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Removal of carbon through the precipitation and burial of calcium carbonate in marine sediments constitutes over 70% of the total carbon on Earth and is partitioned between coastal and pelagic zones. The precipitation of authigenic calcium carbonate in seawater, however, has been hotly debated because despite being in a supersaturated state, there is an absence of persistent precipitation. One of the explanations for this paradox is the geochemical conditions in seawater cannot overcome the activation energy barrier for the first step in any precipitation reaction; nucleation. Here we show that virally induced rupturing of photosynthetic cyanobacterial cells releases cytoplasmic-associated bicarbonate at concentrations ~23-fold greater than in the surrounding seawater, thereby shifting the carbonate chemistry toward the homogenous nucleation of one or more of the calcium carbonate polymorphs. Using geochemical reaction energetics, we show the saturation states (Ω) in typical seawater for calcite (Ω = 4.3), aragonite (Ω = 3.1), and vaterite (Ω = 1.2) are significantly elevated following the release and diffusion of the cytoplasmic bicarbonate (Ωcalcite = 95.7; Ωaragonite = 68.5; Ωvaterite = 25.9). These increases in Ω significantly reduce the activation energy for nuclei formation thresholds for all three polymorphs, but only vaterite nucleation is energetically favored. In the post-lysis seawater, vaterite's nuclei formation activation energy is significantly reduced from 1.85 × 10−17 J to 3.85 × 10−20 J, which increases the nuclei formation rate from highly improbable (<<1.0 nuclei cm−3 s−1) to instantaneous (8.60 × 1025 nuclei cm−3 s−1). The proposed model for homogenous nucleation of calcium carbonate in seawater describes a mechanism through which the initial step in the production of carbonate sediments may proceed. It also presents an additional role of photosynthesizing microbes and their viruses in marine carbon cycles and reveals these microorganisms are a collective repository for concentrated and reactive dissolved inorganic carbon (DIC) that is currently not accounted for in global carbon budgets and carbonate sediment diagenesis models.
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INTRODUCTION

The increasing trend in studies of atmospheric pCO2 and ocean acidification (Doney et al., 2009) has focused efforts to characterize the interactions between shallow marine carbonate sediment systems and the overlying water and how these interactions alter dissolved inorganic carbon (DIC) budgets (Krumins et al., 2013). Carbonate chemistry is most often the focus of these studies as calcium carbonate (Equation 1) is critical to the development and structural integrity of corals, shells, calcified algae, and sponges and directly influences global DIC budgets (Feely et al., 2004).
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The most common descriptor of calcium carbonate concentrations in marine water in the context of ocean acidification is the saturation state (Ω) (Equation 2),
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where [Ca2+] and [[image: image]] are the activity products of the calcium and carbonate ions, respectively, and [image: image] is the solubility product for calcium carbonate. Calcium carbonate has several polymorphs, each having a unique [image: image]. The polymorphs and their respective [image: image] at 25°C and listed in decreasing order of solubility in seawater include: amorphous calcium carbonate (ACC; [image: image] = −6.280; Brecevic and Nielsen, 1989), vaterite ([image: image] = −7.913; Plummer and Busenberg, 1982), aragonite ([image: image] = −8.336; Plummer and Busenberg, 1982), and calcite ([image: image] = −8.480; Plummer and Busenberg, 1982).

Typical surface seawater Ω values range from 2 to 4, which is considered supersaturated. Interestingly, persistent precipitation events do not occur (Morse et al., 2003). This metastability of calcium carbonate in supersaturated seawater is due to geochemical conditions being unfavorable for overcoming the energetic threshold for the direct precipitation from seawater (i.e., homogeneous precipitation) or to a lesser extent on pre-existing surfaces (i.e., heterogeneous precipitation; De Yoreo and Vekilov, 2003; Radha and Navrotsky, 2013).

Existing models for the precipitation of calcium carbonate in seawater would be categorized as heterogeneous, where the existing surfaces include carbonate sediment particles (Broecker et al., 2000) and the outer membranes (e.g., S-layers) and extracellular polymeric substances (EPS) of microorganisms (Schultze-Lam et al., 1992; Thompson et al., 1997; Hodell et al., 1998; Thompson, 2000; Konhauser and Riding, 2012). Models for the homogeneous precipitation of calcium carbonate have also been proposed, in which the microbial processes of sulfate reduction, ammonification, and photosynthesis have been implicated (Cloud, 1962; Shinn et al., 1989; Glenn et al., 1995). The consensus explanation was though these processes were consistently measurable, they were not adequately proficient at altering native seawater geochemistry (e.g., pH, DIC) beyond the immediate surface of the active cells to the point where homogeneous precipitation events would proceed.

The cited studies and models describe different mechanisms for carbonate crystal precipitation and growth. However, they do not characterize the initial step that must occur in heterogeneous and homogeneous precipitation; nucleation. We propose there is a microbially induced pathway for calcium carbonate nucleation in seawater that is currently undetected due to extremely fast reaction times and small volumes. The proposed model compliments existing heterogeneous precipitation models while providing a novel mechanism through which homogeneous nucleation occurs. This model does not replace existing carbonate precipitation models, but provides an additional pathway through which solid phases of this mineral can be produced. Additionally, there was no attempt to quantify or include heterogeneous nucleation which initiates at much lower activation energies than those presented in this model (De Yoreo and Vekilov, 2003; Radha and Navrotsky, 2013). Our model is based on the naturally occurring interaction between photosynthetic microorganisms and their respective viruses which results in the lysis of the host microorganism and release of its intracellular contents, including bicarbonate ([image: image]; Danovaro et al., 2011). The concentration of the intracellular [image: image] is significantly greater than that in the surrounding seawater and upon release shifts the carbonate chemistry to the point of overcoming energetic thresholds, favoring nucleation of one or more of the calcium carbonate polymorphs.

The majority of photosynthesizing prokaryotic and eukaryotic microorganisms utilizes membrane associated carbon concentrating mechanisms to preferentially elevate concentrations of DIC (i.e., [image: image]) in the cytoplasm. Using cyanobacteria as an example, the cytoplasmic [image: image] diffuses into carboxysomes where it is instantaneously converted to CO2 by carbonic anhydrase. This CO2 is then available to ribulose-1, 5-bisphosphate carboxylase/oxygenase (RuBisCO), the enzyme central to carbon fixation and photosynthesis (Price, 2011; Mangan and Brenner, 2014). The cytoplasmic [image: image] concentration in photosynthesizing cyanobacteria has been measured at 40 mM (range: 30–50 mM; Price et al., 2008; Konhauser and Riding, 2012), while concentrations of Ca2+ and protons are kept at non-detectable levels by being actively exported. These membrane associated processes collectively prevent precipitation of calcium carbonate, while maintaining an average pH of 8.2 (range: 8.0–8.3) in the cytoplasm (Price et al., 2008; Konhauser and Riding, 2012).

Though there are several groups of photosynthesizing prokaryotes and eukaryotes in marine waters, we chose Procholorcoccus sp. and Synechococcus sp. as representative microorganisms because these are the two most numerically dominant photosynthesizing cyanobacteria in seawater and their interactions with marine viruses are well-characterized (Suttle and Chan, 1994; Danovaro et al., 2011). These genera have an average total cell volume of 0.191 μm3, which is 40% (v/v) aqueous. The cytoplasmic [image: image] is dissolved within this volume (7.60 × 10−14 cm3; Scanlan, 2012). Upon infection of the host cells by their virulent or temperate viruses, a number of cytopathic effects quickly occur following the initiation of the lytic cycle, though this initiation can be delayed in lysogenic populations. Regardless of the timing of the initiation, the lytic cycle culminates in the instantaneous and violent “bursting” of the host cell's outer membrane (Young, 2014). The ruptured cells not only release progeny viruses but also cytoplasmic [image: image] at a concentration that can be ~23-fold greater than that in the surrounding seawater (1.77 mM; Zeebe and Wolf-Gladrow, 2013).

The reaction between the released [image: image] and Ca2+ from the surrounding seawater is the first step in the nucleation process. This reaction was modeled as a diffusion controlled reaction, where the Ca2+ concentration (10.28 mM) in the surrounding seawater (Zeebe and Wolf-Gladrow, 2013) is isotropic and infinite. The second order reaction rate constant (kD; M−1s−1) for the CaCO3 molecule formation reaction was derived using the following relationship (Equation 3) (Eigen and Hammes, 1963; Caldin, 2001):

[image: image]

where NA is Avagadro's constant (6.02 × 1023 molecules mole−1); a is the distance of closest approach between two ions, which in this case is the sum of the ionic radii for [image: image] (1.56 × 10−8 cm) and Ca2+ (1.00 × 10−8 cm); DA and DB are the diffusion coefficients for [image: image] (1.18 × 10−5 cm2 s−1) and Ca2+ (7.93 × 10−6 cm2 s−1), respectively (Li and Gregory, 1974); zA and zB are the ionic charges of [image: image] (−1) and Ca2+ (+2), respectively; e0 is the elementary charge of an electron (1.60 × 10−19 coulombs); ε0 is the vacuum dielectric constant (8.85 × 10−12 farads m−1); ε is the dielectric constant for water (78.54 unit less); kB is Boltzmann's constant (1.3805 × 10−23 J °K−1) and T is temperature (°K). The reaction rate constant for this reaction, kD = 2.68 × 1011 M−1s−1, is similar in magnitude to those from other diffusion controlled reactions (Eigen and Hammes, 1963; Caldin, 2001). This rate constant is considered an upper limit as each collision between a [image: image] and Ca2+ molecule is considered to be 100% efficient in producing a single CaCO3 molecule, thereby making the collision rate equal to the reaction rate.

Using this reaction rate constant in the following integrated rate equation for unequal concentrations of reactants (Equation 4):
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where [[image: image]]0 = 40.0 mM, [[image: image]]t = 1.77 mM, [Ca2+]0 = 10.28 mM and [Ca2+]t = 10.28 mM, the minimal time for this association reaction to proceed to the point where the [image: image] released from the cell is in equilibrium with that in the surrounding seawater (1.77 mM) is 3.88 × 10−10 s.

The final volume in which this reaction reaches equilibrium is estimated by first determining the distance (Dd, cm) each [image: image] molecule diffuses during the reaction time (t), using the diffusion coefficient (DA) for [image: image] (Equation 5),

[image: image]

This distance (1.66 × 10−7 cm) is added to the radius (2.63 × 10−5 cm) of the initial volume of [image: image] (7.60 × 10−14 cm3) and that total radius is used to calculate the final reaction volume; 7.80 × 10−14 cm3. This volume contains the original concentration 40 mM [image: image] or 2.41 × 10−22 molecules of [image: image]. Assuming all [image: image] molecules reacted with a molecule of Ca2+ in this final reaction volume during the 3.88 × 10−10 s, a maximum number of 2.41 × 1022 molecules of CaCO3 would be formed.

In the first part of the model we described the formation rate for CaCO3 molecules within a specific volume of seawater. The second part of the model determines if the geochemical conditions within this volume are conducive to overcoming the activation energy barriers for the homogeneous nucleation of one or more of the CaCO3 polymorphs. We followed the classic nucleation theory and Ostwald's Rule of Stages, where the polymorph with the lowest activation energy will nucleate first, followed by the polymorph with the next lowest activation energy until equilibrium has been established (Stranski and Totomanow, 1933; Baumgartner et al., 2013). The variables which have the greatest influence on the activation energy barrier to nucleation are the saturation state (Ω) and interfacial surface tension (γ) (De Yoreo and Vekilov, 2003; Radha and Navrotsky, 2013). Though there is a general consensus on the appropriate Ksp* values for the different polymorphs of CaCO3, this is not the case for interfacial surface tension values, which range from 35 to 200 J cm−2 (Myasnikov et al., 2013). We chose an interfacial surface tension value for each of the polymorphs based on current literature in which characterizing homogenous nucleation events was the study's objective.

The activation energies (ΔGa; Joules) were calculated for homogeneous nucleation of calcite, aragonite and vaterite in the previously derived reaction volume (i.e., 7.80 × 10−14 cm3). The respective activation energies were then used to estimate the number of nuclei formed (JN; nuclei cm−3 s−1) within the same volume of seawater. A standard seawater composition (Zeebe and Wolf-Gladrow, 2013), with a salinity of 35 ppt, pH of 8.2 and 3.0 mg kg-SW−1 dissolved oxygen at 25.0°C, was used as a typical seawater at standard temperature and pressure. The post-lysis seawater composition was identical to that for typical seawater except for the addition of the intracellular 40 mM [image: image] at a cytoplasmic pH of 8.2, which are common values for cyanobacteria (Price et al., 2008). The carbonate chemistry species and calcium activity products and corresponding Ω values were calculated using the React module within Geochemist's Workbench and the thermos_minteq.dat database (rel. 7.0.6).

Using these typical and post-lysis seawater geochemical conditions, the activation energies (ΔGa: Joules) (Equation 6) and nuclei formation rates (JN: nuclei cm−3 s−1) (Equation 7) for homogenous nucleation of the calcium carbonate polymorphs were calculated (Stumm and Morgan, 1981; De Yoreo and Vekilov, 2003),
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where γ is the interfacial surface tension (calcite: 1.24 × 10−5 J cm−2; aragonite: 1.45 × 10−5 J cm−2; vaterite: 7.25 × 10−6 J cm−2; Söhnel and Mullin, 1978; Kralj et al., 1990; Manoli and Dalas, 2000), T is temperature (°K), kB is Boltzmann's constant (1.3805 × 10−23 J °K−1), A is molecular collision frequency efficiency (1030 cm−3 s−1; Stumm and Morgan, 1981; De Yoreo and Vekilov, 2003) and V is the calculated molecular volume (calcite: 6.14 × 10−23 cm3; aragonite: 5.67 × 10−23 cm3; vaterite: 3.29 × 10−23 cm3).

The minimum number of CaCO3 molecules required to form critical sized nuclei were derived from the critical radius (rc) (Stumm and Morgan, 1981; De Yoreo and Vekilov, 2003) as follows (Equation 8),
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The critical radii were used to calculate the critical nuclei volumes (cm3). These volumes were then divided by the molecular volume (V) for the respective CaCO3 polymorphs, giving the number of CaCO3 molecules required to fill the critical nucleus volume.

The typical seawater conditions prior to the release of cytoplasmic [image: image], do not favor the nucleation of any of the polymorphs, as their nucleation formation rates were all significantly <1.0 nuclei cm−3 s−1 and the nucleation times were significantly > 1.0 h (Table 1). The post-lysis conditions significantly increased the Ω values for calcite (Ω = 95.7), aragonite (Ω = 68.5), and vaterite (Ω = 25.9; Table 1) and decreased the activation energy thresholds for nuclei formation by ~10-, 14-, and 480-fold, respectively (Table 1). However, only vaterite nucleation is energetically favorable at a nucleation rate of 8.60 × 1025 nuclei cm−3 s−1 and taking ~1.7 × 10−9 s to form a nuclei composed of a critical number (n = 6) of CaCO3 molecules (Table 1).


Table 1. Data on the homogeneous nucleation of CaCO3 in seawater from different sources.
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Previous studies have documented the precipitation of calcium carbonate in seawater (Morse and He, 1993) or specifically aragonite (Sun et al., 2015) under laboratory conditions at a Ω = 18, which is similar to our modeled post-lysis Ω for vaterite (Table 1). However, Morse and He (1993) concluded their laboratory-based conditions for elevated saturation states could not develop or persist in natural seawater and therefore homogeneous nucleation in seawater was improbable. Our model demonstrates there is a mechanism through which the appropriate geochemical conditions for homogeneous nucleation and precipitation of calcium carbonate in seawater exists, though at reaction times and in volumes that were not previously considered.

Another argument against homogeneous nucleation of CaCO3 in seawater is the absence of detectable reductions in pH and alkalinity during naturally occurring calcium carbonate precipitation events (Morse et al., 1984, 2003). Based on the geochemical modeling of seawater conditions prior to and post-lysis, the pH in typical seawater did decrease from 8.20 to 6.35. However, the carbonate alkalinity remained elevated in the post-lysis seawater (835.5 mg kg·SW−1) relative to that in the seawater prior to cell lysis (82.2 kg·SW−1). We propose the residual alkalinity buffers the lowered pH to native levels within the reaction volume but has a negligible effect on pH or alkalinity outside the reaction volume. This buffering reaction would also be diffusion controlled with a reaction rate constant of ~1011 M−1 s−1 and an overall reaction time of ~10−10 s. We propose these changes in carbonate chemistry have gone undetected in the cited and similar studies because the methods used for quantifying pH and alkalinity are incapable of measuring these variables at the spatial and time scales of our model.

To test the applicability of the model, we analyzed two seawater sources that represent saturation state end members; Bahama Bank seawater (temperature = 28.7°C; pH = 8.13; salinity = 37 ppt; native [[image: image]] = 1.59 × 10−3 M), in which spontaneous calcium carbonate precipitation events commonly occur (Bustos-Serrano et al., 2009); and the Makarov Basin (temperature = −1.58°C; pH = 7.73; salinity = 29 ppt; native [[image: image]] = 1.85 × 10−3M), a region of the Arctic Ocean where ocean acidification has been documented and carbonate precipitation is unlikely (Robbins et al., 2013).

The calculated second order reaction rate constant and reaction rate for the Bahama Bank seawater was kD = 2.64 × 1011 M−1 s−1 and 1.15 × 10−10 (Table 1). The Bahama Bank seawater has Ω values for calcite (Ω = 3.7), aragonite (Ω = 2.7) and vaterite (Ω = 1.0) that are similar to those in typical seawater (Table 1). Accordingly, seawater in the tropical region is not conducive to homogeneous nucleation of any of the polymorphs (i.e., nucleation formation rates <1; Table 1). Following the release of cytoplasmic [image: image] from lysed cells, the nucleation activation energies for calcite (12-fold), aragonite (18-fold) and vaterite (2.6 × 104-fold) decreased significantly and the Ω values increased to values (calcite: 90.7; aragonite: 65.5; vaterite: 25.2) similar to those calculated for typical seawater (Table 1). These post-lysis conditions were not favorable for the homogeneous nucleation of calcite or aragonite, but energetically favorable for the nucleation of vaterite at a rate of 1.03 × 1026 nuclei cm−3 s−1, with a critical nuclei size of 6 CaCO3 molecules, that takes ~2.0 × 10−9 s to occur (Table 1).

In the Makarov Basin, the seawater is much colder with a significantly lower pH among the two bodies of seawater. The second order reaction rate constant and reaction rate for the Makarov Basin was kD = 2.94 × 1011 M−1 s−1 and 1.04 × 10−10 (Table 1). The native seawater in this region does not favor the nucleation of any of the CaCO3 polymorphs as all three were in an under saturated state (Table 1). The release of the cytoplasmic [image: image] following viral lysis did elevate calcite (Ω = 15.1), aragonite (Ω = 10.3), and vaterite (Ω = 3.5) to supersaturated states. However, these levels of supersaturation were not sufficient to drive the nucleation of any of the polymorphs as all had nuclei formation rates <1 nuclei cm−3 s−1.

The microbially induced homogenous nucleation of the calcium carbonate proposed here contributes to our understanding of the earliest stage of a diagenetic process for carbonate sediments: nucleation. For example, in efforts to explain the occurrences of large carbonate precipitation events, like whitings, and their relationship to carbonate sediments microbial-based theories have been proposed that correlate these events with environmental stimuli such as phytoplankton blooms (Robbins and Blackwelder, 1992; Robbins et al., 1996; Thompson, 2000). Although a unifying mechanism of spontaneous precipitation has not been collectively or individually derived from these studies, a microbial surface precipitation model (i.e., heterogeneous nucleation) is commonly discussed. However, as previously noted, although this phenomenon is accepted as routinely occurring it would not alter the overall carbonate chemistry of seawater to the point where observable carbonate precipitation events occur (Morse et al., 1984, 2003), as previously noted.

Interestingly, all of these studies and discussions of calcium carbonate precipitation have one environmental aspect in common: relatively high abundances of photosynthesizing microbes during bloom events. Increases in cyanobacterial abundances in response to environmental stimuli have been shown to promote and enhance virally induced lytic events (Suttle and Chan, 1994; Danovaro et al., 2011). A global or regional scale virally induced release of the cyanobacteria-associated [image: image] would not occur as a single event, episodic releases at the local-to-regional scale would occur in coastal zones where environmental stimuli (e.g., nutrient runoff, fresh water discharges, submarine groundwater discharges, etc.) promote rapid increases in cyanobacterial abundances. It is under these types of conditions that our proposed viral induced nucleation model would be a contributing process to the initiation and eventual production of carbonate sediments.

Lastly, the viral lysis model for calcium carbonate nucleation brings into consideration that the cytoplasm of photosynthesizing microorganisms is a repository for concentrated and reactive DIC, in the form of [image: image], in seawater. The significance of this compartmentalized DIC becomes apparent when considered at global scales. For example, using an ocean surface area of 3.6 × 108 km2, average photic zone depth of 150 m, average Synechococcus and Prochlorococcus abundance of 4.4 × 107 cells L−1 (Worden et al., 2000) and the cell volumes and [image: image] concentrations described previously, this population of cyanobacteria collectively retain ~1.0 GT of DIC on a global basis. This source of DIC is currently unaccounted for in carbon budgets.

AUTHOR CONTRIBUTIONS

The authors have made substantial and equal, direct and intellectual contributions to the work, and approved it for publication.

ACKNOWLEDGMENTS

We acknowledge support provided by USGS Coastal and Marine Geology Program. Any use of trade, firm, or product names is for descriptive purposes only and does not imply endorsement by the U. S. Government.

REFERENCES

 Baumgartner, J., Dey, A., Bomans, P., Le Coadou, C., Fratzl, P., Sommerdijk, N. A., et al. (2013). Nucleation and growth of magnetite from solution. Nat. Mater. 12, 310–314. doi: 10.1038/nmat3558

 Brecevic, L., and Nielsen, A. (1989). Solubility of amorphous calcium carbonate. J. Cryst. Growth 98, 504–510. doi: 10.1016/0022-0248(89)90168-1

 Broecker, W., Sanyal, A., and Takahashi, T. (2000). The origin of Bahamian whitings revisited. Geophys. Res. Lett. 27, 3759–3760. doi: 10.1029/2000GL011872

 Bustos-Serrano, H., Morse, J., and Millero, F. (2009). The formation of whitings on the Little Bahama Bank. Mar. Chem. 113, 1–8. doi: 10.1016/j.marchem.2008.10.006

 Caldin, E. (2001). The Mechanisms of Fast Reactions in Solution. Clifton, VA: IOS Press, Inc.

 Cloud, P. Jr. (1962). Environment of Calcium Carbonate Deposition West of Andros Island, Bahamas. Reston, VA: US Geological Survey.

 Danovaro, R., Corinaldesi, C., Dell'Anno, A., Fuhrman, J. A., Middelburg, J. J., Noble, R. T., et al. (2011). Marine viruses and global climate change. FEMS Microbiol. Rev. 35, 993–1034. doi: 10.1111/j.1574-6976.2010.00258.x

 De Yoreo, J., and Vekilov, P. (2003). Principles of crystal nucleation and growth. Rev. Mineral. Geochem. 54, 57–93. doi: 10.2113/0540057

 Doney, S. C., Fabry, V. J., Feely, R. A., and Kleypas, J. A. (2009). Ocean acidification: the other CO2 problem. Annu. Rev. Marine. Sci. 1, 169–192. doi: 10.1146/annurev.marine.010908.163834

 Eigen, M., and Hammes, G. (1963). “Elementary steps in enzyme reactions (as studied by relaxation spectrometry),” in Advances in Enzymology and Related Areas of Molecular Biology, ed F. Nord (New York, NY: John Wiley & Sons, Inc.), 1–38.

 Feely, R. A., Sabine, C. L., Lee, K., Berelson, W., Kleypas, J., Fabry, V. J., et al. (2004). Impact of anthropogenic CO2 on the CaCO3 system in the oceans. Science 305, 362–366. doi: 10.1126/science.1097329

 Glenn, C., Rajan, S., McMurtry, G., and Benaman, J. (1995). Geochemistry, mineralogy, and stable isotopic results from Ala Wai estuarine sediments: records of hypereutrophication and abiotic whitings. Pac. Sci. 49, 367–399.

 Hodell, D., Schelske, C., Fahnenstiel, G., and Robbins, L. (1998). Biologically induced calcite and its isotopic composition in Lake Ontario. Limnol. Oceanogr. 43, 187–199. doi: 10.4319/lo.1998.43.2.0187

 Konhauser, K., and Riding, R. (2012). “Bacterial biomineralization,” in Fundamentals of Geobiology, eds A. Knoll, D. Canfield, and K. Konhauser (Hoboken, NJ: Wiley-Blackwell), 105–130.

 Kralj, D., Brecevic, L., and Nielsen, A. (1990). Vaterite growth and dissolution in aqueous solution I. Kinetics of crystal growth. J. Cryst. Growth 104, 793–800. doi: 10.1016/0022-0248(90)90104-S

 Krumins, V., Gehlen, M., Arndt, S., Van Cappellen, P., and Regnier, P. (2013). Dissolved inorganic carbon and alkalinity fluxes from coastal marine sediments: model estimates for different shelf environments and sensitivity to global change. Biogeosciences 10, 371–398. doi: 10.5194/bg-10-371-2013

 Li, Y., and Gregory, S. (1974). Diffusion of ions in sea water and in deep-sea sediments. Geochim. Cosmochim. Acta 38, 703–714. doi: 10.1016/0016-7037(74)90145-8

 Mangan, N., and Brenner, M. (2014). Systems analysis of the CO2 concentrating mechanism in cyanobacteria. Elife 3:e02043. doi: 10.7554/eLife.02043

 Manoli, F., and Dalas, E. (2000). Calcium carbonate crystallization on xiphoid of the cuttlefish. J. Cryst. Growth 217, 422–428. doi: 10.1016/S0022-0248(00)00515-7

 Morse, J., Gledhill, D., and Millero, F. (2003). CaCO3 precipitation kinetics in waters from the great Bahama bank: implications for the relationship between bank hydrochemistry and whitings. Geochim. Cosmochim. Acta 67, 2819–2826. doi: 10.1016/S0016-7037(03)00103-0

 Morse, J., and He, S. (1993). Influences of T, S and PCO2 on the pseudo-homogeneous precipitation of CaCO3 from seawater: implications for whiting formation. Mar. Chem. 41, 291–297. doi: 10.1016/0304-4203(93)90261-L

 Morse, J., Millero, F., Thurmond, V., Brown, E., and Ostlund, H. (1984). The carbonate chemistry of Grand Bahama Bank waters: after 18 years another look. J. Geophys. Res. 89, 3604–3614. doi: 10.1029/JC089iC03p03604

 Myasnikov, S., Chipryakova, A., and Kulov, N. (2013). Kinetics, energy characteristics, and intensification of crystallization processes in chemical precipitation of hardness ions. Theor. Found. Chem. Eng. 47, 505–523. doi: 10.1134/S0040579513050229

 Plummer, L., and Busenberg, E. (1982). The solubilities of calcite, aragonite and vaterite in CO2-H2O solutions between 0 and 90°C, and an evaluation of the aqueous model for the system CaCO3-CO2-H2O. Geochim. Cosmochim. Acta 46, 1011–1040. doi: 10.1016/0016-7037(82)90056-4

 Price, G. (2011). Inorganic carbon transporters of the cyanobacterial CO2 concentrating mechanism. Photosyn. Res. 109, 47–57. doi: 10.1007/s11120-010-9608-y

 Price, G. D., Badger, M. R., Woodger, F. J., and Long, B. M. (2008). Advances in understanding the cyanobacterial CO2-concentrating-mechanism (CCM): functional components, Ci transporters, diversity, genetic regulation and prospects for engineering into plants. J. Exp. Bot. 59, 1441–1461. doi: 10.1093/jxb/erm112

 Radha, A., and Navrotsky, A. (2013). Thermodynamics of carbonates. Rev. Mineral. Geochem. 77, 73–121. doi: 10.2138/rmg.2013.77.3

 Robbins, L., and Blackwelder, P. (1992). Biochemical and ultrastructural evidence for the origin of whitings: a biologically induced calcium carbonate precipitation mechanism. Geology 20, 464–468. doi: 10.1130/0091-7613(1992)020<0464:BAUEFT>2.3.CO;2

 Robbins, L. L., Wynn, J. G., Lisle, J. T., Yates, K. K., Knorr, P. O., Byrne, R. H., et al. (2013). Baseline monitoring of the Western Arctic Ocean estimates 20% of Canadian Basin surface waters are undersaturated with respect to aragonite. PLoS ONE 8:e73796. doi: 10.1371/journal.pone.0073796

 Robbins, L., Yates, K., Shinn, E., and Blackwelder, P. (1996). Whitings on the Great Bahama Bank: a microscopic solution to a macroscopic mystery. Bahamas J. Sci. 4, 2–7.

 Scanlan, D. (2012). “Marine picocyanobacteria,” in Ecology of Cyanobacteria II: Their Diversity in Space and Time, ed B. Whitton (New York, NY: Springer), 503–533.

 Schultze-Lam, S., Harauz, G., and Beveridge, T. J. (1992). Participation of a cyanobacterial S layer in fine-grain mineral formation. J. Bact. 174, 7971–7981. doi: 10.1128/jb.174.24.7971-7981.1992

 Shinn, E., Steinen, R., Lidz, B., and Swart, P. (1989). Whitings, a sedimentologic dilemma. J. Sediment. Res. 59, 147–161. doi: 10.1306/212F8F3A-2B24-11D7-8648000102C1865D

 Söhnel, O., and Mullin, J. (1978). A method for the determination of precipitation induction periods. J. Cryst. Growth 44, 377–382. doi: 10.1016/0022-0248(78)90002-7

 Stranski, I., and Totomanow, D. (1933). Rate of formation of (crystal) nuclei and the Ostwald step rule. Int. J. Res. Phys. Chem. Chem. Phy. 163, 399–408.

 Stumm, W., and Morgan, J. (1981). “Precipitation and dissolution,” in Aquatic Chemistry: An Introduction Emphasizing Chemical Equilibria in Natural Waters (New York, NY: John Wiley & Sons), 230–322.

 Sun, W., Jayaraman, S., Chen, W., Persson, K., and Ceder, G. (2015). Nucleation of metastable aragonite CaCO3 in seawater. Proc. Natl. Acad. Sci. U.S.A. 112, 3199–3204. doi: 10.1073/pnas.1423898112

 Suttle, C. A., and Chan, A. M. (1994). Dynamics and distribution of cyanophages and their effect on marine Synechococcus spp. Appl. Environ. Microbiol. 60, 3167–3174.

 Thompson, J. (2000). “Microbial whitings” in Microbial Sediments, eds R. Riding and S. Awramik (New York, NY: Springer), 250–260.

 Thompson, J. B., Schultze-Lam, S., Beveridge, T. J., and Des Marais, D. J. (1997). Whiting events: biogenic origin due to the photosynthetic activity of cyanobacterial picoplankton. Limnol. Oceanogr. 42, 133–141. doi: 10.4319/lo.1997.42.1.0133

 Worden, A. Z., Chisholm, S. W., and Binder, B. (2000). In situ hybridization of Prochlorococcus and Synechococcus (marine cyanobacteria) spp. with rRNA-targeted peptide nucleic acid probes. Appl. Environ. Microbiol. 66, 284–289. doi: 10.1128/AEM.66.1.284-289.2000

 Young, R. (2014). Phage lysis: three steps, three choices, one outcome. J. Microb. 52, 243–258. doi: 10.1007/s12275-014-4087-z

 Zeebe, R., and Wolf-Gladrow, D. (2013). CO2 in Seawater: Equilibrium, Kinetics, Isotopes. San Diego, CA: Elsevier, Inc.

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2016 Lisle and Robbins. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/inline_5.gif
logK

2





OPS/images/inline_4.gif
logK

2





OPS/images/inline_7.gif
logK

2





OPS/images/inline_6.gif
logK

2





OPS/images/inline_36.gif
HCO;





OPS/images/inline_35.gif
HCO;





OPS/images/inline_38.gif
HCO;





OPS/images/inline_37.gif
HCO;





OPS/images/cover.jpg
, frontiers
in Microbiology

Viral Lysis of
Photosynthesizing Microbes
As a Mechanism for Calcium
Carbonate Nucleation in Seawater







OPS/images/inline_33.gif
HCO;






OPS/images/inline_32.gif
HCO;






OPS/images/inline_34.gif
HCO;





OPS/images/logo.jpg
’ frontiers
in Microbiology





OPS/images/inline_3.gif





OPS/images/inline_29.gif
HCO;





OPS/images/inline_31.gif
HCO;





OPS/images/inline_30.gif
HCO;





OPS/images/inline_26.gif
HCO;





OPS/images/inline_28.gif
HCO;





OPS/images/inline_27.gif
HCO;





OPS/images/inline_23.gif
HCO;





OPS/images/inline_22.gif
HCO;





OPS/images/inline_25.gif
HCO;





OPS/images/inline_24.gif
HCO;





OPS/images/inline_2.gif





OPS/images/inline_19.gif
HCO;





OPS/images/inline_21.gif
HCO;





OPS/images/inline_20.gif
HCO;





OPS/images/inline_18.gif
HCO;





OPS/images/inline_17.gif
HCO;





OPS/images/crossmark.jpg
©

2

i

|





OPS/images/inline_12.gif
HCO;





OPS/images/inline_13.gif
HCO;





OPS/images/inline_10.gif
HCO;





OPS/images/math_1.gif
Ca™ g + 2HCO ) € CaCOy,, +COy + H,O (D





OPS/images/inline_11.gif
HCO;





OPS/images/inline_16.gif
HCO;





OPS/images/inline_14.gif
HCO;





OPS/images/inline_15.gif
HCO;





OPS/images/math_7.gif
exp(~4G, Ik T)  (7)





OPS/images/math_6.gif
AG, =162V 1 [ TIn(Q/K)F (6)





OPS/images/math_8.gif
=29V /[ TIn(Q/K)]  (8)






OPS/images/fmicb-07-01958-t001.jpg
Seawater source  Reactionrate  Reaction Reaction Formof @ Activation energyfor  Nuclei formation  Critical number of

constant time conditions CaCO3 nuclei formation rate CaCOg molecules
(kp) (AGa) W)
s Joules Nuclei om™ Molecules nuclei~
Mean composition ~ 2.68 x 10 3.88x 10710 Native Calcite 43 337 x 10718 581 x 107326 1129
seawater! Aragonite 3.1 7.75 x 10~ 18 <5.81 x 10328 3367
Vaterite 12 185 x 1017 <6.81 x 107926 60631
Post-lysis ~ Calcite 96.7 3.42 x 10-19 882 x 107 36
Aragonite  68.5 5.42 x 10-19 576 x 10-28 662
Vaterite 259 3.85 x 10720 8,60 x 10 6
Bahama bank? 264x 10" 156 x 10710 Native Calite 37 4.10 x 10°18 9.90 x 10-3% 1515
Aragonite 2.7 996 x 10-18 <9.90 x 10-3%8 4904
Vaterite 10 101 x 10718 <9.90 x 1073% 2.48 x 107
Postlysis  Calcite ~ 90.7 3.41x 10719 263 x 1076 36
Aragonite  65.5 5.41x 10-19 4.45 x 1027 62
Vaterte 252 383 x 10720 1.08 x 10%8 6
Makarov basin® 294x 10" 1.04x 1070 Native Calite 07 NAt NA NA
Aragonite 05 NA NA NA
Vateite 02 NA NA NA
Post-lysis ~ Calcite 150 147 x 10-18 8.19 x 10-106 230
Aragonite  10.3 214 x 10-18 5.88 x 10219 490
Vaterite 35 3.19 x 10-19 1.07 x 107 137

1 Zeobe and Wolf-Gladrow (2013,

2Bustos-Serrano et a. (2009)

Robbins et al. (2013).

NA: not applicable due to the see waler at this site being undersaturaled.





OPS/images/math_3.gif
_ 4na(Dy+ Dy) (242, | &aksT)

kp £
exp(zazant | Eyfak,T) -1

€]





OPS/images/inline_1.gif
[ole:y





OPS/images/math_2.gif
Q=[Ca™],[CO, ", /Ky,

@





OPS/images/math_5.gif
D, =6Dg (5





OPS/images/math_4.gif
1 110"k [HCO;]
[HCOS], -[Ca™ ), [HCOS], [Ca™],

sk &)





OPS/images/inline_9.gif
HCO;





OPS/images/inline_8.gif
logK

2





