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Abstract

Aragonite is precipitated by a new CO,-diffusion technique from a Ca>“—Mg®“~CI~ solution between 10 and 50 °C.
Crystallisation of aragonite instead of calcite occurs by maintaining a [Mg®*]/[Ca®>*] ratio of 2 in the fluid. The dissolved
inorganic carbon (DIC) is received by diffusion of CO, through a polyethylene membrane (diffusion coefficient: Do, =10~ o4
em?® s~ 'at 19 °C). It is suggested that significant amounts of DIC may be transferred by diffusion of CO, in natural systems if
the CO, gradient is high. The CO,-diffusion technique is used as a kind of simple mixed flow reactor for the co-precipitation of
barium and strontium with aragonite. The distribution coefficients of Ba> " and Sr** decrease from 10 to 50 °C according to
Diiaa=2.42—0.03595T (°C) and D&, =1.32 —0.0050917 (°C). At 25 °C, the distribution coefficients are Dis,,=1.5 + 0.1
and D;}a =1.19 £+ 0.03. The effect of temperature on Dﬁa,a is about one order of magnitude higher versus that on D;a, Thus,

Ba®> " may be a potential paleotemperature indicator if the composition of the solution is known.

© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

In natural environments near the Earth’s surface,
calcium carbonate minerals occur as precipitates from
aqueous solutions. Their precipitation requires the
availability of calcium and carbonate ions. Dissolved
calcium ions are primarily gained by the dissolution of
minerals and rocks (e.g. silicates and carbonates).
Potential sources of carbonate ions are carbonate
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minerals by dissolution, organic matter by biochem-
ical decomposition, atmospheric carbon dioxide and
CO, of volcanic origin.

Transport of dissolved inorganic carbon (DIC)
and calcium can be due to hydrodynamic processes.
If the flow behaviour is negligible, aqueous compo-
nent transport may be induced by diffusion either in
the interstitial fluid or through micropores, faults,
interfaces of the solids or various kinds of geo-
membranes (e.g. McBride, 1994). Potential natural
membranes are layers of clay minerals, deposits of
silica and Al/Fe-hydroxide gels, accumulations of
degraded organic matter or semi-permeable cell
membranes, whereas anthropogenic geomembranes
consist of synthetic polymers, which are worldwide
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used for applications of solid waste disposal, munic-
ipal water, wastewater, the aquaculture industry, etc.
(Jost, 1972; Unger, 1984; Fukuoka, 1994; Bradley et
al., 2001).

In the present study, CO, diffusion through a
polyethylene membrane induces a CO, flux to crys-
tallize aragonite from an aqueous solution. The ap-
plied CO,-diffusion technique is used as a simple
mixed flow reactor where the CO, flux may be easily
varied by changing the thickness or type of the
membrane, or by adjusting the chemical composition
of the solution (e.g. pH, HCO5 or Ca®" concentra-
tion). A similar technique was formerly applied by
Dietzel and Usdowski (1996) for co-precipitation of
Sr** with calcite. Moreover, diffusion techniques
have been used for years for crystallizing carbonate
minerals by counter-diffusion of reactants through
gels (e.g. Henisch, 1970; Prieto et al., 1997). The
growth of carbonate minerals by counter-diffusion
appears within a gel, whereas by CO,-diffusion
technique aragonite crystallizes from an aqueous
solution.

The crystallisation of aragonite by CO,-diffusion
technique is used to investigate the co-precipitation
of strontium and barium with aragonite. The litera-
ture dealing with incorporation of Sr** into the
polymorphs aragonite and calcite is voluminous
(aragonite: e.g. Kinsman and Holland, 1969; Kitano
et al., 1971; Usdowski, 1973; Smith et al., 1979;
Plummer and Busenberg, 1987; Plummer et al.,
1992; De Villiers et al., 1994; Casey et al., 1996;
calcite: e.g. Katz et al., 1972; Lorens, 1981; Mucci
and Morse, 1983; Pingitore and Eastman, 1986;
Tesoriero and Pankow, 1996; Rimstidt et al., 1998;
Lea et al., 1999; Rickaby and Schrag, 2002). Studies
with respect to the co-precipitation of Ba®>* with
aragonite and calcite are rather scarce (aragonite:
e.g. Kitano et al., 1971; Bath et al., 2000; calcite:
e.g. Tesoriero and Pankow, 1996; Pingitore, 1986;
Kitano et al., 1973; Rimstidt et al., 1998). The
above studies show that the incorporation of Sr**
and Ba®" into aragonite is about two orders of
magnitude higher than into calcite (Kinsman and
Holland, 1969; Lorens, 1981; Tesoriero and Pankow,
1996; Kitano et al., 1971). Differences between
these elements can be explained by the ionic radii
of S and Ba®" and the specific crystal structure
of the polymorphs.

In principle, strontium (Me” " =Sr*") and barium
(Me? " =Ba? ") are incorporated into aragonite accord-
ing to the general reaction

xCa>* + (1 —x)Me*" + CO;~ = Ca,Me(,_,)COs
(1)

The related distribution coefficient is defined
according to the equation

XMeco, /Xca
e — MeCOs /Xcaco, 2)

T [Me?t]/[Ca)

by the mole fractions Xyeco, and Xcaco, of aragonite
and the molar concentrations [Me® '] and [Ca® ] of
the aqueous solution. The distribution coefficient may
be related to the activities of dissolved components
according to

DY, = Xntecos /Xcacos 3)
* T M} /{Ca

where {Ca’"} and {Me” "} denote activities of Ca®*

and trace component Me® " in the solutions. The

activities are obtained by the concentrations, [X],

and activity coefficients, y,, of the respective dis-

solved component X according to {X}=[X]-),.

2. Methods

In Fig. 1, the experimental set up for the crystal-
lisation of aragonite is shown. A 500-ml polyethylene
bottle (wall thickness: 0.2 cm) containing 35 g solid
NaHCO; was filled with double distilled water (inner
solution). This solution was saturated with CO, gas
from a tank at 1 atm. The sodium bicarbonate was
completely dissolved within 1 h. The time to achieve
chemical equilibrium was monitored by measuring
pH. At equilibrium, the pH is 7.5.

The closed bottle containing the inner solution
was placed into a vessel containing 5 1 of the outer
solution. The outer solution consists of [Ca® 7]=0.01
mol kg~ !, [Mg? *1=0.02 mol kg~ ' and [C1"]=0.06
mol kg~ ' (formed by dissolution of solid CaCl,-
2H,0 and MgCl,-6H,0) and was kept under nitro-
gen atmosphere to prevent absorption of atmospheric
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Fig. 1. Experimental set up for the crystallisation of aragonite and the co-precipitation of strontium and barium with aragonite by CO, diffusion
through a polyethylene membrane. The transferred CO, reacts with dissolved Ca® ™ to form aragonite according to Eq. (4).

CO,. A pH of 9.0 was fixed in the outer solution by
the addition of a freshly prepared ammonia buffer
during each experimental run. At this pH, the
solution becomes undersaturated with respect to
brucite. The buffer concentration of the outer solu-
tion was about 10~ > mol 1" ' of NH;. In all experi-
ments, reagent grade chemicals (p.a. Merck) and
pure gas (Messer Griesheim, CO,: 99.995 Vol%)
were used.

As the experiments proceed, CO, diffuses from the
inner solution through the polyethylene membrane into
the outer solution. Consequently, aragonite crystallises
in the continuously stirred outer solution. The temper-
ature was kept constant with a temperature controlled
water bath (£ 0.3 °C; Julabo HC E07 F18). Samples
of the outer solution (50 ml) were removed with a
plastic syringe. In the filtrated outer solutions (0.2 pum,
Sartorius 11309) and the inner solutions, the concen-
trations of Ca>*, Mg” ™, Sr* " and Na" were analysed
by inductively coupled plasma optical emission spec-
troscopy with an analytical error of about 1% (ICP-
OES, Perkin Elmer Optima 3300DV). For simulta-
neous ICP-OES analyses, the uncertainty with respect
to the [Sr* 7]/[Ca” "] and [Ba® “}/[Ca” ] ratios is < 1%,
as determined by repeated analysis of samples and
standards. As two analysed ratios have to be consid-
ered for the calculation of the distribution coefficients
(see Eq. (2)) error propagation yields in an uncertainty

of 2% for the values of Dy ». In several experiments,
HCO5 concentrations were analysed by titration with
0.01n hydrochloric acid with an analytical error of
about 4% to follow CO, diffusion and aragonite
precipitation.

To maintain an almost constant composition of
the outer solution for the co-precipitation of Sr* * and
Ba’ " with aragonite not more than 100 mg aragonite
has to be formed. The time periods for the deposition
of 100 mg aragonite were determined by analysing
calcium concentration. The amount of about 0.001
mol Ca?" (100 mg aragonite) contained in the

Table 1
Composition of the outer solutions and the respective precipitated
solids

[Ca®™] Mg* 1] pH Solid T (°C)
0.1 - 10.4 calcite 19
0.1 0.001 10.4 calcite 19
0.1 0.005 10.4 calcite 19
0.1 0.01 10.4 aragonite + calcite 19
0.1 0.02 10.4 aragonite + calcite 19
0.1 0.05 10.4 aragonite + calcite 19
0.1 0.1 10.4 aragonite + brucite 19
0.1 0.1 9.0 aragonite + brucite 19
0.01 0.01 9.0 aragonite 19-50
0.01 0.02 9.0 aragonite 10-50

Concentrations are given in mol kg~ .
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Fig. 2. Bicarbonate concentration of the outer solution as a function of reaction time (19 °C; Table 2).

precipitated aragonite from each run represents only
2 mol% of the initial amount of 0.05 mol Ca’”" in
the outer solution (5 1). Moreover, Sr*" and Ba®"
concentrations decrease by the same order of mag-
nitude due to the value of Dg,, and Ds,, being close
to one (Eq. (2)). Thus, the analysed [Sr**]/[Ca®"]
and [Ba®")/[Ca®"] ratios of the outer solution are
virtually constant during the experiments. The cal-
culation of activities and aqueous speciation for all
experiments were performed using the program
SOLMINEQS88 (Kharaka et al., 1988) considering
ion-pairing.

At the end of each co-precipitation experiment, the
precipitated solids were removed from the outer
solution by filtration through a 0.2-um membrane
filter under a nitrogen atmosphere. Some additional
solids were mechanically removed from the walls of
the 500-ml bottle. The solids were washed with
double distilled water until the remaining solution
was chloride free (as checked by the addition of
AgNO3), freeze dried and weighed. The precipitated
aragonite was dissolved in diluted hydrochloric acid
(6 wt.%) and the concentrations of Ca®>", Mg?* and
Sr* " were analysed by ICP-OES.'

' Analytical data are provided by an excel-file via Science
Direct at doi:10.1016/j.chemge0.2003.09.008.

If the amount of aragonite exceeded 110 mg, the
respective experiment was discarded. In each experi-
ment, the formation of aragonite was confirmed by X-
ray diffraction (XRD; goniometer type Philips PW
1130/1370) and infrared spectroscopy (FTIR; Perkin
Elmer 1600). XRD (3.035 A reflex) and FTIR anal-
yses (876 cm™ ! vibration) provide detection limits of
5 and 2 wt.% calcite in the presence of aragonite, as
confirmed by analyses of prepared calcite—aragonite
mixtures with well know composition. Moreover,
analyses of the precipitates by optical microscopy
(Leica DMLP) were carried out. Calcite crystals show
always rhombohedral habit, whereas aragonites occur
as fibrous crystals.

Obviously, the values of distribution coefficients
are most sensitive on aragonite versus calcite for-
mation. Although individual calcite crystals can be
identified by microscopy, which significantly
improves the detection limit of 2% for aragonite, a
respective percentage is not easy to predict. As a
worst case, calcite may be formed in the presence of
aragonite at a proportion of 2%. For example,
D&..=1.19 (present study) and Ds; carcite=0.021
(Tesoriero and Pankow, 1996) at 25 °C. The D;Fr,a
value decreases down to 1.17 as both calcite and
aragonite are formed at a ratio of 2:98. Such
deviation is within the range of the accuracy of
Dékr,a-
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3. Formation of aragonite versus calcite

The precipitation of calcite or aragonite induced by
diffusion of CO, can be expressed by the equation

Ca’" + CO, + OH™ = CaCO; + H' (4)

At low temperatures of sedimentary environments,
calcite is the stable polymorph of CaCOj; and may be
easily precipitated from aqueous solutions, whereas
inorganic precipitation of aragonite is preferentially
obtained at elevated temperatures and in solutions
containing magnesium chloride (e.g. Berner, 1966;
Kinsman and Holland, 1969; Kitano et al., 1971;
Usdowski, 1973; Zhou and Zheng, 2001). Therefore,
several experiments were carried out to determine the
outer solution compositions that would yield aragonite
as the sole reaction product.

The first set of experimental runs was carried out at
a temperature of 19 °C, pH 10.4, 0.1 mol kg~ ' of
Ca® " and magnesium concentrations between 0.001
and 0.1 mol kg~ ' of Mg?" (Table 1). At a [Mg* ")/
[Ca® ] ratio of 1, the crystallisation of calcite was
completely inhibited, but brucite precipitated. To avoid
brucite formation, the pH was kept at 9.0 and the Mg” *
concentration was adjusted to 0.01 mol kg~ ' at a
[Mg? *}/[Ca® "] ratio of 1. This was checked by chem-

Table 2

Concentration of HCO3 (mmol 17 ') of the outer solution and the
obtained diffusion coefficient, Dco, (cm s~ ", of CO, through the
polyethylene membrane (19 °C) as a function of reaction time #

t (h) [HCOs] Nco, log Dco,
1 0.0344 0.000172 —6.34
6 0.197 0.000982 —6.36
21 0.675 0.003376 —6.37
45 1.22 0.006101 —6.44
72 1.93 0.009672 —6.45
96 2.28 0.011385 —6.51

Nco,: moles CO; released by diffusion.

ical analyses of the Mg® " content of the dissolved

solids (ICP-OES). Under these conditions, aragonite
precipitated as sole reaction product. The formation of
aragonite was confirmed by X-ray diffraction and
FTIR analyses. In any case, the absence of rhombohe-
dral calcite crystals was also verified by microscopy.
Same results were obtained up to temperatures of 50
°C, whereas twice as much Mg® " was required to
inhibit the formation of calcite at 10 °C. Experiments
without Ca” " but with 0.02 mol kg~ ' of Mg® " and
Me? " used for the co-precipitation experiments show
that no precipitation of any additional solid occurs
within the respective range of temperature and reaction

0.0102 ,
I
0.0100 100 mg aragonite
|
0.0098 I i
I
— CO, diffusion : CO, diffusion
‘@ 0.0096 |
o, : and
I
0.0094 | I aragonite crystallisation
I
I
0.0092 | |
I
I
0.0090 : L :
0 100 200 300 400
t(h)

Fig. 3. Calcium concentration of the outer solution as a function of reaction time (19 °C). A decrease down to 0.0098 mol I~ ' of Ca® " at 250 h

reaction time represents precipitation of 100 mg aragonite.
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Fig. 4. Diffusion coefficient of COyq in Water (cm® s~ ') versus
time (h) to precipitate 100 mg aragonite (Dco,-values were taken
from Unver and Himmelblau, 1964).

times. Thus, all co-precipitation experiments were
carried out at pH 9.0, a [Mg® "]/[Ca® '] ratio of 2 and
0.01 mol kg~ ' of Ca®".

4. Diffusion of CO, and precipitation of aragonite

In Fig. 1, the requirements for a flux of DIC from
the inner to the outer solution and the precipitation of

aragonite by CO, diffusion through a membrane are
schematically shown. The CO, diffusion is controlled
by the CO, gradient of the partial pressure, which is
kept constant by the high concentration of DIC of the
inner solution and the constant pH of the outer
solution. It was confirmed by chemical analyses of
the inner and outer solutions that none of the dis-
solved ions enters the polyethylene membrane during
the experimental run. As the diffusion of negatively
charged carbonate species requires a simultaneous
diffusion of corresponding cations, it is concluded
that the CO, molecules diffuse through the membrane
with no net charge transfer. Consequently, no signif-
icant DIC transfer occurs if the inner solution contains
sodium bicarbonate without the addition of gaseous
CO..

In Figs. 2 and 3, the typical evolution of bicarbonate
and calcium concentrations of the outer solution is
shown for 19 °C as the reaction proceeds. Bicarbonate
concentration increases up to a reaction time of about
100 h (Fig. 2). At this stage, aragonite crystallises
which is shown by a decrease of Ca® " concentration
(Fig. 3). The concentration of HCOj3 in the outer
solution analysed as aragonite precipitation occurs is
0.0301, 0.0227, 0.00108, 0.000713 and 0.000524 mol
1= of HCO5 for 10, 19, 30, 40 and 50 °C, respec-
tively. The calculated saturation indices for aragonite

Table 3

Co-precipitation of Ba®" with aragonite

T(°C) [Mg* “)/[Ca”"] XugcoXeaco, [Ba>")/[Ca’"] Xpaco,/Xcaco, Dgaa {Ba’}/{Ca’ "} Dfaa
10 2.05 0.000836 0.0009515 0.001727 1.815 0.0009103 1.897
10 2.07 0.000622 0.00009485 0.0001862 1.963 0.00009070 2.053
10 2.07 0.000367 0.00009485 0.0001863 1.964 0.00009070 2.054
19 2.00 0.000352 0.0009586 0.001779 1.856 0.0009145 1.945
30 2.08 0.002197 0.002961 0.004302 1.453 0.002818 1.527
30 2.04 0.000976 0.0009968 0.001333 1.337 0.0009464 1.408
30 2.02 0.001232 0.0002976 0.0003375 1.134 0.0002830 1.193
30 2.07 0.001344 0.00009972 0.0001354 1.358 0.00009463 1.431
40 2.04 0.000492 0.003075 0.002716 0.883 0.002913 0.932
40 1.96 0.001043 0.0003310 0.0002322 0.701 0.0003140 0.739
40 1.96 0.000108 0.0001034 0.00008085 0.782 0.00009746 0.830
50 1.98 0.000628 0.003018 0.002068 0.685 0.002860 0.723
50 2.00 0.000389 0.001026 0.0005130 0.500 0.0009687 0.530
50 2.01 0.001362 0.0003118 0.0001918 0.615 0.0002949 0.650
50 2.04 0.000489 0.0001042 0.00007248 0.696 0.00009834 0.737

Ratios of molar concentrations, [ ], and activities, { }, of the components in the outer solution, and ratios of mol fractions in the aragonite,
Xmeco, Dpaa and Dga,a denote the distribution coefficients of Ba® " in aragonite considering molar concentration and activities of dissolved

components, respectively.
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(Slaragonite = log(ion activity product/solubility prod-
uct); solubility product from Plummer and Busenberg,
1982)are 1.5,1.4, 1.2, 1.1 and 1.0, respectively, which
shows supersaturation with respect to aragonite in any
experimental solution.

Prior to the onset of aragonite precipitation, the
CO, diffusion through the membrane is expressed by

dNco,
F-dt

[COZ(aq)}in - [COZ(aq)]out
A (5)

= Dco,

Nco, is the number of moles CO, diffused, F is the
surface area of the polyethylene bottle (340 cm?), Dco,

A

is the diffusion coefficient and ¢ is time. [COx(q)lin
and [COxy(aq)lou represent the aqueous CO, concen-
tration of the inner and outer solutions, respectively.
Ax denotes the polyethylene membrane thickness
(0.2 cm).

The CO, concentration of the inner solution is
given by the concentration of sodium ions at pH 7.5.
The addition of 70 g 1~ ' of NaHCOj results in 0.833
mol 17 ' of Na’. At pH 7.5, the concentration of
bicarbonate is almost equivalent to that of sodium
([HCO5] = [Na']). Thus, a value of [COyuq)lin of
about 10~ *? mol cm™ > is obtained ([H,CO%]=
[H'][HCO3 1K !, [HoCO¥I=[COsuq)]+[H2COs]

DBa,a

1.4

13 |

DSr,a

1.0 |

09 1 1

5 15 25

35 45 55

T(°C)

Fig. 5. Distribution coefficient of Ba®* (A) and Sr* * (B) with respect to aragonite as a function of temperature (see Eq. (2)). Regression lines:
Dp,,=2.31—-10.03455T (°C), correlation coefficient: 0.942; Dg,,=1.27 —0.0052127 (°C), correlation coefficient: 0.953.
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and [CO,(,q)]>[H>CO5]; K;: first dissociation con-
stant of carbonic acid, log K;=10" 639 at 19 °C from
Harned and Davis, 1943). Values of [COx(aq)lout are
in the range from 10~ ® to 10~ '* mol cm*% for the
HCO;3 concentrations in Table 2 at pH 9.0. Thus,
[CO23aq)lin—[CO20ag)]out = [CO2(aq)lin-

If no aragonite formation occurs the number of
moles CO,, Nco,, gained by the diffusion equals the
total number of moles DIC in the outer solution.
Considering the above values and Eq. (5), a mean
value of the diffusion coefficient Do, =107 04 cm?

s~ ! is obtained (Table 2), which is about two orders
of magnitudes lower than the value of the diffusion
coefficient of CO, in aqueous solution (Dco,(in
water)=10" 47 em? s~ ! Unver and Himmelblau,
1964).

Aragonite crystallisation reduces the Ca®" con-
centration in the outer solution (Fig. 2). The results
show that aragonite begins to precipitate within 100
h of the onset of the experiments. After a reaction
time of about 250 h, 100 mg aragonite precipitates.
The reaction times for the deposition of 100 mg

2.2
20
1.8
16

S 14

1.0
0.8

0.6

0.4 1 1

14

13

D* Sr,a

10

0.9 L L

5 15 25

35 45 55

T(°C)

Fig. 6. Activity-corrected distribution coefficient of Ba>* (A) and Sr* * (B) with respect to aragonite as a function of temperature (see Eq. (3)).
Regression lines: Dg, ,*=2.42 — 0.03595T (°C), correlation coefficient: 0.940; Dg, ,*=1.32 — 0.0050917 (°C), correlation coefficient: 0.945.
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aragonite (f100 mga required for co-precipitation
experiments) for 10, 19, 30, 40 and 50 °C are
about 490, 250, 110, 70 and 45 h, respectively. In
principle, the value of #,99 mga Strongly depends on
the CO, diffusion coefficient of the polyethylene
membrane, which varies with temperature. This
correlation may be followed in Fig. 4 by #100 mga
versus the value for the diffusion coefficient of CO,
in water. Moreover, the temperature dependence of
the reaction time f1p9 mga 1S affected by the de-
crease of the solubility of aragonite at eclevated
temperatures (see Plummer and Busenberg, 1982).
Although there is no control on the aragonite
surface area in the reactor an approximation of
the aragonite precipitation rates R referred to half
of total aragonite formation yields R-values in the
range from 10~ "' up to 10~ '® mol mg~ ' s~ ! for
10-50 °C.

5. Co-precipitation of barium and strontium with
aragonite

Fifteen barium co-precipitation experiments were
carried out between 10 and 50 °C. The results in Table

3 indicate that the distribution coefficient of barium
into aragonite does not depend on the [Ba® *]/[Ca® "]
ratio, consistent with the validity of the distribution
law of Eq. (2).

Figs. 5 and 6 show the variation of the distribution
coefficient Dg, , and ngka,a as a function of tempera-
ture (see Egs. (2) and (3), respectively). The value of
Dy, , decreases as the temperature increases according
to the equation

Dpaa = 2.31 — 0.03455T(°C) (6)

If the activities of Ca® " and Ba?" in the solutions
are considered the expression

Diaa = 2.42 — 0.035957(°C) (7)

is obtained. The range of distribution coefficients
given by Kitano et al. (1971) for the incorporation
of barium into aragonite for 20 °C is in agreement
with the results of the present study.

The results of 18 strontium co-precipitation experi-
ments are presented in Table 4. Like Ba®", the

Table 4

Co-precipitation of Sr?* with aragonite

T (°C) [Mg®"J/[Ca "] Xugco,/Xcaco, [Sr* "J[Ca® ] Xsico,/Xcaco, Ds:a {Sr*"}/{Ca’ "} D
10 1.96 0.001115 0.0300 0.03701 1.234 0.02882 1.284
10 2.00 0.000322 0.0100 0.01210 1.210 0.009609 1.259
19 1.99 0.004476 0.0300 0.03391 1.130 0.02868 1.182
19 1.81 0.005073 0.01653 0.01902 1.151 0.01577 1.206
19 1.85 0.000367 0.002190 0.002574 1.175 0.002088 1.233
19 1.86 0.000653 0.001653 0.001928 1.166 0.001575 1.224
19 1.81 0.000723 0.0005510 0.0006545 1.188 0.0005260 1.244
30 2.00 0.000518 0.0300 0.03323 1.108 0.02849 1.166
30 2.00 0.000363 0.0100 0.01125 1.125 0.009503 1.184
30 2.00 0.000438 0.00300 0.003320 1.107 0.002841 1.169
30 1.95 0.000289 0.00100 0.001100 1.100 0.0009547 1.152
40 2.02 0.000570 0.0300 0.03192 1.064 0.02841 1.124
40 1.98 0.000484 0.0100 0.01061 1.061 0.009481 1.119
40 1.99 0.000463 0.00300 0.003140 1.047 0.002834 1.108
40 1.98 0.000912 0.00100 0.001080 1.080 0.0009522 1.134
50 1.97 0.000896 0.0300 0.03057 1.019 0.02833 1.079
50 2.02 0.000952 0.0100 0.009890 0.989 0.009462 1.045
50 1.96 0.005901 0.00100 0.00100 1.000 0.0009506 1.052

Ratios of molar concentrations, [ ], and activities, { }, of the components in the outer solution, and ratios of mol fractions in the aragonite,
Xmeco, Dsra and D;‘r’a denote the distribution coefficients of Sr*™ in aragonite considering molar concentration and activities of dissolved

components, respectively.
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incorporation of Sr* " into aragonite follows the Eq.
(2). The values of the distribution coefficients Dsg;,
and Dg‘w decrease with increasing temperature from
10 to 50 °C according to the equation

Ds;, = 1.27 — 0.0052127(°C) (8)
and
D& .=132— 0.0050917(°C) 9)

In Fig. 7, the expression 8 is extrapolated to
elevated temperatures and plotted versus the results
obtained by Kinsman and Holland (1969). They
studied the co-precipitation of Sr* * with aragonite in
seawater between 16 and 96 °C. Their results are
quite similar to those of the present study. The Ca®
concentrations of the experimental solutions in the
present study are almost identical to that of seawater
([Ca**1=0.010 mol kg~ '), whereas seawater con-
tains additional magnesium and chloride as well as
high sodium and sulfate concentrations (seawater:
[Mg?*]1=0.053, [C1"]=0.55, [Na']=0.47 and
[SOZ 1=0.028 mol kg~ '; Culkin, 1967). Thus, it is
concluded that the value of Ds; , is almost constant in
the range of the chemical composition of the present
experimental solutions ([Mg?*]=0.02 and [Cl ]=

1.3

1.2

11+ 2 % inorganic
1 4
10+
9 3 ~
Q ~

8 0.9+ biogenic ~0
08+ S
0.7 r o
0.6 + o

05 L L L L L L L L L
0 10 20 30 40 50 60 70 80 90 100

T(°C)

Fig. 7. Distribution coefficient of Sr*>* for inorganic and biogenic
induced aragonite precipitation as a function of temperature.
Inorganic: (O) Kinsman and Holland (1969), (m) Joschi (1960),
(O) Holland et al. (1963), (A) Kitano et al. (1971), (solid line)
present study (according to Eq. (8)); biogenic: (1) De Villiers et al.
(1995), (2) Weber (1973), (3) Beck et al. (1992), (4) Smith et al.
(1979).

0.06 mol kg~ ') and the seawater. It is implied from
the co-precipitation experiments of Holland et al.
(1963) at 96 °C that the presence of sulfate ions
may cause lower Dg,, values (Fig. 7). This is not
confirmed in the present study up to a temperature of
50 °C.

Fig. 7 shows that the incorporation of Sr*" into
aragonite is different if the precipitation is induced by
biotic processes which may be related to the so called
“vital effects” (e.g. Weber, 1973; Smith et al., 1979;
Beck et al., 1992; De Villiers et al., 1995). Neverthe-
less, the variation of Dg, , with temperature is similar
to that for the inorganic precipitation of aragonite.

6. Conclusion

The applied CO,-diffusion technique provides a
simple mixed flow reactor for precipitation of arago-
nite by a CO, flux through a membrane. The co-
precipitation experiments show that the incorporation
of Ba®>" and Sr*" into aragonite depends on the
respective Me” * to Ca? " ratio of the solution accord-
ing to Egs. (2) and (3), and decreases as the temper-
ature increases from 10 to 50 °C.

The experimentally obtained distribution coeffi-
cients may be compared to theoretical distribution
coefficients at thermodynamic equilibrium Ky .
The values of Ky, are related to the activities of
CaCOs3(s) and MeCOsg) in the aragonite (acaco, and
ameco,, Tespectively) and to the activities of the
dissolved cations according to

aAMeCO3 /aCaCO3
{Me*"}/{Ca’"}
_ _Xwmeco/Xeacos
- {Me?T}/{Ca’}

KMe,a =
“ {meco, /Lcacos (10)

where {caco, and {meco, denote the activity coef-
ficients of CaCOj3) and MeCOs) in the aragonite,
respectively. The activity of Ca®" and Me* " in the
solutions can be calculated and the activity of the
carrier component Ca” " in aragonite is well approx-
imated as being equal to unity as Xyieco, is low (e.g.
Morse and Mackenzie, 1990). The space group of
aragonite, strontianite and witherite is Pmcn. In any
crystal lattice of such orthorhombic carbonates diva-
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lent metal ions are coordinated to nine oxygen. In
this case, the theoretical value of Ky, for co-
precipitation of Sr** and Ba®" with aragonite may
be approximated by the respective solubility products
according to

K.
Kiea = -2 (11)

Kmecos

(e.g. Bottcher, 1997). Individual values for the sol-
ubility products Kcaco,, Ksrco, and Kpaco, for
aragonite, strontianite and witherite are given by
Plummer and Busenberg (1982) and Busenberg and
Plummer (1984, 1986), respectively. The calculated
values of the distribution coefficients at thermody-
namic equilibrium Kg,, and Kg,, decreases from
10.8 to 6.8 and 2.4 to 1.2 as the temperature
increases from 10 to 50 °C, respectively.

If the activity-corrected distribution coefficient,
Dite.q, Tepresents distribution at thermodynamic equi-
librium, the activity coefficients of {ycco, in aragonite
may be obtained according to the equation

Ditea = 7 (12)

The results in Fig. 6 show that Dy, o< Kye., in any
case, which may indicate {ycco,>1 under the assump-
tion of thermodynamic equilibrium.

In the present experiments, aragonite crystallizes
spontaneously. The approximation of respective pre-
cipitation rates yields low values compared to other
co-precipitation studies (e.g. Lorens, 1981; Tesoriero
and Pankow, 1996). Obviously, at low precipitation
rates, equilibrium of trace element distribution be-
tween carbonate minerals and aqueous solutions may
be reached rather than at high rates. Nevertheless,
aragonite formation by CO, diffusion technique is
controlled by the flux of CO, into a Ca®* containing
solution. Although, the overall precipitation rate
which is approximated by the total amount of ara-
gonite formation is low, the kinetics for aragonite
crystallisation according to Eq. (4) may be signifi-
cantly faster. Further investigations have to be carried
out to verify the effect of precipitation kinetics and
flux of CO, on the values of respective distribution
coefficients. This may be done by changing the
chemical composition of the solution or the type of
membrane.

The measured and theoretical distribution coeffi-
cients, fo/le’a and Ky ., decrease as the temperature
increases for both barium and strontium co-precipita-
tion with aragonite. Nevertheless, the effect of tem-
perature on Dp, , is almost one order of magnitude
higher for barium than that for strontium (Egs. (7) and
(9)). Thus, the Ba® " content of precipitated aragonites
may be used as a potential proxy for paleotemper-
atures if the composition of the primary solution is
known and a formation of additional barium contain-
ing solids can be excluded.

As the formation of aragonite is triggered by
dissolved magnesium ions, co-precipitation of barium
and strontium occurs at high Mg?" concentrations
(0.02 mol kg~ ). Although the concentration of
dissolved Mg® " is constant during any experimental
run and Mg(OH), formation is ruled out (see Section
2), the precipitated aragonite contains small propor-
tions of Mg?*. The ionic radii of Mg®" is small
versus that of Ca®" and a rhombohedral magnesium
carbonate end member is formed where divalent
cations are coordinated to six oxygen. Thus, incor-
poration of Mg * into orthorhombic aragonite is low.
The value of Ky, can be predicted by the assump-
tion of a hypothetical orthorhombic magnesium car-
bonate end member and its theoretical solubility
product according to Eq. (11). Thermodynamic data
by Sverjensky and Molling (1992) imply a value of
Ky between 0.0003 and 0.009 at 25 °C. Tables 3
and 4 show that the [Mg? ")/[Ca®"] ratio of the
solutions is about 2.0 & 0.1, whereas the Xyieco,/
Xcaco, ratios are between 0.0003 and 0.006. Al-
though the respective ratios almost lay within the
above theoretical range, the Mg® " content of arago-
nite is highly divergent and does not depend on
temperature and on Sr** or Ba®" incorporation.
Thus, Mg® " content of the aragonite might be
affected by complex adsorption phenomena onto
the aragonite crystal surface during precipitation
rather than to well-regulated substitution into the
crystal lattice.
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