Solution – Mineral Equilibria
A- The System H2O - CO2 - CaCO3
Reading Assignment: Langmuir 193 – 223. Please note the importance of Figs. 6.2, 6.4, 6.7, 6.11, and 6.18 (not reproduced in this handout).
Solubility of Calcite and its other polymorphs 

Reactions:
Possible reactions related to this process include:

CaCO3 + H+ = Ca2+ + HCO3-                         (1)

CaCO3 + 2 H+ = Ca2+ + H2O + CO2         (2)

CaCO3 + H2O = Ca2+ + HCO3- + OH-     (3)

CaCO3 + H2O + CO2 = Ca2+ + 2HCO3-  (4)

CaCO3 = Ca2+ + CO3-                                             (5)

Of these, the last two reactions are the most relevant or realistic. Reaction (4) describes the dissolution of calcite in H2O in the presence of CO2, whereas reaction (5) can be quantitatively cast through Ksp (which is equal to 10-8.35 in the case of calcite). Plotting values of Ksp for calcite and its two polymorphs as a function of T shows that calcite is the least soluble among its polymorphs (i.e. it should precipitate first), and that the solubility of all three polymorphs decreases with increasing T!!!! (Fig. 1).

Dissolution vs. precipitation: 
Solubility of calcite in dilute surface waters at T ~ 25°C ranges from 1.3 x10-4 m to 

5 x 10-4 m. The pH of solutions in equilibrium with calcite should be in the range: 8 - 10.

Factors affecting calcite solubility in nature

(i)
T: As the T increases, the solubility of calcite decreases (Fig. 2)

(ii)
P and PCO2: As PCO2 increases, the solubility of calcite increases (Figs. 2 & 3). Note that this increase is exponential. This has an interesting effect on the mixing of two waters with different PCO2 values: such mixing may result in the dissolution of calcite (e.g. point C on Fig. 3b when compositions A & B mix), or the precipitation of calcite! Note also the effect of PCO2 on the carbonate concentration depth CCD (Fig. 4).
(iii)
Organic activity: 


Organisms flourishing in water almost saturated with calcite have the ability of extracting "calcite components" from solution to build their own skeletons. 


Photosynthesis: extraction of CO2 from solution will decrease the solubility of calcite (cf. reaction (4) above).

(iv)
Grain size: Finer grained particles of calcite dissolve more readily. Heating promotes recrystallization and grain coarsening! These are all related to the kinetics of the system. 
(v)
Effect of other ions in solution (Figs. 5, 6)


Effect of CO32-: miniscule! As long as aCO32- remains < 10-3.2, most of the dissolved calcium remains as free Ca2+.


Effect of other “competing” cations as Na+: These cause a decrease in solubility (Fig. 5).

Other radicals as Cl-, SO42-, ... etc. play a more important role by increasing the solubility of calcite (Fig. 6). The presence of the neutral sulfate complex (CaSO4 aqueous) can increase the solubility of calcite by 10%!

(vi)
Decay: Decay of organisms in the soil decreases the pH of soil water, which in turn increases the solubility of calcite (e.g. Fig. 7b).

(vii)
Evaporation: 

· Formation of caliche

· General sequence of evaporites (Usiglio’s experiment): Calcite > dolomite > gypsum > halite > MgSO4 > MgCl2 > NaBr > sylvite.

Deposition of carbonates on the sea floor:


Concentration of aqueous species in seawater (Table 1): Although the carbonate species are not the most abundant, they are certainly a major constituent of seawater.

· Carbonate species and their solubilities:  Table 6.1 and Fig. 6.2 of your text.
· The Polymorphs of CaCO3: Vaterite, calcite and aragonite. Note that vaterite can only form from solutions highly supersaturated with respect to calcite and aragonite.
· Calcite vs. aragonite: According to Figs. 1 and 4, calcite is less soluble than aragonite, and is expected to precipitate first on the ocean floor. However, in nature, aragonite precipitates first (and outside its stability field)! This emphasizes the role of of kinetics, and its importance over “equilibrium thermodynamics” in this one case!!

Carbonate compensation depth: Drop of T and increase in P with water depth will result in the dissolution of calcite. The "depth" at which this phenomenon occurs is ~ 4.3 km! (anywhere between 3.5 and 5 km!)

Complexity of sea water as a system: Concentrations of [Ca2+] and [HCO3-] or [CO32-] in seawater is much higher than the value snecessary for the precipitation of calcite according to Table 1 or Ksp for calcite! Sea water is therefore supersaturated with respect to Calcite!

Supersaturation: Why doesn’t calcite precipitate, and why is the sea water supersaturated with respect to calcite? Cannot be accounted for by changes in CO2, pH, P, or organic activity! Not even ionic strength!  The answer lies with Kinetics again!!???

High Mg calcite. is a calcite containing up to 19 mole % MgCO3. It is relatively unstable, and tends to revert to a low Mg calcite (< 5 mole% MgCO3) over time. Low Mg calcite is thought to be more stable than pure calcite in sea water!

· Magnesite is very rarely seen precipitating in natural systems. Seawater is 10X supersaturated in magnetite, yet it does not precipitate.


Siderite: solubility is much less than that of calcite. Ksp = 2 .10-11. Siderite will precipitate if the Fe2+/Ca2+ concentration becomes > 1/225.

· Reasons for supersaturation of natural waters with respect to many carbonates:

· T increase

· Evaporation

· Loss of CO2
· Mixing

· Dissolution of gypsum

· Increased Cl- concentration

· Nucleation is inhibited or slowed (influence of Mg+2 on calcite nucleation).

The Dolomite Problem:

· Which mineral is more soluble: Calcite or dolomite?

· Value of Ksp for dolomite remains uncertain.

· Find the Mg2+/Ca2+ ratio at which dolomite will precipitate.

· Theoretically, dolomite precipitates if the Mg2+/Ca2+ ratio exceeds 0.6. Practically, it precipitates when this ratio exceeds 1.

· Effect of pH on the solubility of dolomite, calcite, and magnesite: introduction to activity – activity diagrams (Fig. 8a).

· Effect of T on the stability of calcite, dolomite and magnesite.

· Practical considerations: 

· Dolomite is a secondary mineral

· Alteration of Cc to Dol is favored in highly saline solutions, at high pH, and low Ca2+/Mg2+ (Fig. 8b).

· Dol precipitation as a primary mineral is favored at high T (> 100°C)

Quantitative handling:

Dissociation constants (Table 2)

Open vs. closed systems:

If the system is open to CO2, the PCO2 of the water will remain constant, and CO2 will be transferred from the gas phase to replace the CO2 consumed in the dissolution of calcite. In this case, the water is capable of dissolving more CO2 than a closed system case (Figs 7 & 8).

Worked Examples: 

1)
Calculate the pH of pure water in equilibrium with the atmosphere at 25°C, knowing that PCO2 = 10-3.5 atm. The equilibrium constant for the reaction CO2 + H2O = H2CO3 is 10-1.47, and the first dissociation constant for H2CO3 = 10-6.35
2)
What is the pH of pure water in equilibrium with both calcite and the atmosphere at 25°C? Refer to Table 2 for values necessary for this calculation.

3)
How does [Ca2+] vary as a function of pH on a Bjerrum plot for the system calcite – water? (Again, use values in table 2). 

B- The system H2O - SiO2
Solubility of SiO2 in water

Quartz vs. amorphous silica (Fig. 10): 

Considering Fig. 10 and the reaction describing the solubility of silica in H2O as:
SiO2 = SiO2 (aqueous)

then it becomes apparent that amorphous silica is more soluble than quartz. Although amorphous silica is not a polymorph of quartz, the general rule for minerals with several polymorphs is that the most stable polymorph is the one that is least soluble!

Effect of pH (Fig. 11): 
As the pH increases, so does the solubility of SiO2. This is best understood in terms of the dissociation of H4SiO4 in four steps as explained in your text. Accordingly, the solubility of SiO2 as a function of pH is best explained by the reactions:

SiO2 + H2O ( H3SiO4- + H+
SiO2 + 2 H2O ( H2SiO42- + 2 H+
Manipulation of the dissociation constants of H4SiO4, H3SiO4-, H2SiO42-, and HSiO43-, charge balance, and mass balance equations will produce a Bjerrum plot with similarities to Fig. 11. Note that Fig. 11 is drawn for conditions of saturation with quartz.
Effect of T (Fig. 12):
The solubility of silica increases as the T increases, although, depending on P, it exhibits a maximum value.
Effect of P (Fig. 12)

The increase in P causes a slight increase in solubility: Quartz veins in high P/T metamorphic rocks
Applications:

1- Precipitation of quartz from hydrothermal solutions.

2- The situation in subvolcanic environments (Fig. 12b): siliceous sinters and geothermometry!

3- Precipitation of SiO2 on the sea floor: formation of chert deposits. 
