Microbial precipitation of dolomite in methanogenic groundwater
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ABSTRACT

We report low-temperature microbial precipitation of dolomitein dilute natural waters
from both field and laboratory experiments. In a freshwater aquifer, microorganisms
colonize basalt and nucleate nonstoichiometric dolomite on cell walls. In the laboratory,
ordered dolomite formed at near-equilibrium conditions from groundwater with molar
Mg:Ca ratios of <1; dolomite was absent in sterile experiments. Geochemical and
microbiological data suggest that methanogens are the dominant metabolic guild in this
system and are integral to dolomite precipitation. We hypothesize that the attached mi-
crobial consortium reacts with the basalt surface, releasing Mg and Cainto solution, which
drives dolomite precipitation via nucleation on the cell wall. These findings provide insight
into the long-standing dolomite problem and suggest a fundamental role for microbial
processes in the formation of dolomite across a wide range of environmental conditions.
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INTRODUCTION

Low-temperature laboratory nucleation and
precipitation of dolomite constitutes one of the
most taxing and trying exercises in geochem-
ical research (Land, 1985, 1998; McKenzie,
1991). Ubiquitous in the rock record, yet rare-
ly found forming today, dolomite defies the
notion that the present is the key to the past.
The thermodynamics of dolomite solubility in
water are difficult to characterize because of
dolomite's slow rate of dissolution, its incon-
gruent dissolution behavior, and the absence
of laboratory data on dolomite precipitation.
While there is no simple abiotic recipe for do-
lomite precipitation, recent discussions sug-
gest that microbes are paramount to overcom-
ing kinetic barriers to low-temperature
precipitation (Burns et a., 2000).

Controversy over the origin of ancient mas-
sive dolomites is partly fueled by the infer-
ence that dolomite forms in a variety of en-
vironments, including meteoric, hypersaline,
schizohaline, marine, reflux, subsurface
brines, and hydrothermal (Hardie, 1987). Few
reports of laboratory dolomite precipitation at
low temperature exist (Vasconcelos et al.,
1995; Warthmann et a., 2000), and debate on
specific geochemical and microbial controls
continues.

Present-day |ow-temperature dolomite for-
mation is most abundant in restricted-marine
or hypersaline coastal environments, where
fluids are greatly supersaturated with dolomite
[SI = log(IAP/Kg,) > 2, where Sl is saturation
index, IAP isthe ion activity product, and Kg,
is the equilibrium constant] and molar Mg:Ca
ratios are>>1 (e.g., Wright, 1999; Vasconcel os
and McKenzie, 1997; Carballo et a., 1987).

Freshwater dolomite is present in the rock re-
cord, although few modern locales exist. Capo
et a. (2000) reported pedogenic dolomite as-
sociated with young basaltic soils on the is-
land of Hawaii, where the ateration of ferro-
magnesian minerals by infiltrating water
supplied the Mg for precipitation of well-
ordered dolomite.

Modern dolomite precipitation is often as-
sociated with dissimilatory sulfate-reducing
bacteria (DSRB) that remove sulfate, produce
alkalinity, and presumably drive dolomite for-
mation (e.g., Wright, 1999; Vasconcelos and
McKenzie, 1997). The $13C signatures in an-
cient dolomites indicate that high rates of car-
bon oxidation and methanogenic conditions
also favor dolomite formation (e.g., Mozely
and Burns, 1993). This finding supports the
growing realization that near-surface, low-
temperature dolomite forms in association
with microorganisms in a wide range of redox
environments.

Microbial biomineralization is common in
a variety of environments in which microbes
precipitate sulfides, phosphates, oxyhydrox-
ides, clays, and carbonates (Ehrlich, 2000). In
some cases microbial metabolism drives pre-
cipitation by changing bulk water chemistry
(e.g., Ferris et al., 1994), but microorganisms
can also precipitate minerals by concentrating
metals and nucleating crystals on their cell
walls and associated exopolysaccharides
(Schultze-Lam et al., 1996; van Lith et a.,
2003).

We report here on freshwater precipitation
of dolomite influenced directly by microbes
observed in field studies and controlled labo-
ratory experiments. Geochemical and micros-

copy data indicate that dolomite forms on mi-
crobial cell walls under highly reducing
conditions. Unlike other modern examples of
low-temperature dolomite formation (e.g.,
Whipkey et al., 2002), precipitation occurs
from dilute solutions that are near equilibrium
with dolomite and have relatively low Mg:Ca
ratios (<1).

FIELD MICROBIAL DOLOMITE
PRECIPITATION

A field experiment was conducted in a
petroleum-contaminated aquifer near Bemidji,
Minnesota, a U.S. Geological Survey Toxic
Substances Hydrology Program site. There,
groundwater is anaerobic, and changes in
groundwater chemistry in the contaminated
zone suggest accelerated dissolution of sili-
cates (Bennett et al., 2001). Based on 20 years
of geochemical data, the most reducing waters
are near equilibrium or slightly supersaturated
with dolomite, although dolomite precipitation
has not been documented previously. Dissim-
ilatory iron-reducing bacteria (DIRB) are the
dominant metabolic guild within the contam-
inated zone coexisting with methanogens,
which are found in narrow and spatialy dis-
tinct zones (Bekins et a., 1999). Cacite pre-
cipitation has been reported in the methano-
genic zone (Bennett et al., 2001), and ferroan
calcite has been proposed as a sink for Fe2*
(Tucillo et a., 1999). Groundwater in the
study zone is anaerobic, with a pH of 6.74,
3.4 mM dissolved organic carbon (DOC), 0.66
mM Fe2+, 0.74 mM CHy, and 1.2 mM Si. The
water also contains 4.58 mM Ca?*, 1.35 mM
Mg2*, 124 mM HCOs3, and <0.01 mM Al,
K, Na, SO, NOgz, and PO, (each).

Microbial mineralization associated with
basalt weathering was characterized using in
situ microcosms (Hiebert and Bennett, 1992;
Rogers et al., 1998). A sample of Columbia
River Basalt was used as a growth substratum
and source of mineral nutrients, Ca, and Mg
for all experiments. An abbreviated whole-
rock chemistry of this specimen (Bennett et
al., 2001) includes 51.0% SiO,, 13.7% Al,Os,
14.1% Fe,03, 8.9% CaO, and 4.5% MgO,
with a total P concentration of ~3000 ppm
that occurs as chlorapatite. Sterile basalt frag-
ments (1-5 mm) in sterile polyethylene flow-
through microcosms were suspended in bore-
holes (7 m below land surface in well 9017)
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and recovered anaerobically after three
months. Samples were fixed in the field for
microbial characterization by fluorescence in
situ hybridization (FISH) using Bacteria probe
Eub338 and Archaea probe Arch915 (Amann
et a., 1990), counterstained with 4',6-
diamindino-2-phenylindole (DAPI); the sam-
ples were imaged using a scanning-laser con-
focal microscope. Additional samples were
preserved for conventional and environmental
scanning electron microscopy (SEM and
ESEM) and secondary-mineral identification.
For ESEM, samples were stored anaerobically
in native groundwater and imaged without fix-
ation within 24 h of retrieval on a Peltier stage
a 5.0 °C and 6 torr HyO,4,. For SEM, the
samples were fixed in the field by using a
chemical critical-point drying method (Van-
devivere and Bevaye, 1993). Secondary min-
eral precipitates were identified using X-ray
powder diffraction (XRD).

Microbes colonizing the basalt surface after
three months of exposure to groundwater are
typicaly ~1 pm rods found in irregular
groups around areas of etching on the basalt
(Bennett et al., 2001). Angular, deformed
rhombohedra are observed on the surfaces of
some of the colonizing cells (Fig. 1A), sug-
gesting a mineral precipitate rather than a bac-
teriophage (size variation also precludes pos-
sibility of a phage), budding features, or
amorphous organic material. Some cells are
almost completely covered with crystals,
whereas nearby cells with dlightly different
morphologies are barren of crystals (Fig. 1A).
XRD analysis of the in situ microcosm ma-
terial shows a peak at a d spacing of 2.90 A,
not found on the reference material, corre-
sponding to ferroan dolomite. This peak dis-
appears after treatment with dilute hydrochlo-
ric acid. Mg-rich calcite and Ca-rich dolomite
are aso present. Although the exact compo-
sition of the precipitating phase is not known,
crystals with this characteristic d spacing pre-
cipitating from a solution near dolomite satu-
ration suggest that the precipitate is a calcium-
rich, disordered, ferroan dolomite. ESEM and
XRD were used to identify a divalent-cation—
substituted smectite on the reacted surface not
present on the starting basalt. This clay was
not associated with microbia cell walls, but
precipitated on the basalt surface.

FISH analysis showed that the attached
cells are ~60% Archaea and ~40% Bacteria
(Fig. 1B), probably a consortium of methan-
ogens and fermenters. The absence of SO7~ in
the groundwater (<10 wM) and the low
DSRB cell counts in situ (Bekins et al., 1999)
eliminate the possibility of vegetative DSRB.

As the colonized basalt weathers to clay, it
releases Ca, Mg, and Fe into a neutral pH
groundwater that is near equilibrium with cal-

278

Figure 1. A: Scanning electron microscope (SEM) photomicrograph of rod-shaped cells on
basalt surface with precipitation of ferroan dolomite on cell surfaces after three months in
anaerobic groundwater. Scale bar is 0.5 um. Differences in crystal encrustation may be due
to cell residence time on mineral surface or may reflect differences in metabolic activity. B:
Scanning-laser confocal microscope image of cells on basalt surface. Scale bar is 1 pm.
Green cells were probed with Arch915 tagged with fluoroscein (identifies Archaea). 4',6-
diamindino-2-phenylindole (DAPI) stains all cells blue. On this sample, Archaea make up
~60% of cells on surface. C: Environmental (E)SEM photomicrograph of rod-shaped cell on
basalt surface from laboratory experiment. Note surface-precipitating crystals. Scale bar is
2 um. D: ESEM photomicrograph of basalt surface from laboratory sterile control. No cells
are present, nor is there evidence of secondary-mineral precipitation. Scale bar is 20 pm.

cite and dolomite and has a high concentration
of Fe?* and dissolved CH,. Basalt dissolves
only near attached cells (Fig. 1A), and previ-
ous studies have shown that colonizing micro-
organisms destroy the silicate to access apatite
inclusions in this P-limited (<0.01 mM PQO,)
groundwater (Rogers et a., 1998). At the sur-
face of the dissolving basalt, we hypothesize
that methanogens locally initiate precipitation
of ferroan dolomite by consuming CO, in an
environment of released Ca, Mg, and Fe, driv-
ing the system even further toward carbonate
supersaturation, e.g.,

3HCO3 + 4H, + Ca2+ + 0.9Mg?+ + 0.1Fe**
- Cay oMo oFep.1(CO3)2 + CH,

+ 3H,0 + H*. Q)

Observations from these field experiments

suggest that extreme supersaturation and high

Mg:Ca ratios are not necessary for dolomite
precipitation, but rather that microbia cell

walls nucleate dolomite in freshwater very
near dolomite equilibrium. Controlled labora-
tory experiments were designed to both test
this hypothesis and to further constrain the
geochemical and microbiological conditions
necessary for dolomite precipitation.

LABORATORY SYNTHESIS OF
DOLOMITE BY MICROORGANISMS
Laboratory microcosms were constructed
from sterile glass bottles filled with 5 g of dry
sterilized basalt (0.5-1 mm size fraction) and
40 mL of Bemidji anaerobic groundwater.
Groundwater and native microbes were col-
lected from zones dominated by DIRB and
methanogens (Table 1), respectively, to inves-
tigate the role of these microorganisms in do-
lomite precipitation. Native microbial popu-
lations were extracted from cores of aquifer
sediment by using a nonionic surfactant. Cells
were concentrated with centrifugation, rinsed
with formation water, and inoculated to a final
concentration of 107 cells mL-1. The only
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TABLE 1. GEOCHEMISTRY OF GROUNDWATER AND SELECT MICROCOSMS

IR-GW IR-2 IR-3 IR-7S M-GW M-8 M-16 M-17S
pH 6.73 6.97 6.99 7.1 6.87 7.05 7.03 7.21
CH, 1.20 0.129 0.121 0.001 1.20 0.072 0.076 0.001
DOC 3.50 9.81 11.84 1.83 2.10 4.13 5.98 1.58
HCO, 8.39 7.60 7.78 4.82 10.7 6.60 7.35 5.61
Ca 3.60 1.90 1.93 1.28 3.71 1.88 1.84 1.46
Mg 1.28 1.34 1.36 1.29 1.34 1.30 1.31 1.21
Fe 0.388 0.166 0.186 <0.001 0.75 0.163 0.143 <0.001
Si 0.86 1.16 121 1.14 0.47 1.30 1.15 0.95
Sl-calcite —0.23 0.02 0.02 -0.17 0.11 —0.05 0.02 0.00
Sl-dolomite -0.94 0.02 —0.02 -0.21 —0.30 -0.16 0.01 —0.01
Mg:Ca 0.40 0.71 0.70 1.01 0.43 0.69 0.71 0.83

Note: Concentrations are in mM; Na, K, Cl are <0.3

mM; NO; and SO, are <0.01 mM. Solubility constants

for calcite and dolomite were 10~84 and 10-17, respectively; Mg:Ca molar ratio at equilibrium with both calcite
and dolomite is ~0.6 (Stumm and Morgan, 1996). IR is iron-reducing, and S is a sterile control. Numbers
designate laboratory experiments. M is methanogenic, GW designates the groundwaters used to prepare
microcosms. DOC is dissolved organic C; Sl is saturation index.

source of phosphate was the apatite inclusions
in the basdlt, and a few microliters of petro-
leum were added as a source of carbon. Sterile
controls were made with identical materials
but autoclaved for 20 min at 120 °C. The mi-
crocosms were assembled and stored in an an-
aerobic chamber and incubated in darkness at
25 °C for 8 months.

Several factors were considered in the mi-
crocosm design. The study aquifer has detrital
calcite and dolomite dispersed in the sedi-
ment, a high pCO,, and primarily DIRB, fer-
menters, and methanogens. To mimic these
aquifer conditions, 1 cm? pieces of dolomite
and calcite (Wards Scientific) were enclosed
in dialysis tubing (regenerated cellulose) and
suspended in the assembled bottles. This tech-
nique alowed slow reaction over the duration
of the experiment so that pH, Ca, and Mg con-
centrations were buffered, as they are in the
aquifer. The dialysis tubing prevented direct
microbia interaction with the carbonate min-

eral surfaces as well as contamination of the
microcosm with small particles of these
minerals.

After reaction the laboratory microcosm so-
lutions were sampled anaerobically and ana-
lyzed for anions, cations, DOC, and akalinity.
CO, and CH, were measured in the head-
space. Basalt, dolomite, and calcite chips were
analyzed with SEM and ESEM as described
in the previous section. Secondary-mineral
precipitates were identified with XRD. The
313C and 5180 values of the carbonate fraction
were measured on the precipitated carbonate
mixture as well as the dolomite fraction after
treatment with a 1% acetic acid solution, and
are reported relative to Vienna Peedee bel-
emnite (VPDB).

ESEM analysis indicates that crystals, sim-
ilar to those that formed in field experiments
(Fig. 1C), apparently nucleated on cells colo-
nizing the basalt surfaces. The observed crys-
tals are aligned on the cell, possibly because
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Ordered dolomite (d spacing = 2.89 A) is detected in live laboratory experiments, as is
calcite (29.48 20). Shoulder peak on dolomite may correspond to ferroan dolomite phase,
although siderite (32.08 20) is absent. Ordered and disordered dolomite peaks are absent
from sterile control, but peak at 29.68 20 may be calcite.
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of oriented nucleation by the cell wall. Car-
bonate mineral crystals (0.02 to ~5 pwm) are
also observed on the basalt surface where they
are embedded in a slime layer, apparently part
of a biofilm. SEM—energy-dispersive spec-
trometer (EDS) analysis produced peaks cor-
responding to both calcium carbonate and cal-
cium and magnesium carbonate for larger
crystals; only spectra without Si were attri-
buted to carbonates because of background
emission from the basalt groundmass. XRD
analysis identified carbonate peaks with d
spacings of 3.03 A and 2.89 A, corresponding
to calcite and dolomite, respectively (Fig. 2).
Dolomite ordering isindicated by the presence
of superstructure reflections (Fig. 2). No evi-
dence of other secondary carbonate minerals
(e.g., siderite) was found by using XRD and
SEM. In sterile controls only calcite precipi-
tated, and the sterile basalt surfaces were bar-
ren of cells or visible precipitate (Fig. 1D).
Cells were absent from the calcite and dolo-
mite crystals within the dialysis tubing, and
there was no evidence of dissolution or
precipitation (e.g., etch pits or surface
imperfections).

The starting solution chemistry in the mi-
crocosms was derived from the collected
groundwater, though modified slightly by gas
exchange and iron oxide precipitation during
microcosm construction. Initially the solutions
reacted abiotically with the basalt, calcite, and
dolomite, illustrated by the small changes ob-
served in dissolved CH, and Fe* in the sterile
control samples (Table 1). In the live experi-
ments, microorganisms consumed hydrocar-
bon and produced CO, while dissolving basalt
near attached cells, releasing Ca, Mg, and Si
(compared to the sterile controls;, Table 1).
The significantly higher dissolved silicain the
live experiments compared to sterile controls
supports a microbial role in basalt weathering.
Evidence of basalt alteration with negligible
dissolution of the dolomite and calcite in the
dialysis tubing suggests that Mg and Ca are
derived from the basalt rather than from car-
bonate phases.

The mixture of precipitated calcite and do-
lomite has 313C = —0.59%. = 0.28%. and
3180 = —5.75%0 * 0.63%0. Dolomite sepa-
rates (calcite removed by acetic acid leaching)
have 813C = —0.03%0 = 0.49%o and 5180 =
—3.93%o0 = 0.90%0. Under the assumption that
the mixtures had 30% dolomite (a conserva-
tive estimate based on SEM-EDS), the com-
position of calcite would be 813C = —0.83%o
+ 0.27%0 and 8180 = — 6.53%0 + 0.58%o.
The calcite in the dialysis tubing has $13C =
+2.83%0 and 3180 = —5.31%0, whereas for
the dolomite, 813C = —1.15%0 and 3180 =
—16.61%0. The isotopic composition of pre-
cipitated dolomite and that estimated for cal-
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cite are distinct from the minerals in the di-
alysis tubing, and no possible combination of
contamination from those by themselves or
with either calcite or dolomite precipitates can
produce the isotopic composition of the
precipitates.

Little reducible hydrous ferric oxyhydrox-
ides were available for the DIRB population,
and only small increases in Fe?* were docu-
mented in laboratory experiments, so these
bacteria are probably not the dominant meta-
bolic guild. CH, concentration, however, in-
creased significantly in &l live microcosms
(compared to sterile controls), suggesting that
methanogenesis was the principal metabolic
pathway (Table 1). The $13C values of the sec-
ondary precipitate, coupled with the large
amount of CO, (derived from oxidation of the
petroleum with 813C <—25%0) and CH, pro-
duced, require that most of the carbonate pre-
cipitated only after significant CH, production
(through CO, reduction) had taken place to
buffer the 313C of DIC (dissolved inorganic
carbon) to ~—2.0%o. The most positive 8180
value of inorganic calcite that could precipi-
tate from groundwaters at the study site (8180
<—11%o relative to standard mean ocean wa-
ter) is —12%o (VPDB), implying major kinetic
or biogenic effects on the secondary carbonate
composition or major 180 (and 2H) enrich-
ment of fluid through reduction of CO..

The release of Ca and Mg from basalt and
the microbial consumption of CO, resulted in
the precipitation of carbonate minerals. The
calculated saturation indices from the micro-
cosm solutions (Table 1) suggest that the wa-
ters, with Mg:Ca ratios of ~0.7, remained
near equilibrium with dolomite (log SI = 0 =
0.2). The evidence from XRD and SEM-EDS
suggests that ordered dolomite and not ferroan
dolomite precipitated in the laboratory micro-
cosms, probably because of the much lower
Fe?+ activity.

IMPLICATIONS

This study demonstrates that dolomite pre-
cipitates in dilute solutions due to the meta-
bolic activity of native microbial communi-
ties. We observe dolomite formation as part of
a two-step process in which microorganisms
first weather basalt and incidentally release
Mg, Ca, and Fe. Dolomite precipitation isthen
initiated by methanogenic metabolic activity
and crystal nucleation on the cell wall. The
rapid weathering of basalt and formation of
dolomite was identified in both field and lab-
oratory settings at low temperature, with mea-
surable mineral precipitate forming after only
a few months.

Clearly, the origin of extensive dolomite
cannot be resolved by applying a narrow range
of chemical conditions or a single abiotic ki-
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netic model for dolomite nucleation and pre-
cipitation. Our observation of microbialy me-
diated dolomite precipitation in a dilute,
low-temperature environment is a significant
departure from previous attempts to form do-
lomite in the laboratory and expands our un-
derstanding of the geochemical and microbi-
ological constraints on this notorious mineral.
Our findings demonstrate that in some micro-
bialy active systems, neither extremely Mg-
rich fluids nor highly supersaturated condi-
tions are required for the nucleation and
precipitation of dolomite. Microorganisms, ei-
ther by their metabolic processes or owing to
the nature of their outer cell membranes, di-
rectly influence the rate-controlling step in do-
lomite precipitation. In this study, methano-
gens and not sulfate reducers were found to
be the principal organisms in dolomite nucle-
ation and precipitation. This discovery adds to
our knowledge of dolomite precipitation at
low temperature and opens up the possibility
of new models for the origin and diagenetic
history of ancient dolomites.
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