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CHAPTER EIGHT

MECHANISM OF FORMATION OF MAGNESITE AND DOLOMITE

NUCLEATION AND STATISTICS

Crystallization requires a solution to be supersata. The first to make this observation
was probably Lowitz (1794), and later the obseovatias been confirmed by other scientists such
as for example Berthollet (1803), Gay-Lussac (18480 Schweigger (1813).

In the view of Gay-Lussac (1819) the solubility afsalt would depend solely on the
temperature of the solution. Loewel (1850) could agree with the observation of Gay-Lussac
(1819) because such a saturated solution mightageliain much more salt in solution: it could
becomesursaturég= supersaturated). After observing how a satdratéution of chromium alum
suddenly crystallized after being exposed to a oadtit, whereas the same solution kept at room
temperature for 3 months did not show any predipita Loewel (1850) started out on a
comprehensive investigation of the phenomenon. ISapgated solutions of some salts were very
unstable: shaking their glass tubes, breakinguhest open so that contact with the open air took
place, or bringing the solutions into contact witkrtain surfaces was sufficient to start
crystallization. But other salts gave rise to retahly stable supersaturated solutions. For example
glass tubes containing a supersaturated solutiorsodium sulfate could be stored almost
indefinitely, provided that the tubes remained etbsWhen cooling the tubes, crystallization was
never taking place at exactly the temperature ahwthe solution was known to become saturated.
Loewel (1850) described, how crystallization inably started several degrees below that
temperature.

Gernez (1865 A) made the observation, that as aeamtiny crystal of sodium sulfate is
added to a supersaturated solution of this saitaltization sets in at once. Compounds such as
sodium carbonate, sodium acetate, and magnesidateswlould show the same phenomenon. At
the same time Gernez (1865 A) noted, how dust présehe air of nearly every laboratory, if not
specifically excluded from the solution, also s crystallization. Dust in Gernez' own labosator
was analyzed and found to contain traces of soduwifate. But after more analyses of laboratory
air Gernez (1865 B) could not detect for example sodium acetate, sodium carbonate or sodium
borate, all of which of had been used previouslyrapare supersaturated solutions.

Supersaturated solutions can be prepared in sevayal as Lecoq de Boisbaudran (1866)
has pointed out. Cooling down a hot saturated isolus one way; a second way is to mix two
ingredients, that will react and so lead to thecipi&ation of the desired compound; and a third
method consists of the evaporation at room temyeralf a saturated solution. Once prepared such
a solution will be not remain supersaturated for idefinite period of time: lowering the
temperature of the solution will almost always léadhe start of crystallization. Supersaturation
also ceases upon contact with an isomorphous camdp@ven though the exact concentration at
which this takes place, may vary from one isomdrplanothef Supersaturation takes place
according to Lecoq de Boisbaudran (1866) not oniy Wwydrous salts, but also in the case of
anhydrous salts. The crystallization of a superat#d solution could be postponed almost
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indefinitely, when using dust-free instruments aadtainers.

De Coppet (1875) noted in his experiments on treipitation of sodium sulfate from
supersaturated solutions, that there is not onmietemperature at which crystallization starts
spontaneously. Instead a certain range of tempegatas always measured. The variability could
be explained by De Coppet (1875) only on the bafdise "mechanical theory of heat" advanced by
Clausius (1857), Naumann (1867) and Pfaundler (18Bfis theory considers the molecules
making up a solution as being in an incessant memnenthe heat movement. Not only in the gas
phase but also in the liquid state the moleculesraconstant movement, but each of the molecules
at its own rate. The average of all of these mowvesnie constant for a certain temperature, bt it i
in fact an average of many individual movementsr&fore Naumann (1867) made a distinction
betweeraverage temperatur@hdmolecular (or atomic) temperature

The mechanical theory of heat was used by De C¢hf&b) to explain the phenomenon of
supersaturation in more detail. Two different ditugs had to be distinguished from each other, i.e.
whether or not a crystallite was present in theesgiurated solution. In the first case molecufes o
the dissolved solid with a low "molecular temperatwvill, when touching the crystallite, adhere to
it. In the second case the molecules of the disslogolid will, because of their low "molecular
temperature"”, meet each other in between contattiswelecules of the solvent and adhere to each
other. The difficulty with which the molecules ¢fet dissolved solid crystallize spontaneoutdy (
cristallisation spontanéeDe Coppet, 1875, p.281) from a supersaturatedisn| would be greatly
increased by "the atomic configuration" of the ddlieing formed. Especially the dissolution
behavior of the precipitate being formed, was knéevplay an important role. From supersaturated
solutions not the anhydrous compound, used injttalinake the solution, would crystallize, but in
many cases a hydrate with its solubility notablgher than that of the anhydrous form would
precipitate’

At the end of his paper De Coppet (1875) addeNo#e additionelle in which his
observations on the spontaneous crystallizaticsodium bromide were recorded. In an attempt to
obtain some quantitative information, De Coppet feidwed during five months the progress of
nucleation in 35 different glass tubes filled watsupersaturated solution of NaBr.ZZH Each day
the tubes containing crystallites were listed (dredcrystallites re-dissolved) and the maximum and
minimum temperature in the laboratory room weremed. From these data De Coppet (1875)
was able to calculate, how long on average the sfatupersaturation per gram solution remained.
What was found, was a relation with the averagepezature and a possible relation with the
amount of solution used. But the time it took oerage for crystallization to take place in the same
set of glass tubes with the same solution, differebly from earlier measurements. Those had
been made at Giessen, Germany (in the laboratoly Baumann), whereas the second series had
been measured in De Coppet's own laboratory in,Nicance. The little glass tubes filled with
supersaturated solution crystallized on averagead.3ast in Giessen than in Nice. De Coppet
(1875) did not believe this to be mere coincidemugring the experiments in Nice the maximum
temperature had been 292.3 K and the minimum teahper280.8 K; during the experiments in
Giessen the maximum temperature had been 293.@ Kharminimum temperature 282.9 K. The
average temperature in Nice had been 285.7 K a8d 28in Giessen. It would only be logical to
find, that supersaturation had been maintainedeloiigthe glass tubes during the experiments in
Giessen. But De Coppet (1875) was inclined to tteehis measurements to an observation, he
had made several times before: supersaturatedosuénded to crystallize quicker, when cooling
was abrupt rather than when it was gradual (De €pAB72). And in fact the glass tubes had been
exposed in Giessen to rapid changes in temperdtureg the day, whereas the experiments in

J. C. Deelman (2011): Low-temperature formatiodabmite and magnesite



Chapter 8 — Mechanism of formation of magnesitegaldmite 278

Nice took place in an unheated room, opened onlyeam day. In other words much less
"transitions" (as De Coppet, 1875 put it) had tailace in the latter situation. The diurnal vaaati

in temperature became clear from the measuremeads:nt had been 6.3 K in Giessen but only
0.8 K'in Nice.

Like many others before him Tammann (1898) madeotigervation, that crystallization
always starts in only a very few, isolated pointghdther crystallization takes place from a
supersaturated solution or from an undercooled)niddtver the immediate and complete transition
into one large crystal could be seen to occur. Wik place was, that with an increasing degree of
supersaturation (or undercooling) the number ofgiweould increase. In an attempt to explain the
observations made, Tammann (1898) distinguished dWfferent aspects of the process of
crystallization: "the power of spontaneous crystation” (das spontane Kristallisationsverméogen
and "the linear velocity of crystallization"dié lineare Kristallisationsgeschwindigkeit
Spontaneous crystallization would be the more itgmbraspect of the two: it delineated the actual
number of spontaneously formed centers of crysédibn at a certain temperature. (It must be kept
in mind, that Tammann's account was concentratedlyr@n the solidification of various organic
compounds from undercooled melts). The secondtdtte linear velocity of crystallization, had
been studied by Gernez (1882), who had found, ttieatvelocity of crystallization was a linear
function of the degree of undercooling of the nrelthe case of solidification and of the degree of
supersaturation in the case of crystallization feosupersaturated solution. Tammann (1898) noted
in his laboratory experiments, how from certainhbygundercooled melts not one type of crystal
would precipitate, but instead 2 or even 3 polyrhirdorms of this substanée. For example
compounds such as quinic acid, R-camphoric acidiosan and chloralurethane showed the
formation of 2 different nuclei, whereas compousdsh as allyl thiourea, resorcinol and vanillin
gave rise to 3 polymorphs upon the solidificatibtheir undercooled melts.

Numerous experiments involving counts of the nundfenuclei developed in one of the
organic compounds at different degrees of underapdied Tammann (1898) to (amongst others)
the following conclusions: 1) the number of nuegevery small when compared to the number of
molecules, that must be involved; 2) the numbethef nuclei increases with an increase in the
degree of undercooling; 3) the number of nuclevesy sensitive towards admixtures, whether
soluble or solid; 4) the temperature at which theximum number of nuclei occurs, will not be
greatly influenced by such admixtures; 5) from higindercooled liquids two or more polymorphs
may develop; 6) at one and the same temperaturertwmre modifications of the compound used,
may occur; and 7) in many instances the temperafuilee maximum number of the nuclei of the
stable form is situated below that of the lesslstidsm, but in some cases the reverse situaticn wa
found.

In his book on crystallization Tammann (1903) madditional observations on the factors,
that will influence the number of nuclei forming.the first place Tammann had found, that if the
total amount of an undercooled liquid was smalgré¢hwould only be a few centers of
crystallization. But the number of nuclei was not@nstant one. Even when repeating the
experiment with the same quantity of liquid undeentical conditions, the number of nuclei
formed, would vary. Othmer (1915) pointed out, tthaé variation in the number of nuclei must
necessarily find its origin in the atomistic natafeliquids®  Using the method of Tammahn
Othmer (1915) conducted a very large number of elatign tests, leading to the conclusion, that
the variation in the number of nuclei forméte(hzah) was the larger, the smaller the number of
tests. When large numbers of tests were condugtedhre precise average would be obtained. The
number of nuclei appeared to fluctuate around taioesverage. Little or no doubt could prevail as
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to the nature of the observed variation aroundvanage value: statistical variation based on mere
chance would be involved. Othmer (1915) was evémtalprove his theory by way of imitating his
own 50 different tests by throwing 6 dices 50 timise overall results were identical with those of
the crystallization tests.

Comparable experiments have been carried out byf&ldr (1916). Her tests were
conducted specifically to investigate the possible of statistics in nucleation processes (in the
congelation of melts as well as in crystallizatfoom solutiof ), and to check the observation
made by Fichtbauer (1904), that every experimetttignfield would render results different from
other experiments. By virtue of the very large nemtif tests (one thousand), Kornfeld (1916) was
able to show, that the number of nuclei formed, wdeed subject to statistical variation. The
observed variations in the time at which small am®wf salol in glass tubes would crystallize
were the smaller, the larger the number of tesfepeed. At the same time the observed statistical
variation might well explain the observed differea@mong different authors describing the same
experiment, or even differences among identicataflyzation tests conducted by one and the same
scientist. The values of concentration, pressurgemperature now appeared to be but crude
approximations, gross averages, when considerimy afomistic phenomena, that underlie
crystallization processes. Therefore it may seesnkarnfeld (1916) put it, that under identical
conditions maintained during crystallization expents, different results are obtained. In other
words the experiments by Kornfeld (1916) confirntied initial hypothesis on the movements of
individual molecules: pressure and temperaturdaraverage values showing statistical variation,
when looking at a molecular level. It was Von Sneblowski (1916), who had pointed out such
"concentration fluctuations'Kpnzentrationsschwankung&n are made visible by the Brownian
motion.

In 1828 Brown had reported, how finely divided palin water were seen to be in incessant
motion. A first theoretical explanation for thisgstomenon was provided by Thirion (1880), who
suggested that impacts of individual water molexuteist be held responsible for the characteristic
irregular movements of the relatively large polierwater. Observations with the ultramicroscope
by Siedentopf & Zsigmondy (1903) provided additioe&idence for this interpretation. In a
mathematical analysis of the phenomenon Einste®®H)l explained, that the particles of the
suspension must be obeying the same kinetic plesighat apply to the atoms and molecules of
the solution itself. The fluctuating movements lué particles had to be the result of the incessant
bombardment by a multitude of surrounding molecirigbe solution. Einstein (1910) came to the
conclusion, that because of the Brownian motiorthef particles making up a solution, local
differences in concentration are inevitable.

STABILITY AND METASTABILITY

The original definition of metastability given bystwald (1893) in his textbook on general
chemistry, is clearly of a thermodynamic charadkallowing the analogy with mechanics, the
labile state could be defined according to Ostwald (1&8383)at state of equilibrium, in which even
the smallest of displacement suffices to starssstem striving to a new equilibrium (for example
a pyramid standing on its apex would constitutehsadabile system; a pyramid in its normal
position would be in thetablestate, where its energy is at minimum). But thecaild be other
systems, in which more than one stable state eamtuseveral minima in energy were separated
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from each other by relative maxima. These “in bememinima were themetastable states.
Typical for such a metastable state was the naed $opply of energy, before being able to attain
the stable stat®.

Later, in a paper that appeared in 1897, Ostwahtleapthe new concept to the process of
crystallization. By way of carrying out various exjpnents on the solidification of phenyl salicylate
("salol", a solid with a rather low melting point 312.7 K), Ostwald (1897) tried to unravel the
mysteries of the phenomenon of undercooling. Thbaghte tests led Ostwald to the conclusion,
that solidification did not always take place aa@ky the same temperature. Ostwald (1897) was
led to the conclusion, that when cooling a liquidier its usual melting point, a certain temperature
trajectory will be reached, where the introductioh amounts of the same solid (or of an
isomorphous compound) will cause crystallizationyt bno other means could induce
crystallization** Only after cooling the liquid still furthespontaneous crystallization would
commence. Below a certain temperature, markedigvbéhe temperature known as the melting
point, the process of solidification could stardamot above that temperature. Ostwald (1897)
summarized his investigations by formulating a gaherinciple that has become known as
Ostwald's Ruleupon a change of phase, whether crystallizatioglting or condensation, not the
most stable state will be reached, but the statetaét.*?

Because the presence of small amounts of the samen(isomorphous) solid inducing
crystallization is characteristic of the metastatée, it is impossible to speak of a metastahle s
in the absence of that other solid. Much like tlomcept of stability, metastability appears to
possess a relativistic nature.

Ostwald's student Schaum (1898) performed expetsmem the solidification of
benzophenon and confirmed in principle the exisesfca metastable phase. A distinct boundary
separating conditions under which the metastabldiffoation forms and those conditions under
which the stable modification precipitates, wasnfhuBut to his surprise Schaum (1898) had to
experience, that in many instances #table form of benzophenon was the first to originate
(Schaum & Schoenbeck, 1902 repeated this pointg ddnditions required to precipitate the
metastable modification of benzophenon were so ptxgel, that in only few instances this
metastable phase actually formed. In all otheraimsts the stable form was the first to precipitate,
and when the metastable phase did form, it quick§nged into the stable form. After performing
additional laboratory experiments with phenol aalbls Schaum (1898) arrived at the conclusion,
that precipitation of the stable phase insteatti®@htetastable phase could not only be caused by the
introduction of nuclei of the stable phase, bub &ig "certain external factors". What exactly these
"external factors" were, was apparently not qugarcto Schaum (1898), since he did not elaborate.
But in conclusion the observation was repeated, hthin the metastable field the stable phase
could very well be precipitated (as Schaum remarkeese observations were at variance with
those made by Ostwald, 1897). In his 1899 papealBuhreported to have observed the stable
phase crystallizing before the metastable phaseth@e case of compounds such as
hexachloroketodihydrobenzene, |-menthol, 2,4-dritrchloro benzene, triphenylmethane and
even sulfur (as Brauns, 1900 had discovered). D2 1Schaum & Schoenbeck openly rejected
Ostwald's definition of thenetastablestate, because in their view too many cases dftéisde form
of a particular compound crystallizing before tleresponding metastable polymorph, had become
known®®  Crystallization of the stable phase before the statse phase would of course be
favoured by conditions counteracting the possiblen&tion of the metastable phag&xhaum &
Schoenbeck, 1902

In his book on Kristallisieren und Schmelzémammann (1903) critized Ostwald's concept
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of metastability. In Tammann's explanation, metabty would be nothing less than an artefact
due to the rather small quantities of molten salided in the experiments of Ostwald. Especially
when the degree of undercooling was not too latge development of a few first nuclei would
require some time, when using small quantities ohaten compound such as n-betol (= [3-
naphtylsalicylate-n). As a result the impressioma toundary of sorts would be created. At the
same time Tammann (1903) pointed out, that acogrtinGibbs (1876/1878) the stability of a
system is given by an entropy difference betweerirttial and final staté®> And Gibbs had been
quite aware of the fact, that crystallization newas instantaneous and homogeneous. Because
crystallization took place by way of a restrictagnber of very small nuclei, Gibbs (1876/1878)
had had to introduce an additional term, theface energyinto his calculations’  But, as
Tammann (1903) stressed, no method existed to meetmtsurface energyand therefore Gibbs'
concept of stability could not be used for all picat purposes®

Criticism on Ostwald's introduction of metastablestate was published by De Coppet
(1907). According to De Coppet, that in formulatiig new theory, Ostwald (1897) had neglected
the underlying atomistic notion of solutions in geal and of that of supersaturated solutions in
particular. This was the more astonishing, becaisearious occasions Ostwald had used the
atomistic model. But as De Coppet (1907) remarkestivald had really declared the kinetic theory
incompatible with the existence of supersaturapdations or undercooled melts during longer time
intervals® De Coppet (1907) thought, that the kinetic tamedicted only an increasing time
interval for spontaneous crystallization to takeacpl upon the lowering of the degree of
supersaturation or the degree of undercooling,defihitely not its cessation. At the same time
Ostwald had claimed, howery smallchanges of temperature or concentration coulctt@fédy
prevent crystallization of supersaturated solutionandercooled melfS. De Coppet (1907) did
not go as far as to deny the existence ohtlkeéastablestate, but cited Ostwald's own statement to
prove, that no sharp and sudden transition frommégastable into the labile state could exist. For
there too the transition could take place by waysoy small increments.

Another objection raised by Ostwald against thetkintheory applied to the phenomena of
supersaturation, dealt with the differences fourftenv preparing supersaturated solutions from
soluble salts and those of the less soluble sHits.less soluble salts dissolve to a much lesser
degree in water than the more soluble salts, am¥ersely supersaturation would have to be
reached earlier. De Coppet (1907) cited the ob8ensamade by Frankenheim (1860), illustrating
that all solutions are subject at one moment otremdo supersaturation and all molten compounds
to undercooling. In this case too only variationsdegree were to be found, illustrating in the
opinion of De Coppet (1907) in a convincing martheratomistic nature of the process. Solutions
of salts which were readily showing supersaturatibma certain temperature, were often seen to
occur in two (or even more) polymorphic forms aattisame temperature. Solutions showing
distinctly the characteristics of supersaturatellitems were, according to De Coppet (1907),
almost always those of salts with two differentypobrphic forms or with one or more hydrates.
And in that case one of those different forms womdriably be less soluble than the other, so that
the solution as a whole could be supersaturateld iggpect to one modification of the salt but
undersaturated with respect to another. As a rdakeltphenomenon of supersaturation was
definitely comparativeas De Coppet (1907) putit.

With emphasis De Coppet (1907) pointed out, howolatisn at one and the same
temperature and even at the same moment can geve&luring spontaneous crystallisatiornvio
different crystalline phasé. Not Ostwald's newly introduced metastable phaseinstead the
kinetic theory of spontaneous crystallization appedo be able to explain this phenomenon. The

J. C. Deelman (2011): Low-temperature formatiodabmite and magnesite



Chapter 8 — Mechanism of formation of magnesitegaldmite 282

formation of a nucleus required, still followingethine of reasoning of De Coppet (1907), 1) a
number of molecules of the solid to join each otekemewhere in the solution, and 2) equal
molecular temperatures for these molecules. Inrexpats the observation had been made, that the
two different crystalline phases formed during fpoeous crystallization, often showed a
difference in stability. The less stable phaserofthanged into the more stable one, thereby
releasing heat. According to the kinetic theorydlierage energy of the molecules making up the
less stable phase, would be larger than that omtblecules of the more stable phase. Or in other
words the nuclei of the less stable modificatiom laeing formed during collisions of molecules
with a higher molecular temperature (i.e., kinethergy) than that of the stable modification. And
those molecules with a lower molecular temperavilieparticipate in the nucleation of the more
stable phase. As a consequence there will be statope interval, in which both modifications are
able to nucleate.

Although De Coppet (1907) had initially stresseel thle of temperature in controlling the
nucleation of the less stable and/or the stablegha his own experiments on the nucleation of the
different forms of sodium sulfate an additionald @aomewhat surprising, observation was made.
After concluding from his experiments, that theleaton of NaSQ,.7 H,O and NaS0,.10 HO
fully confirmed all aspects of the kinetic theoBe Coppet (1907) described how salts such as
K,CrO, or CuC} (or an organic compound such as resorcin) coulseba to retard the nucleation
of N&SO,.7 HO from its supersaturated solutions (and so fawemucleation of the more stable
decahydrate). Without such additions the spontasenystallization of N&50,.10 HO would take
place only on very rare occasions.

Three different organic compounds (resorcinolplenyl guanidine and tri-stearin) were
studied by Lautz (1913) with regard to the behawiothe different stable and metastable phases.
The polymorphism of resorcine had been discovengdLéhmann (1888); the spontaneous
crystallization behaviour of resorcine had beemrstigated by Tammann (1898). Measurements of
the lineare Kristallisationsgeschwindigkeit linear rate of crystal growth) were made by kaut
(1913) with the light microscope on two differerdlymorphs of resorcinol. The linear rate of
crystal growth was very low: at 273 K only 0.8 tanin/minute. At higher temperatures the two
different polymorphs had different linear growthtels but the two were independent of the
temperature between about 288 and 353 K. In additie linear rate of conversiotingare
Umwandlungsgeschwindigkedould be measured. This rate turned out to defieadarge degree
on the orientation of the different crystallitesviyds each other. Furthermore the temperature at
which the crystallites of the less stable modifamathad been formed, would determine the
conversion rate. The fact that the linear rateosiversion would show different values at one and
the same temperature, had been noted in the caselfof by Gernez (1884). In the case of
resorcine and that of sulfur the linear rate ofvemsion increases rapidly with an increase in
temperature above the point of conversion. Belag/ghint the linear rate of conversion decreases
with decreasing temperatures up to a maximum, aftech it gradually approaches zero at still
lower temperatures. As Lautz (1913) stressed, tbleservations made in the laboratory confirmed
the theoretical explanation given by Tammann (19@8B)he phenomena accompanying the
transition of one modification into a more stabt®oThe linear rate of conversion at the very point
of transition is zero in all instances. If the cersion into the more stable phase absorbs heat, an
increase in temperature will increase the rateoaftersion. If on the contrary the formation of the
more stable modification liberates heat, an ineeéasemperature will inevitable slow down the
rate of conversion.
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BREAKING OSTWALD'S RULE

Othmer (1915) expressed his doubts concerning tlggested existence of conditions,
under which spontaneous crystallization would ne¢ake placé®>  Spontaneous crystallization
was known to increase with an increase in the @egfreupersaturation (in the case of solutions) or
the degree of undercooling (in the case of mdhs).there were no indications for the assumption
of the absence of spontaneous crystallization ig sightly supersaturated solutions or slightly
undercooled melts. Such a field could be best destiby Ostwald's definition ahetastablebut
Othmer (1915) reminded his readers, how the ofigieinition by that time had been undermined
by different, if not unrelated, applications ofttisancept.

Othmer (1915) had verified the observations madélémtz (1849), Duffy (1852), Kopp
(1855), and Reimer & Will (1885) on the occurrentéwo different modifications of some of the
tri-glycerides such as tri-myristin and tri-stear@ooling down for example a quantity of molten
tri-myristin to room temperature, results in a massspherolites of the unstable modification.
When heating these crystallites to a temperatuB2dfK, melting takes place; but at a temperature
of 328 K crystallization of the second, stable rfiodtion results. Through his own experiments
Othmer (1915) confirmed the formation of both ttebke and the unstable modification of these
compounds: the results were found to be reprodeiciliie explanation for the phenomenon had to
be found in the relation between the number of@iulernzah) and the duration of undercooling.
Tammann (1911) provided a theoretical explanatavrttie occurrence of two different solubility
curves: thermodynamics would allow for a metastabied a stable phase on the basis of an
atomistic model for the calculations. According@thmer (1915) the occurrence of the unstable
form was brought about by predominance of the nurabauclei of this unstable form over those
of the stable modification. Predominance of nuofethe unstable form would not have to imply
the absence of any nuclei of the stable form. Ezlbewhen the linear velocity of crystallizatiorh o
the unstable form would exceed that of the stadmie f predominance of the unstable modification
would become inevitabfé.

Volmer & Estermann (1921) were able to calculag gart of an amount of mercury vapor,
that would not immediately change from vapor intee tsolid state. In Langmuir's (1913)
experiments the assumption had been made, thamalicules involved in condensation
phenomena would immediately and completely undeagehange of state. But Volmer &
Estermann (1921) based their experiments on thengditon made by Knudsen (1916), that
complete condensation of mercury took place onlyeatperatures below 133 K. Above that
temperature condensation of mercury vapor ontosglaas always incomplete. Volmer &
Estermann (1921) obtained quantitative data by efayjeasuring the diameter of an evaporating
droplet of mercury with a microscope. The mercuapar would condense in their high-vacuum
set-up at a site cooled to very low temperatutesrate of condensation could be quantified by way
of resistance measurements. In the case of theensation of mercury only 5 to 15 % of the
molecules would not be adsorbed at temperaturggebat210 and 178 K. When using metals such
as copper or zinc, the degree of condensation wes legher. But in the case of phosphorus the
phenomenon of partial condensation was much mameopnced: 50 to 60 % of the molecules
would be adsorbed. And when using benzophenon sorlye 25 % of the molecules would be
adsorbed. Therefore Volmer & Estermann (1921) wabte to make the fundamental observation,
that condensation (and crystallization in generas only partial in most instances. The
condensation of the vapour of for example sulfupbosphorus into the liquid phase, even at
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temperatures well below the respective melting tgpihad often been interpreted as supplying
support for Ostwald'Stufenrege(= Step Rule). Because the speed at which thalliginase could
be formed in these experiments was considerakderldhan that for the formation of the solid
phase, Volmer & Estermann (1921) had to concluds, @stwald's observations in fact had been
founded on reaction kinetics and not on thermodyosm

Although he did not mention Ostwald at all, Nerdi€21) was quite clear in his rejection of
the "Step Rule". The only guideline for the apptoax irreversible chemical reactionsvas
according to Nernst (at least at that time) thagypie of Thomsen (1861): reactions taking place
with the smaller liberation of heat proceed in gahéut not always!) faster than those in which
the stable compound is being formed. Numerous ebemmitustrating this principle were known
from organic chemistr§” (It must be added here, that Ostwald, 1902wsélf had described the
whole of the process of spontaneous crystalliza®arirreversible reactio)

Haber's (1922) paper concerned mainly the possi@ge of an amorphous precipitate
into a crystalline one, but it dealt at the samgetin general terms with phenomena taking place
during nucleation. The formation of any solid pp#ete, whether amorphous or crystalline, was
considered by Haber (1922) to be the result of rsiepping processes”
(UberschreitungsvorgangeHaber (1922) cited the model of Von Smoluchowdé16) on the
accumulation of several molecules into very smabragates as caused by the statistical
fluctuations resulting from the heat movement. Whetthe precipitate being formed, would be
amorphous or crystaline, would be controlled by e thrate of precipitation
(Haufungsgeschwindigkgiin comparison to the rate of orderir@rdinungsgeschwindigkgitThe
formation of amorphous precipitates would take @lamder the influence of a high rate of
precipitation. Precipitation of crystalline solidss controlled, as Tammann (1903) had explained,
by the process of nucleation and the linear ratergstallization. A distinction had to be made
according to Haber (1922) between the "trace ngelpoint” Spurenschmelzpunk(i.e., the
temperature at which the smallest possible aggsgaill not grow but melt) and the "mass
melting point" MassenschmelzpunkiThe temperature interval between these two liyitien
would be part of Ostwaldfaetastablestate. In contrast to the explanation given by@kt (1897),
the experiments by Othmer (1915) had shown, howptbeess of spontaneous nucleation would
not be halted abruptly, when lowering the tempeeatii an undercooled melt. The curves relating
the number of nuclei to the temperature in Othm@®l5) experiments showed a distinctly
symmetrical shape, each with a well-defined maximuire ultimate cause of the observed shape
of these curves had to be found according to H&#2?2) in fluctuations of free energy. In
processes of precipitation a dynamic equilibriund @ develop between the molecules in the
liquid state, relentlessly moving around in an gsaat heat movement, and those few molecules
clustering together to form a more or less stabiedaus. The forces keeping together the solid
aggregate are counteracted in the process of femdithn by a definite tendency of the molecules
involved, at least those at the outer layer ofabgregate, to escape again into the liquid. In this
dynamic equilibrium fluctuations in free energy a&pable of initiating stable nuclei with an
ordered arrangement of the molecules, provided thdy these fluctuations in free energy were
long enough and intense enodgh.

Once formed the crystal nuclei in turn would infloe the rate of precipitation, because of
the formation of an electric double layer at thermary between solid and solution started taking
place. The resulting potential can actually be meskin electrophoresis experiments. The surface
of the nucleus would, still following the explaratigiven by Haber (1922), have to compete with
water dipoles of this double layer for the iondadsorbed from the solution. As explained by
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Freundlich & Rona (1920) the preferential adsorptaf certain ions at the interface can be
guantified by the zeta potential. An adsorbed lajevater dipoles will counteract the tendency to
form larger aggregates or slow down the continueavh of the nucleus. Because in general the
nuclei would consist of lattices involving electaig bonding, crystal surfaces characterised by
alternating positive and negative ions will be slevest to grow (Haber, 1922).

Following the theoretical treatment of nucleatiaweg by Gibbs (1876/1878), the sole
explanation for metastability was found by Volmen8eber (1926) in the capillary (or surface)
forces?® But in the calculations that followed, much b8 had done, Volmer & Weber (1926)
excluded at beforehand any considerations on #ictos. Therefore the theoretical model could
only be applied to a spherical droplet, and as uhlenate consequence to the process of
condensation only. Volmer & Weber (1926) deriveahirtheir calculations a quantitative criterion
for stability: Stability is inversely proportion&b the square number of supersaturation. But the
calculations posed a definite lower limit: the debtpmodel should not approach molecular
dimensions. After realizing this shortcoming, antioiving the example of Haber (1922), Volmer
& Weber (1926) did devote their attention to thegble effects of fluctuations, and applied the
calculations by Von Smoluchowski (1906, 1917) amtstein (1905, 1910) on the kinetics of the
Brownian motion. When defining as the probability of the formation of a nucleusier the
influence of spontaneous fluctuation®,as the work required to form this nucletlisthe Kelvin
temperature ankl= Boltzmann's constant, then the relation

W

Z=¢€kT (eq.37)

=

should exist. This approach of the nucleation ea@e terms of probability is, as Volmer & Weber
(1926) pointed out, equivalent to the approach mhénius (1889), in which a comparable relation
was found between the speed of a chemical reaatidnthe necessary activation energy. At the
same time, Volmer & Weber (1926) stressed the rieethtroduce the time factor into this
calculation: both themittlere Verweilzeit (average residence time) and tkdiederkehrzeit
(recurrence time) had to be incorporated. In tlaigigular case the probability for an increase in
size of the droplet would equal that for a decreasd therefore the size (better: the amplitude) of
the fluctuations typical of the Brownian movemermtuhd be determined by theehlergesetterror
curve) of Gauss (1816). Because obviously enougiwvthr of such droplets could take place as
well, Volmer & Weber (1926) made the suggestiofiottow the calculations on reaction rates by
Christiansen & Kramers (1924). Even the comparsibh the process of catalysis, as proposed by
Ostwald (1902 B), could be pursued further. Afteting data with the calculated values of W/K.T
for droplets in water vapor at 300 K, Volmer & Wel{#926) concluded, that metastability is
feigned by the strong decrease of the value of .W/kwith an increase in the degree of
supersaturation. Or as Volmer (1929) formulatedhi& impression of a metastable boundary is
essentially caused by the rapid decline of the eaticin rate with a decrease in the degree of
supersaturatiof?. In other words the conclusion became inevitahtmetastabilitywas nothing
but an artefact (and ultimately it proved Nern821Lto be in the right, in that not thermodynamics
but instead reaction rates are controlling the &tiom of the stable or the metastable phase).

The calculations on the probability of nucleation \tolmer & Weber (1926) could not
explain all aspects of the process either. Thetemugiven above predicts a steady increase of the
stablity with an increase in the degree of unddicgqor supersaturation). However Tammann's
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(1898) experiments had shown the number of nuzlgidrease, but only up to a certain maximum
value. After that point a further increase in tleg@e of undercooling or supersaturation leads to
less and less nuclei. Apparently the theory advhigeVolmer & Weber (1926) still needed
extension. And this was found in the noted depecelenthe energy required for the construction
of a newNetzebendattice plane) on the orientation of the latjidane itself. During nucleation the
start of each new lattice layer poses a kind afidraibut such a barrier can easily be overcoma by
slight excess in the degree of supersaturation.

Evidence in support of the re-interpretation ofvdtl's Step Rule€for the nucleation of
polymorphic modifications has been supplied byr&tka& Totomanow (1933). The theory of two-
dimensional nucleation of Volmer & Weber (1926) avidlmer (1929), more in particular the
equation for the probability of the formation ofnacleus, leads to two distinct curves for the
number of nuclei, each with a clear maximum, predithe calculations are based on a difference
in specific surface energy. This fact had beenlogked by Volmer & Weber (1926), and therefore
the calculated curves of Stranski & Totomanow ()98Bow the maxima found earlier by
Tammann (1903).

According to Volmer (1929) nucleation should be sidared to be part of the process of
crystal growth. But nucleation is a relatively raggent, because it requires fluctuations in
concentration Dichteschwankung@nThe importance of fluctuations in free energwaads the
process of nucleation has been stressed particioa/olmer (1939). After recalling, that it had
been Ostwald himself, who had outlined how fluctred in p, T, or x would lead to nucleation in
supersaturated solutions near the metastable bgu(sige note 20), Volmer (1939) discussed in
detail the role of such fluctuations. The degreewinich locally the value of for example
concentration would differ from the average of swdution, controls in fact the formation of a
nucleus®  In other words not the overall average giverimst instruments used in physical
chemistry, but the amplitude of the fluctuations free energy determines the process of
nucleatior®* Calculations by Volmer & Weber (1926) showedwhcondensation from
supersaturated vapour requires an "activation ghé&rgoe supplied in order to form droplets, that
will not momentarily disappear again. But the patakith droplets is difficult to maintain, since
nucleation from solutions gives rise to crystadljte’hich do not show an instantaneous equilibrium
with the surrounding solution. The nucleation didsois essentially different from the process of
condensation, in that nucleation is a step-wisequ® taking place layer-by-layer (Volmer &
Estermann, 1921; Volmer, 1921, 1922). The stadach new layer poses an energy barrier, which
can be overcome only through pronounéledtuations in free enerdy (Stranski, 1928, 1932,
1950; Stranski & Kaischew, 1935). But even so thergy barrier to be overcome for the initial
nucleus to form, is by far larger than that atgtset of a new layet’

REVERSIBLE OR IRREVERSIBLE ?

In every textbook on thermodynamics one or mordesees, perhaps even two or three
whole pages, will be devoted to irreversible preessInevitably one will be able to read, that "...
all natural processes are irreversible". But wikathe meaning of that statement? What are the
consequences of this observation for the formatfanagnesite and dolomite?

In the very first sentence of his first publicatiBlanck (1879) stressed the ultimate meaning
of the Second Law of thermodynamics: invariablycesses take place in nature in a certain
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direction, so that a return to a former state ballmade impossible. Clausius' (1865) definition of
Entropie was capable of expressing all such natural preseds a mathematical equatith.
Initially Clausius had devoted his attention to licyprocesses only, but later also natural (i.e.,
irreversible) processes were studied. The caloulativere to be applied to all processes taking
place in nature (in which a process as such wasedkés the change from an initial situation into
some different end situation). Two kinds of proesssere to be distinguished: those in which the
initial situation present at the outset could by festored, and those in which complete restorati
was not possible. The distinction between these ftimdamentally different processes therefore
depends solely on the nature of the initial anditied situation.

In his dissertation Planck (1879) defined an irreNde process as: "a process, in which
nature prefers the final situation above the ihgituation". Many of Planck's contemporaries used
the term irreversible to describe a process, tlaanat (under no circumstance whatever) be
reversed. In the view of Planck (1879) even arvargble process can be made to return to its
initial state in a thermodynamic sense, but thatildideave its traces on the surroundings of the
system. As a good example of an irreversible pso&tanck (1900) considered the emission and
the absorption of heat (or electromagnetic radiaitiogeneral). After applying the Second Law to
electrodynamic phenomena, Planck(1900) found arontincrease, because only one specific
frequency of radiation can be absorbed from a wagge of frequencies emitted by a "black box"
source. (In this manner not only the observatidnEhomson, 1852 on dissipation were explained,
but at the same time the principle underlying quantheory was outlined by Planck, 1900.) The
application of thermodynamics to chemistry had bieemded on the cyclic processes of Carnot
(1824), studied preferentially by Clausius (18T&ihbs (1876/1878) and Von Helmholtz (1882).

For example Von Helmholtz (1882) had stressedpthint, that in his view the concept of free
energy (i.e., that part of the energy, that is€'freo be used in for example chemical reactions)
implied, that the reaction should be reversifle.

In the explanation of Planck (1904) entropy isdrythe most important parameter of a ther-
modynamic system, and not temperature. The "mesti@ali approach to thermodynamics typical
of for example the work of Von Helmholtz (1882) uged for its calculations a "heat equilibrium®.
But Planck(1904) objected, that only from the pahtiew of the irreversible processes such a
heat equilibrium (when entropy is at its maximurah de understood. For as the Second Law
implies, a system will always possess a specifioevdor its entropy, but only a system in a
stationary state can be assigned a specific tetopera

As Planck (1904) pointed out, the most importanisateration in selecting the way, in
which to calculate entropy should be its usefulmesietermining entropies not for probable states,
but for the less likely states of a system. In #esse Gibbs' (1902) approach ceased to be of
significance: conditions of non-equilibrium weret monsidered by Gibbs. As Planck (1904)
stressed, only Boltzmann's (1877) definition ofr@oy can be applied to systems lacking
equilibrium as well as to irreversible reactioneeTgenerality of the definition of entropy by Gibbs
had been obtained at the expense of a quite testqiysical meaning (not in the least because in
Gibbs' account no distinction was made betweemahere of individual particles). For reversible
reactions the Gibbs approach can be used, butrerersible processes in which the entropy
concept finds its ultimate cause, Boltzmann's (J8éfinition offers the most useful approach.

Verschaffelt (1936) stated, that reversible proeesse always created artificially, and that
by contrast natural processes are invariably irs#vie. This aspect of human intervention
responsible for the creation of reversible phenantes been stressed by Sommerfeld (1956, p.19):
"... reversible processes are not, in fact, preseasall, they are sequences of states of equitibr
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The processes which we encounter in real life Rvays irreversible processes, processes during
which disturbed equilibria are being equalized.ttsinfinitely slow (or quasistatic) changes in an
overall state of equilibrium would be characterized the fact, that the system's capacity for
performing work could be used to the full, and tmatenergy whatsoever would be irreversibly lost
(in other words would be dissipated). The onlyatdi criterion for a process to be called
reversible, would be that "... during its courser¢hare no lasting changes of any sort in the
surroundings if the process is allowed to go fodvand then backward to the original state"
(Sommerfeld, 1956, p.19). Starting from this deiom of a reversible process, it must be easy to
define an irreversible process. Collie (1982) exgld, that the term irreversible does not
necessarily mean, that the change of state A tate B cannot, by no means whatever, be reversed
into a change from state B into state A. Irreveligibvould mean, that "... the conditions which
obtain when the change is going forward are diffefeom the conditions when it is going
backwards" (Collie, 1982, p.180).

When following this definition of irreversible presses by Collie (1982), the application of
thermodynamics to the low-temperature nucleatiomagnesite and dolomite becomes clear. For
application of equilibrium thermodynamics only lsa serious difficulties. Many authors must
have wondered about statements such as "... th@®eee supersaturated with respect to dolomite,
and calcite or aragonite on the floor of the ocglamuld react with the sea water to form dolomite”
(Garrels et al., 1960, pp.414-415) and ".... tHg stable mineral under reasonable surface or near-
surface geologic conditions is magnesite" (ChrisH&stetler, 1970, p.450). Calculations of the
solubility products of magnesite and dolomite hagen made up to now in most instances on the
basis of the assumption of equilibrium. But in aiety of laboratory experiments it has been
shown, that the conditions during the dissolutibmagnesite or dolomite in carbonated water are
fundamentally different from the conditions reqdirr the nucleation of these minerals under
conditions of low temperature & atmospheric pressur

The dolomite lattice consists of a periodical aléion between calcite and magnesite
monolayers, and therefore a process of "sorting@uan atomic scale will have to operate during
its low-temperature nucleation. As Graf & Goldsm{it®56, p.184) put it: "The difficulty with
which dolomite is crystallized at low temperatures evidenced by experimental data, is
considered as a consequence of the necessity adhiladt an ordered Ca-Mg configuration.”
Compared with the more or less random array tym€ahagnesium calcites, a definite degree of
atomic ordering will be required according to Gg&a&oldsmith (1956). But the necessary increase
of order (or lowering of entropy) cannot take plateroom temperature, when using classical
thermodynamics with its inherent assumption of ldgiim. It is possible though, to increase order
in an open system at the expense of a change sarewlse (as Planck put it). But such an
approach is necessarily based on the statisticahanécs typical of the kinetic theory. Or as
Einstein (1907) concluded, classical thermodynarhicds not exact enough” r{lir angenahert
richtig") to allow for the fluctuations characteristicBdltzmann's kinetic theory.

In 1913 Planck claimed, that the very source dadversibility in the case of the heat
radiation is to be found in the emission of freecebns upon the absorption of radiation energy.
After absorption has taken place, a new situatidlh vave been created with respect to the
vibrations of all oscillators involved; the intetiss of all frequencies of radiation being emitted,
will be different from that absorbed. But for thgstem as a whole (i.e., for both emitter and
absorber) the total entropy would have increagete Wwould consider only the absorber, it follows
inevitably, that there the entropy will have beewdred. Planck has never made such a distinction
(in fact a subdivision of the system under congitien). In this respect Boltzmann (1897) was
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much more outspoken: in his view the general olagienv, formalized into the theorem known as
the Second Law, had been deduced for systemsesitaaithe earth's surface at the present moment
and suddenly being isolated from the rest of thentsvon earth. For those situations the prediction
that isolated systems will inevitably reach a stdtdermal equilibrium, had been found to possess
a probability, which bordered onto certainty. A tprobability for such an isolated system to
displace itself from thermal equilibrium, would lealvecome highly improbable.

In his definition of an irreversible process Von @achowski (1915) made a distinction
between théBeobachtungszednd theWiederkehrzeitreversible is a process, in which an initial
configuration shows a short recurrence tiriidiederkehrzejt compared to the duration of the
observation Beobachtungszgit Irreversible is a process with a relatively lorggurrence time
compared to the duration of the observation. Von Smoluchowski (1915) did not hesitate to
define two different realms of application for econd law of thermodynamits. After giving a
number of examples for the calculation of the neme time for diffusion of oxygen into nitrogen
gas, Von Smoluchowski (1915) was able to draw emichs regarding the reversibility of this
reaction. During observation times within humamdgtads the dimensions of the system were
decisive: on the atomic and ultramicroscopic staereaction had all chacteristics of a reversible
reaction, but when looking on a scale of centinseter decimeters (as in most laboratory
experiments) the reaction definitely looked irresilgle. And from the calculations it could be
deduced, that the dividing line was roughly a fesgry given by the inverse of the square root of
the number of particles. This estimate could bel us¢he absence of any exact information on the
recurrence time of the system. In one of his lagteps on thermodynamics Planck (1926), much
like Born (1921) before him, discussed the new fdation of the Second Law given by
Carathéodory (19097,  Planck (1926) recalled, how Von Helmholtz (@8Bad stated, that there
is no real need for a cyclic process nor any neear ideal gas, when delineating the basis of the
Second Law. But in the view of Planck (1926) thesian of the Second Law given by
Carathéodory (1909) was somewhat too general;pli¢ah the conversion of heat into work, taking
place without any compensation. In Planck's expianahe reverse of this statement would also
have to be true, and therefore the conversion ok\wo heat may as well take place without any
compensation. And even the denial of both statesr{@me two different sorts of conversion are not
to take place at all) should be possible, wherofatg Carathéodory's own words. After giving a
more precise definition of a reversible and arvarsible proce$d a very pointed version of the
Second Law was given: the generation of heat thrduction is irreversible ODie Warmerzeugung
durch Reibung is irreversigel Planck, 1926, p. 456). And after a number of itoichl
considerations Planck (1926) was able to re-fortaulds new version into: every process in nature
takes place in such a way, that the sum of th@gywalues of all components will be increased;
only in the rare exception of a reversible protkesum of all entropy-values remains constant.

But there is another, even more fundamental, obierv made by Carathéodory (1909),
that was not mentioned by Planck (1926). At the ehtlis paper Carathéodory (1909) draws a
conclusion, that seems to have escaped attentiogemeral. In almost all thermodynamic
considerations the concept of temperature is UBedause temperature defines the movement of
individual particles (atoms or molecules), it canbe considered to be an independent, a primary
guantity. The usual concept aftemperaturg@resupposes equilibrium (as Planck, 1904 had hoted
In the case of radiation being emitted and beirgpdied, unexpected contradictions result, when
continuing the equilibrium assumption. An adequdascription of a system involving heat
radiation and absorption, would in the words ofaffaéodory (1909) have to include all of the
individual material points making up such a system.
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At present there is no real need to follow theatap@ by Carathéodory (1909) of the much
too generaltemperatureconcept, because as Von Laue (1917) stipulatéaioabkiderations on
fluctuations should include such an amount of atasnsmolecules, that the concepts of
concentration and of temperature can be used.aBuatlthe serious objections by Carathéodory
(1909) inevitably lead to a clearer understandihdghe relations between fluctuations and the
energy barrier, described by Ostwald (1893) totdeswveen the metastable and the stable state. At
the same time the true meaning of the distincti@aenby Arrhenius (1889) between a "normal”
and an "active" molecule (only the latter is capaifla chemical reaction), can be understood. For
it is obvious, that only the "active" molecules lwa kinetic energy higher than the average are
capable of overcoming the energy barrier separdtiagnetastable from the stable state. At least
during the initial stage of nucleation (to be digtiished from the subsequent stage of growth)
periodical changes in the collision numb&tasszahlof Boltzmann (1896) will counteract the
differences in the nucleation rates and the rdtgsoovth of the metastable and the stable phase. In
other words fluctuations are essential in nucleatie (at least) two different phases, the methestab
phase and the stable phase. Not as much an inaoktesaverage temperatur@lthough that too
may be quite effective) leads to measurable amanintee stable phase, but fluctuations in the
distribution of kinetic energy over the numerougipkes in the system under consideration.

Once reconciled with the absence of equilibriumairlassical sense, the nature of the
reactions becomes relatively easy to understand.irFthe very paper that has established the
existence of chemical equilibria, Guldberg & Wa@f867) considered an equilibrium to be made
up by two different reactions, and as soon aswiledifferent “reaction forces" would have become
equal, equilibrium would be attained. The notiorrezction rates (to replace the "reaction forces"
of Guldberg & Waage, 1867) has been contributedvhy 't Hoff (1884) and taken up by
Arrhenius(1889). Equilibrium requires the ratestlod forward reaction and that of the reverse
reaction to become equal. But a different line edsoning must be taken, when considering a
system, in which for example two different polymimspmay nucleate. Given a difference in the
reaction rates for each of the polymorphs, theethstate will invariably predominate. The same
reasoning can be applied to two different phases (wo entirely different compounds!), which
may form in one and the same system such as fon@gathe precipitation of either magnesium
hydroxide carbonate or magnesite from the very ssohgtion. As found in my experiments, the
reaction rate for the low-temperature nucleationnagnesite is notably smaller than that of
magnesium hydroxide carbonate. Only through amvateion in the form of fluctuations in pH the
larger reaction rate for the precipitation of magjaen hydroxide carbonate can be overcome. But
this mechanism cannot be understood in terms afilil@gum; at least two different precipitation
reactions must be considered. And when trying tainlihe product of the second reaction, the first
reaction will have to be stopped or slowed downthis sense the criticism of Nernst (1921) on
Ostwald's Step Rule must be understood: as prddigye Nernst the different reaction rates
characteristic for what was described by Ostwaldhasmetastable phase and the stable phase,
provide the better insight.

Originally Van 't Hoff (1884), in hi€tudes de dynamique chimiguead assigned two
different reaction rates for an equilibrium to tgltace; reaction rate kfor the reaction

A+ B - D+ E (reaction I) (eq.38)

And reaction rate kfor its reverse
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D+E- A+B (eq.39).

In the case of the formation of a different phasenfthe same initial ingredients, a second reaction
takes place, with two additional reaction rates:

A+B - F+ G (reaction Il) (eq.40)
with reaction rate kand

F+G- A+B (eq.41)
with reaction rate k.

This second reaction between A and B gives risdmtite metastable phases D (or E), but to the
stable phase F (or G). In other words: in the adsereversible reactions K =.ik; cannot be
considered to represent an "equilibrium constdnit,only as the quotient between two different
reaction rates (hence the new namdr&TE QUOTIENT: Deelman, 2001). The two different
reactions delineated above in general will posdégences between the two different solubility
constant K = ko/k; and K = ky/ks . If solubility constant K is larger than K, reaction | will
predominate over reaction Il. As soon as conditmfingissolution prevail over the usual conditions
of precipitation, reaction | is favoured over réactll and a large part of the reaction products D
and E will disappear again. Because reactiondlawer, dissolution takes place to a lesser degree
and as a result some of the reaction products FGamanain behind. After repeating these different
steps, that is the usual precipitation intervatratiting with an interval of dissolution, more and
more of the reaction products F and G will accuteul@he alternations between precipitation and
dissolution favor the formation of the stable phastead of the metastable phase because of the
inherent differences between precipitation andoflis®n rates.

The fact that the low-temperature nucleation of megge or dolomite does not take place
by way of a reversible process, explains the appaomalies on the number of phases present in
carbonate sediment. For as Tammann (1924) statethei absence of an equilibrium the well-
known "Phase Rule" of Gibbs (1876/1878) cannotpdpied. Earlier Bakhuis Roozeboom (1891)
had observed, that when salts which are isomorphodsform a double salt, this double salt is
obviously in equilibrium with only one particulaomposition of the contacting solution. For all
other compositions no equilibrium exists. SeiféQ37) reiterated, that the "Phase Rule" cannot be
applied to what he called anomalous mixed crys&iisilarly metal alloys possessing not only a
disordered state, but a superlattice as well, sacgscontradict the Gibbs "Phase Rule" as Nix &
Shockley (1938) stressed. Metastable assemblagids asi for example aragonite, magnesium
calcite plus dolomite obviously contradict the "B&&ule”. Or as P. K. Weyl (cited in Bréatter et al.
1972, p.50) put it: "Every handful of carbonateiseshts clearly violates the phase rule, for where
thermodynamics teaches that there should be ordy awnat most two carbonate phases, an
abundance of different carbonate minerals is fdund.

FORMATION OF MAGNESITE
In general magnesium hydroxide carbonate or a lsdr&arbonate of magnesium

precipitates under conditions of room temperaturat&ospheric pressure. Similarly magnesium
chloride, magnesium sulfate, and magnesium nitratmlly form hydrates. Magnesium is not the
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only cation, which shows difficulty in its dehydt reaction in aqueous solution. Calcium cations
exhibit a comparable behavior. Hexahydrated calciagarbonate and calcium carbonate
monohydrate are known to occur under conditioret, #ine not at all extreme. But CagC®H,0
and CaCQ@H,O are metastable, and tend to convert to anhydoalsum carbonate. The
spontaneous conversion of Mge® H,O into magnesite, because the hydrate would beliest
with regard to magnesite, has been claimed by R{226). Observations published by Gloss
(1938) and D'Ans & Gloss (1938) on the formation neignesite from MgC{B H,O in a
tensimeter experiment do illustrate the possibibtythis reaction to take place at 307 K.

Quantification of the degree of hydration of iosspossible through a variety of more or
less indirect physical-chemical techniques. Sirmeheof these techniques measures a somewhat
different aspect of the cation/water dipole intécag most of the published hydration numbers
depend to a large degree on the technique usedr{Bot949). The difficulties can be largely
avoided, when using methods capabledéct quantification of the number of water dipoles
surrounding each cation in solution. Instrumengéghhiques such as nuclear magnetic resonance
spectroscopy, X-ray diffraction of solutions, wi@et spectroscopy and isotopic dilution
techniques provide information on the primary hyidra of cations (Burgess, 1978). X-Ray
diffraction of a flowing solution coupled with commer analysis of the signal, was used for
example by Bol et al. (1970). The method showeat, ritiost divalent cations possess a well-defined
shell of 6 water molecules in primary hydraffon(Bol et al., 1970; Burgess, 1978). Small cations
such as B¥ and Li" have a primary hydration number of 4, and somgh@farger cations have a
coordination number of 8 or 10. These primary hgdnanumbers are not influenced by the
concentration or the temperature of the solutiamr@Bss, 1978). According to Bol et al. (1970) the
cation/water dipole distances involved in primaggdidation are in good agreement with those
measured in crystalline hydrates of the type MI}§*" . At the same time X-ray analysis provided
an explanation for the observed differences ambadydration numbers measured with the older
techniques. In many of those methods (for examplméasurements of viscosity, conductivity,
settling rate, compressibility, cryoscopy or digysthe sum of the primary and the secondary
hydration numbers (or the sum of primary hydratom part of the secondary hydration) were
being measured. In the case of magnesium cationk etBal. (1970) were able to distinguish,
through the use of X-ray diffraction, 6 water maolles in primary hydration and 12 water
molecules in secondary hydration. Additional measwants with the same technique have shown,
that not only magnesium and calcium cations areatgd in aqueous solution; for example Li, Na,
K, Rb, Cs, Be and Sr exhibit the same phenomenon.

There can be no doubt, that magnesium cationsuar@usded by water dipoles in solution;
but calcium cations exhibit the same phenomendnowadh possibly to a somewhat lesser extent.
Therefore the conclusion seems inevitable, thathgdration of magnesium cations can not be
made responsible for the kinetic barriers blockimeglow-temperature nucleation of magnesite and
dolomite. Perhaps the problem is not restrictechégnesium and calcium cations. The problem
might be more fundamental, and related to the atiole of anhydrous salts from aqueous solutions
in general. Although magnesite does not by itse§alve in large amounts in water and needs
dissolved carbon dioxide to do so, the precipi@ataed in this case is the hydrate.

Any suggestions concerning the possible role ofiydration of the magnesium cation in
preventing the low-temperature nucleation of magmes course have been made obsolete by the
laboratory synthesis of anhydrous Mg£& temperatures of 313 to 333 K and under atmogphe
pressure (Deelman, 1999). Those syntheses werel lmesehe duplication of Exp. No.57 of
Liebermann (1967). Upon duplication of Liebermarixp. No.57 at 298 K (and using ammonia
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for the titrations) a magnesium calcite with itsimdiffraction peak at 28.7 nm (lacking the

superstructure reflection typical of dolomite) Hadned. But when conducting exactly the same
experiment at 333 K (my experiment M-211) magnegigether with magnesium hydroxide

carbonate was found in X-ray diffraction. After dbang this precipitate during 12 hours in water
saturated with C®, pure magnesite remained.

When conducting the same experiment at 313 K sit ¢alcite, dolomite and magnesite
formed. (Here the 0.2 g Ca@@sed in every experiment precipitated as carbptizdefate of the
calcium carbonate in for example tests M-211 an@2@-remains unknown for the present
moment.) Curiously enough the paragenesis of méagn#as magnesium hydroxide carbonate was
found again in a second duplication of Liebermaerfgeriment No.57 at 313 K. In contrast to the
suggestion made by Liebermann (1967), the use sbddum carbonate solution instead of a
solution of ammonia does not lead to the formatbrany magnesite. For when using a con-
centrated solution of sodium carbonate in thetiding at 313 K the result is a precipitate of mag-
nesium hydroxide carbonate.

Some thoughts must be devoted to the role of salm the low-temperature nucleation of
magnesite. In Liebermann's Exp. No.57 the saltesuntf the solution was six times higher than
that of normal seawater. When relying entirely &is tobservation, it would underline the
significance of finding magnesite in (highly) sairenvironments (e.g., the observations by
Alderman & Von der Borch, 1961; Skinner, 1963; Kivan, 1967; Irion, 1970; and Gac et al.,
1977). The mechanism &reaking Ostwald's Rul@©eelman, 2001) may well turn out to work
largely independent of factors such as salinitypi&sent this is merely a conviction, not proven in
laboratory experiments. Therefore it is not possiat this time to explain all of the known
occurrences of modern magnesite. In particular esighassociated with weathering serpentine or
olivine rocks appears to form independent of atipsaolutions, much like the modern magnesite
from caves.

It has been claimed by Ostwald (1893, 1897), thatet may well exist more than one
metastable phase. In the case of the low-temperatucleation of magnesite, minerals such as
nesquehonite, lansfordite, artinite and magnesiunydrdxide carbonate (formerly
"hydromagnesite™) can be considered to be metast&blr Langmuir (1965) has pointed out, how
only magnesite is stable compared to the four rnadiles phases mentioned. The fundamental
reason behind Langmuir's (1965) observation cafoted in measurements of the (Gibbs) free
energies in aqueous solutions at room temperahdeiader atmospheric pressure (except for the
measurements made on magnesite). Even though idetezibed low-temperature syntheses of
magnesite, magnesium hydroxide carbonate invariaiyed as the metastable phase, additional
experiments may well reveal the possible role afgnehonite, lansfordite or artinite as the
metastable phase. And only after such additionpéments any definite answer can be given to
the question, in how far the theories on the "sdapyi change of primary minerals such as
nesquehonite, lansfordite or magnesium hydroxideorete into magnesite, were based on actual
facts. In the meantime it is of considerable sigarice to note, that authors such as Vitalj (1953),
Graf et al. (1961), and Alderman & Von der BorcBg3) have found magnesite in Recent deposits
invariably together with magnesium hydroxide cadien

The fact that possibly the formation of dolomiteynmecede that of magnesite has been
established in high temperature experiments by Kter{l1895). Observations suggesting the same
process, have been published by Redlich (1909 A, @931), Friedrich (1951, 1959, 1963),
Angel & Trojer (1953, 1955), and Johannes (19667)9Several times calcite together with
dolomite formed initially in my duplications of Lbermann's (1967) Exp.No. 57 at room
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temperature and atmospheric pressure. But duritipesuent dissolution phases these two
carbonates disappeared and instead magnesite pgresium hydroxide carbonate originated.

Does the observation made in my laboratory experisnen the initial precipitation of one
or more metastable phases to be dissolved subdBqgdanng recurring phases of dissolution,
followed by the growth of the stable phase, protidemuch-sought-after evidence in support of “a
reaction series® ?  Strictly speaking: no, of course not. For lostulated change of aragonite
into Mg-calcite, of Mg-calcite into Ca dolomite, 6 dolomite into ordered dolomite was based on
the supposed "dolomitization reaction" postulatgd/bn Morlot (1847 A, B). At the same time it
must be noted, that Alderman & Von der Borch (1988)o had initially suggested the existence of
this "reaction series", did observe the occurresfcperiodicity at that particular site ("The first
three stages, up to calcian dolomite, can takeeplae believe, during the aqueous phase of the
annual cycle": Alderman & Von der Borch, 1963, @y@6But when considering the low-
temperature nucleation of anhydrous Mg/Ca carberfeten sea water, not as much the "increasing
age of its environment” is responsible, but in fibet dynamics of this environment in terms of
fluctuations of sufficient amplitude and requiregiuency.

Two different "dolomite associations” (1. dolomi& Mg-calcite and 2: dolomite &
magnesite) have been described by Von der Borddbj1These two different assemblages are in
fact two stages in the dynamic development of @rairmetastable mineral assemblage changing
into a stable one. Being a dynamic process, thehireg of a certain stage will necessarily depend
on the amplitude and the frequency of the flucturtiat that particular location. Therefore it i$ no
at all certain, whether a local assemblage of didoplus Mg-calcite will ever be changed into
pure dolomite or into dolomite plus magnesite dpipure magnesite. The crucial role of the
frequency and the amplitude of the fluctuationspii have been recognized in theory and
experiments, but will need confirmation framsitu measurements.

Despite the term "reaction series"” little evidehes meanwhile been published to support
the suggested conversion of dolomite into magndsitithe case of the low-temperature formation
of dolomite numerous papers with evidence on tesallition of an earlier (apparently metastable)
phase, have been published. Therefore one mighevpwhy not as much evidence in support of
the dissolution of dolomite or huntite and its ee@ment by magnesite, was found. The reason is
simple. In the case of dolomite the metastable@habe dissolved, consists of a form of calcium
carbonate. The skeletal remains of a large numbiessil organisms are made up originally from
calcium carbonate (aragonite, calcite, vaterite, emen magnesium calcite). Because the
ultrastructure of most of such hard parts is wethkn, any process of dissolution is easily detected
by microscopic analysis. The reason why no modegarosms building their skeletons of
magnesite are known, can only be guessed. Perhemolubility of magnesium carbonate is so
high, that precipitation from seawater would takece at very high salinities. Only a few
halophytic micro-organisms are capable of livingsirch an environment. Curiously enough the
only fossils reported up to now from Paleozoic nesje deposits are micro-organisms: algae
found by Valdiya (1968), andPaleobasidiosporesound by Brunel et al. (1984) and Chayé
d'Albissin (1985, 1988). Earlier De Llarena (19%@d reported on finding organic material in
magnesite deposits, as well as in contacting dedolayers with an abundance of marine fossils in
it.

Valdiya (1968) studied the (Ordovician) magnesigpasits of the Kali and Alaknanda
Valleys (Himalaya Mountains, India), and noticedlase relation with contacting stromatolite-
containing dolomites. In the magnesite well-presénalgal structures were found. Therefore
Valdiya (1968) suggested the formation of both neage and dolomite to have taken place in a
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sedimentary environment, possibly aided by algawn. At the same time Valdiya (1968, p.924)
stated, how "... the earlier-formed carbonatesewenverted into carbonate-assemblages of higher
magnesium content, including magnesite.” And "buggested that algae played a significant and
active role in creating an environment conductivéhe evolution of such assemblages of Mg-rich
carbonates ..." (Valdiya, 1968, p.924). This cosidn of Valdiya (1968) may well hold true, but
probably not in the sense as suggested, in thatltfee would have been responsible for the
creation of fluctuations in pH by way of G@roduction.

Warren (1990) distinguished the following minerasemblages among the sedimentary
carbonates from the intermittent lakes in the Cograrea of Southern Australia: 1) dolomite &
Mg-calcite; 2) aragonite & Mg-calcite; 3) dolomi& magnesite; 4) dolomite & aragonite &
magnesium hydroxide carbonate; 5) aragonite & msigmehydroxide carbonate & magnesite; and
6) aragonite & gypsum. As Warren (1990, p.852) teairout: "Dolomite + Mg-calcite is by far the
most common dolomite-bearing assemblage in comn fhe coastal plain and is the exclusive
dolomite assemblage in 85 % of the Coorong lakatsdbntain dolomite. This assemblage is found
in all lakes containing dolomite.” Much like Rosenal. (1988, 1989) had done, Warren (1990)
was able to distinguish two different sorts of dolie (with differences in isotopes, mineralogy,
accessory minerals, and petrography). Type A ddbomsi slightly richer in MgC@ than pure
dolomite and invariably found together with magteegplus magnesium hydroxide carbonate).
Type B dolomite approaches more the ideal stoicatdmcomposition of pure dolomite, or it
shows a slight excess of Cag@ its composition, and is invariably found togattwith Mg-
calcite. Even in electron microscopy these two $yp€ dolomite could easily be distinguished.
There is little difficulty in explaining the occamce of two distinctly different sorts of (low-
temperature) dolomite. As can be seen in the egtbpthase diagram for the anhydrous system
CaCQ - MgCG; (Fig.11), the narrow stability field of dolomitart be reached from two different
sides. From the CaGGside (i.e., when Mg-calcite is the metastable @hasut also from the
MgCQ; side (i.e., when magnesium hydroxide carbonateeisnetastable phase). The observations
made by Warren (1990) in the field, confirm theiraldy Ostwald (1893), that more than one
metastable phase may act as "the precursor" tetdlfsee phase. And what's more, Warren (1990)
has revealed, that possibly each of the metaspdialses preceding the stable phase, will leave its
traces behind. In this manner the way in which itheversible geochemical reaction has taken
place, can be reconstructed.

Breaking Ostwald's Rule, that is precipitating #table phase instead of the metastable
phase, necessitates an active role for fluctugtiongarticular fluctuations in pH. As has been
shown in my experiments on the low-temperature eatdn of magnesite, only through
fluctuations formation of measurable quantitiestro$ stable phase can ever be obtained under
conditions of room temperature and atmosphericspres Such fluctuations in most cases have
their origin outside the isolated spot in naturbere magnesite or dolomite nucleate. In this sense
the basic requirement for applying equilibrium thedynamics is not at all fulfilled.

From the existing descriptions of various naturarageneses of Recent magnesite
indications concerning the significance of sucktflations can be deduced:

1) The formation of modern magnesite in the Cograrea (South Australia) takes place only in
the ephemeral(= fluctuating) lakes, but not in those lakes, tteatk such fluctuations; as for
example Alderman & Von der Borch (1961), Skinn€g3), Von der Borch (1965) and Langmuir
(1965) have shown. Similarly the deposition of megite and various salts (such as glauberite,
bloedite, carnallite, kainite, and picromerite)tie Kara Bogaz Gol (at the mouth of the Caspian
Sea) takes place under fluctuating conditions,ndgcated by the descriptions of Vakhrameeva
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(1956), Polyakov(1959), Sedelnikov et al. (1968y Andriyasova et al. (1973).

2) Quite obvious are the fluctuations typical loé tidal flats bordering the Persian Gulf, where
modern magnesite has been found by Kinsman (19&B) and Bush (1973).

3) In the variety of lakes studied by Miiller et@972), modern magnesite was found only in the
dynamiclakes, i.e. those lakes that undergo pronouncesbsal fluctuations in water volume (and
consequently in water chemistry).

4) The modern magnesite of British Colombia (Cajamtcurs according to Renaut (1990) and
Renaut & Long (1989) only in the ephemeral playad aot in the perennial lakes, or on
neighbouring hill slopes.

DOLOMITE FORMATION

In classical chemistry the stability concept isatetl to the resistance of a compound
towards decomposition, while being heated to higieal higher temperatures (e.g., Berthelot,
1879 ). However in many instances the definition tabdity requires an addition. For example
ferrous hydroxide is unstable, when in contact witkigen; and sodium is unstable in the presence
of moisture. Therefore describing some compounidea®y unstable, necessitates an addition with
regard to what other compound or under what canditi In this sense the statement of Kramer
(1959, p.466), that "... dolomite is stable in seder of normal composition with respect to calcite
is clear. In addition Kramer (1959, p.466) stat€altite ... is metastable and should alter to
dolomite...". And even the possibility of the mésdde magnesium calcite to be changed in
dolomite should be considered: "... in sea wateavefage Mg:Ca ratio, stoichiometrically ordered
dolomite ismore stablehan low-magnesium calcite” (Berner, 1966 B, p)188 a result Kinsman
(1967, p.1337) noted, that "Stability relationshgpsnagnesium and calcium carbonate minerals at
low temperatures are not well known and experintesmta natural occurrence data are often
complicated by the presence of metastable phassshe of the few scientists not relying entirely
on classical equilibrium considerations, Krausk@®67) warned, that perhaps more than just
supersaturation might be involved in the low-terapee formation of dolomite. According to
Rodgers et al. (1982) the hypersaline brines thiotegbe responsible for dolomite formation had
been described by Adams & Rhodes (1960, p.1917¢resmically unbalanced”. "As to whether
this implies a dependence on nonequilibrium phemameith a supposed slow rate of reaction
from a metastable to a stable state is uncle@iRatigers et al., 1982, p.657). And Kastner (1984,
p.411) added, that dolomite "... seems to viola¢ddws of thermodynamics".

The longstanding enigma of the thermodynamic staftdelomite can now be solved. As shown in
my laboratory experiments, the low-temperature eatddn of magnesite and dolomite requires
large-scale fluctuations in pH (as controlled by pi€Q). The differences in reaction rates between
nucleation of the metastable and the stable plaseaccentuated by the periodically recurring
phases of dissolution. Only in this manner thetreaaate for the precipitation of the metastable
state, which is by definition larger than that loé stable state, can be overcome. The mechanism
requires periodical alternations between a stagiseblution of the metastable phase(s) and a stage
of precipitation of the stable phase.

The fact that there may be more than just one tadtasstate seems to hold true for the
system CaC@- MgCQ; - CO;, - H,O . In the high-temperature (and high pressuregéxgnts by
Nordeng & Sibley (1994) magnesium calcite invagdbimed first, and only after that dolomite

J. C. Deelman (2011): Low-temperature formatiodabmite and magnesite



Chapter 8 — Mechanism of formation of magnesitegaldmite 297

r~
R
g
<
3
%]
=
=]
E
<
<
o > o
(= vy o
o~ — —_—

puo23s 1ad syunod

Fig.49 — Appearance and disappearance of metastatlenate phases upon duplication of
Liebermann’s (1967) Exp.No.57 (my experiment M 2ZHe initial precipitate consists of
aragonite with a minute amount of calcite and fdgsiome nuclei of dolomite (M 227 A).
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Fig.49 B — After 3 cycles of dissolution by €Bubbling through and titration with dilute NEH
aragonite still dominates, but the amount of doterhas increased and magnesite nuclei are
detected in X-ray diffraction (M 227 B).
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Fig.49 C — After 5 cycles of dissolution by €kubbling through and titration with dilute NEH
some aragonite remains, but now magnesite predtesioaer dolomite and even over calcite (M
227 C).
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Fig.49 D — After 8 cycles of dissolution by €Bubbling through and titration with dilute NEH
a clear amount of magnesite has developed, wisiteadl amount of dolomite remains (M 227 D).
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started to form. In the explanation of Nordeng &I&y (1994) this would confirm Ostwald's Step
Rule, because magnesium calcite crystals were notgaw faster than the dolomite crystals. But
my experiments have shown, that calcite, araganiteagnesium calcite are the metastable phases,
from which dolomite may form through fluctuation®1 duplicating Liebermann's (1967)
Exp.No.57 invariably 0.2 g calcium carbonate in finen of calcite were used. X-Ray diffraction
applied to the precipitate, which formed afterhey first phase of dissolution, showed it to censi
of aragonite. In the course of the experiment, fhato say after more and more phases of
dissolution, magnesium calcite would appear. Ang thren the amount of dolomite (or magnesite,
depending apparently on the temperature) woulceas® (Fig.49 A to D). In other words calcite,
aragonite and magnesium calcite can be consideree tetastable with respect to dolomite under
the fluctuating conditions necessanpteak Ostwald’'s Rul@Deelman, 1999, 2001).

There can be no doubt at all, that irreversibletieas are involved in the low-temperature
formation of magnesite or dolomite. The very obagon that from a mixed Mg/Ca bicarbonate
solution no dolomite precipitates, when withdrawihg carbon dioxide again (that is at room
temperature & atmospheric pressure), has been byadamerous authors. Such a mixed Mg/Ca
bicarbonate solution can be prepared by dissohdotpmite powder in carbonated water.
Apparently the dissolution of dolomite is fundanadiytdifferent from its precipitation. Realizing
the implications of this fact took more time. Neheless there have been several authors, who
have noted theérreversible nature of the dissolution / precipitation reacsiasf magnesite and
dolomite. For example Halla (1960) noted how a esysttonsisting of a mixture of calcite,
magnesite, and dolomite in water will not reachagesof equilibriunt>  And in 1962 Halla and
his co-authors stated, that irreversibility occdrie the dissolution / precipitation of dolomite.
Stout & Robie (1963) concluded from the observeshglieement between the free energies
calculated from solubility measurements for dolemmade by various authors, that "... true
thermodynamic equilibrium may not be establish&bt & Robie, 1963, p.2252).

Fluctuations in pH, as caused by periodically reogrchanges in the amount of dissolved
CO, , have been demonstrated to be fundamental. Amdatély all of the objections raised against
the suggestion of Von Morlot (1847 A, B) on theatemn between calcium carbonate and a
solution of magnesium chloride or magnesium sulfave been confirmed. As a result the
theoretical foundations of most "models of dolonation" have been shown to be nonexistent. But
not all, because there were in fact theories inagha dynamical model. For example the role of
fluctuations had been hinted in the experimentBfajf (1894), but is particularly clear in the pape
by Sherman et al. (1947, p.43): "Periodic rainy dndseasons are essential to the dolomitization
process.” In his description of modern precipitate®dg-calcite and dolomite occurring in supra-
tidal deposits along the South Louisiana coast,ukax (1986) noted the periodic changes in the
geochemistry of this particular environment: "Seasbo fluctuations produce changes in
groundwater chemistry" (Kocurko, 1986, p.19). Anaigm high-magnesium calcite and dolomite
sensu strictovere found there cementing quartz sand in assatigtith algal mats. "Seasonal
variation causes fluctuations in the groundwatenabtry which, in turn, controls dissolution and
precipitation of the carbonate cements. The résyderiodic dissolution and removal of aragonite,
and probably to some extent, the more unstableeghakhigh magnesium calcite ..": Kocurko
(1986, p.20). But no word by Kocurko (1986) on #fative role of fluctuations in the nucleation of
dolomite.

The mechanism proposed here is fundamentally diffefrom that described by Sibley
(1990) in his paperUnstable to stable transformations during dolonaiti@n’, and not only
because Sibley (1990) made his observations on-teigperature tests (491 K). The
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transformations taking place in his hydrothermgleziments from calcite via magnesium calcite
into Ca-rich, poorly ordered dolomite and ultimgteito ordered, stoichiometric dolomite, were
explained on the basis of the theory of Avrami @9But that theory presupposes the presence of
nuclei of the second (stable) phasside the first ("... the new phase is nucleated by tggrm
nuclei”, or "ultra-nuclei”, which already exist he old phase, and whose effective number can be
altered by temperature and duration of superhéathgami, 1939, p.1104). It is important to note
here, that Sibley (1990) did not describe one @#er compound athe precursor but clearly
delineated a series of unstable precursors. Cangditre transition of these precursors (magnesium
calcite and CaCgxich, poorly ordered dolomite) into stoichiometrimlomite, Sibley (1990)
pointed out three factors. In the first place festocapable of causing inherently slow nucleation
and/or growth of dolomite would be required (sushhegh concentration of dissolved magnesium;
the higher surface free energy of the nuclei ofonile compared to that of nuclei of high-
magnesium calcite). Even so "... there is not lrelationship between the stoichiometry of the
dolomite and the Mg/C&” ratio of the dolomitizing solution” (Sibley, 1990.747). In the second
place stoichiometry would be related to the overediction progress. And in the third place the
change from the precursor into stoichiometric dalermight be a step-wise process. Indications
for such a step-wise process had been found bgy5{Hi090) in observations during scanning
electron microscopy.

The nucleation of dolomite under conditions of romperature & atmospheric pressure
requires fluctuations of pH of certain amplitudel érequency. The boundary values have yet to be
established in laboratory experiments. But the tyidg theory does not at all exclude the possible
formation of mixed crystals in those situations,eventhe fluctuations in pH are insufficient to
create the (most) stable phase, i.e., dolomitesdhision in intervals of initially deposited aragien
or low-magnesium calcite, may well lead to high-megjum calcite. The second type of
magnesium calcite may well be enriched in Mg€@mpared to the magnesium calcite, which was
initially present. In an environment with varyingplitudes or frequencies of the changes in pH
mixed crystals between calcite and magnesite caforibeed, with compositions varying over a
wide range. But as soon as the fluctuations in @&ée, no more changes in mineralogy towards the
more stable phase will take place. Removal of #rbanate sediment from the dynamic setting is
responsible for "freezing in" the mineralogical keN@n. Only in this way the wide range of
stoichiometric compositions of the mineral doloméed the very closely related magnesium
calcites can be understood. The two different tygetolomite distinguished by Halenke (1872) on
the basis of chemical analyses, the "compld&tige) and the "incomplete'uffertige dolomites,
do possess an inherent dynamical significance. drdy the "complete” dolomite with its
composition of 1 mol CaCOplus 1 mol MgCQ represents the truly stable phase in a
thermodynamic sense. This form of dolomite hasélta&ll the barriers” and is at rest and will
remain so. All mixed crystals between calcite arapnesite with an excess of calcium carbonate
over magnesium carbonate are truly speaking natnadtds, but magnesium calcites (as Deelman,
1979 A stressed). And as shown in the laboratopeements, such magnesium calcites will
change further under the influence of fluctuatiamgoH until dolomitesensu strictchas been
formed (or even until magnesite forms). In otherrdgothe wide variety of stoichiometric
compositions of "dolomite” reflects an equally widariety in amplitudes and frequencies of pH
fluctuations in a dynamic environment. The minggglof the anhydrous Mg/Ca carbonates in the
sedimentary environment is capable of recordinglgimamics of the system as such.

From my experiments | am able to conclude, that Itdvetemperature nucleation of
dolomite (apart from the necessary fluctuationgHt) sets the following requirements with respect
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to geochemistry. 1) There should be no Ca80solution; 2) Calcium sulfate may have been
removed by bacterial sulfate reduction or depostsewhere by prolonged desiccation; and 3) The
solution should not contain MggChs the only magnesium salt in solution: some Mg§8©uld be
present as well.

In my experiment D-222 urea was used in additiotihéosalts of the artificial brine used by
Liebermann (1967) in his Exp. No. 57. The choicetlaé compound had been inspired by
Mansfield's (1980) observations on the formatiopuafe dolomite as uroliths in a Dalmatian dog.
One way to explain the active role of urea in the-temperature nucleation of dolomite, would be
based on its effects on de-sorption of chlorinesiand the adsorption of carbonate ions. For
chlorine ions (of the magnesium chloride in thdieil sea water) have been shown by Douglas &
Walker (1950) to adsorb onto calcite surfaces estesnger than hydroxyl or bicarbonate anion
groups. No additions of urea were required in thvetemperature synthesis of magnesite. This fact
can be understood, when realizing that calcium fadt a stronger cation than magnesium (see the
section Laboratory evidenceof Chapter 1). Therefore the bond between chloanens and
calcium is stronger than that between magnesiumonsaeand chlorine, and the replacement of
adsorbed chlorine atoms by carbonate groups mayregthe catalytic actions of the urea molecule.
No such mechanism needs to be involved in the @ae nucleation of magnesite, because there
only the somewhat weaker magnesium ions are ingolve

There are intriguing aspects to the formation dbuite and magnesite on Pacific atolls,
more in particular concerning the possible presefaelagoon. The occurrence of such a lagoon
has been discussed at length in Darwin's book erfdimation of coral reefs (Darwin, 1842).
Summarized into a few sentences by Daly (1916,6dp655): "According to Charles Darwin's
much-discussed theory, a barrier reef represemtsufyrowth of a coral reef which orginally
fringed a sinking (generally volcanic) island; aad atoll reef represents a further upgrowth,
completed in typical form after the central isldras sunk below sea-level. Between the upgrowing
reef and the subsiding, central island is a coigavi"'moat". Through the accumulation of detritus
and shells and skeletons of organisms inside tfe ttee moat is slowly filled. Above the detrital
covering of the moat surface is the water of tlagdbn". The subsidence is supposed to have
progressed until the deepest part of each moaurdsscores, hundreds, or possibly thousands, of
meters." And concerning biological production ie tagoon Daly (1916, p.666) noted: "The rain of
planktonic and nektonic shells and skeletons tdothteom will, of itself, be nearly uniform in the
lagoon ...". But Daly (1916) did not discuss, wieetithe water in the lagoon was sea water,
brackish or sweet. The distinction may well plagracial role in the low-temperature formation of
dolomite and magnesite. For if a direct contachwlite surrounding ocean is lacking, the moat or
the lagoon will be filled with rain water. Becausantact with the large buffering reservoir of the
open sea is lacking, stratification takes placa lafyer of rain water on top of sea water in th@amo
or the lagoon. Stratification has been measure8dayrouilh-Le Jan et al. (1985) in the lagoon
(lagon fermé of Clipperton. The top layer (of about 14 m) ainrwater has a salinity of only 4 %o,
whereas the underlying sea water a salinity o334t %.. Quite pronounced is the difference in pH
between the top layer and the sea water belowettdp layer is distinctly alkaline (pH = 8.7 to
9.3), but the underlying sea water is slightly acigppH = 6.6). The large amounts of dissolved
carbon dioxide create acidic conditions, but higioants of dissolved hydrogen sulfide do much
the same. In the view of Murray (1880) the ataeit might well have been formed through the
dissolution calcium carbonate by water rich in,C@he significance of a closed basin of sweet or
brackish water in the middle of an atoll has beegssed by Reuling (1934): only in such enclosed
basins reducing conditions could ever be buildagadr example Elschner, 1913 had pointed out).
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"There are numerous other emerged atolls in théarnédnd Pacific Oceans, some
extensively dolomitized, a number of which werdgddy Skeats (1903) and by Elschner (1913),
but the most significant data were gathered by Mdi4930), who systematically sampled the
emerged lagoon and rim ("makatea") of Atiu Islaindthe Cook Islands. He says: "The tests also
showed a definite and gradual decrease in dolaatiiz from the inner towards the outer side of
the Makatea." This is most interesting, because #s Skeats and Reuling suggested - the
dolomitization is a phenomenon of the restrictece aaf the atoll, this is exactly what one should
expect. The interior of the island should be higthtyomitized, and the degree of dolomitization
should decrease from the inner edge of the rim rbw@e outside, where open marine conditions
would counteract the reducing environment of theriar": Fairbridge (1957, p.149). Those atolls
that have closed lagoon are therefore likely topbene to dolomite (and even magnesite !)
formation. And atolls lacking such a lagoon (or mhaae unlikely to have accumulated much
dolomite. "Most of the present-day atolls, howeveaye deep-cut passes, owing to Pleistocene
lowered sea levels, so are not very favorable enmients. Only those atolls that are thus closed
would provide the right environment": Fairbridge9%¥, p.145). Perhaps here the ultimate
explanation can be found for the fact, that ceritis do contain modern dolomite and other atolls
do not. For there can be little or no doubt, thatwhole hydrological system of an atoll undergoes
distinct fluctuations ("The wells in coral islandlse and fall with the tide ...": Murray, 1880, p3.

On the basis of his extensive work on the subsarf@gology of Eniwetok Atoll, Schlanger
(1963, p.1011) listed 10 questions on the formatibdolomite on Pacific atolls. Especially the
obvious lack of any correlation between dolomiterfation and the original texture, porosity and
fossil content of the pre-existing carbonate deéppeeeded explanation. To test the mechanism of
dolomite formation described by me, an attempt tdl made to provide the answers to the 10
guestions of Schlanger (1963).

"1. The vertical distribution of dolomite in alliled atolls. Undue emphasis on the pattern
of dolomitization below Funafuti has led to the gu@ance, by many geologists, of Reuling's
pressure hypothesis which is obviously inapplicdbl&ita-daité-jima and Eniwetok."Answer:
Reuling (1934) had re-examined the samples from Rheafuti drilling, and reached the
conclusion, that it must the rate of precipitatmincalcite @blagerungsgeschwindigkgitwhich
controlled the possible formation of dolomite. lauing's own words: "Man kann davon ausgehen,
dal3 die Dolomitisierung eine Frage ddrlagerungs-Geschwindigkesei, indem das Wasser auf
Kalk dolomitisierend einwirke, tberall und solaregeihn erreichen kdnne": Reuling (1934, p.11).
For example Schmalz (1956) has postulated a disgation between dolomite formation and
pressure. And only because dolomite occurred irctiie from Funafuti at depths below 194 m,
this suggestion was made into a hypothesis to pkeddater on a universal scale. Evidence to the
contrary from a large number of drillings from atheacific atolls has meanwhile caused some
doubts concerning the truly universal charactethef hypothesis. As a consequence Schlanger
(1963, p.1008) remarked on the pressure hypotbéSkeats (1903): "Although pressure may be a
factor in some occurrences of dolomitization, itestainly not a limiting one."

"2. The presence of dolomite as a distinct minpradse in limestones that contain as little
as 2 to 3 percent MgGO Leaching of originally magnesium-rich rocks ababt account for these
traces of dolomite. Further, the lack of dolomitenagnesium-rich limestones, such as those in the
upper 50 feet of the Funafuti section, indicatet taahigh initial magnesium content does not
necessarily foster dolomitization. The magnesiuthése oft discussed limestones below Funafuti
is due to an abundance of algal calciteAnswer: This is of course very convincing evidenc
against any relapse into the "leaching theory" ofckRhammer (1849), Bischof (1855), and
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Hogbom (1894). Not the Mg/Ca ratio of sea water,the magnesium content of limestones, are
the decisive factors in the low-temperature nudeatf dolomite.

"3. The differing susceptibility of any single fbggoup to dolomitization. In hole E-1
coralline algae are preferrentially dolomitized,tfaugh at Funafuti and Kita-daito-jima these
same fossils resist dolomitization.’Answer: There is a rather simple reason, why @sihe
coralline algae are prone to "dolomitization". Bach coralline algae live in the intra-tidal zond a
add their own distinct fluctuations (of p&@ day/night frequency) to the tidal periodicignd
fluctuations in pCQ@ of sufficient amplitude (and adequate frequenay r@sponsible for the
dissolution intervals, required for the low-tempera nucleation of dolomite. When subjected to
such fluctuations in pCpre-existing calcium carbonate, whether justrag@nite-needle deposit
or a specific fossil consisting of aragonite owoasil made up from Mg-calcite, will be dissolved
and dolomite will be deposited.

"4. The apparent lack of primary porosity on dolbmaition. Evidently, both dense fine-
grained and porous coarse-grained limestones angaly) liable to dolomitization." Answer:
When considering a reef-like depositional moded icarbonate environment, there are two distinct
zones subjected to the tidal fluctuations in sgallelhe reef itself experiences the tidal changes,
and the shoreline with its intra-tidal areas i® aabject to the ebb/flow alternations. In thisant
tidal and the neighboring supra-tidal environmersually dense, fine-grained carbonates
("mudstones” in the classification of Dunham, 1964 be deposited. The reef structure is in
general made up from a porous coarse-grained frankevalled "grainstone" by Dunham (1962).
Because of the tidal fluctuations dolomite may weltur in these two zones, and in the absence of
the necessary fluctuations in the back reef basin,dolomite is to be found in the pack-
wackestones (Dunham's classification) deposita@ the

"5. The lack of coexistent dolomite and aragomitkich suggests that atoll limestones may
have to be leached and recrystallized to secondalgite before they can be dolomitized. This view
is in opposition to that held by some workers wkbeke that aragonitic limestones are more
easily dolomitized than calcitic ones.Answer: Not as much as the existence of isomsrphi
between calcite and magnesite, but stability w@hati(i.e., thermodynamics in combination with
reaction Kkinetics) really are responsible for theefgrred dissolution of aragonite. In my
experiments in which the reaction was interruptiéer d., 3, 5, or 8 cycles, the disappearance of
aragonite was quite obvious. Although initiallydigrained calcite had been added, it invariably re-
precipitated into aragonite after only one phasdisgolution by the excess dissolved CO'he
reason was of course the presence of a relatigtye | amount of magnesium cations (as
magnesium chloride and magnesium sulfate) in thifeced brine.

"6. The lack of correlation between length of imsier in sea water and intensity of
dolomitization suggests that mere soaking in magmesich water does not by itself cause
dolomitization." Answer: This is exactly the point made by Lieth855), Hoppe-Seyler (1875),
Leitmeier (1915), Linck (1937) and Riviere (1939; Aecause in their experiments calcium
carbonate soaked in sea water, in magnesium caloritch magnesium sulfate solutions, would not
change into dolomite. Little wonder because thesewssentially static experiments, illustrating in
a convincing manner, that there is no such thingthes supposed "dolomitization" reaction
postulated by Von Morlot (1847 A). It has been shawmy experiments, that periodic alternations
in pH are required for the low-temperature nucteatf dolomite.

"7. The wide variety of secondary textures sedimestone from these atolls suggests that
emplacement of dolomite takes place in several watts differing paragenetic sequences.”
Answer: At present | am not at all convinced, tingre is more than one fundamental mechanism
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according to which dolomite (and magnesite) cafolreed under conditions of low temperature &
atmospheric pressure. It remains a challenge fturduinvestigators to reveal yet another,
fundamentally different way to precipitate dolomifgs well as magnesite or huntite) under
conditions of room temperature and atmosphericspres

"8. The fact that the dolomite from these atollstigsicturally calcium rich." Answer:
Taking this observation as factual evidence, angrasent | am in no position to express my
doubts, the excess of calcium may be indicativénsiufficient digestion” of the metastable phase
or phases. Only when the fluctuations in pC&e of sufficient amplitude, a stoichiometric
dolomite can be formed. Perhaps the conditionshervarious Pacific Atolls are not always ideal
with respect to the amplitude or the frequencyefrequired fluctuations.

"9. The fact that most of the limestone from bati and high islands in the Pacific is not
dolomitized. Therefore one must look at dolomitiwatis an "abnormal” rather than a "normal”
diagenetic effect."Answer: Apart from the fact, that neither "dol¢ization” nor "diagenesis" do
really exist, this observation is quite to the poirhe low-temperature nucleation of dolomite takes
place exclusively under the alternating conditiohgspecially periodic changes in pH (as caused
by changes in the amount of carbon dioxide dissbimeaqueous solution). In the absence of such
pronounced fluctuations in pGQany pre-existing calcium carbonate sediment idikely ever to
be changed into dolomite.

"10. That the three-dimensional distribution of @oite in the subsurface of any atoll is
unknown. Future drilling may show that dolomitenfier a sheath around the outside of the
limestone column; perhaps it is present only ireat@al plug or is scattered randomly throughout.
A knowledge of whatever pattern exists is vitedrig general hypothesis of atoll dolomitization."
Answer: Creating more and more problems must be@a gvay to ensure additional project
funding. But joking aside, there really is no reast all to believe, that the three-dimensional
distribution of dolomite in each and every Pacdioll would have been required to solve the
"dolomite problem". Only if the main interest woldé the local subsurface geology of the Pacific
atolls, the above claim could be maintained. Iklog for the mechanism for dolomite formation
under conditions of room temperature and atmosplprassure, laboratory experiments will do
nicely.

ORGANIC OR INORGANIC ?

Numerous geologists have noted the association eeetwhe mineral dolomite and
organisms. In fact it was De Dolomieu himself, vdtated, in his paper describing the large masses
of the new carbonate in the mountains of Northe&ly,Ithat he had observed "...some impressions
of shells" in these rockS.  Similarly Tennant (1799) reported on the pnesein dolomite strata
of fossils, that consisted of dolomite instead afcim carbonate (“In this quarry, the stone is
frequently crystallized in a rhomboidal form; anetrfied shells, not calcareous, but similar in
composition to the stone itself, are sometimesybuy rarely, found in it": Tennant, 1799, p.311).
The question remains, in how far organisms areunstntal in the low-temperature nucleation of
dolomite.

While analyzing the composition of Pleistocene sl&ym Southern Sweden, Hégbom
(1894) made the observation, that calcite dissolmege quickly than dolomite from a mixture
containing both. This observation was then brougtd relation with the MgCe@content of
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calcareous organisms suchRagites Millepora, Oculing Lithothamniumand various gastropoda.
Especially the calcareous algae of théhothamniumgenus were effective in concentrating
magnesium carbonate: Hogbom measured percentag€é©Mgom 2 to 13 mol %. And after
(partly) dissolving such aithothamniumsample in dilute acetic acid the percentage MgG&al
increased to about 20 mol %. On these two diffeadgervations Hogbom (1894) based the
following hypothesis: calcareous algae such.iisothamniumwould play an active role in the
formation of dolomite, because the algae form aeraerust on reefs and atolls. Through leaching,
the calcareous algae would rapidly become enrighethgnesium carbonate, leading ultimately to
the formation of dolomite.

Concerning the change of the initially depositeltioen carbonate of the coral reefs into
dolomite various theories have been proposed. dttehkt the initial precipitate had been calcium
carbonate, whether calcite or aragonite, couldoeotioubted at all. But the nature of the possible
conversion remained a problem. According to Sche@®@66) it was especially the large-scale
porosity of the coralline structures, that had ¢éoresponsible for dolomite formation by way of
exposing the pre-existing limestone to the "dolamy agencies". Land (1967), Richter (1974
A,B), Davies et al. (1975), Lohmann & Meyers (19@ny Richter & Flchtbauer (1978) discussed
the formation of dolomite in terms of magnesiumiareg being re-located during the re-
crystallization of biogenic magnesium calcitesyéhg following the example of Schlanger (1957).

Others have pointed out the possible significaricdgae in the low-temperature formation
of dolomite. For example Gebelein & Hoffman (197B73) tried to explain the alternations
between dolomite and limestone on a millimeteresc@bservations on Recent algal mats formed
the main part of their paper. The layers of strafitas consisting mainly of algal filaments, had
been formed as surficial mats during periods of-aeposition. Such algal layers originated in
ponds of seawater, occurring in most instancesenirtratidal zone. The underside of the algal
mats is populated by extremely high amounts ofdvactAs a result the rate of decomposition of
algal mucilage is quite high underneath the algat. mihis layer of partially decomposed algal
material is the site of carbonate precipitationrgeaamounts of minute carbonate crystals
(measuring about 1 to 4 micrometer) were found ueh the algal mats. The carbonate there
consists of magnesium calcite with 14 to 19 mol %A®;. In their laboratory experiments with
blue-green algaesSghizotrix calcicolp Gebelein & Hoffman (1973) noted, that the livigae are
capable of concentrating magnesium to values 3 tilmds higher than the concentration of the
surrounding solution.

Not only in the case of algal mats bacterial atgtiviould be an intrinsic part of the process
of the low-temperature formation of dolomite, blgoain the case of the reef building organisms
such as corals. As Dana (1872) had observed, ioerarbonate will often be dissolved through
bacterial decomposition after the death of therusga itself. Dissolution (or partial dissolutiorf) o
CaCQ is caused primarily by the carbon dioxide set fogethe bacteria. For as Gebelein &
Hoffman (1971, 1973) pointed out, only the topriager of the algal mat consists of living algae.
Considerable amounts of carbon dioxide and ammwailiaresult from the bacterial activity. In
other words it is not difficult at all to explaihd low-temperature nucleation of dolomite (and/or
magnesite or huntite for that matter) in assoamuth coral reefs or algal mats on the basis of my
duplications of the experiments of Liebermann (396{is the alternation between phases of
dissolution of the metastable carbonates (by cadimride in solution) with phases of precipitation
(caused by the introduction of ammonia into theutsarh), that leads to measurable amounts of
dolomite, huntite or magnesite. Presumably not ashnthe presence of corals, algae and/or
bacteria is causing the formation of dolomite, tather the combination of several biochemical

J. C. Deelman (2011): Low-temperature formatiodabmite and magnesite



Chapter 8 — Mechanism of formation of magnesitegaldmite 308

reactions leading to large-scale alternations batviretervals of C@production and the production
of ammonia.

In experiments lacking the required fluctuationspld not a trace of dolomite has ever
formed. For example in the more than 200 differexperiments conducted by Gebelein &
Hoffman (1973), no dolomite at all precipitatecteir algal cultures. The laboratory tests carried
out consisted essentially of adding small amouhfdtered algal sheath material to quantities of
sea water with different salinities and Mg/Ca ratidn all of the experiments small amounts of
ammonium carbonate were added. All solutions haeh b&terilized before adding the algal
material. The only precipitates formed, were Mgitas with 17 to 20 mol % MgC{Q Of course
no dolomite was found, because the experimentsdielBin & Hoffman (1973) did not involve
any sort of fluctuation.

Although Oppenheimer & Master (1965) used algalsn@aitd carbonate sand infected by
local marine bacteria, and measured distinct fatebas in pH , Eh and alkalinity, only a trace of
dolomite formed in their experiments. At preserg ttonclusion concerning the experiments of
Oppenheimer & Master (1963, 1965) should be, trehaps the required amplitude of pH
fluctuations was not enough (the minimum pH reaclwed that of pure sea water: pH = 7.6 ).
Comparable experiments by Kocurko (1986) with algat material were in fact much more
successful. It may well be concluded here, th#ténexperiment of Kocurko pure dolomite actually
formed due to algal activity.

A close relation between plant growth, in particutd Ruppia maritimaLinn., and the
occurrence of dolomite of Recent age in an inteemitlake in south-east Australia has been
postulated by Alderman & Skinner (1957). During thrg summer months Kingston Lake would
desiccate completely, but after the first raingvisiter, water accumulates to a depth of 30 to 60 cm
and plant (and animal) life begins to reappear.imguNovember and December the weather
becomes warmer and plants proliferate. A fine whé@diment consisting of calcite and dolomite,
forms during these months of the year. The pretipit of these carbonates would, in the
interpretation of Alderman & Skinner (1957), be tlesult of a rise in pH. The presence of
abundant plant growth in the shallow water of Kings_ake would exert a considerable influence
on the pH of the solution. In this relation Aldemm& Skinner (1957) mentioned the observations
of Baas-Becking (1934), that the photosynthesdanits, through its effects on the partial pressure
of CO; in solution, could change a night time pH of beldwo a value of 9.3 during the day.
BecauseRuppia maritimawas the most abundant water plant present in kongsake (although
sedges and algae were found as well), its effegtshe changes in pH would predominate.
Dolomite precipitation took place, when plant growtas most plentiful. "That there is a close
relation between plant growth, rise in pH, and jmi&ation of dolomite in Kingston Lake seems
certain ... More or less continuous records of pidnges and correlation with precipitation and
such factors as sunlight, temperature and salappear to be necessary": Alderman & Skinner
(1957, p.566). Skinner (1963) concluded, on thaisbaf dolomite occurrences in the lakes of
southeastern Australia, that a direct relation texisetween dolomite and plant growth.
Observations by Baltzer et al. (1982) indicatet gehaps living trees have something to do with
dolomite formation. For Baltzer et al. (1982) foumsbre dolomite there, where mangrove trees
grow on the sediments of the Mehran River (Iraaptthere, where no trees grew. The possible role
of plants and trees in the low-temperature nudaatf dolomite might well explain the occurrence
of dolomite in coal (in the form of "coal balls").

There is as yet no certainty as to the exact rbleaoterial sulfate reduction in the low-
temperature nucleation of dolomite (despite wideag publicity). As Hecht (1933) stressed, the
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Fig.50 — Fluctuations in HaS concentration measured 1 meter above a tidal flat near the island of

Sylt, Germany (modified after Jaeschke et al., 1980).
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Fig.51 — The seasonal change in temperature (..Sesaan almost synchronous change in the total
amount of ammonia (---) produced by microbes ing@iment. But the net amounts od ammonia
(-.-) sampled in the top layer (maximum 14 cm a@pth) fluctuate more due to mixing effects and

bioturbation. Right hand Y-axis: units for ammopiaduction inumol/cnt per day. Modified after
Blackburn (1983).

J. C. Deelman (2011): Low-temperature formatiodabmite and magnesite



Chapter 8 — Mechanism of formation of magnesitegaldmite 311

decomposition of the remains of the marine macuodanitiates the production of both ammonia
and hydrogen sulfide. An alternation between theowarts of ammonia (a strong base) and
hydrogen sulfide (a weak acid) may well produce riguired pH fluctuations. But perhaps the
periodical release of hydrogen sulfide might beabdg of achieving the same. For after its
formation in underlying reducing layers, the upwardvement of ES into the overlying sediment
with oxidizing conditions, will lead to its oxidat into the strong sulfuric acid. At the interface
between the reducing and the oxidizing zones tmergwell develop a small interface with acidic
conditions capable of dissolving almost any calczarbonate present. Even small changes in the
position of this interface create fluctuations k. g\t the same time it should be realized, thattmos
probably the changes in day and night temperatamegesponsible for clear fluctuations in the
amounts of S emanating from tidal flats (such as for examplarthe German island of Sylt: see
Fig.50). In sediments a distinct seasonal fluotimatn the amounts of ammonia production by
microorganisms caused by temperature changes res detected by Blackburn (1983) (see
Fig.51).

Most sediments in the marine environment are bedfdy sea water: in general the pH of
such sediments will be seen to vary at maximum é&etw6.9 and 8.3 (Ben-Yaakov, 1973).
Measurements in the sediments of Saanich InletigBrColumbia, Canada) by Nissenbaum et al.
(1972) revealed pH values between 7.6 and 8.0 . Whdt precipitated there, was calcium
carbonate and not dolomite. At the same time Bunb& Wireman (1984) have suggested the
occurrence of considerable fluctuations in pH duthé activities of sulfate-reducing bacteria: "The
sediment may alternately experience a pH increase td the release of ammonia during
decomposition ... followed by a pH decrease asetteess ammonia diffuses away and organic
acids are produced by microbial fermentation; amlae environment will be followed by one
which is anaerobic" (Birnbaum & Wireman, 1984, @)14According to Baas-Becking et al. (1960)
there might be a relation with the geological settifor example in estuaries there may be an
annual isolation of more saline deep water aftenfinx of river water in the spring of each year.
After a summer boom in plankton growth, the subsatsettling of large amounts of organic
remains may well stimulate the activity of sulfaézlucing bacteria. "A desert lake in Victoria,
Australia, shows the formation of a stratified saliist; black layers, showing sulfate reduction
alternating with clear salt, formed in the dry pdti An important periodic change in the
characteristics must have taken place": Baas-Bgakial. (1960, p.265).

A reconstruction of the actual process of dolomiteleation as uroliths cannot be given at
present, simply because too much essential infamman this particular occurrence is lacking. For
example the mineralogical nature of the dog's ifirsilence of uroliths had not been established. In
addition various (bio-) chemical analyses of thg'slblood and urine in the second instant of stone
formation are not available. But from what is knowrtheory can be constructed, giving at least a
possible explanation for the phenomenon. The symptand analyses mentioned by Mansfield
(1980) leave open the possibility of a somewhatifieatinterpretation. Could it be, that the high
white blood cell count, along with the blood, th@tleelial cells and the mucus in the urine of the
dog, all point in the direction of inflammatory ctgees of the walls of the urether or the bladder of
the dog? Such an inflammation might have been daogé¢he renal calculi themselves, especially
those that were already too large to pass throbghutinary tract without becoming lodged.
Mechanical damage to the contacting tissues mayawplain a possible infection. Urinary calculi
usually form there where the concentration of theeuis highest, i.e., in the renal papillae of the
kidney (Drach, 1978). But "As soon as these crystain, they can flow within 3 to 5 minutes into
the renal pelvis, down to the ureter, and into bfelder where they remain for a period of
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approximately 3 to 6 hours": Drach (1978, p.796)hétler urinary calculi will become
mechanically lodged in the ureter (= the duct, thatls from the kidney to the bladder), or in the
bladder itself, is determined by their size. Buteim the bladder serious problems will result: the
calculi, that were able to pass through the uretdr start to block the urinary outlet (= urethra)
The urinary calculi that are too large to passublothe urethra, remain in the bladder and continue
to grow every time the urine becomes supersaturatbdhe substance, that makes up the uroliths
(Drach, 1978). In both instances the Dalmatian diegrribed by Mansfield (1980) had developed
calculi, that were so large, that the urethra heehtblocked. That such large calculi are capable of
mechanical damage to the contacting tissues, seeinkgical.

Not only the fact that the uroliths of the Dalmatidog consisted of a carbonate is
remarkable, but especially the high amounts of rpm@ted magnesium are unusual. Calcium
together with phosphate anion groups is used atively large amounts in mammals for bone
formation. Mammals also require magnesium, but srkedly smaller amounts than calcium.
Magnesium is mainly required for the bone tissmesmaller amounts it is used in the cardiac
muscle, in skeletal muscles, in nervous tissuesimara number of enzymes (Hays & Swanson,
1977; Urlach, 1985). The excretion of magnesiunedailace exclusively by way of the kidneys
(Aikawa, 1980). Usually little or no magnesium vk excreted, since 96.5 % of the magnesium
passing through the kidneys will be resorbed ([2w|4985). Only in rare instances the magnesium
level will reach values higher than 1.25 mo¥/rin virtually those instances kidney failure is
involved (Siegenthaler, 1979). Depending on theenailogical nature of the uroliths recovered in
manipulation or in surgery, the method of subsetjebemotherapy has to be selected. If for
example calcium oxalate calculi had been found, ubeal approach would be to administer
thiazide drugs, phosphate or magnesium oxide. @al@hosphate calculi are counteracted with
the administration of thiazide, and urinary caladnsisting of uric acid are being treated in most
cases with allopurinol (Drach, 1978). Benzothiahi@z("thiazide") drugs are frequently used,
because of their effectiveness in promoting reaatetion of water. The diuretic properties of the
thiazides are based on the inhibition of carbonitydrase, i.e., the inhibition of the re-absorption
of bicarbonate anions by the kidney (Beyer, 1958dGerg, 1973).

Perhaps an explanation for the unusually high auratons of magnesium in the kidneys of
the Dalmatian dog is to be found in one of theofwlhg observations. In the first place there is the
experimentally established fact, that calcium phasp renal stones are induced by magnesium
depletion (Whang & Welt, 1963). The same mecharaémagnesium depletion leads to calcium
oxalate renal tubular crystals in laboratory r@sréhoff & Andrus, 1962; Rushton et al., 1981). In
the second place it must be realized, that not ionigorganic crystallization tests with urine the
prophylactic actions of magnesium oxide or -hydidexhas been noted (Hallson et al., 1982).
Because Dalmatian dogs are well-known for the Hglels of ureum in their urine, and
subsequently often suffer from ureate uroliths @sb et al., 1972), the possibility cannot be
excluded at beforehand, that the veterinary in dage described by Mansfield (1980) simply
ordered ingestion of magnesium hydroxide carbomatée first instance. From clinical practice
much the same effect of orally administered magimedias become known (Gershoff & Prien,
1967, Silver & Brendler, 1971). The theoryRBreaking Ostwald's Ruleffectively accounts for the
formation of dolomite as kidney stones in a Dalaratiog. For as Murray & Hastings (1925) have
pointed out, although most of the carbon dioxidé lvé removed from the blood via the lungs, part
of the dissolved COwill be removed through the kidneys in order tointan the acid-base
equilibrium. Because the base used for this purjposeammals is ammonia, and because excretion
from the kidneys takes place under decidedly flatig conditions (e.g., Pitts, 1973), all of the
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requirements seem to be fulfilled. What remains dn@w is the question concerning the source of
relatively large amounts of magnesia. Only the ipdssntervention of a veterinarian, who might
have prescribed the use of relatively large amoohtsiagnesium to cure the supposed ureate
kidney stones, would ultimately explain Mansfiel{l©80) observations.

Fluctuations, or rather the alternations betweenitions of precipitation and conditions of
dissolution, offer at present the sole possibldaggiion for one of the most curious occurrences of
modern dolomite. As mentioned in Chapter 4 modetaordite has been detected by Del Monte &
Sabbioni (1980) on the weathered marble surfacesabus buildings in the city of Bologna,
Northern Italy. Originally only magnesium calcitélwv2 % MgCQ had been present in the marble
used. According to Del Monte & Sabbioni (1980) @atlution in the form of acid rain may have
been involved. This explanation seems quite likislg, more when considering that pollution often
involves gases such as S@®ain containing dissolved sulfur oxide is distiyp@cidic. But for
example large amounts from nearby industries &b alissolve in rainwater, and subsequently
lead to rain with an alkaline pH. In the air of @ (Northern Italy) such an alternation between
intervals of high S@ concentrations alternating with intervals of highl; concentrations have
been measured by Amoroso & Fassina (1983) (seeZriddecause the alternations between sulfur
dioxide peaks and ammonia peaks is on a scalevefaemonths, the resulting rains will show
periodical alternations between acidic and alkatioeditions. The acidic rain leads to dissolution
of the marble’s surface, and conversely an alkati initiates to (re-)precipitation of any of the
dissolved carbonate. In other words the conditionghe low-temperature formation of dolomite
according to the mechanism described above, aeagiv

REPLACEMENT ?

The most important conclusion to be drawn fromphesent low-temperature syntheses of
dolomite is of coursethat the dissolution of metastable carbonates sasharagonite or
magnesium calcite is an intrinsic part of the prexef dolomite formatiorAnd in the case of the
low-temperature nucleation of magnesite dissoluttbrmetastable phases such as for example
magnesium hydroxide carbonate is fundamental. Tiweciple of Breaking Ostwald's Rule
(Deelman, 2001) is based on the difference in phishemical characteristics of two or more
kinds of nuclei, each possessing its own rate efipitation and conversely each possessing its
own rate of dissolution. Because of this differencéhe rates of dissolution, recurring stages of
dissolution will in the end lead to a selectiortloé least soluble (i.e., the most stable) phase. Th
whole principle of this selection on the basis @sdlution rates relies on the existence of two
different kinds of nuclei. Therefore the possilgplecation of electron microscopy to the process of
the low-temperature nucleation of dolomite and neaga can only reveal the very existence of two
different nuclei from the start of the reaction.tih¢ same time electron microscopy will show, that
any molecular replacement of for example part @f lditice of aragonite by dolomite can be
excluded. Simultaneous dissolution of the metastgibecursor and precipitation of the stable
phase, as suggested for example by Reeder (1988),likely can be excluded too, for it really is
the alternation between two sets of contrasting conditions, thatl$ to sustained growth of the
stable phase in the form of separate nuclei.

When understanding the actual mechanism of dolorfdtenation, the question of
"replacement or no replacement” is reduced to & rsemantic dispute. Not knowing the principle
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of the selection between the two different nuabei §n atomic level that is), will almost certainly
lead to the conclusion reached by so many othépesitoncerning replacement. The impression of
replacement depends apparently on the scale attbervation made. On two different levels the
traces of a process of dissolution seem to be dakaisle. In the field the dolomite rock may be
seen to contain fossils, known to have consistedinatly of calcium carbonate, and now
consisting of dolomite. This observation can remaiohallenged, but why not look at some more
dolomite in the field? In so many instances dolenist present in finely laminated deposits with
numerous indications known from the intratidal andfupratidal environment. These indications
are so very compelling, that there have been astlvano thought it necessary to start doubting
such basic principles as Playfair's (1822jualism

The second level of observation is that of a tleictisn. Evidence on the leaching of
individual bioclasts preceding burial compactioan e detected in thin-sections. The removal of
for example part of the aragonite shell of a gastde, and its replacement by dolomite crystals can
be documented in detail. Leaching of pellets foddwby the apparent replacement of calcite by
dolomite, can be demonstrated in thin-section Ipjyaipy staining methods. Subsequently it is seen
how some of the calcium carbonate has disappeamnedn the voids a smaller amount of dolomite
has been precipitated. The mistake usually maekejrithe interpretation of grain contacts as seen
in thin section in terms of a sequence in timeeSnough removal has taken place: it is evident,
that a piece of the initial grains or of a fossishbeen removed. And there is no denying the
precipitation of dolomite in the voids left behihg this process of removal. But what evidence tells
us, that the process of dissolution did really edecthe deposition of dolomite? Could it be, that
perhaps the two were more or less synchronous?eaept the latter explanation seems the most
likely, not in the least because of evidence fraholatory experiments. Perhaps additional
experiments, involving a realistic change of pdrtaoRecent bioclast carbonate sediment into
dolomite or magnesite, will be needed to conviheenost sceptic of scientists.

In thin-section the picture suggesting "replacetherdy seem to be quite convincing. To
guote from only one of a multitude of similar acetsa "The tests oDperculing Polystremaand
Rotaliaare soon converted into dolomite while that ofdkieer genera remain as unaltered calcite.
In the very large number of each of these geneam@ed no exception to the rule was seen.
Exactly the opposite condition was found in regardthe calcite mud with which the small
chambers have been filled. These genera in whielskbleton has been changed to dolomite have
their chambers filled with unchanged calcite mud.tle other hand those genera which retain the
unchanged calcite skeleton have chambers filletl diiomite which is obviously derived from
original calcite mud" (Marshall, 1930, p.62). Wisatch descriptions provide is of course pictorial
evidence against any assumed "dolomitization model" what large-scale hydrological flow
model would explain the intricate contradictionsrid in the description given?

Dolomite does not in a strict senrgplaceany magnesium calcite, aragonite or vaterite. The
very term "replacement” finds its origin in the paped "dolomitization reaction” of Haidinger and
Von Morlot (1847 A, B). As shown in chapter onegrthis no evidence at all, that this supposed
reaction has ever created dolomite under condittbmeom temperature & atmospheric pressure;
evidence to the contrary is abundant. Insteaddwetémperature nucleation of dolomite requires
alternations between a dissolution stage and apgetmon stage. Through these fluctuations the
inevitable formation of the metastable phase camJsrcome, leading after a certain minimum
amount of fluctuations of sufficient amplitude &rognizable crystals of dolomite. The amplitude
of these fluctuations is defined by the amount mitgns set free to dissolve the metastable
carbonate formed initially. Not only the metastgbtese formed will be dissolved, but depending
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on the amount of Heven the surrounding carbonate sediment (catuiggonite) as well.

Especially if the surrounding carbonate sedimentains recognizable components such as
fossils, this dissolution stage will clearly leaie traces. The presence of modern dolomite in
siliciclastic (tidal) flats shows, that perhaps natry large amounts of calcium carbonate are
required for dolomite nucleation. In other word® tHissolution of any contacting carbonate
sediment is often an inevitable by-effect of dolanformation; but by-effect it is.

Hecht (1933) performed experiments on the dissoiutiof shells of various
lamellibranchiata, and found how the amount of alissd CaCQ is determined mainly by the
surface area exposed. Howeiresitu experiments, in which such shells were buriedrionths in
the siliciclastic muds of German tidal flats, shdwew small the amounts of dissolved CaQ®O
fact were. But quite high rates of dissolution weoted, there where the calcium carbonate shells
rested on peat deposits. After preparing a numbdnim-sections of (partially) dissolved shells,
Hecht (1933) observed gypsum crystallites depositethe inside of the leached shells. Because
Hecht (1933) knew, that dissolution of calcium cerdte had preceded the precipitation of gypsum,
Hecht (1933) refrained from suggesting any "repteea” of CaCQ@ by gypsum.

While studying the process of cementation of Hahecsediments of the Persian Gulf,
Taylor & llling (1969) measured pH values as low6a3 in pore water. The acidic pH had to be
responsible for observed dissolution of especiathgonite, and was caused by bacterial sulfate
reduction. ("The cream surface sediments turn ginegt a depth of a few cm, marking the change
from oxidizing to reducing conditions. The grey dsnsmell of hydrogen sulphide and the
associated oxidation of the entombed organic madtearbon dioxide and possibly other products
causes acidic conditions™: Taylor & llling, 196989). Much the same observations were made by
Butler (1969) on the sabkha sediments of the Tr@oast (where modern dolomite was found). At
depths of 50 to 150 cm pH values clearly below Teweeasured in these Holocene carbonate
sediments. "The overall acidity of the brines ir thediments has probably been caused by
decomposition of organic matter releasing carboside and hydrogen sulphide ...": Butler (1969,
p.167). The low pH values measured by Taylor &gJli(1969) confirmed the observations by
Curtis et al. (1963), who had measured pH = 6.6.%0in the sabkha sediments of Abu Dhabi;
similarly Patterson & Kinsman (1982) measured plies between 6.32 and 7.26 in those sabkha
sediments. Perthuisot (1971) measured pH = 6.0.50ir6the sediments of sabkha ElI Melah
(Tunisia); whereas Pierre et al. (1984) found pHues between 6.1 and 7.1 upon measuring
sediments from the Ojo de Liebre lagoon (Mexico)a{bof these sites modern dolomite has been
found).

The pH of seawater collected away from land anddmectly influenced by an abundant
marine flora is often around 7.6 to 8.0 (Baas-Beglet al., 1960). But this constant pH value is
most likely the result of the absence of large geann the amount of dissolved £€0and not so
much due to the natural buffering capacity of sedéew For as Baas-Becking et al. (1960, p.259)
put it: "... the pH control seems to be the dedidaélance between dissolved carbon dioxide and
calcium carbonate, which is usually almost at sditom in sea water." Additional support for the
importance of the CObalance came from the laboratory experiments,hictw0.2 g CaC@was
added to 300 ml of natural seawater. After,@GDapproximately 1 bar had been bubbled through
during one night, pH values of 6.10 to 6.15 weezhed. At the same time the active participation
of bacteria in influencing the pH of the solutidnpm which magnesite or dolomite will be
precipitated, should be considered. Bacteria bibgut a variety of biochemical reactions
influencing the hydrogen-ion concentration (suchpasduction of carbon dioxide, production of
organic acids, oxidation of hydrogen sulfide, reoturcof sulfur to hydrogen sulfide, formation of
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nitrite, production of ammonia from compounds saslamino acids, urea, proteins: ZoBell, 1946).
Oppenheimer & Kornicker (1958) have shown in labary experiments, how sulfate reduction in
a sample of marine sediment will lower the pH fronginally 7.6 to 6.3 in the anaerobic zone,
whereas the pH of the overlying aerobic zone reethgonstant at 7.7 . Saturating a sample of the
same sediment withJ3 led to a drop in pH from 8.5 to 6.8 ; and saingat with CQO, lowered the

pH from 8.5 to 6.1 . Not as much the productiorojanic acids by bacteria, but especially the
formation of HS and CQ within the sediment during the microbial decomfiosi of organic
matter influences the pH according to Oppenheim&o&nicker (1958).

Often measurements of the pH of pore water sangrkegiven, based on a few samples
taken during the (rather restricted) time of fistddies. As a consequence any variations in pH
during the year will go largely unnoticed. But "P@nent conditions are hardly ever realized in the
natural environment. ... In the photosynthetic z¢imere is a diurnal increase and a nocturnal
decrease in the characteristics. There is an amyald in a great many environments ...": Baas-
Becking et al. (1960, p.264).

In seawater fluctuations in pH result mainly froraripdical changes in the amount of
dissolved CQ@ Notably the life cycle of algae such as diatoniiences the pC{Qof seawater. As
for example Wattenberg (1936) noted, the bloom iafoths each year reduces the amount of
dissolved CQ@; whereas the death of large amounts of diatorislyaar later greatly increases the
pCQ,. Especially in semi-enclosed basins such as tlezkBSea this life-cycle of diatoms
introduces a distinct annual rhythm of a numberpbfsical-chemical factors. Emery (1946)
suggested, that the sea water of rock pools may $mlmuch carbon dioxide in solution, that
dissolution of calcium carbonate takes place. Megisants of the total amounts of dissolved,CO
showed a daily rhythm from about 90 mg/fdat sunrise to some 40 mg/dinst before sunset.
Biological activities of plants as well as animatenbine to render distinctly fluctuating amounts of
dissolved carbon dioxide. During sunlight hoursngawill withdraw CQ from the seawater. At
the same time solubility of calcium carbonate tuced by a higher temperature of the water than
at night. At night plants produce G0Onuch like the animals inhabiting tidal pools. Tower night
temperature is another factor in enhancing theollissn of CQ in seawater. Large variations in
pH of the seawater will be restricted to shalloeksopools with a rather small amount of sea water.

In intertidal rock pools, especially in pools caniag decaying sea weeds, the pH may be
lowered significantly as Newell (1970) indicatedutBn most sea water pools the pH seldom
reaches values below that of sea water, despitgrii@ounced day/night fluctuations in algal
activity. Even so "... The maximum variation in theygen concentration and pH depends primarily
upon the balance between algae and animals" (Ne¥83D, p.67). And "Rock pools high in the
intertidal zone would therefore be expected to showre marked variations in oxygen
concentration and pH than those lower on the shéi@ewell, 1970, p.68).

Fluctuations in pH of considerable amplitude in arime sediment have been revealed in
the in situ measurements performed by Gnaiger et al.(1978)e 'f[H of the surface sediment
reaches maximum values, up to 9.6 , at daytimetide« Shortly after sunset the pH decreases
below that of seawater, and still lower readings abtained during the night, when reducing
conditions prevail up to the surface and the oddnydlrogen sulphide diffuses over the beach.
Maximum daily fluctuations of up to 1.5 pH unitedimited to the topmost 0.5 cm of sediment":
Gnaiger et al. (1978, p.853). Not as much changésniperature were noted to influence the pH,
but especially dark/light changes, affecting thetpiynthesis of algae in the uppermost layer of the
sediment. In the view of Gnaiger et al. (1978) ¢hisctuations in intra-tidal pH values can only be
detected by way oin situ measurements; a delay of several hours betweeplisgnand pH
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measurement (in the laboratory) will eradicate difeerences in pH again. Kuhl (1964) found
fluctuations in pH occurring in the North Sea tiflats near Cuxhaven (Germany). The measured
pH values ranged from around 7 to more than 9,vaeck correlated to virtually synchronous
fluctuations in temperature of the sea water adxigen content. The oxygen content was largely
controlled by the daily fluctuations in photosyrdiseof diatoms and the seasonal growth of these
algae. When darkening part of the sediment irnasitu experiment, no fluctuations in pH or
oxygen content could be measured by Kihl (1964).

Schmalz & Swanson (1969) measured diurnal fluctnatiin pH, in the amounts of
dissolved CQ and in carbonate saturation of sea water on \@arioopical and sub-tropical
locations. Especially in restricted water bodieshsas pools and the lagoon at Eniwetok the
fluctuations in pH were pronounced. From their tabary experiments Schmalz & Swanson
(1969) were able to conclude, that the measuredutitions in pH had to be the result of the
photosynthetic activity of green plants during raéging phases of light and dark. "It is noteworthy
that the amplitude of the diurnal changes obseiwveglated to the volume of water in the aquaria™:
Schmalz & Swanson (1969, p.257).

Kuenen (1950) was convinced, that especially raid groundwater would be able to
dissolve the calcium carbonate of reef limestoti€éhd chemical erosion of reef limestone is
frequently prepared for and supported by the solaetion of the groundwater. It is a well-known
fact that rainwater containing carbonic and huna astrongly attacks limestone ...": Kuenen,
1950, p.437). In a study of Kapingamaringa AtollcKée (1958, p.255) explained: "Showers on
the islands normally are short but violent, andn@able surfaces allow most of the water to enter
readily with a flushing that probably accounts foe general lack of saline residues. Migrating
waters combine with carbon dioxide given off bynpéato form carbonic acid which is active in the
dissolution of limestone. Much evidence of suclusoh is seen in the bedrock". Baas-Becking et
al. (1960) measured how considerable fluctuatiocsuoin rain water during thunder storms
(probably related to the formation of nitric acichpid changes by as much as 2 pH units within 10
minutes were observed. The pH values of normalwaiter (769 samples) listed by Baas-Becking
et al. (1960) ranged from pH =3.00 to pH = 7.17 .

In general rain water contains only a small amairttissolved carbon dioxide (Schoeller,
1962 gave analyses of some 0.8 to 2.5 mg A6° H,O ). Much higher amounts of G@ccur in
groundwater, notably in soils. As Schoeller (1962fssed, respiration by plant roots and soil-
inhabiting organisms, bacteria and fungi, and chehprocesses such as bacterial ammonification
and nitrification, contribute large amounts of diged CQ . In addition biological oxidation of
sulfides (including KHS ) and the production of organic acids all contetto the creation of acidic
conditions in the soil. The continued production difsolved carbon dioxide explains the
dissolution of almost all calcium carbonate of &, sspecially of aerobic soils (Schoeller, 1962).
Dana (1872) pointed out, how the increased amairiissolved C@must be originating from the
decomposition of organic compounds. But at pres&iention should be focused on the role of
plants and especially the role of soils in incregshe amount of dissolved carbon dioxide in pore
water. Elschner (1913) described, how on the Raaibll of Nauru large-scale dissolution of reef
limestone takes place, leading to a karstic lanmsedth kaar fields and even giving rise to large
caves with stalactites consisting of dolomite.

The weathering of limestone formations on landresatly enhanced by an overlying soil
profile as Adams & Swinnerton (1937) notdd. situ measurements of pH in soils ranged,
according to a listing by Baas-Becking et al. ()9%0m pH = 2.8 to pH = 10 . A prominent aspect
of the soil environment is the seasonal rhythmhia uptake of C® (Boynton & Reuther, 1939).
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High concentrations of dissolved g@re not only responsible for a variety of occucesnof
modern magnesite and dolomite in soils, but aregumental in the deposition of these stable
phases in the cave environment as well. For asahibliet al. (1964 B) pointed out, after the uptake
of carbon dioxide from the solil, this groundwatees into underlying carbonate rocks and
dissolves parts of these. The resulting bicarbosealigtion seeps further downward until a cave is
reached, whereupon due to a loss of dissolvegi@®the cave air and/or by way of evaporation of
the solution, precipitation of carbonates will tgiface. However it is of considerable importance to
realize, that the uptake of G@ the soil is not at all a static process (beequSQ varies with the
seasons of the year). Measurements performed Bgridogt al. (1964) on the composition of cave
waters, showed marked changes in magnesium andmatoncentrations during the year.

Not only microbial production produces considerabteounts of carbon dioxide in the soil,
but the respiration by plant roots aids in the pssc Reardon et al. (1979) recognized three
different sources of COproduction in forest soils: 1) root respiratior); gkidation of organic
material; and 3) microbial respiration. Drastic mfpgas in pCQ profile (as measured in several
Auger drillings) could be attributed to increasettnobial activity in the soil, which was in turn
caused by an increase in soil moisture. Reardaal. €1979) concluded, much like Langmuir
(1971), that the dissolution of carbonates in theaturated upper zone of this particular soil takes
place in an open system.

The pH values measured in sediments and soilsarstatic properties. As for example
Lundegardh (1927), Reiners (1968), Witkamp (19€%¢rstenhauer (1972), Richter & Jacobs
(1972), and Garret & Cox (1973) have pointed ogfasenal changes in pgQ@re clearly
measurable. The situ field measurements by Anderson (1973) have shdvat,although soil
temperature and soil moisture levels are factorsigiificance, the distinctly annual large-scale
fluctuation in pCQ is mainly the result of intrinsic microbiologicalctivity. Carbon dioxide
production in wood lands takes place predominanttiie humus layer and to a lesser extent in the
leaf litter layers. In general the rate of deconitpws of organic matter in heterotrophic soils, asd
a result the rate of production of (s determined by the nitrogen content of theoiginput.

In limestone areas the seasonal production of padimxide in the soil leads to a distinctly
rhythmic pattern of fluctuations in calcium ion centration in rivers (as for example Sweeting,
1964 has noted). According to Pitty (1971) fludims in calcium carbonate precipitation and
dissolution in river water have to be attributedsémsonal changes in temperature, which in turn
control the biochemical production of €@ the soil. Rightmere (1978) noted, how a sedsona
increase in the amount of G@ the soil will be removed by prolonged periodsain ("Recharge
from this rainfall could effectively flush the biegically derived C@from the soil": Rightmere,
1978, p.691). Therefore the seasonal changes in p@ecessarily reflected in seasonal changes
in the amount of bicarbonate dissolved in the rifmom that particular soil area.

Perhaps the low-temperature phase relations imenate somewhat complicated, but there
are indications concerning the metastability ofardte and magnesium calcite in particular with
respect to dolomite. For example: "Mineralogicahlgses indicate that nowhere in these atolls do
aragonite and dolomite coexist, a situation thagsests that either the removal of aragonite by
solution or its replacement by calcite is a preigtpito dolomitization" (Schlanger, 1963, p.991).
On the basis of his analyses of core samples froiwdEok and Bikini Schlanger (1963) came to
the conclusion, that this removal of aragonite tioeloe related to a rising of an atoll above seallev
and the development of a fresh-water lens of sdmnekrtess. Not all of the effects of this lens of
rain water on the carbonate sediments were knowh,tbwvas clear, that "... solution of the
emergent section takes place probably at least dowime upper surface of the lens" (Schlanger,
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1963, p.997). Thus were formed several "leacheé=2om which the original aragonite often had
been changed into the more stable calcite or iokoncite. The repeated phases of emergence were
recorded in other ways too. For example in theil®ogsund. The presence of shells of land snails
and pollen and spores indicative of "high forestands" has been noted in cores from Bikini,
Eniwetok and Funafuti.

The conversion of aragonite into calcite could tpleee by way of a re-arrangement in the
solid state, but Schlanger (1963) thought it mokely, that re-crystallization had involved
dissolution & re-precipitation. The removal of amtiof strontium often present in the aragonite,
and not found in the resulting calcite, providesiocing evidence in this regard. Because
aragonite that remained submerged in sea watembtadeen changed into calcite, Schlanger
(1963) stressed the importance of the freshwates ile modifying the mineralogy of carbonate
sediments of atolls such as Eniwetok.

All of the preceding observations on the conversibaragonite into calcite on atolls can be
applied equally well to describe the conversion pog-existing calcium carbonate (or even
magnesium calcite) into dolomite and magnesite.itisrin reality not the time factor as such, that
controls the conversion of the metastable "precsfsato dolomite, as much as the time factor
does not control the conversion of aragonite iadoite. It is a series of changes in pH of suffitie
amplitude and of sufficient duration, that contrtile low-temperature nucleation of dolomite and
magnesite. In addition it should be realized timeé again, that the structural chemistry of aragonit
excludes the incorporation of any magnesium. Asvehio my laboratory experiments normal sea
water will lead, even under conditions of fluctoas in pH, to the nucleation of aragonite,
apparently preventing any further change into dakrhuntite or magnesite.

There is in principle at least nothing against @lisag either calcite or aragonite and so
forming dolomite. Possibly the initial carbonatesave their traces behind in the newly formed
stable phase. And in fact Weber (1964) claims teehfaund in trace element analyses of 300
different specimen of dolomite, a statisticallyrsfigant partition into one group of dolomites
containing higher concentrations of Al, Ba, Fe, I{, Zn and Na, and another group with
significantly higher levels of Sr. The latter softdolomite must have originated, in the view of
Weber (1964), from metastable aragonite; whereaditst group must have been formed from
calcite.

It has been claimed by various authors, that areg@ould dissolve better and faster than
calcite (e.g., "It is found that the first materi@alchange into dolomite is the skeleton of orgasis
which originally is formed of aragonite™: Marshall930, p.62). In most instances that claim was
based on observations made with the microscopkinrsections, where the change of aragonite
into calcite could be observed. This conversiomrafyonite into calcite can be understood on the
basis of stability. For example Leitmeier (1910h&s pointed out, that under conditions typical of
the earth's surface, aragonite is metastable aluitecis the stable compoufid. But the
conversion of the metastable aragonite into thelestzalcite would be taking place at a very slow
rate. Leitmeier (1910 A) concluded, that the cosier of aragonite into calcite took place through
a process of dissolution and re-precipitation astdfirough any solid state conversion.

Sibley (1982) claimed, that especially aragonite &igh magnesium calcite would be
changed quickly into dolomite, but low magnesiunicita would be markedly slower in its
conversion into dolomite (the same observation leeh made previously by Steidtmann, 1911;
Fairbridge, 1957; Schofield & Nelson, 1978; Bucladan 1979; and Armstrong et al., 1980).
Possibly the effects of grain size on the rate isbalution are as large or even larger than
mineralogy’® As a consequence fine grained carbonate mudeieen to convert quicker into
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dolomite than a coarser grained carbonate sanidr(@xample Murray & Lucia, 1967 have noted
in field studies). Experiments by Bullen & Sible}982, 1984) conducted at 523 K and 39 bar,
confirmed this role of grain size. Bullen & Sibl¢}982, 1984) found, that grain size is more
important than mineralogy, and that grain size rgithe rate at which a fossil consisting initiall
of calcium carbonate, will be changed into dolomite

When trying to adhere to the idea of a replacenmeatess as being responsible for
dolomite formation, certain contradictions in basigic will inevitably be encountered. For
example Friedman & Sanders (1967) observed, hoanatand the same location some of the
skeletal materials would be changed into dolonhitet,the same fossils would not be affected at all
in other locations. Calcareous red algae were ntietave been converted into dolomite at
Eniwetok Atoll (Schlanger, 1957) and on the Plaaetesy Bank near Bermuda (Gross, 1965). But
the same species of red algae did not show arg tfagolomite formation on Mallorca (Friedman,
1964), on Funafuti, or on Kita-daito-jima (Schlang&963). Why calcareous algae of the
Lithothamnionsp. in particular are prone to dolomite formatibas been indicated to some extent
by Tracey Jr. et al. (1948). The zonation of tharBiAtoll is such, that these calcareous algaenfor
the seaward margin of the reefs. Ththothamnion'ridge low" is in general broadly arching,
sloping gently towards the sea. "There are no dslan impede circulation of water, and on the
windward side new supplies from the sea crossdbéduring ebb tide™ Tracey Jr. et al. (1948,
p.871).

Of great importance towards the oil industry is rilation between dolomite and porosity.
After measuring the porosity of Plio-Pleistocenéoduotes at Bonaire, and comparing it to that of
contacting limestones, Lucia & Major (1994) made surprising observation, that the mean
dolomite porosity (of 11 %) was notably lower tithe mean porosity of the limestone (of 25 %).
This fact would suggest, that dolomite formatiomasg always accompanied by an increase of pore
volume. The decrease of pore volume must have baesed by the precipitation of "excess"
dolomite (Lucia & Major, 1994). But the conclusiohg Lucia & Major (1994) were explicitly
based on the calculation of Elie de Beaumont (1886) therefore on the assumption of the
process of "dolomitization”. But by now we know teet The low-temperature formation of
dolomite requires stages of dissolution of a maldstphase, but there is no reason to believe, that
dolomite formation may eventually create a sedincamsisting entirely of dolomite. Whether or
not any porosity remains in a lithified sedimentdgpends foremost on burial pressure and
mechanical processes during lithification.

Murray (1930) rejected the theory of Elie de Beantr{836), because no factual evidence
in the form of measurements on dolomite sampleskad provided. The one sample discussed by
Elie de Beaumont (1836) of dolomite with 12 % pdyomight have been mere coincidence, and
not at all representative. At the same time Mu(i®80) thought it highly unlikely, that dissolution
typical of the conversion into dolomite would leiadneat little pores. Why would the process not
initiate shrinkage and cracks instead of cavihesl of course, as Landes (1946, p.314) put it, "...
one still finds it difficult how porosity establisi in sediments would survive burial and
lithification". But the arguments given here agathe 12 or 13 % porosity required by the assumed
"dolomitization” reaction, do not rule out the fation of porosity. The process of the low-
temperature of dolomite necessarily involves stagfeslissolution, and it will depend on the
amplitude and duration of the fluctuations in pH lbow much of the pre-existing calcium
carbonate will be dissolved. If more Ca£i® being dissolved than dolomite is being formesal,
increase in porosity will result.

The rate of dissolution of the metastable phasegluhe nucleation of dolomite depends
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not only on the pH (as controlled mainly by the amtoof dissolved C®), but also on the
temperature of the solution. In general reactioresrancrease markedly with an increase in
temperature, and individual rates of dissolutiomacleation of different polymorphs or different
phases are unlikely to respond in the same maAsea. result the nucleation of dolomite, huntite
and magnesite takes place at different temperdhiszvals, even under "low temperature”
conditions (i.e., around 298 K & atmospheric pressuThese differences in the respective
temperatures of nucleation have been noted in pgrerents. At present the number of laboratory
experiments conducted is not sufficient to allow &my definite "phase diagram" involving
dolomite, huntite and magnesite.

LOOKING BACK (AND FORWARD)

"We have seen that, during the progress of geolibgye have been
great fluctuations of opinion respecting the natafeéhe causes to which all former changes of the
earth's surface are referable."

Ch. Lyell(1832, p.85)

At the end of the 19th century a discussion toak@lin the mineralogical literature on the
possible existence of isomorphism between calciteraagnesite. The discussion had been started
by Retgers (1891, 1892) and Brauns (1892), andiwded by Sommerfeldt (1901, 1902). It must
be kept in mind, that at that time mixed crystalravgenerally being considered to be random
mixtures of their components: the solid solutites{e Losungconcept of Lehmann (1889). Such
solid solutions usually formed a continuous serighen plotting a physical property against
chemical composition. Nevertheless Retgers (189iNted out the existence of certain double
salts, that were not part of a continuous seriemigéd crystals, and he mentioned dolomite as one
of the examples. The absence of reliable structamalysis based as it was on the use of X-ray
diffraction, made itself painfully clear. The firapplication of X-rays in inorganic chemistry has
been described by Friedrich, Knipping & Von Laud 812. The first structural analyses of crystals
by way of X-ray diffraction were published in 194 Bragg. Therefore it will be no surprise to
find, that for example Van 't Hoff (1890) and BalhiRoozeboom (1891) used only the solid
solution model with its random distribution of ttiéferent components. Nernst (1892) argued, that
a calculation of the change in free energy uponirtberporation of one component into another
substance to form a mixed crystal, could be baseég an the parallel with the mixing of two
different inert gases. As a result Nernst (1898jrieted his considerations to the homogeneous
type of mixed crystals, and excluded at beforetsmydother type of mixed crystafs.

Sommerfeldt (1902) refused to believe, that all edixcrystals were but submicroscopic
random distributions of the different componentse homogeneity of such mixed crystals had to
be tested before deciding, whether these consi$tadolid solution or a superlattice. Based on his
observations of the coloring of growing crystal&oby I, , Sommerfeldt (1902) described crystal
growth in general not as a continuous processa Btep-wise process. The colourful alternations of
layers of } in Kl crystals proved, that adsorption would prexdtwate during the nucleation of mixed
crystals’?  Sommerfeldt (1902), who followed in this respgodlander (1899), did not think the
formation of the KI-4 mixed crystals to be characteristic for the fororabf most mixed crystals.
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In the case of Kl and the intermittent growth and the adsorption of madin distinct monolayers
would, in Sommerfeldt's explanation, result frorpegiodical depletion oflin solution. Diffusion
would after a few moments supply again more of diesolved iodine and thus change the
concentration in the solution layer immediately teating the Kl crystal from undersaturation to
values near supersaturation. But in the view of ®erfeldt (1902) a distinction had to be made
between mixed crystals with fully miscible compotseand those that contain compounds capable
only of adsorption onto each other. Mixed crystalsde up from two isomorphous components
would be able to attain a layered structufen@arstruktuj only through periodical changes in
concentration, temperature or pressare.

In 1975 | have postulated an active role for flations in free energy in the nucleation of
dolomite, based on what | had coined "the Somnutridieorem”. But the difference | had thought
to exist between the lattice of dolomite and tHanhagnesium calcites (the disorder betweerf'Mg
and C&" of which was explained to be the result of spip@wth) has not been substantiated by
electron microscopic studies. In addition my sugigesconcerning the nucleation of dolomite
contradicted the PBC-theory theory of crystal glowas Hartman (1982) pointed out. As a
consequence | have hesitated for quite a whileosiutate any active role for fluctuations again.
After long consideration | have had to concludet tihne described low-temperature syntheses of
dolomite and magnesite, i.e. the slight variation€Exp. No.57 of Liebermann (1967), decide very
much in favor of the atomistic approach (andtatis mutandpf statistical mechanics). Only by
way of conducting numerous laboratory experimeats after casting away all of the possible
alternative explanations, the theory of fluctuasiaemained. However there is a considerable
difference in both amplitude and frequency betwtenfluctuations involved in the Volmer &
Weber (1926) / Stranski & Kaischew (1935) modelbafriers created by the start of a new
monolayer and the large-scale, relatively slow glearin pH characteristic of Liebermann's (1967)
experiments. Perhaps the high-frequency, smalk deadtuations typical of the heat movement of
the molecules, atoms and ions in a solution aporesble for the formation of two different nucler,
i.e., nuclei of the metastable and the stable pAdsemuch slower fluctuations in pH co-operate to
dissolve more and more of the metastable phasesarfdvour the accumulation of the stable
phase.

What | have described &eaking Ostwald's Rul@eelman, 1999, 2001) is a mechanism
quite distinct from that known as "Ostwald Riperiiidnat name was coined by Liesegang, 1911
and propagated by Kolthoff, 1936 ). Breaking Ostwald's Rulis the only process capable of
changing the very sequence of precipitation reduipg Ostwald's Rule, into a final result
consisting entirely of the stable phase (or thelststate mixed with some of the metastable phase).
Fluctuations are required to nucleate and suppergtowth of the stable phase.

Surprisingly the influence of fluctuations eventire case of Ostwald Ripening is quite
pronounced: re-crystallization under conditionflwttuating temperature takes place notably faster
than under isothermal conditions (Meil3ner, 1920hiHann & Kahlweit, 1972). The explanation
for this phenomenon can be found in Volmer's(1@®ervations on the presence of a mobile layer
surrounding each crystal; in this layer two-dimenai nucleation takes place. In fact no real
equilibrium between solution and crystal can beiaesl to exist; crystal growth takes place in this
mobile, partly adsorbed laygt.

At present the conclusion must be drawn, that tpercach based on classical
thermodynamics has not provided the solution toptiedlem of the low-temperature syntheses of
dolomite, huntite and magnesite. The reason farfdiiure is simple: the reactions involved are not
reversible, and therefore no chemical equilibriwets sn (Deelman, 1981). But perhaps describing
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how, why and when a particular reaction will beingkplace, is not at all the realm of

thermodynamics. And although thermodynamics haea lbgplied to chemistry thanks to the work
of Horstmann, Von Helmholtz, Planck and Gibbs, @adyilibria are studied in most instances. The
warning by Van der Waals (1908), that thermodynanmcnot capable of describing all of the
factors involved in unknown processes, and thaetbee considering only the beginning and the
end situation of an unknown reaction is not paldidy useful, still possesses more than historic
significance only®>  In particular the phase relations amongst titey@rous Mg/Ca carbonates

have shown, how for example Gibbs' Phase Rule td&enapplied.

After realizing the limitations of classical therdymamics, attention should be focused on
those realms of science, that promise to provideenmformation on the nature of such irreversible
geochemical reactions. A useful approach was faurige theory of fluctuations, because there no
longer the assumption of homogeneity both in timé @ place is used (as Von Smoluchowski,
1904 put it® ). The approach typical of classical thermodymantirned out not to provide an
adequate explanation for the phenomenon of nuctedtor the formation of only a limited number
of nuclei contradicts the supposition of a homogasddistribution of all atoms or molecules, as
required by classical thermodynamics. The very thet nucleation involves energy barriers
representing fluctuations in free energy, is natagk realized. Even in an ideal gas such a
homogeneous distribution of all particles cannofdaend: for, as Von Smoluchowski (1912) has
pointed out, all particles are involved in a constaovement. As a consequence the particles will
never show the equal distances from each otherssa&ge to ascertain a "homogeneous”
distribution.

It is most astonishing to find, how the notion thltnatural processes are irreversible has
not at all spurred intense research into the nabfir@reversible processes, but research into
reversible equilibria instead. According to Bridgm@A941) the reason for the apparent hesitation
among scientists to investigate irreversible preegdss to be found in a more or less general
conviction, that such processes would not be antentb simplification in terms of a few
equilibrium reactions. The belief seems to haveagy that irreversible processes are much too
complex. The possible lack of adequate instrumientdbr measuring such reactions may have
been another factor. Nevertheless observationsreversible chemical reactions meanwhile have
been published. For example Nernst (1921) statatljri an irreversible reaction the rate of change
would be extremely slow, even though the systeedfitmight be far from equilibrium. Nernst
(1921) mentioned the behavior of numerous orgammopounds as an example: most hydrocarbon
compounds typical of organic chemistry would si8l unknown, if these compounds would reach
their stable state at a measurable rate. Chemystdrss far from equilibrium can be influenced
considerably by an increase in temperature, beaafube temperature dependence of the reaction
rate. A temperature increase in systems of for pl@maseous hydrocarbons invariably leads to
quick oxidation reactions, often taking the formfiofs or explosions. Such reactions are evidently
irreversible: only one reaction rate (the one legdo reaction products such agtH CQ or C) is
being increased. No equilibrium will be attainedcéuse after cooling down, the reaction products
are not likely to form the initial hydrocarbons eggThat is to say, not in a time span reasonably
within the limits of a human observer.)

When studying non-equilibrium systems, it shouldiddeen into account, that fluctuations
possess both amplitude and frequency (Von Smoluskipwt916). In other words the very
presence of for example fluctuations in pH is nargatee, that the stable phases will be formed
instead of the metastable phases. Perhaps thetwseptif these fluctuations in pH is too small to
allow for the mechanism to come into action. Thiect®n between the stable and metastable

J. C. Deelman (2011): Low-temperature formatiodabmite and magnesite



Chapter 8 — Mechanism of formation of magnesitegaldmite 325

carbonates takes place on the basis of their dissolbehaviour, and if the pH does not reach low
enough values, the process of dissolution doedaket place to a sufficient degree. A possible
illustration of the amplitude of the required fluations in pH can be found in the observations
made by Skinner (1963). The carbonate samples fhenmost southern salt lake in this area of
Australia contain clear amounts of dolomite, b #mounts of dolomite decrease, when taking
samples from the more northern lakes. The sampbas Margrath Flat in the Coorong Lagoon
itself (the most northern location) contain no doilie. The relation with the amplitude of the
fluctuations in pH becomes clear, when realizingt tilhe southernmost salt lakes go through a
pronounced annual cycle of wetting of drying. Gepdically intermediate lakes go through
periodical changes in the amount of water, buGberong Lagoon water at Margrath Flat does not
exhibit any such pronounced annual variations (8kin1963). Not only in Australia the relation
between dolomite formation and the amplitudes efriecessary fluctuations is exemplified. For
example the sabkha of Abu Dhabi provides much #mesevidence, for as McKenzie (1981,
p.190) noted on the nucleation of dolomite at tbaation: "The degree of order increases with
distance from the shoreline...". In the intratidadvironment the distance from the shoreline
represents a certain frequency in tidal floodingin&ilika (1991, p.51) even concluded: "A
comparison between the Kuwait and UAE sabkhas atelcthat it is the frequency of flood-
recharge and reflux of tidal waters, which contriisv rates that determines the volume of
dolomite formed in a sabkha."

In the described syntheses of dolomite, huntiteraagnesite the importance of fluctuations
in pH has been shown. There is no need to conetgeesent, that in nature the low-temperature
nucleation of these minerals requires fluctuationpH per se The theory of Haber and Volmer
states, that fluctuations in free energy (i.e.sguee, temperature or concentration) are needed for
the nucleation of the stable phase to take plat®t\Wiust be concluded is of course, that at present
my experiments have shown fluctuations in pH tarimest effective. At the same time thgatic
control experimentlave demonstrated the essential role of the #itictas in pH.

Now that the mechanism responsible for the low-tapre nucleation of dolomite,
huntite and magnesite is known from the laboratibig,time to go outdoors and check in the field
in how far this mechanism applies to the known modecurrences of these carbonates. In many
instances the existing descriptions of modern @eages of dolomite, huntite and/or magnesite are
sufficiently detailed to conclude, that these matgerform exclusively in @ynamicenvironment.
Under fully comparable chemical conditions, but an environment lacking the required
fluctuations in free energy, the metastable egeial (i.e., magnesium hydroxide carbonate,
magnesium calcite, and/or aragonite) will be prigatied. In other words when understanding the
mechanism of low-temperature formation, the occweeof the stable minerals can even be
predicted.

At present, after describing successful low-tempeeasyntheses of dolomite, huntite and
magnesite, | am in a position to judge, how cldberoscientists have come in attempting the same.
In the first place without any doubt, it will remaa mystery forever why Liebermann (1967)
himself did not observe the formation of magnesithis experiments. Was it because he strongly
believed the mechanism to be dependent on the psu@s and therefore used either sodium
hydroxide or ammonia solutions in the titrationg™@s it because he did not perform a sufficient
number of experiments at 333 K? Or was it becaasmbld not believe, that any magnesite would
form in an experiment in which definitely 0.2 g@&CQ had been added, and therefore a mixed
carbonate such as dolomite should develop? Ortwaeshaps because Liebermann (1967) placed
his theoretical considerations above observaticadenn the laboratory?
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In the second place there is the experiment destiily Kocurko (1986), in which | am
convinced dolomitesensu strictdiad developed. But Kocurko (1986) was obviouskyugih quite
puzzled by his own observation, and has not yetenaaclaim as to the low-temperature nucleation
of dolomite>” Even so his experiment is in fact quite capatileroducing dolomite at room
temperature. Because culturing the field samplenadlgal mat must have been capable of causing
the necessary fluctuations in pH , the possib#itysted tobreak Ostwald's RuléThe use of a
culture of algae resembles of course that by Opgierdr & Master (1963, 1965), but is different in
that Kocurko (1986) usedn open systentor the periodic flooding with filtered sea watérthe
culture chamber was followed each time by drainifighe filter paper with algal material was
placed on the sediment surface and covered whimdayer of additional sand. The entire chamber
was then flooded with filtered seawater. After tlowy, the seawater was allowed to drain through
the sediment column": Kocurko, 1986, p.16). Aftez 6 years this experiment by Kocurko (1986)
took, ordered dolomite was found in X-ray diffracti("... which was not present in the original
sediment sample": Kocurko, 1986, p.17).

To my surprise one and the same theory was four toapable of explaining the low-
temperature formation of dolomite, huntite and nemie. And in addition, because the theory
involves a most useful principle for especially iineversible geochemical reactions taking place at
the earth's surface, a multitude of other are@svektigation has been opened up. For "the thefory o
fluctuations” not only explains the possible chamgfean amorphous hydroxide-containing
precipitate into the corresponding oxide, it algplains the low-temperature nucleation of the clay
minerals (for example kaolinite) as well as minealch as quartz, hematite, pyrite, and apatite (to
name only a few).

What really needs an explanation, is the semi-altgcinto which the "theory of
fluctuations" has disappeared in the course ofydaes. Is it really the ancient controversy again
between the view typical of general thermodynani@tbs and Ostwald) and that of statistical
mechanics (Boltzmann and Von Smoluchowski)? Bilgat in the case of nucleation and crystal
growth the atomistic view has long since gained dag. Ostwald's concept of metastability is
characteristic for the overall approach typical'@fergetics". But in fact it is merely an empirical
rule, with broad appeal because little or no exoaptbecame known. This kind of appeal might
well explain the longevity of the term.

The theory given in this chapter and described byaaBreaking Ostwald's Rul@®eelman,
2001) may seem to be quite new and revolutionargdme. But that is not the case. The
foundations were laid down by Tammann, Othmer, Kddy Haber, Marian von Smoluchowski,
and especially Volmer. The "theory of fluctuatiom&ls found its way into metallurgy, not in the
least because of the work of Roman Smoluchowskje.g., "“The fundamental reason for the
appearance of nuclei in a homogeneous substantee iexistence of fluctuations (i.e., local
deviations from normal state)."] But Tammann's armimer's textbooks have never really
influenced geochemistry. This omission needs tmade good.

Perhaps the work on the more dynamic picture ofniheeation process, including the
possible role of fluctuations, has generated ttite linterest thus far, because there were no
practical applications. Most of the atomistic sesdon nucleation processes have supplied detailed
descriptions, but lacked any surplus value in ptedj the nature of certain irreversible
(geochemical) reactions. The need for the atomagtjaroach typical of for example the work of
Boltzmann and Tammann has now been confirmed. Mbsil the described low-temperature
syntheses of magnesite and dolomite have showirthigr@ really is no point in placing theoretical
speculations and computer-based advanced -calcudose alaboratory experiments. For as
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expressed in the words by Henri Poincaré (1912dcét the outset of thatroduction to this
publication, only experiments are capable of pnogcinything new.
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