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Abstract

We report the calcium isotope fractionation during the microbially-induced
precipitation of calcium carbonate minerals in pure cultures of the marine sulfate-
reducing bacterium Desulfovibrio bizertensis. These data are used to explore how the
calcium isotope fractionation factor during microbially-induced carbonate mineral
precipitation differs from the better-constrained calcium isotope fractionation factors
during biogenic or abiotic carbonate mineral precipitation. Bacterial growth was then
modulated with antibiotics, and the evolution of 644Ca in solution was monitored under
different microbial growth rates. The faster the microbial growth rate, the larger the
calcium isotope fractionation during carbonate mineral precipitation, ranging from
A**Ca(s-n between -1.07%o and -0.48%o. The reported calcium isotope fractionation can
help us understand the link between calcium isotope fractionation and microbial

metabolism in carbonate minerals precipitated during sedimentary diagenesis.

1. Introduction
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Reconstructing the carbon cycle over Earth history has long been approached through
analysis of the carbon isotope composition of carbonate minerals and rocks (Garrels
and Lerman, 1981; Berner et al,, 1983; Kump and Arthur, 1999; Berner, 2003).
Recently, there have been increasing numbers of studies reporting the calcium isotopic
composition (reported in delta notation as a ratio of 4Ca to 4°Ca as §4*Ca) of carbonate
minerals and rocks as an additional tool for exploring the past carbon and calcium
cycles (Skulan et al., 1997; Zhu and Macdougall, 1998; De La Rocha and DePaolo, 2000;
Fantle and DePaolo, 2005; Fantle and Tipper, 2014; Farkas et al.,, 2016). When the
analysis of calcium isotopes in carbonate minerals are paired with the standard
measurement of carbon isotope ratios in carbonate minerals, reconstruction of the
various fluxes in the carbon cycle can be accomplished as well as far better constraints
can be placed on the influence of diagenesis, or post depositional recrystallisation, on

the geological record (Higgins et al., 2018; Ahm et al., 2018).

Carbonate rocks contain original carbonate minerals that precipitate in the water
column or at the sediment water-interface, either biogenically or, in unique cases,
abiotically. These carbonate minerals may have undergone dissolution or diagenetic
alteration during early or late stage diagenesis, when less stable carbonate polymorphs
transform to more stable carbonate polymorphs (Milliman, 1993; Higgins et al., 2018).
In addition, carbonate rocks contain sedimentary-precipitated carbonate mineral
cements, which can help to ‘glue’ the rock together. The environmental conditions
under which primary carbonate minerals precipitate is typically different to those
under which sedimentary carbonate minerals precipitate, although it has recently been
shown that very early precipitation of diagenetic calcite can record original carbon
isotope signals (Kozdon et al., 2018). These differing environmental conditions can
influence the carbon and calcium isotopic composition of carbonate minerals, and
therefore carbonate rocks (Lau et al,, 2017; Higgins et al., 2018). Sedimentary (also
termed authigenic) carbonate mineral precipitation is often driven by microbially-
induced chemical changes in sedimentary pore fluids, where through anaerobic
microbial metabolism, there is an increase in dissolved inorganic carbon driving
supersaturated conditions in the subsurface (Hein et al.,, 1979; Lein, 2004; Teichert et

al., 2009; Schrag et al., 2013). Thus, the calcium (and carbon) isotopic composition of a
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bulk carbonate rock may reflect both the calcium isotopic composition of the primary

minerals and that of the sedimentary cement.

Calcium has two dominant isotopes, 4°Ca and the less abundant #4Ca. Calcium carbonate
mineral precipitation preferentially takes the lighter 40Ca isotope, leaving the heavy #4Ca
isotope behind, resulting in calcium carbonate minerals with a low §44Ca and the fluid
from which they precipitate with an increasingly higher 644Ca (Zhu and Macdougall,
1998). At calcium isotopic equilibrium, the difference between the calcium isotopic
composition of the fluid (644Ca(.q)) and that of the mineral (8**Ca(carbonate)), often
reported as A**Ca(carb-aq), is understood to be 0%o based on modeling of deep-sea pore
fluids (Fantle and DePaolo, 2007; Fantle, 2015; Huber et al., 2017). Very few minerals
precipitate in calcium isotopic equilibrium with the fluid from which they derive, and a
kinetic calcium isotope fractionation results in the preferential partitioning of 4°Ca into
the mineral phase when carbonate minerals precipitate (Gussone et al., 2005; Teichert
et al, 2009). Experimental studies have explored variability in the magnitude of this
kinetic calcium isotope fractionation based on both the type of CaCO3 precipitating and
on physical and chemical properties of the solution like temperature, pH, and ion
concentration, all of which are ultimately related to the rate of mineral precipitation.
This rate of calcium carbonate precipitation is believed to exert the dominant control on
calcium isotope fractionation during mineral formation, which varies between the 0%o
equilibrium and ~2%o (Gussone et al., 2003; Gussone et al,, 2005; Tang et al., 2008a;
DePaolo, 2011; Nielsen et al., 2012; AlKhatib and Eisenhauer, 2017b). This range of
magnitudes of calcium isotope fractionation has limited the use of calcium isotopes as a
direct proxy for paleoceanography, as changes in the §*4Ca of any mineral phase can
reflect changes in the dominant mineralogy (Husson et al., 2015; Jost et al,, 2017; Lau et
al,, 2017), changes in the rate of mineral precipitation (Tang et al., 2008a; Du Vivier et
al,, 2015; AlKhatib and Eisenhauer, 2017b; AlKhatib and Eisenhauer, 2017a; Linzmeier
et al, 2019), and changes in the degree of fluid vs. sediment-buffering during carbonate
diagenesis (Higgins et al., 2018; Ahm et al,, 2018; Ahm et al., 2019). Indeed, many
studies have concluded that §44Ca in the geological record is best used as a diagnostic

tool for diagenesis (Lau et al.,, 2017; Higgins et al,, 2018; Ahm et al., 2019).



97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129

Within the sediment column there are two main processes which impact the calcium
isotope composition of the pore fluid, authigenic carbonate precipitation and
recrystallisation. In theory, authigenic carbonate precipitation should preferentially
remove the lighter 4°Ca from the fluid, driving the pore fluid 6*Ca to increasing values,
although initial studies saw little evidence of this (Teichert et al., 2009).
Recrystallisation involves the exchange of calcium between the fluid and solid phase,
and causes the 6**Ca of the pore fluid to approach solid values (Fantle and DePaolo,
2007; Fantle, 2015; Huber et al., 2017). Recent work has also demonstrated that
calcium isotopes can be used to observe both increases in 6*4Ca in the pore fluid caused
by authigenic carbonate precipitation and decreases in $**Ca in the pore fluid caused by

recrystallisation in the same site (Bradbury and Turchyn, 2018).

While there have been many studies of the calcium isotope fractionation during abiotic
and biogenic carbonate mineral precipitation, these studies may or may not translate to
microbially-induced carbonate mineral precipitation. When microbes induce the
precipitation of carbonate minerals there may be different controls on the calcium
isotope fractionation due to the presence of extracellular polymeric substances (EPS),
different mechanisms of mineral growth, or unique micro-scale chemical environments
generated by microbes (Aloisi et al., 2006; Krause et al., 2012; Krause et al., 2018).
Thus, bridging the gap between the experimental and modeling studies of calcium
isotope fractionation during microbially-induced carbonate precipitation and what is

actually measured in a carbonate rock or carbonate sediment remains challenging.

Several previous studies have attempted to understand calcium isotope fractionation
during microbially induced carbonate precipitation in the environment, which are
summarized in Table 1. In one study, bacterial sulfate reduction in clogged well bores
was stimulated with the addition of acetate. In well bores where a decrease in the
concentration of aqueous calcium was observed, there was an accompanying increase in
6%4Ca of the well fluid ranging from 1-2.5%o, with a calculated calcium isotope
fractionation of -1%o (Druhan et al., 2013). In another study, authigenic aragonite from
a cold seep on the Cascadia margin off the Oregon coast had a §*4Ca range from -0.56 to
+0.18%o, with a fluid §*4Ca ranging from 1.3-2.0%o (Teichert et al., 2005). In these

aragonite samples, mineral layers further from the presumed nucleus of precipitation
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are enriched in #4Ca, which was explained by the progressive enrichment of 44Ca in pore
water fluid as 40Ca preferentially incorporates into the solid, aragonite, phase. The
authors calculated a calcium isotope fractionation factor during authigenic aragonite
precipitation of « = 0.99813 at 4.7 °C, meaning aragonite is 1.9%o lower than the fluid
from which it precipitated, assuming there was a 30% decrease in calcium
concentration (Teichert et al.,, 2005). Additional work at a different cold methane seep
in the Niger delta region identified carbonate minerals with a 644Ca of -0.5-0.5%0, with
an accompanying pore fluid §*4Ca of 0.5-1.9%o, with a solid-to-fluid offset of up to -
1.4%o0 (Henderson et al,, 2006). Finally, carbonate minerals precipitating from cold
seeps in the South China Sea were found to be dominated by dolomite, calcite, and
aragonite, with a §*4Ca range from 0.21 to 0.55%o, and a solid to fluid offset of -0.67 to -
0.36%o0 (Wang et al,, 2012). In this case, the high §*4Ca in the measured mineral
samples was attributed to either fast rates of mineral precipitation or to an aqueous
pool of calcium enriched in #4Ca due to Rayleigh fractionation-type processes. In these
studies in the natural environment of microbially induced carbonate mineral
precipitation, the solid to fluid offset ranged between -1.9%o to -0.36%o. This range
comes with the caveat that there were few constraints on the microbial populations
involved in inducing mineral precipitation but demonstrates the challenges associated

with calculating absolute calcium isotope fractionation factors in natural systems.

Table 1: Calculated A*4Ca(s-n from studies in both natural systems (1-4) and pure cultures (5-6).

Study A*Cas-p Temperature
Druhan et al., 2013 -1+0.5%¢ 15°C
Teichert et al., 2005 -1.9%o0 4.7°C
Henderson et al.,, 2006 -1.4%o0 Unreported
Wang et al,, 2012 -0.67 to -0.36%o0 Unreported
Krause et al. 2012 -1.10%0.24%o 21°C

Krause et al. 2018 -1.19%0.22%o0 20°C

In contrast, other studies have used pure cultures of bacteria to directly examine the
calcium isotope fractionation during microbially induced calcium carbonate mineral
precipitation. Pure cultures of the sulfate-reducing bacterium Desulfobulbus

mediterraneus, were measured, showing progressive enrichment in 4°Ca from culture
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media to biological material to the carbonate minerals precipitated (Krause et al., 2012).
Calcium isotope ratios were measured in the initial and final culture media (final 644Ca
=1.1 £ 0.24%o), extracellular polymeric substances (EPS) with cell material (§*4Ca =
0.48 + 0.11%o0), and precipitated dolomite (§44Ca = 0.05 * 0.24%o). It was concluded
that there was a two-step calcium isotope fractionation, with calcium isotope
fractionation during the initial association of calcium with the bacterial biofilm, and
further calcium isotope fractionation with the precipitation of dolomite (Krause et al.,
2012). In their study it was suggested that the total observed calcium isotope
fractionation (~-1.1%o0) was larger than that for abiotic calcium isotope fractionation,
although calcium isotope fractionation of around -1%o has been shown to be in range of
abiotic carbonate formation (Gussone et al., 2003; Gussone et al., 2005; Gussone et al,,
2011; AlKhatib and Eisenhauer, 2017b). The work by Krause et al. (2012) has recently
been followed up by further work into microbially induced carbonate precipitation
using Alcanivorax borkumensis, which displayed a calcium isotope fractionation of -

1.19+0.22%o (Krause et al., 2018).

[t remains an open question whether the magnitude of calcium isotope fractionation
during microbially-induced carbonate mineral precipitation varies as a function of the
growth rate of the carbonate minerals, whether the growth rate of the carbonate
minerals varies as a function of bacterial growth rate, or if there are microbially-
induced controls on this calcium isotope fractionation factor. Before the calcium
isotopic composition of sedimentary carbonate minerals can be used, these controls
must be determined. In this study we use pure cultures of a sulfate-reducing bacterium,
Desulfovibrio bizertensis, in a range of conditions and at a range of culture growth rates
to explore the effect that these variable culture growth rates have on the calcium

isotope fractionation during microbially-induced carbonate mineral precipitation.

2. Methods

2.1. Culturing of Desulfovibrio bizertensis
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Culture studies were carried out with Desulfovibrio bizertensis, a Gram-negative sulfate-
reducing bacteria originally isolated from marine sediments off the coast of Tunisia
(Haouari et al,, 2006). The strain of D. bizertensis used was purchased from Leibniz-
Institut Deutche Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ). For
culture media, Ocean Scientific International Ltd. (OSIL) Atlantic seawater was amended
with L-ascorbic acid (0.01% w/v) and Na-thioglycolate (0.01% w/v) as reductants,
formate (110 mM) as an electron donor, and resazurin (1 mg/L) as an oxygen indicator.
125 mL of the resulting media was added to each 130 mL culture vial along with 0.3 g
kaolinite seeds. The kaolinite seeds were added as potential nucleation sites for the
precipitation of calcium carbonate during the growth of the bacteria, although it has
previously been shown that kaolinite does not nucleate vaterite (Kralj and Vdovic,
2000). Vials were capped with butyl rubber stoppers, crimp sealed, sparged with mixed
gas (90% N2/10% COz) for 30 minutes, and autoclaved at 121 °C for 90 minutes. Vials
were allowed to cool at 25 °C, and yeast extract (0.2% w/v) was then added to each vial

via syringe filter for additional nutrients.

Bacterial growth was manipulated by the addition of varying concentrations of
ampicillin, an antibiotic that inhibits bacterial cell wall synthesis during cell division
(Petri, 2011). Ampicillin was chosen because it was reported in the initial isolation of
this bacteria that D. bizertensis growth could be inhibited by ampicillin at 100 pg/mL
(Haouari et al,, 2006). In addition, a study of the inhibitory concentrations of varying
broad-spectrum antibiotics on a range of human-associated Desulfovibrio species
observed growth inhibition at ampicillin concentrations ranging from 0.19 - 24 pg/mlL,
with a concentration that inhibited growth of 50% of isolates (MICso) of 0.75 png/mL and
a MICoo of 8 pg/mL (Nakao et al,, 2009). We reasoned D. bizertensis was less likely to be
drug resistant than bacterial species found in the human gut, and our goal was to reduce
growth rate, not completely inhibit bacterial growth. Cultures were therefore grown
with either 0 pg/mL, 0.1 pg/mL, 1 pg/mL, 10 ug/mL, or 100 pg/mL ampicillin in two
sets of experiments, in January 2018 and in April 2018. Stock solutions of ampicillin
were sparged with nitrogen and then added to culture vials via syringe filter. Vials were
inoculated with 1-2 mL of a D. bizertensis stock culture and kept under anoxic
conditions at 25°C for the duration of the experiments. For each antibiotic condition,

cultures were grown in triplicate, and a negative control was maintained for each
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condition. The negative control was inoculated, autoclaved, and then amended with the
appropriate volume of yeast extract and ampicillin stock solutions, which would

otherwise degrade upon autoclaving.

2.2. Analytical methods

Cultures were sampled immediately after inoculation (“t=0") and then regularly
afterwards via needle and syringe, being careful to avoid taking up kaolinite seeds or
EPS during sampling. Samples were measured for ODsoo (optical density at 600 nm),
pH, alkalinity, cation and anion concentrations. All UV-Vis spectroscopy used an
AquaMate Plus UV-Vis spectrophotometer. Unfiltered media was centrifuged for 5
minutes at 900 rpm to separate any solids before measuring ODeoo as a proxy for
bacterial growth. The remaining sample solution was filtered through a 0.2 pm syringe
filter. Solution pH was measured using an Orion 3 Star pH meter with ROSS
microelectrode (ORION 8220 BNWP PerpHect ROSS; platinum wire as reference in
iodine/potassium solution, with a 3M KCl ROSS internal filling solution). Alkalinity
titrations (0.1 M HCI) were performed using a Metrohm 848 Titrino Plus. For cation
concentrations, 50 pL of raw filtered media was diluted 20 times into Milli-Q water
(18.2 MQ). Ion concentrations were then measured using high-pressure ion
chromatography on a Dionex ICS5000+ with an lonPac CS16 column, using
methanesulfonic acid (MSA, 30 mM) as the eluent. For anion concentrations, 50 pL of
raw filtered media was diluted 20 times into Milli-Q water (18.2 M), and 20 pL of zinc
acetate (20% w/v aq.) was added to fix sulfide. The resulting solutions were
centrifuged at 10,000 rpm for 5 minutes, and then the supernatant was transferred via
pipette into sample vials for further analysis. Anion concentrations were measured on
the Dionex ICS5000+ with an IonPac AS18 column, using potassium hydroxide (KOH, 31
mM) as the eluent. 50 pL of filtered sample solution was diluted into 500 pL of zinc
acetate (0.05 M aq.) to fix sulfide for measurement of sulfide concentrations. The
resulting solution was reacted in the dark for 40 minutes with diamine reagent (20 pL)
(6N HCI with FeCl; (4% w/v) and N,N-dimethylphenylene diamine sulfate (1.6% w/v)).
Solutions were diluted with at least 1 mL Milli-Q water, and absorbance at 670 nm was
taken. If necessary, samples were diluted further in order to bring absorbance values

between 0.087-0.800.
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For each sample, the amount of media necessary to obtain 6 pg of calcium was
calculated based on the previously determined calcium concentration. The appropriate
volume of each sample was spiked with a 42-48 calcium double spike containing 0.1
equivalents of calcium relative to the sample. Samples that had been spiked were dried
at 100°C, then dissolved into 3 uL of concentrated nitric acid, diluted to 750 pL with
Milli-Q water and prepared for column separation. Prior to isotope analysis, calcium
needs to be separated from other ions in the media so that pure calcium can be loaded
onto filaments and into the mass spectrometer. Calcium was purified using the Dionex
ICS5000+ with an lonPac CS16 column and methane sulfonic acid (30 mM) as the
eluent. For samples with a relatively high concentration of calcium, collection of the
calcium fraction was triggered by the machine’s recognition of the calcium peak.
However, as calcium concentrations dropped over the course of the incubation/culture
experiment through carbonate mineral precipitation, peak recognition failed as the
calcium peak became smaller relative to the sodium peak. In these cases, sample
collection was time-based, collecting all eluent over the time window when calcium
normally elutes. The procedural blank on the Dionex as determined independently by
ICP-OES is 96 ng of calcium, when 7 ml of eluent was collected from the Dionex. During
the collection of 4.4 pg of calcium using the Dionex, this represents ~2% of the collected

calcium. (Bradbury and Turchyn, 2018).

Spiked, purified calcium was acidified with distilled nitric acid and dried at 100°C. For
analysis by mass spectrometry, the resulting nitrate salt was dissolved in 1 pL of nitric
acid (2M) and deposited in thirds onto rhenium double filaments. Samples then were
dried and phosphoric acid (10% aq., 0.5 pL) was added to filament as an activator.
Filaments loaded with a 915B standard were prepared alongside the purified samples.
The average of the standards 915B and 915A over the course of the measurements
were -0.28%0.12%o (n=68, 25) and -1.02+0.04%o0 (n=5, 2c) relative to BSE. Samples
and standards were analyzed on a Triton Plus multicollector thermal ionization mass
spectrometer (TIMS). The isotope ratios were iteratively corrected to subtract the
double spike and yield the final 6*4Ca, which is reported in the supplementary data file

relative to both BSE and 915A, and through the rest of the manuscript as a relative
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change in fluid 6*4Ca from the initial fluid composition in each vial. The average error

on ten duplicates run during the study was 0.05%o (20).

2.3.Method for calculating calcium isotope fractionation

In a closed system the calcium isotope fractionation (A**Ca(s-n) can be calculated using
the equation for Rayleigh fractionation:
Re = Rof ™

Equation 1
where R¢ represents the ratio 44Ca/4%Ca at time t, Ro represents the initial ratio of the
two calcium isotopes, f is the fraction of the initial calcium remaining in the system and
alpha (a) is the fractionation factor. Equation 1 can be rearranged to the following
equation so that the slope of the line between §**Car and -In(f) is approximately equal to
A**Ca(s-n (Eqn. 2, Mariotti et al,, 1981).

§**Ca, = §**Cay + A*Cas_py X —In (f)
Equation 2
The visualization of multiple calcium isotope fractionation factors using this method on

a single plot is much clearer. The benefits of this approach are shown in Fig. 1.

A Monte Carlo simulation was used to determine the error on the calculated calcium
isotope fractionation, which is the gradient of the line. By using the instrumental errors
(0*4Ca = +0.12%o 20, [Ca] = 2% 20c) from each measured point, the simulation
generates a new value within a normal distribution centered on the measurements. The
best fit line—with an origin intercept—is determined. The simulation is then run one
thousand times and the 99t percentile is used to determine the maximum error in the
gradient. Fig. 1c displays the utility of this approach using theoretical points from the
trend in the calcium isotope fractionation displayed in Fig. 1b; the larger the number of
measurements, and the lower the fraction of calcium remaining in the solution, the
smaller the error on the calculated calcium isotope fractionation is. The Monte Carlo
simulation using 5 theoretical points from the calcite fractionation trend gives both a

small error (¥0.04%o) and the same value as the original fractionation trend (Fig. 1c).
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Whereas the use of only three theoretical points from the aragonite fractionation trend,

with only a 50% depletion in calcium, gives a much larger error (0.17%o).
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Figure 1: Comparison of two methods of plotting fractionation factors: standard Rayleigh fractionation (a)
versus the natural logarithm method (b) using the abiotic aragonite and calcite precipitation trends

published in Gussone et al. (2005) given a temperature of 25°C. Panel c demonstrates the utility of a Monte
Carlo simulation for determining the error on the calculated calcium isotope fractionation factor (gradient).

3. Results

The pure cultured bacterium D. bizertensis, has previously been used to study the
precipitation of different calcium carbonate polymorphs under a range of initial
solution chemistries in pure culture incubations (Lin et al., 2018). Lin etal., (2018)
found that monohydrocalcite was the dominant calcium carbonate polymorph made
when the Mg/Ca ratio of the solution was above 2, and calcite was dominantly formed
below a Mg/Ca ratio of 2 (Lin et al,, 2018). We initially measured the change in the
calcium isotopic composition of eight of the cultures in these previously published
experiments, exploring the impact that the initial solution chemistry, and hence the
carbonate polymorph precipitated, had upon the fractionation of calcium isotopes
during carbonate mineral precipitation (Fig. 2). We find that in these experiments, as
the calcium concentration decreased, the §44Ca of the fluid in the vial increased, as the
40Ca was distilled into the carbonate mineral precipitate (monohydrocalcite or calcite),

as expected (Fig. 2).
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Figure 2: Calcium concentration in solution (blue) and the relative change in calcium isotope composition of
the solution (orange) plotted against time of sampling for a range of polymorphs: a,b precipitated
monohydrocalcite (MHC), c precipitated monohydrocalcite and magnesian calcite (MHC + HMC), d,e,f
precipitated magnesian calcite (HMC), g,h precipitated calcite. The cultures were grown during experiments
reported in Lin et al (2018). The error bars on the §44Ca are 2c from the measurement of 915B, and the error

bar on the calcium concentration measurements are 2%.

We plot the calcium isotopic composition of the fluid against the natural log of the
fraction of calcium remaining within the solution (-In(F;)), in order to calculate the
fractionation factor as described above (Eqn. 2, Fig. 1). The A**Ca(s.f) of the experiments
varied between -0.56%o and -1.14%o (Fig. 3). This is reported as a negative number
because the solid has a lower calcium isotope composition relative to the fluid. When
monohydrocalcite is the dominant calcium carbonate polymorph, the A*Cas.f) is -0.63
+0.18%o (20, Fig. 3a); in the experiments where calcite was the dominant calcium
carbonate polymorph the A**Cas.f) is -0.95 £0.41%o (20, Fig. 3¢). In some experiments
there was a high amount of magnesium in the crystal lattice (as reported in Lin et al,,

2018). These high-Mg calcite precipitates have a A**Ca(s.f of -1.05 £0.20%o0 (20), similar
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to the calcite precipitates (Fig. 3b). The calcium isotope fractionation for calcite and
high-Mg calcite during microbially-induced carbonate precipitation are both slightly
larger than the experimentally determined A**Cas.fy of -0.87%o at 25°C for abiotic

calcite from Gussone et al., (2005), but within a similar range.
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Figure 3: Relative change in calcium isotopic composition versus the negative natural log of the fraction of
calcium remaining within the solution, compared to the abiotic aragonite and calcite precipitation trends
published in Gussone et al. (2005) given a temperature of 25°C (a). MHC denotes monohydrocalcite and HMC
denotes magnesian calcite. Panel b is the calculated A%4Ca(s.f with the error bars representing the 99th

percentile of the slope using a Monte Carlo simulation of the data.

To investigate the impact that changes in the rate of bacterial growth have on the
fractionation of calcium isotopes during microbially-induced carbonate mineral
precipitation, the initial solution chemistry for the second set of experiments was kept
constant to keep the precipitated carbonate polymorph as monohydrocalcite (MHC).
Ampicillin was added to the incubations, as described above, which impedes bacterial
growth. This is can be observed in the lower maximum ODsgo of the culture, the slower
rates of decrease in sulfate concentrations, and slower rates of increase in alkalinity
within the cultures (Fig. 4). Negative controls showed no evidence of bacterial growth

over the course of the experiments. The calcium concentration decreases with a
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simultaneous increase in the calcium isotopic composition of the media, similar to the

first experiments (Fig. 5).
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Figure 4: The Optical Density (a), Sulfate concentration (b), Alkalinity (c) and Calcium concentration (d) of
the solutions plotted against the time of sampling of the experiments containing ampicillin-0 pg/ml, 0.1
pg/ml, 1 pg/ml, 10 pg/ml or 100 pg/ml. The error bars for ODeoo, sulfate and alkalinity represent the
standard deviation over the three replicates; calcium concentrations were only run on the experiments

where calcium isotopes were also run.
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Figure 5: Calcium concentration in solution (blue), and the relative change in calcium isotopes in solution
(orange) plotted against time of sampling for ampicillin concentrations ranging from 0 pg/ml (a,d), 0.1
pg/ml (b), 1 pg/ml (e), 10 pg/ml (f) and 100 pg/ml (c). Graphs a-c were measured in the January 2018 set of
experiments, whereas d-f were measured in April 2018. The error bars on the 344Ca are 2o from the

measurement of 915B, and the error bar on the concentration measurements are 2%.

The earliest—and largest—decreases in calcium concentrations are seen in the samples
with the lowest concentrations of ampicillin (0-1 pg/ml), while the time it takes to
initiate carbonate mineral precipitation (as seen by the initiation of decrease in calcium
concentrations) is later in the experiments with ampicillin concentrations of 10 pg/ml
or greater (Fig. 5). The A**Ca(s-f) of the experiments with varying amounts of ampicillin
ranged from -0.48%o to -1.07%o (Fig. 6b). In general, the calcium isotope fractionation
is larger when the ampicillin concentrations are lower, with the highest calcium isotope
fractionation occurring with ampicillin concentrations of 0 and 0.1 pg/ml (A**Cas-f) = -
1.04 £0.09%po, 25), and the lowest calcium isotope fractionation occurring with the
ampicillin concentrations of 10 and 100 pg/ml (A**Cas. =-0.52 £0.12%o0, 26). We note
that the §*4Ca diverges from the straight Rayleigh fractionation line soon after initial
precipitation is observed; this will be discussed in section 4.3. The calcium isotope
fractionation on average in these experiments (A**Ca(s.f = -0.88 £0.42%o, 205), is higher
than the A**Ca(s.r) of MHC observed in the initial experiments (-0.63+0.18%o) and
highlights the importance of non-mineralogical controls on the calcium isotope

fractionation.
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Figure 6: Relative change in calcium isotopes versus the negative natural log of the fraction of calcium
remaining within the solution, for ampicillin containing experiments compared to the abiotic aragonite and
calcite precipitation trends published in Gussone et al. (2005) given a temperature of 25°C (a). Experiments
containing 0.1 pg/ml or lower are displayed in a, 1 pg/ml in b, 10 pg/ml or greater in ¢, and all ampicillin
concentrations are displayed in d. Panel b is the calculated A*4Cas-r) with the error bars representing the 99th
percentile of the slope using a Monte Carlo simulation of the data. Only the initial points are used to calculate
a linear regression for the calcium isotope fractionation and the Monte Carlo simulation, due to the solution
reequilibration discussed in Section 4.2. The average of the two solutions with no added ampicillin has been

plotted at 0.01 pg/ml to plot on the log scale in panel b.

4. Discussion

4.1. Calcium Isotope Fractionation during microbially induced carbonate

precipitation

Several conceptual and numerical models have been proposed to understand the range
in calcium isotope fractionation during carbonate mineral precipitation, and its
relationship to the rate of mineral precipitation. In one of the most recent models, the
calcium isotope fractionation factor of any given carbonate mineral precipitate is taken
as the intermediate between the equilibrium calcium isotope fractionation factor (oteq)
and the calcium isotope fractionation factor for precipitation at the kinetic limit (o),

with crystal precipitation and dissolution rates determining the balance (DePaolo,
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2011). This model was expanded into an ion-by-ion growth model which allows
calcium isotope fractionation to be modelled in terms of solution saturation or the
calcium:carbonate ion ratio in solution, where low oversaturation or a high Ca:COs3 ratio
is expected to drive calcium isotope fractionation towards the equilibrium limit, and
high oversaturation or a low Ca:COsz ratio will drive calcium isotope fractionation
towards the kinetic limit, or larger values (Nielsen et al., 2012). This model was tested
in the field at sites with varying calcium concentrations within the same high-alkalinity
lake. Larger calcium isotope fractionation was found in locations with lower calcium

concentrations (Nielsen and DePaolo, 2013).

In addition to these modeling studies, the majority of laboratory studies exploring
calcium isotope fractionation during carbonate mineral precipitation have shown that
the faster the rate of mineral growth, the larger the calcium isotope fractionation (e.g.
Tang et al,, 2008a; AlKhatib and Eisenhauer, 2017b). Experimental studies conducted in
sites with slow fluid transport through carbonate systems in both an aquifer and deep-
marine sediments have suggested that at equilibrium, the calcium isotope fractionation
is close to 0%o (Fantle and DePaolo, 2007; Jacobson and Holmden, 2008). Microbially-
induced calcium carbonate precipitation is neither a biologically precipitated calcium
carbonate mineral, where the organism (such as a foraminifera) exerts a high degree of
control on the biomineralization, nor an abiotic calcium carbonate, where carbonate
minerals are supersaturated and form with no biological control. During growth of the
sulfate reducing bacteria Desulfovibrio bizertensis, with formate as an electron donor,
the bacterial growth increases both the pH and the concentration of bicarbonate ions
within the solution. This increases the saturation state for calcium carbonate, whether
that is directly or through the precipitation of an amorphous calcium carbonate (ACC)
precursor. The bacteria are not physically mediating the mineral growth, and, in some
cases, can be entombed by the resultant calcium carbonate precipitation (Lin et al.,
2018). However they are influencing the chemistry of the media, and in some cases
helping drive carbonate mineral nucleation through the production of EPS (Bosak and

Newman, 2003; Braissant et al., 2007; Bontognali et al., 2014).

The calcium isotope fractionation observed during the precipitation of microbially-

induced MHC in this study is lower than the calcium isotope fractionation during the
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abiotic precipitation of either calcite or aragonite or during the microbially-induced
precipitation of calcite and high-Mg calcite (Fig. 3). Indeed, our calculated calcium
isotope fractionation factor for MHC is closer to the modelled calcium isotope
fractionation factor for carbonate mineral precipitation (-0.6 to -0.7%o, Nielsen et al,,
2012). However, the vast majority of carbonate minerals, biotic or abiotic, measured in
the natural environment have a larger calcium isotope fractionation between fluid and
mineral than suggested by the model in Nielsen et al. (2012). Ultimately MHC will
dehydrate and become a more stable calcium carbonate mineral (Kimura and Koga,
2011). Our data hint there may be a two-step calcium isotope fractionation, a smaller
partitioning of calcium isotopes during the initial precipitation of MHC, as measured in
this study, followed by a second partitioning of calcium isotopes during the
transformation of MHC to a more stable calcium carbonate polymorph to produce the
larger calcium isotope fractionation often measured in the natural environment in
minerals such as calcite, aragonite and high-Mg calcite. Future experiments studying
the transformation of MHC to stable calcium carbonate polymorphs may help answer

how applicable this study is versus models of abiotic carbonate mineral precipitation.

In the experiments where the growth rate of the bacteria was manipulated using
ampicillin, we see a range of calcium isotope fractionation between -0.48 to -1%o (Fig.
6). The growth rate of the bacteria was estimated using the natural logarithm of the
slope of the OD¢oo during the exponential growth phase (Widdel, 2007). The estimated
bacterial growth rate correlates with the initial ampicillin concentration of the media
(Fig. 7a); this suggests the higher the ampicillin concentration the slower the growth
rate of the bacteria. The estimated bacterial growth rate also correlates with the A*Cas.
f across all of the incubations, with the slower bacterial growth rates showing lower

A**Cas-f values (Fig. 7b).
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Figure 7: (a) Ampicillin concentration in the solution plot against the maximum ODeoo slope during culturing
(r2=0.79, p-value<0.01). (b) Bacterial growth rate plotted against the calcium isotope fractionation (A44Cas-)
(r2=0.94, p-value<0.01).

The link we observe between the estimated rate of bacterial growth and the calcium
isotope fractionation during carbonate mineral precipitation can also be visualised
when we plot the calculated calcium isotope fractionation against the time-to-initial

carbonate mineral precipitation and maximum alkalinity during the incubation (Fig. 8).
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Figure 8: (a) Calcium Isotope fractionation (A%4Ca(s-n) plot against the maximum alkalinity within the solution
(r2=0.71; p-value<0.01). (b) Calcium Isotope fractionation (A*4Ca(s-n) plotted against time to initial

precipitation of monohydrocalcite, as evidenced by a decrease in the calcium concentration (r2=0.55; p-
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value=0.05). Magnesian calcite and calcite are included within this plot, as the calcium isotope fractionation
appears to follow the same trends as the monohydrocalcite. The experiment with an ampicillin concentration

of 100 pg/ml is excluded in (b) as discussed below.

The higher the maximum alkalinity measured in the media, and the shorter the time-to-
initial carbonate mineral precipitation in the cultures, the higher the calcium isotope
fractionation that we calculate. The bacterial experiments that grow the fastest—and
reach the highest maximum alkalinity—create the conditions with the greatest
supersaturation with respect to calcium carbonate within the media, driving quicker
precipitation of carbonate minerals, in our case monohydrocalcite. This means that
precipitation of calcium carbonate occurs the most quickly in the experiments with a
high rate of bacterial growth, which leads to the largest calcium isotope fractionation.
This suggests the mechanism is similar to abiotic calcium carbonate precipitation as

higher mineral growth rates have larger calcium isotope fractionation.

The highest concentration of ampicillin (100 pg/ml) has been excluded in Fig. 8b. In
this experiment, over the first 900 hours, the culture acts ‘dead’ - with no change in
optical density (a proxy for cell numbers) or alkalinity (Fig. 4). Then there is,
unexpectedly, an increase in both optical density as well as in alkalinity. This delayed
growth could be explained in two ways. Ampicillin is inherently unstable over time, and
increasingly so at pH>7; at 25°C, ampicillin has been reported to decrease to 80% of its
initial potency within 5 days (Gallelli, 1967). The initial high concentration of ampicillin
is likely to have inhibited bacterial growth, and as the ampicillin degraded, the bacteria
began to grow. An alternative is that the use of ampicillin provides a selective pressure
that reduces competition for, and favors selection of, bacteria with ampicillin resistance.
Both of these hypotheses suggest that the later phase of growth is not related to the
initial growth rate of the Desulfovibrio bizertensis, and hence, the calcium isotope
fractionation does not correlate with the time taken for precipitation to occur in the 100

pg/mL incubation.

4.2.Rate of mineral precipitation

Ideally, we’d like to link our calcium isotope fractionation to the rate of carbonate

mineral precipitation in the incubation vials. In previous studies, when the rate of
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precipitation of carbonate minerals has been related to the calcium isotope
fractionation factor, the data have been reported in terms of micromoles of carbonate
precipitated per unit surface area per time (R in pmol m-2 s'1) (Tang et al., 2008a;
Nielsen et al., 2012; Harouaka et al., 2014). The rate of carbonate mineral precipitation
(R) are typically calculated using the following equation (Tang et al., 2008b):
M
Sxt

Equation 3

where M (mmol) is the decrease in aqueous calcium concentration, t is time (hours),
and S is the total reactive surface area. We can calculate the reaction rate for our
cultures without ampicillin as both M and t are known from our experiments, but we
need to estimate the total reactive surface area (S). This is challenging in our
experimental setup, as both kaolinite seeds and EPS can act as nucleation sites for the
precipitation of calcium carbonate minerals (Aloisi et al., 2006; Tourney and Ngwenya,
2009). We have used four methods to estimate the reactive surface area, and then
compare our rate of carbonate mineral precipitation versus calcium isotope
fractionation with the data in Tang et al., 2008a for each method. The first method for
estimating the reactive surface area is to use the surface area from the kaolinite seeds of
4.3 m? (14.3121 m?/g, Fig. 9a). The second was to use the average reactive surface area
from Tang et al. (2008b) of 0.081 m? (0.27 m?/g, Fig. 9b). If we take an inverse
approach, the best fit of our data with the data from Tang et al. (2008b) is achieved with
areactive surface area of 0.075 m? (0.25 m?/g, Fig. 9c). Finally, we use a reactive surface
area estimate calculated with the time dependent regression equation from Tang et al.

(2008b) which is displayed in Fig. 9d.
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Figure 9: Precipitation rate of the carbonate minerals plotted against the fractionation. Data from this study
are blue, whereas previously published data are red (Tang et al., 2008a). The four panels show four methods
of estimating the reactive surface area in order to calculate the precipitation rate. Panel a, b and c have
constant reactive surface areas of 4.3, 0.0056 and 0.075 m respectively. Panel d had variable reactive surface
area based on precipitating calcite following the approach of Tang et al., (2008b).

Our data suggest that using the surface area from kaolinite alone gives the weakest fit
for expected relationship between the precipitation of MHC and the calcium isotope
fractionation compared to the previously published data (Fig. 9a). The best-fit surface
area approximation of 0.25 m?/g suggests that either the MHC is precipitating on <2%
of the surface area of the Kaolinite seeds (potentially at edge or corner sites), or that the
nucleation is occurring on the EPS or bacteria themselves. This is similar to the
conclusion of Lin et al., (2018), where the microbially-induced carbonate minerals were
shown to be precipitating around cells rather than on the mineral seeds in the

incubation vials.
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4.3.Modelling the calcium isotope back reaction

In five of our fourteen experiments, the 6**Canuiq Stays constant or decreases in the last
few time points analysed, while the calcium concentrations continue to decrease (Fig.
6). In a simple Rayleigh-style model (Fig. 1), decreasing calcium concentrations in a
closed system should drive the calcium isotope composition in the fluid to higher
values, and there should be no decrease in the fluid 644Ca. This decrease in the 6%4Ca at
the latter stages of the growth experiments could be linked to a ‘back reaction’ between
the precipitated calcium carbonate minerals, with their lower §44Ca, and the residual
fluid in the media. During this exchange the 4°Ca-enriched solid isotopically
reequilibrates with the media, lowering the §44Ca in the media. Because the calcium
concentration in the fluid continues to decrease, this back reaction must be through
recrystallisation; recrystallisation suggests a rate of precipitation that matches or barely
exceeds a rate of dissolution. By comparing the difference between the predicted

0**Cafuiqa and the measured 6**Casuiq, the rate of this recrystallisation can be quantified.

There are a couple of key assumptions that need to be made in order to model this rate
of recrystallisation. First, we assume that there is no calcium isotope fractionation
during dissolution. This assumption has previously been used in modelling carbonate
recrystallisation rates (Fantle and DePaolo, 2007; Fantle, 2015; Gorski and Fantle, 2017;
Bradbury and Turchyn, 2018), although recent work has suggested it may not always be
the case (Oelkers et al., 2019). Second, we assume that the dissolving solid has the same
calcium isotopic composition as the carbonate minerals that precipitated earlier in the
experiment. Finally, we assume either that the calcium isotope fractionation during
precipitation is the same as that during the initial precipitating calcium carbonate
(calculated from the Rayleigh fractionation models of the initial points), or that there is
no calcium isotope fractionation on precipitation, a quasi-equilibrium condition (Fantle

and DePaolo, 2007; Fantle, 2015; Huber et al., 2017).

With these assumptions, a simple box model can be created, where we track the time
dependent change in the mass of calcium in the fluid (Mca) towards the end of the

experiments:
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dMc,

dt — UCagis — FCappt

Equation 4

where Fc, represents the flux of calcium into and out of the fluid through dissolution
(dis) and precipitation (ppt) respectively. Thus, the mass of calcium in the fluid at any
time point is a function of the dissolution and precipitation fluxes. The calcium isotopic
composition of the fluid can then be tracked alongside this calcium mass balance by the
addition of terms for the isotopic composition of the fluid (§*4Canuia) and solid
(6%*Casolia) at the previous time point (t-1), and a term for the calcium isotopic

fractionation during precipitation (A**Cappt) (Equation 2):

44
6**C Afruid,
44 44 44 44
MCat_l * 6 Cafluidt_l + FCadiS * 8 Casolidt_l - FCappt * (5 Cafluidt_l —A Cappt)
MCat
Equation 5

By substituting equation 4 into equation 5 we can calculate the mass of calcium that is
dissolving and precipitating, as other variables are known. The mass of calcium we
calculate that is supplied to the solution from carbonate mineral dissolution can be
compared to the total mass of calcium in the solution to get the percentage of the solid
that is exchanging per day, which is a recrystallisation rate. We do this for the case
where there is calcium isotope fractionation on precipitation and for the case where

there is no calcium isotope fractionation on precipitation (Fig. 10).
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Figure 10: The modelled rate of calcium exchange between the solid and the fluid in percent per day plotted
against the time of sampling. The two colours represent the two conflicting calcium isotope fractionation
scenarios: red represents ‘equilibrium’ fractionation (A*4Cappt = 0%0), and blue represents ‘kinetic’
fractionation that is the same as the initial calcium isotope fractionation on microbially-induced carbonate
mineral precipitation (A*4Cappt ~ -0.8%0). The best-fit lines follow a power law, with both relationships being
statistically significant (p<0.05).

This calculation suggests that the exchange of calcium between the newly precipitated
MHC and the fluid occurs most rapidly immediately after precipitation, and the rate of
exchange decreases with time, with increasing deviation from the Rayleigh fractionation
trend being observed as the calcium concentrations continue to decrease over the
course of the experiments. The decrease in overall rate of recrystallisation has
previously been suggested in other recrystallising systems, and is thought to be due to
the increasing stability of minerals over time, the mechanism behind which is still
debated (White et al,, 1996; Curti et al., 2010; Avrahamov et al., 2013; Gorski and Fantle,
2017).

These observations show that while calcium isotope fractionation during microbially
induced MHC precipitation is dependent on variability in bacterial growth, the
interpretation of these signals in the geological record will be extremely challenging due
to the need to better understand the calcium isotope fractionation during the
transformation of MHC to more stable calcium carbonate minerals. Observations will be
further complicated by potential changes in §**Ca during the dehydration of MHC to a
more stable phase. Further work is required to see if similar bacteria growth rate

dependence is found in more stable carbonate polymorphs, and whether this could then
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be observed in the geological record. The final observation is that the range in calcium
isotope fractionation observed within these simple bacterial experiments matches or
exceeds the variability of calcium isotopes used to explore many major geological
events such as the End Permian Mass extinction (0.3%o) and End-Triassic mass
extinction (0.8%o) (Payne et al,, 2010; Jost et al., 2017), which shows the importance of
further research into the impact of bacteria on the calcium isotope signature recorded

in sedimentary carbonate cements.

5. Conclusions

In this study we report new measurements of the calcium isotope fractionation in
bacterially induced carbonate growth, which are similar to previously determined
calcium isotope fractionation values during abiotic precipitation. Bacterial growth rate
is correlated with the calcium isotope fractionation of the monohydrocalcite that
precipitates, with faster bacterial growth rates leading to precipitates with a higher
calcium isotope fractionation. The mechanism for the control of bacterial growth rate
on calcium isotope fractionation is proposed to be through solution supersaturation and
hence carbonate precipitation rate. The comparison of the rate of carbonate
precipitation with previously published data provides further evidence that
monohydrocalcite is precipitating around the EPS or the bacteria themselves relative to

the kaolinite seeds.

The bacterially induced monohydrocalcite was unstable with respect to calcium
isotopes and showed a rapid exchange between the solid and the fluid. This observation
suggests that the calcium isotope signal recorded may not be linked to the original
precipitation rates over long time scales. The rate of exchange decreases with time,
potentially leaving a calcium isotope signature preserved in the MHC that is a balance
between the amount of exchange and the original fractionation. The exchange and the
low initial calcium isotope fractionation factors suggest that bacterially induced

carbonate might be relatively similar in 6*4Ca to the fluid it precipitated from.
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The combination of these insights helps to constrain the impact that bacteria can have
on precipitated calcium carbonate, and direct future work into area of calcium isotope

fractionation during bacterially induced carbonate precipitation.
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