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CHAPTER ONE

" DOLOMITIZATION" RECONSIDERED

WHAT DIAGENESIS ?

There has been no lack of speculation concerniagptbcess of dolomite formation at
low temperature. Early publications on the subgéten contain the view, that dolomite would
have been formed through the action of "magneska-violcanic vapors" on pre-existing
limestones (e.g., Von Buch, 1822 A; Karsten, 1888ich volcanic vapors are not often found
in the sedimentary environment. Therefore the nm&gmich volcanic vapors of Von Buch
(1822 A) and thedolomitisirende Gaseof Karsten (1848) have gradually been substitimgd
percolating magnesia-rich solutions. Nowadays tipeseolating solutions seem to have many
adherents, even though the actual relations betwaeh solutions and the low-temperature
nucleation of dolomite have yet to be demonstratedproducible laboratory experiments.

This is not the only objection against the suggekie/-temperature conversion of pre-
existing limestone into dolomite (= "dolomitizatlpn The main argument against
"dolomitization” is, that the assumed chemical tieacwill not take place at low temperature
(around 298 K) and atmospheric pressu@alcium carbonate does not react with
magnesium cations in solution at low temperature (around 298 K): no conversion of
limestone into dolomite is therefore possible uraterditions typical of the earth's surface. The
reverse reaction does take place: a solution ofuralsulfate will change dolomite powder into
calcium carbonate plus a solution of magnesiunatifVon Morlot, 1847 A,B,C). No reaction
can be measured to take place at room temperattwedn calcium carbonate and magnesium
sulfate or magnesium chloride in solution (Von Mril847 A,B,C; Liebe, 1855; Van Tuyl,
1916 B). Despite these basic observations the poitédolomitization” still persists today. It
seems that the remark of Delanole (1854), thae tiseno such thing as "dolomitization”, has
not reached many geologists. That observation is the more disappointingahse of the years
gone by since Delanole (1854) made his remark.

Geologists often consider "dolomitization" to beeoof the aspects of a process
described as diagenesis. The concept of diageassistroduced originally by Von Gumbel
(1868), was intended to describe the (metamorghagsition of a carbonate sediment into a
marble. Walther (1894) extended the definition nelude a variety of wholly unrelated
phenomena found in sediments, rock salt depositis phutonic rocks as well as volcanic
deposits. Andrée (1911) restricted Walther's definitiam apply to sediments only. In
Walther's definition diagenesis would consist ofl ‘tAose physical and chemical changes that
influence a sediment after its sedimentation withaoy influence of heat or the weight of
overburden” (translated from Walther, 1894, 1I698). The concept of diagenesis will not be
used in this book, because diagenesis cannot b&ideoed to delineate a specific process
operating in nature. Walther's definition sums upasiety of unrelated phenomena. What
process could possibly explain at the same timepagtion, phosphate deposition, anhydrite
nucleation and the hardening of volcanic tuffs?c@firse numerous processes may affect the
sediment after its deposition, but a common faatdrbe hard to find in many, if not all, of
these instances. At times a process of "metasoisiat®snade responsible for the formation of
dolomite in sediments (e.g., Skeats, 1918 B). Bemh tit must be realized, that in the definition
of Emmons (1886) metasomatosis is essentially anathme for the process of (chemical)
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replacement.

The phenomenological approach based on the uke abnhcept of diagenesis has led to
the postulation of perhaps as many modes of foomads there are known occurrences of
dolomite. For every locality where Recent dolomh&s been found some peculiarities have
been chosen to suggest, that that set of circusetarand no other, was responsible. This
phenomenological approach created a diversity, twhatually reflects the complexity of the
local circumstances. Scientifically speaking such agproach certainly contributes to the
diversification of the problem, but its significantowards a possible solution of the problem
can be doubted.

MODELS OF DOLOMITIZATION

What are known as "models of dolomitization”, bab@d be more adequately termed
hydrological models, appear to have found theittohis origin in the publications of
Forchhammer (1849) and Bischof (1855). It was Hoaammer (1849), who had found dolomite
in a layer topping in many instances the white kchafl Denmark. The bed is only a few
decimeters thick and contains corals of the gebasophyllia and Oculina This layer has
numerous outcrops in Denmark always in the samaéiggtphic position, with the same fossils
and nearly the same thickness. But at Fax6e Hdlfdrmation is much thicker (some 40 to 50
m). Here the Fax6e limestone is covered by a laleplomite (which in turn is overlain by a
thick bed of limestone made up almost entirelyrgbboa). The Faxde Limestoheunderneath
the dolomite contains in general only 6 to 7 % MgQ@@ its pelecypoda and corals notably),
and the bryozoan limestone on top of the dolonater contains a maximum of only 1 %
MgCQOs;. The dolomite occurs in a layer consisting of reslu indicating according to
Forchhammer (1849) its origin from springs (mu&le lihe pea stone from Carlsbad). An origin
from springs was thought to be the more likely,dose of the presence of a number of large,
vertical tube-like cavities in the Faxte limestobésolution of the limestone by spring water
was thought to be responsible for these pipes.eftrer the Faxde Limestone as a whole must
have been deposited by springs. Forchhammer (1&4%uted the origin of the dolomite
nodules to a reaction between the calcium carbdratesprings and magnesium salts from sea
water. The rounded form of the dolomite nodules w@ssidered sufficient proof of the role
played by spring watér.  In order to obtain evidence for his point @w, Forchhammer
(1849) performed numerous tests with spring water sea water. When boiling for example
Selters mineral water with sea water the precpitatmed was seen to contain 86.55 % CaCO
and 13.45 % MgC®.

Much like various authors before him Bischof (188%)ught, that dolomite could not
have been formed by way of direct precipitationt imgtead must have formed through the
interaction of magnesium bicarbonate-containingitemis with limestone. After part of the
calcium carbonate of a limestone had been dissdiyettie bicarbonate solution, Cagénd
MgCO; would be able to follow their natural tendency afodm a double carbonafe.
Seawater was, still following Bischof, in fact suglbicarbonate solution, but it was apparently
not able to change any calcium carbonate into dicdodespite the fact that seawater contained
free CQ, calcareous skeletons or shells were not readisotied. Even the contrary seemed to
be true: local, but large constructions of calcasegemains in the form of reefs were known,
and as large-scale deposits known as limestonasicimlimestone no evidence could be found
of dissolution processes. But in sandstone sudldison processes must have been active,
because only imprints of fossils were found in mastances: the calcareous parts of those
fossils must have been leached. The same phenonmeansinhave taken place in the case of
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dolomites; there too the calcareous remains happeared (at least in case of the dolomite
found near Muggendorf, Germany described by Voarfibeck, 1831). The explanation for the
phenomenon had been supplied by Apjohn (1838), dpran (1844) and Sandberger (1845):
dolomite originates through the removal of "excesfium carbonate" from limestonés.
Therefore Bischof (1855) could only conclude, tdating the formation of dolomite vast
quantities of water must have percolated througtraick®  This process of dissolution was,
in the interpretation of Bischof (1855), the velsence of the formation of dolomite. But
whether dolomite would really form by way of remawent Austauschor by mere percolation
(Auslaugeh could not be decidetl. Doelter & Hoernes (1875) enlarged on Bischibisory,
and distinguished four different "hydrologic® mastell) waters would remove calcium
carbonate from magnesia-containing limestone antkam to dolomite formation; 2) waters
would remove calcium carbonate from limestone atduce magnesium carbonate; 3) waters
would introduce small amounts of magnesia, buthat fame time remove more calcium
carbonate; and 4) waters would introduce magnesiatihe limestone, but would not remove
calcium carbonate.

The percolation theory (&uslaugungshypothesseems to have received extra impetus
through the work of Hogbom (1894). While analyziAtpistocene glacial tills from various
locations in Sweden, Hogbom (1894) observed howp#reentage CaCQilecreased with an
increasing distance away from the Silurian souocks. But the percentage Mge@mained
virtually constant. In laboratory experiments, astisg of leaching samples of a marly shale
with carbonated water, Hogbom (1894) observed #&meesphenomenon of rapid removal of
calcium carbonate and a virtual constant amoumaznesium carbonat®.  Apparently the
same process was acting in the world's oceansudead 48 different analyses of deep-sea
sediments listed in the Challenger Report (MurralRénard, 1891) showed the same tendency.
The great majority of the ancient dolomite rockeadirse had not developed from glacial till or
from marly shale, but instead must have found thegin in coral reefs. After explaining that
Dana's (1872) theory of sea water as the sourteeahagnesium was quite untenable, Hogbom
(1894) postulated, that especially calcareous agab ad.ithothamniumwere responsible for
the incorporation of some 1.95 to 13.19 % MgGéto reef limestone. The subsequent
transformation of the magnesium-containing limestamo pure dolomites was clearly the
result of the leaching process, removing much efcticium carbonate.

It could be thought, that the theories of dolomatiizn mentioned are but historical
examples. The contrary seems to be true. For exampgbom's (1894) theory of selective
leaching of calcium carbonate has been fully cordl by Chilingar (1956 B), who noted in
laboratory experiments, that "... calcite is s@kety leached out of limestones" (Chilingar, 1956
B, p.2492).

With some degree of certainty it may be concludbd; Bischof's theory of partial
dissolution forms the basis of the "models of dot@ation" postulated by various 20th century
authors: the "seepage refluxion model" of King (@94Scruton (1953), Adams & Rhodes
(1960) and Deffeyes et al. (1965), the "capillapnaentration model" of Sherman et al.
(1947},  the "evaporative pumping model" of Hsii & Sisthaler (1969), the "solution
cannibalization model" of Goodell & Garman (196@)e "groundwater seawater mixing
model" of Hanshaw et al. (1971), the “evaporativ@dlown model” of Maiklem (1971) and
Kendall (1989); the "dorag dolomitization model" B&diozamani (1973), the "geothermal
springs model" of Fanning et al. (1981), the "stoatharge model" of Patterson & Kinsman
(1982), the "Kohout convection model” of Simms (4p8nd Saller (1984), the "tidal pumping
model" of Carballo et al. (1987), the “sea waten@ztion flow” model of Aharon et al. (1987),
the "coastal mixing zone model" of Humphrey & Qu{i®89), the “eustatic pumping” model
of Kaufman (1994), and the "evaporatic mixed-watetomitization model” of Gill et al.
(1995). All of these theories seem to compete aviding an explanation for the way in which
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seawater moves through the sediment, or how seawates with rainwater. In fact all are

hydrological models, and all of these lack any rddirelation with the process of dolomite
formation as such. The possible significance ofolthese hydrological models towards the
low-temperature nucleation of dolomite remainséalbmonstrated in each and every instance.

HIGH-TEMPERATURE SYNTHESES

Probably the first ever synthesis of dolomite &t tthescribed by Von Morlot (1847 A).
In that experiment fragments of calcite togethahwain amount of MgS£r H,O were heated
to 200R (= 523 K) in a closed glass tube. The glass wimemade to withstand the at least 15
bar pressure building up inside it during heatimgway of mounting it in a gun barrel filled
with sand. The high temperature was reached by msingethe whole instrument in an oil bath,
while heating. Wet chemical analyses were useddsy Morlot (1847 A) to identify the double
carbonate dolomite, but in a second paper apped#ngigsame year Von Morlot (1847 B)
described to have used the dilute acid test tondissh dolomite from other carbonates.

Favre (1849 A,B) related, how Marigrifac had been able to synthesize dolomite from
amounts of calcium carbonate and a solution of msigm chloride. The conditions used were
virtually the same as those described by Von Mqi@&47 A): the mixture was heated in a
closed glass tube during 6 hours to 475 K. Whetirngethe same mixture of CaG@agments
with a solution of magnesium chloride during lésant 6 hours, a double carbonate containing
less magnesium carbonate than dolomite would baddr A comparable high-temperature
synthesis was performed by Durocher (1851): pi@fes porous limestone and magnesium
chloride were heated together in a tightly closed barrel. The temperature reached was not
measured, but Durocher (1851) stated, that thel wietiae gun barrel attained a dark red color.
After three hours of heating the reaction produatse washed out and analyzed. Apart from
unaltered limestone, magnesium chloride, calciudorice, and a small amount of metal
oxides, dolomite was found. Part of the dolomitatamed iron carbonate. Durocher (1851)
explained the iron carbonate to be the resultrefaation between the magnesium chloride and
the iron of the gun barrel.

After remarking, that in the experiments of Von Mbrand Marignac high pressures
were involved, De Sainte-Claire Deville (1858) adsel his own experiments, carried out at
atmospheric pressure. A piece of chalk was impitegnaith a solution of magnesium chloride,
and heated in a platinum crucible to a temperatlightly above 373 K. That a reaction was
taking place, was noted by De Sainte-Claire De\ill858) because of the appearance of
calcium chloride in the solution. But the reactebd not proceed very far: a maximum of 6 to 7
wt. % of the chalk was converted into dolomite. eAftvashing the solution of magnesium
chloride out of the piece of chalk and replacingyita fresh one, the reaction would proceed
further.

Hunt (1859) tried to repeat the experiment desdrimg Von Morlot (1847 A) in the
Jahresberichte der Chemi848 (that is to say Von Morlot's experiment vaghcium carbonate
plus magnesium sulfate hydrate heated during 4shtou473 K), but obtained mainly magnesite
together with a small amount of calcium carbon#fier Hunt (1859) had repeated the
experiment with the addition of some water to thetune of calcium carbonate and magnesium
sulfate hydrate, no dolomite was detected eitheceomore mainly magnesite with a little
calcium carbonate formed. More successful weraattempts by Hunt (1859) to duplicate the
experiment of Marignac (as described by Favre, 1849): after heating calcium carbonate
with a solution of magnesium chloride during 8 hoto 493 K, dolomite was found (in wet
chemical analysis) together with magnesite andiwalcarbonate. In a different experiment
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Hunt (1859) noted, how dolomite would be formedemfieating calcium carbonate with
magnesium carbonate tri-hydrate in a closed tuba temperature of 448 K. Hunt (1866)
synthesized dolomite by way of heating the preaipjtthat formed upon adding a slight excess
of sodium carbonate to a solution of equivalent am® of calcium chloride and magnesium
chloride in a sealed bronze tube to temperaturegelea 393 and 403 K.

Hoppe-Seyler (1875) observed dolomite formatiorerafieating calcium carbonate
powder with a magnesium bicarbonate solution iaadesl glass tube during 24 hours to 473 K.
Similarly dolomite was found after heating sea watarbon dioxide and calcium carbonate
under the same conditions. Hoppe-Seyler (1875) elsarved dolomite formation taking place
at a temperature of 373 K: after keeping calciumb@aate and a magnesium bicarbonate
solution for at least 90 hours at that temperatusealed glass tubes, dolomite was found. After
only 30 hours dolomite was detected in closed glalsss containing calcium carbonate and a
solution of magnesium sulfate heated to tempemtofe&93 to 413 K. But no dolomite at all
could be found by Hoppe-Seyler (1875) in experimeimt which temperatures below 373 K
were used, no matter how long those experiments e@tinued.

Dolomite has been synthesized at a temperatureD®fKk4 by Bourgeois & Traube
(1892); in their experiment equimolal amounts ofjnesium- and calcium chloride were added
to a solution of KOCN, and subsequently heated seaded glass tube. Apart from aragonite a
compound formed, which would not dissolve in aceibtd and which dissolved only very
slowly in dilute hydrochloric acid. Chemical anags showed the rhombohedra of this
compound to consist of calcium- and magnesium ceatep but too much of the latter
compared to natural dolomite. Possibly a mixtureabmite and magnesite had been formed.
According to Klement (1894) a temperature of 36336 K would be sufficient to create
dolomite in the laboratory; his experiments comsisdf boiling aragonite powder in sea water
(with magnesium chloride as well as magnesium @&)lfa

Kazakov et al. (1957) formed dolomite in tests, rebg a mixed Mg/Ca bicarbonate
solution was heated to 423 K for 90 hours. Landb{)&ynthesized dolomite in experiments
conducted at 573 K. Baker & Kastner (1981) syngegsdolomite at 473 K from solutions
containing magnesium chloride, calcium chloridedigm chloride, and calcium carbonate.
Baron (1958, 1960) and Baron & Favre (1958) syritleesdolomite from a solution of calcium-
and magnesium chloride mixed with sodium carbortfeated to a temperature of 523 K while
under a pressure of 47 bar. Vlasova & Valashko )1 ®@btained dolomite in tests, in which
temperatures between 423 and 473 K were reachegrasdures ranged from 1 to 600 bar.
Similarly Syromyatnikov & Vorobev (1974) synthesizeolomite from mixed magnesium-
calcium bicarbonate solutions at 373 K, but inrtlesiperiments C@pressure as high as 500
bar was used. Although Usdowski (1967) claimedt tie had synthesized dolomite from
aragonite and a concentrated solution of magnesibloride heated to 393 K, here too
pressures higher than 1 bar were involved. In kgeements Usdowski had heated closed
tubes, made to withstand the pressure develop&tkitise tubes. Heating for example to 393 K
would cause a vapor pressure inside the glasofubbar. Heating to 453 K caused an increase
in pressure to values near 10 bar (Usdowski, 198&unaye et al. (1981) obtained dolomite in
experiments conducted at 493 K and 20 bar pressure.

In many cases a direct relation between dolonmitehagh temperature reactions can be
deduced from field observations. In those casesdiblemite is of metamorphic origin.
Especially contact metamorphism has created caadildernasses of the mineral dolomite. This
type of paragenesis (dolomite contacting porphgmgnite, or other plutonic rocks) was
described in the very paper, which introduced theeral. Writing on the dolomite he had
found near Bolzano (N.ltaly), De Dolomieu (17913toiguished two types of occurrences. The
first type of dolomite was well bedded, often hontally bedded, and contained fossils. The
second type of dolomite was more massive, denser,showed a semi-transparency, that
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resembled that of marble. The second kind of dd®mvas found contacting a porphyry. Later
Bischof (1855) clearly distinguished between higimperature dolomite (the result of a
plutonische Metamorphos@nd dolomite originated by way of replacementpag-existing
limestone.

REPLACEMENT

Von Buch (1822 A) investigated dolomite occurren@snumerous locations in
Germany, Austria and Italy. From his field obsesad VVon Buch (1822 A) concluded, that
dolomite seldom if ever contains fossils; thatatlla more porous texture than limestone; and
that in the Fassa Valley of southern Tyrol the ressg dolomite were always accompanied by
a black augite porphyry. This plutonic rock woulave been instrumental in the conversion of
the older limestone into dolomite. The dolomitekoof the Fassa Valley would invariably
contain pores and cavities lined with minute ctgstand Von Buch compared it with the same
phenomenon in burnt limestone fragments from ldescribed by Tennant (1799). Furthermore
Von Buch (1822 A) mentioned, that pieces of doleniad become known from the Vesuvius
volcano. Taking all these observations togethen Bach (1822 A) could only conclude, that
the augite porphyry had changed the pre-existiak-dolored limestone masses into the white
masses of dolomite, and had destroyed both fossteat and bedding planes of the limestone.
Having established this explanation for the fororatf the dolomite in the Fassa Valley, Von
Buch (1822 A) proceeded to declare this to be aeansal principle. Dolomite would always be
accompanied by an augite porphyry, which had caiisédrmation, and there where no augite
porphyry was to be seen, the dolomite would sélliio the stage of conversion and the augite
porphyry would be hidden somewhere undergradnd.

Many geologists have followed the school of thowgiatted by Von Buch (1822 A) and
have explained the formation of dolomite in termhisaaonversion of pre-existing limestone.
For example Coquand (1841) stated, that dolomitediments had been formed through hot
solutions from nearby plutonic intrusions after ¢ieposition of calcium carbonate. The idea of
magnesium "vapors" reacting with limestone wasctefby Elie de Beaumont (1854), because
he had found in samples from the Fassa Valley stanfacts between melaphyr and limestone
without any sign of the supposed transformatioa adlomite. Initially it had been postulated,
that magnesia would enter the limestone rocksénfahm of "vapors™*  (a view advanced
among others by Von Buch, 1822 A; Savi, 1830; Bla&¥43; Klipstein, 1843; Karsten, 1848
and Sismonda, 1854); but gradually the idea worergoound, that the pre-existing limestones
had been converted by way of solutions of magnesAuthors such as Provano de Collegno
(1835), Von Morlot (1847 A) and Haidinger (1848) reveconvinced, that such solutions
contained magnesium in the form of its sulfate; i@he others notably Virlet d'Aoust (1835)
and Favre (1849 A,B) thought these solutions totainnespecially magnesium chloride.
Grandjean (1844) suggested prolonged exposurenwstone to rain water as leading to
dolomite.

But there were also authors, who thought it necgstsa contradict the suggested
secondary change of pre-existing limestone. Fomgla Zeuschner (1829), after visiting the
same Fassa Valley dolomites of Southern Tyrol, tediout, that the contact between dolomite
and the black porphyry was not to be found at elgglity where dolomite occurred. Such an
association had been implied in Von Buch's (1822th&ory. At the same time Zeuschner
(1829) had found an intrusion of black porphyrypiat limestone, in which instance the latter
had remained unaffected by the intrusion. Afterlyaimag a second porphyry, which had
intruded into dolomite formations, Zeuschner (18@93erved, how the augite minerals of the
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porphyry had not been altered in a chemical séhiseh an alteration had to be expected, when
assuming like Von Buch (1822 A), that the augiteemals would have supplied the magnesium
necessary to change a limestone into a dolomite. #at the main objection of Zeuschner
(1829) against the "dolomitization" theory of Voudb (1822 A) was of a chemical nature:
how could calcium carbonate ever react with magmesvithout leaving other traces of such a
conversion? From these observations Zeuschner Y t8@® the conclusion, that dolomite had
to be a precipitate from an aqueous solution: thesils (crinoids mainly, but also some
gastropods) found, were ample prbof. Meanwhile Von Buch (1824) had revised his tiieo
of a high-temperature conversion caused by theacbntith an augite porphyry into one he
called theUmwandlungs-Hypothesa secondary conversion of a pre-existing limestomust
have taken place through the addition of magnesia.

Boué (1831), Bertrand-Geslin (1834), Wagner (18336), Reuss (1840), Petzhold
(1843), Delanote (1854), Fournet (1849), and Vonmfl (1871) all rejected the
"dolomitization" concept. As a major argument aghia possible secondary change, Boué
(1831) cited the presence of fossils in the dolertayers. Wagner (1831) pointed out, that Von
Buch's (1822 A) own descriptions of the geologysotithern Tyrol proved, that not in all
instances a direct contact between dolomite anghyoy existed. After studying the dolomites
of the Seisser Alm (N.ltaly), Bertrand-Geslin (183diggested, how from the very moment of
deposition these carbonate rocks had contained esagn carbonate, and he excluded the
possibility of any subsequent introduction of masjme by way of percolating solutiohs.
Similarly Wagner (1831) concluded, that dolomitel Immt been deposited initially as calcium
carbonate, to be changed in some later stadiundwoitomite. Petzhold (1843) pointed out, that
the stratigraphic relations between many dolomates contacting limestone showed, how the
formation of these dolomites could not have invdlaay intrusions by igneous rocKs. Reuss
(1840) stressed the observation, that the assmtibttween dolomite and a black porphyry
could not be seen in all instances. Even in Tyobbighite was not always accompanied by such
an augite-prophyry, and several augite-porphyrieewot accompanied by any dolomite at all.

After Fournet (1845) had read his paper on theoregigeology of Tyrol at a meeting of
the French geological society, a discussion folkbwekiring which Virlet d'Aoust suggested an
"epigenetic" origin for dolomite. Only direct prpdation could explain the well-developed
bedding and fine laminations typical of many a dute rock. Delanolie added to the
discussion, that he had studied many dolomitedhiéAtpes Ligurienesand the Gulf of La
Spezzia, and had not found any evidence in supgfothe dolomitisation postérieure du
calcaire Thin layers of dolomite intercalated in betweagels of fossil-rich, well-bedded
limestone would exclude any secondary conversi@a Bater would, in Delanole's (1854)
explanation, be able to demolish in the coursefefiacenturies almost any limestone cliff, but
it was apparently unable to change such a limesthiiénto a dolomite rock. (Much the same
conclusion has been formulated by Hoppe-Seyler518he main objection against the
assumed process of "dolomitization" (which, acewmgdio Delanoie, 1854 should more
adequately be described mmgnesitizationwas, that dolomite can be found in undisturbed
regular layers, containing fossils and organic emathat showed no traces whatever of any
secondary change. Liebe (1855) wondered why, iftfier moment one would assume the
secondary conversion of limestone into dolomitdy cal and rather restricted occurrences of
gypsum or anhydrite were found in the neighborhobdolomite formations. Why should this
gypsum not be present in large amounts and in ageneous manner throughout the whole of
such a dolomite formation? The formation of anhgdfrom gypsum would constitute an
additional problem to be solved. Von Gumbel (18@ancluded from stratigraphic relations,
that dolomite was nothing but an original sedim&ualomite could not have formed by way of
the conversion of pre-existing limestone, becahsecbntacting limestone did not show any
trace of a secondary process of "metamorphism"il&lgnSkeats (1905) rejected Von Buch's
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idea of "ascending magnesia-rich vapors" as theecafi dolomite formation as well as the
suggested relation with volcanic rocks ("The eatlgws of L. von Buch on the origin of
dolomite were formed as a result of the examinabbrthe dolomites of Tyrol, and they
involved the ascent of heated magnesium-vapor tf@routpourings of the Triassic volcanic
rocks, which are found in association with the dotes. Modern chemists would not agree
with the chemical reactions involved in such a pss¢ and, apart from this, the distribution of
the dolomites has no causal relation to the digiob of the volcanic rocks™ Skeats, 1905,
p.131).

In a review on "dolomitization" theories Schee866) pointed out, that there were six
different views known at that moment. The first &@inel oldest theory was that of the "magnesia
vapors" reacting with limestone. This theory hadrbadvanced especially by Von Buch (1822
A), but the concept had been outlined earlier byukro (1779) and Heim (1806). Criticism on
this particular theory had been formulated by Rstzri{1843), who had demonstrated the
absence of any suggested relation between the NMg@dent of limestone and the occurrence
of a porphyry in the vicinity of this limestone.n8lar objections had been published by Von
Richthofen (1860). The second theory involved &trea between limestone and a solution of
magnesium sulfate. Authors such as Jacquemont X182ddinger (1831} , Provano de
Collegno (1834), and Von Morlot (1847 A) had obselrparageneses of dolomite and gypsum,
and had suggested the possible reaction betweestbme and a solution of magnesium sulfate.
The third was comparable, in that it supposed eticabetween pre-existing limestone and a
solution of magnesium chloride; a view advancedeixample by Virlet d'’Aoust (1835) and
Favre (1849 A). The fourth theory of "dolomitizatiovas that of Frapolli (1847), who thought
that dolomite formation had to be attributed to #ltions of magnesium chloride vapor. The
fifth subgroup of theories suggested a reactiomwéen carbon dioxide-containing water and
MgCOQOs-containing limestone: much of the calcium carbenat the limestone would be
dissolved and the magnesium carbonate present waadt to give dolomite. Authors
advancing this view were for example Grandjean 4).8%tuder (1844), Volger (1849), and
Bischof (1855). The sixth theory was that of Na(t848) and Pfaff (1851): limestone would
be partially dissolved by a solution of magnesiuoatbonate, and so be changed into dolomite.
Most of these six different "dolomitization” thessireceive little or no attention in the modern
literature, with the exception of only one: thedtyeof Haidinger.

It is a historical fact that Haidinger knew verylw#hat no reaction takes place between
calcium carbonate and a solution of magnesium teyltanless the mixture is heated to a high
temperature. Haidinger (1844 A,B) had recounted wiesv of Wohler, a view shared by
Mitscherlich and Gmelin, that powdered dolomite ldoweact under conditions of low
temperature and atmospheric pressure with a solafigypsum to give calcium carbonate plus
a solution of magnesium sulfdte.  More evidence in support of this view carfdaend in the
paper by Von Morlot (1847 A), a paper publishedHmidinger's own journal: there successful
high-temperature synthesis of dolomite was desdyibat at the same time mention was made
of the fact, that at ordinary temperature the weeaction would take plat®.  One year
later Von Morlot (1848 A) expressed the same oladEmnw even more clearly: at room
temperature a solution of calcium sulfate wouldngfeadolomite into calcium carbonate plus a
solution of magnesium sulfate. But the reactiorwken calcium carbonate and a solution of
magnesium sulfate leading to dolomite plus gypswoyld require a high temperature as well
as high pressure.

The suggested secondary conversion of limestdoadwmlomite as made by Haidinger,
albeit through Von Morlot's papers, has been contetean by several authors. For example
Sartorius von Walthershausen (1855) pointed oat, ttte suggested reaction takes place only
under conditions of elevated temperature and higsspires. At room temperature (and
atmospheric pressure) the reverse reaction prévails his textbook Mitscherlich (1835),
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described how a solution of Cap@iill replace the Mg-cations from solid MgGObut
replacement of Ca-cations by Mg-cations from s@aCQ does not take place. It is worth
recalling, that for example Hunt (1859, p.171) dotéThus, according to Mitscherlich,
magnesite or dolomite slowly transforms a solubdgypsum into one of sulfate of magnesia,
carbonate of lime being formed at the same tinteavie observed a similar reaction between
dolomite and a solution of chlorid of calcium..".

LABORATORY EVIDENCE

In a multitude of laboratory experiments it has rbedemonstrated, that no
"dolomitization” reaction will take place at rooentperature and atmospheric pressure. At the
same time it is quite amazing to see, how thischalsservation has gradually disappeared from
the literature. It is therefore necessary to resathe of the laboratory work on the supposed
"dolomitization” reaction.

Foremost stands of course the observation madelabaatory experiment by Von
Morlot (1847 A), that a solution of calcium sulfatsacts at room temperature with powdered
dolomite to give calcium carbonate plus a solugbmagnesium sulfaté.  While describing
his successful high-temperature/high-pressure egath of dolomite, Von Morlot (1847 C)
noted, that a minimum temperature of 2BRQ= 523 K) was required. At lower temperatures no
dolomite would be formed; under those conditioresrdverse reaction would predominate, and
no reaction took place between calcium carbonamgpoand a solution of magnesium sulfate.
Liebe (1855) added pieces of limestone to magneshloride solutions of different strengths,
and kept these for one and a half year at room g¢estyre. Chemical analysis revealed only
calcium carbonate and not a trace of doloffite. The impression might exist, that if solutions
of magnesium chloride or magnesium sulfate will redct with calcium carbonate to give
dolomite, a solution of magnesium bicarbonate migbssibly do so. This idea has been
investigated in laboratory experiments by Bischb855): in his tests, carried out at room
temperature, no such reaction appeared to takeflac Hoppe-Seyler (1875) conducted
laboratory experiments to investigate the possidetion between calcium carbonate powder
and sea water, through which carbon dioxide wasledb After 4 months no reaction could be
detected; no dolomite at all had been formed. Atiogrto Hoppe-Seyler (1875) the reaction
between calcium carbonate and magnesium sulfaelition required a minimum temperature
of 273 K.%® Pfaff (1894) noted in his experiments, howywsyym will actually react with
magnesium carbonate in a solution at room temperai give calcium carbonate plus
magnesium sulfat®.  Leitmeier (1915) added a concentrated magnebioarbonate solution
to powdered calcium carbonate: even after prolomgadtion time no change whatever could
be noted in the mineralogy of the calcium carbongtd. Kohler (1928) added Cagid the
form of vaterite to a solution of magnesium sulfsagurated with carbon dioxide. After 8 days
of shaking the mixture (at room temperature), cleaimanalyses failed to show any trace of
magnesium incorporated into the calcium carborritéere (1939) placed a piece of limestone
in sea water and let it react during one year atréeemperature. Chemical analyses after this
prolonged period of immersion showed a slight iasesin magnesium content, but no dolomite
at all was found. Previously Linck (1937) had rekedr (after conducting hundreds of
laboratory experiments on dolomite formation), tifa action of magnesium chloride or
magnesium sulfate solutions on calcium carbonate riever, at least at low temperatures,
produced any dolomit€.  Much the same conclusion was reached by Mar{d971, p.824):
"... lengthy exposure to sea water alone is ndicgerfit to cause the formation of dolomite by
replacement”. Berner (1966) noted im situ field observations, how the aragonite and the
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magnesium calcite making up the main part of moddrallow-water carbonate sediments
could not be measured to change into calcite polsndte. ("Carbonate sediments that have
been in contact only with sea water throughoutrtiestory afford no evidence for the
recrystallization of metastable high-Mg calcite amdgonite to low-Mg calcite and dolomite":
Berner, 1966, p.34.)

Experimental evidence often cited in support ofgshpposed "dolomitization" reaction
seems to have been provided by De Groot (1967%edltspection of his experiments reveals
something, which is different from what is beingicied. In the experiments by De Groot
distiled water in equilibrium with atmospheric ban dioxide was being percolated over
gypsum powder and into a thermoconstant vesseldfilvith a dolomite suspension. The
reaction took place at temperatures between 2983BidK. Chemical analyses made during the
experiments, showed in all cases a steady incieabe amount of calcium carbonate. In one
experiment, conducted at a temperature of 313 Kgu0 days, even relatively large amounts
of CaCQ were found in X-ray diffraction of the reactioroducts. Contrary to the conclusions
drawn by De Groot (1967), his tests illustrate ¥hédity of the observation of Mitscherlich,
Gmelin and Haidinger (1844), that a solution oticah sulfate will change dolomite powder
into calcium carbonate plus a solution of magnessuffate. In experiments Yanateva (1956)
had confirmed this observation.

In order to test the claim of Hoppe-Seyler (1875t solid CaC@will not react with
magnesium in the form of its sulfate or chloridee tfollowing laboratory test has been
conducted by me. To 0.5 drwater 0.02 mol CaC§Xcalcite powder, MERCK art. no. 2064),
0.1 mol MgSQ.7 H,O and 0.1 mol MgGl6 HO (both reagent grade) were added. In order to
speed up a possible "dolomitization” reaction, gbkition was heated to 353 K. The solution
was kept at that temperature in an electric ovée. Mixture remained in a large glass beaker
covered with a watch glass. Gradual loss of watas veplenished from time to time with
additions of water. After 6 weeks the solid matgui@sent was filtered off, washed, air dried,
and X-rayed. No dolomite, nor any other anhydroug @4 carbonate, had been formed: the
only solid to be detected was calcite.

The statement of Hofmann et al. (1914) was alsokefte To 0.5 drhwater 0.02 mol
MgCQ; (natural magnesite from Radenthein, Austria; a®alyfor purity prior to the test by X-
ray diffraction), 0.1 mol CaS{2 H,O and 0.1 mol CagPk H,O were added. The solution was
kept at 353 K for 6 weeks. In this case most offthely ground magnesite had been changed
into aragonite. In addition to some gypsum onlya@niamounts of magnesite remained.

From the fact that magnesium cations in solutionndb react with CaC@at low
temperature and the fact, that calcium cationsoiatisn will react with solid MgC® has
important implications. The replacement of magnashy calcium must have its origin in the
electrochemical series of Berzelius (18%5):

Li-Rb-K-Ca-Na-Mg-Al-Zn-Fe-Ni-Sn-Pb-H-Cu-Hg-Ag-Pt-Au

Berzelius (1836) pointed out, that the underlyimgqples of the electrochemical series
dated back to Volta (1800) and especially Davy {18308), who had successfully used the
electricity from Voltaic cells in chemical react&afi From these electrochemical experiments
Davy drew the conclusion, that all inorganic chethieactions find their origin in electric
phenomend’  Experiments by Becquerel (1827, 1829) had shiherrole of electricity in
even the smallest of chemical reactions. Later [dpweents led to instruments to measure the
amounts of electricity involved, and thus it hasdmee possible to measure accurately electro-
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Li -3.01 Volt
Rb -2.98
Cs -2.92
K -2.92
Ba -2.92
Sr -2.89
Ca -2.84
Na -2.71
Mg -2.38
Ti -1.75
Be -1.70
Al -1.66
V -15
Mn -1.05
Zn -0.76
Ga -0.52
Fe* -0.44
Cd -0.40
Co? -0.27
ST -0.14
P -0.13
H 0.000
Cuw* +0.34
Ag+ +0.80

Tablel - Electrode potentials of metalsin water (from Bockris & Reddy, 1970).
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chemical potentials in units Volt (Table I).

Replacement taking place for example in the reac® + C . AC + B is according to
Berzelius (1836) the result of a greater chemiffelity of C towards A, and this chemical
affinity had its origin in electrochemical phenoraéh Reactions of the type

a&B+ CaSQ - C&" + BaSQ (equation 1)

are caused by this difference in affinity based etectrochemistry: the standard electrode
potential of barium (- 2.92 Volt: Bockris & Reddy970) is higher than that of calcium (- 2.84
Volt: Bockris & Reddy, 1970). The standard electrqubtential of calcium (- 2.84 Volt) is
higher than that of magnesium (- 2.38 Volt: Bocl&isReddy, 1970). The electrochemical
series (or "replacement series" or "lyotropic sHjieshows that the low-temperature
replacement of calcium by magnesium is not possiOle the contrary magnesium will be
replaced by calcium (calcium being the more elgdsdive element).

HUNTITE AND NORSETHITE

In recent years the dolomite problem has been gedawith two side-ways: one will
have to consider the possibility of a process ofinthization” and a process of
"norsethitization'®*

The mineral huntite, CaG3 MgCQ;, has been described by Faust (1953) from the
dolomite/magnesite deposits at Currant Creek, Nev@dSA). Although this particular
deposit is of hydrothermal origin, Faust was coogah that the new mineral had been
deposited by ".. cool waters in cavities and vuddimerous authors have since described
huntite from comparable parageneses, where humtitdd have formed from surface waters
in the weathering zone of carbonate rocks. Examiplelsde Koblencz & Nmecz (1953),
Baron et al. (1957), Skinner (1958), Golovanov @95/een & Arndt (1973), Cole &
Lancucki (1975), and Ivanov & Palgueva (1976). Hantrom caves was described among
others by Pobeguin (1960), Real & Povondra (1964), Thrailkill (1971), and Fisek (1976).
Huntite has been found in sabkha's by Kinsman (1 3&atthuisot (1971, 1974), and Schneider
(1975). In ephemeral lakes the mineral occurs dk veports by Irion (1970) and Irion &
Miiller (1968) document such occurrences.

There can be no doubt, that huntite, much likeouhitie, can be formed even at low
temperatures within a relatively short period ofdi Cassedanne & Cassedanne (1963) found
in a mine huntite, which could not have been ottlan 20 years. Syntheses of huntite have
become known from the hydrothermal tests of Bied?i@isinger (1962). In those experiments
huntite formed at temperatures between 373 andk488d under C@pressures of 3.2 to 18
bar. The alleged low-temperature syntheses of teubti Davies et al. (1977) are difficult to
reproduce, even difficult to evaluate. In thoseegkpents nesquehonite reacted with carbonate
sediments immersed in hypersaline brine in thegmeas of an abundant microbial population.
The reaction time was 10 months; the temperaturegluhe test was room temperature
(between 293 and 303 K). The claim of Davies andvarkers that huntite (along with
dolomite, hydromagnesite, calcite, and monohydoitedl formed because of the high
concentration of the carbonate anion groups, wasulgstantiated with experimental evidence.
The highly complex and ill-defined nature of they#istem must have contributed much in this
respect.

The structure of the mineral huntite has been aedlpy Graf & Bradley (1962). On the
basis of powder diffraction photographs the conclusvas drawn, that huntite should be
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considered to belong to the orthorhombic R 3 2 esgmoup. The rhombohedral unit cell, that
resembles the cleavage rhombohedron of calcitecanthins 1 calcium atom, 3 magnesium
atoms, and 4 carbonate groups, with= 60.75 nm andx = 102 56' . An alternative
interpretation on the basis of a hexagonal symniethyto a unit cell with 3 calcium atoms, 9
magnesium atoms, and 12 carbonate groups. Muclldikenite the mineral huntite consists of
an ordered array of layers, populated exclusiveti wither one of the two different kinds of
cations or with carbonate anion groups only. Therdtion between these three different layers
follows essentially the direction of the c-axist the lattice is complicated to some extent by
the tilting of a number of the G&@roups (Graf & Bradley, 1962).

Another similarity between huntite and dolomite da@ found in the dissolution
behavior. Attempts to measure the solubility oftitarturned out to be problematical. Halla &
Van Tassel (1968) stated that the dissolution aftites in water involves an irreversible
reaction.

A possible parallel between the low-temperatumenégion of dolomite and that of
norsethite, BaMg(Cg¢),, has been suggested by Lippmann (1967, 1973),dMof Ricketts
(1986) and Boéttcher (2000). The structure of dotenwould be "comparable” to that of
norsethite, and the latter contained magnesiumopatb in an anhydrous form just like
dolomite. At closer look however it is difficult teee, why the structures of dolomite and
norsethite would be "comparable”. In fact the daterfattice belongs to space group R 35 C
(Wyckoff & Merwin, 1924) and the lattice of norsiééhto space group R 3 2 “fIMrose et al.,
1961). ‘The analogy between norsethite and dolomite brdais because Ba and Mg sites in
the two minerals are very different. In norsetitg is octahedrally coordinated as in dolomite,
but Ba is surrounded by 12 oxygens. Mg cannothidl dodecahedral-Ba site and Ba cannot
substitute into the octahedral-Mg siteslthoff (1977, p.778).

However there are certain parallels between dotmitd norsethite. Like dolomite,
norsethite can be found in metamorphic carbond#tesskample near Rosh Pinah, Southwest
Africa: Steyn & Watson, 1967) and in sedimentampoaates, that must have originated under
low-temperature conditions (such as the Green Rfeemation carbonates: Milton & Fahey,
1960). A second parallel is perhaps that norsethmitech like dolomite, does not form by way of
replacement ("barium carbonate may be left in aiéth magnesium chloride solutions .. for
more than a year without appreciable changes tgiece": Lippmann, 1968, p.35). Because
the reaction

2Bag® M¢* - BaMg(CQ), + B&* (eq. 2)

is not likely to take place at low temperatures. (ibelow 373 K), Lippmann (1973) concluded,
that the analogous "dolomitization" reaction

2CaC® Md* - CaMg(CQ), + C& (eq. 3)

will not take place at low temperatures eitfier.

SOLID STATE DIFFUSION

The experimental evidence cited in the previouicgemakes it difficult to understand,
how under low-temperature conditions a chemicattiea would take place between calcium
carbonate and magnesium in solution. Because efldkk of factual evidence in support of
such a reaction, some theories on "dolomitizatient to describe the suggested reaction in
terms of a very slow process of solid state diffnsiSuch an idea was propounded initially by
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Graf & Goldsmith (1956), who postulated, that magyme calcite and "protodolomite” could
be changed into dolomite by way of "... cation r@agement by dry, solid-state diffusion within
small crystalline units" (Graf & Goldsmith, 1956,1@4). Various authors have since taken up
this suggestion. For example Baron (1960) suggdkttdhe process of ordering of an initially
formed anhydrous MgCE&CaCQ solid solution would take place bydiffusion
intracristalling”. Other authors have thought it necessary toicedtre extent of solid state
diffusion to the outer few molecular layers of dodaite crystal. In fact Peterson et al. (1966)
postulated that diffusion would take place in adisred surface layer of only one or two unit
cells thickness. Because such an ultra-thin lagebayond the resolution limits of X-ray
techniques or even electron microscopy, it woufdosifvely withdraw itself from observation
(and verification for that matter).

Experiments have been described, that seemed tadersupport for the theory of
"dolomitization” by way of solid state diffusion.aBn (1960) prepared a quantity of
magnesium calcite by mixing 50 &mf a 0.5 N calcium chloride solution with 50 tof a 0.5
N magnesium chloride solution and adding 50 aha 1 N sodium carbonate solution at a
temperature of 423 K. At the start of the experi@namount of carbon dioxide ice had been
added, and the pGnad reached an initial value of 4.9 bar. The readbok place during 5
minutes in a closed pressure vessel, and duringdlatng phase a maximum pressure of 14.7
bar was reached. After X-raying Baron (1960), dedddhe magnesium calcite formed into two
equal amounts. The first was used as a dry powaler (filtering off and washing the
precipitate); the second half was mixed again Withinitial salt solution. After adding another
guantity of carbon dioxide ice, the two samplesengclosed again in the pressure vessel, and
heated during 4 hours at a temperature of 423 KRa¥( diffraction applied to the two different
samples, showed according to Baron (1960), thaptesence or absence of the salt solution
had not at all influenced the conversion of magmasialcite into dolomité?

In the syntheses of Graf & Goldsmith (1956) tempees of 763 K and more were
used. At such high temperatures cation orderingtaka place, because of the increase in
kinetic energy of the ions ("... at elevated terapees ionic mobility is great enough for cation
ordering to take place": Graf & Goldsmith, 19561 43). This also forms the reason, why the
claim of Kulp et al. (1951), who had measured "ditigle ionic substitution" among the cations
in mixed Ca-Fe-Mn carbonates, seems to be justiiretheir experiments the carbonates were
heated to temperatures of at least 1323 K. At emperatures (around 298 K) the two different
cations of dolomite do not possess sufficient kinenergy for solid state diffusion and
"spontaneous"” processes of cation ordering. Meamnts with radioactive isotopes confirm
this observation. In fact the ionic mobility of icats in the calcite lattice at room temperature is
so low, that it cannot even be measured at thgbdeasture. Bratter et al. (1972) were able to
estimate the ionic mobility of calcium cations aldite. Using C& and N&° as tracers, the €a
self-diffusion coefficient and the Nadiffusion coefficient could be established at ated
temperatures. Calcite crystals were heated in ag@@osphere to 1073 K. At that temperature
the diffusion rate of Ca could be measured. Other calcite crystals wertetieand exposed to
quantities of the sodium isotope, and diffusiomsaif N&* could be established after cooling
down and leaching successive layers of the crystadllel to the labeled reaction face. Even
after heating to 1073 K, actual measurements wéreult to make because of the low rates of
diffusion. Nevertheless Brétter and co-authors hestamated, that the self-diffusion rate of
calcium cations in calcite was less than 5 %%fhf.sec¢', and that the diffusion rate of sodium
cations into the calcite lattice would be less théirf cn?.se¢ . Accepting these findings opens
the possibility to estimate the time, which woutl required to "dolomitize" a small crystal of
calcite. Even a very small volume of calcite, s&§dm®, would require for its 99 % conversion
into dolomite at least £/ears according to Bratter et al. (1972). Modenomhite younger than
100,000 years therefore provides evidence agamyssuggested process of alteration by way of
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solid state diffusion. “The idea of cation replaesthas the main mechanism for dolomite
seems improbable... “(Bratter et al., 1972, p.53).

Adsorption of magnesium and calcium ions from iraf seawater onto polished
surfaces of calcite has been quantified in scanAunger microanalysis by Mucci et al. (1985).
In those analyses no indication could be foundHerexistence of solid state reactions between
the bulk of the (magnesium calcite) crystal anditsermost adsorbed layers. In the experiments
by Fisler & Cygan (1999) the diffusion of calciumdamagnesium cations into calcite has been
measured by way of Myand C&* tracers at temperatures between 823 and 1073ffisbin
coefficients of calcium cations in calcite of 5&'1 m?.se¢’ at a temperature of 823 K to 245 x
10" mP.sec¢" at 923 K were measured. At the same time diffusimefficients for magnesium
cations in calcite of 39.8 x TOm’.se¢" at 823 K to 12.6 x IHhm’.sec' at 1073 K (Fisler &
Cygan, 1999).

The measurements by Bréatter et al. (1972), Muc@l.e{1985) and Fisler & Cygan
(1999) appear to confirm in a way the earlier olsgons of Lahav & Bolt (1964), who had
measured the self-diffusion coefficients of“Cadded in the form of calcium chloride to
suspensions of calcite or dolomite. The calcite dsidmite were ground to a grain size smaller
than 5 micron. For calcium cations in solution antact with calcite powder, a self-diffusion
coefficient of 8 x 13° cnf.se¢' was found. For calcium cations in solution in emntwith
ground dolomite, a value of about?@nt.sec' was measured. Such extremely low values for
diffusion coefficients effectively preclude anyiaetrole for the process of solid state diffusion
in the low-temperature formation of dolomite. Hertbe conclusion of Graf & Goldsmith
(1956, p.185): "The virtual absence of dry diffusia carbonates at earth-surface temperatures
is shown by the persistence of metastable magneaileites in fossils as old as Eocene (Chave,
1954 B) that were embedded in relatively imperviebales." Much like Bratter et al. (1972)
before them, the diffusion experiments led FislerC§gan (1999) to the conclusion that
dolomite formation at low temperatures (around B)3Xan not take place by way of cation
diffusion. Instead dolomite formation might wellvmlve “solution and precipitation” (Fisler &
Cygan, 1999, p.1398).

More observations that contradict the suggested oblsolid state diffusion have
become known from isotope studies. On the basmeazfsurements of the exchange between
isotope-labeled carbon dioxide and calcite at aptrature of 576 K Haul et al. (1953)
concluded, that no diffusion into the crystal tapésce. Only an extremely thin outer layer of
the crystal, in fact only one monolayer of calcitmuld be involved in exchange processes.
Using the same technique of isotopic exchange, a8tein (1955) measured a diffusion
coefficient of CQ into calcite of 5 x 10’ cnf.se¢" at a temperature of 973 K. Anderson
(1969), using isotopes as tracers, demonstratéddifiiasion of oxygen or carbon does not
take place in carbonates at room temperature. fHnein measurement on the distribution of
C" and C* isotopes in the modern dolomite formed in the révef the Coast Range of
California, Barnes & O'Neil (1971) concluded thatainite is a primary precipitate and that
dolomite could not have been formed by way of aiporation of magnesium cations into
pre-existing calcium carbonate. Similarly Benson Matthews (1971) concluded, after
studying the M§" distribution in carbonate cements of the Pleistececks of Barbados,
that even after 700,000 years no trace of solite sti&#fusion could be detected with the
electron microscope. Dynamic computer simulationfe possible absorption of magnesium
cations from solution onto a calcite surface, dmrtpossible incorporation into the bulk of
the calcite crystal, led De Leeuw & Parker (2004)cbnclude that once the magnesium
cations are incorporated in the surface layer, thidyremain there instead of diffusing into
the bulk crystal.

The multitude of isotopic measurements made onnditdofor age determinations can
be considered to supply as many pieces of evidega@st any suggested secondary conversion
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of carbonates after their deposition. It is theeabs of any measurable degree of solid state
diffusion, which accounts for the preservation ok tdelicate differences in calcium,
magnesium, carbon, and oxygen isotopes in the sadimy environments. Even after millions
of years that followed upon their deposition, tidyalrous Mg/Ca carbonates appear to have
maintained the isotopic composition of the very meatrof nucleation. No secondary changes
appear to have affected these carbonates andultienate components, the atoms and the
molecules.

MICROTEXTURES

More evidence against the "dolomitization" reactemmes from investigations on the
ultrastructure of dolomite crystals. By way of thimg dolomite to extremely thin foils and
using these foils in transmission electron micrpgcdReeder & Wenk (1979) revealed the
existence of a regular microtexture in dolomitevéed texture"), consisting of a more or less
regular pattern of dark/light contrasts resembtm@ certain degree the appearance of spinodal
decompositiof? microstructures. The wavelength of the modulatiaries from sample to
sample, but ranges commonly from 75 to 200 A. Bleikel. (1982) confirmed the occurrence
of this particular microtexture in dolomite. Comalale modulated textures had been detected
previously in a number of alloys, including Cu-Ah-O, Ni-V (Van Landuyt, 1964) and Cu-
Be (Tanner, 1966). The dolomite samples studieRdmder & Wenk (1979) were calcium-rich
(containing 3 to 6 mol % excess Cafl,Cand ranged in age from Lower Paleozoicum to
Quaternary. After applying various techniques ac&bn diffraction and optical modeling,
Reeder (1981) came to the conclusion that thisat@gture of dolomite must have been caused
by fluctuations in the basal spacing of the lattiBat later Reeder & Prosky (1986) became
convinced that the pattern was caused by diffesaahtations within different growth sectors
of a crystal. Additional support for this view carfnem measurement of the modulation's long
dimension, which was invariably found to be pataitethe growth normal (Reksten, 1990).
Growth zones were also present in electron micmpsob (Ca-rich) dolomites in the form of a
fine growth banding (which is always perpendicularthe orientation of the modulated
structures). Such growth zoning is irregular indisiensions: it may range from 75 A to as
much as 1um. Dislocations in (Ca-rich) dolomite are quite eoon according to Reeder
(1992). The orientation of these growth dislocatios usually parallel to the trace of the
modulated structure and perpendicular to the froevtlh zoning.

Finding microtextures in Paleozoic dolomites, thatl been buried to considerable
depths during lithification, as well as findingirt Recent dolomites, that have never been
subjected to any form of burial, excludes any pmkyi of secondary changes. No changes
involving solid state diffusion appear to have etiéel these dolomites. “Compositional zoning
in crystals many million years old suggests thassmaansfer on a scale as small asu10r
less) is effectively precluded by slow diffusiotefa Reeder (1981, p.155).

Additional evidence comes from magnetization measents on ultra-fine grained
(0.05 to 0.1 micrometer) biogenic magnetite foundQuaternary dolomites. Most probably
through bacterial activity magnetite/maghemite talisges of about 4,000 to 100,000 nm
diameter were deposited at the sedimentary ine(famlz et al., 1990). Individual grains retain
the magnetic polarity of the moment of formatiower after recrystallization of the original
aragonite into magnesium calcite or even afterystallization" into dolomite (McNeill, 1990).
As McNeill & Aissaoui (1991) put it: no processretrystallization had apparently been able to
change the geomagnetic orientation of the magritiecles in "dolomitized" carbonates.
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DISCUSSION

Consistent failure met in attempts to synthesizierdibe at room temperature, must
have initiated a more or less general convictidrgt tdolomite does not form at low
temperature?® Extrapolation and interpretation of the more ssstul high-temperature
syntheses created the idea, that "... a very stoseps of replacement” would be involved. This
process of replacement would be so slow, that ulldconot be observed or measured.
Notwithstanding the speculative character of thgggested process, numerous authors appear to
have taken up the suggestion.

That a certain chemical reaction actually takeseptaquires proof in the form of a test,
usually conducted in a laboratory set-up. Trivial the observation may seem, it touches
nevertheless the very core of the discussion orpdissible existence of any "dolomitization”
reaction. It will be clear, that a possible cherhreaction cannot be postulated merely on the
basis of observations made on sedimentary rockhenfield or in thin-sections. Even so
geologists have been using this phenomenologigaioaph as their only tool. The fallacy of
this approach can be demonstrated with little aiffy. For example Van Tuyl (1916 A)
explained, that the so-called mottled limestonengltone containing patches enriched in
dolomite) showed "... an incipient stage in thecpss of dolomitization". Van Tuyl's
conclusion, that therefore many dolomites must lmassed through a comparable stage in the
reaction between the magnesium of sea water anctdhmonate sediment, could not be
maintained after scrutinizing additional evidenitewas Van Tuyl himself who, in a second
paper published in 1916, offered several argumegsinst any secondary process of
"dolomitization”. For example: 1) zoned crystalsfhwalternating sequences of calcite and
dolomite, illustrating that simultaneous precipdgat of the two minerals was possible. 2)
Carbonates that did not consist entirely of dolershowed how the accumulation of dolomite
crystals followed primary sedimentary featuresaadtof following secondary features such as
cracks or joints. 3) The mottling of mottled limas¢ was not uniform, which would have been
the result of a chemical reaction between a motessr homogeneous carbonate sediment and
seawater. 4) Grain-to-grain relations near dolomnystals indicated, that the dolomite crystals
must have formed before the sediment became dithifb) The widespread occurrence of
virtually uniform dolomite deposits proves, thatlafoite must have been formed by "... an
agent capable of operating uniformly over wide site@) Many dolomite strata were directly
overlain by pure limestone, which did not contamny aolomite, proving that the process of
dolomite formation had been concluded before tlelpmng limestone layers were deposited.

The zoned dolomite crystals mentioned by Van Ta@16 B) exhibit a series of
concentric alternations between dolomite and amatiieeral such as calcite, hematite, siderite
or even quartz. Zoned dolomite crystals have opecasn common: the different zones follow
the outline of the rhombohedron faces. One of Hikest accounts mentioning zoned dolomite
crystals, is that by Skeats (1903), who had wordedcores from the Funafuti Atoll. Zoned
dolomite crystals have been described (or depiddydamong others Cullis (1904), Cayeux
(1935), Shearman et al. (1961), Evamy (1963), Dgen (1964), Murray (1964), Friedman &
Sanders (1967), Goldberg (1967), Perconing (1968)z (1968), Abou-Khadrah & Khaled
(1978), Reeder & Prosky (1986), Buelter & Guillnee{988), Cander et al. (1988), Gregg
(1988), Holalil et al. (1988), El-Sayed et al. (19%hd Humphrey (2000). Not replacement, but
primary precipitation is the most likely cause floe inherent alternation between dolomite and
the other minerals: "The texture of the calcian dadoan dolomite zones and their
crystallographic orientation ... show that theyrespnt growth stages of the dolomite crystals”
(Katz, 1971, p.45). The zoned dolomite crystaldistl by Katz (1971) must have been
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deposited in a very shallow marine environment,clvhivas exposed periodically to the
atmosphere. Evidence for that particular conclusemme from petrographic examination, from
the observed sedimentary structures in this foonatand from palaeontological analyses.
Richter (1974 B) described zoned dolomite crystaden Devonian limestone in the Eifel

Mountains (Germany), and came to the conclusioat ttariations in the magnesium ion
concentration of the sea water had been resporisittiee phenomenon.

Although Van Tuyl (1916 A,B) interpreted his fieldnd thin-section observations in a
conscientious manner, examples to the contrarigraven as well. What to think of a statement
like "The structure is exactly like what would riéséi beds closely resembling Oolitic strata
were changed into a crystalline rock by the reptearg of half the lime by magnesia” (Sorby,
1879, p.85). Because Sorby (1879) failed to expldiat mechanism had caused the conversion
of pre-existing limestone into dolomite, it can eewave been clear at beforehand, why the
resulting rock looked as it did look. What Sorb®87®) described, presumably unintentionally,
is of course a perfect circle reasontfg.

In their paper on theGrowth of dolomite crystaldPeterson et al. (1963) postulated an
extremely thin layer of virtually molecular dimeoss on the outer side of each dolomite
crystallite to be instrumental in the creationlo# brdered dolomite lattice. This thin layer itself
was thought to be quite disordered, virtually arhorgs, but it would be capable of introducing
a certain form of molecular rearrangement respénéio the required ordering. Such a view is
reminiscent of the more general theory of Madel(&8]9), who had postulated, that all ionic
crystals would possess an extremely thin outerr layth less ordering than the bulk of the
crystal, because ions near the surface lack thdaremteractions of the bonding forces within
the lattice. There is of course no point in denylmgactual observations made by Peterson et al.
(1963); observations that were made while leacmnguccessive fractions crystals of Recent
dolomite found in the Deep Springs Lake, Califorioat the interpretation of their results is
open to doubt. The calcium-rich outer rims desdibg Peterson and co-authors may well mark
the cessation of dolomite formation ("It shouldrbentioned that this Ca-rich rind, rather than
indicating accretion of Ca and later diffusion ofMward, may only indicate that the final
water in contact with the crystal was Ca-rich": Wera& Beck, 1977, p.133).

Having realized the shortcomings of the phenomeyicdd approach, a different
approach must be considered. This new approachdsleeater round the question "What
conclusions are to be drawn from finding a certdiamical compound in nature, while at the
same time this compound can be synthesized iratiedtory only at high temperatures?" One
possible solution might be to deny the low tempeest prevailing in the sedimentary
environment. In certain instances authors have ased this explanation. For example Favre
(1849 B) thought, that the conditions under whicbn\Morlot (1847 A) had been able to
synthesize dolomite (a temperature of at leastkd&dd pressures of more than 15 bar) were
very reasonable indeed. Water temperatures of 4@BdKmore could easily be created during
submarine volcanic eruptions. And the required mum pressure of 15 bar indicated,
according to Favre (1849 B), that a water depthtdéast 150 meter would be needed. Under
those conditions a normal limestone, that had degnsited originally in warm and shallow sea
water (as witnessed by its fossil content), cowdcchanged into dolomit&. Nevertheless
close inspection of the sedimentary environment] especially those areas where modern
dolomite has been found, will undoubtedly showt teenperatures above 473 K and pressures
of more than 15 bar are perhaps unrealistic. Silyilanrealistic are those explanations of
dolomite formation, which require high pressuresarbon dioxide, even though in laboratory
tests dolomite can be synthesized in that manner.

A third possibility to explain the presence of dulte in the sedimentary environment
would be to introduce a new hypothesis, which walichinate the initial contradiction. For
example the hypothesis that dolomite will not bemfed as dolomite, but that some (as yet
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unknown) secondary change of initial products sasehcalcite or aragonite, leads to the
formation of dolomite. Apart from the philosophicdbservation, that a problem can never be
solved by the introduction of a new one, justifiebjections can be raised against such a
"dolomitization" reaction. Such objections find itherigin in a number of laboratory
experiments. The absence of the suggested redmttareen solid calcium carbonate (whether
calcite, aragonite or vaterite) and magnesium iorsolution has been established as early as
1847 by Von Morlot®  and additional evidence has been given mahapter. It has been
shown, that at low temperature only the reverséhefsuggested "Haidinger reaction” takes
place: dolomite in contact with a solution of gypsweonverts into calcium carbonate plus
magnesium sulfate in solutiéf.

Whatever theoretical approach is chosen, the proltas, and still is, much the same:
no reproducible low-temperature syntheses of ddemiere known (up to 1999, that is).
Despite this lack of actual evidence numerous asithave since repeated the suggestion, that
dolomite can be formed only in a reaction betwealtieam carbonate and magnesium in
solution. There is no point in citing all those oal papers, books, symposia volumes and
dissertations, where this "dolomitization" theogsibeen repeated over and over again. Very
few exceptions have become known. One of those fewy was published by Johnston
(1854)*  But such exceptions have never received arat grerest.

A curious diversification has meanwhile taken plaseearly as 1875 the suggestion has
been made, that because of the diversity of thmuwardocations where dolomite had been
found, a comparable diversity would exist concegrifte very mode of formation of dolomfte.

However various objections against this suggeshave become known. For example
Klement (1895) pointed out, that the assumed sesgndonversion of a limestone rock
requires it to be quite porous. The resulting dalerhad to re-crystallize again in order to
become a more or less compact rock. In additionlahge amounts of dissolved calcium
carbonate had to have been deposited somewherebetsim what form? Could all of these
processes have taken place without leaving anytsaces? In this respect Daly (1907, pp.109-
110) stated: "... if we accept the leaching hypgither the hypothesis that dolomite is the result
of metamorphic processes by which magnesium cormeseplace calcium in ordinary
limestone, we meet with very grave difficultiespdoago stated and never overcome. The rapid
alternation of clean-cut beds of pure or nearlyemalcium carbonate with other clean-cut beds
of magnesian limestone or dolomite is a fact hatdle reconciled with these metamorphic
theories. The metamorphism is, by these theoriespnaplished through the activities of
circulating underground waters; yet it seems imiptsghat such wholesale metamorphism
could leave the original bedding so well marked'ahNsen (1913) argued, mainly on
morphological grounds, that the dolomite descrilbgdhim, had been formed during the
sedimentation of neighboring limestone. From adargmber of chemical analyses Salisbury &
Beck (1914) concluded, that magnesium had beermré®sm the very moment of deposition
of certain dolomite-containing limestone and thatauld not have been introduced at some
later stage. From experiments involving dye adsamp{staining) on dolomite, Steidtmann
(1917) concluded, that few if any dolomites wousvé been formed by way of replacement of
limestone. As convincing evidence Steidtmann maeetlo the textural relations between
dolomite crystals and such secondary phenomeraulis ind fissures. It certainly is surprising
to find, that Steidtmann rejected the idea of "dot@ation by recrystallization". From the fact
that many magnesium calcites of organic origin siavived the ages, Steidtmann concluded,
that dolomite could not have been formed undeirifieences of any secondary changes from
pre-existing limestone.

In the absence of any process of "dolomitizatidré telation between porosity and
dolomite has to be explained in a different manAé&er pointing out the economic importance
of "local dolomitization porosity”, Landes (1948aimed the local porosity of many dolomites
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to be the result of excess dissolution over preatipin. Originally it had been Elie de Beaumont
(1836), who had suggested, that the conversiomaloiuen carbonate into dolomite would have
to be accompanied by a volume contraction of ai@u¥. But Lindgren (1912) pointed out,

how most geological replacements take place voloynelume and not molecule for molecule.
By far the most convincing argument against "pdyosinrough dolomitization" has been

advanced by Murray (1930): the suggested conversreating porosity has never been
demonstrated to take place.

Of the more recent publications that by Taft & Hargh (1964) deserves special
mention. The suggestion that aragonite and magnesaicite would gradually react with
seawater to form dolomite has been critically itigased by those two authors. In their field
study Taft & Harbaugh noted, that there is no awgeto support the suggested transformation.
No significant changes in neither aragonite nor meagim calcite, which had been in contact
with sea water for the last few thousand yearsldcbe measured. When sediments consisting
of calcium carbonate remain in contact with seawéie saline pore water) for millions of
years, no systematic increase in the percentagendel in those sediments can be detected (as
Delanolie, 1854 had observed). After studying 84#rdnt samples of post-Jurassic marine
sediments from the Deep Sea Drilling Project ferdblomite content, Lumsden (1985) could
discern no large-scale increase in dolomite witlrdasing age for individual sites. Increasing
percentages of dolomite down hole could have peal/glidence in support of "dolomitization”
theories.

There are still more objections to be made: orte@additional objections is to be found
in the supposed "de-dolomitizatio* reaction, as described for example by Teag1¥",
Jourdy (1914), Brickner (1941), Chilingar (1956 Shearman et al. (1961), Braddock &
Bowles (1963), Evamy (1963, 1967), Schmidt (196%)edman & Sanders (1967, Sass
(1967), Goldberg (1967), Katz (1968, 1971), Folkn{a869), Braun & Friedman (1970),
Schofield & Nelson (1978), Frank (1981), Back et(2D83), Budai et al. (1984), Thériault &
Hutcheon (1987), Dockal (1988) and Ayora et al9@)9 The process was explained in some
detail by Evamy (1967, p.1204), who stated thatdedolomitization is the reverse process of
dolomitization”, and that the reaction would beugiot about by solutions with high Ca/Mg
ratio's, which would be "... reacting with dolomiteform calcium carbonate". Symptomatically
it was necessary to change the mineralogical nammeChCQ and it was "... termed
"dedolomite” for convenience" (Evamy, 1967, p.120bt all geologists appeared to appreciate
this sort of convenience: at least Smit & Swett6@9protested, that the term "dedolomite”
would be inconsistent with standard nomenclatung] added that the suggested term was
ambiguous and misleading with respect to the chamieaction, that it was thought to
represent. Braddock & Bowles (1963) interpretedr theld observations in terms of the low-
temperature conversion of dolomite into calcitéhasresult of the reaction with calcium sulfate
solutions. But many authors have chosen a diffgpatit, and persisted in using the term "de-
dolomitization”. An obvious consequence of suchigsesce is, that one will have to recognize
the process of "re-dolomitization" as well (as fitidexample Johannes, 1970; Clark, 1980, and
Fuchtbauer, 1980gt ad absurdum

One of the last possibilities to explain the "doi@mproblem” would consist of
admitting, that no chemical reaction between Ca@@d magnesium in solution can be
measured in the laborat8?y, followed by the postulation, that such a reactioes take place,
but so slowly, that it withdraws itself from obsation. The "time factor” is often invoked in
want of adequate explanations. But then any prdbesss so slow, that it cannot be measured
with modern instruments, is non-existent with respe the means of observation available. In
this sense too "dolomitization" is non-existentbagatory experiments by various authors in
which radioactive tracers were used, show thatrnogss of solid state diffusion can be made
responsible for the low-temperature formation ofodote. The reason behind this lack of
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reactivity in the solid state can be understoodemwiealizing the kind of forces that are
involved. In clear contrast to metals, ionic crissfgossess (at least) two different types of ions:
anions and cations. The strong electrostatic éttradetween anions and cations virtually
prohibits a situation, in which a cation would bentacting other cations. Such a situation
would result upon solid state diffusion. The polesiextent of solid state diffusion in ionic
crystals is therefore very limited: "In ionic crgi ... disorder has an extremely high energy,
since the wrongly placed ion is surrounded by iminigke sign and is therefore subject to strong
repulsive electrical forces. The energy, in fagtso high that this effect occurs very rarely and
plays no part in diffusion in ionic crystals": Gaico (1964, p.82). Other authors were even
more outspoken in their rejection of solid statiéudion in ionic crystals at low temperatures.
For example Shewmon (1963, p.138) stated frantkat, golid state diffusion in ionic crystals by
way of movement of individual ions "... is out dfet question". The principal difference
between metals and ionic crystals with respectiffasion can be illustrated with numerous
measurements. To give only a few examples (fromreBarl951, p.275): the diffusion
coefficient for the migration of Au through Pb i94 10" cnf.se¢’; that for the movement of
Ptin Au is 1.24 x 18 cnf.se¢’; for the diffusion of Cu in Ag it is 5.9 x T0cnf.sec’; and for
the diffusion of Cd in Cu this coefficient is 3.510° cnf.se¢’. With these four examples of
diffusion of a metal into another metal the seffediion coefficient of calcium into calcite
should be compared. According to Brétter et al72)9t is 5 x 10° cnf.sec’. It will be clear,
that this value is of a totally different ordermgnitude than that of metals. The numerical data
illustrate once more, that solid state diffusiovolked to explain the low-temperature formation
of dolomite ... is out of the questioff".
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