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ABSTRACT. Magnesium ions in solution affected the mineralogy and the
morphology of calcium carbonate from which they precipitated. Low mag-
nesium calcite was precipitated from a solution of low ionic products with
respect to carbonate and Mg:Ca concentration ratio of less than 3:1. Arago-
nite was formed in a solution of Mg:Ca concentration ratio of more than
4:1. However. the increase of carbonate concentrations in the presence of
magnesium jons enhanced the formation of magnesian calcite over arago-
nite. The co-existence of magnesian calcite, aragonite and vaterite indi-
cated a kinetic control precipitation, This was also shown by the increased
MgCQO, content of magnesian calcite with the increase of carbonate con-
centrations in solution.

The presence of magnesium jons in artificial seawater produced acicular
rather than the equant carbonate crystals. which produced in magnesium-
free artificial seawater. Furthermore., the size of the crystals decreased with
the increase of magnesium ions in the test solution.

Introduction

The mineralogy and morphology of the carbonate precipitate in solution are mainly
influenced by the rates of dissolution and reprecipitation, which are controlled by the
nucleation and the growth of the solid phases. It has been suggested that the presence
of magnesium ions in solution inhibit the precipitation of calcium carbonate (Pyt-
kowicz 1963 and 1973), retard the nucleation of calcite during the dissolution of
aragonite (Bischoff 1968; Bischoff and Fyfe 1968), enharnce the spontaneous precipi-
tation of aragonite over calcite at high supersaturation (Taft and Harbaugh 1964;
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Pytkowicz 1973) and increase the magnesium content of calcite during overgrowth
precipitation (Mucci and Morse 1984). Berner (1975 and 1978) and Thorstenson and
Plummer (1977) have suggested that magnesian calcite composition are influenced
by growth rates. Aragonite was found to precipitate at Mg:Ca concentration ration
more than 3.83 (Kitano er al. 1962).

Recently, some authors correlated the mineralogy and morphology of a biogenic
carbonate precipitates to chemical processes in nature. They concluded that the
Mg™* concentration and the rate of precipitation have significant effects upon the
mineralogy and morphology of calcium carbonates (Folk 1974; Sandberg 1975;
Longman 1980; Mackenzie and Pigott 1981; Given and Wilkinson 1985).

The purposes of this work were to investigate the effect of magnesium ions. in sol-
utions ot high and low supersaturation with respect to carbonate, upon the mineral-
ogy and morphology of the precipitated calcium carbonate, and also to trace their
mineralogical transformation with time when they were keptin the test solution for a
period of time.

Methods

Magnesium-free artificial seawater (ASW) was prepared following the method de-
scribed by Kester et af. (1967). Air was bubbled through the prepared ASW for two
days to equilibrate with atmospheric carbon dioxide. The bubbling was stopped
when the measured pH showed constant values.

The runs were made by placing 100 ml of ASW in Erlenmeyer flasks to which var-
ving amounts of MgCl, were added from standardized 2.50 mole 1 MgCl, to test
their effects upon the mineralogy. and the morphology of calcium carbonate. The
desired amount of Na,CO, was added with stirring from a freshly prepared stock sol-
ution to increase the rate of the reaction. Analytical grade NaCl was added to replace
MgCl, to maintain the ionic strength of 0.70M. This avoided, in part the effect of
ionic strength on the rate of the reaction when Mgz’ was reduced {Bischoft 1968;
Sayles and Fyfe 1973},

All solutions were at least 250% saturation with respect to calcium carbonate solid
phase like warm near-surface oceanic waters without the addition of Na,CO,. The
degree of saturation, D.S.. of the test solution with respect to calcite can roughly,
calculated from :

D.S. = (Na,CO, added) % 2.2E + 4

Each prepared solution corresponds roughly. to natural scawater of 35.00 salinity.

The experiment was carried outin a water bath { Amico Constant Temperature bath,
#4-8605) at 25.0 x 0.4°C.

Usually, there were time ranges from the onset of the precipitation, which corres-
pond to the interval between the addition of Na,CO, and the time when cloudiness in
solution occurred. The precipitates were filtered, washed with distilled water and
dried after settling on the bottom of the flask. then kept for x-ray diffraction (XRD)
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analysis. XRD analysis were performed from 247 t0 34% a1 0.02%3 sec using Cu « radi-
ation. The mole percent MgCO, (mole % MgCO,) in calcite was calculated from the
empirical relationship obtained by Chave (1952,

Subsequently to the XRD dnalyms each precipitate was dissolved in HCI (0.10n)
and the concentration of Mg~ was determined by atomic absorption spectroscopy
{AAS). To estimate the residual Mg " in calcite. it was assumed that pure aragonite
had 4 maximum 1.5 mole % MgCQO,. Pure aragonite that was precipitated from the
test solution was then used as standard by dissolving a known amount in HCland de-
termining its mole % MgCO,. The weight percent (wt% ) of calcite in the mixture was
calculated from each sample from the following equation :

wt% calcite = [(b X 84.321/24.321) + (b x 100.089/24.321)] x [(100 ~ a)/a]
where « is the mole % MgCO, in calcite, calculated from XRD analysis and b is the
wt% of Mg™" in the total sample. determined by AAS. Therefore. the wt% of arago-
nite is 100« wt% calcite.

Other precipitation runs were kept in a water bath for 35 days at a temperature of
25.0 & 0.4°C. They were cxamined by XRD during the 35 days to test the transfor-
mation of their mineralogy. The XRD runs were made once each week up to about a
month, [n this case, the same method above was used to determine the mole %
MgCO, and the wt% of calcite in each sample. Quantities of the transient vaterite
and of aragonite were determined from the intensity ratio of aragonite to vaterite
plus aragonite :

Lo/

(arag) farag } v l{\anm } }

[ is the height at 2 theta for cach mineral from XRD. assuming that the height is a
function of the amount of the mineral in the mixture.

Twelve samples from these homogencous precipitates were selected for the mor-
phological and size examination. The samples were selected from low and high 1onie
products of carbonates and at Mg:Ca ratios in solution from (0 to 5, to test the effect
of these parameters. that is, of the Mg:Ca ratio and of the rake of growth upon the
morphology of the crystals. The precipitates were examined using the Scanning Elec-
tron Microscope (SEM).

Results and Discussion

The addition of Na,CQO;| to varying amounts of magnesium feads to the formation
of Ldrbonatc minerals (Tab e 1} Thc amounts of magnesium added are shown as
(\flg "y:(Ca™") ratios. where the Ca™ concentration was 0.00993 mole 1 ' in all
cases.

X-ray diffraction results of the precxplmtcs (Table 1) show three different calcium
carbonate minerals: pure calcite (at zero Mg " ions in solution), mixture of magne-
sian calcite and aragomta and pure aragonite alone. The mole % MgCOy, in calcite
increases with (Mg™ ) 1 (Ca” >y concentration ratio in solution, as well as thc INCrease
of degree of saturation. Table 1 shows that high Na.CO, added in the presence of
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Mg”" kinetically favors magnesian calcite minerals over aragonite. Atlower addition
of Na,CO; aragonite is kinetically, favored. High Mg contents in solution favor the
formation of aragonite over that of magnesian calcite. The increase of aragonite over
magnesian calcite at Mg”" concentration smaller than 0.03 moles 17" and at lower
ionic product suggests that the nuclei of high Mg contents could be formed, but be-
cause they are more soluble, they redissolved and give chance for the more stable
aragonite to form.

TasLe 1. The effect of Mg® ™ concentration and the degree of saturation on the mineralogy of calcium car-

bonate.
Ratio Na,CO, Mole % wt% wt%
(Mg2 BE (Ca“) mmolel ™' MgCO, (calcite). (aragonite)

0:1 4.80 0 100 0
2.95 0 100 0

1.97 0 100 0

1.53 { 100 0

1:1 4.79 12.1 91 9
2.95 7.6 59 41

2.00 3.9 35 65

1.50 39 7 93

2:1 4,75 2.7 61 39
2.95 12.0 81 19

1.95 i 5 93

1.55 1.9 2 98

1.05 0 0 100

3:1 4.75 11.9 60 40
2.95 11.3 41 59

1.95 3.8 16 84

1.05 0 0 100

4:1 4.87 14.9 49 51
2.87 12.1 4 96

1.95 0 0 100

[.45 0 ) 100

1.02 Q 0 100

5:1 4.69 0 U 100
2.89 0 G 100

1.95 0 0 100

1.44 0 0 100

Table 2 and Fig. 1 show the transformation of precipitates during a 35 day period.
The results showed that the formation of calcium carbonate minerals was kinetically
controlled. At high supersaturation, precipitation of high-magnesian calcite was fa-
vored. Generally, it was found that the mole % MgCQO, in calcite decreases with time.
Vaterite was found to be less stable than magnesian calcite and aragonite, and was
the transition phase between them as they increased at the expensc of vaterite. The
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TabLE 2. Effect of the degree of saturation and Mg?* concentration upon the transformation of calcium

carbonate mineralogy.

(Mg’ ) (Ca”")=2:1
Na,CO, added (mmole 1)
8.18 4.72

Time mole% wt% Lirap Time mole% wt% Lireg

(days} | MgCO, | calcite (days) | MgCO, | calcite

) ([8¥3g + I\‘a“} ) (Iarag b IVB[Y)
1 16.4 80 0.06 1 20 78 0.04
7 14.9 66 1.05 7 10.4 50 (.31
14 13.4 65 4.00 14 9.7 64 0.46
21 13.4 65 3.6 21 8.9 62 0.44
28 11.5 66 4.0 28 8.9 56 2.29
35 11.5 68 N.V. 35 8.9 80 5.00
Mg ) (Ca¥y=3:1
Na,CO, added (mmolel™)
8.10 4.70

Time mole% wt% Lirag Time mole% wt% Larse

(days) | MgCO; | calcite (days) = MgCO, | calcite

(Iamg + Imzr) (lamg h Iwazr)

1 23.0 20 0.06 1 00 00 N.V.
7 17.9 36 .04 7 13.4 12 0.03
14 17.9 56 0.11 14 11.9 22 0.09
21 20.8 o1 0.40 21 12.7 21 0.25
28 18.6 56 2.33 28 12.7 28 1.88
35 19.3 54 3.00 35 12.7 29 2.20

N.V. = No Vaterite.

results showed that the mineral compositions depend upon the initial supersatura-
tion of the magnesium content and tended to approach a steady-state equilibrium.
The dissolution of high magnesian calcite and the precipitation of calcite with lower
MgCO, content and aragonite obviously occurred. These precipitates have stabilities
which depend upon the activities of the ions in solution and the composition of the
mineral itself.

The crystal forms which were precipitated at different (Mg®") : (Ca®") concentra-
tion ratios and different ionic products in artificial seawater were acicular {(needle-
like in form). The images of carbonate minerals precipitated from Mg-free artificial
seawater showed equant {same diameter in all directions) in shape (Fig. 2). Some
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Fite. 1. XRD results for homogeneous precipitates when (Mg™ )« (Ca ) coneentration ratio is 3:1 and
1.7 mmolel "of Na,CO, inartificial seawater during a period of 35 days. (a) Immediately after the
massive precipitation from solution, {by after one week n solution, {¢) after two weeks in solu-

tion. (dy after three weeks in solution, (e after four weeks in solution. and (f) after five wecks in
solution.

elongated precipitates (Figs. 3 and 4) are found at (Mg™"} : (Ca™") concentration
ratio of 3 to 4.

The size of the crystals forms was found to be 10 wm or larger at zero ng ionin
solution (Fig. 2). The size decreased with the increase of Mg~ ion in the solution (1-2
) (Figs. 3and 4). Aragonite crystals were the smallest ones (<< 1 pm). The charac-
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Fic. 20 SEM images of equant pure caicite precipitated from artificial scawater at addition of 1.48
mmolel” Na,CO,.

teristics of the surface of the crystals also appeared to be affected by the rate of the
reaction and the (Mg"") : (Ca™") concentration ratio. In the presence of magnesium
ions in solution, the crystals appeared in the forms of bundles of fibrous or needie-
like aggregates.

Furthermore, the experimental results showed that the presence of Mg in solu-
tion was one of the parameters that controfled the morphology of calcium carbonate.
At zero magnesium concentration in solution the crystal morphology was equant
(Fig. 2) both at high and low concentration of carbonatcs and. thus, at fast and low
reaction, Therefore, one would expect that the reaction rate of precipitation was not
the main control in determining the morphological feature of calcium carbonate
crystals but rather the presence of differentions in the solutions, especially the mag-
nesium ions.

Conclusion
The mineralogy of inorganic homogencous precipitation is a results of the Mg~

ion concentration and rate of the reaction at constant T and P conditions. Pure cal-
cite is favored in Mg-free solution; low-magnesian calcite is favored at Mg:Caratio <
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FiG. 3. SEM images of acicular magnesian caicite and aragonite mixture at (Mg2 "Y1 (Ca’ ) ratiois 2:1 in
artificial seawater (a) by adding 1.5 mmolel™ Na,CO, and (b) by adding 4.7 mmole]™ Na,CO,.
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£1G. 4. SEM images of acicular aragonite at (Mg ) (Ca’ ") ratio of 5: 1 in artificial seawater (a) by adding
1.44 mmolel™ Na, €O, and (b) by adding 4.64 mmolel™’ Nu, (O,
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2 and low degree of saturation, pure aragonite is favored at Mg:Ca > 4, high magne-
sian calcite is favored at higher rates of reaction. This different mineralogy may af-
fects the equilibrium condition of calcium carbonate, especially, those of the surface
coatings. These surface coatings of the minerals are known to be the interface where
they are in contact with seawater (Mucci, et af. 1985).

The morphology of calcium carbonate is also influenced by the concentration of
magnesium ions in the sofution. and the rate of the reaction. The morphology of cal-
cium carbonate, its size and surface edges and corners will have different activities in
solution {(Chave and Schmalz 1966; and Pytkowicz 1969), so both mineralogy and
morphology may control the interaction of carbonate crystals with surrounding solu-
tion.
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