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THE STABILITY OF THE MAGNESIUM
CARBONATE ION PAIR FROM 10° TO 90°C

R. M. SIEBERT* and P. B. HOSTETLER**

ABSTRACT. The dissociation constants of the aqueous MgCO,° ion pair were deter-
mined experimentally from 10° to 90°C at 15° intervals. Absolute pH measurements in
MgCl-KHCO; solutions being titrated with K,CO, were used to calculate the results.
The experimental PKargooge (—108 Kaissoeration) at 25°C is 298 =+ 0.03, and the pK

values rise smoothly, as a function of temperature, to a value of 3.41 * 0.067 at 90°C.
The temperature variation is in excellent agreement with that predicted by electro-
static ion pair theory. The derived values of AGy°®, AHy°, and ASy° of dissociation at
25°C are 17050 = 125 J mol—* (4075 # 30 cal mol—"', —8439 J mol—* (—2017 cal mol™),
and —85.48 J deg—* mol—* (—20.43 cal deg— mol—"), respectively.

INTRODUCTION

The MgCO;° ion pair is a geochemically very important aqueous
species. This ion pair is present in significant concentrations in alkaline
solutions containing magnesium ions and carbonate species and thus is
important to the quantitative interpretation of mineral and electrolyte
solution interactions. For instance, Garrels and Thompson (1962) showed
that the MgCO,° ion pair is the dominant factor determining the activity
of CO42~ (aq) in seawater and js thus a determining factor in the inter-
action of seawater with carbonate minerals. Knowledge of the stability of
MgCO,° can also be important in experimental mineral solubility studies.
Solubility studies at 90°C on dolomite by Siebert and Hostetler (1970)
and on magnesite by Christ and Hostetler (1970) were limited to high
experimental values of Pgo, and hence low values of pH because of lack
of MgCO,° data at higher temperatures. Thus, reliable data for the
MgCO,° stability over a wide range of temperatures is desirable.

Previous published values of —log Kg;.... for MgCO,° at 25°C are:

Greenwald (1941) 3.26
Raaflaub (1960) 2.97
Garrels, Thompson, and Siever (1961) 3.40
Nakayama (1971) 3.24
Larson, Sollo, and McGurk (1973) 2.90
Reardon and Langmuir (1974) 2.88

Reardon and Langmuir also reported values at 10°, 40°, and 50°C.
The agreement between investigators is poor. Examination of the pro-
cedures used in some of the above determinations reveals problems that
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cast doubt on the validity of the results. For example, Garrels, Thompson,
and Siever (1961) failed to take into account the MgHCO,+, NaHCO,°
and NaCO;~ ion pairs in their calculations. Similarly, Larson, Sollo, and
McGurk (1973) failed to take into account the MgHCO,+ ion pair in
the calculation of his result. Nakayama (1971) used a slope-intercept
method, where the slope is a function of K\Igco,; in his equatlon This
slope is dependent on [H+]—2% and the qudnuty dK,/dH+ is propor-
tional to [H+]—3, greatly magnifying pH errors in the results. The recent
work of Reardon and Langmuir (1974) appears to be the best to date,
and their values from 10° to 50°C will be used for comparison with the
results reported here.

ENPERIMENTAL PROCEDURE

Because of the scarcity of quality data and the scarcity of data at
temperatures other than 25°C, the stability of MgCO,° ion pair was deter-
mined from 10° to 90°C, the goal being to maximize the accuracy of
the determination. This was allowed, in part, by the availability of data
for the MgHCO;* ion pair from 10° to 90°C (Siebert and Hostetler,
1977). The experiments were performed at relatively high concentrations
of reactants and at high activities of CO,?~ (high pH values) in order to
generate large concentrations of MgCO;°; high concentrations were
achieved by virtue of the large degree of supersaturation with respect to
magnesite (3 to 4 orders of magnitude) tolerated by most of these solu-
tions. The experimental approach utilized in this study was that of the
potentiometric titration of a MgCl, and KHCO, solution with K,CO,
solution. The approach did not follow the customary equilibration of a
gas phase of known CO, content with the experimental solutions and the
subsequent calculation of the HCO,~ and CO,*~ activities from the Py,
and pH. The method used here removes the uncertainties implicit in an
experimental Po, value (Christ, Hostetler, and Siebert, 1974), and the
equilibrium constants describing the solubility of CO, and the dissocia-
tion of carbonic acid. Experimental runs were performed at 10°, 25°, 40°,
55°,70°, and 90°C.

Experimental runs were performed in a one liter Pyrex beaker that was
fitted with a tight-sealing polyvinyl plastic lid. This lid was fitted with a
300-watt stainless steel immersion heater, a heat exchanger coil of stainless
steel tubing and holes for a buret, thermometer, stainless steel thermistor
probe, and pH electrodes. Appropriate quantities of distilled-deionized
water, solid KHCO,, and MgCl, solution were weighed into the beaker,
and the solution was thermostated at the temperature of the run. The
solution was then titrated with K,COj; solution. The pH and volume of
titrant were recorded at intervals of 0.1 and 0.2 pH units, until the run
was terminated by precipitation. No gas was bubbled through the run
solution. Stirring was provided by a magnetic stirrer and a Teflon-coated
stirring bar.

Temperature regulation was achieved with the immersion heater and
an electronic temperature controller using a thermistor temperature
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sensor. At 10° and 25°C, the immersion heater was balanced against the
heat exchange coil, through which coolant flowed from a refrigeration-
circulator unit, to produce regulation of =0.04°C. At higher tempera-
tures, only the immersion heater was used to give #+0.03°C regulation.
Solid KHCO; was prepared for weighing by drying reagent grade KHCO,
over CaCl, in a desiccator for several days, whereas the K,CO; was pre-
pared by heating reagent grade K,CO; at 275°C for 2 hrs. Concentrated
MgCl, solution was prepared by dissolving MgCl,  6H,O in distilled-
deionized water and analyzing titrimetrically for Mg?+ and Cl— with
EDTA and AgNO,, respectively. Results for both the cation and anion
agreed to within 1 part per 500. The solid KHCO; and the MgCl, solu-
tions were weighed to =1 mg, while water was weighed to *=0.1 g pre-
cision. Solutions of K,CO; were prepared fresh for each day’s work and
were added to the run from a 100-ml burette with #=0.02 ml readability.
The distilled-deionized water used throughout this work is presumed to
contain little dissolved CO.,. Efforts to obtain a stable and meaningful pH
on this water failed, and specific conductance measurements yielded
values of less than 1.0 micromhos. Both suggest that the water is far from
equilibrium with atmospheric CO,. If equilibrium with atmospheric
CO, (Pgo, =~ 10=2%) is assumed, the total dissolved inorganic carbon
would not exceed approx 2 X 10—3% molal, and this value is small relative
to the 0.01 to 0.08 molal solutions of total carbon in these runs. No
attempt was made to seal completely the run vessel from contact with
atmospheric CO,, because it was believed that no significant quantity of
CO, could be absorbed into the solution during the course of runs that
lasted less than 1 hr. If the rate of exchange for CO, from gas to solu-
tion is a function of the Pgo,, then the rate of absorption across the rela-
tively small gas-liquid interface would be approx 8000 times slower for
a Pgo, of 1027 than for a P, of 1. By experiment, approx 3 min were
required for pure water in the run vessel to absorb approx 10—+ mols of
CO, at Pgo, = 1.

The experimental pH was monitored with an Orion 801 digital pH
meter and a Sargent-Welch S-30072 combination electrode with thallium
amalgam internal electrodes and a platinum fiber junction. This elec-
trode, with its low temperature hysteresis internal electrodes, proved to
equilibrate rapidly and to be stable, particularly at higher temperatures.
The combination of the Beckman 39099 Glass and Orion double junction
reference electrode with 10 percent KNOy filling solution was also used
to a limited extent in the low temperature work but was discarded when
their potential became erratic during handling between buffer readings
at higher temperatures. This behavior apparently resulted from changes
in liquid junction potential due to mechanical changes in the junction
of the reference electrode. Where satisfactory data were collected, both
electrodes gave results that were in agreement. The pH measuring assem-
bly was calibrated with commercial phosphate and borax buffers which
were constantly checked for agreement with a NaHCO,;-Na,CO, buffer
made from the NBS formula given by Bates (1973, p. 73). The electrodes
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and buffers were all thermostated to the temperature of the run in a
separate water bath. Agreement between buffers was seldom worse than
+0.01 pH units, and buffer checks after the run termination were within
+0.02 pH units of the assigned buffer values.

CALCULATION OF THE STABILITY CONSTANT

The experimental molality and the thermodynamic dissociation con-
stant were calculated for MgCO,° from the experimentally determined
parameters and the equations that describe the distribution of the various
aqueous species. The experimentally determined quantities are:

pH — solution pH after K,CO, increment is added;
Mg, — molality of total Mg2+ added;

C; — molality of total inorganic carbon defined as the sum
of molalities contributed by the KHCO, and K,CO,
respectively;

mK+ — molality of K+ from KHCO, and K,CO;; and
mCl— — molality of C1— equal to 2Mgj.

The only aqueous species assumed present in these solutions are Mg?+,
MgHCO,+, MgCO;°, MgOH+, K+, H,CO,°, HCO,—, CO,>—~, OH-,
and Cl—. No association is assumed between K+ and HCO,— or CO,*—,
and between Mg®+ and Cl—. The distribution of these various species is
described by the total Mg?+ and total carbon mass balance equations, the
charge balance equations, and the mass action equations for the stability
of the various species. This leads to the following set of independent
equations. The small m and brackets denote molality and activity, re-
spectively. A form of equations that describes the dissociation equilibria
of HCO,— is
mCO,*~ = K,[HCO,~]/(10=PH y¢0,2-) (1)
The expression for the charge balance can be written as
mHCO,;~ = 2mMg?+ + mMgHCO,+ + mMgOH+
+ mK+ — 2mCO,2~ — mHCO,~
— mOH~ mCl— (2)

The mass action equations describing the distribution of appropriate
species are

mMgHCO,+ = [Mg*+] » mHCO,~/Kygucog )
where yygucoy+ is assumed to be equal t0 yyco,-

mOH= = K,,/(10=21 « y0,.), ©)

mMgOH+ = [Mg?+] » mOH~/Kyon- (®)

where yyrgou- is assumed equal to yoy-, and
mH,CO,° = [HCO,—] « 10—PI/K, (6)

where yu,co,° i assumed to be equal to 1.
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The mass balance equations for total carbon and total Mg?+ can be
written as

mMgCO,° = Cp, — mMgHCO,;+ — mHCO,~
— mCO,2~ — mH,CO,° (7

mMg*+ = Mgy — mMgHCO;+ — mMgCO,°
— mMgOH+ (8)
where:
K, — first dissociation constant of carbonic acid;
K, — second dissociation constant of carbonic acid;
K, — dissociation constant of water;
Kirgicoy+ — dissociation constant of MgHCO,+ ion pair;
Kigou+ — dissociation constant of MgOH+ ion pair.

These eight equations with their eight unknowns would normally be
solved by an iteration technique in which provisional values of the un-
knowns are cycled through the equations to generate better approxima-
tions, which are, in their turn, recycled through the equations. The
equations are iterated to a constant ionic strength. However, in practice,
this approach led to convergence in only rare cases. An alternative ap-
proach was used in which the charge balance equation (eq 2) was re-
moved from the iteration cycle, and, in its place, the activity of COz2—
was arbitrarily specified. The mHCO,~ was then calculated by rearrange-
ment of eq 1. The set of equations (excluding eq 2) was then iterated
to constant ionic strength. These results were used to calculate the charge
balance. If the charge balance equation was not satisfied, the activity of
CO42— was incremented or decremented repeatedly, and the results re-
calculated until the charge balance was satisfied. Finally, for the dissocia-
tion reaction of MgCO;°, the thermodynamic dissociation constant was
calculated by:

MgCO,°(aq) = Mg**(aq) + CO,*>~(aq)

_ _[Mgit] [COs27] 9
Kicoye = mMgCO,° @)

By decreasing the size of the increments and decrements, the results were
calculated with a precision of =0.0001 pKygco,e units.

Single ion activity coefficients, y;, were calculated from the Debye-
Huckel equation (Garrels and Christ, 1965, p. 61):

log y; = —(Az;21'?)/(1 + & BI'/?) (10)

Values of 4 and B were taken from Helgeson (1967); I is the ionic
strength in molal units. Values of the ion size parameter (4) used were
5.5 X 10—#% cm (Christ and Hostetler, 1970) for HCO,— and 4.5 X 10—8
cm (Klotz, 1964, p. 417) for CO,%—. Values of yyee were derived from
eq 10, to which a +bI3/? term was added on the right side. The resulting
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equation was fitted to yy,e- values calculated by the mean salt method
(Garrels and Christ, 1965, p. 58), based on the Maclnnes convention, from
MgCl, (Harned and Owen, 1958) and y = KCI1 (Hostetler, Truesdell,
and Christ, 1967) data. The resulting & was 5.5 X 10— cm, and b was
0.12 for 25°C. This equation fits the data well to ionic strengths far
above those reached in this work. The & value for OH— ion was taken
to be 9 X 10—8 cm; the same value as for H+ ion (Klotz, 1964). It was
assumed that the & values for MgHCO;+ and MgOH—~ were the same as
those for HCO,~ and Mg?+, respectively. Errors resulting from this
assumption are negligible (Christ, Hostetler, and Siebert, 1974). Also, it
is assumed that [MgCO;°] = mMgCO,°. For all single ions, the tempera-
ture dependence of the Debye-Huckel equation was assumed to predict
adequately values of y; at temperatures other than 25°C.

The first and second dissociation constants of carbonic acid (K, and
K,) used at 10°, 25°, and 40°C are from Harned and Davis (1943) and
Harned and Scholes (1941), respectively. Higher temperature values for K,
were derived from Cuta and Strafelda (1954) by lowering the log K,’s by
approx 0.03 units to bring their data into better agreement with those
of Harned and Scholes (1941). Higher temperature values for K, were
interpolated from the data of Ellis (1959) Values for Kyico,+ have been
taken from the work of Siebert and Hostetler (1977), Kyou- is from
McGee and Hostetler (1973), and K, is from Ackerman (1958). For con-
venience, a compilation of the data used in these calculations is presented
in table 1.

RESULTS AND DISCUSSION

Thirty-eight experimental runs (totalling 260 run points) were per-
formed from 10° to 90°C. The results are summarized in table 2. The
raw experimental data used in the calculations, along with the calculated
ionic strength and dissociation constants, are tabulated in table 3. A
more complete result for one representative run at 25°C is presented in
table 4. The calculated molalities of the various species and their per-
centage of the total Mg?+ and carbon that are tabulated in table 4 are
representative of the distribution of the aqueous species in the experi-
ment. At 25°C, over the pH range of 8.9 to 9.8 mMgCO;° rose from 16
to 60 percent of Mgy and from 25 to 44 percent of Cy. Similarly, mMg2+

TABLE 1
Constants used in calculating PXarccoge

Tempera-
ture A B logK, logK, logKagrcoys  10gKagon™ logK,
10°C 0.4960 03258 —6.464 —10.490 —1.051 —2.18 —14.534
25°C 0.5095  0.3284 —6.352 —10.329 —1.067 —2.20 —13.999
40°C 0.5244 0.3310 —6.298 —10.22 —1.108 —2.29 —13.533
55°C 0.5413  0.3338 —6.28 —10.15 —1.160 —2.37 —18.187
70°C 0.5596  0.3366 —6.27 —10.125 —1.230 —2.44 —12.800

90°C 0.5871  0.3406 —6.25 —10.12 —1.337 —2.54 —12.422
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and mHCO,~ never fell below 35 percent of Mgy*+ and 30 percent of
Cr, respectively. The mCO,2~ rose from 6 to 24 percent of Cy.

The upper concentrations of Mg, in these experiments were limited
by the nucleation and precipitation of an amorphous magnesium car-
bonate of unknown composition. The degree of supersaturation with re-
spect to magnesite tolerated by these experiments was found to decrease
rapidly with rising temperature. Thus the range of concentrations and
pH’s and the number of experimental points per run rapidly decreased
with increasing temperature. This trend is readily seen in the data of
table 3. Consequently, the precision of the determinations became worse
with increasing temperature, although the trend was offset to some extent
by increasing stability of MgCO,°.

Frequently, the calculated results of run points near the precipitation
barrier were found to differ substantially from the main values of the
run. These points always gave larger pK values and probably represented
incipient nucleation and precipitation. Such points were deleted from
the data. Also, some points at very low concentrations and pH’s (pH ~
8.5) differed grossly from the bulk of the data, and these were also deleted.

As a consequence of the experimental approach, runs were performed
over a relatively narrow ionic strength range. For instance, at 25°C, the
ionic strength varied only from 0.1 to 0.2. A plot of pKygeo, (25°C)
versus I is presented in figure 1. No gross trend is evident in the figure,
and minor trends are probably not statistically significant because the
data points belonging to the same run are strongly related to each other.
Ionic strength trends within a run are indeterminate, because I remains
virtually constant throughout the bulk of the run (see data in table 3).
However, a glance at table 3 shows that there is a distinct trend of
PKigoo,e with the experimental pH in a majority of the runs. This trend
is usually toward more negative values, whereas a few runs show little
trend or a reversal of trend. The trend is slight at lower temperatures
(0.02-0.05 log units over a run) but increases with increasing temperature.
As an aid to the interpretation of this trend, an “error analysis” table
was calculated. The calculation is performed by giving a plus and a minus
error to one of the parameters, while holding all others at the “correct”
value and calculating the pKyzco,e- All the major parameters used in the
calculations were given this treatment in turn. The results for a low,

TABLE 2
Experimental dissociation constants for the MgCO,° ion pair
Standard Number Number
Temperature pK deviation of points of runs
10°C 2.89 +0.019 42 5
25°C 2.984 +0.0279 81 10
40°C 3.07 +0.021 39 6
55°C 3.18 +0.026 43 7
70°C 3.28 +0.042 26 4
90°C 341 +0.067 25 6
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medium, and high pH experimental point of a representative run at
25°C are given in table 4. T'wo observations may be made from the
table. The first is the relatively low magnitude of error in the results
with relatively gross errors in the input parameters. Thus a = 0.5 error
in the Debye-Huckel & and a * 5 percent error in the analytical data
produce an error of less than 0.03 log units. The error produced per
=+ 0.01 unit error in pH and —log K, is much less than *+ 0.03 in most
cases. The second observation is the increasing rate of error with in-
creasing pH. In most cases, the error at high pH’s is 2 to 3 times greater
than at low pH’s. The exception to this is the case of dgg,- where the
error is 4 times as great at high pH. This was the justification for using
dcop- = 4.5 X 10~% cm rather than the more commonly used value of
5.5 X 10—% cm derived from the ycopz- data of Walker, Bray, and John-
ston (1927). The value of 4.5 X 10—% cm greatly reduced the trend with
pH while affecting the average pKyygco,e by less than 0.02 log units. This
probably should be considered an artificial appliance in that the ob-
served trend with pH still exists and represents a systematic error. Errors
in the equilibrium constants for H,CO,°, MgOH+, and H,O are of no
consequence to the error in pKygco,s because they may be completely
ignored without adversely affecting the results. Errors in the values of
yi (other than yco.-) do not account for the trend. Errors in measured
pH’s might be the answer. Another possible source for this trend with
pH might be the existence of unrecognized ion pairing, such as the
Mg(CO;),2~ ion pair. Although there is systematic error within a run,
the error appears to be random between runs. The standard deviation of
the results at each temperature is taken as a measure of the accuracy
of the determination.

The experimental 25°C value (pKyco,w = 2.98) is in general agree-
ment with the values of Reardon and Langmuir (1974), Larson, Sollo,
and McGurk (1978), and Raaflaub (1960). The values of the experimental
pK rise smoothly as a function of temperature, to a value of 3.41 at 90°C.
This result can be compared with the temperature variation of pKyrgco,
obtained by Reardon and Langmuir (1974). When both sets of pK values
are plotted as a function of temperature (fig. 2), the shapes of the two
curves may be seen to differ substantially. It was expected that the shape
of the two curves would be very similar even though the pK’s at 25°C
differ by 0.1 units. Since this is not the case, one of the experimental data
sets is in error.

The present experimental data were compared to the temperature
variation of pKjyeo,o predicted by the ion pair theory of Fuoss (1958).
The details of the equations and the procedure used in the comparison
are identical to that used for MgHCO,+ ion pair by Siebert and Hostetler
(1977) and will not be repeated here. In general, the Fuoss theory presents
the ion pair dissociation constant in terms of the energy of electrostatic
interaction and is calculated using properties of both the ions involved
and of the solvent. The experimental value of InKypgeo,e at 25°C is used
to calculate the value of the ion size parameter (the only unknown in the
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of the magnesium carbonate 1on pair from 10° to 90°C
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Fig. 1. Graph of —logKageco,e Versus ionic strength for all 25°C data points.

Fuoss eq), and this value, 2.99 X 10=* cm, was used to calculate the con-
stants at other temperatures. The results are plotted in figure 2; the
agreement between the theoretical and the experimental temperature de-
pendence is excellent. Also plotted in figure 2 are the experimental data
of Reardon and Langmuir (1974) and the Fuoss curve which was cal-
culated on the basis of their 25°C point. The agreement between the two
is poor, suggesting that the experimental temperature dependence re-
ported here is correct and that of Reardon and Langmuir (1974) is not.

Since the Fuoss equation fits the experimental data so well, it may
also be used to calculate the thermodynamic quantities, AH°g and AS®g,
for the reaction:

MgCO;°(aq) = Mg2+(aq) + CO,2—(aq).

Such a calculation may be more accurate in defining the above quan-
tities than their calculation from a van’t Hoff plot or least squares curve
fit, because, assuming pure electrostatic bonding, the theoretical equation
can predict the slope, dInK/dT, more accurately than may be done with
a few experimental points which usually have relatively large uncertain-
ties. The thermodynamic quantities were calculated by the equations
derived from the Fuoss equation, given by Siebert and Hostetler (1977).

Using aygoo,s = 2.99 X 10—2 cm, the results gave AG°y = 17050 =
125 ] mol—* (4075 = 30 cal mol—*%; AH®, = —8439 ] mol—* (—2017 cal
mol~?); and AS°p = —85.48 J deg—! mol—* (—20.43 cal deg—* mol—?) at
25°C. For comparison, these quantities were calculated directly from the
experimental results. From figure 2, it may be seen that a straight line
would fit the experimental points quite well. Using the slope of this
line (dInK/dT = —0.01468 per deg), AH®; and AS°; were calculated
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Fig. 2. Graph of MgCO,° experimental results. Circles and bounding bars repre-
sent experimental values and the standard deviation. Solid triangles represent the
experimental values from Reardon and Langmuir (1974). Solid lines calculated from
the Fuoss equation.

and found to be —10841 J mol—* (—2591 cal mol—?), respectively. The
agreement between the two is not particularly good and illustrates the
errors that may arise in such calculations. The results derived from the
Fuoss equation are considered more accurate and therefore preferred.

GEOLOGIC DISCUSSION

Significant concentrations of MgCO,° and MgHCO,* ion pairs will
be formed in any alkaline solution containing appreciable magnesium ion
and carbonate species. Since these ion pairs, in effect, remove free HCO,—
and CO,*— from solution, they help to control and buffer the thermo-
dynamic activities of HCO,;~ and CO,2~ in electrolyte solutions. Like-
wise, MgHCO,+ and MgCO,° ion pairs also influence the thermodynamic
activities of other cations and anions insofar as the HCO,— and CO,;2—
ions associate with other cations in solution, as for example, Ca?t+ and
Na+. Consequently, the choice of dissociation constants for MgHCO,+
and MgCO;° will have a marked effect on the thermodynamic calcula-
tion of ion activity products (I.A.P.’s) and will have a marked effect on
the interpretations of the interaction of natural electrolyte solutions with
mineral systems.

A very important example illustrating the above discussion is the
case of seawater and related solutions. The MgCO,° and MgHCO,+ ion
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pairs are important in this case because of the high concentration of
total Mg?+ relative to total Ca?+ (total Mg?+/total CA?+ = 5.4) in sea-
water.

Garrels and Thompson (1962) were the first to calculate a detailed
chemical model for seawater. They calculated the distribution, at 25°C
and 1 atm, of the dissolved ions as free ions and complexed ions using
those equilibrium constants and single-ion activity coefficients available
at that time. Since the appearance of the Garrels and Thompson model,
a number of investigators have attacked the same problem from various
points of view. Some recent publications bearing on the subject include
Pytkowicz and Hawley (1974), Whitfield (1974), and Dryssen and Wed-
borg (1974). These may be consulted for details and for additional refer-
ences to the general field.

It is not our purpose here to consider the problem in detail or to
evaluate the literature in any way. Rather, we have simply recalculated
the Garrels-Thompson model using our new values for the dissociation
constants of MgHCO,+ and MgCO,° but keeping all other constants the
same as the Garrels and Thompson original ones and also using their

TABLE b

Error analysis table for run 24-3 (25°C)

At At At
Source pH=8.927 pH=9.414 pH=9.742 Normal
of error Error (pK error) (pK error) (pK error) values
3 _ —0.5A° -+0.0061 -+0.0069 -+0.0096 55
HCO3 +0.5A° —0.0055 —0.0065 —0.0091
8. o —0.5A° +0.0128 +0.0128 +0.0130 6.5
M +0.5A° —0.0118 —0.0119 —0.0122
8. —0.5A° —0.0062 —0.0111 —0.0244 45
03 +0.5A° +0.0052 +0.0092 -+0.0206
X —0.1 —0.1303 —0.1545 —0.2154 10.329
PR +0.1 +0.1233 +0.1411 +0.1913
H ~0.1 +0.1233 +0.1411 —+0.1913
P +0.1 —0.1303 —0.1545 02154
Pe —0.1 —0.0212 —0.0200 —0.0194 1.067
PPargrcog +0.1 +0.0253 +0.0233 +0.0231
Wt of H.O —59, —0.0115 —0.0125 —0.0149 688.8g
added +59%, +0.0115 +0.0118 +0.0139
Wt of —59%, —0.0317 —0.0438 —0.0679 39.62
K,CO, +59, +0.0301 +0.0426 -+0.0689
Wt of KHCO, —59, +0.0260 -+0.0301 +0.0423 1.708
added +59%, —0.0250 —0.0295 —0.0415
Wt of MgCl, —5%, +0.0182 +0.0278 +0.0458 37.652
soln. added +59%, —0.0168 —0.0254 —0.0404
Original Tonic 0.1691 0.1641 0.1685
Strength
Original 2.986 2.983 3.000

PKMg003°
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activity coefficients, in order to illustrate the effect of equilibrium con-
stant accuracy in such calculations. The results obtained here are com-
pared with the original results in tables 6 and 7. From table 6, it may
be seen that there is considerable change in the relative concentrations of
most of the ion pair species, whereas most of the free ion activities (table
7) have remained essentially unchanged. The exception is the increase of
the CO42— activity by a factor of almost two, as would be expected, be-
cause the pKyryco,o used in the recalculation is considerably smaller (less
stable) than the constant used by Garrels and Thompson (pKjpcosr =
2.98 versus 3.40), and consequently, less CO,*~ is associated with Mg?+.
This increase in CO,2~ activity raises the calculated ion activity product
for calcite (K = [Ca?+] [Cos2—]) from 1.24 X 10—8 to 2.18 X 10—8. This
result indicates that the calcite ion activity product in seawater is 7.2
times larger than the equilibrium value, 10—85% (Christ, Hostetler, and
Siebert, 1974). The new calculation does not explain the apparent super-
saturation of seawater with respect to aragonite and calcite, but it does
illustrate the importance of having precise values of the MgHCO,+ and
MgCO,° ion pair dissociation constants.
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TABLE 6

Original and recalculated results from the
Garrels and Thompson (1962) model for seawater

A. Results from original model for seawater

Molality % Frece ion % Me-SO, % Me-HCO,4 % Me-COy,

Ion (total) pair pair pair

Ca? 0.0104 91 8 1 0.2

Mg 0.0540 87 11 1 0.3

Na* 0.4752 99 1.2 0.01 —

K+ 0.0100 99 1 — —

Ton Molality % Freeion 9, Ca-anion % Mg-anion % Na-anion % K-anion
(total) pair pair pair pair

SO~ 0.0284 54 3 215 21 0.5

HCO;,—  0.00238 69 4 19 8 —

CO— 0.000269 9 7 67 17 —

B. Recalculated model using new values of pKMchos,, and pKMgc%o

Ton Molality % Freeion 9, Me-SO, % Me-HCO, % Me-CO,
(total) pair pair pair

Ca?* 0.0104 90.3 8.7 1 0.3

Mg? 0.0540 87.1 12.1 1 0.2

Na+ 0.4752 98.4 1.0 0.01 —

K+ 0.0100 98.9 1.0 — —

Ion Molality % Freeion 9, Ca-anion % Mg-anion % Na-anion % K-anion
(total) pair pair pair pair

SO~ 0.0284 55.7 3.1 23.0 17.6 0.5

HCO,—  0.00238 69.0 3.3 12.9 14.8 —

CO*— 0.000269 15.4 114 44.1 29.1 —
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TABLE 7
Original and recalculated ion activities from the
Garrels and Thompson (1962) model for seawater

Original Recalculated

Ca* 0.00264 0.00263
Mg?* 0.0169 0.01694

Na* 0.356 0.357

K+ 0.0063 0.0063
SO~ 0.00179 0.00190
HCO,;— 0.000975 0.00112
CO— 4.7 X 10— 8.3 X 10—
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