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Abstract: By way of duplicating an experiment described Bbermann (1967) nucleation of
magnesite, huntite and/or dolomite has been attaihéemperatures between 313 K and 333 K
and under atmospheric pressure. Essential to #rgsriments are fluctuations in pH value.
After interrupting an experiment after 1, 3, 5.8o0f such fluctuations, the change from one or
more metastable phases into the stable phase (sitggoe dolomite) could be followed. A
theoretical explanation for these low-temperatyrgheses can be found in stability relations.
Ostwald's Rule stipulates the nucleation of a ntetdes phase before that of the stable phase.
However fluctuations of sufficient amplitude andation are capable of crossing the border
between the metastable and the stable fields. rasudt the stable phase will nucleate together
with the metastable phase. Conditions opposingthsequent growth of the metastable phase
(such as the slightly acidic conditions resultimgni periodically introducing CQinto the
solution) will favour the continued growth of thialsle phase.
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Magnesite

The first time | observed the formation ofgnasite was upon duplicating of Exp. No. 57 of
Liebermann (1967). In my experiment M-211 0.918| MaCl, 0.0316 Mol MgGl6 HO ,
0.018 Mol MgSQ.7 H,O and 0.020 Mol KCI (all chemicals are reagent gyadere dissolved
in 330 cnf distilled water and 2 mMol CaG@dded later, was dissolved by way of bubbling
CO, (industrial grade) through the suspension duriBghaurs. Titration to pH = 8.00 took
place with dilute ammonia. The next phase, the ughéscape of COfrom the solution,
involved heating the 500 chiErlenmeyer flask on an electric plate to (in tase) 333 K during
60 hours. As described by Liebermann (1967), th& txperiment consists of repeating 14
times the dissolution phase, the titration andpih@se of heating and gradual escape of CO
The pH of the solution was measured every time &ftbbling CQ through it (pH = 5,30 to
6,10 in this particular test), upon titration, asdthe end of each 60 hours phase of carbon
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dioxide escape (pH = 8,34 to 8,85). The experinasit 42 days. The precipitate adheres the
glass; the Erlenmeyer was washed several timesdastiiled water and after desiccation (at
303 K) the precipitate was scraped off. In X-raffrdction (performed on a Philips X-ray
diffractometer with Ni filtered Cu-Kradiation; voltage 40 kV; current 20 mA; scannapged

1° per minute.) magnesite together with a small arhofimagnesium hydroxide carbonate was
found. In order to remove the latter, the precipitaas partly leached in water, through which
CO, was bubbled during 12 hours. (Before leaching ghecipitate weighed 1.5 gr; after
leaching 0.4 gr.) The remaining precipitate wastbto consist of pure magnesite (Fig. 1).

Based on the 6 strongest lines (Table Ictdleparameters for the sample from experiment
M-211 were calculated aga 46.41 nm and, 150.94 nm. These unit cell dimensions may be
compared with @ 46.33 nm and,= 150.15 nm given in JCPDS-ICDD file no. 8-479yal
as with the @= 46.41 nm and g = 150.93 nm measured for a sample of modern satkmye
magnesite from a salt lake in Turkey (Irion, 19%hen repeating the same experiment with a
temperature of 313 K during the 60-hours "escap€©jf phase" (my experiment D-211)
magnesite plus calcite and dolomite formed. Mageesas found again after duplicating the
same Exp. No. 57 of Liebermann (1967) at 313 K @xrgeriment M-223), but once more
together with a small amount of magnesium hydrogmi®onate (Fig. 2).

In Liebermann's (1967) paper the suggessamade, that either ammonia or a solution of
sodium carbonate can be used for the titrationvB#n using a sodium carbonate solution, no
magnesite forms. Nesquehonite plus Mg-calcite ratelewhen using a solution of sodium
carbonate in Exp. No. 57 of Liebermann (1967) & ROWhen duplicating Liebermann's Exp.
No. 57 at 313 K with a concentrated solution ofigwd carbonate, magnesium hydroxide
carbonate precipitates.

Dolomite

As part of a systematic investigation inte thechanism of dolomite formation all of the
known claims on low-temperature synthesis have bieghicated by me. But the experiments
yielded precipitates consisting at best of magmesicalcite. Ultimately pure dolomite
precipitated in an experiment, which was in facaaation on the test described by Liebermann
(1967). The addition of urea to Liebermann's Exp. H7 was found to favour the low-
temperature nucleation of dolomite. In my experimBr222, itself another duplication of
Liebermann's Exp. No. 57 but with the addition 666 mMol urea, dolomiteensu stricto
together with some pure calcite formed (Fig. 3Ry analyses were performed on a Philips X-
ray diffractometer with nickel filtered copper ration (voltage 40 kV; current 20 mA; but at
slowed down scanning speed Sfger 3.34 min.). The presence of one of the supetste
reflections of dolomite (cf., Goldsmith & Graf, 1®5could be recognized (at 2.54 nm or 35.34
in Cu-K, radiation) in this diffractogram (indicated by tlaerow in Fig.3). The second
superstructure should have been present at 2.0@m#3.84 in Cu-K, radiation); but the only
undetermined peak of the diffractogram from sanip222 was found at 43.07or 2.09 nm)
and may well belong to calcite.

The use of urea has been inspired on thendigms by Mansfield (1980) on the
occurrence of pure dolomite as bladder stoneddalaatian dog. The catalysis by urea is most
probably related to the desorption of chlorine i@l the adsorption of carbonate ions.
Chlorine ions (of the MgGlused) are known to adsorb onto calcium carbonaftaces even
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stronger than hydroxyl or bicarbonate groups (Dasig Walker, 1950). Another indication as
to the réle of chlorine ions was found in the natiten of aragonite (not changing during the
whole of the experiment), when using only magnesthioride instead of the mixture of
magnesium chloride and magnesium sulfate togetitarthe required amounts of NaCl and
KCl in duplicating Exp. No. 57 of Liebermann (196Ayagonite also precipitates in the same
experiment at 313 K or 318 K, when using naturalwater instead of the described solution of
sodium chloride, magnesium chloride, magnesiunasaibind potassium chloride.

All too often the low-temperature formatidndolomite is explained by way of a conversion
of pre-existing calcium carbonate deposits (= "dotzation" according to Von Morlot, 1847).
But there is an obvious impossibility for "dolomation™ theories to explain the occurrence of
dolomite in soils (Sherman et al., 1962), in céabthan & Benade, 1932), in rivers (Barnes &
O'Neil, 1971), in lakes (DeDecker & Last, 1988)pwarls (Tanaka et al., 1960), or in sea floor
concretions (Brown & Farrow, 1978).

The close association between magnesite alothde (forming even in one and the same
experiment) may seem surprising at first look. Bsitearly as 1894 Pfaff has described mixed
crystals with a composition in between that of date and magnesite. In my experiment D-163
(conducted at 316 K) such "calcium magnesites"irmatgd. The mixed crystals with a
composition in between that of calcite and magagsite magnesium calcites) are relatively
well known. In other experiments huntite formeddxperiments M-224 at 333 K and in M-226
at 303 K).

Dissolution and precipitation

The 14 different cycles typical of Lieberman(l967) experiment involve amongst other
things saturating the solution with carbon dioxifleese dissolution phases are to be repeated
14 times, and | have observed how each time muttregérecipitate would dissolve again when
bubbling CQ through the solution. Up to now no reproducible-klemperature syntheses of
magnesite have become known, and perhaps the atiter® between precipitation and
dissolution phases do play a role. Static contxpleements confirm this observation. When
adding the total amount of the ammonia solutiordusehe 14 different titrations in one time,
the precipitate consists of magnesium hydroxidebarzate at 333 K (and of an X-ray
amorphous precipitate when conducting the sameriexget at 313 K).

An attempt was made to study the reactiomdglace by way of interrupting Liebermann's
(1967) experiment. By way of performing a serieexferiments under identical conditions,
but ending the experiment after 1, 3, 5, or 8 g/¢lecycle = 12 hours of G®ubbling; titration
+ 60 hours of C@escape), precipitates were obtained, that sheplicesent subsequent stages
in an overall reaction. In order to minimize possilariations in the composition of the
artificial brine, 6.6 dr of the solution used by Liebermann (1967) in hipegiment No. 57
were prepared in advance. Each new experimenedtaut with adding 2 mMol CaG@p.A.,
MERCK art. 2066) to 330 cinof the stock solution of artificial brine. Usualy2 hours of
bubbling CQ through the brine would suffice to completely digs all of the CaC®@. Step-
wise interruption was used in duplications of Liebann's Exp. No. 57 at 333 (= exp. M-227)
and 313 K (exp. D-228). The precipitates from eaoctperiment were X-rayed in one
uninterrupted session with identical instrumentirsgtand calibration of the diffractometer. In
exp. M-227 the initial precipitate consisted maiolyaragonite, little calcite and a trace of
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magnesium calcite (with its main diffraction peak28.7 nm) (Fig.4 A). After 3 cycles it had
changed into aragonite, with a little dolomite anttace of magnesite (Fig.4 B). After 5 cycles
mainly aragonite was present, but magnesite had tlearly developed, with some dolomite
remaining (Fig.4 C). After 8 cycles only pure magjteewas found in X-ray diffraction, with its
main peak at 27.8 nm (instead of the usual 27.4p (fig.4 D). When conducting the same
series of tests at 313 K (exp. D-228) calcite, sanagonite and a small amount of magnesium
calcite (main peak at 29.0 nm) precipitated afteyde. The precipitate changed into aragonite
and magnesium calcite (with its main peak at 28 after 3 cycles. After 5 cycles only small
amounts of aragonite and calcite remained togeitiermagnesium calcite (with a rather broad
diffraction peak from 29.4 to 27.8 nm, but with itgin peak at 28.8 nm). After 8 cycles
aragonite and magnesium calcite with a rather bdifcction peak was found, but this time
the main peak of magnesite (at 2.74 nm) was presentll. After the complete set of 14 cycles
the precipitate consisted of magnesite.

The dissolution phases appear to form amgakelement in the low-temperature formation
of magnesite, dolomite and huntite. In the casgotdmite the rble of dissolution has long been
recognized, and has given rise to a theory of aeghent" of pre-existing limestones (Bischoff,
1855). The present experiments confirm at leastabpect of the formation of dolomite. In the
absence of any analyses made with the electrorosaigpe, no conclusions can be reached at
this moment concerning the exact mechanism of atiole and growth. Nevertheless a
fundamental theory to explain the nucleation arlibeguent growth of magnesite, dolomite or
huntite in one and the same experiment, can bmedtl

Breaking Ostwald's Rule

In Ostwald's original definition of the copteof a metastable state and a stable state, the
boundary between these two states consists otaircamount of energy to be supplied before
the stable state can be reached (Ostwald, 1893)sirbsequent paper on crystallization during
supersaturation (or undercooling) Ostwald (189&inokd as a universal principle, that a
metastable phase would appbeafore the stable phase. However this claim is contraditty
observations on themultaneous appearance at a particular temperature of 2 (en &)
polymorphs of one and the same compound, as madeatiyus authors (among them
Tammann, 1898, 1903; Schaum, 1898; Schaum & Sckoknti902; De Coppet, 1907,
Othmer, 1915). Such observations should have @ase sdoubt on the possible universal
application of Ostwald's Rule.

Fluctuations in concentration, temperatur@ressure on a local scale in a solution are, as
Volmer (1939) pointed out, crucial in nucleationogesses. Fluctuations will lead to
"overstepping phenomena” (theJeberschreitungserscheinungen” of Kornfeld, 1916 and
Haber, 1922): locally, i.e., there where the cotregion is the highest, the boundary between
Ostwald's metastable and labile fields will be agged. The nucleation of the metastable phase,
taking place only locally at first, will influenciie whole of the solution. Crystallization can
take place long before the averaged values, givethé supersaturation limit, have been rea-
ched. Hence Volmer (1939) concluded, that the lgialmf the metastable phase does not
depend as much on average values described inabmscopic parameters of concentration,
temperature and pressure, but much more on loossiogs of the supersaturation limit. As a
result the stability of a metastable solution aghale depends on the amplitude and duration of
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such fluctuations.

At present Volmer's theory can be extendaeddinide the boundary between the metastable
state and the stable state. Fluctuations in fregggrof sufficient amplitude and duration will be
able to cross the stable boundary and so initreteticleation of the stable phase rather than the
metastable phase. But perhaps a distinction mustdze between nucleation and subsequent
growth. Possibly more effective in creating medskeraguantities of the stable phase are
fluctuations of a distinctly different magnitudeludtuations responsible for periodically
recurring conditions averse to the growth of théastable phase. Or as Schaum & Schoenbeck
(1902) have expressed it: crystallization of thebke phase instead of the metastable will be
favoured by conditions counteracting the metastpbéese. If only the rate of dissolution of the
metastable phase during the dissolution stageatf auyperiodical alternation surpasses that of
the stable phase, the amount of the stable phdisaftar a number of such alternations, surpass
that of the metastable phase.

Breaking Ostwald's Law must be responsible tfee low-temperature formation of
magnesite instead of metastable magnesium hydraadmnate or of dolomite instead of the
metastable phases aragonite or magnesium caltieed@scribed syntheses of magnesite and
dolomite ultimately decide in favour of Nernst'gicism on Ostwald's "Step Rule". In a section
onirreversible reactions of his textbook on theoretical chemistry Nern€&21) remarked, that
because so little was known (at that time at leastrerning these reactions, there was no need
at all to postulate anything like a "Step Rule"e@ical systems far from the stable state would,
according to Nernst (1921) , often show a markedease in reaction rate with an increase in
temperature. Irreversible reactions would be esdbntdifferent from phenomena of
dissociation, and would be governed by a differanceeaction rate compared to that of the
reaction leading to the metastable state.

At first sight the formation of magnesite nkite and dolomite seemed to be related to the
temperature, at which the solution is kept durlreyescape of COphase. But when repeating
my own experiments (in order to establish theiradpcibility), the result was not the same in
every experiment. For example when repeating exf21M (in which magnesite had been
formed at 333 K) at the same temperature (= ex@2¥); mainly huntite (along with some
magnesite) formed. It must be admitted, that facguch as pCO, amount of NHOH and
salinity were not measured (thereby in a way fatiig duplication by others). It is surprising
to note, how such variability in the final resutfsnucleation experiments has also been found
by Tammann (1903), Othmer (1915) and Kornfeld ()9T6e statistics typical of the atomistic
approach not only explain the observations made,also predict how an increase in the
number of nucleation experiments would decreassptead among the results.

The mechanism proposed here is different fughat is known as "Ostwald Ripening"
(Liesegang, 1911; Kolthoff, 1936), for that processsists of grain coarsening by way of
recrystallization. Whereas Ostwald's Rule preditées sequence of phases formed during
nucleation, the sequence of precipitation 1) makbdstand 2) stable phase can be forced to
change by way of periods of dissolution alternatintip periods of precipitation. By definition
the metastable phases grow fastest, and thereftiieewdissolved fastest. Breaking Ostwald's
Rule is based on intervals during which the metdestahase will be largely leached out, and in
this way the stable phase is ultimately favoured.
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Irreversible geochemical reactions

In the past | have shown, that fluctuatioresessential in the low-temperature synthesis of
anatase Ti@(Deelman, 1979) and that of eitelite J8&;.MgCO; (Deelman, 1984). In those
experiments not fluctuations in pH, but in concatndn were involved. In my view the various
low-temperature syntheses of minerals known togsssa minimum temperature in "classical”
laboratory tests, illustrate the theory of Volm&939) on the active role played by fluctuations
in pressure, temperature or concentration. On déisestof the practical results gained thus far, |
feel free to claim, that "Breaking Ostwald's Rutedy well provide the theoretical basis for a
number of irreversible geochemical reactions such as for example the low-temperature
nucleation of magnesite, huntite and dolomite. fidguired alternations in pH conditions can
be found in natural settings at different frequesdseasonal changes in water chemistry; daily
changes caused by the photosynthesis of for exaatgae; tidal flooding by water rich in GO
The present theory explains at the same time, whtounow no (reproducible) syntheses of
magnesite and dolomite under conditions of roompeature and atmospheric pressure have
become known. Only in dynamic experiments involvihg required fluctuations, these stable
phases can be synthesized. In static experimeutsiably the metastable equivalents are
formed.

Various minerals still await low-temperatgsathesis. In nature the mineral known as the
stable phase does in fact precipitate (althouglet slow rates). In many instances this stable
phase known from nature, has not yet been pre@ditem the static laboratory experiments
conducted at room temperature and under atmosppergsure. Fluctuations in p, T, or X
capable of breaking Ostwald's Rule, will be reqlite enable the low-temperature synthesis of
minerals such as quartz, hematite, apatite, kéeliand zeolites.

In the case of kaolinite the significanceflattuations in fact has been documented. The
low-temperature synthesis of kaolinite as descrimpdeKimpe, Gastuche & Bradley (1964)
involved daily additions of alumina ( as AlGI6 H,O ) and silica (in the form of ethyl silicate)
during at least 60 days. In addition daily adjusiteeof the pH took place by way of adding
either NaOH or HCI. The significance of fluctuaonan now be deduced even from field
observations: the soil overlying a weathered basgativu Province (Zaire) contains kaolinite
only there, where distinct alternations betweenamet dry conditions exist. In those parts of the
same soil that lack good drainage, halloysite isnéb (Gastuche & DeKimpe, 1962). The
metastable equivalent of the stable phase kaolmiust be halloysite. In the case of the low-
temperature nucleation of anatase comparable tmmhsawere found. In the titaniferous
ferruginous latosols of Hawaii anatase is presaiy, @ definite alternations between wet and
dry seasons exist (Walker et al., 1969). Thoses pdrthe same soil that are perennially moist
contain X-ray amorphous hydrated titanium and oaides. The presence of even "... rather
large crystals" ofi-quartz was the more surprising, because the parekihere did not contain
any free silica. Quartz was found only in the upparts of bare profiles, and not in the
vegetation-covered profiles of the same soil (Watkeal., 1969).
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M-211

line two theta d entered hkl d calculated

1) 32.50 = 27.55 104 27.550
2) 35.71 = 25.15 006 25.153
3) 38.55 = 23.36 110 23.352
4) 42.84 = 21.10 113 21.121
5) 46.70 = 19.45 202 19.450
6) 51.43 = 17.77 024 17.770
7) 53.70 = 17.07 116 17.050

calculated a=46.415nm ¢ = 150.944 nm
JCPDS 8-479

line two theta d entered hkl d calculated

1) 32.63 = 27.42 104 27.420
2) 35.84 = 25.03 006 25.030
3) 38.82 = 23.18 110 23.178
4) 42.99 = 21.02 113 21.024
5) 46.81 = 19.39 202 19.390
6) 51.62 = 17.69 024 17.690
7) 53.88 = 17.00 116 16.997

calculated a=46.353 nm ¢ =150.181 nm

Table I. Calculation of cell constants for magnesite sysitted in experiment M-211 and

for sample from JCPDS-ICDD 8-479.
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Fig. 1 - Magnesite synthesized at 333 K (origiXahy diffractogram).
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Fig. 2 - Magnesite synthesized at 313 K (afteitaligprocessing).
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Fig. 4 B - Mineralogical changes upon duplicatimgbermann's Exp. No. 57 at 333 K after 3 "cycles"
(A = aragonite, D = dolomite, M = magnesite). 15
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Fig. 4 C - Mineralogical changes upon duplicatiigpermann's Exp. No. 57 at 333 K after 5 "cycles"
16

(A = aragonite, C = calcite, D = dolomite, M = magite).
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Fig. 4 D - Mineralogical changes upon duplicatifgbermann's Exp. No. 57 at 333 K after 8 "cycles"
17

(D = dolomite, M = magnesite).



