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A cation-chloride concentration diagram showing the stability of minerals in natural water system at 
elevated temperatures is constructed. The curves on this diagram showing the equilibrium between aqueous 
solution and minerals commonly occurring in nature generally satisfy the empirical Na-K-Ca relationship 
obtained by FOURNIER and TRUESDELL (1973). This indicates that the chemical composition of natural 
waters is largely controlled by minerals commonly occurring in nature. 

INTRODUCTION 

It has been well known that the atomic 
Na/K ratio in natural waters is related to tem
perature (WHITE, 1965, 1968; ELLIS, 1969, 
1970). This relationship has been also experi
mentally obtained (ORVILLE, 1963; ELLIS and 
MAHON, 1967; HEMLEY, 1967). This is inter
preted by albite-K feldspar-aqueous solution 
equilibrium (WHITE, 1965; ELLIS, 1970; FOURNIER 
and TRUESDELL, 1973). Recently, FOURNIER and 
TRUESDELL (1973) showed that the ratio Na/K 
of solution generally yields the temperature 
much higher than actual temperature and in 
addition to the concentrations of Na and K 
the concentration of Ca has to be considered 
in order to estimate the temperature of natural 
water. They called the relationship of the con
centrations of Na, K and Ca with temperature 
"Na-K-Ca geothermometer". -

In the present paper, it is attempted to 
interpret the Na-K-Ca geothermometer thermo
dynamically on the basis of mincral-water equi
libriulll. 

THERMODYNAMIC CALCULATION AND DISCUSSION 

It is common in tile natural water system 
that N;t constitutes the most dominant cation. 
Among anions, CI and HCO J are dominant in 
general. At ell'vated temperatures considered 
in the present paper, pH is gelll'rally Jess than 
seven as will be deduced la1l'r. In this pll range 
1I2C0.1 is consiclen'c! on tilt' basis of its dissocia
tioll constant (H. YZIII')\;KO, 19(3) to be contained 

in the solution more than BCO:!. Therefore, 
the concentration of HC03 is assumed to be 
neglected in comparison with CI-. Thus the 
following electroneutrality relation is approxi
mately established in the aqueous solution. 

(I) 

where 111 is molality. 
HELGESON (1967) constructed activity dia

gram depicting chemical equilibrium among min
erals and aqueous solution at elevated tempera
tures (Fig. 1). At three phase equilibrium points 
(albite-sericite-K feldspar and albite-sericite-Na 
montmorillonite) of Na20-K20-Si02-AI203-H20 
system at elevated temperatures (Fig. I), 

(2) 

For these points, the relation bdweell pH and 
the concentration of 0- can be derived from 
equations (I) and (2). Thermochemical data 
were taken from HELGESON (1l)(19) for the con
struction of the diagram. Figure 2 shows that 
silicate mineral assemblages comprise pH buffer 
system and pH decreases with increasing con
centration of CI-. 

In the similar manner described above, the 
relation between the concentrations of K t and 
CI- is derived (Fig. 3). In this C:1Sl', 10g1llK+ 
increases with increasing loglllel . 

If calcite is in equilibrium with th,' aqueous 
solution, the relation between p1l and the COIl

centration of Ca2t can be obLlillcd from the 
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Fig. 1. Actil'ity diagram depicting chemical equilibrium 
among mincrals and aqueous sollition at 300

0 

C (a tier 
HELGESOS, 1967). The aetMty of water is taken as 

unity. Quartz is present. 
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Fig. 2. 171e l'arialion of pI! with COllcentration of cr 
in aqll('l)u\ so III lioll in equilihritlll1 wilh the silica Ie 

mineral a\\('mlJlages at 25{)o C 
1: Albile·sericile·Na mIJlltllwrillonilc·quartz 

2: Alliile·scrif'ilc·K feldspar-quartz 

followillg cquilibrillm. 

(3) 

Tllc cqllilihrilllJl C()Ilc;\:1Il1 for Ihi, reactioJl is 
cx 1)J(,c;c;cd ;'" 
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Fig. 3. T71e variation of concentration of K+ with that 
of cr ill aqueolls sollitioll ill equilibrium with the silicate 

milleral assemblages at 250
0 

C 
1: Albite-sericite-Na montmorillonite-quartz 

2: Albite-sericite-K feldspar-quartz 

This equation shows that activity of Ca2
+ is 

related to pH, concentration of H2C03 and 
temperature. Because pH is related to the con
centration of Cl- for the equilibrium curves I 
and 2 in Fig. 2, the relation between the con
centrations of Ca2 + and CI- can be derived for 
calCite-albite-sericite-K feldspar-quartz (curves 4 
7 in Fig. 4) and calcite-albite-sericite-Na mont
morillonite-quartz equilibrium (curves 5 and 8 
in Fig. 4) with constant mH2C03 ' The range of 
I11H

2C0 3 in the solution in equilibrium with 
calcite is assumed to be 10- 2 to 10- 1

• The other 
equilibrium curves for the assemblage including 
Ca minerals are also drawn (Fig. 4). These as
sem blages are wairakite-albite-sericite-K feldspar
quartz (curve 3), Ca montmorillonite-albite
sericite-Na montmorillonite-quartz (curve 6), Ca 
mon tmorilloni tc-albi te-sericite-K fe Idspar-qua;·tz 
(curve 9) and anhydrite (curve 10). The effect 
of solid solution on the equilibrium curves is 
not considered because of the lack of thermo
chemical data of solid solution. 

F OURNIIR and T RUESDFLL (1973) showcd 
that 10gIJlNaf/lltJ(f + 4/3 IOf.,IIICaH/II1Na+ is con
stant at cOllstanl temperature over J 00°e, This 
value is about 0.8 at 250°(', 

Subsliluliol1 of IIIN"f for /lin can be approxi-
(1\) malL'.ly made The cOllccnlralioll of IC+ is cx-

]1I'l'sscd ~l\ a fUllction of tllal of CI (Fig,3), 
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Fif{.4. 771e vailation of concentration of Ca 2+ with 
concentration of cr in aqueous solution in equilibriulII 
with a giJlen mineral assemblage at 2500 C 
1: EquilibriulII Clil1!e based on albite-sericite-Na 1II0nt-

1/I0rillonite-quartz-aqueous solution equilibriulII and 
Na-KCa relationship obtained by FOURNIER and 
TRUESDELL (1973). 

2: .EquilibriulII ClIrFe based all albite-K feldspar -aqueous 
solution equilibri(lm and Na-K-Ca relationship obtain
ed by FOUNIEI? and TRUESDELL (1973). 

3: Wairakite-albite-sericite_K feldspar-quartz. 
4: Calcite-albite-sericite_K feldspar-quartz (mH2

C0
3 

10-2 ). 

5: Calcite - albite - sericite - Na montmorillonite _ quartz 

(mH2C0
3 

== 10-2 ). 

6: Ca 1I10n tmorillonite-albite-sericite_Na montmorillonite 
-quartz. 

7: Calcite-albite-sericite_K feldspar-quartz (mH
2
C0

3 
== 

10-1 
). 

8: Calcite - albite - sericite-Na 'montmorillonite _ quartz 
(mH2C03 == 10-1). 

9: ca mOlltmorillonite-albite-sericite_K feldspar-quartz 
10: Anhydrite (IJIS0~- == 10-3). 

Therefore, the empirical relation obtained by 
FOURNIER and TRUESDELL (1973) is changed 
into, 

(111// 2C03 '= 10- 2
) and \vairakite-albitc-scricite-K 

feldspar-quartz asScml;idge) nrc close to the curve 
2 in position. To the ;ontrary, the curve for the 
mineral assem bIage, al bi te-scrici te-Na mon tll10ril
lonite-quartz, derived from the Na-K-Ca relation
ship obtained by FOURNIER and TRUESDELL 
(1973) is Cluite different in position from th(~ 
other CUIYes calcula tecl and the cft con cent ra
tion in the solution in equilibrium with this 
mineral assem blage is higher than N;t concen tra
tion under high salinity conditiolls. 

In conclusion, these results indicate that the 
chemical composition of natural water at 250°C 
is largely con trolled by such minerals commonly 
occurring in nature as albite, K feldspar, sericite, 
calcite, wairakite and quartz. 

Limited condition is treated in the present 
paper. WieleI' physicochemical and geologic 
environments have to be treated in order to 
interpret precisely the natural water composi
tion. 
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