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Abstract

Two strains of moderately halophilic bacteria were grown in aerobic culture experiments containing gel medium to deter-
mine the Sr partition coefficient between dolomite and the medium from which it precipitates at 15 to 45 °C. The results dem-
onstrate that Sr incorporation in dolomite does occur not by the substitution of Ca, but rather by Mg. They also suggest that
Sr partitioning between the culture medium and the minerals is better described by the Nernst equation (Ds,%®" = Srao1/STomi)s
instead of the Henderson and Kracek equation (Dg,%°" = (Sr/Ca)qoi/(S1/Ca)sotution. The maximum value for Dg,%°! occurs at
15 °C in cultures with and without sulfate, while the minimum values occur at 35 °C, where the bacteria exhibit optimal
growth. For experiments at 25, 35 and 45 °C, we observed that Dg,9°! values are greater in cultures with sulfate than in cul-
tures without sulfate, whereas D, 4! values are smaller in cultures with sulfate than in cultures without sulfate at 15 °C.

Together, our observations suggest that Dg, %' is apparently related to microbial activity, temperature and sulfate concen-
tration, regardless of the convention used to assess the Dg,%°!. These results have implications for the interpretation of depo-
sitional environments of ancient dolomite. The results of our culture experiments show that higher Sr concentrations in
ancient dolomite could reflect microbial mediated primary precipitation. In contrast, previous interpretations concluded that
high Sr concentrations in ancient dolomites are an indication of secondary replacement of aragonite, which incorporates high
Sr concentrations in its crystal lattice, reflecting a diagenetic process.
© 2010 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

In 1962, Ingerson asserted that the “problem of the ori-
gin of dolomite is one of the most fascinating, as well as one
the most important in all of geochemistry or in sedimentary
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petrology”. Dolomite is a common sedimentary rock, being
ever-present in the geologic record from the Precambrian to
the Pleistocene (Weber, 1964). Despite the fact that present
oceans are supersaturated with respect to dolomite; it does
not commonly form in modern sedimentary environments,
and it has been nearly impossible to precipitate dolomite in
the laboratory at Earth’s surface temperatures and pressure
(Land, 1998). Adding to the problem is the fact that dolo-
mite is a stable carbonate phase at Earth surface tempera-
tures and pressures (Zen, 1960). In the last decade, a
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microbial origin has been added to the list of formation
mechanisms for dolomite (Vasconcelos and McKenzie,
1997). There is a strong tendency to reduce the problem
by defining the particular solution that will overcome the
well-known reluctance of dolomite to nucleate and grow
at 25 °C or thereabout. Although the oxygen-isotope frac-
tionation factor for dolomite at low temperatures has been
calculated (Vasconcelos et al., 2005), as well as the recogni-
tion of distinctive carbon isotopes values (Kelts and
McKenzie, 1982; Vasconcelos and McKenzie, 1997), these
indicators only imply temperature of precipitation or the
active microbial processes producing bicarbonate ions,
respectively, but they do not unambiguously identify the
parent-water composition or its source.

There is a fairly extensive literature dealing with the
abundance of trace elements in carbonate minerals, sedi-
ments, and rocks, but experimental data on the incorpora-
tion of trace elements in dolomite are relatively rare.
Numerous authors have studied the concentration of Sr
in dolomite (Weber, 1964; Behrens and Land, 1972; Land
et al., 1975; Katz and Mathews, 1977; Land, 1980, 1985;
Baker and Burns, 1985; Vahrenkamp and Swart, 1990;
amongst others). The primary objective of such research
has been to use the Sr content to constrain the environment
of dolomite formation. However, ambiguity in interpreting
trace element values in dolomites revolves around a number
of factors, the most important of which are: (1) our inability
to synthesize dolomite in the laboratory and, thus, measure
partition coefficients under controlled conditions at low
temperatures (e.g., 25 °C), composition and (2) difficulties
in quantifying the volumes of various diagenetic fluids
and their chemical overprints, which alter crystal chemistry
of natural dolomite over time (Vahrenkamp and Swart,
1990). For these reasons, the partition coefficient for the
incorporation of Sr into dolomite (Dg,%") is not well con-
strained. The range of D' proposed in the literature
(Behrens and Land, 1972; Katz and Mathews, 1977; Baker
and Burns, 1985; Vahrenkamp and Swart, 1990) yield
uncertainties in the predicted relationship between the Sr
contents of fluids and dolomites. Hence, because it is not
known what the typical Sr content of a dolomite from a
given environment should be, the use of this trace element
has been limited in geochemical studies (Land, 1980).
Despite this problem, the Sr content of dolomite has been
used as a proxy to define diagenetic environments.

Recently, Sanchez-Roman et al. (2008, 2009a,b) have
shown that moderately halophilic aerobic bacteria
(MHAB) mediate the precipitation of dolomite at room
temperature. Further, they have demonstrated that sulfate
ions do not hinder the formation of dolomite (Sanchez-
Roman et al., 2009b). They proposed that degradation of
organic matter by MHAB simultaneously increases the car-
bonate alkalinity to produce local supersaturation in the
micro-environment around bacterial surfaces capable of
overcoming the low-temperature kinetic barriers to precip-
itate dolomite. Unfortunately this mechanism fails to ex-
plain why inorganic dolomite cannot be synthesized in the
laboratory at room temperature. The goal of this study is
to define, using MHAB cultures experiments, the Sr parti-
tion coefficient for microbial dolomite precipitated under

controlled laboratory conditions and compare the results
with the available published data. The aim of this work is
to better understand the microbial and geochemical signals
recorded in Recent and ancient dolomite, precipitated un-
der oxic conditions, and evaluate if these signals can be
traced throughout the geological record. Certainly, the
incorporation of a biological factor into the geochemical
equation will add a unique understanding of the metal
incorporation processes during biomineralization. A better
understanding of these parameters will help to reconstruct
fossil and modern environments of dolomite formation pro-
viding bio-geochemical information at the interface be-
tween biology and geology.

In the present study, we report for the first time the re-
sults of a series of Bacillus and Halomonas culture experi-
ments on the co-precipitation of Sr with dolomite over
the temperature range from 15 to 45 °C, and two sulfate
concentrations (0 and 58 mM). We propose partition coef-
ficients for Sr in dolomite as a function of temperature,
microbial activity and sulfate concentration. That permits
the microbial origin for dolomite to be evaluated in modern
and ancient environments. These data provide an alterna-
tive explanation for the long-standing Dolomite Problem
and dolomitization processes.

2. MATERIALS AND METHODS
2.1. Microorganisms

Two species of halophilic bacterium were used in this
study:

(1) Virgibacillus marismortui AJ009793: a gram positive
rod, height = 2-4 um and width = 0.8-1.2 um, endo-
spore-forming, chemoorganotrophic and strictly aer-
obic bacterium. Growth occurs in solutions of 5-25%
(w/v) total salts and at temperatures between 15 and
50 °C, with optimal growth at 10% (w/v) and 37 °C
(Arahal et al., 1999).

(2) Halomonas meridiana ACAM 246 (= UQM 3352): a
gram-negative rod, height =0-3.6 pm and width =
0.5-0.7 0.5-0.7 um, non-spore-forming, chemoorga-
notrophic and strictly aerobic bacterium. It optimally
grows in solutions of 1-3% NaCl and temperatures
between 28 and 40 °C. The maximum salt tolerance
is 20-25% NaCl and the maximum growth tempera-
ture is 45 °C (James et al., 1990).

Both species are moderately halophilic bacteria. Because
they grow under widely changing saline concentrations,
these microorganisms are highly useful to determine how
the ionic composition of the environment affects the bacte-
rial precipitation of minerals.

2.2. Culture media

D-1 medium was used in the culture experiments; it has
the following composition, (%, w/v): 1% yeast extract; 0.5%
proteose peptone; 0.1% glucose; 3.5% NaCl; 84 mM Mg;
11 mM Ca and 0.23 mM Sr to get a final concentration of
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20 ppm Sr. The medium was modified by adding 58 mM
SO, in some experiments. To obtain a solid medium,
20 g/l of Bacto-Agar was added. The pH was adjusted to
~7.2 (see Table 1) with 0.1 M KOH and the solution was
sterilized at 121 °C for 20 min.

Our culture experiments were designed to simulate the
specific Earth’s surface conditions (like shallow marine/
lacustrine sediments rich in organic matter, biofilms
and/or mats, pore-space) where precipitation of dolomite
occurs.

2.3. Crystal formation and mineralogy

Virgibacillus marismortui and H. meridiana were surface-
inoculated onto solid media having two sulfate concentra-
tions (0 and 58 mM). All the cultures were incubated
aerobically at 15, 25, 35 and 45 °C. The cultures were peri-
odically examined for the presence of precipitates using an
optical microscope. Each experiment was carried out in
triplicate. Control experiments, consisting of uninoculated
cultures and cultures inoculated with dead bacterial cells,
were included for all experimental conditions.

The crystals formed in the bacterial cultures were
isolated, purified and identified. Struvite crystals were ex-
tracted from media using a small spatula; they were washed
with distilled water and then dried at 37 °C. Carbonate
crystals were removed by cutting out pieces of media, which
were placed in boiling water to dissolve the agar. The
resulting suspension was resuspended and washed in
distilled water to free crystals of impurities. This treatment
did not alter the morphology of crystals, as observed by
comparison with precipitates embedded in media. The
carbonate crystals were then dried at 37 °C.

Crystals were examined by X-ray diffraction analysis
(Scintag). From the djo4 peak of the diffraction spectrum,
the Mg:Ca ratio of dolomite was calculated (after Lumsden,

1979). Dolomite peaks and superstructure reflections were
identified and labelled by #hk/ indices. Superstructure
reflections are indicated by odd-numbers. See Appendix
Fig. 1. The peak broadening measure for 104 reflection in
the carbonate precipitates was performed using full width
at half maximum (FWHM) as a measure of pure diffraction
broadening after instrumental factors correction and Ko,
stripping (Klug and Alexander, 1973; Martin, 2004). A
LEO 1530 scanning electron microscope (SEM), equipped
with an electron dispersive detector (EDS), was used for
imaging and elemental analysis of single crystals.

2.4. Sample preparation for elemental analysis

Mineral separates were prepared from the solid retrieved
from each experiment. Crystals of struvite were collected
using binocular microscope and a brush to separate them
from carbonate minerals, as they are well distinguishable
by shape, color and size. The remaining solid (mainly hyd-
romagnesite and dolomite) was sonicated for one day. As
hydromagnesite crystals were 50-200 pm in diameter and
dolomite crystals were 5-30 um in diameter, these two min-
erals were separated in the following way: the samples were
washed over a 200 um sieve to retrieve the largest hydro-
magnesite crystals. The residue was sequentially washed
over 100, 60, 40, 20 and 10 pm sieves until single crystals
of dolomite remained. Individual dolomite crystals (diame-
ter: 5-30 um) were collected with a brush using a binocular
microscope and they were mounted on a quartz-slide and
fixed with a clean impurity free nail lacquer.

The gel medium (agar), below the bacterial mass
(bacteria-medium interface, “bmi’, site for mineral precipi-
tation), was cut into 10 x 7 mm pieces. The pieces of agar
were dried at room temperature for two weeks, and then
mounted on quartz-slides and fixed with a clean impurity
free nail lacquer.

Table 1
Times required for microbial growth and biomineral precipitation.
Bacterial strain T (°C) SO,>~ (mM) pH?* pH® Time (days)

Growth Starting precipitation Widespread precipitation
V. marismortui 15 0 7.2 8.5 6 13
V. marismortui 15 0 7.2 8.5 6 13
V. marismortui 25 0 7.2 8.5 2 4 12
V. marismortui 35 0 7.0 8.5 1 3 8
V. marismortui 45 0 7.3 9 1 3 7
V. marismortui 15 56 7.2 8.5 3 7 13
V. marismortui 25 56 7.0 8.5 2 4 12
V. marismortui 35 56 7.2 9.5 1 3 9
V. marismortui 45 56 7.1 9.5 1 3 8
H. meridiana 15 0 7.4 8.5 3 10 14
H. meridiana 25 0 7.0 8.5 2 5 12
H. meridiana 35 0 7.3 8.5 1 3 9
H. meridiana 45 0 7.2 8.5 1 2 6
H. meridiana 15 56 7.4 8.5 3 4 14
H. meridiana 25 56 7.0 8.5 1 4 12
H. meridiana 35 56 7.2 9 2 3 8
H. meridiana 45 56 7.2 9 1 2 6

# Starting pH in the medium.
® Final pH in cultures with living bacteria.
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2.5. Laser-ablation inductively-coupled mass-spectrometry
analysis

Laser ablation-inductively coupled plasma mass spec-
trometry (LA-ICP-MS) analyses were performed at the
Institute for Isotope Geochemistry and Mineral Resources,
ETH-Ziirich, using an ELAN 6000 quadruple ICP-MS
mass spectrometer equipped with an Excimer 193 nm ArF
laser, as described in Guenther et al. (1997). For the
measurement of dolomite crystals and dry media, the
193 nm laser was calibrated using a NIST 610 certified glass
standard reference material. Up to 10 samples were loaded
with the standard and put on the stage of a modified
petrographic microscope. Pulse energy (70-80 mJ) was
adjusted according to sampling resolutions, usually 40 um
spot diameter for media and 10-14 um spot diameter for
dolomite crystals. Uniform transport efficiency from the
ablation cell to the ICP-MS was ensured by using a low
internal volume ablation cell and a minimum length for
the tubing. The aerosol produced by ablation was trans-
ferred to the ICP-MS, using a mixed He-Ar carrier gas
(Guenther and Heinrich, 1999), which enables simultaneous
determination of elements in a matrix (£100 wt%) to a few
parts per billions (ppb) in a single analysis. The ICP-MS
operating conditions were optimized using continuous
ablations of NIST glass, providing maximum sensitivity.
Transient signals of seven isotopes were measured with
one point peak and 10 ms dwell time per peak (see Appen-
dix Table 1). Other parameters used for the experiment are
shown in the Appendix Table 1. LA-ICP-MS provides
element intensity measurements, which were converted to
concentrations by dividing the intensity of a particular
analyte (e.g., Sr) to concentration for comparison to the
reference material (NIST SRM 610) and developing
calibration curves. Limits of detection was estimated for
each element, using three times the standard deviation of
the background measurement (Longerich et al., 1996).

Table 2

XRD data and composition of dolomite from culture experiments.

3. RESULTS
3.1. Culture experiments

In all culture experiments, V. marismortui and H. meri-
diana precipitated carbonate and phosphate minerals. Table
1 shows the times required for V. marismortui and H. merid-
idana to grow, for the start of precipitation and for the pro-
duction of widespread precipitation; the original pH in the
media and the final pH in the cultures with living bacteria.
In all of the culture experiments, the time required for the
initiation and widespread precipitation decreased with
increasing temperature. A significant rise in pH occurred
in the culture media with living bacteria, from an original
pH of ~7.2 up to ~9.5. No precipitation of minerals was
observed and no changes in pH (pH ~7) were detected in
the control experiments.

Dolomite [CaMg(CO3),], hydromagnesite [Mgs(CO3),-
OH)-4H,0] and struvite [NH4Mg(PO,)-6H,0)] co-precipi-
tated in all culture experiments. The amount of crystals pre-
cipitated was higher in experiments conducted at 35-45 °C
than at 15-25 °C. The amount of hydromagnesite and stru-
vite was minor compared to the amount of dolomite. Stru-
vite crystals formed mainly at the edge of the individual
bacterial masses. In general, carbonates (dolomite and hyd-
romagnesite) began to precipitate at the edge of the bacterial
mass forming a ring, which grew wider with incubation time.

Table 2 shows the composition of the dolomite precipi-
tated in the various experiments, as determined by X-ray
diffraction analysis. The dolomite is calcium-rich (Ca-
dolomite) and ordered, being nearly stoichiometric in the
experiments with V. marismortui conducted at 35 and
45 °C (see Table 2 and Appendix Fig. 1). The presence of
superstructure reflections indicates that these biomediated
precipitates are composed of ordered dolomite (Appendix
Fig. 1). Note that in some of the X-ray patterns, the
superstructure reflections are weak indicating minor

Culture T (°C) S04~ (mM) dyoa (A) Formula® for dolomite FWHM (°26)°
V. marismortui 15 0 2.916 Cag60Mgo.40(CO3) 0.94
V. marismortui 25 0 2.902 Cag 55sMgp.45(CO3) 1.12
V. marismortui 35 0 2.893 Cag.53Mgp 47(CO3) 1.10
V. marismortui 45 0 2.891 Cag.5oMgp45(CO3) 1.08
V. marismortui 15 56 2.910 Cag.s5sMgj.42(CO3) 1.01
V. marismortui 25 56 2.902 Cag.55Mgp.45(CO3) 0.95
V. marismortui 35 56 2.904 Cag.s6Mgo.44(CO3) 0.98
V. marismortui 45 56 2.894 Cag 53Mgj 47(CO3) 1.10
H. meridiana 15 0 2.907 Ca0A58MgO_42(CO3) 1.00
H. meridiana 25 0 2.910 Cag.5sMgp.42(CO3) 0.97
H. meridiana 35 0 2.909 Ca0A5gMg0,42(CO3) 0.92
H. meridiana 45 0 2.905 Ca()_57Mg()_43(CO3) 1.03
H. meridiana 15 56 2.945 Ca0_60Mgo_40(C03) 0.83
H. meridiana 25 56 2912 Ca()_ngg()_41(CO3) 0.90
H. meridiana 35 56 2.901 Cd055Mg04§(C03) 0.93
H. meridiana 45 56 2.902 Cag.5sMgp.45(CO3) 1.13

# The formulas were obtained from dj4 peak of the diffraction spectra, according to Lumsden (1979).

® The FWHM (full width at half maximum) values are around 1° (20) in all the studied samples and in some cases broad peaks show
shoulders which indicate that there is some compositional heterogeneity resulting from the existence of intergrowths or zoned crystals
composed of diverse double (Ca, Mg) carbonate phases as Ca-dolomite, protodolomite and/or dolomite (see notes in the Appendix).
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ordering (dolomite precipitated in cultures at 15 °C), whereas
in some others are stronger indicating cation ordering
(dolomite precipitated in cultures at 25, 35 and 45 °C).

No differences in morphology or crystal shape were ob-
served with respect to bacterium species, temperature or
sulphate concentration. In all culture experiments dolomite
was produced with spheroidal and dumbbell morphology,
up to 20-30 pm in diameter (Fig. 1).

Medium (bacteria-medium interface, “bmi”, site of dolo-
mite precipitation) and single crystals of dolomite were analysed
by LA-ICP-MS to determine the elemental composition of Ca,
Mg and Sr. The results for dolomite crystals from V. marismor-
tui and H. meridiana experiments are reported in the Appendix
(Tables 2 and 3, respectively), and the results for V. marismortui
and H. meridiana bacteria-medium interface (“bmi”) are re-
ported in the Appendix (Tables 4 and 5, respectively).

3.2. Elemental analysis of Ca, Mg and Sr

The elemental data for the dolomite and the bacteria-
medium interface (“bmi”, site of dolomite precipitation)

Fig. 1. SEM photomicrographs showing the morphology of
biogenic dolomite precipitated in culture experiments. (A) Spheru-
lites of dolomite formed in H. merididana cultures without sulfate
at 25 °C. Bacteria are closely related to dolomite (arrow). Micro-
photograph taken from Sdnchez-Roman et al. (2008). (B) Dolomite
dumbbell covered with fine layer of microcrystals formed in V.
marismortui culture with sulfate at 35 °C. A rod shape bacterium
(arrow) is closely related to the dolomite dumbbell that precipitated
in this culture. Microphotograph taken from Sanchez-Roman et al.
(2009b). EDS spectra indicate mineralogy of the dolomite samples.

Table 3

Average Sr concentration and Mg/Ca, Sr/Ca and (Mg + Sr)/Ca molar ratios for “bmi”(bacterium medium interface) in V. marismortui and H. meridiana cultures without and with sulfate.

T

“bmi” in H. meridiana cultures

“bmi” in V. marismortui cultures

With sulfate
(Mg +Sr)/  Sr (ppm)
Ca

1.60 £0.06 0.036 +0.07 1.70 £ 0.09
2.804+0.19 0.045+0.05 2.85+0.33

Without sulfate
(Mg +Sr)/  Sr(ppm)
Ca

1454020 1.74+£0.33 0.036+0.33 1.77+£0.33 74+0.07

With sulfate
(Mg +Sr)/  Sr(ppm)
Ca

1.88 £0.54 0.044 +£0.44 1.93+£0.53

Without sulfate

°C)

(Mg + Sr)/

Ca
123 +0.04 1.58 +£0.19 0.038 +0.14 1.62+0.19

165+£0.09 2.69+0.04 0.045+0.02 2.73 £0.03

162 +£0.28 3.13+£0.23 0.048+0.12 3.18 £0.42 2524+0.04 2.94+0.04 0.055+0.06 3.00+0.04

Sr/Ca
127 4+0.16 2.54 +0.33 0.051 +0.07 2.59+0.45 211+0.08 2.18+0.17 0.0534+0.12 2.23+0.17

Mg/Ca

Sr/Ca

Mg/Ca

Sr/Ca

Mg/Ca

Mg/Ca Sr/Ca

Sr (ppm)

86 +0.07

15

85+0.17

1.454+0.34 207 +£0.03 1.48+0.11 0.045+0.15 2.53 +£0.11

160 £0.10 1.40 £0.34 0.046 +0.21

25

156 £0.23 2.65+0.29 0.051 +£0.29 2.70+0.29 250 £0.09 291 +0.23 0.054 £0.21 2.97+0.23
171 £0.03 2.38 +£0.13 0.051 +£0.19 2.434+0.13 245+0.04 2.50 £0.15 0.054 +£0.05 2.55+0.15

35

45

Note: n =3, average values calculated from Tables 4 and 5 in the Appendix.
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Table 4

Average Sr concentration and Mg/Ca, Sr/Ca and (Mg + Sr/Ca) molar ratios for “bmi” (bacterium medium interface) of both V. marismortui
and H. meridiana cultures without and with sulfate.

T (°C) “bmi” in cultures without sulfate “bmi” in cultures with sulfate
Sr (ppm) Mg/Ca Sr/Ca (Mg + Sr)/Ca Sr (ppm) Mg/Ca Sr/Ca (Mg + Sr)/Ca
15 80 + 0.1 1.74 £0.11 0.040 +0.14 1.82 +£0.08 134 +0.11 1.66 + 0.06 0.037 +0.03 1.69 £ 0.06
25 123 +£0.43 2.10+0.47 0.045 £ 0.01 2.15+0.46 186 £0.15 2.58 +0.41 0.045£0 2.63 +0.05
35 159 £0.02 2.89+£0.11 0.049 £ 0.04 294 +£0.11 251 £0.05 2.93 £+ 0.007 0.054 +0.01 2.98 +0.007
45 149 +0.20 2.46 +0.04 0.051+0 2.51 £0.04 228 £0.10 2.34+0.09 0.054 £0.01 2.39+0.09
Note: n =2, average values calculated from Table 3.
33 1.05
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Fig. 2. (A) Average values for (Mg + Sr)/Ca molar ratios in the bacteria-medium interface (‘bmi’, site of mineral precipitation) from culture
experiments with and without sulfate. (B) Average values for (Mg + Sr)/Ca molar ratios in dolomite precipitates from culture experiments
with and without sulfate.
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Fig. 3. Plot of Mg versus Ca concentrations of the dolomite precipitated in all cultures experiments at 15, 25, 35 and 45 °C.
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show a systematic enrichment in Mg and Sr, with maximum
values being reached at temperatures near the optimum
bacteria activity (35-37 °C) and at 45 °C. The sum of the
(Mg + Sr)/Ca molar ratios in the bacteria-medium interface
(“bmi”) are higher at 35 °C than at 15, 25 or 45 °C (see
Tables 3 and 4; Fig. 2A). Also, both V. marismortui and
H. meridiana concentrated Sr in the “bmi” up to 13.5 times
higher than the original Sr concentration of the medium
(20 ppm). The average Sr concentration in the “bmi”
increased with temperature, from 80 ppm + 0.1 (n=2) at
15 °C to 149 ppm 4 0.20 (n = 2) at 45 °C in V. marismortui
and H. meridiana cultures without sulfate and from
134ppm £ 0.11 (n=2) at 15°C to 228 ppm =+ 0.10
(n=2) at 45 °C, Sr average values of both V. marismortui
and H. meridiana cultures with sulfate (Table 4). We
observe that when sulfate is present in the cultures, the Sr
concentration in the “bmi” is higher than in cultures
without sulfate (see Tables 3 and 4).

The Mg/Ca molar ratio of the dolomite varied with tem-
perature from 0.52 +0.04 (n=2) at 15°C to 0.73 £+ 0.04
(n=2) at 45 °C (see Table 6 and Fig. 2B). At 35 °C (opti-
mum temperature for bacteria growth), the Mg/Ca molar
ratio of the dolomite is closest to 1.0, the stoichiometric
value for dolomite. The enrichment in Mg apparently
occurs at the expense of Ca substitution as expressed by a
strong negative correlation between wt% Ca vs wt% Mg
(Fig. 3). Also, Sr shows enrichment in the solid phase
together with Mg as a function of increasing temperature
(Tables 5 and 6; Fig. 2B). However, there is no indication
that this occurs by Sr homogeneous substitution of Ca in
the crystal lattice, as shown by the lack of any linear
correlation between Sr and Ca (Fig. 4A and B). The weak
correlation between Sr and Ca may suggest an adsorption
process or occlusion instead of a paired exchange. Note
in Fig. 4 that the Sr concentrations are relatively higher
in dolomite produced in culture experiments with sulfate.

Fig. 5 illustrates the temperature dependence of the
average value of Sr concentration in dolomite precipitated
in both V. marismortui and H. meridiana cultures. Note that
the Sr concentration in the dolomite increases with increas-
ing temperature. In addition to the temperature variation,
the Sr concentrations of the dolomite precipitated in cul-
tures without sulfate range from 2877 ppm + 0.11 (n = 8)
at 15°C to 3809 ppm + 0.12 (n = 8) at 45 °C, whereas, in
cultures with sulfate, they vary from 4012 ppm + 0.20
(n=28) at 15°C to 6296 ppm + 0.10 (n = 8) at 45 °C (see
Table 5). As previously mentioned, V. marismortui and H.
meridiana concentrate Sr in the “bmi”, similar to the accu-
mulation of Sr in the dolomite crystals, which is from 147
times at 15 °C to 190 times at 45 °C in cultures without sul-
fate and from 207 times at 15 °C to 313 times at 45 °C in
cultures with sulfate. This large enrichment is relative to
the original Sr concentration of 20 ppm in the medium.

3.3. Sr partition coefficient for dolomite, Dg,*"'

The weak correlation between Sr and Ca concentration
in the dolomite (Fig. 4A and B; R? = 0.20 and 0.36, respec-
tively) appears to indicate that Sr does not homogeneously
replace Ca in the crystal lattice. Thus, we propose that the

Table 5

Average Sr concentration and Mg/Ca, Sr/Ca and (Mg + Sr)/Ca molar ratios for dolomite from V. marismortui and H. meridiana cultures without and with sulfate.

Dolomite from H. meridiana cultures

Dolomite from V. marismortui cultures

T

Without sulfate

(Mg +Sr)/  Sr (ppm)

Ca
28774+ 0.11 0.56+0.17 0.005+0.19 0.574+0.17 4290 +0.10 0.50 +0.07 0.008 +£0.12 0.51 +0.07

Without sulfate

With sulfate

(Mg +Sr)/  Sr (ppm)

Ca

Without sulfate

(°C)

(Mg + Sr)/

Sr/Ca
Ca

Mg/Ca

Sr (ppm) Mg/Ca Sr/Ca

(Mg + Sr)/

Sr/Ca
Ca

Mg/Ca

Mg/Ca Sr/Ca

Sr (ppm)

2992 +0.12 0.50 £0.15 0.005+0.13 0.51 £0.14 4012+0.20 0.53+0.09 0.007 +0.09 0.54 +0.21

15
25

3149 £ 0.16 0.65+0.14 0.006 +£0.18 0.66+0.14 5164 +£0.08 0.67+0.15 0.010£0.15 0.68+0.12 2793 +0.17 0.65+0.14 0.005+0.28 0.66 +0.14 4904 +0.19 0.64+0.12 0.009 +0.24 0.65+0.12

5563 +0.10 0.90 +0.04 0.012+0.13 0.91 & 0.04
3800 +0.02 0.71 £0.16 0.007 +£0.06 0.724+0.17 6211 +0.18 0.66+0.15 0.012+0.23 0.67 +0.15

3343 +0.10 0.80+0.15 0.007 £0.15 0.81 £+ 0.15

3492 £0.12 0.824+0.21 0.007 £0.16 0.83+0.20 5565+0.06 0.89+0.10 0.012+0.10 0.90 & 0.07
3809 £0.12 0.75+0.14 0.008 £0.15 0.76 +0.14 6296 +£0.10 0.74 +0.14 0.012+0.14 0.75+0.14

35
45

Note: n =8, average values calculated from Tables 2 and 3 in the Appendix.
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Table 6
Average Sr concentration and Mg/Ca, Sr/Ca and (Mg + Sr)/Ca molar ratios for dolomite from both V. marismortui and H. meridiana culture
experiments.
T (°C) Dolomite from cultures without sulfate Dolomite from cultures with sulfate

Sr (ppm) Mg/Ca (M)  Sr/Ca (M) (Mg +Sr)/Ca  Sr (ppm) Mg/Ca(M) Sr/Ca (M) (Mg + Sr)/Ca
15 29354+0.03  0.53 £0.08 0.005+0 0.54 +0.08 4151 £0.05 0.524+0.04  0.007+£0.09 0.52+0.04
25 2971 +£0.08  0.65+0 0.006 +0.13 0.66 +0 5034 4+0.04  0.66 +0.03 0.010 +£0.07  0.66 + 0.03
35 3418 +0.03  0.81 £0.02 0.007 0 0.82 4+ 0.02 5564 +0 0.90 £+ 0.01 0.0124+0 0.91 +0.01
45 3805+0.02 0.73+0.04 0.008 +0.09  0.74 +0.04 6254 +0.01 0.70 +0.08 0.012+0 0.71 +£0.08
Note: n =2, average values calculated from Table 5.
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Fig. 4. Plots of Sr versus Ca (A and B) and of Sr vs Mg (C and D) concentrations of the dolomites precipitated in culture experiments with
and without sulfate, as indicated by closed and open circles, respectively.
7000 concentration in the solid phase (dolomite, “dol”) over that
6500 in the fluid (“bmi”), which is expressed as Ds, %" = Sryo1/
6000 Srpm; using the Nernst partition coefficient (1891). However,
5500 y=6%+3199; %= 099 all previous studies have defined the Sr partition coefficient
= i for natural dolomites (Baker and Burns, 1985; Vahrenkamp
£ s and Swart, 1990) and recrystallization of dolomite (Malone
@ et al., 1994, 1996) using the equation of Henderson and
000 $ Kracek (1927), where Dg, %' is the homogeneous partition
3500 —® 3l i 00 coefficient for the homogeneous incorporation of Sr in
e =31x+ 2365, R"=092 . .
3000+ (o ® dolomite. These authors assume that: (1) Sr/Ca of the solid
2500 T T T y T T T (dolomite) and Sr/Ca ratio of the solution from which
10152025 30 35 40 45 30 dolomite precipitates are in equilibrium and (2) Sr homoge-
T(C)

|0Dolomite formed in cultures without sulfate @ Dolomite formed in cultures with sulfate ]

Fig. 5. Average values of Sr concentrations in dolomite precipi-
tates versus temperature in cultures with and without sulfate, as
indicated by the closed and open circles, respectively.

Sr enrichment mechanism is most probably related to sur-
face adsorption or occlusion on the dolomite crystal. The
partition coefficient for Sr in the solid phase is best repre-
sented for our experimental data by the molar ratio of the

neously replaces Ca in the crystal lattice. This is in accor-
dance with the definition of homogeneous solid solution
formation, that is, in an ideal system the ratio of the solubil-
ity products of the major and trace element carbonates
define the partitioning coefficient. Therefore, the partition
factor given as D¢, = (Sr/Ca)qoi/(Sr/Ca)quig, Using the
equation of Henderson and Kracek (1927), may not be
applicable to the present study because there is no empirical
evidence of homogeneous distribution of the impurity. The
Nernst equation seems more adequate to describe the
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partition between the medium and the solid phase in our sys-
tem, since it does not presume a specific partition model.

Because our results are achieved using bacteria culture
experiments, which represent a new untested approach to
determine the Sr partition coefficient for dolomite, whereas
previous studies utilize natural geologic samples and
modeled environmental conditions, we chose to calculate
the Sr partition coefficient for dolomite (Dg,%°") using both
the Nernst and Henderson and Kracek equations for com-
parative purposes. The calculated Dg, 9! values formed in
both V. marismortui and H. meridiana cultures are reported
in Tables 7 and 8, respectively. As both bacterial species
have the optimal growth at 35-37 °C and similarly incorpo-
rate Sr into dolomite, we have represented the biomediated
partition coefficient for dolomite as the average Dg,
values calculated for the dolomite formed in V. marismortui
and H. merididana cultures with and without sulfate,
respectively (Table 9).

The averaged Dg, %' values based on calculations using
both the Nernst and Henderson and Kracek equations are
plotted versus temperature in Fig. 6. Based on our interpre-
tation of the results, we must assume that the partitioning of
Sr between the solid and “bmi” phases is not in homogeneous
equilibrium, and the Nernst equation would best define
Ds. %" In Fig. 6A, we observe that the correlation between
the Dg,%! and temperature is a second order polynomial,
and the maximum Dg, %' values are 31 & 0.15 (n=2) and
37 £0.01 (n =2) at 15 °C in cultures with sulfate and with-
out sulfate, respectively. The minimum values (Dgs, % = 21
and 22) occur at 35 °C, where the bacteria have their maxi-
mum growth. Also, in contrast to the experiments at 15 °C,
we observe that, at 25, 35 and 45 °C, Ds, % values are greater
in cultures with sulfate than in cultures without sulfate.

On the other hand, if we were to assume homogeneous
equilibrium conditions for our experiments, we could define
Dg, %! with the Henderson and Kracek equation. In Fig. 6B,
we observe that the correlation between the Dg, %' and temper-
ature is linear and the maximum Ds, ' values are 0.23 & 0.03
(n=2)and 0.15 £ 0.04 (n = 2) at 45 °Cincultures with sulfate
and without sulfate, respectively. Also, Dg, % values are signif-
icantly greater in cultures with sulfate than in cultures without
sulfate and with increasing temperature.

Using the Nernst equation, we obtain the minimum
D, values at 35 °C, because at 35 °C the bacteria have
their maximum growth producing a greater availability of
ions (Sr, Ca, Mg) in the interface medium bacteria (“bmi”,
site of mineral precipitation) than at lower or higher tem-
peratures. However, using Henderson and Kracek equation
the maximum Dg, %' values occur at 35 and 45 °C, where
the maximum Sr incorporation occurs. Because the Dg !
defined with the Nernst equation reflects the temperature
effect on microbial activity, we propose that the Nernst
equation is most appropriate to define Dg,%°".

4. DISCUSSION
4.1. Sr-content of natural and ancient dolomites

There is evidence that some ancient and modern dolo-
mite formation is related to microbial activity (Baker and

Burns, 1985; Vasconcelos and McKenzie, 1997; Wright,
1999; Garcia del Cura et al., 2001; van Lith et al., 2003a;
Roberts et al., 2004; Moreira et al., 2004; Wright and
Wacey, 2005; Mastandrea et al., 2006; Sanchez-Roman
et al., 2008, 2009a). Microbial dolomite from culture exper-
iments has been found to be closely associated with bacteria
(van Lith et al., 2003b; Warthmann et al., 2000; Sanchez-
Romdan et al., 2008, 2009b). Indeed, Sédnchez-Romén
et al. (2009b) hypothesized that the formation of dolomite
in natural environments, depleted or enriched in sulfate, is
associated with the degradation of organic matter by
moderately halophilic aerobic bacteria (MHAB) and,
specially, by the production of ammonia which is vital to
dolomite formation. In fact, nearly all dolomite forming
in marine and/or lacustrine environments, develops in
sediments rich in organic matter (Baker and Burns, 1985;
De Deckker, 1988; Rosen et al., 1988; Vasconcelos and
McKenzie, 1997; Meister et al., 2007; Sanchez-Roman
et al., 2009b). Thus, for this study, a gel-medium with
seawater NaCl concentration and enriched in amino acids
(carbon source for the bacteria), as well as Ca, Mg and
Sr, was prepared. The experiments were designed to test
and to understand Sr co-precipitation in dolomite.

The Sr concentrations found in the dolomites formed in
aerobic culture experiments are an order of magnitude
higher than those reported for most ancient dolomites,
e.g., the cap dolostone from the Neoproterozoic which have
an average value for Sr of less than 100 ppm (James et al.,
2001; Hurtgen et al., 2006). However, there are some excep-
tions, such as the dolomite of the Oligocene Tikorangi For-
mation in New Zealand and the Permian saline lakes in
Western Pyrenees which have average Sr concentrations
of 3300 and 2230 ppm, respectively (values extrapolated
from Valero and Gisbert, 1994; Hood et al., 2004). In addi-
tion, the dolomite found in most Holocene-Pleistocene
environments is characterized by a high content of Sr
(Behrens and Land, 1972; Land, 1973; Land and Hoops,
1973; Miiller and Wagner, 1978; Botz and von der Borch,
1984; Baker and Burns, 1985; Humphrey, 1988; Banner
et al., 1991; Mazzullo et al., 1995). We note that the
dolomite forming in the Coorong area (South Australia)
and in the Falmouth Formation (North Jamaica) are extre-
mely rich in Sr with average values of 7000 and 3000 ppm,
respectively (values extrapolated from Land, 1973; Botz
and von der Borch, 1984). The Sr values of these dolomite
examples are in the range of our experimentally produced
microbial dolomite, which have Sr average values ranging
from 2877 to 6296 ppm. A possible explanation for these
high Sr** concentrations in natural and experimental
dolomite is bacterial origin.

4.2. Influence of bacterial metabolism on Sr co-precipitation
with dolomite

The ability of bacterial cells to bind metal ions, such as
Ca, Mg and Sr, to the functional groups of their cell walls is
well known (Faison et al., 1990; Friis et al., 2003). Bacteria
have the capacity to adsorb ions, mainly Ca and Mg, on
their cell envelope, creating micro-environments which
induce the precipitation of minerals. This process does



Table 7

Sr partition coefficient for dolomite (Dsg;

dol)

from V. marismortui cultures at 15, 25, 35 and 45 °C.

T (°C)  Cultures without sulfate Cultures with sulfate

Stgol (PPM)  Stpmi (ppm) ' Dg, ™! (Sr/Ca)gol (St/Ca)pmi *Dg, ™! Stgor (ppm)  Stpm; (ppm)  'Dg, ™ (Sr/Ca)qor (St/Ca)pmi *Ds, ™!
15 2992 +£0.12 86 +0.07 35+0.12 0.0051 £0.13  0.044 £044 0.124+0.13 4012+0.20 145+0.20 28 +0.2 0.0071 +£0.09  0.036 £0.33  0.20+0.21
25 3149 +£0.16 160+ 0.10 20+0.17  0.0060+£0.18 0.046 £0.21 0.13£0.18 5164+0.08 207 £0.03 25+0.08 0.0100£0.15 0.045+0.15 0.22+0.11
35 3492 +0.12  156+0.23 224012  0.0073+0.16 0.051+0.29 0.14+0.16 5565+0.06 250+ 0.09 2240.06 0.0117+0.10 0.054+£0.21 0.22+0.07
45 3809 +£0.12 171 £0.03 22+0.12 0.0078 £0.15 0.051+£0.19 0.15£0.15 6296+0.10 245+0.04 26 +£0.1 0.0124 £0.14  0.054 +£0.05 0.23+0.14
Note: n =38, average values calculated from Table 2 in the Appendix.
1DS,.d"1 defined with Nernst equation; 2DSrd"l defined with Henderson and Kracek equation.
Table 8
Sr partition coefficient for dolomite (Dg,%*") from H. meridiana cultures at 15, 25, 35 and 45 °C.
T (°C)  Cultures without sulfate Cultures with sulfate

Staor (PPM)  Stomi (ppm)  'Ds (St/Ca)aor (Sr/Cajommi D5 Staor (PPM)  Stomi (ppm)  'Dse*  (Sr/Ca)aon (Sr/Cajomsi D5
15 2877 £0.11 74 40.07 38.8+0.11 0.0053+0.19 0.036£0.07 0.15+£0.19 4290+0.10 123 4+0.04 354+0.10 0.0075+0.12 0.038+0.14 0.20+0.12
25 2793 +0.17 8540.17 33+0.21 0.0054 +0.28  0.045+0.05 0.12+0.28 4904 £0.19 165+ 0.09 30+0.19  0.0094 +£0.24 0.045+0.02 0.21 £0.24
35 3343 £0.10 162+0.28 214+0.1 0.0068 +0.15  0.048 £0.12 0.14+0.12 5563 +0.10 252 +0.04 224+0.18  0.0124+0.13 0.055+0.06 0.22+0.13
45 3800+ 0.02 127 +0.16 30 +0.02 0.0072 £0.17  0.051 £0.07 0.14+0.06 6211 £0.18 211 £0.08 29+0.18 0.0118+0.23  0.053+0.12 0.224+0.23

Note: n =38, average values calculated from Table 3 in the Appendix.

lDSrd"1 defined with Nernst equation; 2DSrd"1 defined with Henderson and Kracek equation.
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Table 9

Average D, %! values for both V. marismortui and H. meridinana cultures without and with sulfate at 15°, 25°, 35° and 45 °C.

T (°C)

Cultures with sulfate

Cultures without sulfate

ZDsrd()l

(Sr/Ca)gol (Sr/Ca)pm;i

lerdol

Srbmi (ppm)
134 £0.11

SIAdol (ppm)
4151 £0.05
5034 + 0.04

5564 + 0

ZDSrdOI

(Sr/Ca)gor (Sr/Ca)pmi

lDSrdUI

Stpmi (ppm)

80 +0.1

Srdol (ppm)
29354+0.03
2971 £+ 0.08
3418 £0.03

0.0370 £0.03 0.20+0
0.0450 £ 0

0.0073 £+ 0.09

31 +£0.15

0.13 +£0.15
0.13 £0.05

0.14+0

0.0400 +0.14
0.0455 +0.01

0.0052 +0

37 4+0.01

15
25

0.22 +0.03
022+0

0.0097 £+ 0.07
0.0119+0
0.0121 +0

27 +0.12

2240

186 +0.15

0.0057 £ 0.13
0.0071 +0

24 +0.35

123 +£0.43

0.0545 +0.01

251 4+0.05

0.0495 4+ 0.04
0.0510 £ 0

21.5+0.03
25.5+£0.21

159 £0.02
Note: n =2, average values calculated from Tables 7 and 8.

35
45

0.23+0.03

0.0535 +0.01

27.5 £0.07

6254 £0.01 228 +0.10

0.15+0.04

0.0075 + 0.09

149 +£0.20

3805 + 0.002
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1Dg, ! defined with Nernst equation; 2D, %! defined with Henderson and Kracek equation.

not occur in the absence of bacterial activity (e.g., Sanchez-
Roman et al., 2007, 2008, 2009a,b). Thus, bacteria can act
as a nucleus for mineral precipitation by absorbing cations
around the cellular surface membrane or cell wall (Morita,
1980; Ferris et al., 1991; Braissant et al., 2003; Sanchez-
Roman et al., 2008). According to previous studies, V.
marismortui and H. meridiana would be able to adsorb
and bind Ca, Mg and Sr to the functional groups of their
cell walls.

Our experiments demonstrate that it is possible to pro-
duce dolomite at Earth surface temperatures (15, 25, 35
and 45 °C) in the laboratory under oxic, (hyper)saline con-
ditions with or without sulfate ions in the presence of
MHAB. During the bacterial growth experiments using a
gel-medium rich in organic matter (peptone and yeast
extract as sources for CO, and NHj3), the pH and carbonate
concentration increased because of the production of CO,
and NH; (which hydrate to form CO;>~ and NH,™, respec-
tively) during metabolization of organic nutrients, accord-
ing to the following equation:

Ci06H2630110N16P1 + 1070, + 14H™
— 106CO, + 16NH, + HPO; + 108H,0 (1)

(Stumm and Morgan, 1996).

These changes, together with the adsorption of Mg and
Ca ions by V. marismortui and H. meridiana, would drive
local supersaturation gradients and induce precipitation
of dolomite around bacteria surfaces, using these as nucle-
ation sites.

It is important to understand how super-saturation
develops in the gel medium. In abiotic medium, no forma-
tion of precipitates is observed, firstly, because carbonate
ions are not generated and, secondly, because most proba-
bly all Ca, Mg, and Sr ions are strongly bound to the ligand
groups in the amino acids, containing oxygen and nitrogen
atoms as electron donors. When the gel is formed and water
molecules are bound to the colloidal particles, these ions are
immobilized in the amino acid array and can only be liber-
ated by significantly changing the physical and chemical
conditions. Such changes do, however, occur in the pres-
ence of bacteria, which by metabolizing the organic sub-
stances liberate CO,, NH;, H,O, HPO;>~, Ca’*, Mg2+
and Sr**. Molecular diffusion in this medium is too slow
to allow significant bacteria growth rates. Therefore, liber-
ation of Ca®", Mg?" and Sr*" must be associated with the
uptake of the organic matter. The presence of “free” water
is essential for hydration of CO, and protonation of ammo-
nia (NH3) that leads to an alkaline pH. Under these condi-
tions, high pH and availability of inorganic carbon,
carbonate ions can be formed in the bacteria-medium inter-
face (bmi). The agar medium slows the diffusion of ions
away from the interface, which, as the bacteria growth pro-
ceeds, becomes progressively enriched in the ions of interest
(Ca%", Mg*", Sr?" and CO5*>") until supersaturation is
reached. Because precipitation of dolomite in the water
phase is not observed, the set of conditions, established
by the biological metabolism, combine to weaken diffusion
of ion away from the source and apparently are essential for
precipitation of dolomite. Thus, the activity at the bacteria



898 M. Sdnchez-Roman et al./ Geochimica et Cosmochimica Acta 75 (2011) 887-904
40 0.24
ey
; 0.22 1
36 1 \
e \y=- 0085 3+ 73 R=09 020 1 y=0.0003x + 0.19; R = 0.887
\
= A 0.18 1
=] i =
DUJ 30 1 = &
- A 0161
26 0.14 4
24 % y = 0,0006x +0.12;R* = 0.6802
0.12 1
22 1 , N -
y=-002x- 1.5x+49;R=085 ~_ ¢ ~
20 T T T - I r T 0.10 T T T T T T T
10 15 20 25 30 35 40 45 50 10 15 20 25 30 35 40 45 50
T('C) T(C)
O D! in cultures without sulfate @ D" in cultures with sulfate

Fig. 6. Average values of the biomediated Sr partition coefficient (Ds, ') in cultures with and without sulfate at 15, 25, 35 and 45 °C. (A)
Dg, 9! definedwith Nernst equation (1891) and (B) Dg, %" defined with Henderson and Kracek equation (1927).

surface tends to lower the activation energy required for
nucleation of dolomite as well as promoting the availability
of cations.

The maximum enrichment of Mg and Sr in the “bmi”
and in the dolomite crystals occurs at 35 °C (Fig. 2), most
probably due to the fact that 35-37 °C is the optimal
growth temperature range for the bacteria investigated.
Thus, at this temperature range, the bacteria have the max-
imum metabolic activity, being capable of metabolizing
more efficiently nutrients from the medium than at lower
temperatures. Therefore, at higher temperatures more ions
(Ca, Mg, and Sr) will be liberated in the “bmi” by the bac-
teria, creating most suitable conditions for stoichiometric
dolomite formation. As observed in Table 6, dolomite
formed at 35 °C (optimal bacteria growth) has a Mg/Ca
molar ratio between 0.81 +£0.02 (n=2) and 0.90 4 0.01
(n = 2) approaching the stoichiometric ratio.

On the other hand, the higher average values of Sr in
dolomite are found at the higher experimental temperatures
used in this study (Table 9; Fig. 5). This relationship has
also been demonstrated for metals (Sr, Mn, Fe and Mg)
in studies of calcite precipitation rates (Katz et al., 1972;
Katz, 1973; Dromgoole and Walter, 1990). Such behaviour
is common in geochemical systems, where miscibility of
ions in minerals increases with increasing temperature
(Stumm and Morgan, 1996). We have demonstrated that
the incorporation of metals into dolomite is not only a
function of temperature and/or precipitation rate but, also,
bacteria metabolic activity and sulfate concentration. Fur-
thermore, we have demonstrated that all these parameters
together not only affect the mineral composition but, also,
the medium composition at the site of mineral precipita-
tion. The molar ratios of Mg/Ca and Sr/Ca in the “bmi”
of cultures with sulfate were greater than in the “bmi” of
cultures without sulfate. Therefore, the dolomite precipi-
tated from cultures with sulfate has more Sr incorporated
than the dolomite precipitated from cultures without sulfate

(Table 9 and Fig. 5). This observation is consistent with the
fact that most natural Sr-rich dolomite have formed in envi-
ronments containing relatively high sulfate concentrations
(Behrens and Land, 1973; Land, 1973; Videtich, 1982; Botz
and von der Borch, 1984; Humphrey, 1988; Valero and
Gisbert, 1994).

Our experimental results show that high Sr compositions
in ancient and Recent dolomites could reflect microbial
mediation. Previously, high Sr concentrations in natural
dolomites have been interpreted as an indicator of second-
ary replacement after aragonite, which incorporates high Sr
concentrations in its crystal lattice, reflecting a diagenetic
process (Land, 1973; Bein and Land, 1983; Humphrey,
1988). However, our Sr data clearly show that primary
dolomite can have high contents of Sr, as high or higher
than those commonly measured for aragonite. Thus, Sr-rich
dolomite found in nature (Botz and von der Borch, 1984;
Land, 1973; amongst many others) probably formed as a
primary precipitated in association with bacteria and not
necessarily by secondary replacement of aragonite. In addi-
tion, modern dolomite often seems to have formed under
the oxidizing conditions characteristic of shallow-water car-
bonate shelves and are Sr-rich compared to most ancient
dolomite (Land, 1985). This observation is consistent with
our microbial dolomite produced in aerobic culture experi-
ments, which has a high content of Sr. Thus, most natural
Sr-rich dolomites may be primary precipitates mediated by
aerobic microbial activity. We tentatively conclude that a
high Sr composition in ancient and recent dolomites may
be an indicator of primary dolomite precipitation induced
by bacteria under aerobic conditions. In fact, most Recent
Sr-rich dolomite is associated with organic matter (Behrens
and Land, 1972; Botz and von der Borch, 1984; Mazzullo
et al., 1995), and there is evidence that some ancient
Sr-rich dolomites formed in organic-rich lacustrine environ-
ments (Valero and Gisbert, 1994; Garcia del Cura et al.,
2001).
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4.3. Implications of biomediated partition coefficient (Dg, ")

using Nernst equation

Many authors have used trace elements to elucidate the
origin of dolomite. In general, the trace element content of
a crystal is proportional to the trace element content of the
solution from which the crystal forms. This fractionation
between a solid and solution is represented by a constant,
D, which is called a partition coefficient.

Trace metals may be incorporated into minerals via (1)
impurities such as fluid or mineral inclusions, (2) occlusion
in lattice defects, (3) sorption onto growing crystal surfaces
and (4) solid solution formation by substitution for a major
element that is an essential structural constituent (i.c., a lat-
tice component) of the mineral (Mclntire, 1963; Sun and
Hanson, 1975). Theoretical and experimental approaches
to modeling the trace element behavior of Sr in dolomite-
fluid systems assume that a solid-solution substitution of
Sr into Ca structural sites is the only significant mechanism
(Behrens and Land, 1972; Katz and Mathews, 1977; Kretz,
1982; Baker and Burns, 1985; Vahrenkamp and Swart,
1990; amongst others). However, our results show that
there is a strong inverse correlation between Mg and Ca
concentration in the obtained solids suggesting an on-going
homogeneous replacement while such a relation is very
weak in the case of Sr, which can be present in the crystal
as an adsorbed or occluded impurity entering the system
as the growth proceeds (Figs. 3 and 4A, B). Also, for calcite
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it has been stated that there is no agreement about whether
Sr cations substitute for Ca in the crystal lattice (Reeder
et al., 1999, 2002). Additionally, a compilation of published
Sr and Ca data from seven dolomite occurrences indicates a
similar lack of correlation between the Sr and Ca concen-
trations, even though they are from different locations
and of vastly different ages (Fig. 7). The published data
are consistent with our results in that Sr does not appar-
ently replace Ca homogeneously in the crystal lattice. Thus,
we propose that the Sr enrichment in our experimental and
the reported natural dolomite is most probably related to
surface adsorption or occlusion and not by solid solution
substitution. This assumption is in agreement with the fol-
lowing considerations related to the crystal chemistry of
Ca-Mg-Sr carbonates.

Crystal chemical substitution of Ca for Mg in rhombo-
hedral carbonates produces a well-known lattice contrac-
tion (specifically an anion sub-lattice contraction) because
of Mg—O distances are shorter than Ca—O distances. In this
sense, the incorporation of Mg instead of Ca to the carbon-
ate rhombohedral structure would drastically reduce the
available space in the metal site; which precludes the incor-
poration of large cations such as Sr into the small interstices
between the anions of the contracted rhombohedral struc-
ture. The substitution of Sr for Ca commonly occurs in
the aragonite structure, which is isostructural with the
strontianite structure, because the Ca has higher coordina-
tion (larger ionic radii) in the aragonite structure than in the
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Fig. 7. Sr versus Ca contents of some ancient and recent dolomites.
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calcite structure. Therefore, Sr should be incorporated in
rhombohedral carbonates via occlusion in lattice defects
or sorption onto crystal (nano-crystal) surfaces. Our data
indicate that dolomites are richer in Sr as Ca is substituted
by Mg in the structure, the incorporation of Mg apparently
favours the incorporation of Sr in the dolomite lattice (Figs.
3 and 4C, D). To explain how the crystal chemical substitu-
tion of Mg for Ca within the structure of rhombohedral
carbonates favours the Sr sorption, we must deal with non-
bonded repulsion between CO5>~ anions within the struc-
ture. Such repulsion increases as the anion sub-lattice
contracts and the distance between CO5>~ anions decreases
because of the Mg incorporation into the structure. It is
known that nonbonded repulsion (also called “Pauli repul-
sions”) removes electron density from regions of low-poten-
tial energy, and concentrates electrons at the antibinding
regions, where the electrons feel less the potential of the nu-
cleii (Bader and Preston, 1966; Bader, 2006). Hence, the in-
crease of nonbonded repulsion between CO;>~ anions
makes the valence electrons feel less the oxygen potential
well within the CO5%~ anions. The decrease of the electron
binding energy in the O atoms increases the oxygen polar-
izability. The improvement of the so-called polarization,
correlation or Van der Waals forces between CO5%~ anions
and Sr*" cations (with higher polarizability, 1.4, arbitrary
units than Ca®", 0.6, or Mg®", 0.1), explains the incorpora-
tion of Sr at the dolomite crystal surface.

Based on the above interpretation, the Sr partition coef-
ficient for dolomite (Dg%°!) is represented here by the
Nernst equation, the Sr ratio of the concentration in dolo-
mite over the concentration in the “bmi”. Thus, the Dg, %' is
a function of the medium composition. We have demon-
strated that the Sr concentration of the “bmi” (site of dolo-
mite precipitation) and dolomite are dependent on
microbial activity and temperature. Therefore, D, will
be affected by the bacterial metabolic activity. The values
of Dg, %! at 15 and 25 °C are lower than at 35 and 45 °C.
In particular, at 35 °C, Ds, %! has the lowest value because
the bacteria liberate more Sr at the optimal growth temper-
ature (35-37°C). Thus, the concentration of Sr in the
“bmi” (site of dolomite precipitation) will be greater than
in experiments run at lower (15 and 25 °C) or higher tem-
perature (45 °C). Dg, %" at 45 °C is slightly higher than at
35 °C because at high temperatures the miscibility of ions
in minerals increases (Stumm and Morgan, 1996). There-

Table 10

fore, more Sr will be incorporated into dolomite at 45 °C
than at 35 °C. See Fig. 6 and Table 9.

Using our derived Dg,%' from experiments with sulfate
based on the Nernst equation, we can calculate the Sr com-
position of ancient dolomite solutions corresponding to the
Sr composition of the dolomite. Application of our findings
to published Sr data for natural dolomite with different ages
and from different locations provides new paleoenviron-
mental information for the following two different environ-
ments: (1) Carbonate platform dolomite: (a) late Tertiary
Daijito-jima dolomite, in Japan, precipitated from fluids
with a Sr concentration similar to modern seawater
(8 ppm) (Fig. 7B and Table 10), whereas (b) Late Creta-
ceous dolomite, in Israel, seems to have formed in water
with lower Sr concentrations (~4 ppm) than seawater con-
centration (Fig. 7B and Table 10). (c) Neoproterozoic Cap-
dolostones, Mackenzie Mountains, Canada and in
Namibia, also, show a lower than seawater Sr value
(~2 ppm), (Fig. 7A and Table 10), indicating a salinity low-
er than seawater. The calculated Sr value is in accordance
with the proposal that the post-Marinoan surface ocean
was brackish, because, during the deglaciation, a mixed sur-
face layer of brackish and oxic water dominated (Hurtgen
et al., 2006). Furthermore, this mixed surface layer, from
which the cap dolostones precipitated, had very low sulfate
concentrations (Hurtgen et al., 2006). (2) Lacustrine dolo-
mite: (a) Holocene dolomites from Coorong area and Baffin
Bay, Texas, formed in waters with approximately 226 and
30 ppm Sr, respectively (Fig. 7C and D; Table 10). (b)
Dolomite from a Permian lake, in Spain, formed from
solutions with 88 ppm of Sr. Thus, modern and ancient
lacustrine dolomite precipitated from fluids with Sr concen-
trations higher than modern seawater (8 ppm), indicating
salinity greater than seawater. Furthermore, these lacus-
trine dolomite environments are hypersaline, enriched in
sulfate and probably fed by groundwater high in Sr related
to weathering of rocks in the catchment area. In addition,
hypersaline and/or saline waters, apparently, are relatively
rich in Sr with considerable sulfate concentration, whereas
brackish waters are relatively poor in Sr and sulfate. Our
findings suggest that lacustrine waters precipitating dolo-
mite are the richest in Sr and sulfate. Indeed, the greatest
Sr for natural dolomite are found in such lacustrine envi-
ronments (Behrens and Land, 1972; Land, 1973; Botz and
von der Borch, 1984; amongst others). We propose that

Application of the biomediated Sr partition coefficients, using Nernst equation, for sedimentary dolomite. Sr concentrations in ppm.

Location/Age Srdol dDSrdol(sulfalc) T (OC) bsrwater (calculated)
'Daijito-Jima, Japan/Late Tertiary 203 27 25 7.5

*Israel/Late Cretaceous 97 27 25 3.6
*Namibia/Neoproterozoic 57 31 15 1.8

“McKenzie Mountains, Canada/Neoproterozoic 85 31 15 2.7

5Coorong, South Australia/Holocene 7010 31 15 226

®Baffin Bay, Texas/Holocene 814 27 25 30
"Aragon-Bearn Basin, Spain/Permian 2231 27 25 83

Notes: Sr-data of sedimentary dolomite extrapolated from: (1) Ohde and Kitano, 1981; (2) Sass and Katz (1982); (3) Hurtgen et al. (2006); (4)
James et al. (2001); (5) Botz and von der Borch (1984); (6) Behrens and Land (1972); (7) Valero and Gisbert (1994).
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Table 11
Recalculation of Sr, in ppm, for sedimentary dolomite and associated solutions.
Location/Age STwater STgol Dy @ 15°C D% @ 25°C
Srdo] (calculated) Srwaler (calculated) Srdo] (calculated) Srwater (calculated)
Brejo do Espinho/Holocene 935% 24% 744 30 648 34
DSDP Site 479/Plesitocene 535° 21° 651 17 567 22
Bahamas Bank/Late Tertiary 190° 8¢ 248 [ 216 8

Srgo1 = 190 is a mean value extrapolated from Vahrenkamp and Swart (1990).

? Values extrapolated from Moreira et al. (2004).

® Mean values for Sr in dolomite and precipitating waters extrapolated from Baker and Burns (1985).
¢ We have assumed that these dolomites precipitated from solutions with same Sr composition as modern seawater (Sr= 8 ppm) as

previously Vahrenkamp and Swart (1990) suggested.

Sr can be used as an indicator of paleosalinity and
paleotemperature.

To further verify the applicability of the biomediated
Ds, %', we used published data of Sr concentrations of sed-
imentary dolomite and associated solution to recalculate
the Sr values of the dolomite and associated solution. Using
the D, %' value determined at 15 and 25 °C in the presence
of sulfate (Table 11), we have reproduced the following: (1)
Brejo do Espinho dolomite should have Sr concentrations
of 744-648 ppm and the precipitating water 30-34 ppm of
Sr, respectively, (2) Pleistocene dolomites from DSDP Site
479, in the Gulf of California, should have 651-567 ppm
of Sr and the precipitating water should have 17-22 ppm
of Sr, and, (3) the Sr concentration of the Late Tertiary dol-
omites from Bahamas Bank should be 248-216 ppm and
should have formed from waters containing 6-8 ppm of
Sr. We should note that we have assumed that both dolom-
ites from DSDP Site 479 and the Bahamas have formed at
~15-25 °C and that the dolomite from Brejo do Espinho,
Brazil, formed at ~21 °C (Sanchez-Roman et al., 2009a).

The calculated Sr values obtained for these three natural
dolomites and associated waters, using our biomediated
Dg,%°" at 15 and 25 °C in the present of sulfate, are nearly
the same as the previously reported values (Baker and
Burns, 1985; Vahrenkamp and Swart, 1990; Moreira
et al., 2004; see Table 11). Thus, we have clearly demon-
strated the applicability of the new Dg,%°' which potentially
can be used as an indicator of paleosalinity and paleotem-
perature to constrain ancient dolomitic environments.

In summary, ancient dolomite commonly has signifi-
cantly low Sr concentrations (20-70 ppm) than would be
expected from published Sr partition coefficient values
(Baker and Burns, 1985; Vahrenkamp and Swart, 1990;
amongst others) and Sr/Ca ratios of most modern sedimen-
tary pore waters. However, our experimental Dsfl"1 values,
defined with the Nernst equation, are consistent with Sr
concentrations of ancient dolomites, Recent dolomites
and associated solutions. Probably, the discrepancy
associated with previous DSrd01 (Baker and Burns, 1985;
Vahrenkamp and Swart, 1990; amongst others) and Sr
content in ancient dolomites is due to the fact that these
authors assumed that dolomite formed in a homogeneous
solid solution, which implies homogeneous equilibrium
and the replacement of Ca by Sr. Although, previous
partition coefficients for dolomite show reasonable

calculations for the estimation of Sr/Ca concentration in
solution, we would like to point out that the experimental
conditions in the laboratory culture experiments are con-
trolled and do not represent the real world. Thus, we need
to compare the experimentally biomediated Sr partition
coefficient for dolomite with previous studies to better
understand the natural conditions.

5. CONCLUSIONS

Most favorable conditions for aerobic dolomite precipi-
tation occur at 35 °C, the temperature of optimal bacterial
growth. The concentration of Sr in dolomite was found to
be greater at higher experimental temperatures, in accor-
dance with the higher miscibility of ions in minerals at high-
er temperatures. Further, the microbial dolomite with the
highest Sr concentrations was precipitated in sulfate-rich
cultures. We have demonstrated that the mechanism of Sr
incorporation into the dolomite is most likely by adsorption
or occlusion rather than by replacement of Ca by Sr. Thus,
we conclude that the efficiency of Ca, Mg and Sr incorpo-
ration into dolomite, as well as the Dg, %, is a function of
temperature, bacteria metabolic activity and sulfate concen-
tration. It remains essential, however, to determine the ex-
act location of the Sr in the dolomite crystals, which is the
goal of an ongoing study.

We propose that ancient and Recent dolomite with rel-
atively high Sr concentrations are primary bacterial precip-
itates and not a secondary replacement of aragonite.
Further, we propose that our results are in accordance with
Land (1985), who proposed that (1) sedimentary dolomites
with high Sr concentrations and low Fe concentrations may
reflect precipitation under aerobic conditions and (2) dol-
omites with low Sr concentrations and high Fe concentra-
tions may indicate precipitation under anaerobic
conditions. We now recognize that both types could be
products of microbial mediation. Indeed, Sr-rich dolomite
suggests that the precipitation water had a greater salinity
than normal seawater and a considerable sulfate concentra-
tion. We conclude that Sr may be an ideal indicator for the
paleosalinity and paleotemperature of dolomite formation
environments.

Finally, precipitation of dolomite, even biologically
mediated, requires special conditions. In particular the
medium should not be flowing water, but an organic colloi-
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dal suspension. If the bacteria are immersed in this medium,
the dispersion of metabolites, which create the favorable
chemical conditions for dolomite precipitation, is drasti-
cally decreased. Moreover, this occurs adjacent to the active
surface of the bacteria that can act as a nucleation site. In-
deed, as the important role of microbial mediation in sedi-
mentary carbonate processes becomes better understood, it
will become necessary to reevaluate currently accepted geo-
chemical paradigms associated with carbonate formations.
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