
Chapter 7
The Activity-Based Theoretical K–Mg
and Na–Mg Geoindicators

Abstract Assuming that geothermal reservoir liquids are in equilibrium with
clinochlore, muscovite, adularia, albite, and a silica mineral (Giggenbach, 1988),
their K2/Mg- and Na2/Mg-activity ratios are controlled by the aquifer temperature,
T, the order-disorder degree of hydrothermal adularia, Z, and the mineral activity
product, MAP, involving the activity of clinochlore in hydrothermal chlorite and
the activity of muscovite in hydrothermal illite. Knowing Z and T, it is possible to
obtain MAP. For the reservoir liquids with negative MAP values, the K2/Mg- and
Na2/Mg-activity ratios can be used to calculate theminimum activities of clinochlore
in chlorites and of muscovite in illites, which have limited importance for prac-
tical purposes. For the reservoir liquids with positive MAP values, the K2/Mg-
and Na2/Mg-activity ratios can be utilized to compute the minimum concentra-
tions of excess (non-equilibrium) Mg and, consequently, to identify and quantify
the processes controlling excess Mg, such as cooling and mixing, which may lead
to Mg-silicate (e.g., smectite) scaling. This is probably the most valuable informa-
tion provided by the activity-based theoretical K-Mg and Na-Mg geoindicators. The
K-Mg and Na-Mg exchange reactions involving other Mg-minerals are not explored
to develop other K-Mg and Na-Mg geoindicators due to the restricted temperature
intervals in which they are expected to be effective and the limitations caused by the
varying characteristics of the relevant Mg-bearing minerals.

As already discussed in Sect. 5.6, Giggenbach (1988) assumed that (i) the K–Mg
geothermometer is controlled by coexistence, at equilibrium, of clinochlore (Clc),
muscovite (Ms), chalcedony (Chc), and adularia (Adl), as expressed by reaction
(5.141), and (ii) the Na–Mg geothermometer is governed by co-occurrence, at equi-
librium, of the same hydrothermal minerals plus albite (Ab), as indicated by reac-
tion (5.142). Although the K–Mg and Na–Mg geothermometers might be controlled
by exchange reactions involving Mg-bearing solid phases other than chlorites, as
discussed in Sect. 5.6.3, let us consider reactions (5.141) and (5.142), which are
rewritten here reversing their direction for convenience:
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2.8KAlSi3O8 + Mg2+ + 1.6H2O =
0.2Mg5Al2Si3O10(OH)8 + 0.8KAl3Si3O10(OH)2 + 5.4SiO2 + 2K+,

(7.1)

0.8KAlSi3O8 + 2NaAlSi3O8 + Mg2+ + 1.6H2O =
0.2Mg5Al2Si3O10(OH)8 + 0.8KAl3Si3O10(OH)2 + 5.4SiO2 + 2Na+.

(7.2)

7.1 The Log K of the K–Mg and Na–Mg Exchange
Reactions

The thermodynamic equilibrium constants of reactions (7.1) and (7.2) are the inverse
of Eqs. (5.143) and (5.144), that is:

KK−Mg = a0.2Clc · a0.8Ms · a5.4Chc · a2K+

a2.8Adl · aMg2+ · a1.6H2O

(7.3)

KNa−Mg = a0.2Clc · a0.8Ms · a5.4Chc · a2Na+

a0.8Adl · a2Ab · aMg2+ · a1.6H2O

(7.4)

Since adularia, albite and chalcedony are usually pure or relatively pure minerals,
their activities can be assumed to be equal to 1. Also the activity of water does
not deviates significantly from unity, if the ionic strength of the aqueous solution is
lower than ~1 mol/kg. Therefore, Eqs. (7.3) and (7.4) can be generally simplified
and rearranged as follows:

a2K+

aMg2+
∼= KK−Mg

a0.2Clc · a0.8Ms

· (7.5)

a2Na+

aMg2+
∼= KNa−Mg

a0.2Clc · a0.8Ms

· (7.6)

Equations (7.5) and (7.6) indicate that the K2/Mg- and Na2/Mg-activity ratios of
geothermal liquids are expected to depend not only on the equilibrium temperature
but also on the mineral activity product a0.2Clc ·a0.8Ms , which is indicated by the acronym
MAP in the subsequent discussion. In turn, the activities of clinochlore andmuscovite
depend on the crystallo-chemical characteristics of hydrothermal chlorites and illites,
respectively. Therefore, it is worth to recall that:
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1. The 181 hydrothermal chlorites considered in Sect. 4.4.3 have activity of the
clinochlore endmember varying between 4.39× 10−7 and 0.250, with an average
of 0.0553, a median of 0.0451 and a standard deviation of 0.0484.

2. The 75 hydrothermal illites taken into account in Sect. 4.3.2 have activity of
the muscovite endmember ranging between 0.007 and 0.875, with an average of
0.654, a median of 0.688 and a standard deviation of 0.156.

3. Based on the average aMs and aClc values, log MAP has a mean of −0.399 and
is expected to vary from −0.674 to −0.270 considering a range of ±1σ around
the mean aMs and aClc values.

Further complications are posed by Al–Si order-disorder on the tetrahedral sites
of adularia as discussed in Sects. 4.2.3 and 5.3.3. Therefore, an adularia with ordering
parameter Z varying from 0 (i.e., high-sanidine) to 1 (i.e., maximum-microcline) at
steps of 0.1 units was alternatively assumed to be involved in reactions (7.1) and
(7.2).

Another point to be considered is the basal spacing of clinochlore. Based on the
pertinent discussion in Sect. 4.4.4, 7Å-clinochlore was considered to take part to
reactions (7.1) and (7.2)

Either the quartz/chalcedony mechanical mixture, above 175 °C, or chalcedony,
below 175 °C, were assumed to participate to reactions (7.1) and (7.2), whose ther-
modynamic properties were calculated by means of SUPCRT92, considering the
thermodynamic data of solid phases of Helgeson et al. (1978), for temperatures
varying from 0 to 350 °C, at steps of 25 °C, and for values of the ordering parameter
Z of adularia varying from 0 to 1, at steps of 0.1 units.

The computed log KK–Mg values (Table 7.1) are a function of the absolute temper-
ature inverse and the ordering parameter Z of adularia as defined by the following
two relations:

logKK−Mg =
(−1621.2

T
+ 2.0798

)
· Z − 105, 276

T2 − 2019.8

T
+ 5.6865 (7.7)

logKK−Mg =
(−1621.2

T
+ 2.0798

)
· Z + 450, 637

T2 − 4280.5

T
+ 8.4530 (7.8)

Equation (7.7) applies from 0 to 175 °C, whereas Eq. (7.8) is valid from 175 to
325 °C.

The calculated log KNa–Mg values (Table 7.2) depend on the absolute temperature
inverse and the ordering parameter Z of adularia as described by the following two
equations:

logKNa−Mg =
(−463.264

T
+ 0.5944

)
· Z + 104, 027

T2 − 1646.0

T
+ 5.7524 (7.9)

logKNa−Mg =
(−462.976

T
+ 0.5938

)
· Z + 752, 484

T2 − 4407.2

T
+ 9.1807

(7.10)
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Equation (7.9) is valid from 0 to 175 °C, whereas Eq. (7.10) applies from 175 to
325 °C.

7.2 The (K+)2/Mg2+ and (Na+)2/Mg2+ Log Activity Ratios
of the Selected Reservoir Liquids

TheK2/Mg log-activity ratios given by Eqs. (7.7) and (7.8) are shown in the diagrams
of Figs. 7.1, 7.2, and 7.3, whereas the Na2/Mg log-activity ratios given by Eqs. (7.9)
and (7.10) are displayed in the graphs of Figs. 7.4, 7.5, and 7.6. In all these plots,
the K2/Mg and Na2/Mg log-activity ratios are represented as a function of the abso-
lute temperature inverse, from 100 to 350 °C, for the average log MAP value of −
0.399 and for different values of the ordering parameter of adularia, namely Z = 1
(i.e., maximum-microcline), Z = 0 (i.e., high-sanidine), as well as Z = 0.559, Z =
0.820, and Z = 0.298, corresponding to the average value, the average value +1σ,
and the average value −1σ, respectively, of the hydrothermal adularia in hypothet-
ical equilibrium with the considered geothermal liquids (see Sect. 6.3). In all these
diagrams are also displayed the K2/Mg and Na2/Mg log-activity ratios, as a function
of 1/T(K), for both log MAP of −0.674, Z = 0 and log MAP of −0.270, Z = 1, to
bracket most compositional variations of hydrothermal chlorites and illites. These
theoretical K2/Mg and Na2/Mg log-activity ratios suggest that:

Fig. 7.1 K2/Mg-log activity ratios of the selected reservoir liquids from the geothermal systems
of a Iceland and b North-Central America as a function of aquifer temperature. Also shown are the
K2/Mg-log activity ratios fixed by equilibrium coexistence of clinochlore, muscovite, either chal-
cedony (below 175 °C) or quartz/chalcedony (above 175 °C), and adularia with ordering parameter
Z = 1 and 0 (red solid lines), Z = 0.820, 0.559, and 0.298 (red dashed lines), all for log MAP = −
0.399, as well as for log MAP = −0.674 and Z = 0 and for log MAP = −0.270 and Z = 1 (blue
solid lines)
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Fig. 7.2 K2/Mg-log activity ratios of the selected reservoir liquids from the geothermal systems of
a Japan and b The Philippines as a function of aquifer temperature. Also shown are the K2/Mg-log
activity ratios fixed by equilibrium coexistence of clinochlore, muscovite, either chalcedony (below
175 °C) or quartz/chalcedony (above 175 °C), and adularia with ordering parameter Z = 1 and 0
(red solid lines), Z= 0.820, 0.559, and 0.298 (red dashed lines), all for log MAP = −0.399, as well
as for log MAP = −0.674 and Z = 0 and for log MAP = −0.270 and Z = 1 (blue solid lines)

Fig. 7.3 K2/Mg-log activity ratios of the selected reservoir liquids from the geothermal systems of
a New Zealand and b miscellaneous sites as a function of aquifer temperature. Also shown are the
K2/Mg-log activity ratios fixed by equilibrium coexistence of clinochlore, muscovite, either chal-
cedony (below 175 °C) or quartz/chalcedony (above 175 °C), and adularia with ordering parameter
Z = 1 and 0 (red solid lines), Z = 0.820, 0.559, and 0.298 (red dashed lines), all for log MAP = −
0.399, as well as for log MAP = −0.674 and Z = 0 and for log MAP = −0.270 and Z = 1 (blue
solid lines)
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Fig. 7.4 Na2/Mg-log activity ratios of the selected reservoir liquids from the geothermal systems
of a Iceland and b North-Central America as a function of aquifer temperature. Also shown are
the Na2/Mg-log activity ratios fixed by equilibrium coexistence of clinochlore, muscovite, either
chalcedony (below 175 °C) or quartz/chalcedony (above 175 °C), albite, and adularia with ordering
parameter Z = 1 and 0 (red solid lines), Z = 0.820, 0.559, and 0.298 (red dashed lines), all for log
MAP = −0.399, as well as for log MAP = −0.674 and Z = 0 and for log MAP = −0.270 and Z
= 1 (blue solid lines)

Fig. 7.5 Na2/Mg-log activity ratios of the selected reservoir liquids from the geothermal systems of
a Japan and b The Philippines as a function of aquifer temperature. Also shown are the Na2/Mg-log
activity ratios fixed by equilibrium coexistence of clinochlore, muscovite, either chalcedony (below
175 °C) or quartz/chalcedony (above 175 °C), albite, and adularia with ordering parameter Z = 1
and 0 (red solid lines), Z = 0.820, 0.559, and 0.298 (red dashed lines), all for log MAP = −0.399,
as well as for log MAP = −0.674 and Z = 0 and for log MAP = −0.270 and Z = 1 (blue solid
lines)
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Fig. 7.6 Na2/Mg-log activity ratios of the selected reservoir liquids from the geothermal systems
of a New Zealand and b miscellaneous sites as a function of aquifer temperature. Also shown are
the Na2/Mg-log activity ratios fixed by equilibrium coexistence of clinochlore, muscovite, either
chalcedony (below 175 °C) or quartz/chalcedony (above 175 °C), albite, and adularia with ordering
parameter Z = 1 and 0 (red solid lines), Z = 0.820, 0.559, and 0.298 (red dashed lines), all for log
MAP = −0.399, as well as for log MAP = −0.674 and Z = 0 and for log MAP = −0.270 and Z
= 1 (blue solid lines)

1. The impact of the adularia order-disorder is more important on the K2/Mg log-
activity ratio than on the Na2/Mg log-activity ratio. This fact is not surprising due
to the distinct stoichiometric coefficients of adularia, 2.8 and0.8, in reactions (7.1)
and (7.2) controlling the K2/Mg and Na2/Mg log-activity ratios, respectively.

2. The effect of adularia order-disorder on the K2/Mg log-activity ratio is slightly
lower than that caused by the compositional changes of hydrothermal chlorites
and illites, considering a range of ±1σ around the mean aClc and aMs values.
In contrast, the influence of adularia order-disorder on the Na2/Mg log-activity
ratio is appreciably lower than that brought about by the chemical variations of
hydrothermal illites and chlorites, referring again to an interval of ±1σ around
the average aClc and aMs values. Also this fact is not surprising because adularia
has different stoichiometric coefficients in reactions (7.1) and (7.2) whereas the
stoichiometric coefficient of clinochlore is the same in both reactions and the
same applies to muscovite.

Also shown in Figs. 7.1, 7.2, and 7.3 and in Figs. 7.4, 7.5, and 7.6 are the
K2/Mg- and Na2/Mg-log activity ratios, respectively, of the selected geothermal
liquids against the reciprocal of their aquifer temperatures (in K). Several reser-
voir liquids have K2/Mg- and Na2/Mg-log activity ratios within the range expected
based on the different chemistry of hydrothermal chlorites and illites and the varying
ordering parameter of adularia. Nevertheless, many reservoir liquids have K2/Mg-
and especially Na2/Mg-log activity ratios lower than theoretical values. The Mg
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concentration of these geothermal liquids is probably not representative of mineral-
solution equilibrium due to presence of excess magnesium which is ascribable to
different causes, as already pointed out in Sect. 5.6.2, including: (i) addition of Mg-
rich fluids either external to the geothermal system or proceeding from shallower and
colder parts of the geothermal system itself and (ii) cooling of the reservoir liquids
andMg acquisition, for instance during their travel from the upflow zone towards the
outflow zone or due to breakthrough of re-injected brines (e.g., Fournier 1991). A few
reservoir liquids have K2/Mg- and especially Na2/Mg-log activity ratios higher than
theoretical values, possibly due to incorporation of Mg in the lattice of precipitating
calcite or other solid phases, as already underscored in Sect. 5.6.2.

7.3 The Log MAP Values of the Selected Reservoir Liquids
and Related Implications

The binary diagrams of Figs. 7.1, 7.2, 7.3, 7.4, 7.5, and 7.6 allows a comparison
between the theoretical K2/Mg- and Na2/Mg-log activity ratios controlled by reac-
tions (7.1) and (7.2) and the corresponding ratios of all the selected geothermal liquids
in a single view. However, these binary diagrams do not allow a precise assessment
of the consistency or inconsistency between theoretical and observed values for each
aqueous solution. To gain more information on this subject, the log MAP values of
the 973 geothermal liquids with Mg concentration higher than detection limit were
computed and processed as described below.

First, the log KK–Mg and log KNa–Mg values were obtained for each geothermal
liquid by inserting the reservoir temperature and the ordering parameter Z of adularia
apparently in equilibrium with it into Eqs. (7.7) or (7.8) and Eqs. (7.9) or (7.10),
respectively. The Z values >1 were assumed equal to one, whereas the Z values <0
were set to zero. Second, knowing the log KK–Mg and log KNa–Mg values as well
as the K2/Mg- and Na2/Mg-log activity ratios of each aqueous solution, their log
MAP values were computed by means of Eqs. (7.5) and (7.6), respectively. For each
geothermal liquid, the logMAP values given by Eqs. (7.5) and (7.6) agree within less
than 0.01 log-units1. Among the 973 reservoir liquids with Mg concentration higher
than detection limit, 587 (60% of the cases) have negative log MAP values, ranging
from−0.000639 to−2.59, while 386 (40% of the entries) have positiveMAP values,
varying from +0.00233 to +3.18.

The log MAP values computed from the K2/Mg-log activity ratios are contrasted
with these activity ratios in the binary diagrams of Figs. 7.7, 7.8, and 7.9, whereas
the log MAP values calculated on the basis of the Na2/Mg-log activity ratios are not
considered to avoid unnecessary repetitions. In the diagrams of Figs. 7.7, 7.8, and 7.9,
the reservoir liquids of a given geothermal system are distributed close or relatively

1These negligible differences are due to the approximations in the calculations of the ordering
parameter Z of adularia by means of Eq. (6.2), log KK–Mg by using Eqs. (7.7) or (7.8), and log
KNa–Mg by utilizing Eqs. (7.9) or (7.10).
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Fig. 7.7 Correlation diagrams between the log MAP values and K2/Mg-log activity ratio for the
selected reservoir liquids from the geothermal systems of a Iceland and b North-Central America

Fig. 7.8 Correlation diagrams between the log MAP values and K2/Mg-log activity ratio for the
selected reservoir liquids from the geothermal systems of a Japan and b The Philippines

close to a straight line of slope−1 and intercept depending on the aquifer temperature
and the order/disorder degree of adularia. Tight trends are observed for the reservoir
liquids of geothermal systems with little variations in both aquifer temperature and
ordering parameter of adularia, as those coming from Bakki (Fig. 7.7a), Miravalles
and Dixie Valley (Fig. 7.7b), and the shallow reservoir of Yangbajing (Fig. 7.9b). In
contrast, the reservoir liquids of geothermal systems with significant changes in both
aquifer temperature and ordering parameter of adularia, as is the case of Los Azufres
(Fig. 7.7b), Fushime and Oku-aizu (Fig. 7.8a), Alto Peak (Fig. 7.8b), Broadlands
(Fig. 7.9a) exhibit a considerable spread of data points. It should not be forgotten,
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Fig. 7.9 Correlation diagrams between the log MAP values and K2/Mg-log activity ratio for the
selected reservoir liquids from the geothermal systems of a New Zealand and bmiscellaneous sites

however, that the relation between log MAP values and K2/Mg-log activity ratios
may be influenced also by the number of samples available for each geothermal
system.

Recalling that MAP is equal to a0.2Clc · a0.8Ms and that both aClc and aMs cannot be
higher than one, it follows that the maximum permissible value of log MAP is zero
for an aqueous solution in equilibrium with the hydrothermal minerals involved in
reactions (7.1) and (7.2). Consequently, only the geothermal liquidswith negative log
MAP values may be representative of reservoir conditions, although possible effects
of Mg loss cannot be excluded as already underscored above and in Sect. 5.6.2. In
contrast, the geothermal liquids with positive log MAP values are certainly affected
by presence of excess (non-equilibrium) Mg, for the reasons given above and in
Sect. 5.6.2.

Minimum muscovite activities of the illites in apparent equilibrium with the
587 reservoir liquids with negative log MAP values were computed for aClc = 1
and minimum clinochlore activities of the chlorites in apparent equilibrium with
these aqueous solutions were calculated for aMs = 1. Computed minimum values
of muscovite activity range between 5.79 × 10−4 and 0.998, with a mean of 0.292,
a median of 0.209 and a standard deviation of 0.248. Calculated minimum values
of clinochlore activity distribute in a much wider interval, from 1.13 × 10−13 to
0.991, with an average of 0.0720, a median of 0.00191 and a standard deviation of
0.0720. These computed minimum values of aMs and aClc partly overlap the ranges
of muscovite and clinochlore activities of the hydrothermal illites and chlorites (see
Sect. 7.1).

Furthermore, computed minimum values of aMs and aClc could be used to specu-
late, to some extent, on both the lithology of reservoir rocks and the possible seawater
recharge, as already recalled in Sect. 4.4.2. In fact, on the one hand, chlorite chem-
istry depends upon the composition of both reservoir rock and other hydrothermal
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minerals (e.g., Albee 1962; De Caritat et al. 1993). On the other hand, the compo-
sition of chlorites can be controlled by fluid chemistry, at least in part. For instance,
the Mg-rich chlorites of Reykjanes and Bouillante might be due to the inflow of Mg-
rich seawater into these geothermal systems, as recognized by Arnórsson (1978a)
for Reykjanes and Sanjuan et al. (2001) for Bouillante. Nevertheless, the computed
minimum values of aMs and aClc have limited importance for practical purposes.

Let us now consider the 386 geothermal liquids with positive MAP values. For
these geothermal liquids, it is possible to compute themaximummolality of freeMg2+

ion fixed by equilibrium with the hydrothermal minerals participating to reactions
(7.1) and (7.2), through the following two relations:

logmMg2+,max.eq = 2 · log aK+ − log γMg2+ − logKK−Mg (7.11)

logmMg2+,max.eq = 2 · log aNa+ − log γMg2+ − logKNa−Mg (7.12)

which are obtained rearranging Eqs. (7.5) and (7.6) and assuming unit values for
both aMs and aClc. Activities of muscovite and clinochlore <1 would lead to lower
molalities of free Mg2+ ion. For the reservoir liquids with 0≤ Z≤ 1, themMg2+,max.eq
given by Eq. (7.11) matches closely the mMg2+,max.eq obtained by Eq. (7.12), with an
average deviation of 0.16 ± 0.25 (1σ) %. For the reservoir liquids with Z > 1 or Z <
0, the adularia ordering parameter was set to 1 and 0, respectively, leading to higher
discrepancies between the twomMg2+,max.eq values computed bymeans of Eqs. (7.11)
and (7.12).

For the 386 geothermal liquids with positive MAP values, the maximummolality
of free Mg2+ ion, computed for mineral-solution equilibrium and aMs = aClc = 1 is
contrasted with the analytical molality of free Mg2+ ion in the correlation plots of
Figs. 7.10, 7.11, and 7.12. The shifts to the right of the equality line allow one to
evaluate the minimum concentration of excess (non-equilibrium)Mg present in each
reservoir liquid. In turn, these data can be used to recognize and quantify the processes
controlling excess Mg, such as cooling and mixing (see above). To be recalled that
mixing ofMg-rich, low-temperature waters from shallow levels with SiO2-rich, high
temperature waters from deep levels may lead to smectite scaling as recognized at
Tongonan, Palinpinon, and Bacon-Manito in The Philippines (Reyes and Cardile
1989), in several geothermal district heating systems in Iceland (Gunnlaugsson and
Einarsson 1989; Kristmannsdóttir et al. 1989; Hauksson et al. 1995), at Onikobe,
Japan (Ajima et al. 1998), and in the Mori geothermal power plant (Kasai et al.
2000). Cooling by boiling was instead invoked to explain smectite scaling in the
surface facilities of the Mindanao geothermal field (Dulce et al. 2010).
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Fig. 7.10 Correlation plot between the maximum equilibrium molality of free Mg2+ ion and the
analytical molality of free Mg2+ ion for the selected reservoir liquids with positive MAP values
from the geothermal systems of a Iceland and b North-Central America

Fig. 7.11 Correlation plot between the maximum equilibrium molality of free Mg2+ ion and the
analytical molality of free Mg2+ ion for the selected reservoir liquids with positive MAP values
from the geothermal systems of a Japan and b The Philippines

7.4 Final Considerations on the Use of the K2/Mg-
and Na2/Mg-Activity Ratios

Summing up, the K2/Mg- and Na2/Mg-activity ratios of reservoir liquids are
controlled by the aquifer temperature, the order-disorder degree of hydrothermal
adularia, and the mineral activity product MAP = a0.2Clc ·a0.8Ms , involving the activity of
clinochlore in hydrothermal chlorite and the activity of muscovite in hydrothermal
illite.
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Fig. 7.12 Correlation plot between the maximum equilibrium molality of free Mg2+ ion and the
analytical molality of free Mg2+ ion for the selected reservoir liquids with positive MAP values
from the geothermal systems of a New Zealand and b miscellaneous sites

For the reservoir liquids with negative MAP values, the K2/Mg- and Na2/Mg-
activity ratios can be used to obtain information on the minimum activities of
clinochlore in chlorites and of muscovite in illites, which are in apparent equilib-
rium with the aqueous solutions of interest. For the reservoir liquids with positive
MAP values, the K2/Mg- and Na2/Mg-activity ratios can be utilized to assess the
minimum concentrations of excess (non-equilibrium)Mg and, consequently, to iden-
tify and quantify the processes controlling excess Mg, such as cooling and mixing,
which may lead to Mg-silicate (e.g., smectite) scaling. This is probably the most
valuable information provided by the activity-based theoretical K–Mg and Na–Mg
geoindicators.

The K–Mg andNa–Mg exchange reactions other than (7.1) and (7.2), discussed in
Sect. 5.6.3, are not explored here to develop alternative K–Mg and Na–Mg geoindi-
cators for two main reasons, namely the restricted temperature range in which they
are expected to be effective and the limitations caused by the varying character-
istics of the relevant Mg-bearing minerals. For what concerns the first reason, the
exchange reactions involving phlogopite, diopside, tremolite, and talc should work
above ~280 °C, whereas the exchange reactions including Mg-montmorillonite and
dolomite should be active below ~180 °C (e.g., Henley and Ellis 1983; Reyes 1990).
For what concerns the second reason, phlogopite is a component of biotite, diopside
is a component of clinopyroxene, tremolite is a component of amphibole, and Mg-
montmorillonite is a component of smectites, whereas the thermodynamic properties
of dolomite are strongly influenced by order-disorder. Therefore, alternative K–Mg
and Na–Mg geoindicators are expected to be affected by limitations similar to or
even worse than those of the K–Mg and Na–Mg geoindicators derived above for the
exchange reactions involving clinochlore as Mg-bearing solid phase.
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