregates of acicular aragonite.

(C) Cross-section of the microbialite showing that it

is littered with detrital particles such as chrysotile

fibers (arrow) while the aragonite of the outer

spherulite is relatively free of particles. (D) Numer-

ous diatom frustules entombed at the center of a

spherulite and usually filled with aragonite. Their

shapes and sizes are dependent on their orientation

to the cross-section. (E, F) Remnants of a dinoflagel-

late and algae, some of which are filled with organ-

ics whereas others are filled with aragonite. (G) A

carbon filament that is potentially the remnants of a

cyanobacterium.
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aragonite saturation reaches a critical point such as might

occur during dry periods when evaporation concentrates the

pond water. It should be noted that the visual appearance of

concentric laminations, as seen under light microscope, are

likely the result of variations in crystal growth patterns given

that there was no significant variation in chemical composition

when viewing polished thin sections using a SEM-backscat-

tered electron detector operated at an accelerating voltage of

20 kV. In addition, some variation in crystal orientation

within spherulites was recognizable with acid-etched samples.

The greater abundance of diatom frustules and, to a lesser

extent, dinoflagellate cysts observed at spherulite centers likely

relates to greater potential for preservation of these microbes

(Flower, 1993; Zonneveld et al., 1997; Moser, 2004), com-

pared with other microbes that lack a highly resistant cell wall

(e.g. heterotrophic bacteria and cyanobacteria). This makes

it difficult to assess what types of microbes are most responsi-

ble for carbonate precipitation. Furthermore, distinguishing

between abiotic processes (e.g. CO2 degassing, evaporation,

temperature changes, and dissolution ⁄ re-precipitation) and

biotic processes (e.g. photosynthesis, methanogenesis, and

sulfate reduction) that can induce carbonate precipitation can-

not be done solely based on mineralogical and textural data

(Léveillé et al., 2007). Thus, the presence of phototrophs at

spherulite centers does not confirm or determine their role in

carbonate precipitation. However, the carbon- and oxygen-

isotopic composition of carbonate minerals is influenced by

both abiotic and biotic processes that lead to their formation

(Léveillé et al., 2007; Brady et al., 2010). The role of

microbes in carbonate precipitation can be elucidated by

analyzing the isotopic compositions of the aragonite associ-

ated with microbes and the aragonite containing no microbial

remnants. The DIC of open pit pond water has a d13C value

of )7.8& and an average pH of 8.4, at which bicarbonate is

the dominant aqueous carbonate species (e.g. Faure, 1986).

Romanek et al. (1992) found that aragonite–bicarbonate

d13C enrichment factors averaged 2.7 ± 0.6& between 10

and 40 �C and that the rate of aragonite precipitation had no

measurable effect on the carbon-isotopic fractionation factor

at 10 �C. Therefore, aragonite precipitated at equilibrium

with pond water, over the expected range of temperatures

observed at Clinton Creek, would have an average d13C value

of )5.1 ± 0.6&. However, the metabolism of phototrophic

and heterotrophic microbes can alter the d13C value of DIC,

especially in microenvironments (Pentecost & Spiro, 1990;

Andres et al., 2006; Breitbart et al., 2009). Phototrophs

A B

C D

E F
Fig. 9 SEM micrographs of acid-etched, critical

point dried thin sections. (A) Low-magnification

micrograph of a spherulite etched with acid and sur-

rounded by plastic; arrows point to microbial rem-

nants and detrital particles at spherulite centers. (B)

Diatom frustule of Brachysira vitrea that was previ-

ously entombed in aragonite. (C) Two unicellular

algal cells and (D) filamentous cyanobacteria. A

comparison of well-preserved (E) and poorly pre-

served (F) filamentous cyanobacteria.
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preferentially consume 13C-depleted DIC during photosyn-

thesis and therefore enrich the remaining DIC in 13C

(O’Leary, 1988). Consequently, carbonate minerals precipi-

tated in association with phototrophs may potentially be 13C-

enriched relative to carbonate minerals precipitated abiotically

or if heterotrophic degradation of 13C-depleted organic mat-

ter was the dominant process causing carbonate precipitation

(Pentecost & Spiro, 1990; Ferris et al., 1997; Léveillé et al.,

2007; Brady et al., 2010). For instance, the carbonate miner-

als in the periphyton have an average d13C value of )0.7&,

which is 4.4& enriched relative to values expected for arago-

nite precipitated in equilibrium with pond water. The periphy-

ton is mostly biomass with secondary aragonite being the

major carbonate phase and bedrock dolomite being a minor

phase. Bedrock magnesite and dolomite at Clinton Creek

have d13C values that range from )6.5& to )4.3& (Wilson

et al., 2009). Thus, the analysis of only secondary aragonite

precipitated in association with microbes in the periphyton

might be expected to be even more 13C-enriched. These data

strongly indicate that phototrophs in the periphyton are

inducing aragonite precipitation. The range in d18O values

(11.8–14.5&) may reflect the spatial variation in sampling or

possibly temporal variations.

Milky white areas of the microbialite slab, sampled using a

micromill, have d13C values (mean: )5.4&) that are consis-

tent with equilibrium, abiotic precipitation of aragonite from

the pond DIC. Darker areas that contain biomass are made of

aragonite with d13C values that range from )5.4& to )3.7&

(mean: )4.6&), which are on average 0.8& enriched in 13C

relative to milky white areas. No isotopic separation in 18O is

detectable between the two populations of aragonite, and

there was no correlation between the d13C and d18O values of

the carbonate minerals. An enrichment of 18O would indicate

that evaporation is mediating carbonate precipitation, whereas

photosynthesis only causes an enrichment of 13C (Léveillé

et al., 2007; Brady et al., 2010). For comparison, Brady et al.

(2010) performed bulk analyses of Pavilion Lake microbialite

calcite nodules and found an average 13C-enrichment of

2.5 ± 0.5& above average predicted d13C values for calcite

precipitated in equilibrium with Pavilion Lake DIC. They

attributed this enrichment to the removal of isotopically

light DIC by phototrophs within microenvironments of the

nodules. Rather than using bulk samples, the micromill used

in this study was useful for microsampling (�1.0 to 2.5 mm2

by area and 40–60 lg by mass) of two closely associated

carbonate populations (milky white aragonite and aragonite

associated with biomass). The carbonate material that was col-

lected using the micromill should not be considered to be

purely biologically mediated carbonate nor abiotic carbonate,

but was likely a mixture between these two end members.

However, this relatively selective sampling does allow for

comparison of the isotopic compositions of these two carbon-

ate populations, distinguished by microscopic examination,

and helps to further characterize the carbonate that is precipi-

tated mainly by abiotic means and that which is precipitated in

association with phototrophs that cause 13C enrichment of

the DIC. The isotope data support some biologically induced

precipitation of the aragonite that is typically at spherulite

centers and continued abiotic precipitation to form the outer

areas of the spherulites. Due to the cycling of carbon between

phototrophs and heterotrophs, it may also be that the isotopic

composition of the aragonite associated with microbes is a

mixed signal of phototrophic and heterotrophic metabolism.

In this case, the d13C values of the microbially precipitated

aragonite may be lower than what would be expected from

aragonite formed solely by the metabolism of phototrophs.

Studies of non-marine environments exhibiting calcifying

cyanobacteria show that a 9.5- to 15-fold supersaturation with

respect to calcite is required for precipitation to occur

(Arp et al., 2001). Arp et al. (2001) considers a �10-fold

A B

Fig. 10 (A) A photomicrograph showing a dark biomass-rich area and a milky white area of a microbialite sampled using a micromill with their corresponding carbon

and oxygen isotope compositions. (B) Isotope compositions (d13C vs. d18O) of aragonite from the Clinton Creek microbialites and periphyton. The graph shows an

average 13C-enrichment of approximately 0.8& in the darker, organic-rich, samples of aragonite (squares) relative to samples of the milky white aragonite (triangles).

Aragonite in the periphyton (diamonds) is on average 4.3& enriched in 13C relative to the average microbialite d13C value of )5.0&.
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supersaturation (SIcalcite = 1.0) to be a prerequisite for cyano-

bacterial calcification. For the Porcupine pond, SIaragonite =

1.0 and pH = 9.0 can be achieved by removing 14% of the

pond’s DIC pool, producing hydroxyl anions, through pho-

tosynthesis (eqn 1). A second method for estimating DIC

removal through photosynthesis to induce carbonate mineral

precipitation is to assume that the carbonate minerals most

enriched in 13C were formed primarily in very close associa-

tion with phototrophs. Given a DIC d13C of )7.8& for the

Porcupine pond, a removal of 9% of the DIC in the form of

periphyton biomass (d13C = )23.2&) is required to produce

DIC with a d13C value of )6.4& and therefore precipitate

aragonite with a d13C value of )3.7& (aragonite–bicarbonate

enrichment factor of 2.7 ± 0.6& from Romanek et al.,

1992), which was the most 13C-enriched aragonite sampled.

These values for DIC removal seem reasonable when consid-

ering interstitial water within the periphyton. For comparison,

Pentecost & Spiro (1990) calculated that a removal of 17% of

total DIC in the interstitial water of a Rivularia sp. colony via

photosynthesis would enrich the local DIC pool in 13C by

2&.

Microbialite formation

The internal structure and morphology of microbialites

reflect, in varying degrees, the physical and geochemical

conditions as well as the microbial community composition

inherent to their environment (Grotzinger & Knoll, 1999;

Planavsky & Grey, 2008). The extremely young age and simi-

lar internal fabric from the bases to the tops of the Clinton

Creek microbialites indicate that they formed over a narrow

range of environmental conditions, making it easier to relate

present-day conditions to their morphology and internal

fabric. There is also no indication of diagenesis or alteration of

the spherulites.

Both coccoid (or non-filamentous) and filamentous

microbes are present at spherulite centers and suggest that cell

morphology may not be a dominant factor in determining

microbialite fabric. Ferris et al. (1997) also noted the lack of

evidence for cell morphology affecting microbialite fabric. For

comparison, the characteristic laminated fabric of stromato-

lites is created from a dynamic balance between sedimentation

and lithification of laterally continuous surface biofilms that

form during pauses in sedimentation (Reid et al., 2000). The

microbes on the surface of the microbialites at Clinton Creek,

as well as the periphyton, do not form as laterally continuous

surface biofilms because of the low nutrient availability and

probably only have sparse areas or colonies of active growth;

producing localized zones of microbial activity.

The periphyton does trap some primary detrital particles

(e.g. chrysotile fibers) as they settle out of the water column.

However, the sedimentation rate of the pond appears to be

low because there are no fluvial inputs and minimal quantities

of sediments are found along the periphery of the pond. The

minimal presence of detrital particles in the unbound pockets

in between spherulites supports the idea that sediment trap-

ping is not a key process in microbialite formation at this site.

In addition, the columnar form of the microbialites may be a

result of the low sediment supply into the open pit. Planavsky

& Grey (2008) found that a shift from hemispheroidal to

columnar morphology by Neoproterozoic Acaciella australi-

ca stromatolites was closely linked to a reduction in sediment

supply, which would presumably allow microbially induced

calcification to control stromatolite morphology. In the

absence of laterally continuous biofilms or mats and under

conditions of minimal sedimentation, it seems unlikely that

microbialites with a stromatolitic fabric could develop in the

Clinton Creek open pit.

The water chemistry of the pond may have a much greater

influence on microbialite morphogenesis. At the Clinton

Creek site, it allows for significant carbonate precipitation, but

limits microbial growth. In their study of freshwater stromato-

lites and thrombolites from Kelly Lake, BC, Canada, Ferris

et al. (1997) found that the hard thrombolites had less organic

carbon (i.e. biomass) than the soft sponge-like stromatolites.

They hypothesized that thrombolites form when calcification

rates exceed microbial growth rates, and that this is a dominant

factor influencing microbialite morphogenesis. At Clinton

Creek, the tallest microbialite is approximately 15 cm, giving

an estimated maximum accretion rate of �5.2 mm year)1,

assuming that it had been forming for 29 years at the time of

sampling. This is significantly greater than the rates reported

for some Bahamian microbialites (�0.33 mm year)1) (Planav-

sky & Ginsburg, 2009), and the Pavilion Lake microbialites

(0.05 mm year)1) (Brady et al., 2009). Intuitively, the high

accretion rate at the Clinton Creek site indicates that the car-

bonate precipitation rate is relatively high compared with

other modern environments with microbialites.

Although numerous processes are involved in microbialite

formation, Grotzinger & Knoll (1999) suggest that stromato-

lite growth can mainly be described by a relatively simple

system that includes the fundamental processes of sediment

deposition, precipitation of minerals, and growth and degra-

dation of a microbial mat or biofilm. In this context, the well-

lithified, hard microbialites at Clinton Creek appear to result

from a low sedimentation rate, a high calcification rate, and

low microbial growth rates, which are consequences of the

pond (i) having minimal sediment input, (ii) being a shallow

evaporative environment containing water supersaturated

with respect to aragonite, and (iii) being oligotrophic

(Table 2).

We propose that the Clinton Creek microbialites can be con-

sidered macroscopic microbial colonies that experience intense

calcification largely because of the geochemical conditions of

the pond, and to a lesser extent, as a result of the metabolic

processes and surface characteristics of the microbes in the

periphyton. Initially when the pit was flooded, colonization of

the inorganic substrate may have been relatively random, but a

192 I . M. POWER et al.

� 2011 Blackwell Publishing Ltd



colony with a critical biomass could have developed in each of

the microbialite locations; perhaps in response to a nutrient

input. Their upward growth, as expressed in their columnar

form, is driven by phototrophs seeking optimal or enhanced

light conditions. The high calcification rate, indicated by the

high accretion rate, and low microbial growth rate are symp-

tomatic of the pond water chemistry being supersaturated with

respect to aragonite and being oligotrophic. Initial aragonite

precipitation is observed as radial aggregates of acicular crystals

nucleating onto microbial biomass and detrital particles, which

become completely entombed as the precipitation continues.

Spherulite growth is observed as concentric laminations that

give the spherulites their rounded-to-subrounded morphol-

ogy. These outer spherulite areas are free of microbes and detri-

tal particles, which strongly suggests that spherulite growth

occurs abiotically. However, spherulite growth may cease

occasionally for periods of time adequate to allow microbes to

colonize spherulite surfaces, which may then initiate more

aragonite precipitation. The low sedimentation rate and lack of

laterally continuous biofilms or mats seem to impede stromato-

lite formation. We propose that a microbialite, being consid-

ered as a colony, provides more favorable conditions for

microbial growth in comparison with a purely inorganic sub-

strate. Synergies exist within a microbial community, such as

cycling of carbon between phototrophic and heterotrophic

microbes, due to greater nutrient availability within the micro-

bialite. These microbialites may in fact be self-perpetuating,

being driven by continual growth and decay, with recycling of

nutrientsandcalcificationoccurring.

CONCLUSIONS

Microscopy of the microbialites found at the Clinton Creek

asbestos mine shows that they have a spherulitic fabric with

microbial remnants and detrital particles at spherulite centers.

The open pit pond, although not entirely natural, is a setting

with unique environmental conditions and is very young given

that the mine closed in 1978. The physical and geological

characteristics of the pit are important influences on the for-

mation of the microbialites. The ultramafic bedrock, the

enclosed nature of the pit, and the lack of significant sediment

input and vegetation surrounding the pond are strong influ-

ences on the water chemistry and, in turn, on the microbiol-

ogy (e.g. oligotrophic microbial growth). Microscopy of the

spherulites shows microbes of varying morphologies at spher-

ulite centers and relatively pure aragonite forming concentric

laminations in outer spherulite areas, which indicates abiotic

precipitation in these areas. The isotopic data show a modest

enrichment of 13C of the aragonite at spherulite centers,

which we attribute to microbially mediated mineral precipi-

tation and d13C values of the outer spherulite areas that are

consistent with purely abiotic precipitation. A balance exists

between the low sedimentation rate, high calcification rate,

and low microbial growth rate at this site that leads to

microbialite formation with an internal spherulitic fabric.
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De Choudens-Sánchez V, González LA (2009) Calcite and aragonite

precipitation under controlled instantaneous supersaturation: eluci-

dating the role of CaCO3 saturation state and Mg ⁄ Ca ration on cal-
cium carbonate polymorphism. Journal of Sedimentary Research,

79, 363–376.

Dittrich M, Muller B, Mavrocordatos D, Wehrli B (2003) Induced
calcite precipitation by cyanobacterium Synechococcus. Acta Hydro-
chimica et Hydrobiologica, 31, 162–169.

Environment Canada. National Climate Archive. Available at:

www.climate.weatheroffice.gc.ca. Accessed 17 August 2009.
Fang JS, Hasiotis ST, Das Gupta S, Brake SS, Bazylinski DA (2007)

Microbial biomass and community structure of a stromatolite from

an acid mine drainage system as determined by lipid analysis. Chem-
ical Geology, 243, 191–204.

Faure G (1986) Principles of Isotope Geology. Wiley, New York, NY,

USA.

Ferris FG, Thompson JB, Beveridge TJ (1997) Modern freshwater
microbialites from Kelly Lake, British Columbia, Canada. Palaios,
12, 213–219.

Flower RJ (1993) Diatom preservation – experiments and observa-

tions on dissolution and breakage in modern and fossil material.
Hydrobiologia, 269, 473–484.

Grotzinger JP, Knoll AH (1999) Stromatolites in Precambrian car-

bonates: evolutionary mileposts or environmental dipsticks?

Annual Review of Earth and Planetary Sciences, 27, 313–358.
Grotzinger JP, Rothman DH (1996) An abiotic model for stromato-

lite morphogenesis. Nature, 383, 423–425.

Guo L, Riding R (1992) Aragonite laminae in hot water travertine

crusts, Rapolano-Terme, Italy. Sedimentology, 39, 1067–1079.
Hänchen M, Prigiobbe V, Baciocchi R, Mazzotti M (2008) Precipita-

tion in the Mg-carbonate system – effects of temperature and CO2

pressure. Chemical Engineering Science, 63, 1012–1028.
Heath CR, Leadbeater BCS, Callow ME (1995) Effect of inhibitors

on calcium-carbonate deposition mediated by fresh-water algae.

Journal of Applied Phycology, 7, 367–380.

Htoon M (1979) Geology of the Clinton Creek asbestos deposit, Yukon
Territory. Department of Earth and Ocean Sciences, University of

British Columbia, Vancouver.

Karlsson J, Jansson M, Jonsson A (2007) Respiration of allochtho-

nous organic carbon in unproductive forest lakes determined by

the Keeling plot method. Limnology and Oceanography, 52, 603–
608.

Keeling CD, Bollenbacher AF, Whorf TP (2005) Monthly atmo-

spheric 13C ⁄ 12C isotopic ratios for 10 SIO stations. In Trends: A
Compendium of Data on Global Change. Carbon Dioxide Informa-

tion Analysis Center, Oak Ridge National Laboratory, US Depart-

ment of Energy, Oak Ridge, TN. Available at: http://cdiac.ornl.

gov/trends/trends.htm.
Kennard JM, James NP (1986) Thrombolites and stromatolites: two

distinct types of microbial structures. Palaios, 1, 492–503.

Lahav O, Morgan BE, Loewenthal RE (2001) Measurement of pH,

alkalinity and acidity in ultra-soft waters. Water SA, 27, 423–431.
Land LS (1998) Failure to precipitate dolomite at 25C from dilute

solution despite 1000-fold oversaturation after 32 years. Aquatic
Geochemistry, 4, 361–368.

Leblanc M, Achard B, Othman DB, Luck JM, BertrandSarfati J,
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Tesson B, Gaillard C, Martin-Jézéquel V (2008) Brucite formation

mediated by the diatom Phaeodactylum tricornutum. Marine
Chemistry, 109, 60–76.

Thompson JB, Ferris FG (1990) Cyanobacterial precipitation of gyp-

sum, calcite, and magnesite from natural alkaline lake water. Geol-
ogy, 18, 995–998.

Warthmann R, van LY, Vasconcelos C, McKenzie JA, Karpoff AM

(2000) Bacterially induced dolomite precipitation in anoxic culture

experiments. Geology, 28, 1091–1094.
Wilson SA, Dipple GM, Power IM, Thom JM, Anderson RG, Raud-

sepp M, Gabites JE, Southam G (2009) Carbon dioxide fixation

within mine wastes of ultramafic-hosted ore deposits: examples

from the Clinton Creek and Cassiar chrysotile deposits, Canada.
Economic Geology, 104, 95–112.

Winsborough BM, Golubic S (1987) The role of diatoms in stromato-

lite growth – 2 examples from modern fresh-water settings. Journal
of Phycology, 23, 195–201.

Wolfe AP, Kling HJ (2001) A consideration of some North American

soft-water Brachysira taxa and description of B. arctoborealis sp.

nov. In Lange-Bertalot-Festschrift (eds Jahn R, Kociolek JP, Wit-
kowski A, Compère P). Gantner, Ruggell, Germany, pp. 243–264.

Zaitseva LV, Orleanskii VK, Gerasimenko LM, Ushatinskaya GT

(2006) The role of cyanobacteria in crystallization of magnesium

calcites. Paleontological Journal, 40, 125–133.
Zonneveld KAF, Versteegh GJM, deLange GJ (1997) Preservation of

organic-walled dinoflagellate cysts in different oxygen regimes: a

10,000 year natural experiment. Marine Micropaleontology, 29,

393–405.

Modern carbonate microbialites from an asbestos open pit pond 195

� 2011 Blackwell Publishing Ltd


