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ABSTRACT

The effects of dissolved salts (NaCl, KCl, MgCl,,
Ca(l,, Na,SO,, MgSO,, and their mixtures) on
oxygen and hydrogen isotope partitioning between
brines and coexisting phases (vapor and calcite) were
experimentally determined at 50-350°C and 300°C,
respectively. In liquid-vapor equilibration
experiments, for all of the salts studied, the hydrogen
isotope fractionation factors between the salt
solutions and vapor decreased appreciably (up to
20%o) compared to pure water-vapor. Except for KCI
solutions at 50°C, the oxygen isotope fractionation
factors between salt solutions and vapor were higher
(up to 4%eo) than, or very close to, that of pure water.
The observed isotope salt effects are all linear with
the molalities of the solutions. Mixed salt solutions
mimicking natural geothermal brines exhibit salt
effects additive of those of individual salts. The
isotope exchange experiments of calcite-water at
300°C and 1 kbar yielded a fractionation factor of
5.910.3%0 for pure water and effects of NaCl
consistent with those obtained from the liquid-vapor
equilibration experiments.

The isotope salt effects observed in this study are too
large to be ignored, and must be taken into account
for isotopic studies of geothermal systems (i.e.,
estimation of isotope ratios and temperatures of
deep-seated geothermal brines).

INTRODUCTION

It has long been recognized that dissolved salts in
water can change oxygen and hydrogen isotope
partitioning between water and other phases (i.e.,
vapor, minerals) due to the hydration of ions upon
the dissolution of salts in water. However, their
effects have not been well determined at elevated
temperatures (cf. Truesdell, 1974). We are currently
conducting a series of hydrothermal experiments of
the system brine-vapor or minerals to 350°C, in
order to determine precisely the effects of dissolved
salts abundant in brines on isotope partitioning at
temperatures encountered in geothermal systems.
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The so-called "isotope salt effect” has important
implications for the interpretation and modeling of
isotopic data of brines and rocks obtained from
geothermal fields. We will show how to use our new
results of isotopic partitioning to help better evaluate
energy resources of many geothermal fields.

EXPERIMENTAL

We can determine the salt effect on oxygen and
hydrogen isotope partitioning between liquid water
and a coexisting phase A (vapor, minerals) from,

(M

where a is an equilibrium isotope fractionation factor
between a phase A and liquid water. The isotope salt
effect (T'), which is caused by the dissolution of salts
in water, can be more rigorously defined as follows,

10°INT = 10°100p e 10°I0 A e e

a(HDO)/a(H,0) a(H,*0)/a(H,"*0)

T =

X(HDOYX(H,0)  X(H,"OyX(H,*0)
= Y(HDO)/y(H,0) or y(H,"0)/y(H,*0), (2)

where a, X, and y denote activity, mole fraction, and
activity coefficient, respectively.

In order to examine the effects of dissolved salts on
isotope partition, a series of vapor-liquid water
equilibration experiments were carried out for NaCl
solutions from 50 to 350° C, CaCl, solutions from 50
to 200°C, and for KCl, MgCl,, Na,SO,, and MgSO,
solutions from 50 to 100°C. Several mixed salt
solutions mimicking natural geothermal brines
(Salton Sea brine) were also studied at 50 to 100°C.
In order to cover the wide range of temperature,
three different liquid-vapor equilibration apparatus
were employed, using both static and dynamic
sampling techniques of water vapor. The overall

-errors in values of 10°InT are +0.1 to 0.15%. (10) and

11.0 to 1.5%o0 (10) for oxygen and hydrogen isotopes,
respectively.

The effect of dissolved NaCl on oxygen isotope



partitioning between calcite (CaCOs) and water was
also studied at 300°C and 1 kbar. Since complete
isotope exchange of this reaction is not expected
during the experiments, the partial isotope exchange
method of Northrop and Clayton (1966) was used to
calculate the equilibrium isotope fractionation factor.
This technique gives errors of about +0.2 to 0.3%o

(10).

RESULTS AND DISCUSSION

(1) Liquid-Vapor Equilibration Method

We first determined precisely liquid-vapor isotope
fractionation factors of pure water from 25 to 350°C,
because there are few precise data available in the
literature above 100°C. All of our results and most
of the literature data were then regressed to single
equations valid from the freezing temperature (0°C)
to the critical temperature of water (374.1°C),

10°Ina,.(D)=1159(T*/10°)-1620(T%/T¢) +794.8(T/10%)
-161.0+2.999(10°T%) 3)

within +1.2%e (10), and

10°Ina, (**0)=-7.69+6.712(10%/T)-1.666(10%/T2)
+0.3504(10°/T%) 4

within £0.11%o0 (1lo) (Horita and Wesolowski, in
review). :

Liquid-vapor isotope fractionation factors of the
single salt solutions (NaCl, KCl, MgCl, CaCl,
Na,SO,, and MgSO,) with different molalities were
determined in order to calculate the isotope salt
effects from the following equation,

 10°InT = 10°I00t, uce wateny 10 oy &)

Values of 10°Inr(D) for 0-6 molal NaCl solutions at
50 to 350°C, 0-5 molal CaCl, solutions at 50 to
200°C; and for 0-4 molal KCl, 0-5 molal MgCl,, 0-2
molal Na,SO,, and 0-2 molal MgSO, solutions at 50
to 100°C were all positive and linear with their
molalities within analytical errors. In other words,
hydrogen isotope fractionation factors, 10°na(D),
between the salt solutions and vapor are always
smaller (up to 20%o) than those of pure water. The
magnitude of values of 10°Inr(D) is in the order
CaCl, > MgCl, > MgSO, > NaCl = KCI > Na,SO,
at the same molalities at 50 to 100° C (see Fig. 1 for
100°C). Our results of NaCl solutions from 50 to
350° C together with those in the literature near and
below room temperature show that values of
10*lInr(D) of NaCl solutions decrease from
2.6%o/molal at 10> C to 1.0%o/molal at 130°C, and are
nearly constant from 130 to 300°C. Then, the values
appear to increase to 2.0%o/molal at 350°C. The
values of 10°Inr(D)/molal for CaCl, solutions from 50

10°1ar (*°0)

to 200°C, and of KCl, MgCl,, Na,SO,, and MgSO,
solutions from 50 to 100°C decrease slightly with
increasing temperature.

Except for KCl solutions at 50° C, oxygen isotope salt
effects, 10°Inr(**0), in all of the salt solutions are
negative or very close to zero; namely oxygen isotope
fractionation factors, 10°Ine(**O), between the salt
solutions and vapor are larger (up to 4%o) than, or
very close to, that of pure water. Divalent cation salts
(Mg** and Ca®") exhibit oxygen isotope salt effects
much larger than monovalent cation salts (Na* and
K*) (see Fig. 1 for 100°C). Values of 10°Inr(**O) in
MgCl, and MgSO, solutions are indistinguishable
between 50 and 100°C, suggesting that cations
determine oxygen isotope salt effects. Our results for
the oxygen isotope salt effect of 0-6 molal NaCl
solutions from 50 to 350°C show that NaCl has
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Fig. 1. Salt effect on liquid-vapor partitioning of
oxygen and hydrogen isotopes at 100°C.
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almost no effect on oxygen isotope partitioning to

200°

C, but that values of 10°Inr'(*30) start to deviate

to negative values at higher temperatures (Fig. 2).

Our

results for NaCl solutions clearly contradict

those of Truesdell (1974) and Kazahaya (1986), who

observed

complex temperature and molality

dependence (Fig. 2). Kazahaya (1986) employed a
liquid-vapor equilibration method similar to ours,
while Truesdell (1974) used a CO,-brine equilibration
method.

All of the results of the oxygen and hydrogen isotope

salt

effects in the single salt solutions determined

between 50 to 100° C were satisfactorily regressed to

an €

quation with a simple form,

10°InT =m(a+b/T), (6)

where a (molality’) and b (K.molality!) are

para
The

The

meters, m molality of a salt solution, and T(K).
results of the fitting are shown in Table 1.

oxygen and hydrogen isotope salt effects in

mixed salt solutions of the system Na-K-Mg-Ca-Cl-

SO,

some of which mimic natural geothermal brines

(Salton Sea), were measured using the liquid-vapor
equilibration methods between 50 and 100°C. Then,
we examined whether the measured isotope salt
effects in the mixed salt solutions can be described as
an additive property of the isotope salt effects of
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Fig. 2. Effect of NaCl on oxygen isotope partitioning.
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individual single salts contained in the mixed salt
solutions; namely (Horita et al., 1993b)

1031nrmixed salt soln— Z:(]-Oalrl]:‘single salt soln)
=z{m;(a;+b/T)}, (7
where i is the ith single salt in mixed salt solutions.
Figs. 3a and 3b show that the measured oxygen and
hydrogen isotope salt effects in the mixed salt
solutions agree well with the calculated values using
parameter values in Table 1 and Eqn (7) within
analytical errors and uncertainty in the calculations.
This is true even for the mixed salt solutions of
chloride and sulfate anions with very high ionic
strengths. Sofer and Gat (1972; 1975) and Horita and
Gat (1989) also observed that this simple mixing rule
applies to synthetic and natural chloride-mixed
solutions at room temperature. Thus, Eqn (7) can be
used to calculate oxygen and hydrogen isotope salt
effects in complex natural brines, at least to 100°C.

(2) Calcite-Water Isotope Exchange Method
Hydrothermal experiments of partial isotope
exchange were carried out on calcite-pure water at
300°C and 1 kbar for a duration of 126 days. A
calculated equilibrium oxygen isotope fractionation
factor, 10°In0 e pure vater WaS 5.920.3%o. From the
experiments of calcite-1, 3, and 5 molal NaCl
solutions, we obtained 10°Ina,,enact s values of
5.6+0.2, 5.0+0.15, and 4.9+0.2 %o for 1, 3, and 5 molal
NaCl solutions, respectively (Table 2). Oxygen
isotope salt effects can be calculated from,

Table 1. Results of least-squares fitting of the isotope
salt effect in single salt solutions (Horita et al.1993a)

salt  10°Inr parameter T(-C)
a b
NaCl (D) -2.89 1503.1 10-100
(*0O) -0.015 0 25-100
KCl1 D) -5.10 2278.4 20-100
(*0) -0.612-  230.83 25-100
MgCl, (D)  +4.14 0 50-100
(*0)  +0.841 -582.73  25-100
CaCl, (D) -2.34 23182 50-100
(*0O) -0.368 0 50-100
¢
Na,SO, (D) +0.86 0 50-100
(#0) -0.143 0 50-100
MgSO, (D) +845 -2221.8  50-100
(*0) +0.414 -43233  0-100
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Fig. 3. Effects of mixed salt solutions on oxygen and
hydrogen isotope partitioning at 50-100°C.

Table 2. Results of the isotope exchange experiments
of calcite-water at 300°C and 1 kbar.

NaCl F(%) 10°Ine 10°InT(**0)
pure water 7.4 5.9+0.3
$1 molal 19.0 5.6x0.2 -0.3
3 molal 22.7 5.0£0.15 -0.9
5 molal 25.0 4.9+0.2 -1.0

F=fraction of isotope exchange
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1031n1-|(130)= 1031nacalcite—NaCl soln'lOSlnacalcile-pumwaten (8)

yielding 10°Inr(**O) values of -0.3 to -1.0%so (Table 2).
The magnitude of these oxygen isotope salt effects
obtained from the calcite-water experiments is
consistent with those obtained from the liquid-vapor
equilibration method at 300°C (-0.2 to -0.6%o for 1
and 5 molal NaCl solutions) (Fig. 2).

A previous study on oxygen isotope fractionation in
the system calcite-0.7 molal NH,CI solution gave a
10%Ina value of about 5.6%e at 300°C (O’Neil et al.,
1969, corrected in Friedman and O’Neil, 1977).
Kendall et al. (1983) also carried out experiments for
oxygen isotope fractionation factor of the system
calcite-0.5 molal NH,CI+1 or 4 molal NaCl solution
at 275°C. They found that the average oxygen
isotope fractionation factors were 6.8+0.5%o regardless
of the presence of NaCl; the equation by O’Neil et
al. (1969) yields 6.4%o at 275 ° C. Thus, our results and
those of O’Neil et al. (1969) and Kendall et al.
(1983) are generally consistent with each other,
although the effect of NH,Cl is not well determined.

IMPLICATIONS FOR GEOTHERMAIL STUDIES
In some geothermal fields, both steam and liquid
water can be collected, and .their oxygen and
hydrogen isotopic compositions can be used as the
water-steam isotope geothermometer, using Eqns (3)
and (4). However, incomplete separation of steam
and water, and partial condensation of steam after
the phase separation often result in discordant,
unreasonable temperatures for the phase separation.
A third water-steam isotope geothermometer
employs the slope in the §D-§"0 diagram, given by
the ratio of differences in oxygen and hydrogen
isotopic compositions of water and steam samples,

slope=A §D/A §*0=(5D-6D,)/(6°0-610,)

«(1-a,(D))/(1-04,(PO)") )
Values of the slope were calculated from Eqns (3),
(4), and (9) from 0 to 372°C, and shown in Fig. 4.
The value of the slope decreases from about 8 near
room temperature with increasing temperature, due
to a rapid decrease in the value of the hydrogen
isotope fractionation factor. The sign of the slope
changes at about 229° C because of the cross-over of
the hydrogen isotope fractionation factor. The effects
of incomplete separation of water and steam, and
partial condensation of steam on calculated
temperatures of the phase separation using Eqn (9)
are much smaller than those obtained from values of
AsD and A6%0, alone. However, the water-steam
isotope geothermometer using the value of
A 8D/A 6"0 should be limited to temperatures less
than 250°C, due to large errors in the calculations
above that temperature. Since dissolved salts in water



change both oxygen and hydrogen isotope
fractionations factor between liquid water and steam,
their effects must be taken into account for the
evaluation of temperatures of the phase separation.

The importance of the isotope salt effect for
evaluating reservoir temperatures of geothermal
systems can be illustrated using a mineral-water
isotope geothermometer. In active geothermal fields,
isotopic compositions of brines and rocks obtained
from bore holes have been used to estimate reservoir
temperatures, assuming the attainment of isotope
equilibrium. For example, samples of kaolinite and
water obtained from a bore hole in a geothermal
field give a measured 10*Ina(D )y, 01wt vaIue€ Of -15%so.
In order to calculate the underground reservoir
temperature, the isotope salt effect of the water
sample must be taken into account. The effects of 1
and 3 molal NaCl solutions and Salton Sea brine on
the hydrogen isotope fractionation factor are shown
in Fig. 5 as examples. The composition of Salton Sea
brine is 3.14 molal Na*, 0.882 molal Ca**, 0.588
molal K* and 576 molal ClI' (Williams and
McKibben, 1989). The fractionation factor between
kaolinite and pure water is taken from Liu and
Epstein (1984). If the fractionation factor for pure
water was inadvertently used for 1 and 3 molal NaCl
solutions, and Salton Sea brine, the calculated
isotope temperatures will be approximately 7, 24, and
59°C higher than the correct one, respectively.
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Fig. 4. Ratio of A§D/A6"0 of water and steam
samples as a function of temperature.
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Discrepancies reported in the literature between
temperatures obtained from mineral-water isotope
geothermometers ~ and measured bore hole
temperatures, homogenization temperatures of fluid
inclusions, and other chemical geothermometers
could be due to the disregard of possible isotope salt
effect in waters in the calculations. The same
principle should be applied to isotope
geothermometers between brines and dissolved
species (e.g., SO,%), but isotope geothermometers
using coexisting minerals or gaseous species (e.g.,
CO,, CH,) are independent of the isotope salt effect
in brines.

Another important example is the estimation of
isotopic compositions of fluids from which mineral
assemblages were precipitated in geothermal fields.
Isotopic data of minerals together with estimated
temperatures of the precipitation of the minerals
obtained from fluid inclusion microthermometry
and/or other types of geothermometers can give the
isotope ratios of the parental fluids, using mineral-
water isotope fractionation factors. Alternatively,
fluid inclusions in minerals can be extracted and their
isotopic compositions can be determined, thus
providing directly isotope ratios of the mineral-
forming fluids. When fluids precipitating minerals in
geothermal fields are brines, the isotope ratios of the
fluids obtained by the above two approaches could
be different due to the isotope salt effect in the
brines (Truesdell, 1974).

T (°C)
150125 100 75 50 25
T T RAT T T
5 —10 | TNa =
1 —-15 N ~ T
':o; measured A« ~« Salton Sea
4 ~ N
~~ —20 - >. " <~3mNaCH
g SO0
S - > 1mNaCl
— ~
()
S 30 . —
Kaolinite—pure water
—40 TR SOV SN U W | T I | - 11

2.2 24 26 28 3.0 32 3.4 3.6
‘ 1000/T (K!)

Fig. 5. Salt effect on kaolinite-water hydrogen isotope
geothermometer.




CONCLUSIONS

Our hydrothermal experimental studies demonstrate
that salt effects on stable isotope partitioning
between brines and other phases (vapor and
minerals) indeed persist up to at least 350°C, but
that the complex temperature and composition
dependence reported in the literature is almost
certainly an experimental artifact. Our new, precise
results on isotope partitioning and salt effects permit
a- improved quantitative evaluation of the
geochemical characteristics of geothermal systems.

ACKNOWLEDGEMENT

This study was supported by the Geoscience Program
of the Office of Basic Energy Sciences and the
Geothermal Technology Program of the Office of
Energy Efficiency and Renewable Energy, U. S.
Department of Energy, under contract number DE-
ACO05-840R21400 with Martin Marietta Energy
Systems, Inc.

REFERENCES

Bottinga, Y. (1968), "Isotopic fractionation in the
system: calcite-graphite-carbon dioxide-methane-
hydrogen-water," Ph.D. dissertation, U.C. San Diego.

Craig, H. and Gordon, L. L. (1965), "Deuterium and
oxygen 18 variations in the ocean and the marine
atmosphere," in Stable Isotopes in Oceanographic
Studies and Paleotemperatures (ed. E. Tongiorgi),
pp9-130.

Friedman, 1. and O’Neil, J. R. (1977), "Compilation
of stable isotope fractionation factors of geochemical
interest," U. S. Geol. Surv. Prof. Paper 440-KK.

Horita, J. and Gat, J. R. (1989), "Deuterium in the
Dead Sea: Remeasurement and implications for the
isotope activity correction in brines,” Geochim.
Cosmochim. Acta, 53, 131-133.

Horita, J, Wesolowski, D. J.,, and Cole, D. R.
(1993a), "The activity-composition relationship of
oxygen and hydrogen isotopes in aqueous salt
solutions: I. Vapor-liquid equilibration of single salt
solutions from 50 to 100°C,"” Geochim. Cosmochim.
Acta, 57, 2797-2817.

Horita, Cole, D. R, and J, Wesolowski, D. J.
(1993b), "The activity-composition relationship of
oxygen and hydrogen isotopes in aqueous salt
solutions: II. Vapor-liquid equilibration of mixed salt
solutions from 50 to 100°C and geochemical
implications," Geochim. Cosmochim. Acta, 57, 4703-
4711.

Kazahaya, K. (1986), "Chemical and isotopic studies
on hydrothermal solutions," Ph.D. dissertation, Tokyo

-290-

Institute Techhology, 185p.

Kendall, C,, Chou,.I-M., and Coplen, T. B. (1983)
"Salt effect on oxygen isotope equilibria," EOS, 334-
335.

Liu, K. K. and Epstein, S. (1984), “The hydrogen
isotope fractionation between kaolinite and water,"
Chem. Geol. (Isot. Geosci. Sec.) 2, 335-350.

Majoube, M. (1971), "Fractionnement en oxygéne 18
et en deutérium entre I’eau et sa vapeur," J. Chim.
Phys., 68, 1423-1436.

Northrop, D. A. and Clayton, R. N. (1966), "Oxygen
isotope fractionations in systems containing
dolomite," J. Geol., 74, 174-196.

O'Neil, J. R., Clayton, R. N,, and Mayeda, T. K.
(1969), "Oxygen isotope fractionation in divalent
metal carbonates,” J. Chem. Phys., 51, 5547-5558.

O’Neil, J. R. and Truesdell, A. H. (1991), "Oxygen
isotope fractionation studies of solute-water
interactions," In Stable Isotope Geochemistry: A
Tribute to Samuel Epstein (ed. H. P. Taylor et al.),
pp17-25, Geochem. Society.

Poulson, S. R. and Schoonen M. A. A. "An oxygen
isotope study of NaCl-water interactions at 100-
300°C," Isotope Geosci. (in press)

Sofer, Z. and Gat, J. R. (1972), "Activities and
concentrations of oxygen-18 in concentrated aqueous
salt solutions: Analytical and Geophysical
implications,” Earth Planet. Sci. Lett., 15, 232-238.

Sofer, Z. and Gat, J. R. (1975), "The isotopic
composition of evaporating brines: Effects of the
isotope activity ratio in saline solutions,” Earth
Planet. Sci. Lett., 26, 179-186.

Taube, H. (1954), "Use of oxygen isotope effects in
the study of hydration of ions," J. Phys. Chem., 3§,
523-528.

Truesdell, A. H. (1974), "Oxygen isotope activities
and concentrations in aqueous salt solutions at
elevated temperatures: Consequences for isotope
geochemistry,” Earth Planet. Sci. Lett., 23, 387-396.

Williams, A. E. and McKibben, M. A. (1989), "A
brine interface in the Salton Sea Geothermal System,
California:  Fluid geochemical and isotopic
characterization,” Geochim. Cosmochim. Acta, 53,
1905-1920.





