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Abstract: Calcium carbonate precipitation associated with biotic activity is first recorded in Ar- 9 

chaean rocks. The oldest putative fosssils related to hydrothermal vents have been dated at ~3.77 10 

Ga (possibly 4.29 Ga). Stromatolites, the oldest dated at 3.70 Ga, have since occurred through Earth 11 

history, despite dramatic changes in physical and chemical conditions in aquatic environments. A 12 

key question is: What advantages do photosynthesizing aquatic prokaryotes and algae gain by pre- 13 

cipitating carbonates? We propose the “Phosphate Extraction Mechanism” (PEM) to explain the 14 

benefits of biomineralization in warm, oligotrophic, alkaline, euphotic environments. Carbonate 15 

precipitation enhances access to otherwise limited carbon dioxide and phosphate in such environ- 16 

ments. This mechanism also provides an explanation for prolific production of carbonates during 17 

times of elevated atmospheric carbon dioxide at intervals in the Phanerozoic. 18 
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 21 

1. Introduction 22 

Carbon, which is the major component of fossil fuels, is the key ingredient in “life”. 23 

Carbon is also a key ingredient in limestones and other carbonate rocks. The ultimate 24 

sources of carbon are the primordial components of the Earth. Even at present, volcanic 25 

sources emit ~1–4x108 metric tons of carbon dioxide (CO2) per year. Through geologic 26 

history, the dynamics of carbon chemistry have played major roles in oceanic, terrestrial 27 

and even subsurface crustal processes. Humans are now burning the equivalent of several 28 

hundred years of photosynthetic sequestration of carbon each year, releasing CO2 into the 29 

Earth’s atmosphere, with climatic consequences that are becoming more apparent every 30 

year. 31 

The systematic measure of CO2 concentrations in the atmosphere was started by C. 32 

David Keeling of the Scripps Institution of Oceanography in March 1958 at a NOAA (Na- 33 

tional Oceanic and Atmospheric Administration) facility at Mauna Loa Observatory, Ha- 34 

waiꞌi, USA [1]. NOAA initiated its own CO2 measurement in May 1974 and, since then, 35 

NOAA and Scripps have run the measurements in parallel [2]. Prior to Keeling’s research, 36 

CO2 measurements were inconsistent, but the Keeling’s methods revealed a pattern of 37 

seasonal oscillations of CO2, with peaks in May and lows in November, with the averaged 38 

values of successive years progressively increasing (Fig. 1). Keeling envisaged the yearly 39 

cycles to reflect the vegetation cycles that prevail across the northern hemisphere while 40 

the increase over time was thought to be caused by human activities, especially the burn- 41 

ing of fossil-fuels [3]. 42 
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 43 

Figure 1. CO2 concentrations in the atmosphere, started by C. David Keeling of 44 

the Scripps Institution of Oceanography in March 1958. 45 

By the 1960’s, greenhouse gas emissions and their link to global climate change be- 46 

came a serious concern, with both scientists and the public considering CO2 to be an in- 47 

visible pollutant. Attention and concern for greenhouse gases and their role in climate 48 

change intensified, and in 1988 the United Nations created the Intergovernmental Panel 49 

on Climate Change (IPCC) [4]. Concern for ocean acidification, climate change’s equally evil 50 

twin, emerged somewhat later. Although scientists had been tracking ocean pH for more 51 

than 30 years, biological studies emerged in the 1990s [5] and have accelerated since the 52 

introduction of the term “ocean acidification” in 2003 [6]. 53 

Burning of fossil fuels, combined with widespread changes in land use, has resulted 54 

in rapidly increasing concentrations of atmospheric CO2 that are causing the decline in the 55 

pH of surface seawater [6–9]. Will progressive warming and acidification cause mass ex- 56 

tinctions and evolutionary turnover of marine biotas, as occurred at previous events that 57 

caused major perturbations of ocean chemistry [10]? 58 

This question reveals a major carbonate paradox in the geologic record. Through the 59 

Phanerozoic, extended Greenhouse World times of higher CO2 (Silurian–Devonian and 60 

Jurassic–Cretaceous) were characterized by prolific accumulations of biogenic carbonates, 61 

especially those associated with cyanobacterial and algal calcification (Fig. 2). In the Ce- 62 

nozoic, coral reefs emerged as major carbonate factories as Icehouse World conditions de- 63 

veloped in the Oligocene and became predominant. In the Neogene, a conundrum noted 64 

more than 45 years ago [25]. 65 

Evidenziato

Nota
During the Cretaceous, the grrenhouse period par excellence, the main carbonate producers were rudists. I suggest to better rephrase the sentence.



J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 3 of 20 
 

 

 66 

Figure 2. Carbonate precipitation nodes, genetic macroevolution rates, and estimates of oxygen and 67 
CO2 in the atmosphere. A: Supercontinents and crustal growth; precratonic, accretionary orogens 68 
and supercontinents assembly (redrawn from [11]). B: carbonate precipitation modes through 69 
Earth’s history (multiple sources). [1]: Oldest fossils [11]. [2]: Isua oldest stromatolites [13]. C: pH 70 
evolution from [14]; a: nominal model, in which the median Archean surface temperature is slightly 71 
higher than modern surface temperatures. Archean land fraction was anywhere between 10% and 72 
75% of modern land fraction; b: no Archean land endmember scenario; c: model with assumed 100 73 
ppm Proterozoic methane and 1% Archean methane levels. D: Maximum and minimum estimates 74 
of atmospheric partial oxygen pressure (after [15]). E: estimates of atmospheric CO2 concentration; 75 
[3] from [16], upper and lower boundaries reflect average surface temperature for an ice-free (20°C) 76 
and ice covered (5°) Earth; [4] Acritarch isotopic composition [17]; [5] C-isotope reservoir modeling 77 
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[18]; [6] Phanerozoic GEOCARB III models [19]; [7] Royer compilation [20]; [8] from [21]; [9] pale- 78 
osoil mass balances [22]; [10] from [23]; [11]] Picoplanktonic whiting and partial sheath calcification 79 
comenced –1400-1300 Ma ago (33 CO2 PAL, and cyanobacteria CCMs weere induced when pCO2 = 80 
10 PAL [24]. PAL: present atmospheric level; GOE: the Great Oxygenation Event; NOE: Neoprote- 81 
rozoic oxygenation event. 82 

Another paradox associated with changes in ocean chemistry over the course of Earth 83 

history relates to another essential element for life, yet is commonly the most limiting nu- 84 

trient required for essential processes including photosynthesis, growth and reproduc- 85 

tion. Bioavailable phosphorus (P), typically occurring as phosphate (PO43-), provides the 86 

backbone of nucleotides (DNA and RNA) and phospholipid membranes of cells, and is 87 

used in many other essential functions including ATP-energy storage and energy transfer, 88 

and for the synthesis of proteins and enzymes. Kempe and Degens [26] postulated that 89 

abundant dissolved PO43- in the Archaean seas helped to foster the evolution of life; see 90 

also [27, 28]. The goal of our paper is to explore the hypothesis that decline in both CO2 91 

and PO43-, and the history of changes in modes of calcification through Earth history, are 92 

tied to the close and complex relationships between biogenic carbonates and phosphate. 93 

2. The Hypothesis 94 

The “Phosphate Extraction Mechanism” (PEM) provides an explanation for how 95 

calcifying microbial and algal biotas can thrive in oligotrophic conditions. During day- 96 

light, calcification can be coupled to photosynthesis. With energy from active ion 97 

transport, protons can be split from bicarbonate, providing a carbonate ion (CO32-) for cal- 98 

cification and a CO2 molecule for photosynthesis. Phosphate is adsorbed during calcium 99 

carbonate (CaCO3) precipitation. At night, respiration releases CO2 and can promote par- 100 

tial dissolution of diurnally precipitated carbonates. Phosphate that is adsorbed onto pre- 101 

cipitating CaCO3 during daylight can be desorbed at night, making it available for uptake 102 

by the calcifying cyanobacteria or algae. 103 

3. The Hadean–Archaean 104 

Conditions on the Hadean Earth were clearly very different from present, and even 105 

from those of the Proterozoic. One hypothesis is that the early Earth was hot, following 106 

the moon-forming impact, and cooled to the point where liquid water was present after 107 

about 10 million years [29,30]. Whether the Earth's surface continued to be thermophilic 108 

well into the Archaean is still debated, though ∼4.3 Ga rocks near Hudson Bay are sus- 109 

pected to have formed under warm greenhouse conditions [31]. 110 

Over the past 4.5 Ga, heat-, gravity-, and tectonically-driven processes have concen- 111 

trated Iron (Fe) and Nickel (Ni) in the Earth’s core. The dominant elements in the Earth’s 112 

crust are Oxygen (O), Silicon (Si), Aluminum (Al), Iron (Fe), Calcium (Ca), Magnesium 113 

(Mg), Sodium (Na), and Potassium (K). In the mantle, Mg is nearly an order of magnitude 114 

more prevalent than in the crust, where proportions especially of Si and Al are higher. 115 

Basaltic, komatiitic (ultramafic) and mantle ejecta are potent CO2 sinks (all are rich in Mg2+ 116 

and Fe2+, with somewhat less Ca2+) and their subduction may have drawn down atmos- 117 

pheric CO2 [30,32]. Alkalic rocks in India indicate carbonate subduction occurred by 4.26 118 

Ga [30]. 119 

Through the Archaean, the combination of high atmospheric CO2 concentrations and 120 

the prevalence of Mg2+, Fe2+, and Ca2+ resulted in formation of massive abiogenic dolomites 121 

and limestones, indicating extreme oversaturation of waters (Fig. 2B). The earliest hints of 122 

life date back ~3.8 billion years (early–mid Archaean, Fig. 2A, B), and by ~3.7 Ga, some 123 

metacarbonate rocks, found in the Isua supercrustal belt in southwest Greenland, contain 124 

1–4-cm-high isolated and aggregated stromatolites [33]. Through the Proterozoic, massive 125 

abiogenic carbonates declined in prevalence relative to biogenic carbonates and are un- 126 

known in modern marine environments, even in those that are strongly oversaturated 127 

with respect to CaCO3. In a water body containing abundant Ca2+ and dissolved inorganic 128 

https://biologydictionary.net/phospholipid/
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carbon, modest increases in saturation, whether by warming, reduced hydrostatic pres- 129 

sure, evaporation, or by biogenic processes such as photosynthetic uptake of CO2 or mi- 130 

crobial sulfate reduction, can trigger CaCO3 or CaMg(CO3)2 precipitation. 131 

So the questions we pose are these: In post Archaean oceans, did biogenic processes 132 

become so ubiquitous that they became the drivers and controllers of CaCO3 precipitation, 133 

resulting in the overwhelming predominance of biogenic carbonate production? Was the 134 

sequence of carbonate factories through geologic history, from predominantly abiogenic 135 

precipitation in the Archaean, to predominance of biologically-induced geochemical pre- 136 

cipitation in the Proterozoic, to the addition of biologically-controlled calcification during 137 

the Phanerozoic (Fig. 2B), consistent with and driven by evolutionary processes involving 138 

luminosity of the Sun, the stratification of the Earth, and the emergence of life, with their 139 

combined effects on ocean chemistry (Fig. 2C)? 140 

The luminosity of the Sun has increased ~30% during the past 4.5 Ga [34]. The com- 141 

position of the Earth’s atmosphere has changed (Fig. 2D,E), with substantial decline in 142 

greenhouse gases, including CO2 (Fig. 2E) and methane (CH4). For example, CO2 has been 143 

estimated to have been ~100 times higher in the Hadean than modern levels and ~10 times 144 

higher in the Cambrian than present [30]. As noted above, ultramafic ejecta are potent CO2 145 

sinks and their subduction may have drawn down atmospheric CO2 in the Hadean [32]. 146 

4. Pertinent Chemical Processes 147 

Before delving into biological processes, we briefly examine some chemical factors 148 

associated with CO2 in aqueous environments (Fig. 3). Two measures associated with but 149 

not restricted to CO2 are pH and alkalinity. Both are important in water chemistry, but 150 

their interactions can be confusing when considering calcification. The concentration of 151 

hydrogen ions (H+), indicating how acidic or basic a substance is, is measured as pH. Al- 152 

kalinity indicates the ability of a solution to neutralize acids (i.e., buffering). Alkalinity 153 

consists of ions that can incorporate H+ (protons) into their structure, limiting the availa- 154 

bility of those protons that would otherwise lower pH. Carbonate alkalinity measures the 155 

concentrations of CO32- and HCO3– ions, which are typically present in the highest concen- 156 

trations in natural waters. Total Alkalinity reflects primarily CO32- and HCO3– ions, but 157 

also includes PO43-, borate, orthosilicate, sulfides, and organic acids. Shallow water bodies 158 

can be strongly influenced by rising temperature and evaporation, concentrating the al- 159 

kaline ions, and promoting the precipitation of carbonate minerals, assuming that appro- 160 

priate cations are available (e.g., Ca2+, Mg2+). Moreover, any process that takes up protons 161 

can also promote such precipitation. 162 

 163 

Figure 3. In an aqueous solution, carbonate, bicarbonate, carbon dioxide, and carbonic acid exist 164 
together in a dynamic equilibrium. When CO2 is absorbed by seawater, a series of chemical reactions 165 
increase the concentration of H+ and cause the seawater acidity to increase. When calcium carbonate 166 
(e.g., limestone) reacts with acidic free hydrogen (H+) ions in seawater, the solid calcium carbonate 167 
dissolves, releasing free calcium (Ca2+) ions and free bicarbonate (HCO3–) ions. 168 
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As elements that are relatively abundant in both crustal and mantle rocks, Mg2+, Fe2+, 169 

and Ca2+ ions are soluble in aquatic environments. Thus, the combination of high car- 170 

bonate alkalinity and abundant reactive cations, especially in warm waters, provided pro- 171 

lific sources of ions to produce abiogenic carbonates, providing critical storage of atmos- 172 

pheric CO2 on geological time scales [35]. 173 

5. Pertinent Biological Processes 174 

All living organisms carry traces of the histories of their ancestors within their genetic 175 

makeup and, in the case of the Eukarya, literally within their cells. The diversity of meta- 176 

bolic pathways in the prokaryotic Archaea and Eubacteria far surpasses the comparatively 177 

limited pathways found in the Eukarya, which are metabolically limited to those of their 178 

Proteoarchaeota and α-proteobacterial symbiotic predecessors [36]. 179 

Early microbial forms evolved in aquatic environments lacking free oxygen (O2). Au- 180 

totrophic processes in aquatic systems require: a) an energy source, b) source of dissolved 181 

inorganic carbon (DIC), c) a source of protons, and d) nutrients (fixed N, P, Fe, and trace 182 

elements) necessary for cell growth and reproduction [37]. Energy sources include oxida- 183 

tion of inorganic compounds (e.g., H2S, CH4) by chemoautotrophs and sunlight by photo- 184 

autotrophs [38]. The primary sources of DIC are CO2 or CH4. In photoautotrophy, proton 185 

donors can be H2, Fe2+ or H2S, which do not release O2 (anoxygenic photosynthesis), or 186 

H2O that releases O2 as a byproduct (oxygenic photosynthesis).  187 

RuBisCO is the enzyme that catalyzes the first major step of carbon fixation in the 188 

Calvin cycle, the process of photosynthesis. As the most abundant protein on Earth, Ru- 189 

BisCO is found in all three domains of life (Eubacteria, Archaea and Eukarya), and fixes 190 

more than 90% of the inorganic carbon that is converted into biomass [39]. However, this 191 

enzyme evolved in an O2-free atmosphere, prior to the Great Oxygenation Event, and does 192 

not efficiently discriminate between CO2 and O2. Enzyme activity and specificity are re- 193 

ciprocally linked: faster RuBisCO has a higher error rate and a more specific RuBisCO has 194 

a lower catalytic rate. 195 

6. CCMs: CO2 Concentrating Mechanisms 196 

It may seem paradoxical that RuBisCO, this ubiquitous and essential enzyme, has not 197 

become more efficient or been replaced by more efficient enzymes. However, CCMs (CO2 198 

concentrating mechanisms) evolved instead by adaptation of active transport processes 199 

and compartmentalization of accumulated HCO3− [40]. The CCMs in cyanobacteria and 200 

microalgae enhance photosynthetic carbon fixation by energy-driven uptake of HCO3- 201 

and its conversion to CO2. The minimum requirements for a cyanobacterial CCM are one 202 

energy-driven active transporter that accumulates HCO3− in the cytosol, and an anion- 203 

permeable carboxysome containing intracellular carbonic anhydrase [41]. Central to the 204 

functioning of the cyanobacterial CCM is the carboxisome (Fig. 4), a protein micro-com- 205 

partment within the cell that contains RuBisCo and a carbonic anhydrase. The latter con- 206 

verts HCO3- into CO2 within the carboxysome, concentrating CO2 up to 1000-fold around 207 

the active site of RuBisCO [40], thus overcoming the inefficiency of RuBisCO [24] and its 208 

inability to distinguish O2 from CO2. 209 
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 210 

Figure 4. Central to the cyanobacterial CCM is the carboxisome, a cellular micro-compartment con- 211 
taining the RuBisCo and a carbonic anhydrase (CA) that by converting HCO3- into CO2 rises CO2 212 
concentration up to 1000-fold around the active site of RuBisCO [40]. 213 

For eukaryotic algae with CCMs, the presence of pyrenoids is often associated with 214 

the occurrence of a CCM, although there are exceptions [41]. Eukaryotic algal CCMs likely 215 

originated independently in different clades of algae, as indicated by the diversity of in- 216 

organic C transporters and of carbonic anhydrases, as well as the lack of a strict correlation 217 

between occurrence of a CCM and the presence of a pyrenoid [41]. 218 

7. Phosphorous 219 

Another essential element for life forms that has fluctuated downward in bioavaila- 220 

bility through Earth history is phosphorous (P). Ranking 11th among the elements in the 221 

Earth’s crust, P occurs primarily as phosphate (PO43-) in apatite. Although found in most 222 

igneous and metamorphic rocks, mafic rocks commonly contain at least an order of mag- 223 

nitude more apatite than most felsic rocks (granites and rhyolites) [28]. Thus, as Fe- and 224 

Mg-rich materials have been concentrated in the Earth’s mantle and core, so too has P. By 225 

the late Archean, continental-scale granitic cratons had developed on the Earth’s crust, 226 

contributing to the decline in PO43- in aquatic environments. 227 

Phosphorus is one of the eleven macro-biogenic elements that make up living organ- 228 

isms [C, O, H, N, S, P, Na, K, Ca, Mg, Cl, Fe]. Bioavailable PO43- is essential for all forms 229 

of life, although it has received less attention than C, N, and Fe in the evolution of auto- 230 

trophy in relation to environmental changes during the last 4 Ga [42,43,44]. As noted in 231 

the Introduction, PO43- is essential to cellular structure and processes, including nucleo- 232 

tides (DNA and RNA), phospholipid membranes, energy transfer and storage, and for 233 

synthesis of proteins and enzymes [26]. However, PO43- became one of the most limiting 234 

nutrients for primary productivity in Phanerozoic marine ecosystems due to its low solu- 235 

bility in oxygenated waters and because, unlike bioavailable dissolved N (DIN), PO43- can- 236 

not be fixed from the atmosphere [28,37,44]. 237 

Microbial uptake of PO43- takes place through at least two kinetically distinct pro- 238 

cesses. A “low affinity component” operates continuously, apparently driven by proton- 239 

motive force. A “high affinity component” requires energy from ATP and operates when 240 

internal PO43- pools are depleted. Was the decline in available PO43- in Proterozoic oceans 241 

related to changes in major precipitation modes of CaCO3? 242 

A key factor in the bioavailability of PO43- in the Archean and early Proterozoic 243 

oceans was the lack of free oxygen [36,46]. By the early Proterozoic, cyanobacteria were 244 

producing free oxygen, triggering the Great Oxidation Event (~2.4–2.1 Ga) (Fig. 2). With 245 

the emergence of O2 into the atmosphere, terrestrial weathering dramatically changed, 246 

https://biologydictionary.net/phospholipid/
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resulting in oxidation of sulfides ubiquitous in continental rocks. A major result was the 247 

delivery of substantial amounts of sulfates to the oceans, and those dissolved sulfates pro- 248 

vided the oxidation potential for sulphate-reducing microbes, which are obligate anaer- 249 

obes. The result was an oxygenated mixed layer/photic zone to perhaps 200 m depth, but 250 

the vast ocean depths remained anoxic and sulphidic (i.e., euxinic) through most of the 251 

Proterozoic [36,46]. 252 

The bioavailability of PO43- declined in surface waters, based on the relative insolu- 253 

bility of PO43- in oxygenated waters compared to its much greater solubility in euxinic 254 

waters. Shallow waters exposed to sunlight became depleted in PO43- as a consequence of 255 

reduced solubility in terrestrial-runoff waters and in oxygenated surface waters, and fur- 256 

ther diminished by biological uptake by photosynthetic cyanobacteria and microalgae, 257 

and by geochemical uptake into ferric oxyhydroxides. At the same time, the much greater 258 

volumes of subsurface, aphotic waters, which were euxinic and therefore in which PO43- 259 

was highly soluble, became major repositories. In that respect, like today, hydrodynamic 260 

processes such as mixing and upwelling must have been critical mechanisms for supply- 261 

ing PO43- to photosynthesizing microorganisms in the surface waters. 262 

By the late Neoproterozoic, sufficient photosynthetic oxygen production had oc- 263 

curred to oxidize most oceanic waters. Two additional contributors to the increase in at- 264 

mospheric O2 and dissolved O2 throughout the oceans were primary production by eu- 265 

karyotic algae and increased solubility of O2 in cold oceanic waters associated with Cryo- 266 

genian glaciation. The latter also would have increased the rates of ocean turnover and 267 

delivery to surface waters of dissolved PO43- from subsurface waters (Fig. 5). Shen et al. 268 

[47] postulated that the oxygenation of the oceans allowed diverse animal lineages to in- 269 

crease in size. 270 

 271 

Figure 5. Evolution of Phosphorous (P) concentration through the late Neoproterozoic and Cam- 272 
brian and its relationship with the emergence of major groups of organisms. Notice that the first 273 
weakly calcified metazoans (red bar) appered during a minimum of P at the end of the Ediacaran. 274 



J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 9 of 20 
 

 

Modern lineages of metazoans with hard skeleton appeared by mid-Cambrian during another min- 275 
imum in P concetration. 276 

On scales of major plate-tectonics processes, massive basalt flows and tectonic uplift 277 

increase delivery of weathering-mobilized PO43– to the oceans. On intermediate time 278 

scales, changes in rates of deep-ocean circulation influence rates of delivery of DIN and 279 

PO43– to surface waters, where they promote primary productivity. In some cases, regional 280 

changes in ocean circulation have brought PO43– rich subsurface waters into oxygenated 281 

conditions, creating major phosphatization events that have resulted in economically val- 282 

uable phosphate ore deposits such as the prolific Lutetian-Messinian phosphorites of Mo- 283 

rocco [48]. Most PO43– in the ocean is cycling within the biotic system, and is returned to 284 

the ocean by microbial activity. Only a small fraction of the phosphorus is buried in sedi- 285 

ments, as reduced conditions within the sediments promotes dissolution of PO43– into sed- 286 

iment pore waters and its return to ocean cycling [49]. 287 

8. Calcification as a Sink and a Source of Both CO2 and PO43– 288 

Precipitation of carbonate minerals is a long-term sink for CO2, but in the short term, 289 

can serve as a source (e.g., [35] and references therein). Calcification typically involves two 290 

bicarbonate ions, incorporating one CO32-into the CaCO3 mineral structure, and releasing 291 

the other into the environment as CO2 [50]. In aquatic environments, photosynthetic up- 292 

take of CO2 or HCO3- reduces availability of CO2, increases pH and can lead to oversatu- 293 

ration with respect to calcite. Dissolved PO43- is adsorbed onto and co-precipitates with 294 

calcite, with incorporation of some of the surface PO43- into the bulk structure as crystal 295 

growth proceeds (Fig. 6). However, higher concentrations of dissolved phosphate inhibit 296 

the growth of calcite crystals and can stop growth completely [51]. 297 

 298 

Figure 6. Simplified diagram of the adsorption process. Atoms, molecules or ions adhere to a surface 299 
by weak residual forces (e.g., van der Waals, electrostatic). It can be multilayer or monolayer. 300 

Numerous studies have documented removal of PO43– associated with CaCO3 pre- 301 

cipitation, for example during dense blooms of some cyanobacteria. Guldbransen and 302 

Cremer [52] experimentally demonstrated co-precipitation of CaCO3 and PO43-, and Ki- 303 

tano et al. [53] found that stirring increases the amount of PO43– that co-precipitates. Mil- 304 

lero et al. [54] demonstrated that PO43- uptake on CaCO3 minerals is a multistep process. 305 

Depending upon water chemistry and temperature, adsorption or desorption can occur 306 

rapidly, in minutes to a few hours, with much slower processes lasting more than one 307 

week. Up to 80% of the adsorbed PO43- can be released from CaCO3 over one day. The 308 

amount of PO43– left on the CaCO3 is close to equilibrium adsorption [54]. Thus, the 309 
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adsorption of PO43- during CaCO3 precipitation can be both a sink and a source of phos- 310 

phates (Fig. 7). 311 

 312 

Figure 7. Co-precipitation of phosphate and calcium carbonate. 313 

9. Prokaryotic Organo-Sedimentary Systems 314 

Stromatolites, the fossil evidence of calcified microbial mats, can be viewed as the 315 

first biotic process to produce a hard body [55]. By the Late Archaean, ooids—the second 316 

biotic process to produce a hard body—appeared when photosynthetic O2 production by 317 

cyanobacteria was occurring. What might have been the advantage for these benthic mi- 318 

crobial systems to produce coated-mineral structures? Such coatings would have re- 319 

stricted light penetration, as well as diffusion of DIC and nutrients required for photosyn- 320 

thesis, growth and reproduction. And what could be the advantage of inducing carbonate- 321 

mud precipitates (whitings) by neritic photosynthetic prokaryotes (picoplankton) and eu- 322 

karyotes (phytoplankton)? This third microbially-mediated organo-sedimentary system 323 

to produce carbonate precipitates emerged by the Mesoproterozoic, following the Great 324 

Oxygenation Event (GOE) (Fig. 2). 325 

Cyanobacteria have remarkably few nutritional requirements. They use light as 326 

source of energy, H2O or H2S as electron donors and CO2 (or HCO3-) as the source of inor- 327 

ganic carbon [56]. Additionally, many species can fix atmospheric N2 to NH4+, which 328 

makes them independent of DIN sources such as nitrate, ammonium or organic nitrogen. 329 

Hence, the most critical nutrients for cyanobacteria are PO43–, which can be stored intra- 330 

cellularly as polyphosphate, and, to a lesser extent, iron. Moreover, cyanobacteria can 331 

minimize their PO43– requirements through the synthesis of sulfolipids [57], allowing them 332 

to colonize low-nutrient environments, as demonstrated by their ubiquity in both terres- 333 

trial and aquatic environments. 334 

Thus, precipitation of CaCO3 during the day augments CO2 availability for photo- 335 

synthesis [58], while PO43– adsorption sequesters that scarce but essential nutrient. At 336 

night, desorption of PO43– makes it available for uptake by the cells. In microbial mats (Fig. 337 
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8), in darkness, anoxic conditions resulting from continued sulfate reduction, aerobic res- 338 

piration and sulfide oxidation likely contributes to the dissolution of CaCO3 and increases 339 

the potential for PO43– uptake by the microbial assemblage. 340 

 341 

Figure 8. Oxygen and sulfide concentration (ppm) (in A) and pH (in B) variation during a diel cycle 342 
in the upper 12 mm of modern marine stromatolites in the Exuma Cays, Bahamas. (C): Light inten- 343 
sity and temperature at the surface of the stromatolite. (Adapted from [59]). 344 

Giant ooids, associated with cyanobacterial mats and stromatolites, are common in 345 

Late Archaean rocks. They have been described in the 2.64 Ga old Ghaap Group in South 346 

Africa [60] and in the 2.72 Ga old Pilbara group in Australia [61], becoming abundant and 347 

characteristic of many Neoproterozoic carbonates [62]. Microbially-mediated organo- 348 

mineralization processes are likely involved in the origin of ooids. They can either be bio- 349 

logically induced (e.g., by-products of metabolic activities that increase environmental al- 350 

kalinity and trigger carbonate precipitation), or biologically influenced (e.g., microbial ex- 351 

tracellular polymeric substances serve as templates for carbonate mineralization [63]). 352 

Again, the advantage for the microbial consortium to precipitate CaCO3 coatings around 353 

particles was likely in PO43– adsorption, associated with the precipitation of metastable 354 

amorphous carbonate [64] (Fig. 9). 355 
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 356 

Figure 9. Conceptual multiphase model for the oolite cortex accretion, based on [64,65]. 357 

A significant source of lime-mud production in modern oligotrophic shallow marine 358 

and lacustrine environments also is linked to microbial calcification [66]. Whitings are the 359 

drifting milky clouds that are commonly observed in warm, shallow seas. Robbins et al. 360 

[67] estimated that whitings production might account for more than 40% of the bank-top- 361 

and peri-platform Holocene muds on the west side of Great Bahama Bank. The production 362 

of whitings is linked to blooms of cyanobacteria and planktic green algae in oligotrophic 363 

aquatic environments via CO2 uptake [68]. Photosynthetic carbon fixation during blooms 364 

induces an increase in extracellular pH, favoring crystal nucleation [66]. What would it be 365 

the advantage for photosynthetic pico- and microplankton to induce carbonate-mud pre- 366 

cipitation in the water? Blooming means that CO2 and nutrient acquisition must keep pace 367 

with the increase of organic matter required for cell division. With the diurnal cycle of 368 

rapid adsorption and desorption of PO43–, the milky cloud can efficiently capture this 369 

scarce nutrient, which would be of particular advantage in extremely oligotrophic condi- 370 

tions. 371 

10. Bio-calcification in Photosynthetic Eukaryotes 372 

The basic eukaryotic cell is descended from an anaerobic Proteoarchaeota that en- 373 

gulfed purple, non-sulfur α-proteobacteria that could utilize oxygen but were not obligate 374 

aerobes [36]. All algae have that basic eukaryotic cell, and all algal plastids are believed to 375 

have originated from cyanobacterial endosymbionts [69]. Molecular phylogenetic studies 376 
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have demonstrated that the morphological diversity of the algae results from their poly- 377 

phyletic origins within the Eukarya [69,70]. An interesting question then, is: Why do some 378 

marine algae within different phylogenetic groups invest energy into producing CaCO3 379 

skeletal structures, whereas most do not? 380 

Tropical macroalgae cope with three strong selective pressures: limited access to 381 

CO2/HCO3- due to warm water and competition among photosynthetic organisms, limited 382 

access to PO43–, and herbivory. Calcification is clearly an anti-herbivory defense. And there 383 

are striking differences in percent tissue PO43– between calcified and fleshy algae, indicat- 384 

ing different nutrient acquisition strategies. The effects of nutrient enrichment with nitro- 385 

gen (DIN) and PO43– on productivity and calcification of fleshy and calcareous algae differ. 386 

DIN and PO43– frequently enhance productivity of fleshy algae, but do not increase calci- 387 

fication rates of calcareous species [71].  388 

Halimeda, a codiacean macroalga common in warm, shallow-marine environments, 389 

can add up to one segment per day, per branch (Fig. 10). However, the algae require nu- 390 

trient uptake for growth and reproduction in warm waters where PO43– levels are often 391 

below detection limits. Calcification occurs during daytime within an organic matrix in 392 

the outer utricle walls of 1-day-old segments. Photosynthetic removal of CO2 by diffusion 393 

across a membrane and enzymatic anhydrase activity induces aragonite precipitation in 394 

the utricle space [72,73]. At night, respiration elevates CO2 and decreases CO32– saturation, 395 

which decreases seawater pH in the utricle space. The aragonite needles partially dissolve, 396 

break and recrystallize into micro-anhedral crystals (<1 μm). Such partial dissolution at 397 

night would facilitate desorbtion of PO43– from the skeleton  398 

 399 

Figure 10. Calcification stages of Halimeda [72,73]. A: Growth of short skeletal needles on the utricle 400 
wall; B: Recrystallization of short needles to micron-sized anhedral crystals. C: secondary calcifica- 401 
tion by long and dense euhedral skeletal aragonite needles, D: the primary inter-utricular space In 402 
the rim of the segment is filled with micron-sized anhedral crystals. 403 

Coralline red algae occur as thin crusts on hard substrata that can produce free-living 404 

rhodoliths, or as thalli with articulated branches. Most precipitate high-Mg calcite rather 405 

than aragonite. Calcification dynamics (Fig. 11) depend on nutrient concentrations; PO4-3 406 

inhibits the crystalline lattice and hampers calcite precipitation [74]. Enrichment of PO4-3, 407 

along with other nutrients, favors the growth of macroalgae and phytoplankton, which 408 

reduces water transparency and impedes coralline algal growth. Calcification associated 409 

with photosynthesis exhibits day-night cyclicity that is also recorded in diel pH fluctua- 410 

tions. Abiotic re-precipitation of CaCO3 can occur in crustose coralline red algae during 411 
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nighttime [75] and pH drop at the boundary layer in darkness has been documented [76]. 412 

Thus, partial dissolution occurring at night would provide favorable conditions to remo- 413 

bilize adsorbed PO43– from the calcitic skeleton and facilitate uptake by the algal cells. 414 

 415 

Figure 11. Skeleton formation in red algae (based on Nash et al. [74]). (A) Primary cell wall is form- 416 
ing. Hemicellulose microfibrils act as nucleating substrate for micro-granules. (B) Cellulose micro- 417 
fibrils extrude from plasma membrane and leaks through broken primary cell wall. (C) Interfila- 418 
ment grains initiate attached to the external part of the primary cell wall and growth in the leaked 419 
cellulose microfibril. (D) Secondary cell wall thickens, extruded cellulose microfibrils stops leaking 420 
and mineralizes as Mg-calcite. (E) Plasmalemma pushed inwards as cellulose microfibril continues 421 
to extrude and mineralize. Secondary cell wall fully formed. 422 

Coccolithophores are photosynthetic protists that produce small calcitic disks (coc- 423 

coliths). These oval-shaped plates of CaCO3 consist of double discs, composed of radial 424 

arrays of minute, elaborately-shaped crystal units. They form delicate crystalline lace or 425 

open web-like patterns in which the rate of the CaCO3 crystal surface/volume is very high. 426 

Originating by the Late Triassic (Fig. 2), they proliferated during the Cretaceous, and, to- 427 

gether with planktic foraminifera, allowed widespread carbonate production in the open 428 

ocean [77]. Coccolithophores can produce as much as two coccoliths per hour [78]. The 429 

variability of coccolith shapes indicates they serve diverse functions. Young [79] noted 430 

features that defy simple physical functions, particularly complex mesh structures and the 431 

variety of elaborate forms, and suggested that coccolith might be adaptations for nutrient 432 

uptake. 433 

Coccolithophores thrive in waters with minimal PO43–, insufficient to promote 434 

growth of other phytoplankton. Coccolith formation is less adversely affected by nutrient 435 

deficiency than is cell division and growth [80]. The nutrient requirements for the organic 436 

cellular components of a coccolithophorid cell are similar to those for non-calcifying phy- 437 

toplankton. However, forming coccoliths requires minimal nutrient cost, as coccolith pro- 438 

duction continues even when cell division ceases because of nutrient limitation [81]. 439 

In modern E. huxleyi, coccoliths nucleate and grow in a Golgi-derived coccolith vesi- 440 

cle, from where they migrate to the cell surface (Fig. 12). Within the coccolith vesicle, pol- 441 

ysaccharides are thought to regulate nucleation and subsequent growth of coccoliths [78]. 442 

Sviben et al. [83] identified a reservoir compartment, distinct from the coccolith vesicle, 443 

with high concentrations of Ca2+ and PO43–. Only Ca2+ is delivered to the coccolith vesicle 444 

[85], whereas PO43– is diverted to the cell for growth and reproduction. 445 
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 446 

Figure 12. Calcification processes in coccolithophorids (based on [82, 83, 84, 85]. [A] Coccolith for- 447 
mation occurs within the Golgi-derived coccolith vacuole (CV). Intracellular CaCO3 precipitation 448 
from bicarbonate (HCO3–) releases equimolar H+ that must be rapidly removed from the CV to main- 449 
tain pH for CaCO3 precipitation [B]. Some H+ may be utilized by photosynthesis [C]. Not yet fully 450 
understood, it is hypothesized Ca2+ to be recruited through Ca-channels and V-type ATPase pumps 451 
[D]. A reservoir compartment (RC) concentrates Ca++ and Pi [E]. The coccolith-associated polysac- 452 
charide [F] may drive the Ca2+ from the coccosphere into the RC, from where only Ca2+ is derived to 453 
the coccolith vesicle (CV) and phosphorous is diverted to the cell for algal growth and reproduction. 454 
Transfer of Ca2+ from the RC into the CV uses Ca2+ channels and transporters. 455 

11. CO2 and Carbonate Depositional History 456 

In aqueous solutions, CO32–, HCO3–, CO2, and H2CO3 co-exist in dynamic equilibria. 457 

When CO2 reacts with water (H2O), it complexes to H2CO3, which dissociates to H+ and 458 

HCO3–, thereby increasing the concentration of H+ and cause the seawater acidity to in- 459 

crease (i.e., the pH to decline). When CaCO3 (e.g., limestone) reacts with free hydrogen 460 

(H+) ions in seawater, the solid CaCO3 dissolves, forming free calcium (Ca++) ions and free 461 

bicarbonate (HCO3–) ions. As noted previously, the concentrations of ions of carbonate, 462 

bicarbonate, phosphate, borate, orthosilicate, sulfides, and organic acids constitute alka- 463 

linity in aquatic environments, especially HCO3–. The consumption of protons results in 464 

decreased H+ activity. Thus, CaCO3 acts to neutralize or buffer the solution by consuming 465 

H+. 466 

In the modern world, burning of fossil fuels, combined with widespread changes in 467 

land use, have resulted in rapidly increasing concentrations of atmospheric CO2 that are 468 

causing the decline in the pH of surface seawater (e.g., [6–9]). Will the progressive warm- 469 

ing and acidification cause mass extinctions and evolutionary turnover of marine biotas, 470 

as has been documented by paleoclimate evidence [10]? 471 

From this question emerges another major “carbonate paradox”. Contrary to predic- 472 

tions of increased carbonate dissolution in response to increasing CO2, extended high CO2 473 

Greenhouse World periods during the Phanerozoic (Silurian–Devonian and Jurassic–Cre- 474 

taceous) were characterized by prolific accumulations of biogenic carbonates, especially 475 

those associated with cyanobacterial and algal calcification (Fig. 2). In the Cenozoic, coral 476 

reefs emerged as major carbonate factories as Icehouse World conditions developed and 477 

Evidenziato

Nota
During the Cretaceous, the greenhouse period par excellence, the main carbonate producers were rudists. I suggest to rephrase the sentence.



J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 16 of 20 
 

 

became predominant in the Oligocene through the Holocene, a conundrum noted many 478 

years ago [25]. 479 

 The solution to this paradox lies in two parts. First, there is the “rate” factor. Mass 480 

extincton events in the Phanerozoic record are characterized by carbonate depositional 481 

hiatuses that indicate times of global carbonate dissolution [86]. Very rapid increases in 482 

atmospheric CO2 (or other atmospheric compounds that unite with water to form acids, 483 

e.g., SO2 + H2O→ H2SO4 + 2H+), whether caused by massive extrusion of flood basalts, 484 

bolide imact, methane-hydrate release, extensive burning of fossil fuels, or some combi- 485 

nation of events, can indeed trigger carbonate dissolution resulting in hiatuses of a hun- 486 

dred thousand years (Paleocene–Eocene) or hundreds of thousand years (Cretaceous– 487 

Paleocene) or millions of years (Permian–Triassic).  488 

But eventually dissolution, combined with high atmospheric CO2, over time will in- 489 

crease alkalinity and restore the carbonate factory. The massive accumulations of Silu- 490 

rian–Devonian and Jurassic–Cretaceous carbonates occurred during times of relatively 491 

rapid sea-floor spreading, which elevated both CO2 and Ca2+ concentrations, triggered 492 

warming temperatures, sea-level rise, and expansive areas of relatively shallow basins 493 

and shelves. Reduced land areas limited freshwater input of dissolved nutrients, and 494 

warm waters reduced rates of deep-ocean circulation. During Greenhouse-world condi- 495 

tions, the trophic resource continuum expanded (compared to Icehouse conditions), with 496 

limited extremely rich regions of upwelling and expansive regions of extreme oligotro- 497 

phy, fostering extensive production of carbonates [87]. Elevated evaporation rates, rela- 498 

tively shallow seas, and high alkalinity favored calcifying cyanobacterial and microalgal 499 

taxa that could sequester scarce PO43-. The result, massive carbonates dominated by car- 500 

bonate muds or chalks. 501 

During daylight hours, in warm, shallow waters, abundant microalgae take up avail- 502 

able DIN and PO43-, while high rates of photosynthesis deplete immediate access to 503 

CO2/HCO3-. Calcification associated with photosynthesis alleviates both deficiencies. Two 504 

HCO3- provides one CO2 for photosynthesis and a CO32- for calcification, somewhat alle- 505 

viating local CO2 depletion. At the same time, PO43- adsorption occurs during daytime 506 

calcification, and is partially desorbed at night, becoming available for uptake by the cya- 507 

nobacteria or algae. In addition, some dissolution of the CaCO3 releases HCO3-, and along 508 

with community respiration, results in early morning maximum concentrations of HCO3- 509 

. With the onset of light, photosynthesis makes energy available to CCMs, providing the 510 

primary producers with access to and storage of CO2, which becomes increasingly una- 511 

vailable over the course of the day. 512 

 And finally, why did extensive coral reefs only become prevalent with the onset of 513 

the Icehouse World climates [25]. Again, the answer is likely climatic and geochemical 514 

influences on biological processes [88,89]. High-latitude cooling, compression of tropical 515 

habitats, and increasing temperature gradients between high and low latitudes [90] and 516 

between surface and deeper waters, were major factors. Coral communities flourished 517 

circumtropically beginning in the late Oligocene. By the early Miocene, reefs and associ- 518 

ated biotas expanded latitudinal distributions by more than 10° north and south [91]. The 519 

expansion in reef-building capacity corresponded to increasing Mg/Ca ratios in seawater 520 

[92] and falling atmospheric CO2 concentrations [93], both of which promoted aragonite 521 

precipitation in warm, tropical waters. The majority of extant Symbiodiniacea lineages 522 

diversified since Middle Miocene [94]. Some global cooling, including much cooler sub- 523 

surface waters, likely benefited the coral-Symbiodiniacea symbioses, which are sensitive 524 

to photo-oxidative stress under elevated temperatures [95]. The substantial increase in 525 

rates of circulation of deep, cold waters resulted in more “intermediate” conditions of 526 

oceanic oligotrophy [85]. Pomar and Hallock [87] further postulated that Neogene cooling 527 

supported the co-evolution and expansion of zooxanthellate corals and coralline algae 528 

into shallow, high-energy waters, where their carbonate production potential was highest. 529 

In such environments, both calcification and PO43–extraction are also potentially opti- 530 

mized. 531 
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12. Conclusions 532 

Photosynthesis typically involves daytime CO2 uptake and O2 release predominating 533 

over respiration; at night, respiration consumes O2 and releases CO2. The result is strong 534 

diel variation in both pH and dissolved O2 concentrations in aquatic environments. In 535 

warm-water environments in which alkalinity is relatively high and PO43– concentrations 536 

are minimal, these variations have the potential to promote precipitation of CaCO3 and 537 

associated adsorption of PO43– in daylight when photosynthesis is active. At night, lower 538 

pH and oxygen availability can promote some CaCO3 dissolution and PO43– desorption. 539 

This combination of calcification and PO43– extraction occurs in photosynthesizing cyano- 540 

bacteria, as well as in a diverse array of calcifying nanophytoplankton and calcareous 541 

macroalgae, indicating that this process allows both prokaryotic and eukaryotic photo- 542 

synthetic organisms to thrive in warm, alkaline, oligotrophic waters. Concentrations of 543 

both atmospheric CO2 and surface-ocean PO43–, which are essential for biological produc- 544 

tivity, have declined by at least 1–2 orders of magnitude over Earth history. The “Phos- 545 

phate Extraction Mechanism”, associated with photosynthetically-induced calcification, 546 

has played a major role in the production and accumulation of carbonates throughout 547 

much of the Proterozoic and the Phanerozoic. Recognition of this relationship helps re- 548 

solve the apparent paradox that periods in the Phanerozoic when atmospheric CO2 levels 549 

were considerably higher than present and predicted Anthropocene concentrations, were 550 

times of massive accumulation of carbonates, predominantly produced by photosynthe- 551 

sizing cyanobacteria and calcifying algae. This synthesis also stresses the importance of 552 

rates of change, as times of rapid increase in atmospheric CO2 concentrations were asso- 553 

ciated with mass extinction events characterized by global carbonate-depositional hia- 554 

tuses, requiring hundreds of thousands or even millions of years for surface waters of the 555 

oceans to regain sufficient alkalinity to sustain accumulation of massive carbonates. 556 
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