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Abstract8

At temperatures below 50 °C, the log10(
aMg2+/aCa2+) values in groundwater and brines, irrespective of their

origin - either carbonaceous or siliceous rocks/sediments - cover the range between -1.5 and +1.0. Calculations
of thermodynamic equilibria between the minerals calcite, aragonite, dolomite and huntite suggest a spread of
log10(

aMg2+/aCa2+) between minus infinity and +2.3. Log10(
aMg2+/aCa2+) in solution of dissolving ordered

dolomite at 25 °C fits the thermodynamical equilibrium between disordered dolomite and calcite and nearly
corresponds to that of pure calcite with a dolomitic surface layer due to exchange of Ca2+ against Mg2+ in
Mg2+-containing solutions. This observation suggests that the solubility of Mg-Ca carbonates is controlled by the
composition of their monomolecular surface layers in equilibrium with the ambient aqueous phase. Incongruently
dissolving minerals such as dolomite attain equilibrium between individual surface compositions of different
carbonates. The bulk composition of these carbonates hardly if ever equilibrates with the ambient solution due
to extremely low ion mobility in the lattice. Because the thermodynamical equilibria are based on the composition
of bulk minerals, their estimates of equilibria between carbonates, i.e., log10(

aMg2+/aCa2+) in solution, differ
significantly from values established by the chemical composition and structure of the surface layer of carbonates.

Keywords: Magnesian calcite, Dolomite, Dissolution of carbonates, Thermodynamics of carbonates,9

Surface composition of carbonates10

1. Introduction11

Ca2+ and Mg2+ are very important in carbonate geochemistry with several yet unexplainable features.12

Ca-Mg minerals with Mg2+/Ca2+=1 and 3, i.e., dolomite and huntite, are formed in nature but13

the absence of a mineral with Mg2+/Ca2+=2 is striking. Surface complexes such as aquacomplexes,14

>Mg2+−H2O, may play a role but cannot explain the absence of a carbonate with the Mg2+/Ca2+15

surface ratio of 2. Why is the formation of dolomite at ambient temperatures difficult or even impossible,16

well-known as the dolomite problem (Gregg et al., 2015)? The dolomite problem has been controversially17

debated over the last 100 years. Although our knowledge about physico-chemical processes in carbonate18

geochemistry has improved with time we still lack final answers (refer to Gregg et al., 2015; Raiteri19

et al., 2015). Besides the high abundance of carbonate rocks in nature calcite also forms along with20

weathering of all kind of Ca2+-bearing rocks. Studying the Mg2+ exchange against Ca2+ at surfaces of21

calcite powders and single crystals reveals that the Mg2+ exchange had some impact on calcite solubility22

but is insignificant with respect to changes in Mg2+ activity in solution (Möller, 1973; Koss and Möller,23

1974; Pokrovsky et al., 2009a).24

Besides hydrated metastable phases, a wide variation in composition of Mg-Ca carbonates occurs in25

nature between the possible endmembers calcite and magnesite (Table 1). Low magnesian calcite (LMC)26

precipitates inorganically, whereas high magnesian calcite (HMC) is either of biogenic or diagenetic origin.27

Nesquehonite but not magnesite forms at ambient temperatures (Davies and Bubela, 1973; Zachmann,28

1989) (Table 1). The experimental formation of dolomite below temperatures of about 50 °C is impeded29

by kinetics because of lacking the necessary activation energy needed for fully dehydration of Mg2+
30

in dolomite nuclei (Gregg and Sibley, 1984; Land, 1998; Arvidson and Mackenzie, 1999; Mavromatis31

et al., 2013; Baldermann et al., 2015; Wang et al., 2016; Perez-Fernandez et al., 2017). Alternatively,32

the inhibited growth of dolomite is explained by deposition of a “poorly ordered dolomite-like phase33
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that poisons the surface” (Berninger et al., 2017). In nature, however, dolomite seemingly forms34

below 50 °C but its formation is not fully understood yet (Gregg et al., 2015). Although HMC and35

VHMC/proto-dolomite (Table 1) are metastable, they are known to survive geological times (Land,36

1985). These metastable products occur side by side together with ordered dolomite without establishing37

bulk equilibria (Brätter et al., 1972; Warren, 2000).38

Mineral Abbr. Composition mol-% MgCO3

Calcite CaCO3 0
Aragonite CaCO3 0
Low Mg calcite LMC CayMg(1−y)CO3 <4
High Mg calcite HMC CayMg(1−y)CO3 4-30
Very high Mg calcite VHMC CayMg(1−y)CO3 30-45
Disordered dolomite
= proto dolomite

CaxMg(2−x)(CO3)2 46-50

Ordered dolomite CaxMg(2−x)(CO3)2 46-50
Huntite CaMg3(CO3)4 75
Nesquehonite MgCO3 ∗ 3H2O 100
Hydromagnesite Mg5[OH/(CO3)2]2 100
Magnesite MgCO3 100

Table 1: Ca-Mg carbonates, their chemical formula and the mol-% MgCO3. The subscripts x and
y express the deviation from the stoichiometric coefficients of endmembers calcite and dolomite,
respectively; both are one for the perfectly stoichiometric phases.

The Mg2+ ions inhibit growth of calcite by increasing its solubility due to incorporation of Mg2+ into39

the calcite lattice (Plummer and Mackenzie, 1974; Thorstenson and Plummer, 1977; Mucci and Morse,40

1983; Davis, 2000) and exchange of Mg2+ against Ca2+ in calcite surface layers (Koss and Möller, 1974).41

Under increased activities of Mg2+ in Ca2+-bearing solutions, also aragonite precipitates (Kitano et al.,42

1962). The calcite growth rate decreases in presence of Mg2+ and SO2−
4 (Pokrovsky, 2001; Pokrovsky43

et al., 2005, 2009a,b; Gledhill and Morse, 2006; Nielsen et al., 2016), which both enhances the hydrophilic44

character of the calcite surface and weakens the adsorption of organic compounds (Generosi et al., 2016;45

Andersson et al., 2016). Besides inorganic components, also organic components inhibit growth of calcite46

such as citrate (Montanari et al., 2017), alginate (Lakshtanov et al., 2014) and acetate (Dobberschütz47

et al., 2018).48

The aim of this contribution is to decipher the conditions under which differently composed Mg-Ca49

carbonates equilibrate in aqueous solutions. An answer is approached by comparing thermodynamically50

and analytically derived ratios of Mg2+ and Ca2+ in ambient solutions in contact with both calcite and51

dolomite.52

2. Thermodynamic approaches to Mg2+/Ca2+ at equilibria of carbonates53

Thermodynamics suggest that the carbonate equilibria compiled in Table 2 are given by the activity54

ratio of Mg2+ and Ca2+ (Eq. 1). The activities of the solids are taken as unity. Depending on55

the thermodynamic data sets different temperature-dependent trends for ordered dolomite-calcite and56

disordered dolomite-calcite are derived (Fig. 1). These equilibria are calculated using the freely available57

CHNOSZ package (Dick, 2019) which implements both the Berman and Brown (1985) model for aqueous58

species and minerals and the revised Helgeson-Kirkham-Flowers’s (Helgeson et al., 1981) equations for59

aqueous species. The equilibrium of various carbonates expressed as log10(aMg2+/aCa2+) are therefore60

based on 3 different thermodynamic databases and their underlying formalisms,61

1. the compilations of Berman (1988),62

2. the compilation of Helgeson et al. (1978), of Plummer and Busenberg (1982) and of Berman (1988)63

with many successive integrations, and64

3. where the necessary data are not available in the above compilations, such as disordered dolomite,65

data on dissolution of minerals are extracted from the “llnl.dat” database distributed with66

PHREEQC 3.4.0 (Appelo et al., 2014).67
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Fig. 1: Thermodynamic estimates of mineral equilibria in the temperature range of 0–175 °C. In
the indices of K, the figures refer to the reaction in Table 2; capital letters indicate the sources
of thermodynamic data of the educt and product in the corresponding reaction: BB, both are from
Berman (1988); HH, both are from Helgeson et al. (1978); LB, data for the educt data are taken
from “llnl.dat” data base (Appelo et al., 2014) and the product data from Berman (1988). These
line types are used in the following plots.
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Id Reaction
K12 Magnesite dissolution MgCO3 +H+ = Mg2+ +HCO−

3

K13 Huntite dissolution CaMg3(CO3)4 + 4H+ = Ca2+ + 3Mg2+ + 4HCO−
3

K14 Aragonite dissolution CaCO3 +H+ = Ca2+ +HCO−
3

K15 Calcite dissolution CaCO3 +H+ = Ca2+ +HCO−
3

K16 Disordered dolomite dissolution CaMg(CO3)2 + 2H+ = Ca2+ +Mg2+ + 2HCO−
3

Table 3: Compilation of mineral dissolution reactions needed to estimate Ki in Table 2 with
i = 2, 4, 7, 9 and 11.

Note that the dissolution reactions i = 12 − 16 in Table 3 are needed to evaluate the reaction constant68

log10 Ki with i = 2, 4, 7, 9 and 11 the reactions in which disordered dolomite is involved.69

Fig. 1 displays the temperature-dependent equilibria of all considered mineral equilibria in Table 2.70

Note the discrepancies between equilibria based on thermodynamical data of Berman (1988) and those71

of Helgeson et al. (1978). Since Berman followed chronologically Helgeson et al. (1981) and partially72

revised their approach, we consider his data most reliable. It has to be noted that mixing data may73

introduce additional inconsistencies in the calculations.74

The equilibrium of the substoichiometrically composed magnesian calcite and dolomite, with the75

same subscript convention adopted in Table 1, is expressed in Eq. (1). Log10Kx/y (Eq. 2) is derived from76

Eq. (1). Eq. (2) can be developed into Eq. (3) in terms of free energy of reaction. The indices x and y77

indicate the surface composition of dolomite and calcite, respectively.78

2CayMg(1−y)CO3 + (2y−x) ·Mg2+=CaxMg(2−x)(CO3)2 + (2y−x) · Ca2+ (1)

log10 Kx/y = −(2y−x) log10

aMg2+

aCa2+
+ log10

{adolx}
{aCcy}2

(2)

∆rG

ln(10)RT
= (2y−x) log10

aMg2+

aCa2+
+ log10

{aCcy}2

{adolx}
(3)

The assumption of equilibrium for the reaction of Eq. (1) results in Eq. (4):79

log10

aMg2+

aCa2+
=

1

2y−x
log10

{adolx}
{aCcy}2

(4)

Thus, the activity ratio of Mg2+ and Ca2+ in solution depends on the stoichiometric factors of magnesian80

calcite and disordered dolomite and on the activity ratio of the surface phases adolx and the square of81

{aCcy}2. If aMg2+/aCa2+=1, it follows from Eq. (4):82

{adolx}={aCcy}2 (5)

3. The impact of Mg2+ on calcite solubility83

3.1. Results on Ca2+-Mg2+ exchange at calcite surfaces84

The here summarized analytical method is much more precise than any X-ray photoelectron85

spectrometric one because the former gives direct insight into a single molecular surface layer, whereas86

the latter only allows the determination of the average composition of surface layers of 80 to 100 Å87

thickness, which amounts to about 20 to 25 layers of carbonates. Spectrometric data thus represent the88

composition of the underlying carbonate layers and do not justify the conclusion of Pokrovsky (2001)89

that the surface composition of dolomite stays constant in experiments with varying Ca2+ and Mg2+
90

concentrations. The ion exchange, however, is restricted to about one molecular layer as proved by91

experiments on single crystals (Möller and Sastri, 1974).92

Distilled water was saturated with respect to reagent grade CaCO3 p.a. (Merck®) or single crystals93

of calcite for periods of 10 days at temperatures between 20-25 °C and atmospheric pCO2. The 494
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µm filtered calcite-saturated solution was spiked with 45Ca (β-decay with half-life of 163.8 days). The95

equilibrated calcite was placed in the spiked solution for at least 15 hours, where it underwent ion96

exchange of 45Ca2+ against Ca2+ in the calcite surface. Thereafter the calcite was separated from its97

solution, cleaned with distilled water, dried, and the β-activity was determined by low β-proportional98

counting assembly (Möller and Sastri, 1974; Sastri and Möller, 1974). Thereafter the 45Ca spiked solids99

were placed into a calcite-saturated solution to which a small amount of MgCl2 was added. After 15100

hours the calcite was washed and dried for β counting. This procedure is repeated with increasing101

amounts of MgCl2 in calcite saturated solutions (Möller and Rajagopalan, 1972; Möller, 1973). In these102

Mg2+ containing solutions calcite underwent exchange of surface Ca2+ ions against Mg2+ and 45Ca2+103

decreased in the calcite surface. With increasing Mg2+concentrations in solution the Mg2+/Ca2+ in104

the surface layer of stoichiometric calcite increased systematically to of 1:1 and with further increasing105

(Mg2+/Ca2+)soln to 3:1. The ratio of 2:1 is not indicated by a change of slope (Fig. 2a, b). The ion106

exchange at surfaces of single crystals of calcite revealed that only one surface layer was involved in this107

exchange reaction (Möller and Sastri, 1974).108
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Fig. 2: Surface exchange of Ca2+ against Mg2+ in the monomolecular surface layer calcite (a;
b). Data are taken from Möller (1973) and Möller and Sastri (1974).

Mg2+ has a strong tendency to replace Ca2+ because the former is more strongly bound in the109

calcite surface than the latter (Möller, 1973). In presence of Mg2+, the Ca2+ concentration increases110

in solution. The negative logarithm of the ion activity product, p(IAP)Ccy , decreases with increasing111

Mg2+/Ca2+ in calcite surface (Fig. 3). For calcite with surface composition between 0 and 50 mol-%112

MgCO3 p(IAP)Ccy at 25 °C and atmospheric CO2 decreases from 8.4 (Plummer and Mackenzie, 1974)113

to 8.2. For comparison, ordered dolomite (Ca0.5Mg0.5CO3) in 0.1 M NaCl solution, atmospheric CO2 at114

25 °C shows 0.5p(IAP)dol of 8.6 (Bénézeth et al., 2018) which is more than that of the dolomitic-composed115

calcite surface of 8.2.116

After reaching the surface composition of 50 mol-% MgCO3, p(IAP)Ccy increases toward the huntitic117

surface composition of calcite (Mg0.75Ca0.25CO3) at Mg2+/Ca2+ at about 250 (Fig. 2) the estimated ion118

activity product p(IAP)Ccy decrease to about 7.0. This decrease in p(IAP)Ccy is only observed for ion119
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Fig. 3: Estimated ion activity product, p(IAP)Ccy , of pure calcite as a function of Mg2+/Ca2+

surface composition after Koss and Möller (1974).

exchange of Mg2+ against Ca2+ in calcite surfaces. In the exchange Fe2+, Co2+ and Ni2+ against Ca2+120

the corresponding p(IAP)Ccy values increase (Koss and Möller, 1974).121

As a consequence of the ion exchange of Mg2+ against Ca2+ the adjacent planar CO2−
3 ions rotate122

accommodating the smaller Mg2+ ion (Fig. 4). The surface-bound Mg2+ shows a lower enthalpy than123

its Ca2+ counterpart (Möller and Rajagopalan, 1976) and the surface exchange of Mg2+ against Ca2+124

spontaneously occurs with loss of free energy. The initial, probably statistical distribution of Mg2+ in125

the surface rearrange into a systematic one, in which the separate alignment of Mg2+ and Ca2+ ion is126

energetically favoured. The surface probably displays a mosaic structure of a 2-dimensional dolomitic127

layer.128

3.2. Low-temperature dependence of carbonate equilibria129

In the following, different groundwaters and brines from study areas in Israel, Jordan and the North130

German Basin are summarized in Fig. 5. In spite of the varying mineralogical composition of rocks131

acting as catchment and/or aquifer one would expect high variations in Mg2+/Ca2+; however, it is132

evident that Mg2+/Ca2+ values in fluids do not scatter very much irrespective of the dominant lithologies133

(Table 4). The samples in Fig. 5d are from four totally different regions around the world and not from134

carbonate-dominated lithologies. Nevertheless these samples cover the same spread of ratios as the former135

ones. Groundwater and brines in Table 4 are grouped with respect to their lithological sources such as the136

Arabian platform carbonates (Fig. 5a,b), platform carbonates with local cover of alkali olivine basalts137

(Fig. 5c), and miscellaneous sources such as Pleistocene sediments in northern Germany, springs and138

wells in the Hauran Plateau/Syria (Cretaceous limestones covered by basalts) and springs discharging139

from the sediments of the Altiplano/Chile (Fig. 5d). The chemical analyses of groundwater and brines140

are shown in Appendix A together with the activities of Mg2+ and Ca2+, estimated by PHREEQC141

applying the “llnl.dat” and “pitzer.dat” in PHREEQC (Appelo et al., 2014).142

The change of Mg2+−Cl− brine of the Ha’On well to Ca2+−Cl− brine at Tiberias, both localities143

being separated by Lake Tiberias, Israel, is of particular interest (Fig. 5a). Their Na+/Cl− and Br−/Cl−144

are very similar in both types of brines and resemble evaporated seawater (Möller et al., 2011). The145

Ha’On water samples originate from Cretaceous limestone aquifers that were infiltrated by Late Tertiary146

evaporated seawater (Möller et al., 2018). Its log10(aMg2+/aCa2+)soln value plot near to the equilibrium147

of disordered dolomite and calcite (after Helgeson et al., 1981). With (Mg2+/Ca2+)soln of 2.6, the calcite148

surface has a dolomitic composition (Fig. 2a) but the mineral dolomite has not to be present because of149

the low temperature of this brine. This dolomitic surface composition mimics the presence of disordered150

dolomite.151
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surface 1014

surface 1014

a

b

Fig. 4: Schematic cross section (a) and view onto a carbonate plain of calcite (b) showing the
structural changes following the exchange of Ca2+ against Mg2+ in calcite surface after Möller and
Rajagopalan (1972).

The Tiberias Hot Springs’ (THS) brines originate from Jurassic/Cretaceous carbonate aquifers152

consisting of dolomite and limestone. The lower log10(aMg2+/aCa2+)soln than in Ha’On brine is the result153

of dolomitization of limestone by which Mg2+ is consumed and Ca2+ is released. The necessary, enhanced154

temperature to overcome the activation energy of dehydration of Mg2+ was supplied by abundant155

fissures and dykes of olivine basalts in these carbonate rocks. This interpretation is in agreement156

with PHREEQC inverse modelling (Möller et al., 2011). The final (Mg2+/Ca2+)soln of 0.32 indicate157

similar surface activities of dolomite and calcite. Calcite shows (Mg2+/Ca2+)surf of 0.16 (Fig. 2a). The158

dolomite surface is suspected to show (Mg2+/Ca2+)surf >1. This example reveals that (Mg2+/Ca2+)soln159

of carbonates solely depends on their surface composition and not on the bulk composition of minerals.160

The log10(aMg2+/aCa2+)soln do not allow identification of carbonate minerals involved by means of161

thermodynamic considerations. Although here only the influence of Mg2+ in solutions is discussed, it162

should be mentioned that also Fe2+ and many other inorganic and organic species vary the solubility of163

calcite under reducing conditions (Koss and Möller, 1974; Pokrovsky et al., 2009a).164

The groundwater of the Hauran Plateau in Syria originate from springs discharging from the alkaline165

olivine basaltic cover or is exploited from the underlying Cretaceous limestones. The spring water shows166

lower log10(aMg2+/aCa2+)soln than the water from the limestone aquifer because the top basalts have lost167

its olivine already by weathering. This is different for the deep basalts, where weathering of olivine is still168

going on. These waters also infiltrate the underlying limestones, whereby high log10(aMg2+/aCa2+)soln169

values are established. The interaction of the Mg2+-rich water from the top of limestones reduces the170

Mg2+ concentration due to surface exchange of Ca2+ against Mg2+. Similar trend is to be seen in the171

low-temperature water from the Golan and Ajloun, where rain water infiltrates through basaltic rocks172

into underlying Cretaceous limestones. Weathering solution of siliceous rocks or sediments show a wide173

spread in log10(aMg2+/aCa2+)soln (Fig. 5d). Ca2+ is largely determined by calcite precipitation. Mg2+
174

in such solutions depends on reactions in which Mg2+ is involved such as the formation of clay minerals.175

In general the spread of temperature-dependent log10(aMg2+/aCa2+)soln of these groundwaters and176

brines plots between -1.5 and +1.0, which corresponds up to about 50 mol-% MgCO3 in calcite surfaces177

(Fig. 2). The majority of samples plot below log10(aMg2+/aCa2+) of zero thereby indicating surface178

compositions of calcite up to 40 mol-% of MgCO3. Although the behaviour of magnesian calcite with179

respect to surface ion exchange of Ca2+ against Mg2+ has not been studied, it may be suspected that180
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log10(aMg2+/aCa2+)soln of magnesian calcite resembles those determined for the Mg2+−Ca2+ surface181

compounds on pure calcite as it will be shown later for ordered dolomite and the dolomitic surface182

composition on a calcite matrix (subsection 3.3). Here it should be noted that there is not much difference183

between concentration and activity ratios (Appendix A, Fig. A.1). Log10(aMg2+/aCa2+)soln>0 typify184

either weathering solutions from Mg2+-rich igneous rocks or Mg2+-rich evaporation brines such as the185

brines of the Dead Sea, Rift and Ha’On well (Fig. 5a) or some of the well waters from the Hauran186

Plateau/Syria (Fig. 5c), and few samples in Fig. 5d. Log10(aMg2+/aCa2+)soln below K1,HH characterise187

liquids interacting with Mg-poor rocks such as amphibolites (e.g., KTB-VB; Möller et al., 2005). With188

few exceptions waters and brines plot between K1,HH and K2,HH, most of them between K2,LB and K1,LB189

mimicking the presence of either ordered or disordered dolomite and HMC. At low temperatures, these190

phases cannot form but are represented by corresponding surface compositions of calcite. Note that191

the log10(aMg2+/aCa2+)soln rarely plot along the thermodynamical estimated trends. The majority of192

samples plot along curves subparallel to the given ones indicating abundant Mg2+/Ca2+ values.193

Groundwater and brines from the same region show temperature-dependent trends of194

log10(aMg2+/aCa2+)soln similar to those suggested by thermodynamic estimates (Fig. 5a: Red Sea;195

Fig. 5b: Meizar wells; Fig. 5d: Mississippi Salt dome basin). Their log10(aMg2+/aCa2+)soln at a given196

temperature may be different due to environmental conditions and presence of siliceous rocks or sediments197

from which Mg2+ is either gained or consumed.198

The Mg2+/Ca2+ of calcite surfaces reflect the non-linearity of Mg2+/Ca2+ in solution (refer to to199

the step-like function in Fig. 2). There are no simple correlations between Mg2+/Ca2+ in solution200

and the Ca2+-Mg2+ mineralogy of either catchment or aquifer rocks. The analyses prove that the201

temperature-dependent Mg2+/Ca2+ values plot in the array defined by thermodynamics (using the202

corresponding input data). These thermodynamic equilibrium lines are of course based on stoichiometric203

compositions of the carbonate minerals, thus not considering deviating surface compositions.204

3.3. Temperature-dependent dissolution of dolomite205

Dolomite dissolution experiments reported by Bénézeth et al. (2018) refer to about 3 g of freshly206

broken dolomite crystals of the composition Ca1.04Mg0.96(CO3)2 in 100 ml of 0.1 M NaCl solution.207

The incongruent dissolution of dolomite leads to solutions saturated with respect to calcite and208

log10(aMg2+/aCa2+)soln in equilibrium with the surface composition of both mineral phases dolomite and209

calcite. Scanning electron micrographs revealed precipitation of calcite and probably dolomite (Bénézeth210

et al., 2018). The amount of dolomite dissolving depends on the amount of solution. The resulting Mg2+
211

concentration in solution is independent on the amount of solution. Ca2+ increases in solution until212

precipitation of calcite; thereafter its concentration is constant. The extrapolated log10(IAP)dol at 25 °C213

is given by -17.2±0.3. This value is slightly higher than those derived from either "llnl" or "pitzer"214

databases. Reevaluation of the reported logarithms of Mg2+ and Ca2+ concentrations in 0.1 M NaCl215

solutions of dolomite at various pCO2 and temperatures between 50 and 250 °C using either “llnl.dat” or216

“pitzer.dat” yields log10(IAP)dol at 25 °C of -17.8 and -17.5, respectively (Fig. 6). For more information217

refer to Appendix B.218

The incongruent dissolution of dolomite increasing with temperature suggests that Mg2+ relative to219

Ca2+ increases in the reactive surface layer of dolomite, whereas the bulk composition of dolomite220

with 49.8 mol-% MgCO3 does not change during dissolution. Although these solids precipitated,221

log10(aMg2+/aCa2+)soln decreased from about 0.08 at 50 °C to -0.47 at 250 °C suggesting significant222

changes of Mg2+/Ca2+ in the surfaces of dolomite and calcite. With Mg2+>Ca2+ in solution any223

precipitation of LMC and dolomite increases (Mg2+/Ca2+)soln. The incongruent dissolution of dolomite224

yielding log10(aMg2+/aCa2+)soln of 0.08 at 50 °C (Fig. 6) indicates that the surface composition of225

dolomite shows Mg2+/Ca2+>1. With increasing temperature the difference between the thermodynamic226

equilibrium of disordered dolomite and calcite and their Mg2+/Ca2+ in solution increases which is due227

to increasing amounts of precipitated LMC. Above about 150 °C the solubility of calcite increases and228

thus log10(aMg2+/aCa2+)soln decreases.229

In view of Fig. 6, the published pIAP values of dolomite refer to the equilibrium of disordered dolomite230

and calcite, in other words, there is neither congruent dissolution of ordered dolomite nor equilibrium231

between ordered dolomite and calcite. Although the surfaces of both mineral phases are differently232

composed, they are in equilibrium with the same Mg2+/Ca2+ composition in solution. The p(IAP)dol233

=17.2±0.3 after Bénézeth et al. (2018) differs by about 0.8 log units (subsection 3.1) from p(IAP)Ccy234
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Fig. 5: Log10(
aMg2+/aCa2+)soln as function of inverse absolute temperature. Average lithologies

and sources of analyses are compiled in Table 2. (a) Brines from the Jordan Dead Sea Rift and
the Red Sea Graben. Comparison of log10(

aMg2+/aCa2+)soln of Isreali brines from Ha’On well
and Tiberias Hot Springs both being related to evaporation of seawater. For more details refer to
subsection 3.2. Note that brines with log10(

aMg2+/aCa2+)soln>0 do not form dolomite at the low
temperatures of Ha’On and locally in the Rift. Although the environmental conditions in the Rift
and the Graben are different, log10(

aMg2+/aCa2+)soln show a similar trend. (b) Groundwater and
brines along the Yarmouk Gorge, Israel and Jordan. (c) Groundwater from limestones and basalts
overlying the former in the Yarmouk Basin (Isreal, Jordan and Syria). The majority of data plot
along a line similar to that in (b). (d) Groundwater and brines from carbonate bearing sediments
and sedimentary rocks. Although many reactions other than in limestones are possible, the vertical
spread of data is similar to that of (c). K1,HH and K2,HH are based on data from Helgeson et al.
(1978); K1,BB results from data of Berman (1988); K2,LB is estimated from dissolution of disordered
dolomite taken from “llnl.data” included in PHREEQC (Appelo et al., 2014) and dissolution of
calcite after Berman (1988).
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Fig. 6: Comparison of log10(
aMg2+/aCa2+)soln reported by Bénézeth et al. (2018), their

reevaluation by PHREEQC using llnl.dat and pitzer.dat (Appelo et al., 2014) and thermodynamic
estimates which are the same as given in Fig. 5.

with dolomitic surface composition (2 · 8.2; Fig. 3) but both show the same log10(aMg2+/aCa2+)soln235

values (Fig. 7).236
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Fig. 7: Dissolution of algae carbonates (HMC). (a) The composite trend is redrawn after Plummer
and Mackenzie (1974). Figures below the trend are Mg2+/Ca2+ values in solution; Beyond the
trend initial and final compositions of high magnesium calcite are noted. (b) Comparison of
log10(

aMg2+/aCa2+)soln as function of mol-% MgCO3 of bulk magnesian calcite (Thorstenson
and Plummer, 1977) and of calcite surfaces after Ca2+ exchange against Mg2+ (Möller and
Rajagopalan, 1972). Log10(

aMg2+/aCa2+)soln of dolomite at 25 °C is extrapolated from data
reported by Bénézeth et al. (2018).

3.4. Dissolution of high-magnesian calcite237

Plummer and Mackenzie (1974) purported the dissolution kinetics of high magnesium calcite (HMC)238

of algae. The dissolution of HMC with a mean bulk composition of 18.4 mol-% MgCO3 proceeds through239
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three stages (Fig. 7a). They are related to three different reactions with different rates: (stage 1)240

congruent dissolution, (stage 2) calcite growth on grain surfaces, whereas Ca2+ and Mg2+ are still241

released, and (stage 3) formation of incongruent Mg-calcite precipitate from solution. The reported final242
aMg2+/aCa2+ value in solution of steps 1, 2 and 3 increases from 0.3, 0.5 and finally to 0.95, respectively.243

Part of HMC with initial 18.4 mol-% MgCO3 changes into final precipitate with 11.7 mol-% MgCO3. In244

stage 3 equilibrium is not reached even after 670 hours. The final solution, however, requests a surface245

composition of about 30 mol-% MgCO3 (Fig. 2a) of the algae HMC and the precipitated LMC, assuming246

that the surface of the algae HMC behaves similarly to pure LMC. In this case the surfaces of both247

minerals are higher in mol-% MgCO3 than the average composition of the initial HMC of the algae.248

Thus, Mg2+ is still released from the bulk HMC during crystallization of LMC, although the surface249

seems to be higher in MgCO3 than the bulk of the algae HMC. Considering surface ion exchange we250

would explain the whole process differently:251

Stage 1: rapid incongruent dissolution, followed by252

Stage 2: slowed-down incongruent dissolution of HMC associated with still increasing mol-% MgCO3253

of the surface and slightly increasing (Mg2+/Ca2+)soln, and254

Stage 3: slow recrystallization during which bulk Mg2+ is still exchanging against Ca2+ from solution255

i.e., the amounts of Mg2+ increasing in solution equals the amount of Ca2+ decreasing in solution.256

Thorstenson and Plummer (1977) derived log10(aMg2+/aCa2+)soln based on the composition of257

HMC and thermodynamic data reported by Plummer and Mackenzie (1974) (Fig. 7b). Their258

log10(aMg2+/aCa2+)soln data cover a range of 14 orders of magnitude. Calcite with dolomitic surface259

composition yields a similar log10(aMg2+/aCa2+) in solution like the dissolving dolomite (Fig. 7b).260
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Fig. 8: Comparison of log10(
aMg2+/aCa2+)soln of indicated carbonate mineral equilibria according

the thermodynamical estimates (a) and of calcite undergoing surface exchange of Ca2+ against Mg2+

in solution (b). The Mg2+ content in the calcite surface is given in mol-% MgCO3.

In view of ion exchange results in calcite surfaces, it is suggested that similar processes should261

also occur in the reported dissolution experiment of HMC. In Fig. 7a the corresponding data of HMC262

alteration during equilibration with solution are compared with the surface composition derived from the263

described experiments. Note that the decrease of Mg2+ content in the altered HMC is associated with264

increasing Mg2+/Ca2+ in solution. Increasing Mg2+/Ca2+ in solution yields increasing Mg2+/Ca2+ in265
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surface layers of the forming magnesian calcite with less mol-% MgCO3 than in the bulk. This leads266

to the phenomenon that Mg2+/Ca2+ in the surface increases, whereas locally the surface–near bulk267

ratio decreases during recrystallization, indicating that the bulk ratios of Mg2+ and Ca2+ do not attain268

equilibrium with the surface ratios. Only the surface layer is in equilibrium with the aqueous phase.269

From this finding it follows that it is impossible to derive the bulk composition of any Ca-Mg carbonate270

from the composition of its aqueous phase because the bulk of the mineral is rarely equilibrated with271

the ambient solution. It is always the surface that equilibrates with the aqueous phase and that may be272

quite different from the bulk composition. Even by recrystallization equilibrium between the bulk and273

surface cannot be attained. (aMg2+/aCa2+)soln give no hint about the minerals that are involved in the274

equilibrium.275

4. Discussion276

Perfect stoichiometry is neither given for calcite nor for dolomite and many other anhydrous carbonate277

minerals in nature. The apparent thermodynamic ranges of stability of calcite, aragonite, dolomite,278

and huntite at 25 °C are given by log10(aMg2+/aCa2+) in Fig. 8a. In detail the relations are much279

more complex. From bottom to top the formation of magnesian calcite or aragonite depends on Mg2+
280

concentrations. Aragonite only precipitates from Ca2+-HCO−
3 solution containing several g/l of MgCl2281

(Kitano et al., 1962). Due to the high Mg2+ concentration in the Dead Sea, influshed calcite is converted282

into aragonite (Barkan et al., 2001). The disordered dolomite and HMC only form during diagenesis283

or by biogenic processes at significant lower temperatures than ordered dolomite. Disordered dolomite284

displays a smaller range than dolomite in Fig. 8a. Other aspects are that only magnesian calcite with less285

than 4 mol-% MgCO3 (LMC) precipitates inorganically and the biogenic HMC is thermodynamically286

metastable but long lived. Next to dolomite, huntite is expected to form but nesquihonite precipitates287

at both low temperatures and water activity (Davies and Bubela, 1973; Zachmann, 1989). The final step288

would be magnesite, which however is a hydrothermal product (Zachmann, 1989).289

Contrasting the above sequence, magnesian calcite covers the whole range of calcite to huntite by290

its adjustable surface composition (Fig. 8b). Its log10(aMg2+/aCa2+)soln as a function of mol-% of291

MgCO3 in the surface of calcite starts at very low values and increases to values of 2.3 in solution, i.e.,292

huntitic surface composition of 0.75 mol-% MgCO3. The corresponding log10(aMg2+/aCa2+)soln ratio is293

seemingly in agreement with the thermodynamic equilibrium of huntite (probably with disordered surface294

composition) and disordered dolomite and calcite at 25°C (Fig. 8b). This corresponds to the behaviour295

of dolomite dissolution, if disordered dolomite and not ordered dolomite is considered at equilibrium with296

LMC.297

Calcite and LMC are common precipitates in solutions derived from weathering of any Ca2+-bearing298

rock or sediment. Although the compiled groundwater and brines are from different areas (Table 4),299

they reveal that they all plot in a similar array of temperature and Mg2+/Ca2+ (Fig. 5). Natural300

groundwater and brines cover the range of aMg2+/aCa2+ of -1.5 to +1.0, which includes the dependence301

on temperature, pH and the mineralogical composition of their catchment and aquifer rocks. The trend of302

Mg2+/Ca2+ with temperature seems to follow that derived from thermodynamics (Figs. 5b and d). The303

solution should be in equilibrium with the surface composition of any mineral in the system; however, we304

are focussing on carbonates only. Thus, not the bulk of carbonates but only their surfaces determine the305

Mg2+/Ca2+ in solution. If other reactions vary Mg2+ in solution, the surface composition will change306

accordingly. If for example in a basaltic catchment the Mg2+/Ca2+ value is high due to weathering of307

olivine, where this water infiltrates underlying limestones, surface ion exchange is started and Mg2+/Ca2+308

is lowered. This exchange process goes on until the limestone surface has attained the same Mg2+/Ca2+309

value of the initial water. The amount of exchange at calcite surfaces determines the Mg2+/Ca2+ values310

of the final groundwater. This means that aqueous Mg2+/Ca2+ values cannot discriminate the origin of311

these waters.312

In nature, however, dolostones and limestones are often part of the same aquifer. Groundwater passing313

both lithologies will finally show the latest equilibration with carbonate surfaces. Having in mind that314

surface compositions of magnesian calcite covers the whole range of log10(aMg2+/aCa2+) of carbonates315

in sediments and weathered rocks, one can hardly expect to get precise information on distinct mineral316

equilibria from the composition of produced low-temperature fluids.317

In studies of aqueous-solution/solid-solution relations in the low temperature system318

CaO−MgO−CO2−H2O, the surface composition of the solids is not considered. All thermodynamical319
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considerations assume that the bulk of carbonates equilibrates with the composition of the aqueous320

phase. Involvement of the bulk of minerals in equilibria would request a high mobility of ions in the321

carbonate lattices. The interdiffusion is however completely inhibited in solid solutions at ordinary322

temperatures (Lippmann, 1991). This is in agreement with self-diffusion experiments of 45Ca in calcite323

which revealed that even over millions of years the composition of carbonates would not change to any324

appreciable extent (Brätter et al., 1972), and with field observations that arrangements of various HMC325

phases and dolomite survive geological periods (Land, 1985).326

Unfortunately there is no detailed study on the temperature dependence of surface compositions of327

calcite or dolomite. However, data from Bénézeth et al. (2018) on dolomite dissolution reveal that even328

at 253°C no match with thermodynamically defined equilibria between both minerals is found. Only at329

25°C the thermodynamical equilibria between disordered dolomite and calcite is seemingly established330

by their adjusted composition of surface layers of ordered dolomite and calcite.331

The ion exchange in carbonate surfaces is associated with structural changes in the surface. These332

compositionally and structurally varied and charged surfaces are the base of the double layer established333

in solution. For instance, the Stern layer is the response to the interaction of components of the surface334

layer with opposite charged components in solution forming inner sphere complexes (Cappellen et al.,335

1993). The formation constants of these surface complexes are different for Ca2+, Mg2+ and CO2−
3 in the336

surface and their corresponding counterparts in solution. The reported logK values are higher for Ca2+337

surface complexes than for the corresponding Mg2+ species (Pokrovsky, 2001; Wolthers et al., 2008). The338

evaluation of logK values of the various reactions forming surface complexes, however did not consider339

variations in surface composition of minerals. Generalized, the surface composition and structure of340

incongruently dissolving carbonates such as dolomite, LMC, HMC or congruently dissolving carbonates341

such as calcite in solutions containing other divalent or trivalent ions are covered with a double layer the342

composition of which depends on that of the surface and on the ambient conditions such pH, CO2 and343

additional components such as Na+.344

The hydration of Mg2+ plays a special role. At mineral surface, each exchanged Mg2+ ion still binds345

1 H2O. Because of the ionic size, the ion-dipole bond of Mg2+−H2O is higher than that of Ca2+−H2O.346

The activation energy for removing surface water exceeds any energy being supplied from the ambient347

system. This slows down the growth rate of calcite. This inhibition effect is also the reason why dolomite348

and magnesite do not form at ambient temperatures even when more than enough Mg2+ is present, such349

as in seawater with a molar ratio of aMg2+/aCa2+ of 5:1. This behavior of Mg2+ ions is the reason why350

the sedimentary cover of the earth consists of mainly limestones and less of dolomite rocks besides sand-351

and claystones. If the Mg2+ would behave like Ca2+, the world would look quite different: among the352

carbonates dolomite would be most frequent.353

5. Conclusion354

In this study the equilibration of differently composed carbonates is discussed in view of355

thermodynamical estimates and experimental results due to changes of surface composition of carbonates356

in solutions with Mg2+ at low temperatures. The equilibria between carbonates are described by357

log10(aMg2+/aCa2+) in solution. With few exceptions, it turns out that groundwater and brines358

irrespective to their sources plot between equilibria of either ordered dolomite–calcite or disordered359

dolomite-calcite. All these equilibria are controlled by exchange of Ca2+ against Mg2+ and possibly360

other auxiliary ions (Koss and Möller, 1974; Pokrovsky, 2001). Surface compositions of up to 75 mol-%361

MgCO3 are easily achieved by calcite surfaces, thereby compositionally covering the range of carbonate362

minerals between calcite/aragonite and huntite. Log10(aMg2+/aCa2+) of brines and groundwater from363

various siliceous and carbonaceous lithologies show a spread from -1.5 up to +1.0, identical with those364

of equilibria between stoichiometric carbonates.365

In dissolution of HMC, Mg2+ content in the altered HMC decreases in association with increasing366

Mg2+/Ca2+ in solution. Increasing Mg2+/Ca2+ in solution leads to increasing Mg2+/Ca2+ in surface367

layers of the forming magnesian calcite with less mol-% MgCO3 than in the bulk. This leads to the368

phenomenon that Mg2+/Ca2+ in the surface increases, whereas at other places the surface-near bulk369

ratio decreases due to recrystallization. Only the surface layer is in equilibrium with the aqueous phase370

indicating that it is impossible to derive the solubility of Ca-Mg carbonates from the composition of371

their aqueous phases because the bulk of the mineral is rarely equilibrated with the ambient solution.372

Even during recrystallization equilibrium between the bulk and varying surface composition cannot be373
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attained. In nature the bulk of carbonate minerals hardly if ever equilibrates with their ambient solutions374

due to extremely low diffusion of ions in the carbonate lattice.375

The assumed incongruent dissolution of dolomite turned out as equilibrium of disordered dolomite376

and calcite, in other words, there is neither congruent dissolution of ordered dolomite nor equilibrium377

between ordered dolomite with calcite. In equilibrium, the solubility of the surface composition of378

disordered dolomite and magnesian calcite are the same.379

Equilibrium between differently composed carbonates is attained when their surface compositions are380

in equilibrium with aMg2+/aCa2+ in solution. The bulk composition of carbonates cannot be derived381

from the Mg2+/Ca2+ values of the common solution.382
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Appendix A. Relationship between activities and concentrations in Mg2+/Ca2+
572

All samples displayed in figure 5 are compiled in an electronic file which can be obtained from the573

authors on request.574

The same samples are plotted together in figure A.1 separated by their ionic strength of either575

I<1 (circles) or I>1 (laying crosses). Figure A.1a reveals that ionic strength has little influence on576

log10(aMg2+/aCa2+). figure A.1b shows that the majority of brines and groundwater plot in the same577

array. The distribution of log10(aMg2+/aCa2+)soln in groundwaters and brines and its temperature578

dependence suggests that they are dominantly framed by the thermodynamic equilibria of disordered579

dolomite-calcite and ordered dolomite-calcite.580
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Fig. A.1: Plot of all samples from figure 5 into an unique diagram but separating the samples
according to their ionic strength. Circles and laying crosses represent ionic strength smaller or
greater than unity, respectively. (a) Cross plots of activity and concentration ratios in groundwater
and brines showing little difference between the two. (b) Cross plots of all samples in figure 5
showing no systematic differences with respect to ionic strength. The indices of reactions Ki

are: K1,HH and K2,HH based on data from Helgeson et al. (1978); K1,BB results from data of
Berman (1988); K1,LB is estimated from dissolution of disordered dolomite taken from PHREEQC’s
“llnl.dat” and dissolution of calcite after Berman (1988).

Preprint for EarthArxiv.org
Reviewed article published in Geochemistry - Chemie der Erde,
https://doi.org/10.1016/j.chemer.2020.125611

21

https://doi.org/10.1016/j.chemer.2020.125611


Appendix B. Reevaluation of solubility experiments of Bénézeth et al., 2018581

The experimental results of dolomite dissolution published by Bénézeth et al. (2018) have been582

reevaluated with the aid of PHREEQC models. The models have been constrained imposing the583

measured pH, total inorganic carbon, concentrations of Ca2+ and Mg2+ and by a background salinity of584

0.0975 mol/kg Na+ and 0.1 mol/kg Cl−. The aim was to determine activities of carbonate CO2−
3 , Ca2+585

and Mg2+ following the extended Debye-Hückel and Pitzer activity theories, implemented respectively586

by the “llnl.dat” and “pitzer.dat” databases. The validity fields of these approaches are reported to be587

up to 300 °C and ionic strength around 2 mol/kg for NaCl dominated solutions in case of llnl.dat; and588

up to 200 °C and halite saturation for Pitzer. All data sets are fitted by the same linear model suggested589

by Bénézeth et al. (2018):590

log10 (IAP)dol = a+ b · (1/T ) + c · T

with T in Kelvin. These fitted models are displayed as solid lines in figure B.1a. The speciation calculated591

by the diverse models result in lower log10(IAP) values of dolomite than -17.2 reported by the original592

authors, i.e., -17.8 and -17.5. More in detail, the discrepancy can be imputed to the calculated CO2−
3593

concentrations, which are up to one order of magnitude lower than the reported measured values (figure594

B.1b) and to the calculated product of activity coefficients (figure B.1c).595
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Fig. B.1: (a) Reevaluation of log10(IAP)dol by PHREEQC models using the databases llnl.dat and
pitzer.dat from the data from Bénézeth et al. (2018); (b) comparison of CO2−

3 of and reevaluated
CO2−

3 with PHREEQC; (c) the calculated products of activity coefficients according to llnl.dat and
pitzer.dat are greater or lower than those used by Bénézeth et al. (2018).
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