Chapter 8 ®)
The Activity-Based Theoretical K-Ca e
and Na-Ca Geoindicators

Abstract Our activity-based theoretical K-Ca and Na-Ca geoindicators were tested
with about one thousand reservoir liquids. The theoretical K-Ca geothermometers
reproduce aquifer temperature with an average error of 3.8 °C and the error is lower
than 10 °C in 97.3% of the cases. The theoretical Na-Ca geothermometers reproduce
aquifer temperature with an average error of 6.9 °C and the error is less than 15 °C
in 93.5% of the cases. The CO, fugacities given by our theoretical activity-based
K-Ca and Na-Ca fco,-indicators match the CO, fugacities given by the K-Ca fco,-
indicator of Giggenbach (1984), with an absolute deviation of 0.33 log-units on
average, and reproduce the CO, fugacities given by speciation calculations, with
an absolute deviation of 0.78 log-units on average. Furthermore, these theoretical
K-Ca and Na-Ca geothermometers and fco,-indicators allow one to identify the
Ca-bearing solid phase in equilibrium with each reservoir liquid, either a Ca-Al-
silicate (laumontite or clinozoisite or prehnite or wairakite) or calcite. This indication
represents a substantial improvement with respect to the traditional K-Ca and Na-Ca
geoindicators, is probably more reliable than the results of multicomponent chemical
geothermometry, being slightly affected by pH and Al concentration, and may give
qualitative clues on well permeability.

8.1 The K-Ca and Na-Ca Exchange Reactions
and the Univariant Reactions Involving Calcite
and a Ca-Al-Silicate

Under relatively low fco, values, the K?/Ca-activity ratio of reservoir liquids is prob-
ably controlled by equilibrium coexistence of hydrothermal minerals comprising
a Ca-Al-silicate, adularia, a silica mineral and, in some cases, muscovite as
well, as already recalled in Sect. 5.4.5. Plausible Ca—Al-silicates are laumontite
[Lmt; CaAl,;SisO1,-4H,0], clinozoisite [Czo; Ca;Al;Si3O12(OH)], prehnite [Prh;
CayAl,Si309(OH), ], and wairakite [Wrk; CaAl,Si4O;,-2H,0]. They are involved
in the K—Ca exchange reactions (5.131)—(5.134), which are rewritten and renumbered
here for convenience:
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2KAISi30g + 4H,0 + Ca’t = CaAl,Si4O; - 4H,0 + 2Si0, + 2K+ (8.1)

2.25KAlSi305 + 0.5H,0 + Ca*™ = 0.25KAl3Si3;0,(OH),

+ 0.5Ca,Al;Si301,(OH) + 4.58i0, + 2K+
(8.2)

2.5KAISi305 + HyO + Ca>" = 0.5KAlL;Si30;0(OH), + 0.5Ca, Al>Siz010(OH),
+ 4.58i0, + 2K " (8.3)

2KAISi3;0g + 2H,0 + Ca®t = CaAlLSi4Oy; - 2H,0 4 2Si0, 4+ 2K*.  (8.4)

Likewise, under relatively low fco, values, the N a%/Ca-activity ratio is probably
constrained by equilibrium coexistence of the same hydrothermal minerals either
with albite in lieu of adularia, if muscovite is absent, or with albite in lieu of a part
of adularia, if muscovite is present, as described by the Na—Ca exchange reactions
(5.127)—(5.130), which are written again and renumbered here below:

2NaAlSi3Og + 4H,0 + Ca’t = CaAl,Si,Oy; - 4H,0 + 2Si0; +2Na™  (8.5)

2NaAISi30g + OZSKAISI303 + OSHzO + C212+ = 025KA13513012(OH)2
+ 0.5Ca,Al;Si3012(OH) + 4.55i0, + 2Na™* (8.6)

2NaAlSi3Og + 0.5KAISi;0g + H,O + Ca’t = 0.5KAl3Si501,(OH),
+ 0.5CayALSis01(OH), + 4.58i0, + 2Na* 8.7)

2NaAlSi3Og 4+ 2H,0 + Ca’t = CaAlL,Si,Oy; - 2H,0 + 2Si0, +2Na™  (8.8)

As already noted in Sect. 5.5, under relatively high fco, values, the Ca—Al-silicates
are not stable, and the K?/Ca-activity ratio is probably governed by equilibrium
coexistence of adularia, muscovite, a silica mineral, and calcite, according to reaction
(5.139), which is rewritten and renumbered here under:

3KAISi30g + COz(g) + CEI2+ + HQO = CaC03 + KA13Si3012(OH)2
+ 6Si0, + 2K*. 8.9)

Reaction (8.9) represents the basis of the K-Ca fco,-indicator of Giggenbach
(1988). The Na?/Ca activity ratio is probably controlled by a similar reaction, with
albite in lieu of a part of adularia:

2NaAlSi;Og + KAISi;Og + COz(g) + Ca’* + H,O = CaCO;
+ KAI3Si301,(OH), 4+ 6SiO; + 2Nat. (8.10)
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Reaction (8.10) represents the basis for a Na—Ca fco,-indicator, which is derived
in this book, following early suggestions of Ellis (1970) and Chiodini et al. (1991).

As already underscored in Sect. 5.5, equilibrium coexistence of calcite and a Ca—
Al-silicate (either laumontite or clinozoisite or prehnite or wairakite), together with
adularia, muscovite, and a silica mineral, acts as a CO, buffer (Giggenbach 1981,
1984, 1988; Arndrsson et al. 1983; Arndrsson 1985; Arnérsson and Gunnlaugsson
1985). In other terms, these mineral assemblages constrain fco,, at any specified
temperature, as described by the following univariant reactions:

KAI3Si3010(OH); + 4810, + CaCO; + 3H,0 = KAISi303
+ CaAIZSi4012 . 4H20 + COz(g) (811)

0.75KAl3Si3010(OH), + 1.58i0, + CaCO; = 0.75KAISi;0g
+ 0.5Ca,Al3Si30,(OH) + COyg) + 0.5H,0 (8.12)

0.5KAI3Si30,9(OH);, 4 1.5S10, + CaCO3 = 0.5KAISi;04
+ 0.5Ca2A12Si3010(OH)2 + COQ(g) (813)

KAI;Si3019(OH), + 4SiO, + CaCO3 + H,O = KAISi30g
+ CaAl»Si4O45 - 2H,0 + COz(g), (8.14)

To be noted that reactions (8.11)—(8.14) are obtained by summation of previous
reactions. In detail:

e reaction (8.11) is the algebraic sum of either reactions (8.1) and (8.9) or reactions
(8.5) and (8.10),

e reaction (8.12) is the algebraic sum of either reactions (8.2) and (8.9) or reactions
(8.6) and (8.10),

e reaction (8.13) is the algebraic sum of either reactions (8.3) and (8.9) or reactions
(8.7) and (8.10),

e reaction (8.14) is the algebraic sum of either reactions (8.4) and (8.9) or reactions
(8.8) and (8.10).

The fco,-temperature relationships corresponding to reactions (8.11)—(8.14)
define the upper fco, value of Ca—Al-silicate stability. At any given temperature,
Ca—Al-silicates are stable at lower fco, values, whereas calcite is stable at higher
fco, values. Moreover, the mineral assemblages involved in reactions (8.11)—(8.14)
represent the more or less hypothetical condition of full mineral-solution equilib-
rium. However, none of these CO, buffers is ubiquitously efficacious in natural
geothermal systems (Grant 1982; Giggenbach 1982). The probable reason for this
is that a continuous flux of CO, occurs through the geothermal systems in the same
manner as the heat flux, as suggested both by field evidence (Mahon et al. 1980) and
by water/rock hydrothermal experiments (Kacandes and Grandstaft 1989). Thus, the
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univariant equilibrium conditions involving the minerals acting as CO, buffers may
be established only in some parts of the geothermal systems, whereas in general
the fco, is an externally fixed parameter. If fco, is externally controlled, one of
the minerals participating in the univariant reactions (8.11)—(8.14) is no longer part
of the equilibrium assemblage, and CO; is involved in bivariant reactions, such as
reactions (8.9) and (8.10).

8.2 The Activities of Ca-Endmembers in Hydrothermal
Ca—-Al-Silicates and Calcite

Before gaining further insights from the reactions presented in the previous section,
it is useful to recall the available information on the activity of Ca-endmembers in
Ca—Al-silicates and calcite from active geothermal systems (Table 8.1), which was
discussed in Sects. 4.5.3 for clinozoisite, 4.6.2 for prehnite, 4.7.4 for wairakite, 4.7.5
for laumontite, and 4.9.1 for calcite.

Since adularia, albite and silica minerals occur as pure or relatively pure solid
phases in geothermal systems, their activities do not depart significantly from unity,
as already noted many times. The same holds true for calcite and, even if to a lesser
extent, for laumontite, whereas the activities of wairakite and especially of prehnite
and clinozoisite exhibit higher deviations from one, but still relatively limited consid-
ering the mean and median values (Table 8.1). The activity of muscovite diverges
even more from unity compared to prehnite and clinozoisite. In fact, it varies between
0.007 and 0.875, with an average of 0.654, a median of 0.688 and a standard devi-
ation of 0.156, in 75 white micas from several geothermal systems (see Sect. 4.3.2
for further details).

Table 8.1 Main statistical parameters for the activity of the Ca-endmembers in Ca—Al-silicates
and calcite from active geothermal systems

Ca-endmember | Solid solution N Mean | Median | Std Min | Max
dev
Clinozoisite Clinozoisite/epidote 436 | 0.703 | 0.706 0.057 | 0.523 | 0.888
Prehnite Prehnite/ferri-prehnite 127 10.763 | 0.779 0.154 | 0.373 |0.998
Wairakite Wairakite/analcime 136 | 0.891 |0.920 0.090 | 0.573 | 0.999
Laumontite Laumontite/alkali-laumontite | 45 | 0.946 | 0.951 0.031 | 0.873 | 0.992
Calcite Calcite-rich trigonal 313 [0.972 |0.988 0.043 | 0.705 | 1.000
carbonate
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8.3 The Log K of the K-Ca and Na—Ca Exchange
Reactions and of the Univariant Reactions Involving
Calcite and a Ca—Al-Silicate

Assuming that the activity of water does not differ significantly from 1, if the ionic
strength of the aqueous phase is less than ~1 mol/kg, the decimal logarithm of the
thermodynamic equilibrium constants of the reactions presented in Sect. 8.1 can be
generally written in the following simplified forms:

a2,
log KKfCa,Lmt = IOg + log ALmt (815)
aca2+
.
log Kk—_ca,cz0 = log +0.25 - logams + 0.5 - logac,, (8.16)
aCa2+
az,
log Kk _capm = log[ —%~ ] + 0.5 - logays + 0.5 - log ap, (8.17)
aca2+
az.
log Kk—cawik = log| —— | + log aw (8.18)
Acg2t
~ aI%IaJr
log KNa—ca,Lmt = log + log arm (8.19)
aca2+
.
log Kna—ca.cz0 = log a_a + 0.25 - logams + 0.5 - log acye (8.20)
Ca2+
az .
log Kna—capm = log| Y= ] 4 0.5 - logays + 0.5 - log ap, (8.21)
Acg2t
az .
10g KNa—Ca,er = 1Og hu + log Awrk (822)
aCaZ+
(e
10g KK7Ca,Cal = 10g ; — IOg fCO2 + IOg ams (8.23)
Ca**
~ aI%Ia+
log Kna—ca,cal = log — log fco, + log awms (8.24)
aCa2+

log K mi—cat = log fco, + log apm — log aws (8.25)
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log Kczo—cal = log fco, + 0.5 - logac,, — 0.75 - log awms (8.26)
log Kpeh—cal = log fco, + 0.5 - logapm — 0.5 - log ams (8.27)
log Kwik—ca = 1og fco, + log awik — log ays (8.28)

As discussed in Sects. 4.2.3 and 5.3.3, Al-Si order-disorder on the tetrahedral sites
of adularia causes further complications. Therefore, adopting the same approach of
Sects. 6.1 and 7.1, adularias with ordering parameter Z varying from O (i.e., high-
sanidine) to 1 (i.e., maximum-microcline) at steps of 0.1 units were alternatively
considered to take part to reactions (8.1)—(8.4), (8.6), (8.7), and (8.9)—(8.14). The
silica mineral involved in these reactions was assumed to be chalcedony at T < 175 °C
or quartz/chalcedony at T > 175 °C. The thermodynamic properties of these reactions
were computed as a function of temperature, at pressure of 1 bar for T < 100 °C and
at water saturation pressure for T > 100 °C, using the SUPCRT92 code.

8.4 Derivation of the Activity-Based Theoretical K-Ca
and Na—Ca Geothermometers and fco,-Indicators

The logarithm of the thermodynamic equilibrium constants of reactions (8.1)—(8.10)
for pure solid phases were fitted against both the inverse of the absolute temperature
and the ordering parameter of adularia (if present in the reaction), considering as two
distinct datasets the data below 175 °C, with chalcedony controlling undissociated
Si0,, and those above 175 °C, with quartz/chalcedony governing undissociated SiO5.
Each regression equation and the average activities of pertinent solid phases were
then inserted into the corresponding relation linking the log K to the K?/Ca- and
Na?/Ca-log activity ratios, i.e., Egs. (8.15)—(8.24).

The relations derived from Egs. (8.15) to (8.22) were solved with respect to
temperature, thus obtaining four K—Ca geothermometers and four Na—Ca geother-
mometers. The relationships resulting from Eqgs. (8.23) and (8.24) were solved with
respect to the logarithm of CO, fugacity, thus obtaining a K—Ca fo,-indicator and
a Na—Ca fco,-indicator.

The uncertainties caused by variations in the activities of relevant compo-
nents in the solid solutions of interest, that is muscovite in illite, laumontite
in laumontite/alkali-laumontite, clinozoisite in clinozoisite/epidote, prehnite in
prehnite/ferri-prehnite, and wairakite in wairakite/analcime were evaluated consid-
ering the average activities plus one standard deviation and the average activities
minus one standard deviation (see below).
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8.4.1 The Theoretical K-Ca and Na—Ca Laumontite
Geothermometers

For reactions (8.1) and (8.5), comprising laumontite, the following four geothermo-
metric equations were obtained from Egs. (8.15) and (8.19) and the log Kk_ca1mt
and log Kna_caLme Values listed in Tables 8.2 and 8.3, respectively:

2481.5+1158.1-Z

Tk—ca,Lm CC) = —273.15, forT < 175°C

a

4.0237 + 1.4861 - Z — log< )

A2+
(8.29)
) 2100.3 + 11574 - Z
Tk_cam (°C) = —— —273.15,
3.3178 + 1.4845 - Z — 1og(ﬁ>
CaZt
for 175 < T < 325°C (8.30)
940.13
Tre_carm (°C) = 27315, forT<175°C  (8.31)
aNu*
2.4914 — log<%?)
. 1050.2 .
Tna—caLm CC) = = —273.15, for175 < T < 325°C
2.9090 — log<ag—“2:)

(8.32)

It must be noted that the log K values of reaction (8.5), which are reported in
Table 8.3, depend on temperature only because adularia is not involved in this reac-
tion. The average value of log ap ., —0.0241, is considered in Eqs. (8.29)—(8.32).
Due to deviations of laumontite activity of +1c and —1o from the mean value, log
apm assumes the values —0.0101 and —0.0386, respectively. These variations in log
armi, determine differences of 0.3 to 1.1 °C, 0.9 to 1.8 °C, £1.1 to £3.0 °C,
and £2.7 to 5.0 °C in the temperatures calculated by means of Egs. (8.29), (8.30),
(8.31), and (8.32), respectively, representing their nominal errors.

8.4.2 The Theoretical K-Ca and Na—Ca Clinozoisite
Geothermometers

For reactions (8.2) and (8.6), involving clinozoisite, the following four geothermo-
metric functions were obtained, based on Eqs. (8.16) and (8.20) and the log Kk_ca.cz0
and log Kna-ca,czo Values reported in Tables 8.4 and 8.5, respectively:
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Table 8.3 Logarithm of the thermodynamic equilibrium constant of reaction (8.5), log Kna—ca,Lmt,
for pure laumontite, chalcedony (for T < 175 °C) or quartz/chalcedony (for T > 175 °C), and albite,
as a function of temperature (P = 1 bar for T < 100 °C; P = Pgy for T > 100 °C)

T(°C) |0.01 25 50 75 100 125 150 175
logK | —0.9783 | —-0.6816 |—0.4386 |—0.2330 | —0.0548 |0.1025 |0.2440 |0.3731
T (°C) |175 200 225 250 275 300 325 350
log K |0.5535 0.6634 0.7672 0.8671 0.9647 1.0581 | 1.1375 |1.1749
1302.9 - Z + 3697.9
Tk_cacro °C) = kA — —273.15, forT < 175°C
6.3540 + 1.6719 - Z — log 7 )
(8.33)
. 1302.1-Z + 4121.3
Tk —ca.cz0 CC) = 2 — 273.15,
7.6909 + 16700 - Z — log( 5 )
for 175 < T < 325°C (8.34)

TNa7Ca,Czo (OC) =

TNa—Ca,Czo (OC) =

144.81 -7 +2170.4

— 27315,
at
4.8576 +0.1859 - Z — log( - )
144.72 - Z + 3042.6

7.2239 4 0.1856 - Z — 1og(

for 175 < T < 325°C

a2
“Nat )
Ca2+

for T < 175°C

— 273.15,

(8.35)

(8.36)

The average value of the term 0.25 - log ans + 0.5 -log ac,o, —0.1227, is considered
in Egs. (8.33)—(8.36). Due to deviations of clinozoisite and muscovite activity of +
lo and — 1o from the mean values, the term 0.25 - log ay + 0.5 - log ac,, assumes
the values —0.0825 and —0.1706, respectively. These variations in the term 0.25 - log
ayms + 0.5 - log ac,, cause differences of £0.7 to £2.3 °C, £1.8 to £3.8 °C, 1.3 to
+4.1°C, and £2.5 to 5.3 °C in the temperatures computed by means of Egs. (8.33),
(8.34), (8.35), and (8.36), respectively, representing their nominal uncertainties.

8.4.3 The Theoretical K—-Ca and Na—Ca Prehnite
Geothermometers

For reactions (8.3) and (8.7), including prehnite, the following four geothermometric
equations were obtained on the basis of Eqgs. (8.17) and (8.21) and the log Kk_caprn

and log Kna_caprn values listed in Tables 8.6 and 8.7, respectively:
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1447.7 - Z + 2573.9
Tk—capm CC) = + > —273.15, forT < 175°C

4.6093 + 1.8577 - Z — log(a H)

(8.37)
. 1446.7 - Z + 2876.0
TKfCa,Prh( C) = 2 — 27315,
5.6691 + 18555 - Z — log 75
for 175 < T < 325°C (8.38)

289.51-7Z+ 1035.4
TNa—caprh CC) = + — —273.15, forT < 175°C

3.0844 +0.3715 - Z — log( W)

Acg2+

(8.39)
. 289.33 - Z + 1804.7
TNa—Ca,ph CC) = . — 273.15,
5.3085 + 03711 - Z — log )
for 175 < T < 325°C (8.40)

The mean value of the term 0.50 - log ays + 0.5 - log apgn, —0.1509, is considered
in Egs. (8.37)—(8.40). Owing to departures of prehnite and muscovite activity of +
lo and —1o from the mean values, the term 0.50 - log ays + 0.5 - log apy, becomes
equal to —0.0646 and —0.2591, respectively. These changes in the term 0.50 - log
ayms + 0.5 - log apy, determine differences of +1.6 to +5.3 °C, +4.0 to +9.6 °C,
+4.5to +14.4 °C, and 8.4 to 17.9 °C in the temperatures computed by means of
Eqgs. (8.37), (8.38), (8.39), and (8.40), respectively, representing their nominal errors.

8.4.4 The Theoretical K—-Ca and Na—Ca Wairakite
Geothermometers

For reactions (8.4) and (8.8), involving wairakite, the following four geothermometric
functions were obtained based on Eqgs. (8.18) and (8.22) and the log Kk_c, wk and
log Kna_cawrk Values reported in Tables 8.8 and 8.9, respectively:

1158.2 - Z + 5457.0
Tk_cawik CC) = + T 273.15, forT < 175°C

9.5776 + 14861 - Z — log 75 )

(841)
. 1157.4 - Z + 5520.6
TK—Ca,er( C) = 7 — 27315,
9.8775 + 14844 - 7 — log 5= )

for 175 < T < 325°C (8.42)
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Table 8.9 Logarithm of the thermodynamic equilibrium constant of reaction (8.8), log Kna—ca,wrk,
for pure wairakite, chalcedony (for T < 175 °C) or quartz/chalcedony (for T > 175 °C), and albite,
as a function of temperature (P = 1 bar for T < 100 °C; P = Pgy for T > 100 °C)

T (°C) | 0.01 25 50 75 100 125 150 175

log K | —6.2281 | —=5.0910 | —4.1187 | —3.2723 | —2.5253 | —1.8584 | —1.2567 | —0.7088
T (°C) | 175 200 225 250 275 300 325 350

log K | —0.5283 | —0.0348 | 0.4221 0.8492 1.2512 1.6292 | 1.9758 |2.2653

Tra_cawik (°C) = 0.1490 - x* +3.9720 - x* 4+ 52.5016 - x + 207.866,
for T < 175°C (8.43)

Tra—cawrk (CC) = 0.5157 - > +3.6160 - x> 4+ 52.5514 - x + 199.312,
for 175 < T < 325°C (8.44)

In Egs. (8.43) and (8.44), x = log(al%Ia+ /aCaz+).

To be noted that the log K values of reaction (8.8), which are shown in Table 8.9,
are function of temperature only because adularia does not take part to this reaction.
The average value of log aw, —0.0501, is considered in Egs. (8.41)—(8.44). Due to
deviations of wairakite activity of +1c and — 1o from the average value, log aw:k
assumes the values —0.0083 and —0.0964, respectively. These variations in log aw:x.,
determine differences of £0.5 to +=1.4 °C, £1.3 to 2.7 °C, £0.9 to £2.2 °C, and
+2.1 to £3.4 °C in the temperatures calculated by means of Egs. (8.41), (8.42),
(8.43), and (8.44), respectively, representing their nominal uncertainties.

8.4.5 The Theoretical K-Ca and Na-Ca Calcite
Jfco,-Indicators

For reactions (8.9) and (8.10), comprising calcite, the following four equations were
obtained on the basis of Egs. (8.23) and (8.24) and the log Kk_ca,ca and log Kna_ca.cal
values given in Tables 8.10 and 8.11, respectively

a? 1737.2
log fco, k—ca = log( K7 ) + ( T 2.2291) Z

Acg2+

49,305 1506.0
- -

ag. 1736.3
log fco, k-ca = log + =5 —22270)-Z

Acg2t

+ 3.5345 (8.45)
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780,426  1523.2

T2 - 0.1345 (8.46)
a’ 579.07
log fco, Na—ca = log<N—‘“~+) + ( - 0.7430) Z
aca2+ T
258,609  1879.8
g + 3.4685 (8.47)
a’ 578.72
log fco,.Na—ca = log<Ld+ + ( — 0.7423) N4
aca2+ T
1,081,929 1648.6
— —0.8608 (8.48)

T2+T

Equations (8.45) and (8.47) are valid below 175 °C, whereas Eqgs. (8.46) and (8.48)
hold true from 175 to 350 °C. Shifts of muscovite activity of +1o0 from the mean
value determine differences of 0.09-0.12 log-units in the log fco, values calculated
by means of Eqs. (8.45)—(8.48), irrespective of temperature.

8.5 Derivation of the Theoretical fco,-Temperature
Functions Controlled by Equilibrium Coexistence
of a Ca—-Al-Silicate and Calcite

Adopting the same approach described in Sect. 8.4, the log K of reactions (8.11)—
(8.14) for pure solid phases were fitted against both the absolute temperature recip-
rocal and the ordering parameter of adularia, considering separately the data below
175 °C, with chalcedony controlling undissociated SiO,, and those above 175 °C,
with quartz/chalcedony governing undissociated SiO,. Each regression equation and
the average activities of pertinent solid phases were then inserted into Egs. (8.25)—
(8.28). These equations were solved with respect to the logarithm of CO, fugacity,
thus obtaining four fco,-temperature functions, one for each Ca—Al-silicate. Again,
the uncertainties brought about by variations in the activities of relevant compo-
nents in the solid solutions of interest were assessed taking into account the average
activities plus one standard deviation and the average activities minus one standard
deviation.
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8.5.1 The fco,-Temperature Functions Fixed by Equilibrium
Coexistence of Laumontite and Calcite

The log fco, values controlled by laumontite/calcite equilibrium coexistence [see
reaction (8.11) and Eq. (8.25)] depend on the absolute temperature reciprocal and
the ordering parameter Z of hydrothermal adularia as described by the following
relations:

579.063 260,888
log fco, = ( — 0.7430> -7 — o
2806.6
— +5.9407 for T < 175°C (8.49)
578.708 818,992
log fco, = —0.7422) - Z — T2
426.78 .
— +3.0381 for 175 < T < 325°C. (8.50)

Equations (8.49) and (8.50) are based on the log Kjpca values shown in
Table 8.12. Deviations of muscovite and laumontite activities of +1¢ from the
mean values bring about differences of 0.079-0.104 log-units in the log fco, values
calculated by means of Egs. (8.49) and (8.50), irrespective of temperature.

8.5.2 The fco,-Temperature Functions Fixed by Equilibrium
Coexistence of Clinozoisite and Calcite

The log fco, values governed by clinozoisite/calcite equilibrium coexistence [see
reaction (8.12) and Eq. (8.26)] vary with the absolute temperature inverse and the
ordering parameter Z of hydrothermal adularia as defined by the following equations:

434.321 5493.1
log fco, = ( — 0.5573) Z— +10.3015 for T < 175°C
(8.51)
434.061 5612.4
log fco, = < - 0.5568> Z— + 10.4368
for 175 < T < 325°C. (8.52)

Equations (8.51) and (8.52) were derived from the log K¢,o.ca values listed in
Table 8.13. Shifts of clinozoisite and muscovite activity of + 1o from the mean values
cause differences of 0.053-0.070 log-units in the log fco, values calculated using
Egs. (8.51) and (8.52), irrespective of temperature.
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8.5.3 The fco,-Temperature Functions Fixed by Equilibrium
Coexistence of Prehnite and Calcite

The log fco, values fixed by prehnite/calcite equilibrium coexistence [see reaction
(8.13) and Eq. (8.27)] depend on the absolute temperature reciprocal and the ordering
parameter Z of hydrothermal adularia according to the following relations:

289.504 4369.1
log fco, = ( - 0.3714> -Z— +8.5567 forT < 175°C
(8.53)
289.321 4372.6 .
log fco, = —0.3710) -2 - +8.4261 for 175 < T < 350°C.

(8.54)

Equations (8.53) and (8.54) were obtained from the log Kpp,ca values shown in
Table 8.14. Deviations of prehnite and muscovite activity of =1o from the average
values cause differences of 0.007-0.010 log-units in the log fco, values computed
using Eqgs. (8.53) and (8.54), irrespective of temperature.

8.5.4 The fco,-Temperature Functions Fixed by Equilibrium
Coexistence of Wairakite and Calcite

The log fco, values constrained by wairakite/calcite equilibrium coexistence [see
reaction (8.14) and Eq. (8.28)] depend on the absolute temperature inverse and
the ordering parameter Z of hydrothermal adularia as described by the following
equations:

579.066 87,786
log fco, = —0.7430)  Z -~
6737.3
- +12.7898 for T < 175°C (8.55)
578.696 416,559  5422.6
log feo, = ( - 0.7422) 2o —5— - + 11.1262
for 175 < T < 350°C. (8.56)

Equations (8.55) and (8.56) were derived from the log Kwik.ca values listed in
Table 8.15. Shifts of wairakite and muscovite activity of 1o from the average values
cause differences of 0.051-0.072 log-units in the log fco, values computed using
Egs. (8.55) and (8.56), independent of temperature.
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8.6 Plots of the K2/Ca- and Na?/Ca-Log Activity Ratios
Versus the Absolute Temperature Inverse

The reservoir liquids of interest as well as the theoretical K—Ca and Na—Ca geother-
mometers and fco,-indicators which were derived in Sect. 8.4 are shown in the
diagrams of Figs. 8.1, 8.2, 8.3, 8.4, 8.5 and 8.6. The reservoir liquids are indi-
cated by the usual symbols, whereas the K—Ca and Na—Ca theoretical geoindicators
are represented by lines of different color, namely moss-green for the laumontite
geothermometers, green for the clinozoisite geothermometers, orange for the prehnite
geothermometers, olive for the wairakite geothermometers, and grey for the calcite
fco,-indicators, whose lines refer to different fco, values, as specified.

For the geoindicators involving the ordering parameter of adularia, Z was alter-
natively set at 0.30 (mean value — 1o, dashed lines) and 0.82 (mean value + 10, solid
lines) to bracket the range of Z values of most hydrothermal adularias in hypothet-
ical equilibrium with the considered reservoir liquids (see Sect. 6.1). The activities
of Ca-endmembers in Ca—Al-silicates and of muscovite in illite were assumed equal
to the average values for the hydrothermal solid solutions from active geothermal
systems (see Sect. 8.2), like in the derivation of the geoindicators (Sect. 8.4).

For the calcite fco,-indicator, at the same fco, value, the theoretical Kz/Ca-log
activity ratios of the aqueous solution for Z = 0.30 and Z = 0.82 differ by 1.26 log-
units at 100 °C, 0.75 log-units at 200 °C, and 0.42 log-units at 300 °C, whereas the
differences in the theoretical Na?/Ca-log activity ratios are 1/3 of previous figures,

Reservoir temperature (°C) Reservoir temperature (*C)
100 125 l?() |J|‘5 200 2|25 250 275 300 328350 100 125 150 176 200 225 250 275 300 325350
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Fig.8.1 Logarithm of the a K?/Ca and b Na2/Ca activity ratios of the selected reservoir liquids from
the geothermal fields of Iceland as a function of the aquifer temperature reciprocal. Also shown
are the theoretical log activity ratios fixed by mineral-solution equilibria, for average activities
of relevant solid phases. Different fco, values, as indicated, were considered for the reactions
involving calcite (gray lines). The ordering parameter of adularia was set at 0.30 (dashed lines) and
0.82 (solid lines), to bracket the range of Z values of adularia apparently in equilibrium with the
reservoir liquids of interest
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Fig. 8.2 Logarithm of the a K?/Ca and b Na?/Ca activity ratios of the selected reservoir liquids
from the geothermal fields of Northern and Central America as a function of the aquifer temperature
reciprocal. Also shown are the theoretical log activity ratios fixed by mineral-solution equilibria,
for average activities of relevant solid phases. Different fco, values, as indicated, were considered
for the reactions involving calcite (gray lines). The ordering parameter of adularia was set at 0.30
(dashed lines) and 0.82 (solid lines), to bracket the range of Z values of adularia apparently in
equilibrium with the reservoir liquids of interest
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Fig. 8.3 Logarithm of the a K2/Ca and b Na%/Ca activity ratios of the selected reservoir liquids
from the geothermal fields of Japan as a function of the aquifer temperature reciprocal. Also shown
are the theoretical log activity ratios fixed by mineral-solution equilibria, for average activities
of relevant solid phases. Different fco, values, as indicated, were considered for the reactions
involving calcite (gray lines). The ordering parameter of adularia was set at 0.30 (dashed lines) and
0.82 (solid lines), to bracket the range of Z values of adularia apparently in equilibrium with the
reservoir liquids of interest
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Fig. 8.4 Logarithm of the a K?/Ca and b Na?/Ca activity ratios of the selected reservoir liquids
from the geothermal fields of the Philippines as a function of the aquifer temperature reciprocal.
Also shown are the theoretical log activity ratios fixed by mineral-solution equilibria, for average
activities of relevant solid phases. Different fco, values, as indicated, were considered for the
reactions involving calcite (gray lines). The ordering parameter of adularia was set at 0.30 (dashed
lines) and 0.82 (solid lines), to bracket the range of Z values of adularia apparently in equilibrium
with the reservoir liquids of interest
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Fig. 8.5 Logarithm of the a K2/Ca and b Na%/Ca activity ratios of the selected reservoir liquids
from the geothermal fields of New Zealand as a function of the aquifer temperature reciprocal.
Also shown are the theoretical log activity ratios fixed by mineral-solution equilibria, for average
activities of relevant solid phases. Different fco, values, as indicated, were considered for the
reactions involving calcite (gray lines). The ordering parameter of adularia was set at 0.30 (dashed
lines) and 0.82 (solid lines), to bracket the range of Z values of adularia apparently in equilibrium
with the reservoir liquids of interest
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Fig. 8.6 Logarithm of the a K?/Ca and b Na?/Ca activity ratios of the selected reservoir liquids from
miscellaneous geothermal fields as a function of the aquifer temperature reciprocal. Also shown
are the theoretical log activity ratios fixed by mineral-solution equilibria, for average activities
of relevant solid phases. Different fco, values, as indicated, were considered for the reactions
involving calcite (gray lines). The ordering parameter of adularia was set at 0.30 (dashed lines) and
0.82 (solid lines), to bracket the range of Z values of adularia apparently in equilibrium with the
reservoir liquids of interest

being 0.42 log-units at 100 °C, 0.25 log-units at 200 °C, and 0.14 log-units at 300 °C.
This different impact of adularia order-disorder is due to its different stoichiometric
coefficient, which is 3 in the K—Ca exchange reaction (8.9) controlling the K?/Ca
activity ratio, but is 1 in Na—Ca exchange reaction (8.10), governing the Na?/Ca
activity ratio.

Likewise, for the reactions comprising Ca—Al silicates, adularia order-disorder has
a greater impact on the theoretical K2/Ca-log activity ratios than on the corresponding
Na?/Ca-log activity ratios. Again, these differences are related to the higher stoichio-
metric coefficient of adularia in the K—Ca exchange reactions (8.1), (8.2), (8.3), and
(8.4), compared to the Na—Ca exchange reactions (8.5), (8.6), (8.7), and (8.8), respec-
tively. In particular, the theoretical Na?/Ca-log activity ratios governed by the Na—Ca
exchange reactions (8.5) and (8.8), involving laumontite and wairakite, respectively,
do not depend on Z because adularia does not participate to these reactions.

In the plots of the K?/Calog-activity ratio versus the aquifer temperature reciprocal
as well as in the diagrams of the Na?/Ca log-activity ratio versus the aquifer temper-
ature inverse, the lines of the wairakite, clinozoisite and prehnite geothermome-
ters converge gradually with increasing temperatures and diverge progressively with
decreasing temperatures, whereas the lines of the laumontite geothermometers have
lower slope and cross the lines of the wairakite, clinozoisite and prehnite geother-
mometers. Consequently, for the reservoir liquids of medium-low temperature (in the
range 100-200 °C approximately), the attainment of equilibrium with either prehnite
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or clinozoisite or wairakite results in substantially different K?>/Ca and Na?/Ca log-
activity ratios, at any given temperature and Z value of adularia. In other words,
in principle, it is possible to establish if a given low-temperature reservoir liquid is
in equilibrium with either prehnite or clinozoisite or wairakite. However, there are
some ambiguities owing to the possible attainment of equilibrium with laumontite
instead of prehnite or clinozoisite.

In contrast, the high-temperature reservoir liquids may appear to be in equilibrium
(or close to it) with two or even three Ca—Al-silicates at the same time, which is obvi-
ously an impossible condition because it would violate the Gibbs’ phase rule. This
apparent multiple-equilibrium condition is due to the small differences in the Gibbs
free energies and log K values of the K—Ca and Na—Ca exchange reactions involving
prehnite, clinozoisite, and wairakite above 200 °C approximately. Furthermore, the
differences between the Gibbs free energies of these reactions become smaller and
smaller with increasing temperature.

The reservoir liquids of interest can be separated into three different groups based
on their position with respect to the lines of the Ca—Al-silicate geothermometers in
the diagrams of Figs. 8.1, 8.2, 8.3, 8.4, 8.5 and 8.6, namely those situated along these
lines, those that are found above these lines and those that are located below these
lines.

Most reservoir liquids from the geothermal fields of Iceland (Fig. 8.1), Northern
and Central America (Fig. 8.2), and the Philippines (Fig. 8.4), as well as the Japanese
reservoir liquids from Uenotai, Takigami, Oguni, and Fushime (Fig. 8.3), the New
Zealand reservoir liquids from Waiotapu, Ngatamariki, Rotokawa, and Wairakei
(Fig. 8.5), and those from Asal and Tendaho (Fig. 8.6) are positioned in the area
below the dashed line of the prehnite geothermometers and above the solid lines of
the wairakite and laumontite geothermometers (intersecting at ~250 °C), indicating
that these reservoir liquids are in equilibrium with a Ca—Al-silicate or close to this
condition. Therefore, the K?/Ca and Na?/Ca log-activity ratios of these reservoir
liquids can be inserted into the geothermometric functions controlled by laumontite,
Eqgs. (8.29)—(8.32), clinozoisite, Egs. (8.33)—(8.36), prehnite, Egs. (8.37)—(8.40), and
wairakite, Egs. (8.41)—(8.44), to compute the temperatures possibly occurring in the
geothermal reservoir.

Several reservoir liquids are situated above the dashed line of the prehnite geother-
mometers and are in apparent equilibrium with calcite, under the CO, fugacity values
indicated by the grey lines. This is the case of all the reservoir liquids from Mori-
Nigorikawa (Fig. 8.3), Ngawha, Orakeikorako, and Kawerau (Fig. 8.5), Kizildere,
Ribeira Grande, Aluto-Langano, and Latera (Fig. 8.6). Moreover, most reservoir
liquids from Long Valley and some from Valles, Coso, and Los Azufres (Fig. 8.2),
a few from The Philippines geothermal fields (Fig. 8.4), several from Broadlands
(Fig. 8.5), Yangbajing and Olkaria (Fig. 8.6) are also in apparent equilibrium with
calcite. The word apparent is necessary, because the K?/Ca and Na?/Ca log-activity
ratios of these reservoir liquids could be affected by Ca loss due to precipitation of
calcite or other Ca-bearing solid phases. If this is not the case, the K?>/Ca and Na?/Ca
log-activity ratios of these reservoir liquids can be inserted into Egs. (8.45)—(8.48)
to calculate the fco, presumably present in the geothermal aquifer.
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Below the solid lines of the wairakite and laumontite geothermometers (inter-
secting at ~250 °C) there are only few sample points, including all the reservoir liquids
from Onikobe, some from Sumikawa (Fig. 8.3), some from Namafjall (Fig. 8.1), and
one from Los Azufres (Fig. 8.2). The low K?/Ca and Na?/Ca log-activity ratios of
these aqueous solutions might be due to rock dissolution promoted by their initial
acidity, causing preferential acquisition of Ca, as proposed by Truesdell and Nakan-
ishi (2005) for Onikobe. Accepting this interpretation, these reservoir liquids are
probably in disequilibrium with both Ca—Al-silicates and calcite and cannot be used
to compute neither the temperature nor the CO, fugacity of the geothermal aquifer.

8.7 Plots of CO; Fugacity Versus the Absolute
Temperature Inverse

The theoretical K—Ca and Na—Ca calcite fco,-indicators, that is Egs. (8.45)—(8.48)
provide the same CO, fugacities, with deviations varying from 0.00019 to 1.7%
with respect to the average fco, values. These deviations increase with decreasing
fco, and are ascribable to numerical approximations. Therefore, it is permissible to
average the results of the K—Ca and Na—Ca calcite fco,-indicators. Strictly speaking,
the use of these fco,-indicators is not correct for the reservoir liquids in equilibrium
with Ca—Al-silicates, because these reservoir liquids are not in equilibrium with
calcite. Nevertheless, this action is tolerable, since it is likely that these reservoir
liquids are not too far from calcite saturation.

The fco, values of the selected reservoir liquids, obtained by averaging the results
of the K—Ca and Na—Ca calcite fco,-indicators, as well as the four theoretical fco,-
temperature functions controlled by equilibrium coexistence of a Ca—Al-silicate and
calcite (which were derived in Sect. 8.5) are reported in the diagrams of CO, fugacity
(on a logarithmic scale) versus the reservoir temperature inverse of Figs. 8.7, 8.8
and 8.9. Also in these diagrams, the reservoir liquids are represented by the usual
symbols, whereas the fco,-temperature functions are indicated by lines of the same
colors adopted in Figs. 8.1, 8.2, 8.3, 8.4, 8.5 and 8.6, namely moss-green for the
laumontite-calcite functions, green for the clinozoisite-calcite functions, orange for
the prehnite-calcite functions, and olive for the wairakite-calcite functions.

Again, the ordering parameter of adularia was assumed equal to 0.30 (dashed
lines) or 0.82 (solid lines) to bracket the range of Z values of hydrothermal adularias
apparently in equilibrium with the considered reservoir liquids (see Sect. 6.1). The
activities of relevant endmembers in the solid solutions of interest, that is muscovite in
illite, laumontite in laumontite/alkali-laumontite, clinozoisite in clinozoisite/epidote,
prehnite in prehnite/ferri-prehnite, and wairakite in wairakite/analcime, were
assumed equal to the average values for the hydrothermal minerals from active
geothermal systems (see Sect. 8.2), like in the derivation of the theoretical fco,-
temperature functions controlled by equilibrium coexistence of a Ca-Al-silicate and
calcite (Sect. 8.5).
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Fig. 8.7 Diagram of CO, fugacity (on a logarithmic scale) computed by averaging the results of the
K-Ca and Na—Ca calcite fco,-indicators versus the reservoir temperature inverse for the selected
reservoir liquids from the geothermal fields of a Iceland and b Northern and Central America.
Also shown are the lines of equilibrium coexistence of calcite and a Ca—Al-silicate, drawn for the
ordering parameter of adularia Z = 0.82 (solid lines) and Z = 0.30 (dashed lines), assuming average
activities of relevant solid phases
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Fig. 8.8 Diagram of CO; fugacity (on a logarithmic scale) computed by averaging the results of the
K-Ca and Na—Ca calcite fco,-indicators versus the reservoir temperature inverse for the selected
reservoir liquids from the geothermal fields of a Japan and b The Philippines. Also shown are the
lines of equilibrium coexistence of calcite and a Ca—Al-silicate, drawn for the ordering parameter of
adularia Z = 0.82 (solid lines) and Z = 0.30 (dashed lines), assuming average activities of relevant
solid phases
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Fig. 8.9 Diagram of CO; fugacity (on a logarithmic scale) computed by averaging the results
of the K—Ca and Na—Ca calcite fco,-indicators versus the reservoir temperature inverse for the
selected reservoir liquids from the geothermal fields of a New Zealand and b miscellaneous sites.
Also shown are the lines of equilibrium coexistence of calcite and a Ca—Al-silicate, drawn for the
ordering parameter of adularia Z = 0.82 (solid lines) and Z = 0.30 (dashed lines), assuming average
activities of relevant solid phases

Similar to what was observed in the plots of Figs. 8.1, 8.2, 8.3, 8.4, 8.5 and 8.6,
also in the diagrams of Figs. 8.7, 8.8 and 8.9, the log fco,-temperature functions
constrained by equilibrium coexistence of calcite and wairakite, calcite and clino-
zoisite, and calcite and prehnite converge progressively with increasing temperatures
and diverge gradually with decreasing temperatures, whereas the two functions fixed
by equilibrium coexistence of calcite and laumontite have lower slope and intersect
the other calcite/Ca—Al-silicates functions.

Not surprisingly, sample points are distributed in the plots of Figs. 8.7, 8.8 and
8.9 similar to what is observed in Figs. 8.1, 8.2, 8.3, 8.4, 8.5 and 8.6. In fact:

1. The reservoir liquids situated along the lines of the Ca—Al-silicate geothermome-
ters in the plots of Figs. 8.1, 8.2, 8.3, 8.4, 8.5 and 8.6 are found along the lines
constrained by equilibrium coexistence of calcite and a Ca—Al-silicate in the
diagrams of Figs. 8.7, 8.8 and 8.9, confirming their condition of equilibrium
with one of the considered Ca—Al-silicates.

2. The reservoir liquids positioned above the lines of the Ca—Al-silicate geother-
mometers in the plots of Figs. 8.1, 8.2, 8.3, 8.4, 8.5 and 8.6 are encountered above
the lines constrained by equilibrium coexistence of calcite and a Ca—Al-silicate in
the diagrams of Figs. 8.7, 8.8 and 8.9, confirming their condition of equilibrium
with calcite.

3. The few reservoir liquids located below the lines of the Ca—Al-silicate geother-
mometers, in the plots of Figs. 8.1, 8.2, 8.3, 8.4, 8.5 and 8.6 are found below
the lines constrained by equilibrium coexistence of calcite and a Ca—Al-silicate
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in the diagrams of Figs. 8.7, 8.8 and 8.9, being in disequilibrium with both
Ca—Al-silicates and calcite.

All in all, the similarity in the distribution of sample points in the two series
of diagrams is expected, but the additional information provided by the diagrams of
Figs. 8.7, 8.8 and 8.9 is the distinction among: (a) The reservoir liquids in equilibrium
with a Ca—Al-silicate, to which it is permissible to apply the theoretical K—-Ca and Na—
Ca geothermometers derived in Sect. 8.4, that is Eqgs. (8.29)—(8.44), to compute the
temperatures possibly occurring in the geothermal reservoir. (b) The reservoir liquids
in equilibrium with calcite, which are suitable for using the theoretical K-Ca and Na—
Ca calcite fco,-indicators, i.e., Egs. (8.45)—(8.48), to calculate the fco, presumably
presentin the geothermal aquifer. (c) The reservoir liquids in disequilibrium with both
Ca—Al-silicates and calcite, which cannot be used to compute neither the temperature
nor the CO, fugacity of the geothermal aquifer.

8.8 Use of the K-Ca and Na—-Ca Activity-Based Theoretical
Geoindicators

The diagrams examined in Sects. 8.6 and 8.7 provide an useful overview. However,
it is necessary to decide for each individual reservoir liquid if its K?/Ca and Na?/Ca
log-activity ratios can be used to estimate the temperature or the CO, fugacity of
the geothermal aquifer. To this purpose, it is advisable to compare the CO, fugacity
computed by averaging the results of the K—Ca and Na—Ca calcite fco,-indicators,
that is Eqgs. (8.45)—(8.48), with the maximum CO, fugacity given by the fco,-
temperature functions controlled by equilibrium coexistence of a Ca—Al-silicate and
calcite, that is Eqs. (8.49)—(8.56). If the average CO, fugacity given by the K-Ca
and Na—Ca calcite fco,-indicators is higher than the maximum CO, fugacity of Ca—
Al-silicate/calcite equilibrium coexistence, then the reservoir liquid can be assumed
to be in saturation with calcite, and the computed CO, fugacity can be considered
reliable and representative of the geothermal aquifer. If the opposite is true, then the
reservoir liquid can be assumed to be in equilibrium with a Ca—Al silicate and the
different theoretical K—Ca and Na—Ca geothermometers can be applied to it.

We tested this approach using the 1013 reservoir liquids of interest. Results are
presented and discussed here below. First, the 23 reservoir liquids presumably in
disequilibrium with both Ca—Al-silicates and calcite, being situated below the lines
of the Ca—Al-silicate geothermometers, and the Sumikawa sample SM-2_78, with
Ca concentration lower than detection limit, were excluded from further processing.
The 24 excluded reservoir liquids comprise 8 entries of Namafjall, 1 of Los Azufres,
8 of Sumikawa, and 7 of Onikobe.

Among the remaining 990 reservoir liquids, 706 are suitable for using the theo-
retical K—Ca and Na—Ca geothermometers, whereas 283 are appropriate for utilizing
the theoretical K-Ca and Na—Ca fco,-indicators. The computed temperatures and
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related errors are discussed in Sect. 8.8.1, whereas the calculated CO, fugacities and
associated uncertainties are presented in Sect. 8.8.2.

8.8.1 Temperatures Given by the Theoretical, Activity-Based
K—Ca and Na—Ca Geothermometers and Related
Uncertainties

For each reservoir liquid suitable for geothermometry, four K-Ca temperatures
and four Na—Ca temperatures were computed. Among them, the K-Ca and Na—
Ca temperatures closest to each aquifer temperature were adopted, maintaining the
information on the Ca—Al-silicate mineral controlling the geothermometer(s) used
to calculate these adopted temperatures. The adopted K—Ca and Na—Ca temper-
atures are contrasted with the aquifer temperature in the diagrams of Figs. 8.10,
8.11, 8.12, and 8.13, referring to the clinozoisite, wairakite, laumontite, and prehnite
geothermometers.

As a whole, the error on the adopted K-Ca temperatures (i.e., the absolute value
of their deviation from the aquifer temperature) ranges between 0.0 and 16.9 °C,
with an average of 3.8 °C, a median of 3.0 °C and a standard deviation of 3.0 °C.
The errors on the adopted K—Ca temperatures are <5 °C in 519 cases (73.5% of the
total), >5 and <10 °C in 168 cases (23.8% of the total), and >10 °C in 19 cases (2.7%
of the total).

The error on the adopted Na—Ca temperatures varies between 0 and 36.9 °C, with
amean of 6.9 °C, a median of 6.0 °C and a standard deviation of 5.3 °C. The errors
on the adopted Na—Ca temperatures are <5 °C in 332 cases (47.0% of the total),
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>5°Cand <10 °Cin 201 cases (28.5% of the total), >10 °C and <15 °Cin 127 cases
(18.0% of the total), and >15 °C in 46 cases (6.5% of the total).

The adopted K—Ca temperatures include 421 clinozoisite temperatures, 141
wairakite temperatures, 93 laumontite temperatures, and 51 prehnite tempera-
tures. The adopted Na—Ca temperatures include 459 clinozoisite temperatures, 169
wairakite temperatures, 63 laumontite temperatures, and 15 prehnite temperatures.
The concordant cases (i.e., the adopted K—Ca and Na—Ca temperatures refer to the
same Ca—Al-silicate mineral) are 634, corresponding to 90% of the total, whereas
the discordant cases (i.e., the adopted K—Ca and Na—Ca temperatures refer to distinct
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Ca—Al-silicate minerals) are 72, equivalent to 10% of the total, which is an acceptably
low value.

The 421 K—Ca clinozoisite temperatures vary from 103 to 321 °C, with an average
of 248 °C, a median of 258 °C, and a standard deviation of 81 °C. The error on the
K—Ca clinozoisite temperatures ranges between 0 and 17 °C, with a mean of 3.4 °C,
a median of 6.0 °C, and a standard deviation of 7.1 °C.

The 141 K—Ca wairakite temperatures range from 170 to 338 °C with a mean of
262 °C, a median of 263 °C, and a standard deviation of 33 °C. The error on the
K—Ca wairakite temperatures varies between 0 and 14 °C, with an average of 5.0 °C,
a median of 5.0 °C, and a standard deviation of 3.5 °C.

The 93 K-Ca laumontite temperatures vary from 163 to 310 °C, with an average
of 234 °C, a median of 239 °C, and a standard deviation of 26 °C. The error on the
K-Ca laumontite temperatures ranges between 0 and 14 °C, with a mean of 3.2 °C,
a median of 2.0 °C, and a standard deviation of 2.9 °C.

The 51 K—Ca prehnite temperatures range from 135 to 297 °C, with a mean of
249 °C, a median of 239 °C, and a standard deviation of 67 °C. The error on the
K—Ca prehnite temperatures varies between 0 and 11 °C, with an average of 4.5 °C,
a median of 6.5 °C, and a standard deviation of 2.1 °C.

The 459 Na—Ca clinozoisite temperatures vary from 90 to 323 °C, with an average
of 250 °C, a median of 252 °C, and a standard deviation of 44 °C. The error on the
Na—Ca clinozoisite temperatures ranges between 0 and 30 °C, with a mean of 6.5 °C,
a median of 5.0 °C, and a standard deviation of 5.0 °C.

The 169 Na—Ca wairakite temperatures range from 173 to 335 °C, with mean and
median of 261 °C and standard deviation of 30 °C. The error on Na—Ca wairakite
temperatures varies between 0 and 37 °C, with an average of 7.8 °C, a median of
8.0 °C, and a standard deviation of 5.6 °C.



402 8 The Activity-Based Theoretical K-Ca and Na—Ca Geoindicators

The 63 Na—Ca laumontite temperatures vary from 155 to 322 °C, with an average
of 235 °C, a median of 239 °C, and a standard deviation of 24 °C. The error on
Na—Ca laumontite temperatures ranges between 0 and 21 °C, with a mean of 5.8 °C,
a median of 5.0 °C, and a standard deviation of 4.7 °C.

The 15 Na—Ca prehnite temperatures range from 123 to 263 °C, with a mean of
176 °C, a median of 147 °C, and a standard deviation of 50 °C. The error on Na—Ca
prehnite temperatures varies between 8 and 25 °C, with an average of 16.5 °C, a
median of 17.0 °C, and a standard deviation of 4.4 °C.

The average and median values of the K—Ca clinozoisite temperatures agree with
the average and median values of the Na—Ca clinozoisite temperatures within a
few degrees. Similarly, there is a good agreement between the average and median
values of the K—Ca and Na—Ca temperatures for wairakite and laumontite as well.
In contrast, the average and median values of the K—Ca prehnite temperatures are at
variance with the mean and median values of the Na—Ca prehnite temperatures. This
discrepancy is due, at least partly, to the different number of cases, 51 for the K—Ca
prehnite temperatures versus 15 for the Na—Ca prehnite temperatures.

The higher number of adopted K—Ca and Na—Ca clinozoisite temperatures
compared to the other Ca—Al silicate temperatures is in accordance with the
widespread occurrence of hydrothermal epidote in active geothermal systems. More-
over, the K—Ca and Na—Ca laumontite, clinozoisite, and wairakite temperatures are
in satisfactory agreement with the distinct distribution of these three hydrothermal
minerals in active geothermal systems, where the stable Ca—Al-silicate is wairakite
or epidote or prehnite at high temperatures, typically 200-300 °C, and laumontite at
lower temperatures, as already recalled in Chaps. 4 and 5.

The errors on K—Ca and Na—Ca temperatures are partly explained by the deviation
of the activities of relevant minerals from the average values, considering that devia-
tions of + 1o and — 1o from the mean value of the pertinent activity term cause uncer-
tainties of 3.8,2.7, 1.8, and 9.6 °C in the K—Ca temperatures of clinozoisite, wairakite,
laumontite, and prehnite, respectively, whereas the uncertainties of this type on the
corresponding Na—Ca temperatures are 5.3, 3.4, 5.0, and 17.9 °C, respectively.

Finally, the identification of the Ca—Al-silicate in equilibrium with each reservoir
liquid may provide a qualitative indication on well permeability. In fact, according
to Reyes (1990), wairakite is an indicator of high permeability, whereas prehnite
and laumontite (if abundant) are indicators of poor permeability. Prehnite apparently
requires little flow of geothermal fluids through the rocks to form as it appears to
recrystallize easily, with increase in temperature, from the primary Fe-Mg minerals,
such as pyroxene (Reyes 1990).
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8.8.2 CO; Fugacities Given by the Theoretical,
Activity-Based K—Ca and Na—Ca Calcite
Jco,-Indicators and Related Uncertainties

The CO, fugacity was computed by means of the theoretical K-Ca and Na—Ca
calcite fco,-indicators for 283 reservoir liquids coming from the geothermal fields
of Krafla, Namafjall, Nesjavellir, Hellisheidi, Dixie Valley, Long Valley, Valles,
Coso, Salton Sea, Los Azufres, Berlin, Mori-Nigorikawa, Uenotai, Oku-aizu, Bacon
Manito, Tongonan (Mahiao and Malitbog sectors), Mahanagdong, Alto Peak, Palin-
pinon, Ngawha, Kawerau, Orakeikorako, Mokai, Broadlands, Rotokawa, Yang-
bajing, Kizildere, Aluto-Langano, Olkaria, Bagnore, Latera, Mofete, and Ribeira
Grande. All these reservoir liquids are presumably in equilibrium with calcite. Since
the CO; fugacities given by the theoretical K-Ca and Na—Ca calcite fco,-indicators
are practically equal (see Sect. 8.7), the average of the two values was taken and
plotted against both:

1. the CO; fugacities calculated by means of speciation calculations (Figs. 8.14a,
8.15a, 8.16a, and 8.17a), that is combining the analyses of the liquid and vapor
phases separated at known pressure, temperature conditions, usually using the
computer program WATCH, and

2. the CO, fugacities computed using the K-Ca fco,-indicator of Giggenbach
(1984; Figs. 8.14b, 8.15b, 8.16b, and 8.17b), which is discussed in Sect. 5.5.

The reasons of the deviations observed in these diagrams are discussed in
Sect. 5.5.2 and are disregarded here to avoid unnecessary repetitions. The absolute
value of the difference between the CO, fugacities given by the theoretical K—Ca
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fields of Iceland and Northern-Central America
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Fig. 8.16 Log-log diagram of the average CO, fugacity given by the theoretical K-Ca and Na—Ca
calcite fco,-indicators versus a the CO, fugacity obtained from speciation calculations and b the
CO; fugacity computed using the K—Ca fco,-indicator of Giggenbach (1984) for the geothermal
fields of New Zealand

and Na—Ca calcite fco,-indicators and the CO, fugacities calculated by means of
speciation calculations ranges between 0.0093 and 2.19 log-units, with an average of
0.78 log-units, a median of 0.66 log-units, and a standard deviation of 0.54 log-units.
The absolute value of these differences is <0.50 log-units in 110 cases (38.9% of the
total), >0.50 and <1.00 log-units in 78 cases (27.6% of the total), >1.00 and <1.50
log-units in 63 cases (22.3% of the total) >1.50 and <2.00 log-units in 28 cases (9.9%
of the total), and >2.00 log-units in 4 cases (1.4% of the total).
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Fig. 8.17 Log-log diagram of the average CO, fugacity given by the theoretical K—Ca and Na—Ca
calcite fco,-indicators versus a the CO» fugacity obtained from speciation calculations and b the
CO; fugacity computed using the K—Ca fco, -indicator of Giggenbach (1984) for the miscellaneous
geothermal fields

The absolute value of the difference between the CO, fugacities given by the
theoretical K—-Ca and Na—Ca calcite fco,-indicators and the CO, fugacities computed
using the K—Ca fco,-indicator of Giggenbach (1984) varies between 0.00029 and
1.62 log-units, with a mean of 0.33 log-units, a median of 0.24 log-units, and a
standard deviation of 0.32 log-units. The absolute value of these differences is <0.50
log-units in 228 cases (80.6% of the total), >0.50 and <1.00 log-units in 34 cases
(12.0% of the total), >1.00 and <1.50 log-units in 20 cases (7.1% of the total), and
>1.50 log-units in 1 case (0.4% of the total).

The satisfactory agreement between the CO, fugacities calculated by means of the
theoretical K—Ca and Na—Ca calcite fco,-indicators and the CO, fugacities given
by the K—Ca fco,-indicator of Giggenbach (1984) is not surprising. In fact, the
theoretical K—Ca calcite fco,-indicator developed in this work is an improved version
of the K—Ca fo,-indicator of Giggenbach (1984). This improvement is mainly due
to the use of the activities of K* and Ca®* ions instead of the total concentrations of
K and Ca, respectively.

Following the rigorous approach developed here, the CO, fugacities given by
the theoretical K—Ca and Na—Ca calcite fco,-indicators were considered reliable
if higher than the maximum CO, fugacity of Ca—Al-silicate/calcite coexistence.
However, the theoretical K—Ca and Na—Ca calcite fco,-indicators can be probably
used even if the CO, fugacities obtained by means of the theoretical K—Ca and Na—
Ca calcite fco,-indicators are somewhat lower than the maximum CO, fugacity of
Ca-Al-silicate/calcite coexistence, provided that differences are not too large.
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8.9 Final Considerations on the Activity-Based Theoretical
K-Ca and Na—Ca Geoindicators

The activity-based theoretical K—Ca and Na—Ca geothermometers developed in this
work are based on exchange reactions involving laumontite, clinozoisite, prehnite,
and wairakite, whereas the activity-based theoretical K-Ca and Na—-Ca fco,-
indicators implemented here are built on reactions including calcite. Adularia partici-
pates to the exchange reactions controlling all the theoretical K-Ca geothermometers
and fco,-indicators and some Na—Ca geothermometers and fco,-indicators. Conse-
quently, these functions involve the ordering parameter of hydrothermal adularia in
hypothetical equilibrium with each reservoir liquid of interest, which is obtained
from the Na—K activity-ratio and the reservoir temperature (see Chap. 6).

The theoretical K—Ca and Na—Ca geoindicators were tested with about one thou-
sand reservoir liquids. The theoretical K—Ca geothermometers reproduce aquifer
temperature with an average error of 3.8 °C and the error is lower than 10 °Cin 97.3%
of the cases. The theoretical Na—Ca geothermometers reproduce aquifer temperature
with an average error of 6.9 °C and the error is less than 15 °C in 93.5% of the cases.

The CO, fugacities given by theoretical K—Ca and Na—Ca fco,-indicators match
satisfactorily the CO, fugacities given by the K—Ca fo,-indicator of Giggenbach
(1984), with an absolute deviation of 0.33 log-units on average, whereas the agree-
ment with the CO, fugacities computed by means of speciation calculations is less
good, with an absolute deviation of 0.78 log-units on average.

These good performances of the activity-based theoretical K—Ca and Na—Ca
geothermometers, and to a lower extent of the fco,-indicators as well, are expected
because the activities of the Ca-bearing endmembers in relevant hydrothermal
minerals from active geothermal systems (i.e., laumontite in laumontite/alkali-
laumontite, clinozoisite in clinozoisite/epidote, prehnite in prehnite/ferri-prehnite,
wairakite in wairakite/analcime, and calcite in calcite-rich trigonal carbonates) and
the activity of muscovite in hydrothermal illites from active geothermal systems do
not deviate too much from the average values and average activities do not depart
too much from unity (see Chap. 4 and Sect. 8.2).!

In addition to these good performances in terms of computed aquifer tempera-
tures and CO, fugacities, the theoretical K—Ca and Na—Ca geothermometers and
fco,-indicators allow one to identify the Ca-bearing solid phase in equilibrium with
each reservoir liquid, either a Ca—Al-silicate (laumontite or clinozoisite or prehnite
or wairakite) or calcite. This indication represents a significant step forward with
respect to the results of the traditional K—Ca and Na—Ca geoindicators and is prob-
ably more reliable than the outcomes of multicomponent chemical geothermometry
(see Sect. 5.9), being marginally affected by pH and Al concentration. Finally, the
identification of the Ca—Al-silicate in equilibrium with each reservoir liquid may

Following the same line of reasoning, K—Ca and Na—Ca theoretical geoindicators based on the
exchange reactions involving grossular were not developed because grossular activity in 190 garnet
solid solutions from active geothermal systems ranges from <2.27-10~7 (in 22 cases) to 0.674, with
average of 0.127, median of 0.0142, and standard deviation of 0.179.



8.9 Final Considerations on the Activity-Based Theoretical K—Ca ... 407

provide a qualitative indication on well permeability. In fact, wairakite is an indicator
of high permeability, whereas prehnite and laumontite (if abundant) are indicators
of poor permeability (Reyes 1990).

It is advisable, not to say it is mandatory, to complement the application of the
theoretical K—Ca and Na—Ca geothermometers and fco,-indicators derived in this
book with the plots of the K?/Ca log-activity ratio versus the absolute tempera-
ture reciprocal, the Na?/Ca log-activity ratio versus the absolute temperature inverse
(see Sect. 8.6) and the CO, fugacity versus the absolute temperature reciprocal (see
Sect. 8.7), all providing useful overviews through the eyeball comparison of all the
aqueous solutions of interest with the theoretical geoindicators.
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