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CHAPTER SEVEN

DOLOMITE SYNTHESES

INTRODUCTION

The dolomite problem is in more than one respectique problem. For more than 200
years it has puzzled generations of scientistsy Y& problems of the natural sciences have
ever reached such status. Meanwhile a tremendoosrdraf literature on the subject has been
published. As has been explained before, not athaf published material can possibly be
reviewed (or even mentioned) on these pages. Tdsepr chapter will have to be limited to a
selection from known accounts on the synthesisotdrdite. Only those syntheses that were
carried out at room temperature will be considebstause the scope of this publication has
been restricted to the formation of dolomite (andgnesite) under conditions of room
temperature & atmospheric pressure.

Linck (1912) classified the laboratory experimeotsducted up to that time into 4
classes: 1) those experiments that had been caudattroom temperature & atmospheric
pressure conditions (Scheerer, 1866; Pfaff, 18%®));experiments performed at room
temperature, but at high pressure (Pfaff, 1907¢x@eriments conducted at low pressure, but at
elevated temperatures (Forchhammer, 1849; De Salaie Deville, 1858; Bourgeois &
Traube, 1892; Klement, 1894, 1895); and 4) experimemploying both high pressures and
high temperatures (Von Morlot, 1847 A; Favre, 184B; Durocher, 1851; Hunt, 1859, 1866;
Hoppe-Seyler, 1875). In the account given here damigk's Class 1 experiments will be
discussed: laboratory tests conducted under conditsimilar to those of the sedimentary
environment.

There have been authors, who claimed too muchr Thems on the successful low-
temperature synthesis of dolomite invariably prow@cave been without foundation, when
those experiments were duplicated (if that wasiplesat all). Crucial point appears to be the
reproducibility of the experiment; any claim will have to be chestloy way of duplicatioh.

In spite of many serious efforts the dolomite eabhas remained for many years singularly
unassailable.

There have been other authors, who were frank énimugcount their efforts leading to
anything but dolomite; but they form rare excepdid@ne example of this kind is Forchhammer
(1849). In his first experiment calcium bicarbonatdution was mixed with seawater and the
mixed solution was frozen. A precipitate formedtaining 7.55 wt.% MgC@and 92.45 wt.%
CaCQ. Forchhammer's second experiment was also cavtedvith a calcium bicarbonate
solution mixed with sea water, but this time it weft standing for 8 days at a temperature
between 288 and 293 K. The precipitate containgl &t.% MgCQ and 97.81 wt.% CaCO
A second series of tests by Forchhammer (1849)istedsof mixing sea water with a calcium
bicarbonate solution, to which sodium carbonate ieeh added. At a temperature of 323 K a
precipitate formed, containing 13.10 wt.% MgiLOFrom his laboratory experiments
Forchhammer (1849) drew the conclusion, that amease in temperature led to higher
percentage of incorporated magnesium carbonateh@nexample of such a frank account is
that of Hunt (1859). For example his experimentINavolved the addition of a solution of
sodium hydrogen carbonate to a solution, contair@ggimolal amounts of calcium- and
magnesium chloride. The gelatinous precipitate foaned initially, soon changed into a
crystalline substance. Chemical analysis showed @onsist of calcium carbonate with only
very small amounts of MgCGQO In experiment No.3 a dilute solution of sodiumdiogen
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carbonate was added to a solution containing sodiuloride, calcium chloride, magnesium
chloride, and sodium sulfate. After mixing the tdifferent solutions, and stirring, a crystalline
precipitate slowly formed, consisting of calciunrlmaate with 3.3 wt. % MgC9. After
describing various experiments, in which the effeat the presence of sodium sulfate or
magnesium sulfate on the solubility of calcium Hicaate had been investigated, Hunt(1859)
turned his attention to high-temperature testsclwhiere notably more successful.

A third example is that of Hoppe-Seyler (1875), vatarted out his tests with attempts
to duplicate the experiments of Von Gorup-Besard&51) with mixed magnesium/calcium
bicarbonate solutions. The results were negativaila&ly negative were all efforts to react
seawater with calcium carbonate or adding a calduirarbonate solution to seawater and
subsequently pumping air through it. Even testlinmg the freezing of a solution of
magnesium sulfate or seawater saturated with caldicarbonate were carried out. At this
point of his investigation Hoppe-Seyler concludimt aqueous solutions such as those found
in nature (seawater, river water, spring wateground water) would not, upon mere escape of
dissolved carbon dioxide, lead to dolomite fornmafio

The fourth example of an honest account describeggative results after trying to
synthesize dolomite at room temperature has beewided by Pfaff (1894). That author
described how he had tried: 1) To react magnesamd-calcium chloride solutions saturated
with respect to sodium chloride with sodium carlien@) Reacting a solution of magnesium
sulfate, calcium sulfate and sodium chloride witdism carbonate. 3) Desiccation of artificial
seawater at elevated temperatures (below 373 Kgwahimonium carbonate was being added
from time to time. 4) Continuously bubbling carbdioxide through a saturated sodium
chloride solution, to which calcium carbonate andgmesium chloride had been added. 5)
Continuously bubbling carbon dioxide through a sd sodium chloride solution, to which
calcium carbonate and magnesium sulfate had bedgda@) Adding magnesium chloride or
magnesium sulfate to a calcium bicarbonate soludainrated with sodium chloride and, after
adding ammonium carbonate, forcing its desiccatibelevated temperatures. 7) Dissolving
magnesium oxide and calcium oxide in £@h NaCl-saturated water, and bubbling £LO
through it during slow evaporation open to the &iDissolving magnesium oxide and calcium
oxide in carbonated water saturated with sodiurnoratd, adding ammonium carbonate, and
forcing its desiccation. 9) Desiccating concenttagelutions of calcium- and magnesium
bicarbonate (prepared by dissolving Ca@@d magnesium hydroxide carbonate in water with
excess Cg while leading carbon dioxide through the solutid®) Desiccating the same
concentrated, mixed Mg/Ca bicarbonate solutiorr aftemonium carbonate had been added. In
all of these experiments, as Pfaff (1894) notetl aitme regret, no carbonate formed capable of
withstanding treatment with dilute acid.

Another example of unsuccessful attempts to syrbealomite at room temperature
can be found in the account of Leitmeier (1915eréhwas for example the experiment, which
consisted of adding a magnesium bicarbonate soltitigpowdered calcium carbonate. There
was a series of tests, involving slow £€scape from a number of mixed Mg/Ca bicarbonate
solutions kept at various temperatures. The samesswas also conducted with the same
mixed bicarbonate solutions at the same tempegtardy this time sodium chloride had been
added. Because no positive results were obtainatl these cases, magnesium chloride and/or
magnesium sulfate were added to the mixed bicatbos@utions. Still no dolomite would
form, and therefore a slight carbon dioxide ovespuee was applied. The duration of the
experiments was increased from a few hours to ¢ger@s long as months or even one whole
year. No dolomite formed. All these attempts wamevain, as it turned out. In the end
Leitmeier (1915) concluded, that dolomite would faytn by way of direct precipitation from
a solution.
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experiment amount of amount of amount of | Mg/Caratio | precipitate
number CacCl, MgCl, Na,COs3
solution solution solution
1 50 cml 0cn? 50 cnt 0 C
2 40 10 50 0.25 C+N
3 30 20 50 0.67 C+N
4 20 25 50 1 C+N
5 20 30 50 1.5 C+N
6 10 40 50 4 C+N
7 0 50 50 00 N

Table VII - Experiments (conducted at 298 K with dropwise additions of a 0.5 mol/dm
sodium carbonate solution to mixtures of a 0.5 malm® calcium chloride solution and
amounts of a 0.5 mol/dm magnesium chloride solution and the resulting prepitates

(modified from Baron, 1960) ( C = calcite; N = nesaghonite ).
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Unsuccessful attempts to synthesize dolomite atiearhldemperature have been
described by Mitchell (1923 B) as well. The firsteanpt by Mitchell (1923 B) consisted of
adding a 1/25 N magnesium chloride solution andtarated calcium bicarbonate solution
(prepared by saturating a calcium hydroxide safutidth carbon dioxide) to 500 chof
artificial sea water. The artificial seawater wasng stirred slowly, while the magnesium
chloride solution and the calcium bicarbonate smfuivere being added drop by drop from two
burettes placed opposite of each other above thkebheBut no precipitate formed in this
manner. Six hours after adding 10%amfia 1/20 N sodium carbonate solution, a predipitiest
formed. "The grains were of extremely irregular relster and were so small as to prevent
accurate determination of their optical propertes;ept that it was possible to see that the
refractive index was slightly greater than 1.69d dine birefringence was very strong. The
substance was neither hydrated nor basic in clearéédbund: CaO = 26.50 , 26.45 ; MgO =
25.10, 25.10 ; Ce= 48.61 , 48.58 per cent)": Mitchell (1923 B, 1#$92-1893). But Mitchell
(1923 B) refrained from claiming to have synthegizivlomite at room temperature, even
though the precipitate formed in his opinion hadefaactive index ".. very similar to that of
dolomite" (Mitchell, 1923 B, p.1893). In a secorgiss of experiments Mitchell (1923 B)
added equal volumes of a mixed calcium- magneshioride solution (1/10 N) and a 1/10 N
sodium carbonate solution, drop by drop, to £ dirwater. After 14 days some 300 tof the
solution had evaporated, and a fine-grained ptatghad been formed. No crystalllites could
be seen under the microscope, but the precipitatedefinitely anisotropic. From the chemical
analyses ( bD = 14.81 , 14.62 , 14.75 ; CaO = 23.51, 23.58.82; MgO = 16.20, 16.14 ,
16.23 ; CQ =46.00, 46.03 , 45.97 per cent) Mitchell (1993Bncluded, that this precipitate
consisted of "hydrodolomite”, CaGMgCOs.H,O, similar to that described in Doelter's
Handbuch(1912).

Halla (1937) tried to synthesize dolomite at ro@mperature through the addition of 1
part of a 0.059 mol Ca(Ck¥olution to 2 parts of a 0.3 mol Mg(HG@@solution. After a few
days a white precipitate had been formed, whichfaasd to consist of a mixture of MgGQ
H,O and CaC@6 HO. A second experiment, consisting of drop-wiseitamts of a 0.0177
mol CaC} solution into 212 cthof a 0.01385 mol solution of KIg(COs),.4 H0 dissolved in
20 % KCI in water, did not lead to dolomite fornastieither. A precipitate formed after the
addition of 50.8 crhof the calcium chloride solution, but in X-rayfdifction no dolomite was
detected. Additional experiments by Halla (193nyoiving the use of a calcium chloride
solution of different molarity, changes in the pdare of drop-wise additions, the use of
alcohol-water mixtures, or the use of .,883.MgCQO; instead of the potassium magnesium
double carbonate, did not lead to successful esiilter.

Meanwhile papers describing unsuccessful attenptsyhthesize dolomite at room
temperature have become rare; one of the few foursl, is that by Baron (1960). Amounts of
a sodium carbonate solution in water (0.5 mofjdmere added drop by drop to a mixed
solution of calcium chloride and magnesium chlofigach with 0.5 mol/di). The tests were
conducted at a temperature of 298 K. Nitrogen veasgobubbled through the reaction vessel in
order to ".. avoid contact with the air". In alma#itinstances calcite would precipitate, followed
later by MgCQ.3 HO. Only in those instances where pure calcium @dosolution reacted
with the sodium carbonate solution, calcite preatpd, and when using magnesium chloride
with sodium carbonate in solution, nesquehonitecipitated (see Table VII). From these
negative results Baron (1960) drew the conclusieat, the ions C|, CO;*, C&£* , Mg?* and
Na" were possibly involved in the formation of dologjitout that these ions as such were
insufficient to create the mineral at a temperatfr@98 K and under atmospheric pressure.
Castanier et al. (1990) performed experiments enpibssible low-temperature formation of
dolomite with the help of various microorganismgpione plus magnesium and calcium
acetate were added to a small freshwater pond.it®esghanced microbial activity (notably by
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sulfate reducing bacteria and denitrifying bac)ediaring the 8 days of the outdoor experiment,
the precipitates formed (at temperatures varyinognf283 to 301 K), whether in dialysis tubes

or on glass slides, did not resemble dolomite latiridtead “... amorphous, maybe hydrous,

magnesium and calcium carbonates which may belpesinlomite precursors” (Castanier et

al., 1990, p.126) were found. No X-ray diagramsemeresented in order to substantiate the
claim.

The present discussion will be restricted to tregeeriments, which are by standard of
Playfair'sPrinciple of Actualismcompatible with the conditions prevailing in tbedimentary
environment. This quest for an actualistic appraaatiudes at once a relatively large number
of laboratory tests. Experiments in which tempeesexceeding 333 K were used, need not be
considered here. The well-known tests describeiéglin (1959; where temperatures of 473
K and higher were used), by Siegel (1961; carriedad 351 K, and duplicated by Fritz &
Smith, 1970), and Gaines (1974; conducted at 37ABiKihot be discussed.

Mitchell (1923 B) had, according t6hemical Abstractd/o0l.18 (1924), precipitated
dolomite crystals from artificial sea water at rotemperature. The dolomite contained some
55 % CaCQ@and up to 44 % MgCHODolomite also formed in water in contact withatt and
nesquehonite. But Mitchell had used in all instancarbon dioxide pressures of 20 bar.
Similarly Baron (1958, 1960) produced dolomite fraraolution containing 0.5 mol CaCI0.5
mol MgCkL and 1.0 mol N#ZCOs , at a temperature of 423 K, but under carboridépressure
of 3.2 bar. High carbon dioxide pressures were alsed by Yanateva et al. (1973), who
claimed to have synthesized dolomite (and magnesiben a mixed Mg/Ca bicarbonate
solution, to which had been added calcium- as agethagnesium sulfate and kept under carbon
dioxide pressure of 4 bar. It will be clear, thag¢ details of the tests by Mitchell, Baron, and
Yanateva and co-workers can be left out of conataer. The same reasoning must be applied
to experiments intended to change the dielectritstemt of the seawater used in laboratory
syntheses. Amounts of dioxdne have been used by Oomori & Kitano (1987) t mio sea
water, to which sodium carbonate had been add&1&K). The addition of 5 vol. % dioxane
led, according to Oomori & Kitano (1987), to "wellystallized protodolomite”. "Decrease in
dielectric constant, change in mineral solubilbgdification of hydrogen bonding structure and
change in hydration state of ions through additaindioxane seem to be effective for
protodolomite formation. The role of dioxane in firetodolomite formation, however, remains
unsolved": Oomori & Kitano (1987, p.61).

Very low temperatures will also be disregarded. réfuge the claim of Mdiller &
Fischbeck (1973), that freeze-drying of bicarborsatutions during glaciations might well
account for at least a number of occurrences of emmodiolomite, will be left out of
consideration. Freeze-drying was only a part ofaentomplex procedure used by Miller &
Fischbeck. After dissolving pure dolomite in &€aturated water and freeze-drying the
bicarbonate solution, water was added and the neixteated to 328 K. Strictly speaking
therefore the experiments of Mller & Fischbeck73Pcannot be considered to be trldw
temperature syntheses.

Other experiments that will not be discussed avsdlexperiments, which have nothing
to do at all with dolomite formation as such. Onelsexperiment has been described by Hsu &
Siegenthaler (1969, 1971). Filling an aquarium lpasith quartz sand, adding a 3 % NacCl
solution and coloring the solution with KMpQ may be of some significance in hydrological
studies, it has no consequence whatever for thetdowperature synthesis of the mineral
dolomite. Nor has the outcome of a tank experinmenimigrating dyed water, supposed to
illustrate the reflux of concentrated sea watem{8s, 1984).
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IRREPRODUCIBLE RESULTS

A number of claims has to be left out of consideratbecause these were either
published in a virtually inaccessible form, or slynpecause essential information required in
any attempt at duplicating these tests, is lackirthe descriptions. The paper by Cornu (1907)
was not only published in a rather inaccessiblmf(theOesterreichische Zeitschrift fir Berg-
und Huttenwesertannot be found in every library), but it alsokiecany details on the
experiment itself. Cornu (1907) claimed to haveeobsd dolomite in the precipitate, which
formed from a calcium bicarbonate solution, to whan amount of magnesium sulfate had
been addedl. Identification had taken place only by waytieé colouring method of Lemberg
(1888). The amount of magnesium sulfate in thetmwuvas not specified. And, apart from
mentioning that the solution had been left standing conical flask for three months (at room
temperature), no details were given.

An example of the second type is to be found inghper by Kohlschitter & Egg
(1925). The publication as such appeared in akwellvn journal Helvetica Chimica Aca but
essential details on the experiment itself are rabde their paper, dealing mainly with the
morphology of CaC@crystals as influenced by certain ions in solytidohlschitter & Egg
(1925) casually remarked, that in one of theirstést perhaps dolomite had been formed".
Perhaps indeed because this impression was baledyl @o the observation, that the product
formed would not be easily dissolved in dilute loghioric acid. That was the only criterion
used for identification: no X-ray evidence at allsapresented. The precipitate as such had been
formed in a calcium bicarbonate solution mixed withatively large amounts of magnesium
and subjected to slow G@scape at room temperature. The carbonate wad foure adhering
strongly to the glass. No specification whatevethef concentrations of calcium bicarbonate or
magnesium chloride was given (except for the irtahoathat "high concentrations” had been
used ); this in clear contrast to other parts of tleene paper, where all experimental
procedures were explicitly described. Although igimh have been possible to devise a series of
experiments with a certain resemblance to the ewpet described by Kohlschitter & Egg
(1925), no such attempt was made. This decision atakast in part prompted by the
conviction, that comparable tests described byfRi894) and Leitmeier (1915) had been
unsuccessful.

Dolomite crystals as large as 1 mm have been foyrideher & Rohrer (1958) in core
samples from a drilling at Laufen, near Koblenzr(fsau, Switzerland). The dolomite together
with some calcite formed small "nests” in the tdpaocbiotite gneiss underlying (Triassic)
Buntsandstein strata. The idiomorphic habitus e$¢hcrystals demonstrated, that the dolomite
was most probably of authigenic origin. In everstamce the dolomite crystals were surrounded
by a dark rim containing not only organic compoyris alsdive bacterid  After isolating
these bacteria (which were not identified) fromeceamples, Neher & Rohrer (1958) were able
to cultivate these bacteria in an inorganic medand obtained dolomite crystals. No dolomite
formed in sterile controls.  Although Neher & Rohrer (1958) stated, thagisubsequent
paper in the same journal all the details woulddwealed, their 1959 paper did not much to
clarify the conditions used. Anaerobic culturestlom basis of dissolved gneiss samples kept at
temperatures from 328 to 331 K after 6 weeks apgigiied to the formation of dolomite. Such
cultures gave rise to dolomite crystals of morentiamm in diametef. The difficulty
encountered here, when trying to duplicate the raxygmts of Neher & Rohrer (1958, 1959),
lies of course in obtaining samples of the bactenia the original drilling.

Comparable difficulties will be encountered, wheying to duplicate the experiment of
Vasconcelos et al. (1995). For "the active microb@mmunity” found in the black mud of
Lagao Vermelha, Brazil was not analyzed by wayhefgure culture technique. No attempt was
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made to identify the micro-organisms involved @el papers this omission has been made
good, if only by the introduction of a neyenusof sulfate reducing bacteria: Warthmann et al.,
2000). But a much more serious objection againstdarticular claim on the low-temperature
formation of dolomite, is the fact, that the caréi@nprecipitated is not dolomite but ankerite. In
the paper by Vasconcelos et al. (1995) the X-rffyadtogram of what has been claimed to be
"a fully ordered dolomite", features only one oé timree superstructure reflections. One of the
missing other two superstructure reflections shdwalde virtually the same relative intensity as
the one featured. Why is it absent? After enlardtitgg3 from the paper by Vasconcelos et al.
(1995) to a somewhat more practical size, measuneafall of the diffraction peaks present
becomes possible. The peaks identified in theadiffigram as belonging to "a fully ordered
dolomite" were measured by me to be located at®’236.8 , 34.78 , 37.15, 41.0 , 44.7 .

But other peaks can be recognized, located at 24.8%.3 , 27.5 , 38.5 , 41.8 and 50.7 .
Especially the latter peak at 50ig quite clear and cannot be overlooked. But itdspart of
the dolomite diffraction pattern; it is in fact tlsecond strongest line of the mineaakerite
Ca(Fe,Mg)(CQ),. When consulting JCPDS-ICDD card No. 41-586 theckeion seems
inevitable, that the other peaks assigned by Vastos et al. (1995) to "a fully ordered
dolomite” should in fact be attributed to ankert@part from peaks belonging t@quartz,
peaks at 24.85, 27.3 , 27.5 , 38.5 , 41.8 and 49.0 remain, but these belong probably to
vaterite.) This re-interpretation is in fact sugpdrby the EDAX analyses given by Vasconcelos
et al. (1995), in which Mg, Ca and Fe were found.ahother paper on the same subject
Warthmann et al. (2000) claimed to have synthesilmdoimite in anaerobic cultures of sulfate-
reducing bacteria. However identification took plamly by way of EDAX analysis, and not in
X-ray diffraction. (Identification of minerals byay of EDAX is virtually impossible; to my
regret | speak from experience!) Nonetheless Watimmet al. (2000) claimed to have
identified the mineral formed as “nonstoichiomettatomite.”

The low-temperature experiment described by Kocu{k®86), in which ordered
dolomite had been formed, will be difficult to digalte because of two different reasons. In the
first place a sample of the original algal commynitould have to be used. The second
argument against any attempt at duplication is reer®us: as Kocurko (1986) described it, the
experiment took approximately five years.

In a relatively large number of publications clamgithe low-temperature formation of
dolomite, not even the barest fundamentals conugmhie procedures used, can be found. But
perhaps the language barrier and incomplete, on emeoneous, translations of these
publications are to be blamed. Chilingar & Bisqd963) took the trouble to translate the
findings of Valyaskho (1962) (published in a noressiblé book described as "Geochemical
regularities in the formation of potassium salt @@{s: 1zd.Mosk.Univ., A.P.Vinogradov,
editor, 397 p., illus.”). In the view of Valyaskhbe speed of the reaction between calcium
bicarbonate and magnesium sulfate would be crugtal regard to the dolomite problem. In
most cases this reaction would proceed fast and feacalcium sulfate and magnesium
hydroxide carbonate as the end products. Howewaryf small amounts of magnesium would
be present, no such reaction would take placesddstalcium carbonate would form. At low
concentrations the following reaction would takace!:

2 Ca(HCSy + MgSQ, = CaMg(CQ), + CaSQ+2 HO +2 CQ. (eq. 30)

"Valyaskho (1962, p.55) and his associates obtaindvidual, isolated rhombohedrons of
dolomite in some of their experiments. The dolomds identified by V.B. Tatarsky and V.N.
Dubinina, utilizing crystallo-optical analytical tfeods. Obviously, it would have been better if
this dolomite had been identified by X-ray analy?dl experiments were conducted in
equilibrium with atmosphere (low GQpressure) Chilingar & Bissell (1963, p.801). Even
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though Chilingar & Bissell (1963, p.801) intended't. check the validity of this reaction”, the
obvious lack of experimental details (obvious ewerthis apparently first-hand translation)
must have prohibited such attempts.

Other experiments that will be left out of consatam are those, in which dolomite was
not only found in the end products, but had beasgnt in the starting material. It is most
astonishing, to put it mildly, to note how scietgisan seriously claim to have synthesized
dolomite under conditions of low temperature, witdmad been there from the very start. One
such extraordinary claim has been put forward bgzéh & Ehrlich (1973). In their test pure
dolomite and artificial sea water, made up frontilthsl water and quantities of reagent grade
chemicals (NaCl, MgGl 6 H,O, MgSQ.7 H,0O, CaC}.2 H,0, KCI, and KBr), were used. The
dolomite was ground to a very fine powder and dv&gbin the artificial brine. After several
days reaction time the newly formed phase appdarbd aragonite. According to the original
text of the paper by Chazen & Ehrlich, dolomite |dooe prepared in the following manner:
"Aragonite-bearing samples were produced by reaatiogmowdered dolomite with solutions of
2.5 times normal salinity. After 8 days some ofsti@ples were filtered, dried, and analyzed by
X-ray diffraction and the microprobe, and the prese of aragonite was confirmed. The
remaining beakers were uncovered and allowed toilibrpte at room conditions for
approximately 7 wk. This primarily involved evapara, but rehydration due to the salts
removing water vapor from the air occurred occasibn At the end of this time the solids were
filtered, dried, and analyzed. Comparison of diffran peak areas indicated that the amount of
dolomite increased greatly with respect to arageiniChazen & Ehrlich, 1973, p.3632).

Assessment of the claim on successful low-temperasynthesis of dolomite put
forward by Davies et al. (1975) will also encourttez problem of identification, but it is not
entirely comparable. The dolomite would have beerméd in a mixture of calcite and
nesquehonite interbedded with decaying algal nmagssea water-filled aquarium. The claim of
Davies, Ferguson & Bubela (1975) was illustratedhigir paper with a X-ray diffractogram.
However the small part of a diffractogram reprodltieere, shows apart from calcite and
fluorite peaks the pattern of magnesium hydroxatbanate. The rather complex diffractogram
of magnesium hydroxide carbonate effectively obssdine possible presence of small amounts
of dolomite. In this case the main peak of dolorait28.86 nm (JCPDS file card 11-78) has to
be distinguished from three closely spaced peaksagnesium hydroxide carbonate at 29.19 ,
28.99 and 28.40 nm (JCPDS file card 25-513). Notimerwas made of the second (in
decreasing order of intensity) diffraction peakdofomite at 21.91 nm, nor of any other peaks
of the dolomite signal. Although the same thredwanst, in 1977, even enlarged their claim on
successful low-temperature synthesis of dolomtejrtfactual evidence became even more
dubious, because in their tank experiments largeuats of powdered dolomite had been used
as a starting material.

A different sort of difficulty will be encounterad attempts to duplicate the experiments
described by Usdowski (1989, 1991, 1994). In 1964¢ldwski had reported the synthesis of
dolomite in hydrothermal experiments carried out®8 K and 12 bar pressure. In his book
Usdowski (1967) had described syntheses of dolaamitemagnesite carried out in sealed glass
tubes at a temperature of at least 393 K. But 8919sdowski claimed to have found dolomite
and magnesite, formed as the result of the reabbmeen magnesium chloride (plus calcium
chloride) solution and aragonite powder in sealadggtubes after keeping the glass tubes at 333
K during 7 years? Perhaps future investigators will take theultle to duplicate tests
involving 7 years reaction time; | was in no pasitto perform that kind of experiment.
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SCHEERER'S EXPERIMENT

Scheerer (1866) dissolved limestone fragments aapafately) dolomite powder in
water by bubbling carbon dioxide through it. Afemmplete dissolution the separate solutions
were mixed in varying proportions. The mixed MgMiearbonate solutions were subsequently
subjected to slow desiccation at room temperdftife. Under identical conditions a pure
calcium bicarbonate solution and a pure magnesigartibnate solution were desiccated. The
calcium bicarbonate solution developed clear rhowifbsalcite; the magnesium bicarbonate
solution gave rise to needle aggregates of whaeedeh described as "hydrated magnesium
carbonate". The mixed bicarbonate solutions yieldedystals of calcium-magnesium
carbonate", as subsequent chemical analyses rdv@aélese crystals consisted of rhombs with
numerous faces, while other crystals were moredednof a more polyedric form, and were
grouped together like a string of pearls.

Numerous authors have since repeated Scheereégregpt, and in all those tests no
dolomite at all formed. It is however important note, that Scheerer did not claim the
formation of any dolomite in his experiments (Seckeel866, p.12 spoke oKlystalle von
Kalk-Magnesia Carbonat On the other hand Scheerer did not hesitatetéopret the results
of his experiments in terms of dolomite formatidine tests with mixed magnesium-calcium
bicarbonate solutions were duplicated for exampl&&n Gorup-Besanez (1872) and Hoppe-
Seyler (1875). In none of their experiments dolemitas formed: mixtures of CaG@nd
MgCGQ0s.3 HO or MgCQ.5 H,O were invariably the result.

Von Gorup-Besanez (1872) not only analyzed a nundfemineral waters from
dolomite regions, but also dissolved samples adrdde into CQ-rich water and desiccated the
thus obtained mixed Mg/Ca bicarbonate solutionoatrr temperature (or at slightly elevated
temperature: Von Gorup-Besanez was not particutdelgr concerning the temperature used).
Such solutions behaved as "mixtures of both bicat®s"; under no condition whatever
dolomite precipitated from the mixed solutidfis. What Von Gorup-Besanez did find upon
slow desiccation of such solutions was, that at &irmultitude of needle-shaped crystallites of
calcium carbonate formed (floating on the solutiothe form of a membrane), and only much
later, when a large part of the solution had ewvatpadl;, a light, flaky precipitate was formed,
consisting of a form of magnesium carbonate (magnmesiydroxide carbonate to judge from
the description).

As mentioned before, Hoppe-Seyler (1875) also datgd the tests of Scheerer (1866)
and obtained much the same negative results, #thblen reported by Von Gorup-Besanez
(1872). Whether magnesium bicarbonate solution m&&d with an equimolal amount of a
calcium bicarbonate solution and slowly desiccatiedbom temperature, or mixed in any other
ratio with a calcium bicarbonate solution, no dalemwhatever could be obtained in this
manner even after months of slow desiccation anrgemperaturé> The same conclusion
was reached by Leitmeier (1915), who dissolved dd®in CQ-rich water and subjected the
thus formed solution to gradual escape of, @D various temperatures. In this case too no
dolomite formed: mixtures of calcite and hydratedrfs of magnesium carbonate had been
formed instead.

Kazakov et al. (1957) have tried to precipitateodate at 293 K from a mixed Mg/Ca
bicarbonate solution, to which NaCl had been adddd. dolomite (or magnesite)
precipitated: the solids formed were calcite ansuehonite. Comparable observations have
been made by Baron & Favre (1958). Their mixedtsmis had been prepared by separately
dissolving calcium carbonate and magnesium carkdnawater under carbon dioxide
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Fig.30 — Precipitates formed upon static desicnadibmixed Mg/Ca bicarbonate solutions at
303 K; A—Mg/Ca=1; B-Mg/Ca=2; C-Mg/Ca =3~ Mg/Ca = 4.
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pressure of 1.9 bar. Ten different mixtures weredenap, ranging from a pure calcium
bicarbonate solution, via 0.1 magnesium bicarbora®9 calcium bicarbonate, in steps to
bicarbonate + 0.1 calcium bicarbonate, and ultimatgoure magnesium bicarbonate solution.
After desiccating the solutions at a temperature2@8 K, the minerals calcite, aragonite,
vaterite, monohydrocalcite and nesquehonite wenedo

Not directly discouraged by the conclusions readnedthers, but with the hope, that
perhaps a trace of dolomite might develop, | hawel to duplicate Scheerer's experiment. A
series of 8 different mixed Mg/Ca bicarbonate sohd, each with a specific Mg/Ca ratio, was
prepared by weighing an amount of CaQ@wder (calcitéf, and adding an amount of
magnesium hydroxide carbonafe. In every instance the ingredients were addeddn? of
demineralized water, and were dissolved by bubbbtagbon dioxide through the water.
Bubbling continued until all carbonate had beersalised; in most cases 24 hours proved
sufficient. As soon as a clear solution had beemédd, the glass beaker containing it, was
placed in a thermoconstant box: desiccation toakepht a constant temperature of 303 K. After
desiccation the dry precipitate was scraped offthss, powdered, and could be used directly in
X-ray diffraction. In the first test Mg/Ca = 1 wattained by dissolving 0.40 g Cagénd 0.46
magnesium hydroxide carbonate. The minerals forafted desiccating the bicarbonate solution
at a constant temperature of 303 K were calcisganite and nesquehonite (Fig.30 A). When
using a Mg/Ca ratio of 2, by way of dissolving 0@2€aCQ with 0.56 g magnesium hydroxide
carbonate, aragonite and nesquehonite formed (FB)3In the case of a Mg/Ca of 3, created
by dissolving 0.18 g CaCGQogether with 0.62 g magnesium hydroxide carboret&gonite
and nesquehonite were formed (Fig.30 C). The samentinerals precipitated from a mixed
bicarbonate solution with Mg/Ca = 4 , prepared vith4 g CaC@and 0.66 g magnesium
hydroxide carbonate (Fig.30 D). Aragonite and nebquite were also found in the precipitate,
that formed after the desiccation of a mixed bicadte solution with Mg/Ca =5 (with 0.12 g
CaCQ and 0.68 g magnesium hydroxide carbonate) alotiy avsmall amount of magnesium
hydroxide carbonate (Fig.31 A). The same three ralsdormed, when desiccating a solution
with Mg/Ca = 7 at a constant temperature of 303he (atter bicarbonate solution had been
prepared by dissolving 0.08 g Cagénd 0.72 g magnesium hydroxide carbonate in  dm
carbonated water) (Fig.31 B).

EXPERIMENTS BY PFAFF

Pfaff (1894) claimed successful low-temperaturettssis of a mixed carbonate, that
resembled dolomite in its behavior toward diluteland in optical properties. The procedure
used, involved the dissolution of calcium carbonat®l magnesium hydroxide carbonate
("magnesia alba") in a solution of hydrogen sulfiglkis ammonium sulfide in water
(Schwefelammonand desiccating the solution at elevated tenperaon a water batff:*®
After complete desiccation several additions of amiomm carbonate were made, followed by
forced desiccation until the precipitate would hateydry. The mixture formed was washed
with 1 % hydrochloric acid. Only when heating thegipitate in concentrated hydrochloric
acid, it would start to dissolve. Chemical analysigealed, that the precipitate contained "... a
high amount of magnesia as well as some lifhe". Repeating the experiment led to identical
results. Because Pfaff had found only small amoahtsicium carbonate in the analysis of the
final precipitate, he tried to dissolve pure Ca@@o a BS solution. Considerable amounts of
calcium carbonate were found to dissolve in thatmea In additional tests Pfaff established,
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Fig.31 — A & B: Precipitates formed upon static idegtion of mixed Mg/Ca bicarbonate
solutions at 303 K (A — Mg/Ca = 5; B — Mg/Ca = 0.& D: Precipitates formed upon
duplication of the experiments by Pfaff (1894).
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that magnesite would not be easily dissolved in& sblution, but that magnesium hydroxide
carbonate would dissolve quite well. After desergpseveral tests, in which a crystalline form
of magnesium carbonate capable of withstandingnierat with dilute acid had been formed,
Pfaff proceeded to recount his success in syntihgsdolomite. Calcium carbonate had been
dissolved in a solution of hydrogen sulfide in watend magnesium hydroxide carbonate had
been dissolved in a solution of hydrogen sulfidesplmmonia in water. The cation
concentration of each of these two solutions wasraened, after which the solutions were
mixed in such a way, that the mixture containedévds much calcium as magnesium. Reagent
grade sodium chloride was added (as Pfaff had selll of his experiments). Carbon dioxide
was then bubbled slowly through the solution, whilegradually desiccated at room
temperature. The experiment took about two mordfiey that period, a dry precipitate was
obtained. After washing it several times with waes well as with dilute acid, followed by
desiccation at 393 K, wet chemical analysis wasopeed. The remainder of the precipitate
contained 43.7 wt.% MgC{52.0 % CaCg and 3.8 % of an insoluble residue. Under the
microscope the substance showed rather strong eloabhction. It was insoluble in dilute
hydrochloric acid. After initially giving off som€OQ,, it would not dissolve further in even a
rather concentrated solution of hydrochloric aBithff (1894) observed, that this behavior was
comparable to that of a finely powdered naturabadule.

Because in all his experiments Pfaff (1894) hadl uspieous solutions saturated with
sodium chloride, the actual role of NaCl was stddg way of repeating several tests without
any NaCl. All of those tests proved to be negativeall tests carried out without NacCl
precipitates formed, which would readily dissolmedilute HCI. It is therefore only logical, that
Pfaff concluded, that sodium chloride must be atyivinvolved in the low-temperature
formation of magnesite and dolomfte. The same role could be played by large ansooint
ammonium salts.

Although initially Pfaff hesitated to describe thexed Mg/Ca carbonate obtained as
dolomite, and described it as a "... dolomite-Bkstance" instead, later on in his paper no such
hesitation remained. The conditions required fa& kbw-temperature synthesis of dolomite
were summarized by Pfaff (1894) as follows: 1) sodichloride or ammonium salts should be
present in high concentrations; 2) after dissohdgalgium and magnesium in agueous solutions
of hydrogen sulfide (or ammonium sulfide), convemnsinto carbonates required the addition of
carbon dioxide; and 3) the magnesium solution shboel prepared only by way of bubbling
hydrogen sulfide through an aqueous suspensioraghasium hydroxide carbonate.

In a second publication on the same subject PI&f)) stated frankly, that he no longer
considered the low-temperature formation of dolerbiy way of the reaction between £&nhd
dissolved calcium and magnesium sulfides as vieflito take place in nature. Now Pfaff had
become convinced, that because of the well-knowocetion between dolomite and gypsum,
the latter compound would be involved in the precafsdolomite formation. In laboratory tests
Pfaff had been able to procure evidence in supgdhis view. The experiment that created a
mixed Mg/Ca carbonate, resembling dolomite (bec#udid not dissolve in dilute hydrochloric
acid), was not exactly described in great détail. In my interpretation of the rather cryptic
German text, Pfaff (1903) had heated amounts of ®}gSH,O, MgCh.6 H,0O, CaC}.2 H,O
and NaCl in water, resulting in the precipitatidnggpsum from the solution. After cooling
down, CQ-rich water would be added, and the solution waldevly desiccate at a temperature
of 293 to 298 K. After "numerous repetitions" ofsaeation and re-wetting with G@ich
water, the dolomite-like substance would have beemed. The claim that a dolomite-like
substance would have formed, was certainly undedhioy two chemical analyses of the
precipitate. In the first analysis Pfaff (1903) fio62.7 % MgC®@and 38.1 % CaCQ*® Ina
second analysis these percentages were 12.3 addrédfiectively. Because even the most
essential information is lacking in Pfaff's (19@@)per (for example concerning the amounts of
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chemicals used), no possibility exists to dupli¢hie particular experiment.

At least one attempt to duplicate the tests offRi&f94) has become known. Ball6 &
Jugovics (1915) reported, that the addition of bgdn sulfide gas to solutions containing
calcium chloride, magnesium chloride, sodium clderand sodium carbonate in water (at 291
to 293 K) did not lead to the precipitation of dwoite. Similarly bubbling ammonia through
such a solution did not lead to the low-temperatoneation of dolomite. Apart from the futile
attempts by Ballé & Jugovics (not all of the detake clear, because the original publication
was not accessible to me), no serious efforts pichie the tests of Pfaff seem to have been
made. Perhaps the reason is to be found in thadicej expressed by Leitmeier (1915), that
Pfaff's experiments were "... somewhat unrealigfic"

Because no need exists to duplicate tests in wRitiperatures exceeding 333 K were
used, a relatively large number of experiments ride=it by Pfaff (1894) can be left out of
consideration. Nevertheless several attempts tdicdtg certain experiments of Pfaff (1894)
have been made by me.

In a first attempt 1.0 g CaGOplus 1.18 g magnesium hydroxide carbonate
(approximately equivalent molal amounts) were digsbin 1 dni distilled water with the aid
of compressed b gas bubbled through. Dissolution was quite ragifigr only 48 hours both
carbonates had disappeared from the bottom ofge lewnical flask and a clear, if somewhat
greenish, solution had been obtained. After poutiegsolution into a large, shallow glass bowl,
400 g NaCl were added. The amount of sodium cldoappeared to be enough to give a
supersaturated solution: not all of the sodium rotdowould dissolve. Above the bowl an
infrared lamp was placed, and its voltage regulatesich a way, that the temperature near the
surface of the solution was a constant 303 K. Wtiile solution was desiccating, carbon
dioxide gas (industrial grade) was slowly bubblihgpugh it. From time to time the salt crust
that had formed, was broken up into pieces toifal further desiccation. After only a few
days the solution had disappeared altogether, @iy salt crust remained. Added were 2°dm
of distilled water, dissolving again almost all tfe sodium chloride. A slightly greenish
precipitate was obtained upon filtering throughapgg filter, and it was washed with another 2
dm® of distilled water. After drying the filter papéat room temperature), the 0.4 g of
precipitate were X-rayed. It turned out, that magma calcite (with a quite narrow main peak
at 30.2 nm) together with aragonite had been for(Red31 C).

A negative result was obtained also in a secon@rexent, designed to verify Pfaff's
(1894) claim on the formation of dolomite. In tlecond experiment 0.5 g Cag(@alcite
powder) and 1.68 g magnesium hydroxide carbonate wissolved in 1 drnhdistilled water
with the aid of HS gas bubbled through it during 10 days. After pauthe clear solution into
a large glass bowl and adding 400 g NaCl, carboridi was slowly bubbled through. At the
same time a heat lamp secured desiccation at aetatupe of 303 K. After only 5 days the
water had vanished, and a thick salt crust remaifedition of 2 dni distilled water dissolved
the salt crust again, and the solution obtainedlefaso settle in two high glass cylinders for at
least 24 hours. Then most of the clear solution sipkoned off, and distilled water added
again. This decanting was repeated 5 times, aftechathe fine suspension obtained was
desiccated in a large Petri dish at 303 K. X-Riffyadtion showed the precipitate to consist
mainly of aragonite together with minor amountaohagnesium calcite with its main peak at
30.0 nm (Fig.31 D).
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EXPERIMENTS BY LINCK

In his first communication concerning laboratorpthesis of dolomite, Linck (1909 A)
refrained from describing the exact conditions isféxperiments. Not only were the conditions
not explained, the exact nature of the compounthegized was not fully revealed either. Linck
claimed it to be an anhydrous mixed crystal of botignesium and calcium carbonate. Under
certain conditions this double salt would change @ compound quite similar to dolomite.
This calcium-magnesium carbonate would form upahrggdammonium carbonate to solutions
of both calcium and magnesium salts. The amoumtcofporated magnesium carbonate would
depend on the concentration of the magnesiumrsalblution, because always a large part of
the water-soluble magnesium salt would remain lotem. The use of equimolal amounts of
calcium and magnesium salts would initiate the fdrom of a compound very similar to
dolomite. Linck stressed the possibility, that tldslomite-like mixed crystal could be
precipitated directly from solution only if certaiconditions such as low carbon dioxide
pressure, presence of hydrogen sulfide, et cetera met. Ultimately Linck (1909 A) did not
doubt the fact, that he had been able to synthdsioenite at low temperature, since the second
half of his paper was devoted to a historical ievaé many of the preceding attempts by others
to explain the low-temperature formation of dolamit

In a second paper published in 1909 Linck gave ndetails. But even so it still is
impossible to establish unambiguously the experiaderonditions of his tests. The difficulty
lies in the exact amount of chemicals used by Liii&09 B). In the original text reference is
made to ... 1 mol (2.4 g) Mg&€and 1 mol MgS@ dissolved in 50 crhwater, mixed with 1.5
mol ammonium sesquicarbonate in 150°crin turn this mixture had to be added to 106 cm
H,O containing 1 mol Ca@l*®>  Linck's student Diesel (1911) finally revehlehat Linck had
actually used 5.08 g Mgg&b HO , 3.66 g MgSQ7 HO , 10.20 g (NE)H2(C0s)3.H,0 , and
2.77 g Cad in his experiment. After dissolving the magnesicimoride and the magnesium
sulfate in 50 crh water and mixing it with 150 chwater containing the ammonium
sesquicarbonate, Linck had added 10G evater with the calcium chloride dissolved in it.
Carbon dioxide would be emitted, and a thick, ded-paste formed. Heating the paste to 303 K
would start the crystallization process, and upegtihg it to temperatures between 323 and 333
K, crystallization would be quite rapid. After &ling off the precipitate, microscopic analysis
showed Linck, that a mass of needle aggregatesnbdisg spherolites had been formed.
Chemical analyses showed the precipitate to possessly precisely” the composition of
dolomite.

It is important to note, that Linck (1909 B) fraplddmitted, that not dolomite as such,
but an anhydrous mixed crystal of calcium and msigne carbonate had been fornféd. In a
subsequent experiment true dolomite was made heat tLinck applied high temperatures as
well as elevated pressure. The precipitate had beste from calcium chloride, magnesium
chloride, magnesium sulfate and ammonium carboregtated in closed glass tubes during
several hours to temperatures between 313 and 328énical analyses, optical properties and
specific weight all showed, that the precipitatenfed was true dolomite. From this Linck
concluded, that the anhydrous Mg/Ca carbonate fdrameler conditions of low temperature
was a necessary intermediate in the formation tfndite (the parallel with a precursor phase
that has been known as "protodolomite”, is obvipus!

In his 1937 paper on the same subject Linck statddhve found support for his ideas
on the existence of a mixed Mg/Ca "gel" in the \8esxpressed by Mayer (1932). The latter
author had suggested, that the precipitation ofiwal carbonate inside organisms would
invariably take place in the form of an amorphoes$ ginck (1937) explained, that after
"mutual absorption" of the CaG@el and a MgC@gel, there were two different possibilities:
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either the magnesium would disappear, and thusdvool be available for the incorporation
into CaCQ, or it would be incorporated into the calciteita. Even so Linck (1937) thought,
that large amounts of dolomite would not be creatdtlis manner, because the problem would
be to find the required amounts of magnesium baraate. A second possibility seemed more
likely: dolomite would receive its magnesium frometdissolved magnesium sulfate and
magnesium chloride present in normal seawater. tBaitproblem remained, how dolomite
would really form. New inspiration seemed to comamf the observations by Linck & Kdhler
(1933) on the processes taking place in tidal)(sadtrshed’ There dolomite was being
formed as the result of the reactions of calciunbaaate with a solution of magnesium sulfate
and magnesium chloride, with carbon dioxide as aglhmmonia dissolved in it.

Prior to the year 1913 Linck had been convincedt, ltle had really found the solution to
the dolomite probleff, but after that time Linck appears to have nakemore modest
standpoint. Most likely the reason for that chamnges the outcome of laboratory research by
Linck's own students Schmidt and Spangenberg. Afipticating the tests described by Linck,
Schmidt (1913) had not found any dolomite at athr8idt (1913) showed, that thkifick'sche
MischsalZ was at best a mixed crystal of Cag@ith relatively large amounts of magnesium
carbonate incorporated in it. Similarly Spangen@®@13) had demonstrated in experiments,
that a mixed anhydrous Mg/Ca carbonate would fdmm not dolomite, after adding a solution
of ammonium carbonate to one of magnesium chloadd calcium chloride at room
temperature. True dolomite would be formed only nvkigese ingredients would react under
considerable pressure in closed glass tubes set)jézttemperatures of at least 323 K. Three
years earlier both Fischer (1910) and Meigen (19i&) drawn the conclusion, that the
experiments described by Linck (1909 A, B), whendiacted at ambient temperature and under
atmospheric pressure, did not lead to dolomite &ion. Fischer's (1910) first experiment
consisted of adding an ammonium carbonate soltbri.75 g/dm) to natural seawater at
room temperature. The precipitate was filteredaéifr four weeks reaction time, and subjected
to wet chemical analysis. The precipitate consistefl8.4 % CaC@and 1.6 % MgC®. In
Fischer's second experiment the ammonium carbawtgion was added to concentrated
seawater (concentrated from 500°ctm 200 cmi by heating). The chemical analysis of the
precipitate formed after 14 days gave 97.6 % Ca&@d 2.4 % MgC@ In a third experiment
even more concentrated sea water was used (ccateehby heating until the precipitation of
gypsum started); added to it were 100’ @hthe ammonium carbonate solution, while keeping
the temperature at 303 K. The precipitate contaodyg 3.2 % MgCQ and 96.8 % CaC9
Markedly more MgC®@was found in the precipitate, that formed in Festhfourth experiment,
but there a temperature of 373 K had been usedyevl€il910) stated, that all his attempts to
duplicate Linck's experiments had been without es&c The precipitates obtained would
dissolve quickly in cold, dilute acetic acid.

The claims of Linck have also been criticized byitrbeier (1915), who stressed
especially the lack of adequate identification. Mlike Meigen (1910) Leitmeier arrived at the
conclusion, that no true dolomite had been fornhetmeier was especially critical of the use
of an unspecified "dilute acid" to distinguish doite from mixed Mg/Ca carbonates. Leitmeier
(1915) argued that even pure dolomite, when fipelydered, will dissolve quickly in dilute
hydrochloric acid (even showing effervescence).trheier (1915) suggested, that optical
measurements such as that of the refractive indexld offer instead a more reliable means of
distinction between dolomite and tHarick'sche Mischsalz

Kohler (1931) checked the claims of Linck and laddnclude, that unless high pressure
and/or high temperatures were used (333 K at |elastfdolomite formed. At the same time
K6hler confirmed the essential role played by tmerenia radical. The role of ammonia had
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Fig.32 A — Precipitate formed upon duplicationtué £xperiment of Linck (1909).
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Fig.32 B — Precipitate formed upon duplicationhe experiment of Linck (1909).
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Fig.32 C — Precipitate formed upon duplicationhaf &xperiment of Linck (1909).
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been hinted by Linck in 1903 and discussed in sdetail by Adolf, Pulfrich & Linck in 1921.
Linck's experiments furthermore have been duplitateBerg & Borisova (1959). Those two
authors showed with the aid of X-ray diffractionat the substance synthesised by Linck (1909
B) was most probably magnesium calcite ("a solidtgm of calcite in dolomite" as Berg &
Borisova, 1959 described it).despite the obsematmeviously made by several authors, | have
tried to duplicate Linck's experiments. The attem@s hampered to some degree by the relative
difficulty in obtaining one of the necessary chemsc Ammonium sesquicarbonate,
(NH4).CGOs.2 NHHCO;.H,0 |, is not a compound, that can be obtained e&&ilyat closer look
it is not really necessary to use this very compo@ior upon dissolution in water NH, COs*
and HCQ will be formed. Therefore it must be possible t@ @ addition of equivalent
amounts of ammonium carbonate and ammonium hydrogdionate instead. Duplication of
Linck's experiment (following the description ofé3el, 1911) involved 5.08 g Mg@ H,O
and 3.66 g MgS®7 H,0 in 50 cni distilled water; a second glass beaker contaififg g
(NH4)2COs.H,O (DAB, FLUKA art. 09698) and 4.17 g NHCO; (purum p.a., FLUKA art.
09832) dissolved in 150 chwater; and a third with 2.77 g Ca@ H0 in 100 cmi H,O . The
three beakers were put in a thermoconstant bogachra temperature of 303 K. After half an
hour of equilibration, the magnesium chloride/mayn® sulfate solution was poured into the
ammonium bicarbonate/ammonium carbonate solutiochi@mmediately after that the calcium
chloride solution was added. The result was aramaheously turbid solution; precipitation
started at once. After some 2 hours the precipitatesettled: the remainder of the solution had
become clear. The precipitate was filtered off, aaghed with 1 drhof distilled water. After
drying the sample at room temperature, X-ray diffomm was performed: the precipitate
consisted of a magnesium calcite with its mairraffion peak located at 29.69 nm (Fig.32 A).
Because Linck and his students had stressed thporiamce of an elevated
temperature, the experiment has been repeatetbatperature of 333 K. What resulted was a
magnesium calcite with a relatively well-definedxmaum intensity at 29.9 nm (Fig.32 B). Not
even after performing the same experiment at 3tldmite appeared; instead a magnesium
calcite with the main diffraction peak at 29.6 nms#ound (Fig.32 C).

LEITMEIER'S EXPERIMENTS

Leitmeier (1910 A) claimed to have found dolomitetésts consisting of the gradual
escape of carbon dioxide from a calcium bicarbosabgtion, to which magnesium chloride or
magnesium sulfate had been added. Initially theeexyents had been intended to study the
conditions under which the polymorphs of calciumboaate will be deposited. In this sense
Leitmeier carried further the experiments describgdornu (1907), who had set out to study
the same problem and who had claimed low-temperatormation of dolomite in his
experiments.

Eight different tests with a calcium bicarbonatéuson containing small amounts of
magnesium chloride or magnesium sulfate were chroat during three months at a
temperature of 275 K (in which only calcite forme®&ut Leitmeier (1910 A) discovered
dolomite crystals in the precipitate from the solug kept at a temperature of 283 or 293 K. In
all experiments 0.1 g CaG@vas dissolved in 100 ¢hwater with the aid of carbon dioxide
bubbled through. Amounts of Mg HO (0.005 , 0.01, 0.05, or 0.1 g) were added, or
amounts of MgS@7 H,0O (0.005, 0.01, 0.05, or 0.1 g), and each swiutras left standing in
an open retort for 3 months at nearly constant ézatpre. The first time Leitmeier (1910 A)
thought to have observed dolomite in these experisnghe carbonates would float on the
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surface of the solution), was upon analysis of phecipitates from solutions with 0.01 g
magnesium chloride or 0.01 g magnesium sulfate &epttemperature of 283 K for 3 months.
Identification of this dolomite took place with thmicroscope only, aided by the colouring
method of Lemberg (1887,1888). In the precipitdtem the bicarbonate solutions dolomite
would have been formed. In this case Leitmeier Q18] even used dissolution into dilute
hydrochloric acid to distinguish the dolomite rhanfrom calcite and aragonite in the
precipitate. But the dolomite rhombs were very $nzald not even the use of oil immersion
objectives on the microscope enabled unequivoaahtiication of its optical properties.
Therefore Leitmeier (1910 A) expressed some doabto his claim on the formation of the
mineral dolomite. The more so because Cornu (190f% had conducted much the same
experiments and who had claimed initially to hamenid dolomite, but later changed his mind
and had stated, that aragonite had been formedgaion reached after Cornu had sent his
samples to H. Vater, who had been able to obsemnyeaoagonite). At the same time Leitmeier
(1910 A) was convinced, that the precipitates did contain any magnesium carbonate
trihydrate. In addition Leitmeier had observed timgedles consisting of gypstith. After
analyzing the precipitates from the different ret@fter a period of 3 months, Leitmeier (1910
A) left the solutions standing for another 3 mont@Gsadually the outdoor temperature rose
(apparently Leitmeier had started his tests inviliger), and the solutions initially kept at 275
and 283 K reached higher temperatures. After 6 hsotitrations showed, that all of the
dissolved calcium carbonate had disappeared froenstiiutions. In the series of retorts
containing amounts of 0.05 respectively 0.1 g msigme chloride or 0.05 respectively 0.1 g
magnesium sulfate, dolomite formation had continbdore and more dolomite would form in
these solutions as time went by.

From his laboratory experiments Leitmeier (1910w the conclusion, that dolomite
would have been formed (much as in nature) by ¢laetion between pre-deposited calcium
carbonate and magnesium salts in solution. Thesantion would require considerable time at
ambient temperature. At the end of his 1910 paper Leitmeier anmedn 'Die
Untersuchungen werden fortgesétzand after 5 years of additional research Leitmei
published a second paper on the subject. But tletmeier (1916 A) expressed serious doubts,
whether in his experiments of 1910 any dolomite beein formed at all. This doubt found its
origin in two different observations: in the figghce experiments by Mahler (1906) had shown,
that the hot iron chloride solution of Lemberg'agens not only attacks aragonite, but also
calcite and dolomite. Consequently it could notused as a reliable means to distinguish
between calcium carbonate and dolomite. In thergkeptace Leitmeier (1910 A) had not been
able to measure the optical properties of his pr@tes under the microscope. After duplicating
his earlier tests Leitmeier (1916 A) was able tasoee these optical properties, but he could
not measure any properties typical of dolomiteothrer words Leitmeier (1916 A) now doubted
all of his earlier observations on dolomite forraatat room temperature.

Despite the fact, that Leitmeier had renouncedtis laboratory observations, | have
tried to duplicate the experiments. To this end Icalcium carbonate  were dissolved in
10 dnf distilled water with the aid of excess carbon @iex(industrial grade) bubbled through
it. After completely dissolving the calcium carbtmaour different polyethylene bottles were
each filled with 1 drof the calcium bicarbonate solution. To the & g MgCh.6 H,O ; to
the second 1.0 g Mggl6 HO ; to the third 0.5 g MgS¥ H,O ; and to the fourth 1.0 g
MgSQ,.7 H,O were added. The four polyethylene bottles wetemly open; a plug of cotton
wool kept dust (and insects) out. During three rhenthe solutions were kept at room
temperature, which varied slowly in day/night rmgtlduring the period from 291 to 296 K.
After three months the solutions were filtered affd the four different precipitates were dried

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



Chapter 7 — Dolomite syntheses 235

A B
35 30 25 35 30 26
C

/ : \

45

xﬂ bJLJL\‘/UJL

T T T T T T T

E
50 45 40 35 30
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at room temperature. X-Ray diffraction showed therfation of mainly a magnesium calcite
with its main diffraction peak at 30.19 nm andacé of aragonite in the first three solutions
(Fig.33 A). Only in the calcium bicarbonate solatiwith 1.0 g magnesium sulfate a different
assemblage had been formed: a magnesium calchata/nain diffraction peak at 30.27 nm
along with a noticeable amount of aragonite (Fid333

After filtering off, the four different solutions eve poured into the respective
polyethylene bottles again (which had not beenngdan between from adhering carbonates)
and kept at room temperature for another peridtiree months. Room temperature during this
time of the year fluctuated from 291 to 301 K. Afiiétering off and air drying the precipitates,
the first solution was seen to have formed minowowams of aragonite together with a
magnesium calcite with its main diffraction peak3&28 nm (Fig.33 C). From the second
solution a small amount of aragonite had precigadaiong with magnesium calcite with a main
diffraction peak at 30.29 nm (Fig.33 D). The thsolution had given rise to somewhat less
magnesium calcite (as compared to the first twopdasy with a main peak at 30.34 nm, in
combination with a comparably small amount of arsigo(Fig.34 A). The amount of the Mg-
calcite formed from the fourth solution, seemednelass. It appeared almost equal to the
amount of aragonite formed. The main diffractioralp®f this last magnesium calcite was
located at 30.29 nm (Fig.34 B).

EXPERIMENTS OF LALOU

Lalou (1957) described, how he had taken a samiplfieoeuxinic muds from the
bottom of the Mediterranean Sea in the Bay of Yfdleche-sur-mer (Céte d'Azur), had added
sea water and some glucose. After a few weeksdlbhating the surface was noted, containing
not only aragonite and calcite, but also some disoth  In more detail: Lalou had put about
1 kg of the black, bB-rich mud in an aquarium, added 3 to 4’@rihnormal sea water and 0.5
% glucose (15 to 20 g). After 3 days an irides@émntappeared on the liquid's surface. One day
later the solution as a whole became turbid andtedna "... strong smell of fermentation”; at
about the same time, a vigorous production of géxbles took place. This production of gas
ceased on approximately the eighth day of the @xpat, and an ochre-colored film could be
seen floating the surface. It was analyzed andddarconsist of carbonate(s) and some iron.
Subsequently the solution became dark-colored,allyt black. Numerous very small, black
particles in suspension were seen to be resporisitilieat dark color. At the same time a strong
smell of hydrogen sulfide emanated from the aquariAt this stage a white, solid film of
carbonates appeared on the solution's surface.

In a second experiment Lalou used 3driseawater, added the euxinic mud, and kept
all other conditions the same. This test was difierin that Lalou removed the carbonate film
every time it formed. The experiment, and the hetimg of the carbonates, was continued for a
period of one month. Lalou checked in a blind téett the addition of glucose was responsible
for the development of the carbonate film. In anaaym containing a quantity of the euxinic
mud plus seawater, but without any glucose, no fiincarbonates would develop. After
applying X-ray diffraction to the material of theusts formed, Lalou stated, that aragonite,
calcite, and dolomite were present.

Lalou made no attempt to explain the formationhi$ dolomite ("The conditions of
formation of the dolomite have not yet been establi": Lalou, 1957, p.193). However Lalou
stated, that the abundant production of, ®@"various bacteria", followed by the productimin
relatively large amounts ofA3, would be instrumental. "This escape gbHeads to an increase
of the pH value; whence the magnesium and calowns, ifree in a medium saturated withCO
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give a formation of bicarbonates, then, at the wateinterface, where the GQension
decreases, a formation of crystalline carbonatéslou (1957, p.191). Because he had
measured pH, sulfate anion concentration, dissdis&dand the amounts of carbonates formed
every day during his experiments, Lalou was abledoclude, that the carbonate started to
form, with a few days delay, upon the disappearantiee sulfate anions from the solution. As
soon as all sulfate had been reduced#9, the process of carbonate deposition halted tarup
Lalou was able to explain the origin of these cadbes: in one of his experiments daily
measurements of €aand Md* were made. There it was found, that during trst few days
after the start of the experiment (the time of aaum CQ production), the CA concentration
increased sharply (from about 0.44 mgidim 0.85 mg/dr). Such high concentrations of
calcium indicated, that dissolution from the (cardke-rich) mud must have taken place.

A fine grained carbonate sand from the Mediterrar®ed”  was used by me in an
attempt to duplicate the tests of Lalou (1957)1TanT of artificial sea water (according to the
recipe of Lyman & Fleming, 194%) 50 g of this carbonate sand were added, afi@h 5 g
glucose and a small quantity of "black mud" frordwtch tidal flat were added. After some 4
months a white, friable film was seen floating de tseawater in its glass beaker. After
removing the film, washing it several times withstdied water and drying it at room
temperature, X-ray diffraction showed it to consmtinly of a magnesium calcite with its main
diffraction peak at 30.2 nm (Fig.34 C). The beakes left to itself for another 2 months at
room temperature, when the second carbonate filsnre:moved, washed and analyzed. This
time not only aragonite and a magnesium calcité vtg main peak at 29.9 nm, but also a
carbonate mineral with its major diffraction pea8.8 nm had formed (Fig.34 D).

EXPERIMENTS OF ZELLER, SAUNDERS & SIEGEL

The paper by Zeller et al. (1959), claiming the-k@mperature synthesis of a "dolomite-
like carbonate”, is so short, that it will be reped here in its entirety: "Carbonate materials
yielding X-ray-diffraction patterns characteristo€ the dolomite-type carbonates have been
precipitated from solutions in the laboratory. T@omite-type material has been produced at
standard pressure and at temperatures and diggsioods that are much less than those
previously reported in the literature. Starting enals included calcium nitrate, magnesium
sulfate, and sodium carbonate. The maximum coratésrirof each was 1.5 M. X-Ray patterns
made after substitution of other salts (for examplagnesium chloride for magnesium sulfate)
showed no reflections from dolomite-type matesults of experiments, including those in
which the order of addition of reagents was changeticate that the presence of sulfates is
essential. The rate of reaction that affects thiend&tion of the dolomitic precipitate may be
controlled by the insolubility of certain of theatants. If the sulfates or the rate of reaction as
controlled by the insolubility relations are imgont to the precipitation of "primary” dolomite,
the genesis of dolomite, both in evaporitic andeotenvironments, may be more clearly
explained.”

Although the paper by Zeller, Saunders & Siegelnat particularly rich in its
experimental details, an attempt has been madepticate the test. In 100 distilled water
35.4 g Ca(N®@..4 H,0 (= 1.5 mol/dm) were dissolved. To another 100%ai distilled water
36.9 g MgSQ.7 H,O (= 1.5 mol/dm) were added. In a third small glass beaker 10bveater
were mixed with 15.9 g NEO; anhydr. (= 1.5 mol/df). After all three salts had dissolved
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Fig.35 A — Precipitate formed upon duplicationtod experiment of Zeller et al. (1959).
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Fig.35 B — Precipitate obtained upon duplicatiothefexperiment of Zeller et al. (1959).
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Fig.35 C — Precipitate obtained upon duplicatiothefexperiment of Siegel (1961).

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



Chapter 7 — Dolomite syntheses 241

completely (taking quite some time in the casehef anhydrous sodium carbonate), all three
solutions were simultaneously poured into a lalgeggbeaker. Immediately a whitish, more or
less opalescent and turbid sort of gel formed. Nwoirgy was applied; the beaker was left
undisturbed for 24 hours. After that period no g&hained, instead a white precipitate had
settled on the bottom of the beaker. After filtgrioif, washing the contents of the filter with
about 1 dm of distilled water, and drying the residue at rommperature, X-ray diffraction
was performed. A number of random samples all sHdve presence of gypsum, along with a
trace of aragonite (Fig.34 E).

Because Zeller et al. (1959) had warned their rsatigat the use of magnesiwmoride
instead of magnesiusulfatedid not lead to the low-temperature formation olodhite, their
experiment has been duplicated by me, using magneshloride. This test was identical to the
one described above, with the exception that here § MgC.6 H,O were used instead of
magnesium sulfate. After adding the three diffesmittions to each other (at 290 K), a thick,
white gelatinous mass formed. Only slowly a preatpi formed. After 24 hours the precipitate
was filtered off, washed with distilled water (iotal some 6 drhwater had to be used) and
dried at room temperature. Subsequent X-ray difbra®f the fine-grained powder showed it to
consist of aragonite together with a magnesiumitealath its main diffraction peak at 30.29
nm (Fig.35 A).

Siegel (1961) gave some additional information eomng the low-temperature
formation of "proto-dolomite”. The most importardcfor controlling the precipitation of
dolomite would be the pH: optimum conditions reqdirpH = 9.7 at 298 K. Higher
temperatures and increased concentrations of tikedients (calcium nitrate, magnesium
sulfate and sodium carbonate) were found to favdering as well as crystallinity of the
dolomite formed. The presence of the sulfate ios essential: "The dominant mineral phase
present in the precipitates was disordered doloraitg@roto-dolomite of Graf and Goldsmith
(1956). Always associated with this phase was domme of calcium sulfatey-CaSQ was the
form most commonly identified in the diffractiorates, bui-CaSQ.%2 HO may also have
been present” (Siegel, 1961, p.141). Best resubige vattained by Siegel (1961), when
conducting his experiments at a temperature ofK37But even when performing the tests at
298 K "protodolomite” would be formed, especialljiem using a 1 mol/disolution of
calcium nitrate mixed with a 1 mol/dreolution of magnesium sulfate, and adding a 2anol/
solution of sodium carbonate.

This particular experiment, although not very dagf@ from that described by Zeller et
al. (1959), was duplicated too. In 100 ml distilledter 23.6 g Ca(N§k.4 H,O were dissolved,;
in another 100 ml of distilled water 24.6 g of MgSOH,O. In 100 ml of boiling hot distilled
water 21.2 g N&O; were dissolved; after which the solution was teftool down to room
temperature (of 300 K). The calcium nitrate solutwas poured into a large glass beaker and
stirred by way of a magnetic stirrer. Imnmediatefielathat the magnesium sulfate solution
together with the sodium carbonate solution werargu into the beaker. The pH at this
moment was measured to be 8.70. As stirring wasntad, a very thick, pasty mass formed,
so thick that the stirring action came to a halte Electrode of a pH meter measured at this
moment pH = 8.94. The still very thick suspensi@s\eft standing for 2 hours. The precipitate
was first diluted with distilled water, and onhethfiltered off. Some 4 dhwater were used to
wash the precipitate on a paper filter. The filvess dried at room temperature. X-Ray
diffraction of showed it to consist entirely of aagmesium calcite with its main diffraction peak
at 29.44 nm (Fig.35 B).

Because Siegel (1961) had obtained his best reglis conducting the experiment at a
temperature of 373 K, the experiment was repeat#d boiling hot solutions. All three
solutions (of calcium nitrate, magnesium sulfaté sodium carbonate) were heated to 373 K,
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Solutions used contained:

1/6 mol CaGJ.2 H,O = 24.5 g/din
1/6 mol MgCb.6 H,O = 33.8 g/din
% mol NaCO; anhydrous = 53.0 g/dm
% mol NaHCQ = 42.0 g/dm

A. Mg/Ca=3

B. Mg/Ca=7.5

C. Mg/Ca =15

D. Mg/Ca =30

E. Mg/Ca =50

Individual mixtures contained:

220 ml NgCO3 + NaHCQ solution
150 ml MgQolution
50 ml CaGblution

150 ml NaCOs; + NaHCQ solution
150 ml MgGblution
20 ml Ca@blution

150 ml Ns&CO3;+ NaHCQG solution
50 ml MgGolution
10 ml CaGblution

150 ml NagCO3 + NaHCQ solution
150 ml MgGolution
5 ml CaGblution

250 ml NgCOs; + NaHCQ solution
250 ml MgGlblution
5 ml Caéblution

Table VIII — Concentrations and compositions usedn duplicating the
experiments of Erenburg(1961).
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material obtained standard mineral

d(nm) I/, d(nm) I/,

81.5 52 80.8 50 N

65.9 10 - -

63.8 10 64.0 40 MH

61.9 10 - -

58.3 47 57.9 100 MH

49.7 22 49.6 30 N

44.3 12 44.6 17 MH

41.9 25 41.86 30 MH

40.6 15 40.4 2 N

35.2 12 34.8 20 N
34.00 33 33.17 30 MH
32.95 22 32.10 16 MH
32.25 27 32.07 35 N
30.85 5 30.88 10 MH
29.21 35 28.99 80 MH
28.75 40 28.63 30 N
27.09 90 26.97 75 N
24.90 100 24.73 100 N
23.74 35 23.71 30 N
23.62 33 23.50 14 MH
23.42 30 22.98 35 MH
22.07 20 23.06 16 N
21.99 17 22.12 16 N
21.46 30 21.42 18 N
21.20 40 21.11 55 N
20.25 20 20.19 25 N
19.76 30 19.94 25 MH
19.70 30 19.61 30 N
18.71 17 18.71 16 N
18.24 15 18.22 16 N
18.16 15 - -

17.54 30 17.50 6 N
17.31 17 - -

16.53 7 16.49 6 N
16.11 25 16.26 16 N
15.59 10 - -

Table IX - X-Ray data of precipitate obtained afterduplicating one of Erenburg's(1961)
experiments (MH = magnesium hydroxide carbonate; N nesquehonite).
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and kept at that temperature. Stirring took plat@ enagnetic stirrer combined with an electric
heating element. After filtering off, washing witbO0 ml distilled water and drying the

precipitate at room temperature, an X-ray diffrgchon was made. The precipitate formed
consisted of a magnesium calcite with its mainrdiffion peak at 30.2 nm together with a
convincing amount of a magnesium calcite with imndiffraction at 28.8 nm (Fig.35 C). No

form of calcium sulfate was detected in X-ray d@iffiion; but the possibility cannot be

excluded, that it had formed and was subsequemihed out of the precipitate.

ERENBURG'S EXPERIMENTS

Not as much because Erenburg's (1961) publicappeared in the Russian language
(an English translation of théhurnal Struktornoi Khimican be found in many libraries), but
mainly because of the lack of detail in his desimipof the procedure used, the results obtained
by Erenburg are difficult to evaluate. Neverthelassattempt was made to duplicate several of
Erenburg's experiments. The abstract of the pap&rdnburg (1961) stated, that "... a series of
rhombohedral mixed calcium-magnesium carbonatestarong from 17 to 50 Molar %
MgCQ;, which do not change during prolonged keeping lsemheated to 573 K, was prepared
by precipitation from solutions at temperatureweB73 K under atmospheric pressure”. The
X-ray analyses made of these mixed Mg/Ca carbouiadasot, in Erenburg's explanation, allow
for the conclusion, that the crystals consistedntdrlayer lattices, but rather "substitutional
solid solutions” would have been formed.

The mixed Mg/Ca carbonates would form upon the slddition of a mixed Mg- and
Ca-chloride solution to a solution containing sodicarbonate as well as sodium bicarbonate.
"In most of the experiments the original mixturésrmlar CaC} and MgC} solutions (in the
required proportions) were used in six-fold dilati@nd mixtures (1 : 1) of molar M20O; and
NaHCGQ; solutions were used in two-fold dilution; the tesrgiure of the mixture during
precipitation was 323t 3 K" (Erenburg, 1961, p.168). Further instructioresad: "The
precipitates prepared as described were washedlisitled water and alcohol, filtered off with
the aid of a water-jet pumpeated gently (523 Kand investigated by chemical and X-ray
methods" (my italics). The instruction to heat 833 was not carried out by me: the risk of
phase transformations during heating to such a tagiperature is too great. Otherwise the
instructions given by Erenburg (1961) were metiaslp repeated. Five different mixtures were
used, varying in Mg/Ca ratio from 3 to 50 (Tablel)VIFirst the magnesium- and calcium
chloride solutions were mixed and then slowly adtiethe solution containing both sodium
carbonate and sodium bicarbonate. The mixture s was heated to a temperature between
328 and 338 K, and was stirred for 1 hour. Aftet hme the precipitate formed was filtered
off, washed with demineralized water and driecoatr temperature. In all these tests only two
compounds were found: northupite R&;.MgCOs.NaCl) and magnesium hydroxide
carbonate (see Table IX). In one instance the meadgtion was left standing undisturbed for
10 days at room temperature: in that case a smmaduat of trona (NaHCEN&COs.2 H0)
could be observed together with northupite (FighR6

The conclusion must be drawn, that most likely th@ixed Mg/Ca carbonates”
described by Erenburg (1961) must have formed duhe heating phase at the end of each of
his experiments. In numerous experiments sincestdescribed by Hoppe-Seyler (1875) it has
been shown, that the formation of dolomite can tpleee at temperatures around 528"K.
The primary phases formed, must have been northapd magnesium hydroxide carbonate.
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experiment molality Mg/Ca ratio molality pH precipitate
number (MgCl, + Na;CO3 —
CacCly) solution
4 2.21 mol 5.66 1 mol - unknown
5 2.21 5.66 1 7.9 CH
7 2.00 5.0 1 7.3 unknown, CH
8 191 4.9 1 7.9 CH
14 2.00 5.9 1 7.9 CH
15 2.00 4.56 1 7.8 unknown, GH
9 1.91 4.9 0.25 8.1 CH
2 2.12 1.14 1 - C
6 2.00 1.0 1 6.2 C
1 2.12 1.14 0.05 - C
3 2.21 5.56 0.05 - A
13 2.00 5.0 0.05 6.9 A+C
10 2.00 0 0.25 6.4 C
11 2.00 0 0.25 6.7 C
12 2.00 0 1 6.9 C

Table X - Solutions used and precipitates obtainebdy Van Tassel (1962) in his attempts to
duplicate the experiment of Budzinski (1961) (A =magonite; C = calcite; CH = calcium
carbonate monohydrate).
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The possibility that the diffractograms of a mixusf northupite and magnesium hydroxide
carbonate was confused with that of a "mixed Mgi@donate" is to be excluded, because the
diffractograms are so very differefit.

BUDZINSKI'S EXPERIMENT

In volume 28 B (Calcium) oGmelin's HandbucliGmelin Institut, 1961) an enthusiastic
account of the allegedly successful low-temperagyrethesis of dolomite as performed by
Budzinski (1961) can be found. First reading thlesiew in Gmelin's Handbuchand then
consulting Budzinski's paper as it appeared inRbeschritte der Mineralogievolume 39,
must lead to some disappointment. After readingpiyeer the impression remains, that the
claim of Budzinski will be difficult to investigatesince little or no detailed description of the
successful experiment can be found there. The psmEvoted mainly to a review of various
aspects of the solubility behavior of dolomite {4 of a total of 6 pages are devoted to this
matter), and Budzinski (1961) elaborated on theomamt contributions in this respect by the
Russian investigator Janatjewa (Yanateva). Suddgntg near the end of his paper (as if in an
afterthought), Budzinski relates his successfuHemperature synthesis of dolomite. In a few
sentences the whole experiment is summarized: fdyh@pncentrated (Mg,Ca)&Ckolution,
with a high Mg/Ca ratio, was mixed sodium carbonAfeer a few days the gel that had formed
initially, changed into a crystalline substancetdie of the procedure cannot be found in the
paper>’ No indication whatever of the temperaturevpiling during the test, nor any
indication as to the concentration of the sodiumbaaate solution used, can be found, even
though these two factors seem essential.

It is of some significance to note here, that Baskis experiment closely resembles
that of Ball6 (1913), who had mixed a calcium-magjma chloride solution with a
concentrated solution of sodium carbonate (plususodchloride). Ballé (1913) had not
obtained any dolomite: gaylussite (Cafd&CO;.5 H,0O) had formed initially, but it had
gradually been transformed into magnesium caldite pesquehonite.

Van Tassel (1962) undertook to duplicate the testbed by Budzinski (1961). After
having remarked, that in comparable tests with MgdBloride solutions mixed with alkali
solutions Halla (1937) and Brooks et al. (1950) ha&utained only calcium carbonate
monohydrate, Van Tassel described his systematsiigation. Probably because of the lack of
data on the exact procedure used by Budzinski (186 Tassel performed some 15 different
tests. In those experiments the molality of theediragnesium-calcium chloride solution was
varied from test to test from 1.91 to 2.21 . Thdatity of the sodium carbonate solution ranged
from 0.05 to 1.0 (in three experiments sodium caab® mixed with 0.5 mol NaCl was used).
The Mg/Ca ratio's of the chloride solutions varieetween 0 and 5.9 (see Table X). The
minerals formed were either calcium carbonate mgm@ite, calcite or aragonite (in one
instance the substance formed could not be idedfifin two cases an unknown phase
developed initially, only to change gradually inke monohydrate of CaGP In the very test
that seems to resemble the description of Budzi(i®1) most closely (i.e., test 7 of Van
Tassel), a solution of 2 mol (MgCk CaC}) (with Mg/Ca = 5) was mixed with a 1 mol
NaCO;s solution. Although the initial phase could notientified, it changed after a few days
into monohydrocalcite (Van Tassel, 1962).

Horn (1969) also repeated the experiment of Bu#zi(l961), by way of adding a
concentrated N&O;s solution to one of 2 mol (Mg,Ca)C{with Mg/Ca = 5). The precipitate
formed was not dolomite according to Horn. In X-g#ffraction, in wet chemical analysis, nor
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Fig.36 — Precipitates formed upon duplication @ &xperiments of Erenburg (1961) (= A); of
Budzinski (1961) (= B), of Oppenheimer & Master §89 (= D) and X-ray of carbonates in
algal mat from Miami (= C).

25

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



Chapter 7 — Dolomite syntheses 248

H
B dark

light

05]
9.2]
8.9]
8.6]

8.31

8.01

7.7

7.4]

717

-----------------------------------------------

—_
(3]
-
(3]
N
(3]
w
(3,1
H
(3]

TIME IN HOURS

Fig.37 — Periodical change in pH in aquariums doitg seawater, carbonate sediment and
algal mat biotope: fluctuation in pH caused by #iernation between photosynthesis and
respiration of the algae. The pH of control aquasumade sterile through the addition of
mercuric chloride, remained constant at 7.8 (&gpenheimer & Master, 1965).
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Fig.38 — Fluctuations in alkalinity of seawater agums containing carbonate sediment and
algal mats. Much like the fluctuations in pH theipéical changes in alkalinity were brought
about by the alternation between photosynthesisraggiration of the algae. Alkalinity of
controls kept in the dark remained constant at Zmidafter Oppenheimer & Master, 1965).

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



Chapter 7 — Dolomite syntheses 250

in differential thermal analysis (DTA) any trace a@dlomite was found. Perhaps somewhat
superfluous | have tried to duplicate Budzinskkpeziment as well. In 100 ml demineralized
water 33.9 g MgGl6 HO ( = 1.67 mol/dm) and 4.9 g CaGR H0 ( = 0.33 mol/dr)
(Mg/Ca = 5) were dissolved. Separately 10.6 g0 anhydr. was dissolved in 100 ml water.
Immediately after pouring the two different soluotogether, a gel formed. This gel was left
standing, without stirring, for 24 hours. After thihe precipitate formed was filtered off,
washed with demineralized water, and dried at reemperature. X-Ray diffraction showed no
diffraction peaks whatsoever: the precipitate wasyamorphous (Fig.36 B). This observation
confirms the result of test No.7 by Van Tassel @9@ven though the described secondary
change into CaC£H,0 could not be observed (because the precipitatdéen removed from
the solution).

EXPERIMENTS BY OPPENHEIMER & MASTER

The experiments of Oppenheimer & Master (1963, 138Sentially consist of the
cultivation of pieces of an algal mat on top ofnaal# quantity of calcareous sand. Continuous
measurement of pH and Eh revealed marked chargasiding with the artificially introduced
alternating phases of illumination and darknesgerAdne month of laboratory cultivation small
amounts of dolomite were detected in the carboeatkment. No dolomite formation was
found in sterile control tests; no dolomite hadrbpeesent in the carbonate sediment used in the
experiments.

Details of the experiments have been publishedpgpe®heimer & Master (1965). To 1
dm?® of artificial sea water (prepared according toréepe of Lyman & Fleming, 1940) 1.0 g
NaNGQ; and 50 ml of soil extract from a Florida mangrgeat were added. The solution was
poured over 50 g of calcareous sand; this sandstemsainly of fine grained quartz particles of
about 100 micrometer diameter, but it contained atsme 7 % of calcareous fragments made
of magnesium calcite. Pieces of algal mats werkeaeld from an exposed tidal flat near the
Institute of Marine Science, Miami (USA). Adherisgdiment was removed by settling. The
organisms involved were predominantly blue-gregaelOscillatoria sp.) in combination with
other microorganisms, such as algal flagellatesieba and fungi. In addition protozoans and
even some metazoans such as nematodes were fdumadediment mixed with the artificial
seawater was poured into a small plastic aquariutin avclear plastic lid. After settling of the
sediment, pieces of the algal mat were added.|&teontrols were made with the same
culturing medium and the same carbonate sedimentwith an addition of 0.5 % mercuric
chloride (a strong poison for all microbial growthAll aquariums were then exposed to
programmed light and dark periods of 24 hours durain a laboratory room, where only
artificial light existed. The 24-hour phases ofkdand light were maintained during 30 days.
Temperature of the water in the aquariums was stann297 K. Little or no evaporation could
take place because of the plastic lids.

Continuous measurement of pH revealed distinctdtons: the pH changed from 7.4
(during the dark phases) to 9.2 (when the light wagiched on) (Fig.37). A comparable
fluctuation took place in alkalinity measuremeritgal alkalinity changed from 1.7 millimol
during the periods of darkness to 2.5 millimol dgriillumination phases (Fig.38).
Oppenheimer & Master (1965) were able to calcuthts, approximately 0.05 g of Cag@ad
been dissolved in each of the aquariums subjeotéark/light alternations. No changes in pH
or in alkalinity were measured to take place indtexile controls: the pH of the artificial sea
water in those aquariums remained at a constame \edl7.8 , whether in the dark or in the light.
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Fig.39 — X-Ray diffractogram (Cuz¢adiation) as published by Oppenheimer & Masté65)
in evidence of their claim, that dolomite had bdermed in the aquariums subject to
fluctuations in pH and alkalinity.

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



Chapter 7 — Dolomite syntheses 252

5 4 3 2 26
T T T T T T | e T T T T T T T T T T T T T T T T T T T T T
54 50 45 40 35 30 26
T T T I T T T 1 ] T T T 1 T T I T 1 T L] T T L ] 1 1 I I I I
55 50 45 40 35 30 25

Fig.40 — Precipitates formed upon duplication & #xperiments by Oppenheimer & Master
(1965) (= A & B) and Liebermann (1967) (= C).
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After 30 days sediment samples were taken and edray the sediment from the aquariums
subjected to alternations between light and dadse$, small amounts of dolomite were found
(Fig-39). No dolomite whatever could be detectedhe sediment from the sterile control
aquariums.

Duplication of the experiments by Oppenheimer & tadecame possible only after
receiving samples of algal mats, mangrove peatpane water samples from mangrove peat
collected in the Miami ar€4. In the duplication test (D-145) artificial seater according to
Lyman & Fleming (1940) was used. To every’dsfithis artificial sea water 50 ¢rsoil extract
from a Florida mangrove peat (on the basis of ss@ny 1.0 g sodium nitrate, 0.01 g FePO
and 0.1 g peptofie  were added. Three clear plastic aquariums) seasuring 15 x 20 cm
and about 5.5 cm high, were filled with 1 Hof the thus prepared medium. To two aquariums
50 g each of carbonate sand from the MediterraSeannear Bandl  were added:; in the
third the carbonate sand was used, that had beeniaied with the algal mat fragments from
the Miami area (crushed and sieved to measure betvi@®0 and 125 micrometer) (A
diffractogram of the latter sediment sample, takefore the start of the experiment, is
reproduced here as Fig.36 C). In each of the thtgmriums a small (glass-tube enclosed)
heating element of 15 Watt was submerged. A vaibhsformer was used to attain a constant
temperature in the aquarium of 298 K. Each aquawas overlain by a glass plate, so that little
or no evaporation could occur. All three aquariunese placed at about 20 cm below two
medium sized fluorescent lamps (20 Watt each). Théamps were switched by a timer in
such a way, that an alternation between light aml ith a 12-hour rhythm resulted.

After only one week it could be seen, that the e@lgad formed a coherent and even
rubber-like layer, incorporating much of the carsensediment. A number of large bubbles
under this layer indicated an intense productioryas. No smells of hydrogen sulfide or of
ammonia could be detected, so perhaps oxygen wasnatating. After two months the
experiment was stopped. The heating elements vesmeved, the seawater was carefully
decanted, and the algal layer together with mosh@fcarbonate sediment was removed from
the aquariums. In two instances the sea water-sartlire was transferred into large glass
beakers, and quantities of distilled water weresdddfter thorough stirring, followed by a few
minutes of settling, the supernatant was siphoiffedlee same procedure was repeated, and the
suspension was allowed to settle for 48 hours.rAftach most of the water was siphoned off
and the remainder of the suspension dried at aegrnye of 303 K. The carbonate sediment
from the third aquarium was filtered off througffileer paper, and washed with 2 duistilled
water. In this case too forced desiccation undéeat lamp at 303 K was used. All three
samples were then sieved on a 125 micrometer sikeefinest fraction was used in X-ray
diffraction. In the two aquariums with carbonateiseent from the Mediterranean Sea mainly
pure calcite with smaller amounts of a magnesiultiteawith its main peak at 30.0 nm, were
found (Figs.36 D and 40 A). The sample from theagigun with the Miami carbonate sediment
was different: it consisted mainly of magnesiunctital(main diffraction peak at 30.0 nm) with
minor amounts of aragonite (Fig.40 Bj*

LIEBERMANN'S EXPERIMENTS

At the outset of his paper Liebermann (1967) oatithe three basic assumptions, he
had made in order to deal with the dolomite problénthe first place the crystallization of
dolomite could take place only from a true ionituson. In this respect the often quoted
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Fig.41 — Solubility curves of calcium carbonate dajl magnesium carbonate trihydrate (b) in
sea water at 2%C, and hypothetical solubility curves for calciuartwonate (c) and magnesium

carbonate trihydrate (d) in hypersaline water db46 times the salinity of sea water, as a
function of pH (after Liebermann, 1967).
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"dolomitization reaction™:
2CaCQ + Md¢*" - CaCQ.MgCO; + C&" (eq. 31)

could not be correct. Liebermann's interpretatias what dolomite formation would require
magnesium in solution in two different forms: asgmesium sulfate as well as in the form of
magnesium chloride. Two different reactions woakktplace. In the first place:

2 Ca(HCQ),; + MgSQ, - CaCQ.MgCO; + CaSQ+2CQ +2H0 (eq.32).
And in the second place:
2 Ca(HCQ), + MgCl, - CaCQ.MgCO; + CaCh+2CQ + 2 HO (eq.33)

The second assumption that had to be made wasijf tHatomite or any other double or
multiple salt is to precipitate from a solution asolid, its solubility must be lower than the
solubility of its constituents. The mineral doloenitonforms to this rule: the solubility of
dolomite is much lower than that of either cal@temagnesite under the same conditions of
CQO; partial pressure and temperature.

The third assumption made, required the relatihgbddies of the constituents making
up the double or multiple salt, to be equal or lyezgual at the moment of co-precipitation. In
the case of dolomite the solubilities of calciunmbcamate and magnesium carbonate should be
approximately the same at the moment of precipitatEspecially the latter aspect caught the
attention of Liebermann (1967). Magnesium carbomatald be under all circumstances the
more soluble of the twd'. Removal of calcium sulfate from sea wateublpin the
explanation of Liebermann, lead to an increasbersolubility of calcium carbonate. Not much
data on a complex medium such as seawater werkaldeaibut Liebermann was able to
conclude, that upon desiccation of sea water to%1€alinity two events will be seen to take
place, both contributing to a possible approacthefsolubility curves of CaCG{and MgCQ.

At that point the solubility of magnesium carbonateuld reach a maximum and would
decrease from there onwards. The solubility of igaic carbonate would be increased
considerably as the result of the precipitatiorcaltium sulfate. Although the position of a
possible point of intersection could not be detagdibecause of the mentioned lack of data,
Liebermann (1967) thought that the two solubiliiywes might well intersect in sea water at a
salinity of approximately six times that of nornsga water. The relation between the pH of
pure water and the pG@Of the air above it, formed the basis for the @awn of the solubility
curves for CaC@and MgCQ (originally expressed in millimol versus pgQdnto curves
giving the solubility as a function of the pH o&tbkolution. In Liebermann's Fig. 4 (reproduced
here as Fig.41) these solubility's in terms of pétewused for normal sea water as well as for a
brine with some 4 to 6 times normal salinity (aB29.

On the basis of these three basic assumptionsriongiog (1967) described the possible
formation of dolomite as a two-step process: th& 8tep requires the dissolution of calcium
carbonate deposits by hypersaline sea water; tbendestep would be the simultaneous
precipitation ("co-precipitation”) of calcium carmte and magnesium carbonate. The
dissolution of CaC@is enhanced by low temperatures, by an increagC@® , and by an
acidic pH of the solution. The co-precipitation@CQ with MgCO; would be brought about
by low pCQ values, by high temperatures, or by alkaline pldesa The first set of conditions
would prevail during the winter season or during tight; the second set predominated during
the summer season or during the daytime. In adddan/night changes in the photosynthetic
activity of chlorophyll-containing plants or evembacterial activity, would lead to the required
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periodical alternations between two different sétsonditions.

After establishing this theoretical framework, Léeimann (1967) described a number
of experiments to produce dolomite under conditicharacteristic of "coastal areas with
restricted water circulation during periods of dyd "The necessary acceleration of the
natural process of dolomite formation was achiebgda strict regulation of the two
alternating steps...": Liebermann (1967, p.243)tHe experiments artificial seawater was
used. The pH of the artificial sea water was adgistith sodium carbonate to make pH =
8.0; in some of the experiments addition of ammavaa used to adjust the pH. Dissolution
of the calcium carbonate was favored by coolingetoperatures between 278 and 283 K,
while at the same time carbon dioxide would be bedblbhrough during 6 hours (in later
experiments 12 hours). The second phase consistedabing to 316 K. Variations with
respect to salinity, gypsum content, the pH, plptiassure of carbon dioxide, temperature of
the solution and duration of the experiment weneestigated. In one of his experiments
Liebermann (1967) found an extremely small amodintltat he called an ordered dolomite.
That particular test (Exp.No. 57) had been stavtéd artificial sea water concentrated six
times the standard salinity, to which a small ant@fircalcium carbonate had been added; the
solution contained no calcium sulfate, and its pdl lbeen adjusted with ammonia to an
initial value of 7.5 . After the first phase of ban dioxide bubbling through, the pH had
changed to about 5.3 . It changed back to 7.9 #iersecond phase of heating to 316 K.
Duration of the first phase was 12 hours; the sedonk 60 hours. The two-step procedure
was repeated 14 times. Upon completion of Liebenisatest No. 57 a small amount of
dolomite was detected in X-ray diffraction. "The@mt of it produced after fourteen cycles
was insufficient to prove this point, but sufficieto show that the initiation of the main
reflection (104) at 2.88 A, which is characteristicideal dolomites" : Liebermann (1967,
p.244).

Duplication was tried, despite the fact that Liebann (1967) had not described exactly
how much calcium carbonate had been used in hierimpnt No.57. All that could be
discerned in the text was "... the calculated arhafircalcium carbonate”. But the referred
calculations were not given either. Therefore |ehdried to estimate this amount from the
solubility curve of calcium carbonate versus sglifiLiebermann's Fig. 3). At a salinity of six
times that of normal sea water about 2 milliMol ©aGeem to dissolve (it must be admitted,
that this estimation on the basis of LiebermanigisSis not very exact).

Artificial brine was made of 53.66 g NaCl, 6.42 g®,.6 H,O, 4.48 g MgSQ7 HO
and 1.52 g KCI (all of p.A. quality) added to 332arstilled water. To the brine 0.20 g CagO
(p-A. quality) were added, and carbon dioxide gagustrial grade) was bubbled through the
solution in a 500 ml conical flask during abouttidurs. All of the calcium carbonate had been
dissolved after that time. With a few drops of laitdi NH;OH solution (p.A. quality) the brine
was titrated until pH = 8.5 had been reached. Dmécal flask was placed on an electric heating
element and with the aid of a variable transforthersolution was kept at a virtually constant
temperature of 29& 2 K. Almost immediately the solution became tuybechd a flocky
precipitate was seen to form (which remained gfloétis phase of gradual GQand NH ?)
escape was continued for the next 60 hours. Thendecycle started with bubbling carbon
dioxide through the solution during 12 hours. Thecjpitate that been formed initially,
disappeared: the solution became quite clear agjam.pH was measured at this moment as
5.85. After the addition of dilute ammonia solutipH = 8.24 was attained. Once again the
solution was placed on the heating element and &e®98 K during the following 60 hours.
(During the bubbling through of GGhe solution reached room temperature, which duhe
time of this experiment varied slowly in day/nighythm from 291 to 294 K). The same
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Fig.42 — Precipitates formed upon duplication ef é&xperiments by Glover & Sippel (1967) (=
A & B) and Donahue & Donahue (1968) (= C).
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procedure was subsequently repeated twelve timbe. pH obtained after additions of
ammonia was not every time the same: in one instarveas for example 8.25 and in another
it was 8.06 . But the maximum pH was 8.50 and tiemum was 8.0 . Because of the slight
difference between the solution's temperature aedréom temperature at the time of this
experiment, little water evaporated from the flaSkrough the repeated additions of the
dilute ammonia solution, the volume in the conitatk even increased: at the end of this
experiment the conical flask contained about 450swoiltion. In the last stages of the
experiment salts would no longer precipitate iggaamounts, as had been the case in the
earlier stages. After 14 alternations the experim@as concluded with a final stage,
involving bubbling carbon dioxide through the sa@uatduring 24 hours. The precipitate was
scraped from the bottom of the glass of the conilealk, filtered off through paper and
washed with about 2 dhof distilled water. The filter was dried at rooentperature. X-Ray
diffraction applied to the sample showed the foramabf a magnesium calcite with its main
diffraction peak at 28.7 nm (Fig.40 C). None of thgperstructure reflections typical of
dolomite could be discerned.

A second duplication was required in this caseabse Liebermann (1967) in some of
his tests had used ammonia to adjust the pH awth@otrated solution of sodium carbonate
in others. As a consequence | have had to makehenaluplication of Liebermann's
experiment No. 57. The same amounts of salts wesslgded in 332 ml of distilled water,
and again 0.2 gCaG@p.A. quality) was added. During 12 hours carbmxide was bubbled
through the solution. This time the pH of the Solutwvas adjusted with a concentrated solution
of sodium carbonate until pH = 8.0 was reached. fldsk was placed on an electric heating
element, and heated to 308 K. In the course ofetkgeriment more and more material
precipitated on the bottom of the conical flaskbBling through of carbon dioxide became
increasingly difficult, because time and againlittie glass tube used for this purpose became
clogged up. As a result only 11 different alteroasi could be carried out this time. Most of the
precipitate formed, disappeared however upon ifigeoff and washing with some 6 dm
distiled water. After drying at room temperatudéray diffraction showed the remaining
precipitate to consist of a magnesium calcite w#hmain diffraction peak at 28.8 nm together
with an amount of nesquehonite.

EXPERIMENTS BY GLOVER & SIPPEL

Although most of the paper by Glover & Sippel (196 devoted to descriptions of
low-temperature syntheses of magnesium calcitesls@ contains a claim on the successful
synthesis of dolomite. In their experiment 85 Ao@r & Sippel outlined the preparation at
room temperature of a magnesium calcite with a amitipn identical to that of dolomite. In
150 cni of demineralized water 100 g Mg® H0O had to be dissolved, and this solution
should be poured into one containing 7.5 g Nakl®0 in 150 cri water, followed by the
addition of 2.23 g Cagk H,O and 40 g NaCl to the same mixed solution. Sulesgqu
chemical analysis of the precipitate showed itdotain 49.9 wt.% CaO and 47.3 wt.% MgO ,
or 0.502 mol CaC@and 0.466 mol MgC®. Titration on magnesium indicated, that 48.7 mol
% MgCGQ; was present.

It has been claimed by Glover & Sippel (1967), ttied preparation of magnesium
calcites with a composition resembling that of date, would be reproducible (within certain
limits). At the same time Glover & Sippel warneeitlreaders, that "...the lack of equilibrium"
would make duplication to a problem. For examplengfes would take place, when leaving a
precipitate in contact with the mother liquor. 'Pagations like No. 85 A may recrystallize in
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contact with the precipitating solution to give snamounts of aragonite and, for the higher Mg
to Ca ratios, magnesium carbonates such as nesuigebwer a period of months™: Glover &
Sippel (1967, p.612).

Duplication of the experiments by Glover & SippE967) has been described by Ohde
& Kitano (1978). In numerous experiments the rdléhe concentrations of calcium chloride (1
to 50 mMol/dni), of magnesium chloride (0 to 2.1 mMol/@mand of sodium hydrogen
carbonate (0.10 , 0.18 or 0.30 mMol/mvere investigated. Temperature was 298 K in all
experiments and only the atmospheric pressurerwadved. The formation of "protodolomite™
(that is to say, a magnesium calcite with as mgch7amol % MgC@as determined in X-ray
diffraction) required at a concentration of 0.18lihim*> of NaHCQ a concentration of at least
50 mMol/dn? CaCh.2 HO plus 2.14 mol/dfhMgCl.6 HO. (Compare the concentrations of
50 mMol/dn? calcium chloride, 1.63 mol/dhmagnesium chloride and 0.29 molfAINeHCQ
used by Glover & Sippel, 1967 in their experiment’8)

"The rate of formation and the crystallinity of thigh magnesian calcite depend on every
detail of the preparation, especially on the mafenixing and the surface to volume ratio of
the solution™: Glover & Sippel (1967, p.605). Despihis explicit warning several attempts
have been made by me to obtain magnesium calcitegith a composition resembling that of
dolomite". The magnesium chloride solution was pdunto the solution of sodium hydrogen
carbonate immediately followed by the calcium dalersolution. The resulting solution was
stirred during one hour. The turbid solution wéterfed off; the precipitate washed with 0.5%m
of demineralized water, and dried at room tempegatinly nesquehonite formed, as was noted
in X-ray diffraction. The solution that had seeplecbugh the filter paper was left standing for 6
days at room temperature. The precipitate thenddrmias adhering firmly to the wall of the
glass beaker; after discarding the solution, ittodoe scraped off. This precipitate too consisted
entirely of nesquehonite (Fig.42 A).

A second attempt was markedly more successful. flims the first precipitate was
sampled after 15 days of reaction time. The carieoadhering to the beaker was found to be
nesquehonite. The solution was poured in anothessgbeaker. After another 20 days the
solution was poured into a new glass beaker, aadsdtond precipitate was analyzed. In
addition to nesquehonite two other carbonates Vfewed: calcite and sodium hydrogen
carbonate. The third phase of the experiment tedbrag as 4 months. The precipitate formed
after that time consisted entirely of what has bez&nown as "protodolomite”, but what really
is a magnesium calcite with its main diffractiorabat 28.8 nm (Fig.42 B).

The formation of MgC@3 H,O as the first precipitate found when performing th
experiment of Glover & Sippel (1967), may seem sehat surprising at first sight. But then it
must be realized, that Von Knorre (1903) had olesethe same precipitate after mixing a
solution of magnesium sulfate with one containimghbNa&CO; and NaHCQ@ (at room
temperature). The same observation has been maliedsel & Bruckner (1930), who noted
that no immediate reaction takes place, when midngplution of magnesium chloride or
magnesium sulfate with one containing NaHG® KHCG;. Especially when using higher
concentrations, the mixture obtained would notthbls. When standing for a longer time, or
more clearly when stirred, small bubbles of cardmxide would emerge and MgGQ H,O
(or MgCGQGs.5 H,0 at low temperatures) would precipitate. Accordiagvienzel & Briickner
(1930) the reaction involved took place in two step

Md™ +2 HCQ - Mg® + H,CO; + CO¥ - MgCO:.3HO +HO +CQ  (eq. 34)

[In other words the slow escape of carbon dioxé@del$ to the continued hydrolysis of the
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Fig.43 — A: Magnesium hydroxide carbonate afterof@rk of heating at 473 K; B: precipitate
obtained upon duplication of the experiment of Darea& Donahue (1968) after 2 hours of
heating at 473 K; and C: precipitate obtained ugaplication of the experiment of McCunn
(1975).
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bicarbonate ion into carbonate, according to:
2HCO + HO - COZ + HCO; (= CO, + H0). (eq. 35) ]

Because experiment 85 A of Glover & Sippel (196@sviound to be reproducible, it can
be used for a number of additional purposes; famgte to demonstrate the active role of urea
(plus urease) in accelerating the precipitatiotipobtodolomite”. When repeating test 85 A of
Glover & Sippel in the manner indicated, but addib@ g urea plus 0.25 g urease,
"protodolomite” will be formed after 37 days insleaf after 4 months (my experiment D-132).
Ultimately it was possible to obtain "protodolomiii@ only 3 days time, when conducting
experiment 158 of Glover & Sippel (1967) at 308ritladding before its start 2 g ufta (my
experiment D-191).

Yet another interesting possibility opened up by #xperiments of Glover & Sippel
(1967) concerns the relation between the exactipof the X-ray diffraction lines and the
chemistry of the magnesium calcites. In my firsplaiation experiment a magnesium calcite
had been formed with its main diffraction peak @22nm. When using the conversion diagram
of Fuchtbauer & Goldschmidt (1965), this particidatomite would contain 65 mol % CagO
and 35 mol % MgCe@ The sample was subsequently subjected to (wethiclal analysis.
From the titrations the following composition wadaulated: 28.95 % Ca = 51.70 wt.% CaCO
= 51.70 mol % CaC@and 16.74 % MgO = 35.02 wt.% MgG& 41.7 mol MgCQ@ . A
comparable discrepancy between X-ray analysis atdchemical analysis had been noted by
Glover & Sippel (1967). Analysis of a magnesiuncitalformed in their experiment 85 A with
the aid of X-ray diffraction showed it to contai® 4nol % MgCQ , but in wet chemical
analysis 48.7 mol % MgC{vas measured by Glover & Sippel.

EXPERIMENT BY DONAHUE & DONAHUE

A claim on successful synthesis of dolomite attredty low temperature (310 K) and
under atmospheric pressure has been put forth bgii@ & Donahue (1968). In their view it
was necessary to imitate in one way or anothenthene supratidal environment. Instead of
seawater a mixed magnesium/calcium bicarbonateti@olwas used. Desiccation of this
solution was not static, but took place at intesv&epeated additions of 50 temch of the
bicarbonate solution were made into a glass bdadmrat a constant temperature of 31DK.
The mixed bicarbonate solution was saturated with lmagnesium carbonate and calcium
carbonate. A new addition was made only after cetepdlesiccation of the previous quantity.
Intermittent desiccation was continued until a divarof carbonates sufficient for X-ray
diffraction had accumulated. Donahue & Donahue ntepo that calcite, magnesite, and
dolomite had been formed.

The experiment by Donahue & Donahue (1968), ntihénleast because it is so simple,
has been duplicated by me. In a large plasticebbtni of demineralized water were saturated
first with carbon dioxide, then 10 g Cag® and 40 g magnesium hydroxide carboHate
were added. After several days of contact (andrgjifrom time to time), excess solid was
filtered off, and a sample of the liquid was taken chemical analysis. A small amount of
hydrochloric acid added to the sample made susd, rib precipitation would take place.
Subsequent analysis showed the bicarbonate soltgiacontain 0.84 g CaGQOand 5.6 ¢
MgCO; per dni. The mixed bicarbonate solution was then usedsigt-aip involving
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Fig.44 — X-Ray diffractogram showing, that in theperiment by McCunn (1975) a small
quantity of a “...Mg-enriched dolomite” (main peak 2t.2 in Cu-K; radiation) had been
formed (after McCunn, 1975).
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intermittant desiccation at a constant temperadird10+ 0.5 K. Every time 50 cthof the
bicarbonate solution would be poured into a largei Bish kept at that temperature. Only after
complete desiccation a new addition was made.tal &9 different additions were made. X-
Ray diffraction of the powdered precipitate showety nesquehonite to be present. In view of
the fact that no form whatever of (Mg-containingJoaum carbonate could be detected in the
sample subjected to X-ray analysis, selective legchvas used to remove some of the
nesquehonite. The precipitate was treated sevienalstwith water saturated with carbon
dioxide. X-Ray diffraction was repeated using a gi@rfrom the mixture obtained after
dissolving about one half of the initial amountloé precipitate. The result was, that in addition
to nesquehonite the main diffraction peak of calcdguld be detected (Fig.42 C).

A second attempt has been made to duplicate therimxgnt of Donahue & Donahue
(1968). In this second test a laboratory pump wsesito pump 10 ciof a mixed Mg/Ca
bicarbonate solution once per hour into a glasgdre@ctual pumping took about 4 minutes;
during the remainder of each hour the added amafusdlution would desiccate. The pumping
sequence was controlled by an electromagnetic switch. The glass beaker was kept at a
constant temperature of 318 K. The solution coetiiil12 g CaC¢Xcalcite powder) and 0.68
g magnesium hydroxide carbonate dissolved with sxagarbon dioxide in 2.5 dnof
demineralized water. After 2 weeks the materiauaudated in the beaker was sufficient to
allow for X-ray diffraction: aragonite, magnesiunydhoxide carbonate and possibly some
dolomite had been formed. As stated before, iathar difficult to detect any dolomite in a
mixture, which also contains magnesium hydroxiddaaate. Acid treatment was out of the
guestion: the risk of loosing the very small sangaeld not be taken. Therefore an attempt was
made to use thermal decomposition as a means tfatien. The magnesium hydroxide
carbonate will readily change, when heated to xangle 473 K, but dolomite heated to that
temperature will remain unaffectéd. After heating quantities of the pure compound
magnesium hydroxide carbonate and a quantity of ddudonate mixture from this last
experiment for 2 hours at 473 K, a clear distinctewuld be made indeed. The magnesium
hydroxide carbonate was seen to develop a nevindigieak at 382 (in Cu-K, radiation) and
no such peak developed in the carbonate mixtuexpériment D-5 (Fig.43 A & B). Therefore
it can be concluded, that in experiment D-5 doleriad been formed at a temperature of 318
K.

McCUNN'S EXPERIMENTS

Successful synthesis of dolomite as a sedimentamgral has also been claimed by
McCunn (1974, 1975%  Although his experiment is rather complexsdems that a mixture
of solid Mg/Ca carbonates reacted with £@h water and that the resulting bicarbonate
solution was subjected to interrupted desiccatadter each phase of desiccation the dried
mixture was replenished with water.

The exact recipe as given by McCunn (1975) willrbpeated here. One part of a
mixture containing equal amounts by weight of Ca8®1L0O and MgSQ.7 H,O, was mixed
with two parts of NaHC@ Seawater was added and the three solids reactiedtwluring
several days. McCunn reported, that X-ray diffiactiapplied at this stage, showed the
formation of aragonite, magnesium calcite, nesgaid@nd magnesium hydroxide carbonate.
The mixture was washed several times with distMeder, filtered off and dried. Amounts of
organic material (fish flour and bran) were added@with sodium chloride. The thus obtained
mixture was kept under at least 5 cm of water fog month; after that time the mixture was
allowed to desiccate completely. Next and fingb stethe procedure involved an infrared (heat)
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lamp above the mixture, in order to attain comptigsiccation after each renewed addition of
water. In McCunn's experiment the system was sulipefiuctuations between wet and dry:
after each phase of desiccation the dried up naxias replenished with rain water (or tap
water made slightly acidic with decaying plant rems8 ). "Repeat the wetting and drying
episodes bi-daily. The process will create a rémlrfor pulverulant type carbonate sediment. In
approximately 4 months you should have a goodlgesgage of dolomite” (McCunn, 1975).
The addition of organic matter was found to be @ssity. The use of slightly acidic water was
observed to lead to the best results. The wettheh drying should take place in alternating
phases: "The material was completely dried betvesah period of wetting. The wetting and
drying episodes produced a pulverulent fine-graiaedto gray carbonate mud. After a period
of approximately 90 days the material was reaatedilute acetic acid (5 %) ... A fine brown
powder resulted ... This material was X-rayed aiostgd to be dolomite” (McCunn, 1975).

In a second experiment McCunn (1975) confirmeddadier findings; although his
second experiment had been modified somewhat egbect to the first. Pelecypod shells were
placed in seawater, to which organic matter hach laeleled. Magnesium sulfate, gypsum and
sodium bicarbonate were introduced and the mixivaie allowed to react for several days.
Numerous minute aragonite needles were seen t@\umilng the pelecypode shells after the
reaction had taken place. During the following 9nths the mixture was left standing,
undisturbed except for the addition of slightly dici water as soon as the solution had
disappeared from the mixture of solids. The carteonaaterial formed during this period was
found to contain dolomite. From the diffractogranoypded by McCunn (reproduced here as
Fig.44) it can be seen, that the (rather smallhmagk of the mixed Mg/Ca carbonate formed is
located at 31.2 (in Cu-K, radiation). McCunn (1975) interpreted this obstova as evidence
of the formation of dolomite with 53 mol % MgGQMg-enriched dolomite”).

The first experiment of McCunn (1975) has been idafgd by me. It started with
mixing 10 g CaS@2 H,O with 10 g MgSQ7 H,O and 40 g NaHC® Added to the mixture
was 1 dm of artificial sea water (as per Lyman & Flemin@40y>  the whole was left to
react during one week. Filtering was followed bystiag the precipitate with 2 dndlistilled
water. After drying at room temperature, the prégip was weighed (7.82 g) and X-rayed.
Aragonite, calcite and magnesium calcite had beemdd. The next step consisted of mixing
the precipitate with 10 g bran plus 50 g fresh fishiting), and adding 0.5 dhalistilled water.
During one month the organic compounds gradualbagied in the presence of the mixture of
carbonates. After that the remaining organic matevas sieved off, and the carbonate powder
dried again at room temperature. X-Ray analysibiatstadium showed the presence of calcite,
magnesium calcite and aragonite. The final phasthefexperiment took 4 months, and it
involved adding once every 12 hours some 18 ofntap water, made slightly acidic with
decaying plant material (first peppermint leavagen spinach). The water would stream into a
Petri dish of about 15 cm diameter, which slowliated underneath a heat lamp. This infrared
lamp kept the temperature in the Petri dish at #9803 K, and thus secured the complete
desiccation of the solution in the Petri dish etacie before a new addition was made (through
an electromagnetic valve controlled by a time dwit@he precipitate obtained after 4 months
reaction time was collected, washed by repeatdtingein distilled water and dried at room
temperature. As can be seen in Fig.43 C the ptatgptonsisted of two different magnesium
calcites (one with its main diffraction peak atZ®)nm and a second with a markedly smaller
main peak at 29.5 nm). In addition small amountarafjonite and alpha quartz (the latter is
probably a contamination introduced with the plaaterial) were present.
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EXPERIMENTS BY MIRSAL & ZANKL

Having postulated an entirely new approach towaatbonate geochemistry, based on
the possible actions of transition metal chelate<acium and magnesium, Mirsal & Zankl
(1985) described a number of laboratory tests iichyht was claimed, dolomite had been
formed at room temperature. Successful synthesisivied 500 cr of artificial sea water
prepared mainly according to Lyman & Fleming (1940jth Mg/Ca = 5.28), but to which
more NaCl had been added to reach a salinity 86559 0 this amount of artificial sea water 5
cm® of a chelate solution containing 51 .16 FeC} and 36 . 19 g oxalic acid was added,
followed by 0.5 g ascorbic acid (as a reducing 8gemd ultimately 40 cthof a 0.1 mol
N&CO; solution were added as well. The thus preparedun@ixwas left standing at room
temperature (293 to 298 K) during 10 days. "X-Raffrattion analysis of the formed
precipitate revealed a composition ranging fromhhigagnesium calcite to dolomite-similar
phases with some order peaks. The so formed @yatalmostly very minute (less thaprh)
and have a chemical composition (by channel analy@®RTEC) resembling the ideal
composition of dolomites (1 : 1 ratio)": Mirsal &gkl (1985, pp.373-374). Although the claim
on successful low-temperature synthesis of dolomas cautiously worded, Mirsal & Zankl
did not hesitate to head the section, which dedélt waid synthesis, with "Precipitation of
dolomite from seawater and related brines - expantal results”. The following text was added
to a scanning electron photomicrograph, showingnifrbke crystals: "Dolomite rhombohedra
precipitated from artificial sea water using chelablution containing Fe&€hnd oxalic acid"
(Mirsal & Zankl, 1985, p.373).

Because the possibility to form dolomite in only téays time was of considerable
interest to me, and only a small number of relétiveell defined chemicals was required, |
have taken the trouble to duplicate the tests o$dlli& Zankl (1985) (see also Deelman, 1988).
As a first step the artificial sea water accordindg.yman & Fleming (1940) was prepared by
way of weighing 23.47 g NaCl , 4.98 g Mg®| H,O , 3.91 g Ng50O, , 1.10 g CaGl2 H0 ,
0.66 g KCl and 0.19 g NaHG@nd adding distilled water to make 1%inn order to attain the
required salinity of 55 %an additional 31.53 g NaCl were mixed into the sofu Although
not mentioned by Mirsal & Zankl (1985), another iidd has to be made. The Mg/Ca ratio of
this artificial sea water is not 5.28 ; because3 49magnesium chloride and 1.10 g calcium
chloride had been used, and no other forms of nsagmeor calcium salts were involved, the
Mg/Ca ratio actually is 3.27 . Calculation shovsttan extra 3.06 g Mg&b HO is needed to
make the Mg/Ca ratio = 5.28 .

To 500 cnf of this modified artificial sea water the followjrreagents were added, in
the order as given: a) 5 émf a chelate solution with 1 g iron @echloride and 0.72 g oxalic
acid in 1 dni of distilled water, b) 0.5 g ascorbic atid and c) 40 crhof a solution of 10.59 g
Na,COs in 1 dn? of distilled water. The clear solution thus pregphwas left for 10 days in a
glass beaker at room temperature (which duringe#peeriment slowly fluctuated in day/night
rhythm between 292 and 297 K). After this periodesty small amount of precipitate had
accumulated on the bottom of the glass beakerr Afteatching it off, and filtering it with
excess distilled water, the paper filter was draédroom temperature. The amount of the
precipitate was so small, that X-ray diffractomédind to be excluded, and recourse had to be
taken to Guinier photographs for identificationnés at 87, 62, 44, 39.1 , 36.8 , 35.9 , 33.8 ,
31.7,30.9,28.1,278,243,24.1,23.742228,224,22.1,21.8,21.2,20.3,19.9
19.6,19.0,18.4,17.9, 17.5 and 17.4 nm werasured. The strongest three lines, in order of
decreasing relative intensity, were 62, 27.8 andm4Using the International Centre for
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Fig.45 — Day/night changes in temperature (A) arabyr changes in temperature caused by an
electric heating element controlled by a time-swv(iB).
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Diffraction Data file, the precipitate could be mified as calcium oxalate dihydrate (compare
JCPDS card 17-541).

In order to test the suggestion of Mirsal & ZankB85, p.367), that "... traces of
transition metals together with organic matteplay a central role in carbonate production”, the
described experiment was also duplicated withoytieon chloride, oxalic acid, or ascorbic
acid. To 500 crhof the modified artificial sea water 40 Emf a solution containing 10.59 g
Na,CO; anhydr. in 1 drhof distilled water, were added. This test wasiedrout under the
same conditions of temperature as the previous riexget, and during the same time.
Considerably more material accumulated this timéhatbottom of the glass beaker, and a
Guinier photograph (made after washing the pretgitvith excess water and drying the filter
paper at room temperature) showed it to consigegnof aragonite.

The possibility should be considered, that | ditl otatain the same precipitates as Mirsal
& Zankl (1985) claimed to have found, because dapibn had not involved the same
circumstances or because the chemicals used wxeedi. But it was quite difficult to follow
the description of Mirsal & Zankl (1985) to thetéat the very description of their experiment
No. 7 is insufficient to allow for duplication. Iparticular it was not mentioned, whether the
iron (I) chloride and the oxalic acid contained; anystal water or not. Because the quantities
of these two substances were expressed in gramand moles, the distinction between the
hydrated and the anhydrous form is essential. Tercowne this difficulty, two more
experiments had to be carried out. In my third Sest? of a solution with 0.84 g oxalic acid
dihydrate (the amount needed when supposing, thieaMs Zankl had used an anhydrous
oxalic acid instead of £,0,.2 H,0 ) plus 1 g FeGl4 H,0 in 1 dn? of distilled water were
added to 500 ciof the modified artificial sea water described\Miysal & Zank! (with Mg/Ca
=5.28). Then 0.5 g L(+)-ascorbic acid was addee& nixture was stirred for a short while, and
as the last step 40 érof a solution containing 10.59 g &O; anhydr. in 1 drwere added.
After stirring again, the glass beaker was leftdtiag for 10 days at room temperature. After 10
days the precipitate formed was washed, filterdd asfd dried at room temperature. X-Ray
diffraction revealed it to consist of aragonitethdiugh iron (II) chloride is not commonly
available in its anhydrous state, a fourth expeminweas necessary, because it was not clear
whether Mirsal & Zankl (1985) had used anhydrouSlfer its hydrated form. This particular
test was identical with the first one describedegt that 1.60 g Fe&A HO were used instead
of the indicated 1.0 g. The compound that predgutdrom this solution was calcium oxalate
dihydrate.

In their reaction on my duplications Mirsal & Zankl988) explained, that their
experiment No.7 had in fact suffered from a nundfeset-backs. For one thing the yield of
the experiment had always been very low, so thebwese had to be taken to energy
dispersive X-ray spectroscopy as the only methodnaflysis. At the same time experiment
No.7 had suffered from a lack of reproducibilityosed vessels always rendered aragonite,
but open vessels did give the results as describedhermore the use of oxalic acid, an
essential element of experiment No.7 , would leathé formation of oxalate. After leaving
experiment No.7 behind as a station passed, M&salankl (1988) described two new
experiments yielding "... X-ray identifiable dolaeil. Because in both experiments dolomite
crystals were used "... to catalyze the proces#figsput it, | have refrained from any attempt
to duplicate those experiments.
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DEELMAN'S EXPERIMENTS

As recorded in my 1975 paper oddlomite synthesis and crystal growitrystallites
showing in X-ray diffraction a small, but recogriia peak at 31(in Cu-K, radiation), had
been formed in a mixed bicarbonate solution subgedb slow, periodically interrupted
desiccation. The main precipitate consisted of ardg, but in X-ray diffraction a very small
amount of dolomite was detected. In scanning @ratmicroscopy individual crystallites of the
dolomite were clearly recognized. The solution used been made with 0.4 g calcium
carbonat® plus 0.4 g magnesium hydroxide carboHatalissolved in 1 drdemineralized
water. The glass beaker from which the few dolonmti@mbs had been collected, had been
standing in a window sill for about 2 weeks (codeby a watch glass). During the experiment
the day / night changes in temperature had beeedtay a recording thermometer (Fig.45 A).

Immediately after writing the shoResearch Notdor the journalGeology attempts
were made to increase the amount of dolomite formbd line of reasoning was initially, that
because fluctuations seemed to be involved, a hifygguency of these would increase the
amount of dolomite. In the next experiments theiadaton of mixed Mg/Ca bicarbonate
solutions was brought about by a 15 Watt glasssattheating element (of the immersion-type
used in aquariums), periodically switched on arido& 1/2 hour rhythm (Fig.45 B). But X-ray
diffraction of the precipitates formed, were notlle convincing. As a consequence |
concluded, that the main problem remained (i.ey, twoincrease the amount of dolomite).

From the very outset | was convinced, thiattuationsplayed an essential role. There
were two convincing arguments at the time. In tst place the observation made by Muller et
al. (1972), who had recorded, that "stationary"etaldo not contain dolomite, whereas
"dynamic" lakes do contain the mineral. A dynanaikel shows distinct (seasonal) changes in
amount and in chemistry of the accumulated watérreas static lakes do not show such
changes. Although Miiller et al. (1972) had madedbservation as such, they had refrained
from drawing any conclusion relating dolomite fotioa to such dynamic conditions. Instead
Miller et al. (1972) made a distinction betweeniyary” and "secondary (or diagenetic)"
carbonates, and stressed especially the possildeofothe Mg/Ca ratio of the solution
("...diagenetic carbonate minerals are found ianvironments with elevated Mg/@ad high-

Mg calcite as a primary mineral": Miller et al.,729 p.161).

There was a second, and in my view an even mongreong argument in favor of an
active role offluctuations That was the observation made in studies onatrgsbwth on the
energy barriers at the start of each new layerrefoee | went on to use periodical changes in
temperature to precipitate dolomite (in my view rggeand temperature are closely related if
not identical). With the aid of time switches ofeokind or another various sorts of heating
elements would be switched on and off at for exanp2 hour intervals. But it did not work;
increased amounts of dolomite could not be detedredjuite a number of subsequent
experiments no dolomite at all was found.

Encouragement came (several years later) in anpeosted manner. In one of my
experiments conducted in 1982 amounts of the mimendhupite Na;C0O;.MgCO;.NaCl had
been formed. And when repeating the experiment ontthNaCl, the mineraleitelite
NaCO;.MgCO; formed. Up to 1982 eitelite had been synthesady at temperatures of at
least 333 K. In my experiments eitelite formed @8 K. At the same time the essential role of
fluctuations was demonstrated. Eitelite was syitldsby way of periodical additions of small
amounts of a magnesium bicarbonate solution tereghblid sodium carbonate or to sodium
hydrogen carbonate. Once per half hour for exatie’ of the magnesium bicarbonate
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Fig.46 — Magnesite obtained upon duplication obernann’s (1967) experiment number 57 at
a temperature of 313 K (my experiment M-223).
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experiment no. temperature (K) base precipitate
D-163 316 NHOH D+M
D-164 298 NHOH D
D-190 298 NaCOs N + MgC
D-211 313 NHOH C+D+M
D-217 313 NaCOs H
M-211 333 NHOH M
M-223 313 NHOH M
M-224 333 NHOH HU
M-226 303 NHOH MgC + HU
M-227 333 NHOH M
D-228 313 NHOH A+MgC+M

Table XI - Precipitates formed after duplicating experiment No. 57 of Liebermann (1967).
A = Aragonite; C = calcite; D = dolomite; H = magm®sium hydroxide carbonate; HU =
huntite; MgC = magnesium calcite; M = magnesite; N- nesquehonite.
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solution (of 0.2 g magnesium hydroxide dissolved idn? water with the aid of C©bubbled
through it) would stream onto a tray with either,@@; or NaHCQ spread on it. During the
rest of each 30 min interval the solution woulddreed to desiccate by way of a heat lamp.

Verification of the essential role of fluctuations the low-temperature nucleation of
eitelite took place by way of static controlexperiment. The dynamic test involved 2°aha
saturated NaHC@solution streaming once per half hour into a tath 2 g magnesium
hydroxide carbonate. This small amount of solutimuld desiccate under the heat lamp at 298
K during the rest of each 30 min interval. Theistabntrol for this particular experiment
involved adding 2 g magnesium hydroxide carbonata saturated NaHGGolution in one
action in a glass beaker at 298 K. After 9 daysaydiffraction showed, how in the dynamic
experiment eitelite, trona and NaHg®ad been formed. In the static control no eiteitall
could be detected and only the original ingredie(@gsdium hydrogen carbonate plus
magnesium hydroxide carbonate) were present (Deelh®4).

The low-temperature syntheses of eitelite illustrabw in fact the dehydration of
magnesium cations obviously has nothing to do withnucleation of anhydrous magnesium
carbonate. Of course the question remained, howlaiveemperature synthesis of eitelite
correlates with that of dolomite. Although the twinerals can be found in close association
(for example in the Green River Formation in Wyognand Colorado, USA), the two are not
exactly identical. During the years that followédecame more and more convinced of the
close relation between low temperature nucleatfatotomite and that of magnesite. For when
looking in detail, there really is no problem at with the nucleation of CaCQin the
sedimentary environment. But problems arise as ssotine nucleation of MgGr that of
CaCQ.MgCQO; are considered. And in my view the nucleationaohydrous magnesium
carbonate might well constitute the minor probldrthe two. Therefore | started to concentrate
on the various aspects of the physical chemistrynafjnesium cations in aqueous solution.
Apart from the hydration of magnesium cations (Whicas no longer an issue for me), there is
the phenomenon of hydrolysis (which in fact mustresponsible for the precipitation of
magnesium hydroxide carbonate instead of magnesannonate or magnesium carbonate
hydrate). Therefore a next series of experiments devoted to attempts to prevent the
hydrolysis of magnesium cations. Because hydraxys iare powerful oxidizers, | concluded,
that reducing conditions must counteract the pasenh hydroxyl ions. And there are in fact
numerous indications, that dolomite or magnesitghivell have formed under reducing
conditions. Various experiments based on this lgsi$ were carried out. But even when using
the most powerful reducing agent (hydrogen galatisn) no dolomite or magnesite would
form in my laboratory experiments. Nor would theegance of k5 gas (another powerful
reducing agent) in solution lead to the nucleatibmagnesite.

It must have been around this time, that | decidely and duplicate all of the known
claims on the low temperature formation of dolonfged magnesite). For the experiments with
H,S gas had in fact been described much earlier aif g894). And the experiments with
slowly desiccating Mg/Ca bicarbonate solutions @irecourse originally the experiments of
Scheerer (1866). Even the experiments by Lalou7)l98volving bacterial sulfate reduction in
a marine medium, were duplicated by me. In the ssowf the years that followed, | have
duplicated almost all of the experiments by otlmgrsnagnesite or dolomite, yet one of the few
that remained to be done was that by Lieberman67)f4  The only reason why | had
hesitated to start duplicating those experimentss that measurement of pH was involved.
Because | did not have any means to measure pHy atisposal except for indicator paper
strips, | had to borrow a pH meter. Therefore tkgeements of Liebermann were the last ones
to be duplicated. After a few more experimentsctigpter orbolomite synthesesf my
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experiment no. temperature (K) variation precipitat
D-213 313 without NaCl C+N
D-214 313 without NaCl, KCI A, MgC +D

D-215 311 without NaCl, gypsum
KCI, MgCl;
D-216 313 without NaCl, A
KCI, MgSQy
D-219 313 titration until C,MgC+D
pH=7 +E (?)
D-222 312 plus urea D ()
D-223 303 plus urea, A
plus gypsum
D-224 313 plus urea, A + C (trace)
plus CaC4

Table XlI - Variations on experiment No. 57 of Liekermann (1967). A = Aragonite; C =

calcite; D = dolomite; E = eitelite; MgC = magnesim calcite; N = nesquehonite.
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planned publication was ready.

The results were truly amazing. In my first attertgptuplicate Liebermann's Exp.No.57
(my experiment D-163) clearly dolomite and possibhagnesite had been formed at a
temperature of 316 K. But as it turned out, | se&mnto have realized these facts fully at that
time. For it took several more months for me tdizeahe success in duplicating Liebermann's
experiment. In the meantime | was much too busk wiher concepts and preconceived ideas
to seriously start considering my own results. 8ofving the wrong leads, by testing almost
all other concepts, it became August 1996 befordagkimg seriously on duplicating
Liebermann's experiment. By that time, after havtigcarded virtually all of the existing
physical-chemical theory on the nucleation of magaeand dolomite, | was free at last to
embrace the practical results regardless of amyraess theoretical background. In other words |
had finally decided to rely solely on laboratorydence and | was no longer inclined to believe
any theoretical consideration at all.

After that time almost any duplication of Lieberman experiment No.57 was
successful. For example in my experiment D-211mdky magnesite and calcite were found in
X-ray diffraction after duplicating Liebermann's fExNo.57 at 313 K. Pure magnesite was
found in experiments M-211 (333 K), M-223 (313 €psFig.46), M-224 (333 K), and M-227
(333 K). But when conducting the same experimerg@l& K again, the magnesite would be
accompanied by aragonite and magnesium calciteefqpgriment M-313). No magnesite was
found when doing the same test at 303 K: afteuthml time of 42 days magnesium calcite and
huntite were found in X-ray diffraction (see alsable XI).

Because in his paper Liebermann (1967) stated t@ hsed ammonia or sodium
carbonate in the titrations, several duplicatioreyencarried out by me using a solution of
sodium carbonate instead of ammonia. But in thosges the stable phases (dolomite,
magnesite, huntite) did not appear. For examptayirexperiment D-190 (conducted at 298 K)
nesquehonite and magnesium calcite resulted; aRelihi7 (313 K) only magnesium hydroxide
carbonate.

The artificial brine used by Liebermann (1967) iad& up of only a few salts, and
therefore it is rather simple to investigate thesgige role of each individual salt. When
duplicating Liebermann's Exp. No.57 at 313 K withdaCl (titrations with ammonia) the
result is calcite plus nesquehonite (my experiniez@tl 3). When leaving out NaCl and KCI at
313 K (D-214) the precipitate consists of aragomtagnesium calcite plus dolomite. Leaving
out NaCl, KCI, and MgGl at 311 K (D-215) leads to the precipitation opgym only. And
when duplicating Liebermann's Exp. No.58 withoaQ¥y KCI, and MgS® at 313 (D-219)
the precipitate formed consists of aragonite (e Eable XII).

More variations can be invented, for example paring all titrations up to pH = 7.0
instead of pH = 8.0 . The result in that case (waréd at 313 K) was a mixture of calcite,
magnesium calcite, dolomite and possibly eitelliee addition of urea to the artificial brine
used in my duplications of Liebermann's experinvesss but another variation. Apparently urea
catalyses the formation of perfect dolomite (asdwample in experiment D-222 at 312 K).
However when adding not only urea but gypsum as$ (eP23 conducted at 303 K), only
aragonite forms. And when using urea plus calcitnor@e (D-224 at 313 K) the result is
aragonite along with a trace of calcite.

Definite conclusions are difficult to formulate @esent, not in the least becatesea
incognitawas explored. On the basis of physical-chemicakicterations the suggested role of
the Mg/Ca ratio and/or the salinity of the solufionust be doubted (Deelman, 1975 B).
Although not particularly clear at a first look,etk may well exist a relation between
mineralogy of the precipitates and temperaturenduthe escape-of-C&phase. But this is
merely a first impression, and a multitude of addgl laboratory experiments can only bring
certitude. Instead of carrying out all those expents (which would take years), | decided to
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publish the initial results in my 1999 paper andcemtinue writing the present publication.
Through this publication the novel knowledge camdiin it, can be spread world wide in the
most effective way.

STATIC CONTROLS

Of course it would be possible to argue, that bseafiuctuations are virtually
omnipresent, such fluctuations can never be madporsible for dolomite formation.
However there are convincing arguments againstpiiist of view, especially in the form of
static control experiments. When repeating a padrcexperiment without the artificially
introduced fluctuations, and not finding for examgblomite, the only conclusion can be that
these fluctuations do play an active role.

Here experiments on the low-temperature formatibmagnesite with and without
fluctuations will be discussed. Not in the leastdese any discussion on dolomite formation
has been thoroughly confused through the introdocbf the names “neodolomite” and
“protodolomite” for what really are magnesium ctdsiwith high percentages of magnesium
carbonate. No such confusion pertains to the lomperature formation of magnesite. At the
same time these static control experiments arenggk® dolomite formation, because in my
low-temperature syntheses magnesite formation wesegded by dolomite formation.

In Liebermann’s experiments (1967) intervals ofcgp#ation alternate 14 times with
intervals of dissolution. The dissolution is brotighout by bubbling carbon dioxide through
the solution during 12 hours. Precipitation will &ttained through titration with ammonia
until pH = 8.0 has been reached followed by 60 s@airheating the solution to a constant
temperature (of for example 313 K). Because thentiyaof carbon dioxide dissolved each
time into the solution had not been measured, thex® no possibility to use Liebermann’s
syntheses as a basis for a static control expetirttenill not come as a complete surprise to
find, that when adding all of the ammonia usedhe 14 different titrations typical of the
Liebermann experiment in one action into the salliteon, no magnesite forms. What really
precipitates is magnesium hydroxide carbonate.

As stated before, ammonia played an essentiainatgy duplications of Liebermann’s
experiments. For when using sodium hydroxide irdsteeammonium hydroxide for the
titrations, no magnesium at all would form. Therefd seemed only logical to study more in
detail the possible significance of ammonia. Whaiswound consisted of details of an
industrial process used to make sodium carbonageSolvay ammonia soda process. As for
example Hou (1942) mentions, various magnesiuns gadicipitate during the “ammoniation
stage” of the saturated sodium chloride brines ugedong these magnesium salts also
magnesium carbonate in the form of magnesite (H®&42). In a patent claim Waeser
(1923/1926) stated, that the reaction

MgGl+ 2NH + CGQ + HLO = MgCQ + 2 NHCI (eq. 36)

would become reversible at temperatures above 30Bhi§ rather simple reaction would
adequately explain the role of ammonia in the lemyperature nucleation of magnesite, and
can be used to design a static control.

The first static control experiment consisted @&sdiving 0.1 mol MgGl6 HO in 0.5
liter demineralized water. The solution was satdawith carbon dioxide by bubbling GO
(industrial grade) during 48 hours (at 293 K). Ttlesed glass bottle containing the
carbonated solution was equilibrated at a temperaiti318+ 1 K, much like a closed glass

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



Chapter 7 — Dolomite syntheses 275

bottle containing 28 gr of a 25 % NBH solution (p.A.) in 0.5 liter water. The amourit o
ammonia should be sufficient to convert all of th@agnesium chloride into magnesium
carbonate. Immediately after adding the ammoniatigol in one action into the magnesium
chloride solution, a precipitate formed. After diling off and washing with demineralized
water, the filter paper was dried at room tempeeatBecause the filter paper remained wet,
additional re-suspension, filtration and washing waeded. Only then a dry precipitate could
be obtained for X-ray diffraction. The precipitdtem this experiment was found to consists
of Mg(OH),.

In my next experiment 0.2 mol ammonium carbamate;,QBINH, (p.A.) was
dissolved in 0.5 liter water. In another 0.5 liteater 0.1 mol MgGl6 H,O were dissolved.
Both solutions were first equilibrated at a tempae of 318 K, and after that poured in one
action into a large glass beaker. It took some drdidefore a precipitate formed; after
filtering off, washing and drying at room temperatuxX-ray diffraction was used for
identification. The precipipitate was seen to censf MgCQ.3 H,O (nesquehonite).

The third experiment involved the reverse reactadnthe reaction mentioned by
Waeser, that is to say the possible reaction betweagnesium carbonate and ammonium
chloride. To 0.5 mol demineralized water 0.5 mol/8H(p.A.) kept at a temperature of 333
K during the whole of the experiment, 0.6809 gadinely powdered, pure sample of natural
magnesite from Radenthein (Austria) was added.rA#acting for 14 days the remaining
precipitate was filtered off, washed, dried andayed. The precipitate still consisted of
magnesite, but it weighed only 0.4839 gr. In othwrds 29 % of the initial amount of
magnesite had been dissolved (as magnesium chloff@king the results of all three
experiments together, it may be concluded thatkhien made by Waeser (1923 / 1926) that
the reaction mentioned by him would become reviersbtemperatures above 303 K can not
maintained. At a temperature of 333 K the reacti@tween magnesite and ammonium
chloride takes place at a measurable rate. Buttbst important conclusion must be, that in
static experiments lacking any fluctuations in fieaeergy (p, T, x), no magnesite will be
formed.

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



