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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: I. Arago
nite was formed in a solution of Mg:Ca concentration ratio of more than 
4: I, However. the increase of carbonate concentrations in the presence of 
magnesium ions 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 
MgC03 content of magnesian calcite with the increase of carhonate con
centrations in solution. 

The presence of magnesium ions in artificial seawater produced ,Icicular 
rather than the equant carbonate crystals. which produced in magnesium
free artificial seawater. Furthermore. the size of th" 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 1965 and 1973), retard the nucleation of calcite during the dissolution of 
aragonite (Bischoff 1968; Bischoff and Fyfe 1968), enhance 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 etat. 19(2), 

Recently, some authors correlated the mineralogy and morphology of a biogenic 
carbonate precipitates to chemical processes in nature. They concluded that the 
Mg2+ 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 of 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 kept in the test solution for a 
period of time. 

Methods 

Magnesium-free artificial seawater (ASW) was prepared following the method de
scribed by Kester et ai. (1967). Air was bubbled through the prepared ASW for two 
days to equilibrate with atmospheric carbon dioxide. The bubhling 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
ying amounts of MgCI: were added from standardized 2.50 mole 1-1 MgCI: to test 
their effects upon the mineralogy. and the morphology of calcium carbonate. The 
desired amount of Na 2Cn, was added with stirring from a freshly prepared stock sol
ution to increase the rate of the reaction. Analytical grade N aCI was added to replace 
MgCI~ to maintain the ionic strength of O. 70M. This avoided. in part the effect of 
ionic ~trength on the rate of the reaction when Mg'i was reduced (Bischoff 196R; 
Sayles and Fyfe 1973). 

All solutions were at least 250(X, saturation with respect to calcium carbonate solid 
phase like warm near-surface oceanic waters without the addition of Na,C0

1
• The 

degree of saturation, D.S .. of the test solution with respect to calcite can roughly, 
calculated from: 

x 2.2E + 4 

Each prepared solution corresponds roughly. to natural seawater of 35.00 salinitv. 
The experiment was carried out in a water bath (Amico Constant Temperature bath. 
#4-8605) at 25.0 OA°e. 

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 filteied, ~ashed with distilled water and 
dried after settling on the hottom of the flask, then kept for x-ray diffraction (XRD) 
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analysis. XRD analysis were performed from 24° to 34° at 0.02°/3 sec using Cu tx radi
ation. The mole percent MgCO, (mole '/0 Mg(01) in calcite was calculated from the 
empirical relationship ohtained hy Chave (1952). 

Subsequently to the XRD analysis, each precipitate was dissolved in HCI (0. IOn) 
and the concentration of Mg::+ was ~etermined hy atomic ahsorption spectroscopy 
(AAS). To estimate the residual Mg"- in calcite. it was assumed that pure aragonite 
had a maximum 1.5 mole 01<) MgC03• Pure aragonite that was precipitated from the 
test solution was then used as standard by dissolving a known amount in BCI and de
termining its mole % ,\1gCO,. The weight percent (wt';I,)) of calcite in the mixture was 
calculated from each sample from the following equation: 

wt% calcite [(h x 84.321124.321) t (h x 1(10.089/24.321)] x [( 100 1I)/aJ 
where a is the mole % MgCO, in calcite. calculated from XRD analysis and b is the 
wt% of Mgc+ in the total samp·le. determined by AAS. Therefore: the wt%) of arago
nite is 100···· wt')lo calcite. 

Other precipitation runs were kept in a water hath for 35 days at a temperature of 
25.0 0.4°e. They were examined by XRD during the 35 days 10 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 ahove was used to determine the mole % 
MgC01 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 : 

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

Twelve samples from these homogeneom precipitak~ were selected for the mor
phological and size examination. The samples were selected from lo\'v and high ioni..: 
products of carhonates and at Mg:Ca ratios in solution from 0 to S. to l\::--l I he efkct 
of these parameters, that of the Mg:Ca !"ali() and of the rail' of growth upon the 
morphology of the crystals. The precipitates were examined using the Scanning Ekc
tron Microscope (SEM). 

Results and Discussion 

The addition of Na2CO, to varying amount:.- of magnesiulll it ,1ds to the formation 
of carbonate minerals (Table I). The amounts of magnesium added are shown as 
(Mg2+): (Ci+) ratios. where the Ca 2

+ concentration was O.009l)3 mole 1 I in all 
cases. 

X-ray diffraction results of the precipitates (Tahle 1) ~h()w three different calcium 
carbon~te minerals: pure calcite (at zero Mg" ions in solution). nlixture of magne
sian calcite and araf-onite, and pure aragonite alone. The mole 'X) MgCO, in calcite 
increases with (Mg--) : (Ca:' j) concentration ratio in solution. as well a<, the increase 
of degree of saturation. Tahle 1 shows that high Na2CO, addcd in the pre~cnce of 
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Mg2+ kinetically favors magnesian calcite minerals over aragonite. At lower addition 
of Na2C03 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 Mg2+ concentration smaller than 0.03 moles rl 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. 

TABLE 1, The effect of Mg2
' concentration and the degree of saturation on the mineralogy of calcium car· 

bonate, 

Ratio Na,CO, Mole% wt% wt% 
(Mg2'): (Ca21

) 
- ' I 

MgCO] (calcite ), (aragonite) mmolel' 

0: 1 4.80 0 100 0 
2,95 () IO(} 0 
1.97 0 100 0 
1.53 (I 100 0 

1 : I 4.79 12,1 91 9 
2.95 7,6 59 41 
2,00 3,9 35 65 
1.50 ),9 7 93 

2: 1 4,75 12,7 61 39 
2,95 12,0 HI 19 
1.95 1.7 5 95 
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 ino 

4: 1 4,87 14,9 49 51 
2,87 12.1 4 96 
1.95 0 0 100 
145 0 0 100 
1.02 n 0 100 

5: 1 4,69 0 n 100 
2.89 0 0 100 
1.95 0 0 IOO 
144 0 0 Ion 

Table 2 and Fig. I 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'Yo MgCO, 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 expense of vaterite. The 
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TABLE 2. Effect of the degree of saturation and Mg2+ concentration upon the transformation of calcium 
carbonate mineralogy. 

(Mg"') : (ea"' ) 2: ] 

Na,C03 added (mmole I') 

8.18 4.72 

Time mole% i wt% I Iarag Time mole(~'~ wt% Jarag 

(days) MgCO) calcite 
( larag Ivan) 

( days) MgCO; calcite 
(Iarag Ivat,) 

] ]6.4 SO 0.06 I 20 78 0.04 
7 14.9 

I 
66 1.05 7 10.4 50 0.31 

14 13.4 65 4.00 14 
i 

9.7 64 0.46 
21 13.4 65 3.6 21 8.9 62 0.44 
28 11.5 66 4.0 

I 
28 8.9 

I 

56 2.29 
35 11.5 68 N.V. 35 8.9 80 5.00 

(Mg2f): (Ci~) = 3: 1 

Na2CO, added (mmolel~l) 

8.10 4.70 

Time mole% wt% 'Mag Time i mole% wt% Img 

(days) MgCO} calcite (days) . MgCO} calcite 
(Iarag + lvo,,) 

i (lamg I"u,) 

1 23.0 20 0.06 ] 00 00 N.V. 
7 17.9 36 (Ul4 7 13.4 12 0,03 

14 17.9 56 0.11 14 11.9 22 0.09 
21 20.8 61 0.40 21 

I 
12.7 21 0.25 

28 18.6 56 2.33 28 12.7 28 

I 
1.88 

35 19.3 54 
i 

3.00 35 12.7 29 2.20 

N.Y. No Yaterite. 

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 (Mg2+) : (Ca21
) concentra

tion ratios and different ionic products in artificial seawater were acicular (needle
like in form). The images of carbonate minerals precipitated from Mg-frce artificial 
seawater showed equant (same diameter in all directions) in shape (Fig. 2). Some 
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FI(," I. XRD result- fm homogelleous precipital';' "hell (Mg" : (Ca' ) concentration ratio is 3: I and 
~"7 mllloid I of Na,CO, in artificial ,caw~Her Juring a period of 35 Jays. (a) Immediately after the 
nJas,ive precipitati;m fWIll solution. (11) after one week in solution. (e) after two weeks in solu
tioll. (tI) after three \\eeb in s"lutioI1. (e) after four weeks in solution. and (f) after five weeks in 

solution. 

elongated precipitates (Figs. 3 and 4) are found at C'vlg2Y) : (Cac+) concentration 
ratio of 3 to 4. 

The size of the crystals forms was found to he 10 ILm or larger at zero Mg2+ ion in 
solution (Fig. 2). The size decreased with the increase ofMg2

. ion in the solution (1-2 
ILm) (Figs. 3 and 4). Aragonite crystals were the smallest ones « llLm). The charac-
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FIt;. 2. SEM image, of equant pllre calcite precipitated from artificial ,,'awater at addition of 1.-1X 
mm(llel~l Na~CO;. 

teristics of the surface of the crvstals also appeared to be affected bv the rate of the 
reaction and the (Mg2~) : (CiC') concentration ratio, In the presenc~ of magnesium 
ions in solution, the crystals appeared in the forms of bundles of fibrous or needle
like aggregates. 

Furthermore, the experimental results showed that the presence of Mg> in solu
tion was one of the parameters that controlled the morphology of calcium carbonate. 
At zero magnesium concentration in solution the cry~ta! morphology wa~ e4uan1 
(Fig, 2) both at high and low concentration of carbonate' and. thus. at fast and low 
reaction. Therefore, one would expect th:l! the reaction rate e .. f precipitation was not 
the main control in determining the morphological feature of calcium carbonate 
crystals but rather the presence of different ions in the solutions. especially the mag· 
nesium ions, 

Conclusion 

The mineralogy of inorganic homogeneous precipitation is a results of the M{' 
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:Ca ratio < 
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a 

h 

FIG. 3. SEM images of acicular magnesian caicite and aragonite mixture at (Mg" t) : (Ca"-) ratio is 2: I in 
artificial seawater (a) by adding 1.5 mmoler 1 NazC03 and (b) by adding 4.7 mmoler 1 Na,COy 
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a 

b 

1-1(;. 4. ScM images of acicular aragonite at (Mi'): (Ca") ratio nfS: I in artificial seawater (a) hy adding 
1.44 fTlmolc'<: Na,CO, and (h) by adding 4.64 mmokl- ' Na2CO,. 
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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, el al. 1985). 

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

Acknowledgement 

The author sincerely, acknowledges the technical assistance provided by Andy 
Ungerer for XRD analysis and SEM photographs. Also the critical review and COI11-

ments by the referees are very much appreciated. 

References 

Rerner. R.A. (1'175) fhe role or lTlagnc,iulll ill Cf",tab growth llf cakite and aragonite from ,cawatcr. 
(;('iJc!iilll. COl}llOcilim. Acla 39: 4l'\l)·504. 

Berner, R.A. (1'I7X) Equilihrilllll. kinl'tic, and th..: pn:cipitation' of magnesian calcite from seawater. 
,Imer I Sci. 278: 1435·1..\77. 

Bischoff. J.L. ( I 'JIlS) Kin..:tics o! calcite Ilm:katiol1: \1agnc,iulll inn inhibition and ionic ,trength catalysts. 
(;,'o{)hn, Hes. 73: .~3! ~·3322. 

Bischoff • .I.L. alk! ,lyre, W.S. (llJh,-':i IIw aragonite·calcite transformation. Am. I Sci. 266: 65-79. 
Chan'. K.F. i. 1\'2) ,\ solid d", '(:I; I'c·t\\ Cc't) calcite and dolomite. I Gcot. 60: 190-192. 
ChaH" K.L .1 Schmal, .. R.L (',lrilonate'sea\later interactions. Geocilim. CU5l1lochilll. Ac/. 30: 

!, , 

\. /'.11 01 ..... 

GI\("'- " h. . \\ .Ikinson. II II 

! [,,'st:t1ll1lL' c,ticium carbonate: effect of magne;.ian content and sa· 

, .. :' , K'lldie eontr\)1 of morphology, composition and mineralogy of 
I ,,'r! J','lroI55: 109·119. 

Kester. 1).1<.. J)1l~dall, .I. \\' .. Conllers. D.'i. ,!llli p) tkowicz, R.M. (1967) Preparation of artificial seawa-

ler. LlIIlfiui (), ·"t. 12: ("11-!79. 
Kitano. Y.. ParI<.. K. and Hood. II.W. (1%2) Pure aragonite synthesis. I Geophys. Res. 67: ..\X73-4H74. 
LOIlI!!l!dll. :\1. w. (l'iSO) Call" ,natL' dIagenetic textures from nearshore diagenetic environments. Bull. 

Alii(,/, ·h.\i!(. "dm/. (in,!. 64: 1hl-4l'\7. 

i\lackem:ie. F.T. and Pigott, J.D. (1 %] ) Tectonic controls of Phanerozoic sedimentary rock cycling. 1. 
(Jeol. Soc .. London 138: I X3·1911 

!\turd, A. anJ Morse, J. W. (19l'\.!) The illlorporation of Mg" and Sr" into calcite overgrowth: influences 
,)f gr<'wth rate and solution cOll1pmition. (;eochim. Cosmocilim. Acta, 47: 217-233. 

Mucci, A., Mor<;c, .I.M. :md Kaminsky. M.S. (19R5) Auger spectroscopy analysis of magnesium calcite 
overgn'" til, p ",'IPlt atn! 1 ,,'m seawater and solutioll ',>1' similar composition. Am. 1. Sci. 285: 2l'\9-
305 

f»tkowicz, R.M. (1965) Rates of il1<'rganic cakiull1 c;~rb0nate llucleation. J. Geol. 3: 196·199. 
--.----.--. (1969) Ch('mical solution of calcium carbonat..: in seawater. Amer, Zool. 9: 673·679. 
-.------. (1973) Calcium carbonate retention in supersaturated seawat..:r. Am. 1. Sci. 273: 515-~22. 



Mineralogy and Morphology of Calcium 23 

Sand berge, P.A. (1975) New interpretation of Great Salt Lake ooids and of ancient nonskeletal carbonate 
mineralogy. Sedimentology 22: 499-537. 

Sayles, F.L. and Fyfe, W.S. (1973) Low-magnesian calcite limestones forming at deep-sea floor. Tongue 
of the ocean. Bahamas. Sedimelllology 25: 675-702. 

Taft, W.H. and Harbaugh, J. W. (I (164) Modern carbonates sediments of southern Florida. Bahamas. and 
Fspiritu Santo island. Baja California: a comparison of their mineralogy and chemistry. Stanford 
Ulliversity Pub!., UI/ii'ersily Series, Geol. Sci. 8: 1-133. 

Thorstenson, D.C. and Plummer, L.:'Ii. (1977) Equilibrium criteria for two component solids reacting with 
fixed LOmposition in an aqueous phase example: the magnesian calcite. Amer. 1. Sci. 277: 1203-
1223. 



24 A.l. Rtlshdi 

: ~I O~ ~ i.r-rJl5J1 \'.::.A;~~ 0->-- ~~; J;- i~UI ~ ~t; 
~i......I),;) 

..;J..!) ~IA ..1..1'-; 

.\.,,;...p w~ .. iy...JI 6.JS .. J~I i~ ~ 
WI ~yJ\ <":'J~\ ... ~ 

.\... J# .j 0 1ll\ r~U! ~ J\ ..\.0:-) J-J-I ,.:....,.jl \J..,.j . ~\ 

J}>J.I 1J..,;.r ';""';11 ir.--lts:J1 ,::.;wy,)0 ~)jJY'J;;";..w ...:;..,L~ Jl-?.>j.;."..J1 

: -Jl::.lI~1 Js' 

;.r U,li :;,....; Js' ..s~ ;.,$.LJIJ ~\ if~ul ~L.S::JI .;.......... - \ 

-?~ r.5; ~ Js'..s~ -?.LJI J}>J.\ ;.r~.P.! ('~U\ ...:;..,L.;~.? 

~)~ ;.,$i) U,li W1llld.iy,)01 r.5; J~J .. \: \";.r ~\ ir.--lts:JI : i~U\ 

.(~~ 

: i~ul ~ Js'..s.i>; ;.,$lll J}>J.I ;.r~.P.! ..::..,,;~I}:lI.;.......... y 

. \: t ;.r ;Sf ir.--lts:J\ 

J~ L.~ -.!lJ')J "::"";y.-I}JI JJ.A., t:' -JWI if~UI ~ts:J1 J..w - \" 

~ ~1A:i j>' -.!lJ.) ..J.s:.i....: ~ willi "':;"'\.;y,)0~ ~\.;;. ~ ~J;»)~ J}>.11 

. ~ts:J1 J..w ~ J' ;.r I~? ~ willi ...:;..,L;y,)01 t:' i~UI 

...:;..,I~ ~; j>' J.1.;. ...:;..,L~1j ..::..,,;y.-IJ'11 .. ~ts:J\ ~~ J.)L..,. "-;-'; ;.r\~ Jl 

.'4) ~ I'~UI "':;"'\.;y,.? ~ ;'4j ;.r C;""I) I.l,AJ .. <efr-) ~IS ~u. 
. J}>.1\ .j ...:;..,l.;y,)0I:r?; 

d)~ .~ Js' ~ J}>J.I .j i~UI ~ 'y.-J .j! j>' LlJ.l.l1 .. ::. .. .b 12 
;,;"s:.:.tl ;;,,;.wl ...:;..,IJ".u1 J\ oJ:>.j .. ~}o J~f ...:;..,I~ rr.--lts:J1 "':;"'\.;y,.? ;.r ;;";..w 

.Ji..,..}..w -.!lJ~ J! :i..iL,.;,1 . ~JL.:;,. ,I....:~ ~ J}>J.I -j ~I -.!lJ~ 'y.-J i..J.s:..j 

.j i~U\ ~ :r?; '\.;.>jl t:' ~I .j ~\.:.;;J yw.:.; ;,;"s:.:.tl 'J~\ ~ .;! 

J}>.11 


