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Abstract 

The formation of dolomite at low temperature (<80ºC) is uncommon in modern environments, 

however dolomite is abundant in the geologic record. The paradox between the scarcity of modern 

dolomite and abundance in ancient dolomite has been of long-term interest to geologists. Further, 

because dolomite comprises many prolific carbonate reservoirs, there are practical needs for 

understanding dolomite formation as it benefits petroleum exploration and development. Dolomite 

abundance in geologic history also reflects the secular variation of seawater through time and is a 

key mineral in probing past change in climate. 

This study investigates whether dolomite can form from seawater in the presence of carboxylated 

organic matter (COM), and if the presence of COM further facilitates Mg incorporation into 

calcium carbonates under conditions that approximate early diagenesis and burial. The study 

compares Mg-incorporation in carbonate precipitated from a solution with the composition of an 

idealized Silurian seawater in the presence of functionalized (-COOH) organic matter followed by 

moderate increases in temperature (T) and pressure (P), typical of diagenesis. Three series of 

experiments were conducted to explore carbonate precipitation at surface conditions (T=40°C, and 

P=15 psi), followed by rapid sedimentation and burial during early diagenesis (T=40°C, and P=160 

psi, 200 psi, 550 psi and 900 psi), and simulated diagenesis (calculated based on thermobaric 

gradient 1°C/122 psi; T=40°C, 40.5°C and 47°C; P=100 psi, 160 psi and 900 psi). 

High Mg-calcite (mol% MgCO3 ~ 11.5%) and aragonite were identified by XRD in all the vessels 

after incubation at surface conditions (T=40°C, and P=15 psi). As pressure increased apparent 

dissolution of calcite and spherulitic aragonite was observed based on analysis by SEM. During 

the simulation of diagenesis (additional increases in pressure and temperature), saturation indices 
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for carbonate minerals increased, but mol%MgCO3 of calcite slightly decreased. Regrowth of 

calcite and new fabric of aragonite were observed under SEM, suggesting possible reprecipitation.   

Generally, there were few differences in bulk fluid geochemistry and mol%MgCO3 of calcite 

precipitates between experimental and control vessels, which is probably due to the slow 

incorporation rate and the short incubation time (4 months). However, amorphous calcium 

carbonates nucleated on the surface of COM exhibited solid Mg:Ca ratios slightly larger than 

calcite that precipitated homogeneously from solution. This suggests that COM may facilitate Mg 

incorporation into calcite but under experimental conditions in this study, does not facilitate 

detectable dolomite nucleation nor formation.  

Aside from COM, the effect of temperature and pressure on carbonate precipitation are also 

investigated here. Based on Phreeqc modeling of Silurian seawater composition, the saturation 

indices (SIs) of calcite, aragonite and dolomite increase with increasing temperature (< 65°C), and 

slightly decrease with increasing pressure.  

While detectable dolomite was not formed in experiments that simulated precipitation under sea 

surface conditions nor during subsequent simulated diagenesis, changes in mol%MgCO3 of calcite 

was observed as a function of pressure and COM. While pressure may play a role in the 

incorporation of Mg into the calcite structure, it is not clear from this study that its effect is large. 

Given adequate time for nucleation and precipitation, however, which may not have occurred due 

to the brevity of the experimental protocol, it is hypothesized that high Mg-calcite or dolomite is 

most likely formed through COM-mediated processes.  
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Introduction 

The origin of low-temperature dolomite has been an enigma for over a hundred years. 

Dolomite has two origins below ~80°C, primary and secondary. Primary dolomite is formed via 

direct precipitation from porewater, whereas secondary dolomite is formed through the 

replacement of Ca2+ in the calcite crystal with Mg2+. This process, known as dolomitization, is 

responsible for the largest volume of low temperature dolomite in the rock record. Due to complex 

subsurface conditions, the primary phase of ancient dolomites can be altered or recrystallized, after 

undergoing deep burial accompanied by high temperature and potential exposure to fluids. 

Dolomite is abundant in the geologic record, ranging from Archaean to Holocene (Gregg 

et al., 2015), however its abundance is negatively correlated with age. Dolomite becomes more 

stoichiometric and ordered (Manche and Kaczmarek, 2021) with age. Moreover, the fluctuations 

in dolomite abundance closely correlate with the variations in sulfur-isotope composition and 

marine benthic diversity, which can reflect oceanic redox conditions (Li et al., 2021). The 

distribution of dolostone in the strata may also reflect secular variations in the geochemistry of 

seawater. The oscillations in the composition of seawater from Cambrian to Holocene are driven 

by the flux of mid-ocean ridge brine, river input, and seawater-driven dolomitization (Lowenstein 

et al., 2001). Alternatively, some researchers posit that fluid Mg:Ca ratio influences dolomitization 

rate (Braithwaite, 1991; Kaczmarek and Sibley, 2011; Gabellone and Whitaker, 2016; Kaczmarek 

and Thornton, 2017). There is also evidence that atmospheric PCO2, which directly influences 

solution pH and, therefore, carbonate alkalinity further controls carbonate diagenesis (Gabellone 

and Whitaker, 2016). 

Multiple studies have successfully synthesized ordered dolomite at high temperature (> 

200°C) (Kaczmarek and Sibley, 2014; Kaczmarek et al., 2017; Kaczmarek et al., 2019), however, 
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primary dolomite is difficult to synthesize in low-temperature (<80°C) lab environments, 

mirroring its scarcity in modern environments. Nonetheless, with the influence of microorganisms 

(Vasconcelos and McKenzie, 1997; Warren, 2000; Sánchez-Román et al., 2008; Romanek et al., 

2009; Qiu et al., 2017; Qiu et al., 2019) or catalytic abiotic substances, like carboxylated 

polystyrene spheres, polysaccharides, clay minerals, or high concentrations of dissolved methane 

gas (Roberts et al., 2004; Zhang et al., 2012; Roberts et al., 2013; Liu et al., 2019), dolomite has 

been successfully synthesized at temperatures as low as 40°C. Researchers hypothesize that these 

substances dehydrate the Mg2+ ion, which forms strong bonds with water, inhibiting its 

incorporation into the growing dolomite nuclei, as well as calcite, and instead favors the 

precipitation of aragonite (Zhang et al., 2012; Shen et al., 2014; Petrash et al., 2017). 

While microbial metabolism may play a role in creating supersaturated conditions with 

respect to dolomite, success in synthesizing laboratory dolomite and very high Mg-calcite (VHMC; 

stoichiometric Mg:Ca, but calcite crystal structure; Kaczmarek et al., 2017)  in the presence of 

microorganisms or bacteria at room temperature, is attributed to microbial surfaces and exudates. 

Products of microorganisms include extracellular polysaccharides (EPS and cell walls), 

polysaccharides, or functional groups existing on their surface. Polysaccharides can also be 

strongly adsorbed by Ca-Mg carbonate, which may help weaken the chemical bonding between 

surface Mg2+ ions and water molecules. This process likely lowers the energy barrier by 

dehydrating Mg2+-water complexes, enhancing Mg2+ incorporation into the precipitating carbonate, 

and thereby promoting disordered dolomite formation (Zhang et al., 2012). Additionally, sulfate-

driven anaerobic oxidation of methane (SD-AOM) can release bicarbonate and hydrogen sulfide 

(Lu et al., 2018) and dissolved hydrogen sulfide can help dehydrate surface Mg2+ ions by 

increasing the competence of CO3
2- to bond to the Mg2+ because surface-H2S interaction is weaker 
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compared to strong surface Mg2+- water bond. Alternatively, the larger space between H2O/H2S 

and dolomite surface provide enough room for direct interaction between Mg2+ and CO3
2- (Shen 

et al., 2014), promoting the precipitation of dolomite. Negatively charged clay minerals, e.g., illite 

and montmorillonite, can also catalyze the precipitation of proto-dolomite through binding Mg2+ 

and Ca2+ ions electrostatically and dehydrating metal complexes concurrently (Liu et al., 2019). 

Even though modern primary dolomite is rare compared to the abundance in the 

Precambrian, Holocene dolomites are found worldwide in sabkha environments (Vasconcelos and 

McKenzie, 1997; Wright and Wacey, 2005; Bontognali et al., 2010), which is very likely primary 

in origin. Under near-surface conditions, dolomitization in Holocene successions generally 

becomes more obvious with increasing depth, e.g., on western Andros Island, Bahamas, as soft 

sediments lithified progressively, the concentration of dolomite increases accordingly (Shinn and 

Ginsburg, 1964). In addition, modern dolomite in Los Roques N.P., Venezuelan Caribbean Sea, 

becomes more stoichiometric with increasing burial (Petrash et al., 2017). Nevertheless, 

uncertainty remains as to how proto-dolomite stabilizes to partially ordered dolomite. Or more 

generally, how modern near-surface dolomite formed, especially island dolomite, which has not 

been subjected to deep burial diagenesis (Ren and Jones, 2018). 

While many studies have documented the precipitation of low temperature dolomite as 

influenced by Mg:Ca ratio, alkalinity and pH of parent solutions, availability and catalytic property 

of nucleation sites, few have documented the influence of changes in temperature and pressure 

typical of early diagenesis after precipitates form. This study furthers work on laboratory synthesis 

of dolomite at low temperature to explore the function of slightly increased temperature and 

pressure on the formation of near-surface carbonates, whose parent fluid is Silurian seawater, with 

the existence of carbon organic matter (COM).  
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Materials and Methods 

Batch laboratory experiments were used to investigate the role of carboxylated organic 

matter on carbonate mineral precipitation with increasing pressure and small increases in 

temperature. Fluids containing carboxylated organic matter (COM) were incubated at 40°C for 

121 days and compared to control experiments without COM. At the end of the first incubation 

period fluids and solids were then transferred to vessel and exposed to increasing pressure 

consistent with burial along a thermobaric gradient typical of modern carbonate platforms. 

Changes in mineralogy, mineral chemistry, and fluid chemistry were monitored to explore the 

effect of pressure on COM-nucleated carbonate minerals. As shown in Figure 1, three series of 

experiments were conducted to explore the carbonate precipitation at Silurian surface conditions 

(Series 1), rapid sedimentation and burial during early diagenesis (Series 2), and simulated normal 

diagenesis (Series 3). 

 

 

Figure 1 Experimental flowchart 



5 

 

Carbonate Precipitation Simulated at Surface Conditions 

Fluids with a composition that approximate geochemical conditions in Silurian seawater 

(e.g., Lowenstein et al., 2001; Roberts et al., 2013) were made from stock powders. To allow 

complete dissolution, two stock reagents were prepared in the same volume of deionized water; 

MgCl2, CaCl2 and NaCl to concentrations of 96, 70, and 890 mmol L-1, respectively, and Na2CO3, 

Na2SO4 to concentrations of 4.8 and 22 mmol L-1 respectively. The two stock reagents were mixed 

to final concentrations (Table 1) and bubbled with CO2 to a final pH of 8.2. Solutions were then 

dispensed into 16, 100 ml batches in sealed 120 ml borosilicate serum bottles. Half of these were 

experimental vessels, in which a bulk concentration of COM with 1012 RCOO− L-1 was achieved 

by adding 1.2 μL 0.82-μm diameter polystyrene spheres with a RCOO− density of 796 ueq g−1 

(Bangs Laboratory, Inv# L100616B). In contrast, the remaining sixteen batches served as control 

vessels, which contained no polystyrene spheres. Both the batches with and without COM were 

capped, and carbonate minerals were allowed to form and evolve with gentle agitation in the dark 

at 40°C for 30 days in an Innova 4230 refrigerated incubator and shaker (New Brunswick 

Scientific). Each pair of experimental and control vessels were incubated for the same time period, 

and when opened, their fluid and solids were analyzed at 1, 2, 5, 10, 15, 20, 25, 30, 80 and 121 d.  

 

Effect of Pressure on carbonate recrystallization 

At incubation day 14, one experimental batch or one control batch was transferred into the 

Parr Reactor and then sealed. The operations of setting temperature and pressure were the same as 

above. Batches went through four incubation steps with temperature fixed at 40oC. The pressures 

of Incubation I, II, III, IV were set as 160 psi, 200 psi, 550 psi, and 900 psi, respectively. At the 
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end of each incubation step, 30 ml solutions were sampled by pipet for analysis, as shown in Figure 

2. Aqueous geochemistry and solids were characterized for each sample. 

 

 

Figure 2 Schematic of varied pressure incubation at 40 °C 

 

Experimentally simulated diagenesis  

At incubation day 80, one 100 ml experimental batch was transferred into the 300 ml 

stainless steel vessel of a Parr Mini Bench Top Reactor 4560 in the University of Kansas 

Geomicrobiology Laboratory and sealed. The reactor temperature was adjusted and maintained 

internally, while the pressure was adjusted under an N2 atmosphere. The batches were reacted 

under increasing pressure and temperature to approximate early diagenesis and burial using a 

geothermal gradient of 2.5ºC/100 m and 2.95 psi m-1 (Nwozor and Yardley, 2015), representing 
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the 3 to 5 kilometers below ground surface in stable continental crust (Arndt, 2011). The solutions 

and precipitates underwent three incubation steps to model the early diagenesis environment as 

shown in Figure 3. It was assumed that system would react and trend toward equilibrium in the 

temperature-only incubation, and mineral equilibria would shift quickly in response to higher 

pressure conditions. Briefly, the batches were incubated at 40ºC and 100 psi for 7 days, to model 

the general near-surface burial (depth ca 30 m). The second incubation step was repeated at an 

increased temperature 41ºC and pressure of 160 psi to model a slightly deeper burial environment 

(depth ca 50 m) for 11 days. The last incubation step was conducted at the temperature of 47.5ºC 

and pressure of 900 psi to model the depth of 300m for 7 days. At the end of each incubation, the 

vessel was opened and 30 ml was sampled and analyzed for mineralogy and geochemistry. After 

sampling, the vessel was closed and temperature and pressure were adjusted to the set value of the 

next incubation. 

 

Figure 3 Schematic of experimentally-simulated diagenesis 
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After turning on the heating element, temperature was gradually increased from room 

temperature (25°C) to each set temperature (40, 41, 47.5°C) using the Parr 4848 Reactor Controller. 

Temperature adjustments required ~20 minutes to stabilize. Pressure was controlled using an N2 

tank whose maximum pressure was 2500 psi. The set pressure (100, 160, 900 psi) was achieved 

within seconds using the tank regulator. The reactor pressure gauge was used to verify the pressure 

inside the vessel. The Parr Reactor was purged with N2 before the valves were closed and the vessel 

was pressurized. The solution inside the Parr vessel was stirred continuously during incubation 

using an internal magnetic stirrer whose rate was 50 rpm.  

Aqueous Geochemistry 

The aqueous geochemistry of the artificial Silurian seawater is given in Table 1.  After each 

incubation step, batches were analyzed for pH, alkalinity, and cations. Solids were filtered (0.42 

m) and rinsed with deionized water and then air-dried for 24 h. The pH of the solutions was 

measured by a calibrated electrode (Accumet) and a pH meter (Thermo Scientific).  

Fluid alkalinity was determined on a 25 mL sample using a Metrohm 807 Dosing Unit in 

the University of Kansas Geomicrobiology Laboratory using an end-point seeking method and a 

titrant of 0.1N HCl (Brezonik and Arnold, 2011). 

Charge balance (Cations - Anions) / (Cations + Anions) (Freeze and Cherry, 1979) and 

saturation indice (SI=log[ion activity product/Ksp] ) were calculated by Phreeqc Interactive 3.6.2-

15100 (Parkhurst and Appelo, 1999). Concentrations of dissolved ions, pH, temperature and 

pressure were input. Charge balance, activity values, and mineral saturation indices for dolomite, 

calcite and aragonite were calculated using the phreeqc.dat database.  
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Table 1 Composition of artificial Silurian seawater 

Silurian Seawater Composition (mmol L-1) 

Na+ 445 

Mg2+ 48 

Ca2+ 35 

CI- 571 

SO4
2- 11 

HCO3
- 2.4 

pH 8.2 

R-COO− (0.82μm) 5.1*1012 

Salinity 38.5 ppm 

SI_Dolomite 3.21 

SI_Calcite 1.35 

SI_Aragonite 1.22 

 

Characterization of Solids 

X-Ray diffraction 

Precipitates were rinsed with 50 ml deionized water, air-dried, and analyzed with X-Ray 

diffraction using a Bruker 800 234-XRAY (9729; University of Kansas, Department of Geology). 

Data were collected between 5° and 70° 2 using a step size of 0.5 seconds. Analysis of the powder 

XRD patterns was conducted by Materials Data JADE 7.6.6 software. Content of mol % MgCO3 

was calculated from XRD data, using the following formula 1: 

             𝑦 = −363.96𝑥 + 1104.05                                                                                                            [1] 
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in which x is d[101̅4] dimension and y is the mol% MgCO3 in Magnesian calcite (Arvidson and 

Mackenzie, 1999). 

Electron Microscopy 

Samples for analysis by Scanning Electron Microscopy were air-dried, stub-mounted, 

sputter-coated with 2nm Iridium and examined using an FEI Versa Three-Dimensional Dualbeam 

Field Emission Scanning Electron Microscope equipped with EDX detector (University of Kansas, 

Microscopy and Analytical Imaging Laboratory), operating at 5 KV. No additional calibration for 

carbonate minerals was performed on the EDX detector, so elemental signatures are interpreted as 

semi-quantitative. 

Samples were soaked in ethanol, mounted on lacy amorphous carbon and examined using 

Hitachi H-8100 Transmission Electron Microscope (University of Kansas, Microscopy and 

Analytical Imaging Laboratory), operating at 200 KV.  
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Results 

Carbonate Precipitation Simulated at Surface Conditions 

All experiments started with incubations at 40°C and no extra pressure. The geochemical 

and mineralogical changes were monitored over time for experimental (containing COM) and 

control vessels. Materials from these experiments were then further subjected to increased pressure 

and temperature to discern changes in mineralogy. 

Aqueous geochemistry 

Charge balance for geochemical analyses for experimental and control vessels were all less 

than +/- 5% (Appendix A), indicating satisfactory analyses of relevant species. From the beginning 

of the experiment until day 121, pH decreased from a starting pH of 8.2 to 7.6 and 7.5 at day 30, 

to 7.5 and 7.5 at day 80, and to 7.6 and 7.5 at day 121 (experimental and control solution pH, 

respectively; Figure 4). In general, solution pH for both experimental and control vessels were 

similar, although experimental vessels were slightly higher than control vessels. For both groups 

of vessels, the maximum pH was achieved around 14 d, and then pH decreased and stabilized 

around 7.5 after 30 d.  
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Figure 4 Change in fluid pH over time for incubations at 40°C. 

Over the experiment’s duration, alkalinity decreased from 2.7 mmol L-1 to 0.5 and 0.5 

mmol L-1 respectively (experimental and control vessels; Figure 5). For control vessels, alkalinity 

increased sharply at 5 d and then decreased gradually with time. For experimental vessels, the 

alkalinity decreased to ~0.7 mmol L-1 at 15 d, and then gradually decreased to 0.5 mmol L-1.  

 

Figure 5 Change in alkalinity over time for incubations at 40 °C 
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The concentration of Mg2+ decreased from 58 mmol L-1 to 49 mmol L-1 and 50 mmol L-1 

respectively at day 121 (experimental and control vessels; Appendix A). The concentration of Ca2+ 

decreased from 38 mmol L-1 to 34 mmol L-1 and 34 mmol L-1 respectively at day 121 (experimental 

and control vessels; Appendix A). The Mg:Ca ratio was ~1.5 for both experimental and control 

vessels (Figure 6). However, their pathways were slightly different before 80 d. The Mg:Ca ratio 

of control vessels sharply decreased at the first 10 days, and then became relatively stable, although 

abruptly increased at 30 d. In contrast, the Mg:Ca ratio of experimental vessels slightly fluctuated 

and generally decreased. The ratios of experimental and control vessels became close to each other 

starting from 80 d.  

 

 

Figure 6  Change in fluid Mg:Ca over time for incubations at 40 °C 
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and -1.4, respectively (for dolomite, calcite, and aragonite). Changes in saturation indices of 

dolomite, calcite, and aragonite were correlated. In control vessels, the SIs dropped to -2.2, -1.3 

and -1.4, respectively (for dolomite, calcite, and aragonite), as shown in Figure 7. 

  

Figure 7 Change in saturation indices of dolomite, calcite and aragonite over time 
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(Figure 8). For both experimental and control vessels, the mol% MgCO3 in calcite was 

approximately 11.5%. 

 

Figure 8 XRD graph of experimental vessel incubated at 40°C for 30 days 

 

The XRD patterns of experimental and control vessels at 15 d were nearly the same. 

However, the calcite and aragonite peaks of experimental vessel were greater intensity than those 

of control vessel at 121 d (Appendix Figure A-1).  

            The calcite peaks of control vessel at 121 d had higher intensity than those at 15 d 

(Appendix Figure A-2), but the intensity of aragonite peaks stayed nearly the same. However, both 

the calcite and aragonite peaks from the experimental vessel at 121 d were more intense than those 

at 15 d (Appendix Figure A-3). 

Scanning Electron Microscopy 

Calcite and aragonite were identified by crystal morphology using SEM. Based on 

observational data, calcite was the predominant mineral, which corresponded with the results from 
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XRD. Two morphologies of calcite formed; subhedral and contact twin (Figure 9a). Very clear 

rhombohedral habit can be seen at the edge of the subhedral calcite crystals (Figure 9d), indicating 

undisturbed growth. In addition, aragonite exhibited two morphologies in this experiment, one is 

spherulitic (Figure 9b) and the other is tabular (Figure 9c). Morphologies for both minerals, as well 

as their abundance, did not differ between the experimental and control vessels. However, in 

experimental vessels, it was observed that there was a thin mineral layer on the surface of carboxyl 

polystyrene spheres. 

 

Figure 9 a) SEM image of twin calcite (red arrow) formed at 40°C, 15 psi b) SEM image of spherulitic aragonite (red arrow) 

formed at 40°C, 15 psi c) SEM image of tabular aragonite (red arrow) formed at 40°C, 15 psi d) SEM image of rhombohedral 

habit (red line) 

 

From EDX data, it was determined that the materials on the surface of COM were calcium 

carbonates with little magnesium (Figure 10). 
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Figure 10 Elementary composition of mineral layers on the surface of COM from experiment vessel at day 14. a) Map Sum 

Spectrum b) EDS Layered Image 

 

However, examination using transmission electron microscopy, revealed no crystallites on 

the surface of the carboxyl polystyrene sphere, so these calcium rich materials were amorphous or 

alternatively, Ca complexed at the surface (Figure 11).   

 

Figure 11 a) Transmission Electron Microscopy images of the mineral layers on the surface of COM b) Magnified corner of a) 

 

After 80 days of the temperature-only incubation, the solutions and solids from one of the 

experimental batches were transferred into the Parr pressure reactor. Three sequential incubations 

(40 °C, 100 psi; 41 °C, 160 psi; 47.5 °C, 900 psi) were conducted on these materials with increased 

pressure and temperature (P&T).  
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Carbonate dissolution simulated at rapid burial during early diagenesis 

Batches underwent 14 days of temperature-only incubation at 40 °C before they were 

transferred into the pressure reactor. Pressure was increased to 160 psi for 7 days, then to 200 psi 

for 5 days, then to 550 psi for 5 days, finally to 900 psi for 5 days. Temperature was held constant 

at 40°C through the whole experiment.  

Aqueous Geochemistry 

Over the course of the experiment, pH dropped from 8.2 to 7.5 at day 26 for both 

experimental and control vessels. After pressure was increased above 200 psi, pH increased to 7.7 

and 7.9 respectively (experimental and control; Figure 12).  

 

Figure 12 Change in pH over time 

 

            Starting from the day solutions were made, alkalinity decreased from 2.4 mmol L-1 and 2.6 

mmol L-1 to 0.4 mmol L-1 respectively (experimental and control). Compared with samples 

extracted from the same incubation day but without pressure, increasing pressure resulted in 

alkalinity decreasing (Figure 13). 
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Figure 13 Change in alkalinity over time 

 

Starting from the day 0 of experimental vessels, the concentration of Mg2+ and Ca2+ 

decreased from 48 mmol L-1 and 35 mmol L-1 to 42 mmol L-1 and 30 mmol L-1, respectively. 

These changes occurred in the hour after the solutions were made, due to the quick precipitation 

when mixing stock reagents. Then, the concentration of Mg2+ and Ca2+ increased to 51 mmol L-1 

and 36 mmol L-1 at day 36. Similarly, from the beginning of control vessels were made, the 

concentration of Mg2+ and Ca2+ quickly decreased from 52 mmol L-1 and 38 mmol L-1 to 52 

mmol L-1 and 38 mmol L-1, then increased to 53 mmol L-1 and 37 mmol L-1 at day 14, and finally 

decreased to 49 mmol L-1 and 34 mmol L-1 at day 36. In addition, the fluid Mg:Ca ratio stayed 

1.4 all through the experiment. However, there was slightly more variation in Mg:Ca in control 

vessels. Starting from the beginning of the experiment, the fluid Mg:Ca ratio increased from 1.4 

to 1.5 at day 20, when 160 psi had been exerted for 7 days. Then it decreased to 1.4 at day 30, 

and finally increased to 1.5 again at the end of the experiment(Figure 14). 
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Figure 14 Change in fluid Mg:Ca over time 

 

For both experimental and control vessels, the saturation indices of dolomite, calcite, and 

aragonite were positively correlated. Starting from day 0, the saturation indices of carbonate 

species in experimental vessels generally decreased from 3.2, 1.4 and 1.2 to 0.8, 0.16 and 0.03, 

respectively (dolomite, calcite, and aragonite) at day 36 (Figure 15). For control vessels, the 

saturation index of dolomite, calcite, and aragonite decreased from 3.3, 1.4 and 1.3 to 0.44, -0.02 

and -0.15 at day 31 (pressure was set at 550 psi), at which calcite and aragonite were close to 

equilibrium. Then the pressure was increased to 900 psi and the saturation index slightly increased 

to 0.63, 0.07, and -0.06, respectively (dolomite, calcite, and aragonite). 
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Figure 15 Saturation Indices of dolomite, calcite and aragonite over time 

 

 

Minerology 

For experimental vessels, peaks of calcite and aragonite at day 31, at which the pressure 

was set at 550 psi, were more intense than those at day 14 (Appendix Figure B-1), when 

pressurization began. 

For control vessels (Figure 16) the intensity of calcite and aragonite peaks increased at day 

31 (500 psi for 5 days) relative to the precipitations when solutions were just made (day 0.5). 

However, those peaks became less intense at day 36 (900 psi for 5 days). 
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Figure 16 XRD pattern at 0.5d, 31d (green) and 36 d (red) 

 

As observed in experimentally simulated diagenesis, spherulitic aragonite, tabular 

aragonite and calcite (Figure 17a). Additionally, apparent dissolution made the crystal edges of 

calcite and tabular aragonite rounded (Figure 17b), compared to the clear terminations observed 

before pressurization. 

  

 

Figure 17 a) SEM image of the etching and embaying of calcite (red arrow) and COM with mineral layer(right) in experimental 

vessel (40 °C, 15 psi for 14 days; 160 psi for 7 days; 200 psi for 5 days; 550 psi for 5 days) b) Partially dissolved calcite and 

tabular aragonite 
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Based on the Ca and Mg wt% from EDS data, solid Mg:Ca ratios of carboxylated organic 

matter (COM) surfaces was compared to calcite from experimental and control vessel (Figure 18).  

The average solid Mg:Ca ratios of COM and calcite in experimental and control vessels were 0.059, 

0.051 and 0.055, respectively. The solid ratio of COM was slightly higher than authigenic calcite, 

especially compared to calcite in the same batch, and less scattered. Due to a lack of carbonate-

specific calibration, it cannot be verified that the measurements are different within error. 

 

Figure 18 Box plot of the solid Mg:Ca ratio of mineral layer on COM, calcite from experimental and control vessels, calculated 

from EDS data. 

 

Carbonate dissolution and reprecipitation simulated at normal diagenesis 

Aqueous Geochemistry 

Charge balance for geochemical analyses for the three sequential P&T incubations were 

all within +/- 5% (Appendix C). Starting day 0, the pH fluctuated but generally decreased until 

day 80. Solution pH then decreased to 7.6 at day 98 (the end of P&T incubation II), but increased 

to 7.9 at day 105, which was the highest pH over the experiment’s duration (Figure 19). Starting 
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from day 80, (the day P&T incubations started) the alkalinity dropped to 0.5 mmol L-1 at 98 d, 

then further dropped to 0.4 mmol L-1 at day 105 (the end of P&T incubation III), which was the 

lowest alkalinity over the whole experiment (Figure 20). 

 

 

Figure 19 Change in fluid pH over time in experimental vessels (gray dots for P&T incubation) 

 

Figure 20 Change in alkalinity over time in experimental vessels (gray dots for P&T incubation) 

 

Aqueous concentrations of Mg2+ and Ca2+ decreased to 62 mmol L-1 and 41 mmol L-1, 

respectively at day 87, but then sharply increased to 71 mmol L-1 and 47 mmol L-1 respectively at 
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day 98, and then decreased to 67 mmol L-1 and 43 mmol L-1 respectively at day 105. The Mg:Ca 

ratio maintained at ~1.5 through the whole P&T incubation. As shown in Figure 21, starting from 

day 80 to day 98, the saturation indices of dolomite, calcite, and aragonite decreased from 1.1, 0.3 

and 0.2 to 0.8, 0.1 and 0.1, respectively, which was very close to equilibrium, especially for 

aragonite. However, from day 98 to day 105, when the temperature and pressure were increased 

to 47 °C and 900 psi respectively, the saturation indices increased to 1.3, 0.4 and 0.2 (dolomite, 

calcite, and aragonite).  

 

Figure 21 Saturation indices of dolomite, calcite, and aragonite (unfilled dots for P&T incubation) 

 

Mineralogy 

Similar to solid samples which experienced temperature-only incubations, the samples 

which were pressurized also identified as calcite-dominant with small amounts of aragonite.  The 

mol% MgCO3 in magnesian calcite before 87 d (40 °C, 100 psi) was 11.6% and slightly decreased 

to 11.5% after 98 d (41 °C, 160 psi). 
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Aragonite peaks were nearly identical to day 87, but slightly more intense in day 80 than 

in day 98 and day 105 (Appendix Figure C-1). The peaks of calcite were abruptly less intense from 

80 days to 87 days (Appendix Figure C-2), when the pressure was first engaged in the system. At 

the end of P&T incubation, the intensity of calcite slightly decreased (Appendix Figure C-1). 

SEM observation revealed that the precipitates formed at 40°C and 15 psi were altered by 

dissolution and reprecipitation after the pressure increased. Deep etching of the crystal surface 

observed under increased pressure is interpreted as partial dissolution of calcite (Figure 22b). In 

addition, the left calcite in Figure 22b intruded into the right calcite, suggesting the regrowth of 

the left calcite or competitive growth of calcites.  In addition, a new fabric of aragonite formed, 

with spiky clumps that retained acicular fabric in addition to equigranular crystals (Figure 22a). 

Furthermore, the concentrations of Mg2+ and Ca2+ decreased, implying the ions were fixed into 

solids. These data support in combination that reprecipitation happened after dissolution.  

 

Figure 22 a) SEM of partially dissolved and recrystallized spherulitic aragonite (red circle) formed in experimental vessel 

(40 °C, 15 psi for 80 days; 40 °C, 100 psi for 7 days) b) Contact boundary (red circle) of recrystallized calcite(left) and partially 

dissolved calcite (right) 
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Discussion 

Carbonate Precipitation Simulated at Surface Conditions 

Under earth surface temperatures (40°C) and pressures (15 psi), solutions initially 

supersaturated with respect to dolomite, aragonite, and calcite became less supersaturated, 

commensurate with decreases in fluid concentrations of alkalinity and pH, indicating carbonate 

precipitation, which were identified as Mg-calcite and aragonite. Experimental conditions (Table 

1) were designed to represent tropical near-surface conditions for seawater with compositions 

typical of those present during the Silurian (Brennan and Lowenstein, 2002). Modern conditions 

in contrast have significantly higher sodium (485 mmol L-1 vs. 445 mmol L-1), sulfate (29 mmol 

L-1 vs. 11 mmol L-1) and fluid Mg:Ca ratios (5:1 vs. 1.4:1), but lower chloride (565 mmol L-1 vs. 

601 mmol L-1) (Holland et al., 1986). Results from this study produced Ca carbonates with mol% 

MgCO3 ranging from 11.5% to 11.6%, which falls into the upper range of mol% MgCO3 of Mg 

calcite preserved in Silurian echinoderms (6% to 12%; Dickson, 2004), but still not very high-Mg 

calcite or dolomite as hypothesized. In contrast, near-stoichiometric (50.3 mol% MgCO3) and 

well-ordered Paleogene dolomite, which was dolomitized by near-normal marine fluids, can be 

formed at the very early stage of diagenesis (Ryan et al., 2020). The formation of early-diagenesis 

Paleogene dolomite may be caused by the effect of much longer geologic time, compared to 

maximum four-months incubation of my experiments in this study, which compensated for the 

slower reaction rate under low temperature (Kaczmarek and Thornton, 2017). 

Distinctive crystal habits of precipitated phases were observed with SEM, consistent with 

homogeneous nucleation, which are larger (>5 µm) and not associated with spheres (0.82 µm). For 

heterogeneous nucleation, the surface nucleation sites probably have catalytic effect on 

magnesium carbonate formation, (Petrash et al., 2017), by promoting inclusion of Mg into the 
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crystal structure (Braissant et al., 2007; Fangfu Zhang et al., 2012; Roberts et al., 2013). For 

experiments in this study COM was expected to facilitate dolomite formation, by binding and 

dewatering Mg and thus promoting nucleation of dolomite. Although dolomite was not detected 

with XRD, precipitate layers were observed on the surface of COM in experimental vessels, 

suggesting heterogeneous nucleation promoted by the COM surface. Furthermore, solid Mg:Ca 

ratio of COM-associated precipitate layers (0.059) is slightly larger than that of homogeneous 

calcite (0.051), which is consistent with previous research showing that the carboxyl-rich surface 

of COM can lower the energy of carbonation, making the incorporation of Mg relatively easier 

(Roberts et al., 2013). Nevertheless, the bulk fluid geochemistry and mol% MgCO3 of solids in 

experimental (with COM) and control vessels (without COM), show little difference. This 

similarity may be a result of the short time scale of the experiments, or the size scale of more Mg-

rich phases is too small to be detected. Heterogeneous nucleation still makes a difference because 

amorphous carbonates or Ca-rich complexes coating only form on the surface of the COM. 

Nonetheless, it suggests that the kinetic barrier of dolomite formation, which is due to the difficulty 

of dewatering Mg2+ and incorporating it into calcite crystal (Lippmann, 1973; Mirsal and Zankl, 

1985; Fangfu Zhang et al., 2012), is hard to break under low temperature, even in the presence of 

COM. 

Moreover, the saturation indices (SI) of dolomite, calcite and aragonite decreased to below 

0, indicating the solutions went from supersaturated to undersaturated due to carbonate mineral 

precipitation. High Mg-calcite, defined as calcite with mol% MgCO3 > 4% (Tucker and Wright, 

1990), and aragonite were detected by XRD at the beginning of the experiments, implying calcium 

carbonate formation occurred very quickly at the beginning of the experiments. The mineralogy 

and calcite %MgCO3 composition showed little difference over the next four-month incubation 
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period. Comparisons of solid Mg:Ca ratio between COM surfaces and calcite precipitates in both 

experimental and control vessels, reveal potentially higher accumulations of Mg on the COM 

surface (Figure 18). This result is similar to results from Kenward et al. (2013), which 

demonstrated preferential adsorption of Mg over Ca on the surface of nonmetabolizing cells and 

reinforces the possibility that this is a first step in nucleating Mg-bearing Ca carbonate phases.  

 

The Role of Pressure and Temperature 

In additional to fluid geochemistry, temperature and pressure control Ca carbonate 

polymorph (Hacker et al., 2005; Kawano et al., 2009). Generally, calcite is dominant at low 

temperature (<20°C) and atmospheric pressure. There are four major diagenetic settings in 

carbonate systems, which are marine, meteoric, evaporative, and subsurface.  Meteoric and 

evaporative diagenetic environments are usually low temperature and low pressure. However, in 

marine diagenesis environments, temperature and pressure change when moving from warm 

surface water environments to cold shelf margins. The temperature and pressure of burial 

diagenetic environments progressively increases with depth (Moore and Wade, 2013). 

Phreeqc modeling of artificial Silurian seawater fluids in this study (Figure 23) shows that 

the saturation indices of dolomite increase from 3.2 (40°C) to 3.3 (60°C), and then decreases to 

1.8 at 100 °C. The saturation indices of calcite and aragonite start at 1.4 and 1.2 (40°C) respectively, 

achieving a maximum of 1.4 and 1.3 at 65°C, and then decrease sharply to 0.86 and 0.76 at 100°C. 

SI reflects the log of the saturation state of mineral. If SIs <0, dissolution is favored; if SIs =0, 

system is in equilibrium; if SIs >0, precipitation is favored. As shown in formula 2, Ksp is 

negatively correlated with SI, which means the higher SIs, the more soluble the compound will be 
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(low Ksp). Within the temperature range of the experiments (from 40 °C to 47 °C), the SIs of 

dolomite, calcite, and aragonite increase with increasing temperature.  

𝑆𝐼 = log (
𝐼𝐴𝑃

𝐾𝑠𝑝
)                                                                                                       [2] 

 

Figure 23 Saturation indices of dolomite, calcite, and aragonite of artificial Silurian seawater under varied 

temperature and pressure, calculated by Phreeqc. Pressure correlates to the top x-axis and temperature correlates to the bottom 

x-axis. P in the legends indicates the series of pressure, and T indicates that of temperature. 

 

Additionally, if the temperature is kept at 40°C, but the pressure varies, the SIs of dolomite, 

calcite, and aragonite decrease with increasing pressure. Generally, dolomite is more sensitive to 

the changes in pressure and temperature than calcite and aragonite (Figure 23). Fluids at low 

temperatures but higher pressure can occur in environments in which rapid sedimentation occurs 

such as periplatform in Exuma Sound, Bahamas (Dix and Mullins, 1988). Alternatively, this can 
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occur when strata that confine fluids are capped with lower permeability sediments, such as 

evaporites or cemented layers, thus creating abnormal high geopressure (Moore and Wade, 2013). 

In laboratory experiments in this study, temperature was kept constant at 40°C, but pressure 

was varied to explore the single effect of pressure on carbonate precipitation, typical of rapid 

sedimentation and burial. The experimental processes were designed to mimic two different 

geologic processes: precipitation of carbonates under shallow seawater followed by subsequent 

rapid burial. As shown in Figure 24, in lab experiments, carbonates firstly precipitated, and then 

these precipitations were partially dissolved with the increasing pressure, demonstrated by the SIs 

(<0), increasing concentrations of metal ions in the solutions and the dissolution evidence under 

SEM. 

 

Figure 24 Schematic of pressure’s effect on calcium carbonates 
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1) Formation 

In control vessels, from day 0 to day 21, pH, alkalinity, concentrations of Mg2+ and Ca2+, 

SIs of calcite and aragonite decreased, indicating carbonate mineral precipitation. The slight 

increase in fluid Mg:Ca ratio reflects that Ca was incorporated differentially into the solids 

compared to Mg, because Mg fits only into the calcite crystal lattice, while Ca is in both calcite 

and aragonite. Saturation indices decreased but remained above 0, indicating that calcium 

carbonates continued to precipitate. Although pressure was increased from 15 psi to 160 psi at day 

14, the parameters (pH, alkalinity, fluid Mg:Ca ratio, saturation indices) showed little to no change. 

Results suggest that the increase in pressure was too slight to change mineral solubility, which is 

consistent with Phreeqc modeling results (Table 2). 

2) Dissolution (Saturation indices < 0) 

From day 21 to day 36, the pressure was increased to 200 psi for 5 days, then 550 psi for 5 

days, and 900 psi for another 5 days. Commensurate with these changes in pressure there were 

increases in concentrations of Mg2+ and Ca2+, but decreases in fluid Mg:Ca ratio and saturation 

indices of calcite and aragonite, which dropped below 0, signifying undersaturated conditions. It 

was noticed that the SIs slightly increased after day 31(900 psi), which was an experimental artifact 

caused by the quick removal of CO2(g) in the system when purging with N2(g) to generate high 

pressure. Without this experimental influence, SIs were expected to continue to decline. These 

conditions indicate dissolution of calcium carbonates, which is supported by noticeable changes 

in the morphology of COM-associated precipitates, with previously sharp edges becoming etched 

and embayed possibly due to dissolution (Figure 17b).  

As shown in Table 2 and formula 2, while the pressure increases, all carbonate mineral 

saturation indices decrease but Ksps increase, which correlate with slight increases in mol%MgCO3. 
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These results are consistent with other lab results demonstrating that the solubility of Mg-calcite 

increases with increasing amount of Mg2+ entering the calcite lattice (Bischoff et al., 1993; Davis, 

2000). Furthermore, it may indicate that magnesian calcites with higher solubility (more Mg) serve 

as a more stable phase in the new higher-pressure environment. It is inferred that the change of 

pressure drives the change in minerology, especially the change of mol%MgCO3 in Mg-calcite. 

However, it is acknowledged that the minor changes in mol%MgCO3 could be within experimental 

error (Figure 24).  

Table 2 Solubilities of carbonate minerals, calculated by Phreeqc 

T 

(°C) 

P 

(psi) 

ca 

depth 

(m) 

Log 

(Ksp_Dolomite*) 

Log 

(Ksp_Calcite*) 

Log 

(Ksp_Aragonite*) 

40 160 N/A -17.4 -8.57 -8.44 

40  200 N/A -17.4 -8.57 -8.43 

40 550 N/A -17.36 -8.55 -8.41 

40 900 N/A -17.32 -8.52 -8.39 

40 14.7 0 -17.42 -8.58 -8.45 

40 100 30 -17.41 -8.57 -8.44 

41 160 50 -17.42 -8.58 -8.45 

47 900 300 -17.46 -8.58 -8.46 
* The Ksp values of dolomite, calcite and aragonite (Plummer and Busenberg, 1982; Sherman and Barak, 2000) 

 

To sum up, early in burial history, dissolution is controlled by the thermodynamic 

adjustment of unstable phases like magnesian calcite and aragonite, which is one of the important 

porosity generation and permeability modification processes in carbonate rocks (Moore and Wade, 

2013). The dissolution of metastable phases like Mg-calcite and aragonite help increase reservoir 

property, whereas the subsequent formation of calcite and/or dolomite can fill porosity and 

decrease permeability. 
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Experimentally simulated Diagenesis 

The experiments in this study were adjusted to approximate the composition of Silurian 

seawater in a typical carbonate platform whose temperature gradient is 2.5 °C/100 m, and pressure 

gradient is 2.95 psi m-1 (Nwozor and Yardley, 2015). The chemistry of the fluid, mineralogy of 

precursor sediment, and chemical reactions caused by the change of pressure and temperature are 

determinants of diagenesis (Morse and Mackenzie, 1990; Higgins et al., 2018). In experiments in 

this study, the initial fluid chemistry was controlled (e.g. Silurian seawater), and pressure and 

temperature varied. Homogeneously precipitated mineral phases as well as the layered precipitates 

that are suspected to have formed heterogeneously on surfaces will both be affected by the 

increasing pressure and temperature after burial. Carbonates have retrograde solubility at high 

temperature, but solubility increases at high pressure, which is consistent with Phreeqc modeling 

results. Saturation indices slightly decrease with increasing pressure, but increase with increasing 

temperature (T < 65°C) (Figure 23). In the environment, the saturation indices of minerals are the 

aggregated effect of temperature and pressure. Therefore, the predominant factors in physical 

diagenesis, temperature or pressure, could be determined through the changing trend of saturation 

indices.  

Pressure enhances the Ksp of dolomite, calcite, and aragonite (Figure 23 and Table 2), 

which is consistent with former work (Plummer and Busenberg, 1982; Sherman and Barak, 2000), 

but temperature reduces them in the temperature range below 65°C. In shallow burial 

environments (< 30 m), pressure controls the carbonate solubility at this burial depth, thus the 

saturation indices of carbonates slightly decrease (Ksps increase) accordingly. However, after the 

pressure increases, indicative of deeper burial, the saturation indices of carbonates increase (Ksps 

decrease), which means temperature becomes the predominant factor that controls the solubility 
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of carbonates in deeper burial environments. Mineral solubilities are reduced in general during 

diagenesis, tending to form low-Mg calcite and dolomite (Bischoff et al., 1993; Moore and Wade, 

2013). This is consistent with the decrease of %mol MgCO3 in experiments in this study, indicating 

transformation from high Mg-calcite to low Mg-calcite (%mol MgCO3 < 4%), which correlates 

with changes in mineral solubilities calculated by Phreeqc. Experiments in this study demonstrate 

three processes. Other than two processes (formation and dissolution) which are the same as 

simulated-rapid diagenesis, one new process following by dissolution is reprecipitation.  

Phase 3: reprecipitation 

Carbonate saturation indices sharply increased after day 98 (47 °C, 900 psi), and metal ions 

in solutions decreased congruently, indicating the precipitation of calcium carbonate. Additionally, 

the mol% MgCO3 decreased slightly, which means the Ksp of Mg-calcite decreased to fit in the 

higher-temperature environment. In addition, reprecipitation of aragonite and calcite were also 

observed under SEM, justifying the interpretation that there was regrowth of minerals (Figure 25). 

 

Figure 25 Schematic of experimentally-simulated diagenesis 
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In experimentally simulated diagenesis, the processes observed are formation of carbonate, 

dissolution, and finally reprecipitation based on the exchange of ions between solids and fluids, as 

evidence by changes fluid geochemistry, changes in %mol MgCO3, and morphology of minerals 

under SEM. Similarly, in ancient sediments, diagenesis in carbonate rocks is usually followed by 

the dissolution of metastable minerals like aragonite and Mg-calcite, and the reprecipitation of 

calcite and dolomite (Moore and Wade, 2013). 

Calcium carbonate precipitated from artificial Silurian seawater is a pH, alkalinity, fluid 

Mg:Ca ratio, and SI-reducing process. The increase of pressure tends to dissolve unstable 

precipitates and is more tolerant to calcite with higher Mg content (higher solubility), while the 

increase of temperature has the opposite effect. Pressure is the dominant factor in rapid burial 

diagenesis, and minerals with higher solubility is a stable form. In contrast, temperature dominates 

the normal diagenesis, at which the metastable carbonates transform to low-Mg or low-solubility 

form.  
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Implications 

Results from this study supports previous studies that implicate COM in the formation of 

low-temperature dolomite. Although dolomite was not detected, the accumulation of Mg on COM 

surfaces, suggest that with longer incubation times, Mg-rich Ca carbonates may have formed. 

While temperature and pressure impact carbonate equilibria and with it MgCO3% of calcite, the 

largest impact in Mg-content is likely on the surface of COM. In environments ranging from 

surface to shallow subsurface, sediments contain microorganisms and other forms of organic 

matter, clay minerals, and in some anoxic environments, dissolved sulfide and CH4, all of which 

can facilitate Mg-rich carbonate formation under conditions that are supersaturated with respect to 

dolomite. Many studies have observed that Mg-rich calcites recrystallize to dolomite with burial. 

The experiments in this study did not capture this process despite incubation with increased 

pressure. It is hypothesized that there are several reasons for this outcome. One reason may be that 

the initial nucleation phase did not produce VHMC, which is a necessary precursor. Previous 

studies have shown that the density of carboxyl groups on organic matter play a role in dolomite 

nucleation (Kenward et al., 2013). While COM in this study was similar to that used by Roberts et 

al. (2013) the batches were different and may not have had the density of carboxyl groups 

necessary for dolomite nucleation. Another possibility is the fact that experiments were performed 

in batch. Had flow-through conditions been present, sustained saturated conditions may contribute 

to recrystallization and dolomite formation. Finally, it is likely that the short time frame of these 

experiments was unable to capture recrystallization processes despite the changes in pressure that 

were applied. All of these issues give insight into additional work that can address these issues and 

further elucidate controls on formation of dolomite in low temperature environments. 
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