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CHAPTER FIVE

ORGANIC OR INORGANIC ?

INTRODUCTION

Numerous geologists have noted the associationeeetvthe mineral dolomite and
organisms. In fact it was De Dolomieu himself, wdtated, in his paper describing the large
masses of the new carbonate in the mountains dgh&lor Italy, that he had observed "...some
impressions of shells" in these rocks. Similarly Tennant (1799) reported on the pneseof
fossils in dolomite strata, that consisted of datennstead of calcium carbonate ("In this
quarry, the stone is frequently crystallised inhamboidal form; and petrified shells, not
calcareous, but similar in composition to the stivself, are sometimes, but very rarely, found
in it": Tennant, 1799, p.311). Because for long theory of the secondary formation of
dolomite from pre-existing limestone postulated Wgn Buch (1822 A) has dominated
geological thought, emphasis has been placed @gane modes of formation. As mentioned
before there were authors, who doubted this "ddleation" theory of Von Buch. For example
Wagner (1831) contested the observation of Von BL8B2 A) concerning the alleged absence
of fossils in dolomite rocks. Wagner (1831) had ndunumerous fossils in the Jurassic
dolomites of southern Germany, much like Zeusch{d829) before him. Wagner (1831)
reported finding a dolomite rock, that containedatindance of fossifs.  Based on this
observation, direct precipitation of dolomite froam aqueous solution was postulated by
Wagner (18315.

But not all geologists could agree with Wagner&3() theory of direct precipitation.
For example Geikie (1882) stated, that althoughesa@lomite might have been a primary
precipitate, most of the fossil-containing dolomsitaust have originated by way of a process of
conversion. ("Some dolomite appears to be an @ilgthemical precipitate from the saline
waters of inland seas ... But calcareous formatehresto organic secretions are often weakly
dolomitic at the time of their formation, and mawh their proportion of magnesium carbonate
increased by the action of permeating water, ggased by the conversion into dolomite of
shells and other organisms, consisting origindilgadcite or aragonite and forming portions of
what was no doubt originally a limestone, thoughv mocontinuous mass of dolomite": Geikie,
1882, p.304.)

A remarkable position in the considerations on ddutization" is undoubtedly being
held by the paper of Hogbom (1894), in that it se@ro contribute a theoretical basis for this
process. In fact Hogbom (1894) has proposedAisiauguntf(= leaching) theory on the basis
of a rather curious observation. While analyzing tomposition of Pleistocene clays from
Southern Sweden, Hogbom noted, how calcite dissaiwere quickly than dolomite from a
mixture containing both. This observation was bhdugto relation with the MgC@&content of
calcareous organisms such Berites Millepora, Oculing Lithothamnium and various
gastropoda. Especially the calcareous algae dfithethamniungenus appeared to be effective
in concentrating magnesium carbonate: Hogbom medsuercentages MgGQdrom 2 to 13
mol % . And after (partly) dissolving suchL#hothamniumsample in dilute acetic acid the
percentage MgC©Ohad increased to about 20 mol %. On these twerdift observations
Hogbom (1894) based the following hypothesis: ¢almas algae such aghothamniumwould
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play an active role in the formation of dolomitechuse the algae form an outer crust on reefs
and atolls. Through leaching the calcareous algaddarapidly become enriched in magnesium
carbonate, leading ultimately to the formation olodhite.

Because of the rather low percentages of Mg@@esent in most of the living
calcareous organisms, extensive dissolution andwvahof the calcium carbonate for example
making up a reef, would be required. Such a lacgdesremoval of calcium carbonate might
well destroy any calcareous remains of the fos$hss observation seems to be incompatible
with the frequent good state of preservation offtissils in a dolomite rock. From this apparent
contradiction Skeats (1905, p.133) drew the foltayconclusion: "The rock was without doubt
originally a limestone, composed entirely of orgams, and was subsequently converted into
dolomite. There can be no question that the magmesgias obtained from the seawater. Chief
interest is centered in the conditions under whigh partial replacement of calcium-carbonate
by magnesium-carbonate took place.” In the vieBlaats (1905) not only water depth, rate of
subsidence, porosity and time of exposure to He. ¢onditions producing dolomitization",
would control the conversion of a fossiliferousdstone into a dolomite, but also "the power of
sea-water to dissolve limestonés". But the effects of the conversion could workt
differently on different kinds of organisms. "Uns&forms like the corals” would be the first to
undergo the change into dolomite, because coragady contain noticeable amounts of
magnesium. Next would come those organisms, whietsist of calcite with much organic
matter incorporated. Because, as Skeats (1905}, mrganisms made up from aragonite also
contain much organic matter, these would also becpkarly prone to "dolomitization”. The
calcareous algae of the genetalimeda LithothamnionandLithophyllumwould offer a good
case in point. Organisms with skeletons consistingure calcite, such as the foraminifera and
the spines of the echinodermata, would resistrigigration and dolomitization" longer.

DOLOMITE IN REEFS

In his book on the dolomite rocks of Southern Ty¥oh Richthofen (1860) had merely
suggested a genetic relation between corals aminitel but in a later paper Von Richhofen
(1874) gave a number of arguments in favor of higgsstiorr. The Schlern dolomite of
Southern Tyrol showed considerable differences hickhess amongst neighbouring reef
structures. But no traces of large-scale denudaifoa dolomite formation of more or less
uniform thickness, that once must have covereduihele area, could be found. Furthermore
fossils had been found at locations high aboveesad (present sea level that is). Geological
evidence indicated, that the contacting tuffs amgblpyry had been formed side by side with the
dolomite. As a fifth argument Von Richthofen (187dgntioned, that the contacting tuffs had
been found to include pieces of dolomite rock. Qnlg arguments could be raised against the
coral reef theory: in the first place the fact,tthdarge part of the dolomite showed bedding
planes. But, as Von Richthofen explained, evenral ceef could show associated carbonate
deposits, which had been formed from particledirsgtfrom suspension and thus showing
bedding. A second argument against the interpoetaif the Schlern dolomite as a coral reef
concerned the scarceness of fossils, especialiyscor

As a major argument in favor of his theory on th@ganic formation of dolomite in the
mountains of Southern Tyrol Von Buch (1822 A) hadntioned the absence of fossils. Von
Mojsisovics von Mojsvar (1879) advanced the vidvat tthese dolomite masses had originated
as giant reefs and used the absence of (macrailsfas evidence supporting the reef theory. In
this respect Von Mojsisovics von Mojsvar (1879)vdie parallel with the observation made by
Dana (1872) as well as Darwin (1874), concernirggahsence of any (macro-) fossils in the
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limestone formations of the modern atolls and rglehds in the Pacific Ocean. Dana (1872,
p.352) had even stated: "Absence of fossils has bemntioned as a frequent characteristic of
the fine compact coral reef-rock...". This abseviciwssils had to be attributed to two different
processes. In the first place a process of mediladegradation, of abrasion caused by the
waves, would change all larger pieces of calciurbarzate into fine grained carbonate sand. In
addition the activities of various boring organismauld enhance this process of diminution. In
the second place cementation would take place,gaigrthe loose carbonate sand into a
limestone formation. This cement would be formewulgh the partial dissolution of some of
the carbonate sand, followed by precipitation upies escape of the carbon dioxide that had
kept the carbonate in solution. Dissolution wowddtet place, there where high amounts of
carbon dioxide would be produced during the decaitipa of organic compounds. Notably
that layer of the reef, where the reef buildingamigms would die and be decomposed by
bacteria, would be the site of dissolution of cadie. There where the excess carbon dioxide
could escape from the bicarbonate solution, sudn #se surf zone, cementation would take
place. The interactions between mechanical abrasi@mical dissolution and re-precipitation
led to the removal of all of the traces of (macifegsils; a process that Dana (1872) coined
"obliteration”. Von Mojsisovics von Mojsvar (1876pnsidered this mechanism to be the very
cause of the general scarcity of fossils in themhite rocks of Southern Tyrol. At the same time
it was used to explain the marked differences batvtee dolomite reefs of Southern Tyrol and
the well-known Palaeozoic reefs of Europe with aldeof corals, crinoids, foraminifera, and
the like.

Arguments against the suggested coral reef orijtheo Schlern dolomite of Southern
Tyrol were published by Von Gumbel (1873). Althouglt many fossils had been found up to
that time in this dolomite formation, Von Gumbel8Y{B) reported finding "astonishing
amounts" of foraminifera, ostracods and even gastta in the black dolomite of the Puster
Valley. A second argument used by others to prgwesaible origin as a coral reef, the absence
of bedding, was also refuted. Von Gumbel (1873dca location, where clear bedding planes
could be discernet.  In fossil-rich parts of the Schlern dolomite tfossils could be seen
arranged in distinct horizons. At places marlyricddations in the dolomite gave rise to bedding
planes of 1 to 3 m thickness. But the most conmm@rgument against the coral reef theory
was of course the absence of any traces of camatkin-sections of the Schlern dolomite.
Although Von Gumbel (1873) noted in his microscopitalyses the presence of numerous
remains of other organisms, no coral could be disckby him. What's more Von Gumbel
(1873) added, that previously no other author hadhed finding traces of corals in the Schlern
dolomite. Lepsius (1878) did not find any indicasofor the supposed formation as a reef for
the Schlern dolomite. In the absence of any comwnarguments in favor of the reef theory a
normal and uninterrupted process of sedimentatamh tb be assumed according to Lepsius
(1878). Earlier Daubeny (1841) had pointed out, klmsvimpressive topography of the dolomite
masses of Tyrol had to be attributed to the rasistaof the dolomite rock to weathering:
topography alone is not an argument in favor ofrdef theory. After acknowledging the fact,
that little or no corals had been found in the nvasdeposits of dolomite such as the Schlern,
Ogilvie (1894) called attention to coral growthtime form of the "Cipit blocks" and "Cipit

in South Tyrol" (Ogilvie, 1894, p.7).

Concerning the change of the initially depositddiaen carbonate of the coral reefs into
dolomite various theories have been proposed. T®initial precipitate had been calcium
carbonate, whether calcite or aragonite, was nobtaa at all: fossils known from numerous
other locations as consisting of calcium carbohatkbeen found in dolomite formations in the
form of dolomite. But the nature of the possiblenersion remained problematical. Scheerer
(1866) did not hesitate to draw a parallel betwd@omite formation and modern coral islands
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and atolls. According to Scheerer (1866) it waseesly the large-scale porosity of the
coralline structures, that had to be responsiblelédomite formation by way of exposing the
pre-existing limestone to the "dolomitizing agestie

First mention of dolomite in the coral reefs of #tells of the Pacific Ocean must have
been made by Dana (1872), who had studied the timedrom the upraised coral island of
Makatea. Dana (1872) delineated the surroundingnsger as the source of the magnesium
required for the conversion of coral limestone iokolomite. Skeats (1905) followed the
suggestion of Dana, that "differential leachingtieé pre-deposited limestone would initiate the
change into dolomite, but added, that he had natwertered any evidence of such a process of
leaching in the cores from Christmas Island anceNiyen the contrary was true: Skeats (1905)
had noted secondary calcite and secondary aragdefesited in these limestone samples.
Therefore Skeats (1905) could only conclude, tlmddrdite formation on such coral islands
would take place in shallow water, aided by thecplation of sea water through a relatively
porous limestone and requiring so much time, thatdoral island as a whole should have a
slow rate of subsidence. The conversion would weval process of dissolution, initiated by the
production of carbon dioxide upon the decay of niganatter from plants and animals.
Because aragonite was known to be more solubleddlaite, the aragonite skeletons of corals
and that of the calcareous algae suchHatmeda would be much more susceptible to
dolomitization than foraminifera or the spines ohieodermata. But then the latter contained
markedly less organic material than the much lacgeals.

Branner (1904) confirmed the observation madeiliyn&n Jr.(1846) and Dana (1852),
that living corals contain very little or no MgGQ and that dead corals were known to
accumulate considerable amounts of magnesium cadoin this respect Dana's theory
contrasted with that of Forchhammer (1852), who pestulated, that all of the magnesium
carbonate found in fossils such as corals had ve baen deposited by the living organisms
themselves. Forchhammer (1852) excluded at befodehay later process of incorporation of
magnesium from the sea water into the calcium cetao (The observations of Dana, 1852 and
Branner, 1904 have been confirmed by Baas-Beckirigadiher, 1931. The latter two authors
stated: "... the only mineral that is depositedh®yliving coralline is calcite” and therefore "...
the deposition of magnesium in the coralline isseoadary phenomenon™: Baas-Becking &
Galliher, 1931, p.479.) Judd (1904) thought, tledecive leaching of CaC{by way of CQ-
rich water had enriched the limestone in the toprpad of the Funafuti cores from an initial 2
to 3 % MgCQ to values of some 16 % at a depth of 5 m and more.

Land (1967), Richter (1974 A,B), Davies et al. @p1ohmann & Meyers (1977) and
Richter & Fuchtbauer (1978) discussed the formabébrdolomite in terms of magnesium
cations being relocated during the recrystallizatid biogenic magnesium calcites, thereby
following the example of Schlanger (1957). Buddemé& Oberdorfer (1986) observed how
the chemistry of the pore water in the Davies Rieethe central part of the Great Barrier Reef)
was notably different from the water of the surming sea. Concentrations of nitrogen and
phosphorus were about two times as high in the water; the pH was lower than that of sea
water, and the concentration of dissolved carboridé was notably higher than that measured
in the sea water. The marked differences betweens#awater and the pore water were
explained to result from the decomposition of orgamatter in the carbonate sediment, leading
to anoxic conditions with concomitant formationsotfides.
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DOLOMITE IN PEAT AND COAL

In 1855 Hooker & Binney described the occurrenceal€areous concretions in coal
seams of Lancashire and Yorkshire, and observedwsdinin general plant remains had been
preserved in these "coal balls" (or seam noduldfipbs or plant bullions as these were known
to the miners). Such calcareous concretions wesaiably correlated with the occurrence of
marine fossils in the layers above that coal stam.

Weiss (1884) found concretions consisting of dotermixed with numerous fragments
of plants, but these concretions came from dumps afoal mine near Langendreer in
Westphalia (Germany) and were obviouslyinatitu. Coal balls from the Hansa coal mine near
Dortmund have been described by Nasse (1887) asabéruf (1888); coal balls from the
British Coal Measures were described by Binney 818875). Chemical analyses showed these
concretions to consist of calcium magnesium carfeorgyrite and iron carbonate. In polished
sections an abundance of plant remains could be aed in microscopic thin sections details
up to individual plant cells could be discerned I("8bservers have been struck with the
wonderful perfection of the process by which thestmoicroscopic parts of minute vessels and
cells have been preserved in form...": Binney, 18885, p.15). The coal seam containing the
dolomite coal balls was directly overlain by a lagé bituminous shale, containing a wealth of
(pyritized) fossils such asviculapecten

Strahan (1901) described the relations betweenah sam and a layer consisting
mainly dolomite, occurring in the English Coal Meges near Neston, Cheshire. The dolomite
layer is black colored, and part of it consistpigblites. "When cut across they show a radiate
crystalline structure, with less clear concentiiegs. Coaly matter occurs in them, and
crystallization has obviously taken place in watentaining coaly matter in suspension":
Strahan (1901, p.300). Chemical analyses showetbtketo be composed of a virtually pure
dolomite along with some coal, iron and "... a maonsiderable residue chiefly made up of
silica and alumina." In addition dolomite was fouimdrecognizable plant tissue in the coal
layer. From his microscopic examinations Strah&®01] p.301) drew the conclusion, that "...
crystallization has evidently taken place in thespnce of coaly matter." No indications were
found for turbulent water; the deposit must havgiwated in "...almost motionless water".
Strahan (1901) wondered what exactly the role efglant remains would have been in the
formation of the dolomite. Algae might have withdradissolved carbon dioxide from the
shallow water, but decaying plant remains almogtgdy evolved carbon dioxide and thus led
to the dissolution of any carbonates present. Atséime time it was noted by Strahan (1901),
that apparently a large part of the plant remaat éscaped decay, and subsequently had been
changed into coal. Both coal formation and the ditjom of dolomite would have taken place
under water.

As has been pointed out by Mentzel (1904), theilddt&nowledge of many plants from
the German coal layers is the result only of theelbent conservation of plant remains within
coal balls. Only through "petrification” by calciucarbonate or by dolomite the plant remains
were saved from conversion into coal. The dolomieules are generally lens-shaped, but
spherical forms or even egg-like shapes have lmendfas well. Sizes vary from that of a pea
to as much as 35 cm in diameter. Not much coulsili concerning the mode of formation of
the dolomite in the nodules, but Mentzel (1904) wasvinced, that the dolomite must have
precipitated from an aqueous solution at a momesttepling burial. In the German coal
layers of Westphalia as well as in the British sdadm Yorkshire the coals containing dolomite
nodules are directly overlain by marine sedimeht® very good conservation of plant remains
inside the coal balls of dolomite was thereforalatted by Mentzel (1904) to the action of sea
salts, which would have prevented decay of therocgaaterial. But the formation of dolomite
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would have taken place at a later stage, and wangdibly be related to the formation of pyrite.
The conservation of plant fragments in the dolonesita&cretions within the coal layers of
Westphalia featured prominently in a paper by KuKtR09). Plants such &Sigillaria,
LepidodendraCalamites andStigmariacould be recognized. The thin sectioned dolonotd c
balls were seen to consist of haphazard aggregbfgant remains intergrown by various small
roots. In many of the coal balls fruits such asShgmariaappendices (looking much like the
modern pine apples) were found. Pieces of woo@xample that fronhyginopteris oldhamia
could be recognized in microscopic examination. Stingtigraphic distribution of the dolomitic
coal balls within the coal seams of Westphalia niod suggest, that their occurrence was
restricted to one particular horizon (as for exaénier, 1909 had suggested). In this respect
the dolomite concretions behaved distinctly différéom the concretions of iron carbonate,
which were restricted to the top of certain cogeta, overlain by marine sediments.

Stopes & Watson (1909), after analyzing a numbesaaifples from "coal balls", found
some of these to consist entirely of dolomite (rdixéth some siderite in most instances). In
the view of Stopes & Watson (1909) the formatiortte$ dolomite had to be related to the
influence of sea water during the deposition of fhents, that later changed into coal.
Experiments by Murray & Irvine (1889, 1890) and &®(1902) were mentioned, in which the
importance of bacterial sulfate reduction for thecypitation of calcium carbonate from sea
water under the influence of organic matter, wamatestrated. Stopes & Watson (1909)
suggested, that the same process of bacteriatesuéiduction would lead to the formation of
dolomite and magnesite.

Like Stopes & Watson (1909), who had found manycatibns for an autochtonous
origin of the dolomitic coal balls, Kukuk (1909) deaseveral observations, all supporting this
particular view and all of these contradicting #ikochtonous origin suggested by Potonié
(1899) and Stocks (1902). For example the gracheadge of a bed of dolomitic coal balls into
a thin, but continuous, layer of the same materés considered by Kukuk (1909) to be as good
evidence as the finding of two dolomite coal balmnected by a plant's stem by Stopes &
Watson (1909). Furthermore the dolomite coal bha#ise mostly found in arrangements parallel
to the general bedding plane; which was anothegrghon contradicting any rolling action in
transport typical of an autochtonous origin. Bug thost convincing argument for am situ
origin was according to Kukuk (1909) the randomewtation of theStigmaria appendices
within the coal balls. Only when the coal balls eresitu petrified pieces of root zone from a
marsh, this particular structure could have redultdthough Kukuk (1909) was not quite
certain how the mineral dolomite had been formedhi coal balls, he had made various
observations in support of Mentzel's (1904) theditye fossils found in the sediments above
coal layers containing dolomite coal balls, wereanmably of marine origin. In this respect there
was a clear parallel with the siderite concretitmend in the roof of coal layers overlain by
marine sediments. There where limnic sedimentevi@tl upon the coal layers, no dolomitic
coal balls were found. Teichmuller (1955) found #wme relation with overlying marine
sediments, and cited in support the observatiorderbg Mamay & Yochelson (1953) on the
occurrence of marine invertebrates such as forermifpelecypoda, gastropoda, brachiopoda
and ostracoda in coal balls from southern lllirmsl southeastern Kansas (USA). Additional
evidence has been given by Werner (1954): samplasrarine peat were measured to adsorb
especially magnesium and calcium cations.

In the dolomite coal balls from the Ruhr area (Gam) the degree of conservation the
Carboniferous plant remains is in general poorepkior those parts of the plants, that grew in
the earth itself (Teichmuller, 1955). In these doalls the remains of roots are predominant.
From this observation, in combination with an alamwk of pyrite, Teichmuller (1955)
concluded, that the absence of oxygen must plajear the formation of dolomit®.  After
analyzing dolomite samples from the Carbonifercoslscof the Ruhr area, Eckhardt & Von
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Gaertner (1955) concluded, that a transition framndia pH values (typical of modern peat
water) to definitely alkaline pH values had ledtte precipitation of dolomite.

Gothan & Benade (1932) reported finding small, splitec concretions of dolomite in
the Carboniferous coals of the Ruhr district. LirckKdhler (1933) described coal balls of
dolomite varying in size from about 1 cm diameterane measuring several decimeters
(Gothan & Oberste-Brink, 1931 had described dolicnaibncretions in coal measuring up to 2
m in length and 30 to 50 cm thick; and Kukuk & Hiag, 1941 described finding a tree trunk
2.80 m long consisting entirely of dolomite in ttw@al deposits of the Ruhr area. The coal balls
are often coated with a gleaming layer of coal; etinmes this outer coating consists of clay
minerals. Nests of several coal balls separatashlyya thin layer of coal have become known.
The interior of coal balls consists of well presetvplant remains (stalks, leaves, roots,
rhizomes), with little or no admixed coal. The glaemains are in general not at all coalified.
The rest of such coal balls consists of Ca-Mg-Feareate. Linck & Kohler (1933) had used
chemical analyses as well as Debye-Scherrer diffiggams to investigate the mineralogy of the
carbonates, and had found stoichiometric dolomltgrhaldolomi} to be predominant.

Gothan (1934) studied the replacement of varioasmtptemains (including conifer
wood, tree roots, and fungal spores) by dolomimfra brown coal mine at Mallil3
(Mecklenburg, Germany). From the same locality Sitn{.959) obtained a number of samples
of dolomitized wood. The Miocene brown coal at M&altontains especially pieces of conifers
(Cupressinoxylorsp.). Shrinkage and deformation of the cell stmg&cbn a microscopic scale
indicated decomposition of the wood under wet doos. The loss of cellulose must have
caused the shrinkage of the individual cells. Rapteent by dolomite led to the fixation of this
situation. Dolomite filled the pores of the woodusture, but did not affect the cell walls. Those
parts of the wood that had not been replaced byndité were later compressed during burial
and changed into (fusinite) coal. The dolomite teljites are generally oriented perpendicular
to the cell walls, and occur in concentric laygiging the impression of periodic precipitate
Not all of the wood had been filled with dolomitea regular way: the dolomite is concentrated
in small nodules (some 1.5 to 3 mm in diameterayed parallel to the tree rings, much like
the siderite nodules in the fossil wood describg8&tach (1927).

The occurrence of dolomite in coal is not restdcte the coal fields of England or
Germany: in many other parts of the world dolorhés been found in coal. Boldireva & Slivko
(1959) found dolomite in coals of the Ukraine; Asaet al.(1964), Murayama & Kobayashi
(1965), Hosokawa (1966) and Matsumoto (1978) iradape coal; Taylor (1968) in Australian
coal; Chandy (1970) in coal from India; and Rao &gRoter (1973) found dolomite in coal
from the United States. After having studied cadterconcretions from various Japanese coal
fields, Matsumoto & lijima (1981) concluded, thaetdolomite (and magnesite) must have
formed in brackish water or sea water, and notaahiwater. Earlier Hoehne (1949) had drawn
the conclusion, that some of the dolomite foundhm German coal might well have formed
under limnic conditions. Similarly Teichmuller dt 61954) pointed out, that not in all cases a
marine influence could be detected in the Carbomife coals of Westphalia, and had
consequently suggested, that some of the doloroaeé lalls might have been formed under
limnic conditions. A comparable conclusion was drdwy Gehl (1962) for the large bodies of
dolomite in the brown coal deposits at Malli3. Nefinite geographical orientation could be
detected in the distribution of the mega concratioindolomite. In one respect at least the latter
concretions are different from the dolomitic coall® of the Carboniferous coals of the Ruhr
area: Schwab (1959) observed, how the plant remmaihs the brown coals of Mallil3 were not
very different from the surrounding brown coal wiispect to their stage of coalification.

Hoehne (1949, 1954) concluded, thereby following #&xample of Mentzel (1904),
Stopes & Watson (1909) and Kukuk (1909), that tbéomite found by him in different
German coals, had to be an authigenous mineralh(rike siderite, pyrite, quartz, kaolinite,
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and phosphorite found in this coal). A comparalaleagenesis of kaolim-quartz, pyrite, iron
sulfate, gypsum, calcite, dolomite, and anatase deasribed by Mukherjee & Lahiri (1953)
from Indian coals. Chandy (1970) found dolomiteetbgr with kaolinite, apatite, quartz,
anatase, siderite and gypsum in coals from thedilai8eam, Raniganj coalfield, India. But not
all authors have shared the view of Mentzel (19€@).example Werner (1955) considered
dolomite in coal to be a replacement product, maggian external supply of magnesium
cations, low concentrations of oxygen, the presesfcerganic compounds and a slightly
elevated partial pressure of carbon dioxide.

Dolomite replacing wood has been described fromifiget wood in the Mio-/Pliocene
deposits of Kern County, California (USA) by Adarfi920). All of the samples studied,
showed a characteristic partition: the outer lafethe stem, which must have belonged to the
sapwood, contained almost pure dolomite. The ite@rs of the petrified wood, more dark
colored and with tree rings, consisted entirelgiliéa. The structure of the petrified wood made
it possible, to determine the specimen as having ®een part of a coniferous tree. The usual
aspect seen in thin-section analysis is, that safittfee dolomite rhombs had a core of silica. At
the same time it could be seen, how dolomite rhofobsabout 1 mm) had squeezed the
surrounding cells of the wood. Adams (1920) did meditate to describe dolomite formation in
wood as a process, that had taken place simultaneitin actual plant growth: "Judging from
the secondary enlargement of dolomite with a celtenter, the initial crystallization occurred
within the cell, in some cases at least” (Adam=019.362). Because a living tree will
effectively prevent any penetration by crystalsi@bmite or by silica, Adams (1920) suggested,
that crystallization could have taken place ontgrathe bark of a tree had been injured and part
of the wood would have started to rot. This conolusseems to be substantiated by the
observation of Kukuk & Hartung (1941), that treenks in coal are not of an situ origin.
Such large pieces must have accumulated as drifiwodbe changed into dolomite only after
their incorporation into the sediment. Dolomite basen reported by Ismailov et al. (1964) from
petrified trees of th&@axodioxylon albertensgp. from the Taskhent area (Russia). The dolomite
found by Alonso-Zarza et al. (1998) near root cell$liocene paleosols of the Madrid Basin
(Spain), contributes additional evidence concertimggrelation between plant growth and the
low-temperature formation of dolomite.

DOLOMITE IN DOGS

Undoubtedly one of the most curious occurrencedotdmite has been described by
Mansfield (1979, 1980). Dolomite, distinctly of Ret age (most probably not older than 8
months), was found in the form of uroliths in tHadaler of a Dalmatian dog. Not only did this
dolomite not contain any admixture, it even showeH-ray diffraction the superstructure lines
typical of dolomite sensu stricto Uroliths consisting of dolomite had never befdreen
described, but Von Gorup von Besanez (1871)as well as Sutor & Wooley (1970) reported
uroliths consisting of magnesium calcite.

On two different occasions a 4-year old, male Débmadog Canis familiarig had
developed numerous small urinary stones. In Sepmerm®75 the first symptom, the dog's
inability to urinate, had been relieved by catheédion. At the same time the dog's urine and
blood had been sampled and analyzed. Blood wasdfaurthe urine, along with proteins,
epithelial cells, small amounts of mucus and alf@ateria. Blood urea nitrogen was not higher
than the normal average value (250 mg/avas measured, whereas 100 to 300 mgidrthe
normal range: Mansfield, 1980). The white blood ceunt was markedly higher than the usual
average values. A bacterial test (standard aenbidiglycolate culture) did not reveal any
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bacterial infection. The day after catheterizatios uroliths were removed by way of cystotomy
(= abdominal surgery reaching into the bladder)e Tinoliths recovered were not analyzed.
Eight months after this operation the dog againngabsymptoms of urolith trouble. In May
1976 cystotomy was again carried out, and this threeuroliths found in the dog's bladder were
analyzed with X-ray diffraction. No blood or uria@alyses were performed on this occasion.
The numerous rounded, nodular uroliths (one reaehdmeter of 8 mm) consisted of pure
dolomite: superstructure reflections at 25.4 and 2én were present in the X-ray diffractogram
(see Fig.2, p.833 in Mansfield, 1980).

Concerning a plausible cause for this particulatuoence of dolomite, Mansfield
(1980) mentioned three possibilities: 1) renal lakia, 2) infection by urease-producing
bacteria, and 3) infection by uric acid fermentoagteria. There can be no doubt that a bacterial
infection of the urinary tract would have causedan intense alkalinization of the urine, with
the precipitation of calcium, magnesium, ammoniang phosphate salts and subsequent
formation of ... renal stones" (Harrison et al.789p.465). But in this particular instance there
were no indications of any bacterial infection Miansfield's (1980) paper mention is made of
two different standard bacterial cultures with @gateve outcome. The possibility of renal,
respiratory or metabolic alkalosis was rejectedMansfield (1980), because the Dalmatian's
diet was such, that the dog should have a hypdreagiine. And moreover "Renal, respiratory
and other systematic alkaloses are terminal if tn@ated quickly; thus, the Dalmatian's
continued good health without such treatment pdsdutheir likelihood": Mansfield (1980,
p.834). Mansfield's own conclusion was, that urgaeducing bacteria must have been
responsible for the low-temperature formation dbdute 2 Although Dalmatian dogs are
notorious producers of high levels of ureum inrthgine, and consequently often suffer from
ureate urolith®,  the ureum combines in most cases with amntorfirm ammonium ureate
as the precipitate. What a suggested bacteriattiafe cannot explain, is the fact that the
uroliths found, consisted of dolomite instead ofrenasual compounds such as ammonium
ureate, Ca-Mg-Nktphosphate, calcium oxalate or cystine. Mineralcogtions found in the
kidneys or in the bladder of dogs consist in mases of calcium-, ammonium- or magnesium
phosphate. According to Osborne et al. (1972) phatspmakes up some 60 to 90 % of all
canine uroliths. To a much lesser extent ureatéthsooccur (in only 10 % of the cases),
calcium oxalate uroliths (in approximately 10 % tbé cases), or cystine (an amino acid)
uroliths (the latter in only 5 % of the cases) (@sle et al., 1972). Mansfield's suggestion of an
infection by urease-producing bacteria is underthiog the laboratory analyses described ("...
urease-producing bacteria ... were not detectel sStandard (aerobic, thioglycolate) culture™:
Mansfield, 1980, p.834). In low-temperature labamatexperiments by Hedelin et al. (1985)
urease-induced uroliths were found to consist ofgmeaium ammonium phosphate hydrate
(struvite) and/or crystalline calcium phosphate(s).

DOLOMITE IN PEARLS

Dolomite of obvious Holocene age has been founddneka et al. (1960) in cultured
pearls (3 years old) and in pearl oysters (2 yeltsfrom the cultures of the Nippon Pearl
Company in Matoya Bay, near Kashikojima, Japan. rRore than 90 % these pearl oysters
(Pinctada martensiiDunker) consist of calcium carbonate, and a fewcgye of a protein
(conchiolin) are invariably present as well. Cheahanalyses and X-ray diffraction showed that
the mineral dolomite was present in the pearl ndoréhe nacreous layer of the oyster, and
especially in the prismatic layer of the oystehislis The presence of dolomite in the nacre of
cultured pearls and in the pearl oyster is the nsomrising, since the nacre layer consists
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entirely of aragonite. In contrast finding dolomitethe prismatic layer seems more probable,
since that layer consists of calcite. The prismétier shows evidence of deposition in a
distinctly rhythmic manner. At the same time thagthmic character is also a characteristic
property of the nacre layer. It is this rhythmi@cdcter, caused by periodic changes in size and
orientation of the micro-crystallites forming theane, that makes possible the distinction
between cultured pearls and natural ones in Xdnayqgraphs (see for example: Webster, 1983,
p.507). The pronounced concentric structure of ralfpearls finds its origin in fluctuations
caused by seasonal growth. The few nacre layetsstineound the (artificial) core afultivé
pearls exhibit the same concentric, rhythmic chiaradt was in these outer nacre layers of
cultured pearls, that Tanaka et al. (1960) fouades of dolomite.

DOLOMITE AND ALGAE

As early as 1852 the possible relation betweennditdoformation and the activity of
algae has been suggested by Ludwig & Theolald. The water of the warm springs of Bad
Nauheim (Germany) investigated by Ludwig & Theoh@@52), contained calcium in the form
of its bicarbonate, but magnesium in the form dbetle. The withdrawal of dissolved carbon
dioxide from the water by the numerous algae waddse the precipitation of calcium
carbonate. The calcareous sinters thus formed,aicect up to 11.69 wt.% magnesium
carbonate. The change of magnesium chloride intisnlunto magnesium carbonate would
have been brought about by the living cells ofdlgae as well: Ludwig & Theobald (1852)
observed, that clearly the algae were not capdlgesgipitating any chlorides. Hogbom (1894)
had suggested, that leaching of for example theamadus algd.ithothamnium(which may
contain up to 13 mol % MgCO would lead to dolomite. Much the same mechanizs
proposed by Skeats (1905), who suggested thatiakpealcareous algae consisting initially of
aragonite would be prone to "dolomitization”.

Riviere (1939 B) supposed, that the removal of, @Om sea water by living algae
would increase its pH to values of 9 or more. Aedént role for the algae was suggested by
Kirchof (1966): the chlorophyll of green plants Buas algae contains magnesium, and it would
be this magnesium, that gives rise to dolomité. i§ Iperhaps of some interest to note, that
Willstatter (1906) has suggested active partiogpatf the magnesium ion of the chlorophyll
molecules in the process of photosynthesis. livieis the assimilation of carbonic acid would
be catalyzed by a reaction between the basic metghesium and carbon dioxide in agqueous
solution. A reaction that is comparable to the @Gaigl synthesis, in which magnesium metal
reacts with alklyl halogenides to form alkyl magoes halogenides. The latter organo-
magnesium compounds form useful intermediates meanaus syntheses of organics such as
alcohols, ketones, aldehydes, and silicones. |

Withdrawing carbon dioxide from sea water and thassing the precipitation of a
carbonate such as dolomite, is not the only ragga by algae in the sedimentary environment.
Black (1933) pointed out, how he had observed famus algae (such &chizotrix
SymplocaandPhormidiun) permeate and bind a newly deposited layer ofrakweillimeter
thickness in modern carbonate sediments of therBatiaOther algae notalfcytonemavould
be growing only on the exposed top of such a ldgeming there a dark colored, mucilaginous
layer protecting the sediment underneath from sybes# erosion. The distinctly rhythmic
aspect of these "algal mats" was, in the explanadioBlack (1933), not only the result of
annual changes in sedimentation rate (in which nantistorms of the Bahamas play a
considerable role), but also in part the resutidafl sedimentation effects. Only in the tidal zone
laminae composed of relatively coarse carbonat@gg@assing upwards each time into a fine
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mud, were being found.

Algal mats are not really restricted to the tidahe; algal mats can be found in the lower
supra-tidal environment too. There highly salin@ditbons prevail and even precipitation of
salts may take place. Such high salt concentratim$iot inhibit microbial activity in all
instances. There are halophilic microbes, that thilve when the level of dissolved salts
exceed that of normal sea water. Examples are foupel among the bacterilglobacterium
Halococcus and Ectothiorhodospiry the cyanobacteria (SynechococcusCeccochloris
Synechocystiand Dactylo-coccopsis and eukaryotic photosynthetic flagellates of gle@us
Dunaliella and related genera such@samydomonaandAsteromonagsee also Reed, 1986).
What really controls the possible occurrence oflatgats is the absence of grazing metazoans
such as Pelecypoda. Another factor controlling lafgrawth is light, because it enables
photosynthesis. In algal mats only the very topiaf algae receives sufficient light; underlying
algae are inevitably doomed. The organic compouwidhe algae will be decomposed by
bacteria, for example by sulfate reducing bactéracipitation of carbonates takes place in a
rhythmic manner, not only caused by the day/nidterrmation between photosynthesis and
respiration, but also by the tidal rhythm of the.sBecause of their position mainly in the
intratidal environment algal mats periodically rigeea new supply of calcium cations and
carbonate anions.

Phleger (1969), in his description of the Laguna@ @g Liebre (Mexico), where
Kinsman (1969) and Pierre et al. (1984) had fouratiern dolomite, was surprised by the
wealth of organisms living on the algal mats on ebphe evaporite deposits. The brine there
contains dense populations of chlorophytes, gittiagreddish color. Even in the halite deposits
high concentrations of algae occur. This high o@gmoductivity would be caused by the
excessive supply of nutrients in the form of cotadad seawater, replenished every time by
the incoming tide and wind-driven flooding (Phlede369).

A close relation between dolomite and algae has laéen invoked by Gebelein &
Hoffman (1971, 1973), to explain alternations be&mveolomite and limestone on a millimeter
scale. Mudcracks, truncated ripple marks and stiglites all pointed to an environment,
consisting of very shallow water or even to inttaticonditions. Authors such as Sander (1936),
Fischer (1964) and Laporte (1967) had previousscdieed the same association, but Gebelein
& Hoffman (1971, 1973) were the first to add expemtal observations to support their claim,
that these interbedded dolomite-calcite laminaelavbave been formed by algae. Observations
on Recent algal mats formed the main part of thegoer. The layers of stromatolites consisting
mainly of algal filaments, had been formed as siaffimats during periods of non-deposition.
Such algal layers originated in ponds of seawatsrurring in most instances in the intratidal
zone. Salinity of the seawater in these ponds @dsgwih the season. The underside of the algal
mats contains bacteria in extremely high conceatrat As a result the rate of decomposition of
algal mucilage is quite high underneath the algal. mhis layer of partially decomposed algal
material is the site of carbonate precipitationrgeaamounts of minute carbonate crystals
(measuring about 1 to 4 micrometer) were foundhi@ kayer. The carbonate consists of
magnesium calcite with 14 to 19 mol % MggEQAll crystals grow attached to the surface of
mucilaginous sheaths of the blue-green algae; thudear-cut genetic relationship between
algal mucilage, bacterial decomposition and Mg @aate nucleation and crystal growth can be
demonstrated in these mats": Gebelein & Hoffman7819p.607). In their laboratory
experiments with blue-green algagchizotrix calcicola Gebelein & Hoffman (1973) noted,
that the living algae are capable of concentratiagnesium to values 3 to 4 times higher than
the concentration of the surrounding solution. &mmple if normal sea water with Mg/Ca =
4.5 was used for culturing the algae, the algds eebuld be measured to possess Mg/Ca = 15.
When using a culture medium with Mg/Ca = 8 , ttgabkheaths were found to have attained
Mg/Ca = 25 to 30 . Despite the more than 200 diffeexperiments conducted by Gebelein &
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Hoffman (1973), no dolomite precipitated in thégad cultures. The laboratory tests carried out
with these cultures, consisted essentially of agidimall amounts of filtered algal sheath
material to quantities of natural or artificial sgater with different salinities and Mg/Ca ratio's.
In all of the experiments small amounts of ammonaambonate (0.004 to 0.006 mol/jrnvere
added. All solutions had been sterilized beforeiraglthe algal material, "... to minimize any
possible effects of particulate organic matter bbacteria” (Gebelein & Hoffman, 1973, p.610).
The only precipitate formed were very small cryged of Mg calcite with 17 to 20 mol %
MgCQO; . No dolomite at all was found, and therefore Gaghes Hoffman (1973) reached the
conclusion, that the dolomite found associated aigal mats and stromatolites must have a
secondary origin.

The relation between algal activity and dolomitenfation has been documented on
many occasions. To give only a few examples (s&e @hapter 4): Davies (1970) reported on
algal mats associated with modern dolomite in thgtls Gladstone tidal flats (Shark Bay area),
Australia. Davies et al. (1975) had found algalsmiata small semi-permanent pool on One
Tree Reef (southern Great Barrier Reef), Australthere modern dolomite occurs. Cook
(1973) reported on algal mats and dolomite in tifieictastic tidal flats of Broad Sounds
(Queensland), Australia. Stromatolites and Recelundite have been described by Shinn et al.
(1965) from the supra-tidal flats of western Andisland, Bahamas. The same association was
found by Bourrouilh-Le Jan (1973 A) in small lakesar Fresh Creek, Bahamas. Algal mats
cover most of the sediments in the Lagoa Vermdhnazil, where Hohn et al. (1986) and
Moreira et al. (1987) had found modern dolomitegaAlactivity occurs in the pools on the
island of San Andres, Colombia, where Kocurko (396@ind modern dolomite. Wolff &
Fuchtbauer (1976) reported the presence of bioh@imdue-green algae in the dolomite-
bearing sediments, that fill two meteoric impaetters in southern Germany. Durgaprasada Rao
et al. (1978) found dolomite crystals in carbonatdules, that had been precipitated by algae.
Aharon et al. (1977) as well as Krumbein & Cohef7{@) described algal mats on the
sediments of Solar Lake, Isreal, where they haddanodern dolomite. Algal mats cover the
sediments of a brine pan near Ras Muhammed, froichwhodern dolomite had been reported
by Gavish (1980), Gavish et al. (1985), Friedm&@8(@ and Friedman et al. (1985). Baltzer et
al. (1982) found modern dolomite in the sedimemdeulying algal mats in the delta of the
Mehran River, Iran. Modern dolomite associated waigal mats on Sugar Loaf Key, Florida
(USA) has been described in detail by Shinn (19%8ARjal mats on the tidal flats of Laguna
Madre, Texas (USA) together with modern dolomiteehlaeen described by Miller (1975).

DOLOMITE AND BACTERIA

Bacteria precipitating calcium carbonate

Murray & Irvine (1889, 1890) described how they macked sea water with urine and
kept it at temperatures ranging from 289 to 300After a time the whole of the lime present in
sea-water was thrown down as carbonate and pheSphirray & Irvine (1890, p.164). In
analyses of the "liquor"” of living oysters and fresussels high concentrations of ammonia salts
were found, exceeding by far the concentrationsdom normal seawater. Because urea can
react with two molecules of water to give one molemf ammonium carbonate, Murray &
Irvine (1889, 1890) became convinced of the impmgaof ammonia compounds toward the
precipitation of calcium carbonate from sea walemperature of the water would be of
considerable importance: in cold water the decoitipnsof nitrogen-containing organic
compounds would be very slow or even absent, wheneatropical seas this form of
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decomposition would be proceeding at considerapéed The amount of animal life (the
producers of the nitrogen-containing organics) wobé another determining factor in the
possible precipitation of calcium carbon&te.

After analyzing numerous samples of "mud-waters! @mparing these with analyses
of the overlying sea water, Murray & Irvine (1895485) found "The alkalinity of the mud-
waters (evidently due to the presence of carbonatas increased in a most striking manner
when compared with the water immediately overlyimg mud, and depended directly upon the
chemical changes that had taken place in the sta-walts in the water associated with the
Blue Mud." Originally Murray & Irvine (1889, 1890had explained the formation of
ammonium carbonate as being caused by the aaivityulti-cellular organisms, but Murray &
Irvine (1895) were inclined to conclude, thatthe principal increase of alkalinity is due to the
de-oxidation of sulfates by the organic mattershe mud" (Murray & Irvine, 1895, p.485).
Later Murray (1900) made the suggestion, that perfacteria could have played a role in the
deposition of the calcareous sediments of the BBe#® The same reaction responsible for
the precipitation of calcium carbonate by bactéram been invoked earlier by Steinmann
(1889).

In experiments Baur (1902) has shown, how predipitaof calcium carbonate by
denitrifying bacteria takes place, when calciunthe form of its humate, oxalate, formiate or
citrate was used in the culture media. Similarlizi@jen (1906) observed in his experiments the
precipitation of calcium carbonate, when using igatcbutyrate or calcium formiate in his
media. Boquet et al. (1973) noted in their labagatexperiments, that a multitude of soil
bacteria is capable of precipiating calcite (“Froinis we infer that crystal formation is a
common phenomenon and that its occurrence is siaplynction of the composition of the
medium used”: Boquet et la., 1973, p.528). Drewl(19913) attributed the precipitation of
calcium carbonate in his experiments as well athénsea near the Bahamas and the Florida
Keys, to denitrifying bacteria. In samples takesitu Drew (1913) found "enormous numbers"
of the bacterium, that he thought to be responsdrléhe deposition of CaGO Samples from
the sediments from the Great Salt Lake and fronouamarine sediments near Florida and the
Bahamas were used by Kellerman (1915) to inoculateed cultures" of bacteria. If initially
soluble salts of calcium were present in the celtonedium, calcium carbonate precipitated.
"The most important natural precipitation is prdgahe transformation of calcium carbonate
by the combined action of ammonia, produced bydbiacteither by the denitrification of
nitrates or by the fermentation of protein, togetheh carbon dioxide, produced either by the
respiration of large organisms or the fermentatbrcarbohydrates by bacteria" (Kellerman,
1915, p.58).

Sulfate-reducing bacteria

Not only urea-decomposing bacteria or denitrifyliagteria are capable of precipitating
carbonates. Beijerinck (1895) described how baadtsulfate reduction was often seen to lead to
precipitates of calcium carbonate and iron (Ibcasate. The production of hydrogen sulfide,
followed by its oxidation to sulfur, and the dowmdianfiltration of CQ-containing water, were
the results. The process of sulfate reduction wasd to be caused by a bacterium isolated
from the black mud at the bottom of a ditch or freail solution. The new group of bactéfia
was found to be strictly anaerobe. Special glasstsewere used by Beijerinck (1895) to isolate
the new anaerobes from the large amounts of aembdacultative anaerobe bacteria. Pure
cultures ofDesulfovibriocan best be obtained, according to Van Delden4(19hen following
the method of Trenkmann (1898): a small amountyaofrdgen sulfide gas dissolved in the
culturing medium will prevent the development ghakt any other bacterium.
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By way of culturingMicrospira desulfuricandacteria (identical with those described
originally by Beijerinck, 1895) from the mud of akk near Odessa in media with different
salinities, Rubentschick (1928) was not able tdrdisish it from theMicrospira aestuariiof
Van Delden (1904). Only a difference in salt tohem was found to exist between the two
species. Both supposedly different species wenedfdéo be capable of considerable adaptation
with regard to salinity. Baars (1930) showed thearlme" Vibrio aestuarii(isolated originally
by Van Delden, 1904 from the black mud of a Dutalaltflat) as well as theVibrio
thermodesulfuricansf Elion (1924) to be identical with Beijerinclpirillum desulfuricansin
this way Baars (1930) not only established the @apaf this sulfate reducing bacterium to
thrive under marine conditions (3 % salinity) aonthewhat elevated temperature (according to
Elion, 1924 it would still be active at 328 K), batso found a wide variety of organic
compounds suited as hydrogen-donor (ranging frarahal such as ethyl alcohol via sugars
such as glucose and mannose to the nitrogen comporsianine or asparagine). The high
amounts of hydrogen sulfide found in the deepeemat 180 m) of the Black Sea have been
attributed by Issatchenko (1924) to the activitiEeMicrospira aestuariidescribed originally
by Van Delden (1904).

The microbial benthic community present in Solakd,alsrael (where Aharon et al.,
1977 and Lyons et al., 1984 have found modern dtddrhas been studied by Jagrgensen &
Cohen (1977). The Solar Lake sediments consistayhiaobacterial mat (stromatolite) up to 1
m thick. The microbial community is made up of angans such as the unicellular
Aphanocapsa littoralisand Aphanothece halophyticaand the filamentous cyanobacteria
Microcoleus sp. andOscillatoria spp. together with diatomsAihphora coffeaeformisnd
Nitzschiasp.), photosynthetic and colorless sulfur bactand various heterotrophic bacteria.
"Seasonal changes in their growth and relative @dce cause a lamination of the mat, with an
annual layer thickness of about 1.2 mm" (Jgrge&sdébohen, 1977, p.657). Measurements
included bacterial counts and the rates of sulfatiction and of oxygen exchange. Active
bacterial sulfate reduction in Solar Lake takes@lanly in the upper 20 cm of the sediment.
Bacterial counts showed the sulfate reducing bac@esulfovibriosp.) to be concentrated in
the topmost millimeters of the sediment. Centingelewer these counts were a factor 100 less,
and at depths of more than 20 cm very f@@sulfovibriocolonies were encountered. The rate
of sulfate reduction depended entirely on the piynpeoduction of organic compounds by the
benthic cyanobacterial community. ConcentratioRl£8 is the highest in the same upper 20 cm
of the sediment; deeper in the sediment hydrog#idesiconcentrations gradually decrease.
From calculations it was concluded, that calciunrbgaate precipitation must take place at
depths of 50 to 80 cm (at 80 cm depth a layerlaidat pure carbonate silt" was found).

Brooks et al. (1968) measured the almost compistgpdearance of calcium in solution
from sediments exhibiting reducing conditions. Nuoos analyses made on two cores from
marine sediments off the coast of Southern Caldoby Presley & Kaplan (1968) showed
dissolution of calcium carbonate taking place ie thterstitial water near the sedimentary
interface of reducing sediments, and supersataratith calcium carbonate at greater depths.
On the basis of isotope measurements Presley &aKafl968) concluded, that in reducing
sediments an increase in dissolved carbonate wjithdnust be due to metabolic activity. The
presence and the activity of sulfate reducing becte environments where modern dolomite
was found, has been documented in a relativele latgnber of instances. To mention only a
few examples: H6hn et al. (1986) found bacteri#fiatel reduction taking place in the Lagao
Vermelha (Brazil), where they had found modern dole. Aharon et al. (1977) had noted the
same association between active bacterial suléataction and Recent dolomite in the Solar
Lake, Israel; Perthuisot (1971, 1974) found it ablha El Melah, Tunesia; Friedman (1966)
noted the same relation in the Salt Flat Grabexa3eand Hein et al. (1979) noted the
association between dolomite and bacterial sulfatfuction in the cores of Quaternary
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sediments from the Bering Sea. Carballo et al. {L@9@scribed, how large areas of dolomitic
crusts had formed in a pond at Sugarloaf Key (8&riUSA), where the sediment itself was
dark colored, anoxic, and smelling of hydrogenidalfLaboratory analyses of the water from
this pond revealed active bacterial sulfate redactGregg et al. (1992) noted the presence of
H,S in a core sample with Holocene dolomite from Tei@avannah, Belize.

Bacterial sulfate reduction requires relativelybh@pncentrations of organic materials to
be available for the decomposition process. Butaeu (1957) noted, the nature of such
organics is not particularly critical. In his tegtlou (1957) had used glucose; but it turned out,
that additions of all sorts of organic matter comntey carbon could be used, even pure cellulose
worked well. However when using pure peptone oaun® carbonates would form. The end
products formed in bacterial sulfate reductiongases such as hydrogen sulfide and methane
and liquids, which can be described as kerogerumers. Koppenol et al. (1977) reported the
occurrence of gas bubbles of methane, emerging thhenorganic-rich carbonate, in which they
had found modern dolomite.

In addition to the ubiquitousDesulfovibrio desulfuricansand the genus
Desulfotomaculumseveral new genera of bacteria capable of sutiedection have been
described such aBesulfobacter Desulfonema Desulfobulbus(see for example Postgate,
1984).

Bacterial sulfate reduction is often characteribgch black color of the sediment: the
black colour is due to finely disseminated ironfidel (Beijerinck, 1895; Van Delden, 1904).
According to Rubentschick (1928) not FeS, but natihe (colloidal) hydrate FeS;B would be
the colouring agent. The source of the iron ionlwafound in the iron content of clay minerals:
Drever (1971) has shown iron to be extracted fréay minerals under anaerobic conditions,
followed by the incorporation of magnesium from f®a water into the clay minerals (thereby
changing the notronite component of montmorillomte a saponite component).

Methane-producing bacteria

The anaerobic decomposition of cellulose gives tesarge amounts of methane and
carbon dioxide gas as Hoppe-Seyler (1886) has sHowi887 Hoppe-Seyler described, how a
small amount of calcium acetate dissolved in rvater and infected with a trace of river mud,
would lead to the microbial production of calciurarlwonate, carbon dioxide and methane
according to:

Ca(GHyO,)2 + HO — CaCQ+ COy+2 CH, . (€q. 5)

Omelianski (1903) found, that similarly the backdecomposition of calcium butyrate under
anaerobic conditions gives rise to calcium carlbmratrbon dioxide plus methane:

Ca(CH:0,), + 3HO — CaCQ+2CQ+5CH; . (€q. 6)

When using calcium formiate in the same experimé@elianski (1903) observed the
formation of hydrogen (along with calcium carbonatel carbon dioxide) and described the
micro-organism responsible Bacillus formicicus

Isolation of two different bacteria capable of nagtlé-production was first achieved by
Sohngen (1906, 1910). One of these was describad aemotile, Gram-negative rod-shaped
bacterium, and named originaBacillus methanicuglater known asMethanobacterium The
other was much larger and immotile, and occurredriably in the form of a distinct aggregate
of eight spherical cells arranged in neat packets; now known as belonging to the genus
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Methanosarcina Because Sohngen (1906) succeeded in obtainingocutbares of the
methane-producing bacteria, conclusions regardi@gxact mechanism of methane production
became possible. Laboratory experiments establisted methane together with carbon
dioxide, is produced, whether acetate, acetongrdiat ethanol or propionate are used as the
substrate. The formation of GG organic decomposition reactions is not at @apsesing, but

the concurrent formation of methane is (Barker,6)9%he explanation was found by Van Niel
(1931): the "carbon dioxide reduction model" invedvthe complete oxidation of organic
substrates to carbon dioxide, followed by a (pdggartial) reduction of C®to CH, . For
example in the case of acetate being the substragea

CH;COOH + 2HO - 2CQ + 8H (oxidation) (eq.7)
8H + CQ - CH; + 2 H0O (reduction) (eq. 8)
CHsCOOH - CH; + CQO . (eq.9)

The fermentation of most organic compounds by nmethproducing bacteria leads in most
cases to the simultaneous formation of methanecanobn dioxide, but not in all. As for
example Barker (1956) stressed, in some of thegtermthe oxidation step is coupled with the
available amount of CQ and in the presence of only a limited amour€@Gf no methane will
be formed. Laboratory experiments involving radinb@&c tracers have shown methane to
originate from the methyl group of acetate (Bus\eBollo, 1948; Stadtman & Barker, 1949).

In their laboratory experiments Stephenson & Stic#l (1933) found, that organic 1-
carbon compounds are anaerobically reduced torhethane and carbon dioxide. For example
when using formic acid (0.5 %) in the monoculttine, reaction would take place according to:

4H.COOH - CH;+3CQ +2HO. (eq. 10)
When placing the same monoculture in an hydrogerosithere, bacterial reduction of the
formic acid (present in the medium as the soleaadource) to methane without the formation
of any carbon dioxide was seen to take place:

AH.COOH+3H - CH, +2HO . (eq. 11)

Therefore Stephenson & Stickland (1933) conclutietl the bacterial reduction of formic acid
takes places in two different steps (each catalpyeslspecific enzyme):

first H.COOH - H,+ CO, (eq. 12)

and then 4p+CQO, - CH;+2HO. (eq. 13)

The same monoculture of methane-producing anaetmmteria of Stephenson & Stickland
(1933) demonstrated the capacity to reduce suifdtesulfide in the presence of hydrogen,
according to:

HSOy +4H — HS + 4HO . (eq. 14)

The formation of methane in laboratory cultureswfate-reducing bacteria has been confirmed
by Sisler & ZoBell (1951) and Postgate (1969). Betording to Martens & Berner(1974) and
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Postgate (1984) the formation of methane and theitaes of the sulfate-reducing bacteria are
incompatible. A different type of anaerobe bacter(iviethanococcusp.) would be responsible
for the production of methane according to AbranN&dwell (1978 A). Field observations in
combination with laboratory experiments by Cappempbél974 A,B) have shown the
distribution pattern: the methane-producing baatere invariably active in the layer beneath
that, where sulfate reduction takes place (theretwyfirming the observations made by
Liebmann, 1950). Martens & Berner (1974) and Betn@i979) noted the same spatial
distribution between an upper zone of sulfate redan@nd an underlying anoxic environment
with methane production in cored marine sedimentssignificant production of methane does
not begin until dissolved sulphate concentratiopgr@ach zero" (Martens & Berner, 1974,
p.1167). In laboratory experiments Cappenberg (B)7ghowed the toxic effect of,8 on the
methane-producing bacteria. According to Hines &IB(1982) the distribution of methane-
producers and sulfate-reducers in near-shore maaaggnents would be somewhat more
complex. In a number of cores from marine sedim#rgszone of bacterial sulfate reduction
overlies the zone of the methane-producing bact8u# in other instances the two will be
concomitant: the sulfate-reducing bacteria are mpemied by methane-producers such as
MethanobacteriumMethanococcusind Methanospirillumsp. in the upper 10 to 20 cm of the
sediment. In the marine sediments from the Blakée©ORidge, Atlantic Ocean (DSDP Site
533) the upper 15 m comprises the zone of sulétaation and from 15 to 100 m core depth
methane formation predominates (Claypool & Threlkdl983). Biogenic methane formation
concomitant with bacterial sulfate reduction takpigce in salt marsh sediments in the San
Francisco Bay near Palo Alto, California has beescdbed by Oremland et al. (1982).
According to Zeikus & Winfrey (1976) the productioh methane in the sediments of Lake
Mendota (Wisconsin, USA) depends on the temperaifitbe sediment. A marked seasonal
change takes place every year in the number ofanetproducing bacteria and in the amount
of methane released.

The reduction of carbon dioxide by hydrogen in 8ofuleading to the production of
methane has been claimed by among others Koyar6d)(19issenbaum et al. (1972), Whelan
(1974), Claypool & Kaplan (1974), and Deuser et (4D73). Under anaerobic conditions
organic compounds such as carbohydrates, proteth§pds will all be transformed into GO
plus CH, (Mah et al., 1977). From the breakdown of amindsaand long-chain lower fatty
acids, alcohol and C(plus H result. Sulfur-containing amino acids such as rosethe must
be responsible not only for hydrogen sulfide, bigbaor part of the methane formed in
anaerobic lacustrine sediments (Zinder & Brock,8)9ydrogen is seldom detected, because it
can be used by all of the known methane-producauagelnia for the reduction of G@o CH,
(Wolfe, 1971).In situ observations in salt marsh sediments by Abram &viddl (1978 A)
showed the necessity of both &hd CQ for methanogenesis. The availability of hydrogeaym
well be the limiting factor. Experiments by AbramNedwell (1978 B) demonstrated how the
presence of hydrogen stimulated sulfate reductipnDbsulfovibrio spp. The competition
betweenDesulfovibrioand other anaerobes such as the methane-procheiteyia would be
won in most instances bipesulfovibriq because of its greater ability to utilize hydmoge
Competition for hydrogen betwe@&resulfovibrioand methane-producing bacteria is capable of
explaining the distribution pattern of methanemaerobic sediments (Abram & Nedwell, 1978
B). Near the surface the sediment contains usuligilly or no methane; but this methane-
depleted surface layer is found only in marine reedits (Reeburgh & Heggie, 1977). In
lacustrine sediments the concentration of methacreases immediately with depth. Although
a number of the methane-producing bacteria areltédice anaerobe, actual production of
methane requires strict anaerobic conditions (Zik977). At the same time many species are
known to be autotrophic: for their growth and desttion CQ can be used as the sole source
of carbon. Methane-producing bacteria have beesctzt in the rumen and the gastro-intestinal
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tract of animals, in marine and lacustrine muds sediments, in flooded soils and in sewage-
sludge digesters (Zeikus, 1977). According to Miahl.g1977) and Zeikus (1977) the reduction
of CO, into CH, coupled with the oxidation of hydrogen is charastie of the methane-
producing bacteria. Not onlylethanobacteriunwould be capable of this reaction, but also
various species of the genGtostridium The end product of this bacterial reduction pssds
acetic acid, which does not accumulate either,usscan black muds, marshes and swamps it
will be converted directly or indirectly into GHand CQ (Mah et al., 1977). Calculations by
Jeris & McCarty (1965) showed some 67 % of theaih@rganic carbon of the substratum to be
converted into acetate first (later to be changed methane), and only 33 % of the methane
produced to be the result of the reduction ot BPhydrogen. According to Bryant et al. (1977)
the sulfate reducindesulfovibrio vulgarisand the methane-producingethanobacterium
formicicummay well occur in association, but only as long@ate ions are present in a high
concentration. As soon as sulfate ions have disapde the methane-producing bacteria
become more effective in the transfer of hydrogéfhen using anaerobic cultures under
nitrogen, methane-production and sulfate reductiake place simultaneously: the two
processes are apparently not mutually exclusiveer@nd & Taylor, 1978).In situ
measurements in lake sediments by Lovley et aBZ)18howed methane-production to be the
dominant process during such a co-existence. Awfddf sulfate ions was seen to decrease the
microbial production of methane. At the usual comiaions of sulfate in freshwater lakes the
sulfate reducing bacteria seem to "out-compete'htbthane-producing bacteria (as Lovley &
Klug, 1983 put it).

Isotope-labeled bicarbonate and acetate were yséutilb& Martens (1986)n situ in
anoxic marine sediment to measure the relativeribotiopns of CQ reduction and acetate
fermentation to the process of methane productiBolfate reduction constitutes the
predominant anaerobic process in the upper 10 856f the sediment at this location (Cape
Lookout Bight, North Carolina USA), and the mineration of organic carbon in the deeper
sediments accounts for methane production. In tee wf Crill & Martens (1986) the two
processes would involve two different types of baat the sulfate reducers and the methane-
producers. Field evidence ("... the highest ratesethane production were found beneath this
zone of high sulfate concentrations": Crill & Marsg 1986, p.2095) as well as evidence from
situ experiments (consisting of the addition of hydroge acetate to lake sediments, in which
both sulfate reduction and methane production heehldound: Winfrey & Zeikus, 1977)
support the conclusion of two different microbiapplations being responsible for the two
different processes. "The distribution of methamogbacteria and their activity are restricted to
anoxic environments where associated bacteria amaiat low E and produce methanogenic
substrates as well as other nutrient factors": Mall. (1977, p.325). As long as sulfate is
present, sulfate-reducing bacteria will predomirater the methane-producing bacteria. The
presence of sulfide in marine sediments causedulfgte reducers, will largely inhibit the
activities of methane-producing bacteria (Cappemb&®74 B). Laboratory experiments by
Martens & Berner (1974) confirmed this principle.dther words: separate depth zones exist in
lacustrine as well as marine sediments for sulfattucing bacteria and for the methane-
producing bacteria. In some instances the rateethame production in the zone beneath that of
the sulfate-reducers is so high, that gas bubdigsuee methane will escape from shallow
sediments (Martens, 1976).

The vertical distribution of methane and metharaglpcing bacteria in lake sediments
in general shows an increase with depth up to &inemaximum, followed by a gradual
decrease (Cappenberg, 1974 A; Reeburgh & Heggi&}, Minfrey & Zeikus, 1977). At the
same time seasonal variations in the distributiafilp of methane and of Eh were measured
(Cappenberg, 1974 A). Periodic alternations betwagygen-rich and anoxic conditions in
shallow sediments have been measured by Martei§).19
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Philp & Calvin (1975) described, how a kerogen-Iikaterial is being formed in algal
mats on carbonate sediments of the Laguna Madr@g Balifornia (USA). Kelts &
McKenzie(1982) related, how the drilling of Hole%1.eg 64 (Gulf of California) of the Deep
Sea Drilling Project into dolomite-rich diatomaceomuds had to be stopped prematurely,
because of a dangerously high content in kerogdme(hole was actually terminated because of
an omnious increase in thermocatagenic hydrocarkins Gg": Kelts & McKenzie, 1982,
p.555).

Other bacteria

The postulation of a new species of "calcareoutebham™ Bacterium calcis by Drew
(1913) lacked a foundation in adequate physioldgiteservations, as for example Lipman
(1924) has pointed out. In addition Lipman (1924)sv8urprised to note, how no attempt at all
had been made by Drew (1913) to let his bacterzipitate CaCe@ from pure sea water.
Kellerman & Smith (1914) were convinced that tBacterium calcis of Drew (1913) instead
had to belong to theseudomonagenus. Bavendamm (1932) noted, that Drew's déiseripf
Bacterium calciswould equally apply to for exampBacterium Brandii Bacterium Bauri
Bacterium Grani andBacterium Feiteli Lipman (1924) doubted, whether DrewBacterium
calcis the Pseudomonas calcistroduced by Kellerman & Smith (1914), tRseudomonas
calciphila or any other denitrifying bacteria, would be cdpatf precipitating CaC®from
normal sea water, not enriched in calcium compoundsganic material, or in nitrate. Because
the culture media contained relatively large amgwfitcalcium as organic salts, the breakdown
of these salts by any bacterium would lead to tieeipitation of CaC®@ ("... | can reproduce
the results obtained by Drew on the precipitatiboatcium carbonate in sea-water if the proper
medium is used, namely, if to the sea-water theesedded a salt of calcium with some organic
acid": Lipman, 1924, p.187). Another argument usgdlipman (1924) was, that bacteria could
not be found in high concentrations in sea watke [atter argument is only partly true, because
extremely high amounts of bacteria occur in therogt centimeters of most marine sediments
(Russell, 189% ; Smith, 1926; Bavendamm, 1931, 1932; ZoB&H6).

Marine sediments may contain in places high comagons of bacteria (especially of
the generdseudomonay/ibrio, Spirillum, AchromobacterandFlavobacteriun in the upper
few cm's of cores taken. Biochemical degradationsafirce organic compounds in such
sediments takes place at measurable rates, bubthplete removal of oxygen, nitrogen and
sulfur atoms does not usually take place (StoneBell, 1952). In general compounds such as
carbon dioxide, hydrogen sulfide, hydrogen, ammamd low-molecular fatty acids, alcohol
and amines result upon decomposition of organicpoamds by marine bacteria (ZoBell,
1946).

Mechanism of CaCOg3 precipitation

In the view of Van Delden (1903) bacterial sulfegduction would not only affect any
dissolved calcium sulfate, but it would convert magjum sulfate as well. When using sodium
lactate as the main nutrient of the medium, thiewohg reaction would take place:

2 GHsO3Na + 3 CaS@ -~ 3 CaCQ+ NaCO;+2 CQ + 3 HS + 2 HO. (eq. 15)

Elion (1924) gave the more general reaction equas

2C+MeSQ+HO - MeCG +CO + HS (eq. 16)
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(in which Me can be Ca or Mg).

Mixed cultures of bacteria were made responsibletlie precipitation of calcium
carbonate in the experiments by Kellerman & Smil®14). The mechanism for the
precipitation of calcium carbonate would consistbatterial formation of large amounts of
ammonia, which would react with calcium bicarbonatsolution:

Ca(HCQ), + 2 NHOH - CaCQ + (NH),CO; + 2HO.  (eq. 17)

A second mechanism was found in the productiortratés of carbon dioxide" (but G@night

as well come from plants or higher animals) by &mel of bacteria, whereas another kind
would be producing ammonia, either from the decasitjpm of proteins or by the reduction of
nitrate to nitrite. The resulting ammonium carbenabuld subsequently react with dissolved
calcium sulfate, and so lead to the formation ac€Oa:

CaSQ + (NHp),CO; — CaCQ + (NHy),SOy. (eq. 18)

A third mechanism was found by Kellerman & Smit®14) in the decomposition by bacteria
of organic calcium compounds used in the culturglinsuch as calcium succinate, calcium
acetate or calcium malate.

Berner et al. (1970) described four different megras contributing to an increase in
carbonate alkalinity (defined as the total coneiun of all dissolved bicarbonate species plus
twice the total concentration of all dissolved cerdte species). The first would be the
dissolution or the precipitation of calcium carb@nander the influence of carbon dioxide
present in water. The second would be bacterialctezh of sulfate leading to43 and HC@
in solution. The third mechanism contributing toiacrease in carbonate alkalinity would be
bacterial production of ammonia. The fourth meckaniwould involve the formation of
authigenic silicates:

3 AbSi205(OH)4 +2K +2 HCGQ - 2 KA|3Si3010(OH)2 +2CQ+5H0 (eq 19)

(and comparable reactions involving™Na Mg?"). In chemical analyses of pore water squeezed
from anaerobic, sulfide-rich sediments Berner ef1870) measured alkalinities up to 30 times
as high as that of the overlying sea water. Buhesgeno marked degree of calcium carbonate
precipitation could be noted; it was suggested, plossibly dissolved organic matter would
inhibit the precipitation of CaCQ

After carrying out a multitude of laboratory expeents Novitsky (1981) reached a
fundamental conclusion regarding the actual rolanafine bacteria in the precipitation of
calcium carbonate: solely the pH of the solutiontaus the precipitation of CaGOMarine
bacteria would be able to influence the pH in ddfe ways, but an active biochemical
participation of bacteria in CaGQrecipitation as suggested by for example Mori@80)
could not be detected.

Formation of dolomite

From his laboratory experiments Pfaff Jr. (190%)ataded, that bacteria would have to
be involved in the precipitation of dolomite evem the non-marine environment. The
suggestion has been made by Drew (1913), that Igafad ammonia producers such as the
denitrifying bacteria would be instrumental in f{ecipitation of calcium carbonate from sea
water. Jourdy (1914) suggested that denitrifyingctdr@a would be involved in the
decomposition of calcareous algae, and so be metntal in the formation of dolomite.
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The importance of ammonium carbonate, a compoundei in high concentrations
during the bacterial decomposition of vegetableanimal tissues, in the low-temperature
formation of dolomite has been stressed by Lin@09LB). In Linck's view especially those
limestones that had accumulated high concentratbbnsrganic matter, would be prone to
dolomite formation. Several authors have suggesitetl hydrogen sulfide would play an active
role. Both Nenadkevich (1917) and Vernadskii (19H8scribed, how they had found
measurable amounts (up to 0.01 wt.%) eEHh dolomites. Vernadskii added that perhaps the
hydrogen sulfide would have originated from theuatn of sulfate. This possible role 0%
seems to be contradicted by the laboratory expetsnef Ball6 (1913), who noted that
hydrogen sulfide gas, when bubbled through a swiutontaining CaGl, MgCL , Na&COs and
NaCl kept at room temperature, leads to the foonatf MgCQ.3 H,O , but NH gas bubbled
through it favors the formation of an anhydrous ediMg/Ca carbonate. More evidence on the
significance of ammonia came from Russell (1934),His evidence was circumstantial: when
heating dolomite fragments in a glass tube, atikalsubstance formed and ammonia would
evolve. Paul & Meischner (1991), after studyingletail the Pleistocene deposits of a former
lake in Germany, came to the conclusion, that tlendite there had been formed in still water
permanently void of oxygen and rich in$.

From black mud collected in the Weissowo salt lak€karkov region, southern
Russia), Nadson (1928) was able to isolate a nuefb@aCQ-precipitating bacteria. The fact
that microbes were responsible for processes imghlhe migration of not only calcium in the
CaSQ-rich sediment, but also migration of silicon anohi was checked by Nadson with the
aid of sterile blanks. A cultivation medium of 2 f@ptone inoculated with this black mud, led
to the deposition of CaGQas a film floating the medium) together with atiant Proteus
vulgaris bacteria that had caused the phenomenon. Theseribawould induce carbonate
precipitation through the conversion of the pratemio NH; and HS . From other tests Nadson
concluded, that bacteria suchBEecterium albo-luteunandBacillus mycoideslso precipitated
calcium carbonate, but to a much lesser degreeacigdly whenBacillus mycoidesvould be
cultivated on broth, on agar-agar or gelatine madior better still on an alkaline meat-peptone
broth, carbonate would form as the result of theodgosition of protein into NH. But not
only bacteria were found to cause the precipitaibi©aCQ: Nadson (1928) observed how
three different species @fctinomycetesvould do much the same. Especially older cultofes
Actinomyces albuygActinomyces verrucoswsdActinomyces roseolushowed, when cultured
on peptone/agar or peptone/gelatine media, thepfedon of notable amounts of calcium
carbonaté? A comparable observation had earlier been rhgddolisch (1925), who added,
that not onlyActinomycetespecies were capable of precipitating calcium araake, but that
even two different yeast§Séccharomyces olexudaasd an undetermined pink yeast) would
possess the same faculty. Bersa (1920, 1926) foaictum carbonate in the vacuoles of three
different species of sulfur bacteria.

Nadson (1928) left little or no doubt concerning tause of carbonate formation: in all
cases production of ammonia took place upon theoiviel decomposition of proteins of the
medium. The presence of calcium sulfate in theve@r media was a strict prerequisite, as
Murray & Irvine (1890) had noted earlier. In mostses Nadson (1928) found, that virtually
magnesium-free calcium carbonate had been formbid iexperiments. Only in two instances a
magnesium calcite had been formed. Neverthelessddatiied to bring his experiments into
relation with the low-temperature formation of duite, at least in theoy. ~ Various authors
have taken up the suggestion. For example MulE8Q) invoked the bacterial production of
ammonia and carbon dioxide to explain the Devordatomites near Gerolstein (Eifel
Mountains, Germany). Reuling (1934) suggested dingesorigin for the dolomite in the lower
part of the Funafuti core. Brise (1928) descrilbexidorrelation between the dolomite content of
Palaeozoic limestones in Manitoba (Canada) antbtheer existence of reducing conditions. In
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the dark colored horizons, which must have formedeu reducing conditions, the percentages
of incorporated MgC@ were markedly higher than that of the lighter paot the same
limestone formed under oxidizing conditions. SimglaSteidtmann (1917) interpreted the
omnipresence of FeO in dolomites and dolomite-animig limestones as proof of the fact that
the dolomite must have formed under reducing camdit Udluft (1929), while studying
German Zechstein dolomites, found a relation betveEstomite and the occurrence ofEes
well as a relation between dolomite and "a cedanount of bitumen". From these two different
observations Udluft (1929) drew the conclusiont than had not been part of the original
sediment, but that it had been introduced afteinssatation, and that reducing conditions must
have prevailed during the formation of the dolom8ander (1936) gave a detailed account on
the association between dolomitic limestones ahgirt@n. Somewhat indirect evidence was
cited by Charles (1948): in the petroleum-produdtrgta of the Pyrenean Mountains (France)
there is a correlation in dolomites and a blacloricof the rock, a distinct smell of.8 and the
presence of oil. In Recent deposits of dolomite saeh as in the Kara-Bogaz-Gol (Russia), a
correlation between dolomite and sulfate reducbosught about by bacteria has been noted
(Nuryagdyev & Sedelnikov, 1966). Even from the dggions of the cores from the Deep Sea
Drilling Project this relation becomes clear. Faample Lancelot & Ewing (1972) attributed
the large amounts of natural gases (mainly,Giit also CQ and HS along with traces of
C.He) found at DSDP sites 102, 103, 104 and 106, tdebat sulfate reduction. In these
predominantly siliclastic grey muds local concetires of calcite, dolomite and siderite occur
in the form of lenses, nodules or layers. DavieSupko (1973) explained, that "... fluctuating
geochemical conditions" were involved in the lomperature formation of authigenic
dolomite, and that those fluctuations would havenbeaused by theyclical reducing naturef
certain deep-sea environments.

Gieskes (1973) noted in a study of interstitial ewfrom samples of the Deep Sea
Drilling Project the following changes caused byctbaal sulfate reduction: depletion of
calcium as well as magnesium, increase in alkglimicrease in ammonia, and an increase in
phosphate. Brown & Farrow (1978) pointed out, thdtate reducing bacteria were active in the
conversion of calcium carbonate in the burrowsrattacea into dolomite, taking place at the
bottom of Loch Sunart, Scotland. Bacterial sulfa@uction would influence the mineralogy of
Mg/Ca carbonates in the view of Sayles et al. (1@8pecially by the simultaneous production
of HCO; and HS . According to Baker & Kastner (1981) bacteridfete reduction would aid
in the low-temperature formation of dolomite in el ways: 1) by the removal of sulfate
anions, 2) by increasing the alkalinity, and 3}ty production of N ions, that would "... aid
in the release of adsorbed fMgations" (Baker & Kastner, 1981, p.215). Keltdv&Kenzie
(1982) were convinced that dolomite formation reegiilow sulfate concentration, high
alkalinity, and high ammonia content. The processild/ not be taking place in the zone of
active bacterial sulfate reduction itself, but a feneters below it in the zone of methane-
production. In the view of Slaughter & Hill (199bpcterial sulfate would aid in dolomite
formation especially through the decomposition obt@ns and other nitrogen-containing
compounds, during which ammonia would be formede Tiberation of this strong base
increases the alkalinity of the solution, therebgding to a predominance of carbonate anion
groups over bicarbonate anions. As the four fagiassnoting dolomite formation Slaughter &
Hill (1991) mentioned: 1) high concentrations obtgin-rich organic matter; 2) alkaline
conditions; 3) high ionic strength; and 4) abseoceemoval) of sulfate and phosphate anions.
In the view of Andrews (1991) high alkalinity inrobination with the removal of all organic
matter as caused by active bacterial sulfate remyctvould be responsible for dolomite
formation. In active algal mats (of Florida Bay) dolomite was found; there only magnesium
calcite (with up to 23 mol % MgCfpwere found.

In recent years a number of authors have repomethe formation of dolomite in
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experiments with bacterial cultures. For exampleraBeneyra et al. (1993) noted the
precipitation of small amounts of dolomite in cuodtsi ofBacillus sp. isolated from saline soils,
Rivadeneyra et al. (2000) in cultures of halophlbacteria Kesterenkonia halobja and
Rivadeneyra et al. (2006) noted the presence ainuté in cultures ofChromohalobacter
marismortui.Concerning the mechanism involved Rivadeneyrd. €1996, 1998) stressed the
role of the production of carbon dioxide and amractiiiring the bacterial decomposition of
nitrogen-containing ingredients of the medium udétk claim of Wright & Wacey (2005) that
bacterial sulfate reduction would lead to the lemperature formation of dolomite through the
release of magnesium and calcium from neutral @inspand generating elevated carbonate
concentrations, is difficult to evaluate since thdentification of the “dolomite-like phase”
appears to be wantifg.

Roberts et al. (2004) have described the formavbrndolomite in a laboratory
experiment involving sulfate-reducing bacteria amethane-producing bacteria. The laboratory
experiments involved petroleum-contaminated growtdwfrom Bemidji (Minnesota, USA).
To water samples taken under anaerobic conditibagments (0.5 — 5 mm) of local basalt
substratum were added. Five gram of sterilized rfrelgments were put in 40 ml of
groundwater, and a small amount of petroleum aarlaoa source. Fragments of dolomite (!)
and calcite were allowed to contact the solutiaut, remained separated by way of dialysis
tubing. A concentrated bacterial population (déstlias iron-reducing and methane-producing
bacteria) from the same groundwater was used toulate the sterilized mixture. After 8
months of storage under anaerobic conditions ak288wly formed phases were separated and
X-rayed. Calcite plus dolomite were found (amonggteré® ); “Dolomite ordering is
indicated by the presence of superstructure redlest.... No evidence of other secondary
carbonate minerals (e.g., siderite) was found lonyguXRD and SEM. In sterile controls only
calcite precipitated ...”: Roberts et al. (2004, BR7

The relation between dolomite and the occurrenceitafnen and oil is well known.
Papers for example by Daly (1907), Fulda (1931ya$t(1932), Stockfish & Fulda (1933),
Linck (1937), Dmitrieva (1951), Heady (1952), H({©953), Hartwig (1955), Yagishita (1955),
Fujiwara (1956), Kimpe (1956), Marr (1957), Kornfg|1959), Bausch & Wiontzek (1961),
Chepikov et al. (1964), Spiro & Danyushevskaya f96/attavelli et al. (1969), Bokov &
Veneva (1971), Mogharabi (1971), Ali-Zade et a@42), Meyer & Yen (1974), Kovacheva et
al. (1977), Abou-Khadrah & Khaled (1978), and Fneah (1980), all described this relation.
Daly (1907) attributed the formation of dolomitedamagnesite, as well as the formation of oil
and natural gas, to the bacterial decompositiargdnic compounds, much like Jourdy (1914).
The latter author recalled the observations madedmault (1900) on the occurrence of micro-
organisms in oil. Bastin et al. (1926) observed moany of the waters found in oil wells were
very low in dissolved sulfate. This chemical indiica of the activities of bacteria has been
substantiated in cultures made by Bastin et agL&om samples of connate water: even from
Silurian and Ordovician strata sulfate-reducingté@a could be cultured. The presence of
sulfate-reducing bacteria in brines associated withwells has been reported by Gahl &
Anderson (1928), Bastin & Greer (1930) and Gint93(Q). Part of the Zechstein dolomite
deposits of Thuringia (Germany) not only contaiihsbwut abundant fossil plants and animals as
well (Linck, 1937). The formation of hydrocarbomsaultures of sulfate-reducing bacteria has
been described by Jankowski & ZoBell (1944) and énpeimer (1965). Methane-producing
bacteria are of special interest towards the faonaif oil, because these bacteria "... represent
a previously unrecognized source of multi-branchgdrocarbons found in sediments and
petroleum" (as Wolfe, 1979, p.362 noted).
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DISCUSSION

Déodat de Dolomieu (1791) in his description of tlev mineral, that would later
become known as dolomite, noted the smell comingfthe fractured rock. De Dolomieu
therefore suggested to include the new rock ircétegory of the evil smelling rocks (such as
bituminous limestonesy.  Freshly collected samples of dolomite-contajmodules from the
Atlantic Ocean smelled, according to Philippi (190@f tri-methyl amine and ammonia.
Therefore Phillipi stressed the role of organic poomds in the formation of dolomfte.
Similarly Linck (1909 B) noted the relation betwemstent dolomites and organic activity.
Klahn (1924) performed extensive experiments ira@mpt to unravel the relations between
carbonate precipitation and organic activity. Klgheonclusion was, that in nature the possible
escape of carbon dioxide in an inorganic mannerldvalways be surpassed by far by the
production of carbon dioxide by organisms living tinat environment. Skinner (1963)
concluded, because of dolomite occurrences inatkes|of Southeastern Australia, that a direct
relation exists between dolomite and plant groith. In other words: purely inorganic
precipitation of carbonates would be a rare exoaptinder natural conditions. But the
precipitation of carbonate by organisms does neayd lead to the formation of dolomite. For
example Wetzel (1926) analyzed the carbonate éoasted byOscillaria and Nostocalgae
together withCrenothrixlike bacteria on boulders in a river in northermil€ measured 37.8
(wt.) % CaCQ and only 4.2 (wt.) % MgC®, and found no dolomite. But other scientists were
quite convinced of the role played by for examp@aea in the low-temperature formation of
dolomite. Schlanger (1957) observed in samples ftoendrilling on Eniwetok Atoll, that
notably coralline algae had been changed into dtdégmmore so than corals or foraminifera. A
close relation between plant growth, in particaRuppia maritimaLinn., and the occurrence
of dolomite of Recent age in an intermittent lakesouth-east Australia has been postulated by
Alderman & Skinner (1957). During the dry summernths Kingston Lake would desiccate
completely, but after the first rains of winter,taeraaccumulates to a depth of 30 to 60 cm, and
plant (and animal) life begins to reappear. Durldgvember and December the weather
becomes warmer and plants proliferate. Fine wieitinsent consisting of calcite and dolomite,
forms during these months of the year. The pretipit of these carbonates would, in the
interpretation of Alderman & Skinner (1957), be tiesult of a rise in pH. The presence of
abundant plant growth in the shallow water of KingsLake would exert a considerable
influence on the pH of the solution. In this regalderman & Skinner (1957) mentioned the
observations of Baas-Becking (1934), that the @yutihesis of plants, through its effects on
the partial pressure of G@ solution, could change a nighttime pH of be®wo a value of 9.3
during the day. BecausRuppia maritimawas the most abundant water plant present in
Kingston Lake (although sedges and algae were faangell), its effects on the changes in pH
would be predominant. Dolomite precipitation toolage, when plant growth was most
plentiful. "That there is a close relation betwgxsnt growth, rise in pH, and precipitation of
dolomite in Kingston Lake seems certain ... Moréess continuous records of pH changes and
correlation with precipitation and such factorsaslight, temperature and salinity appear to be
necessary": Alderman & Skinner (1957, p.566).

The occurrence of dolomite in coal might well b&ated to bacterial activity. For as
Hoppe-Seyler (1886) has pointed out, the bacteléglomposition of cellulose leads to the
formation of methane plus carbon dioxide. LieskeH&ffmann (1929) and Lipman (1931)
reported the presence of bacteria in coal samybas.lterson (1904) stressed the need to make
a distinction between the aerobe and the anaeret@nposition of cellulose. As soon as the
latter prevails, the strictly anaerold®esulfovibrio’'swill come into action. Under anaerobic
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conditions cellulose will be decomposed into me¢hatus carbon dioxide by the methane-
producing bacteria such addethanococcusMethanobacteriumand Methanospirillum sp.
"Methane found in coal mines is believed to havenlteapped there when the coal was formed,
and the Carboniferous swamps must have been ahddeésonment for methane bacteria":
Wolfe (1971, p.108). An important observation insthegard has been made by Zeikus &
Henning (1975), who found a facultative anaerobehare bacteriumMethanobacterium
arbophilun) in the heartwood of living trees (and in freshevagediments and soils). Wood
infested with these bacteria differs from normabdian that it possesses an alkaline pH, no free
oxygen and a high moisture content ("wet wood")Kd®, 1977). Synthetic lignin labeled with
C isotopes was not decomposed, when immersed inainadake sediment (Hackett et al.,
1977). Reducing conditions are responsible for dbeservation of at least part of ancient
biomass. Oxidation inevitably results in gases sscbarbon dioxide, nitrogen oxides et cetera.

Most soils under water become anaerobic as thé cédacterial activity notably by the
sulfate reducing bacteria. In such anaerobic soithane-producing bacteria flourish, and
methane together with carbon dioxide will be pradlcwater plants using such underwater
soils as a substratum, may contribute to dolonotenétion because of the carbon dioxide
cycling by plants. At the same time water planthsasPotamogetorandSpirogyraare known
to absorb considerable amounts of methane, emgnétim the anaerobic part of the
underwater soil (as S6hngen, 1906 noted). The lagtaaence of bacteria in for example the
dolomite concretions found in coal is not a pointliscussion. For example Teichmiller (1955)
cited an observation made originally by E. Dauld®49, on the presence of a multitude of
bacteria replaced by pyrite in the dolomite codlishaf a coal layer from the Carboniferous in
the Ruhr area. In short there can be little dotiat; the presence of dolomite in ancient coal
deposits as much as in modern deep-sea sedimestsomuelated to the process of bacterial
sulfate reduction. Lumsden (1985), who had beekingofor large-scale variations in the
distribution of dolomite in a multitude of core-sples, noted a relation with what was
described as "anoxic events". But that was the oatyelation to be found amongst the 844
different samples from the Deep Sea Drilling Prpjem positive correlation between the
presence of dolomite and for example an increaagerof the cored sediments or with depth in
individual bore holes could be detected.

Perhaps the mechanism by which sulfate reducingefiacare capable of forming
dolomite consists merely of the increase in all@lior (as Compton, 1988 claimed), or an
increase in alkalinity in combination with the rewabof almost all sulfate anion groups. A
direct relation between the degree of bacteridhtilreduction and the titration alkalinity or
between sulfate concentration and the amount ofubte carbonate has been found by Abd-el-
Malek & Rizk (1963 A,B). The decrease in the ameuwftdissolved magnesium and calcium
cations coincided in their laboratory experimenithwa decrease of the bicarbonate ion at the
expense of the carbonate group. "The characteigstiares accompanying sulphate reduction in
waterlogged soils are: a decrease in sulphate rprte increase in titratable alkalinity, and in
the concentrations of carbonate and soluble sugphidiecrease in the concentration of'Ga
Mg?* , and significant increases in the counts of satiphreducers”: Abd-el-Malek & Rizk
(1963 B, p.19). However Abd-el-Malek & Rizk (1963 &ould not observe the formation of
any dolomite in their experiments. No undue emghassto be placed on the possible relation
between sulfate reducing bacteria and dolomite &ion?’  For not only the experiments by
Lalou (1957), but in particular those by Roman, adaelos & McKenzie (2003) have shown
low-temperature formation of “Ca-dolomite and higlg-calcite” while using aerated bacterial
cultures. However the fact remains, that up to aovadequate explanation for the mechanism
of dolomite formation in bacterial cultures is wagt

Detailed investigations into algal mat communitiesjuding the inherent bacteria, led
Dupraz et al. (2004) to describe four differenttyed, chemical transformations given by the
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following equations:

1) 2HCQ + C&" —[CH,0] +CaCQ + 0O, (= photosynthesis) (eq. 20)
2a) [CHO] + CaCQ + O, » 2HCQ + C&" (= aerobic respiration) (eq. 21)
2b) 3[CHO] + CaCQ + O — 2HCQ + C&" + GHsO (= fermentation) (eq. 22)

3) 2[CHO] + SO + C&" — CaCQ + CQ, + HO + HS (eq.23)
(= sulfate reduction)

4) HS +2Q + CaCQ — SQ% + C&" + HO + CQ (eq. 24)
(= sulfide oxidation).

Two of these processes [i.e., photosynthesis (d)obacterial sulfate reduction (3)] give rise to
the precipitation of calcium carbonate, but the aming processes [aerobic respiration (2a),
fermentation (2b) and sulfide oxidation (4)] ineff cause the dissolution of calcium carbonate.
During daylight hours photosynthesis predominatebe algal mat community, and reactions 1
and 3 predominate. However during the night miabtonsumption of oxygen will take place,
and reactions 2 a & b and 4 combine to dissolvdeat in part, calcium carbonate again.
Dupraz et al. (2004) not only measured a markddrdifice in amounts of dissolved oxygen vs.
depth between lithified (calcified) and non-litedi algal mats, but observed pronounced
fluctuations with changes in light intensity. “Dogi occasional cloud cover, the @rofile
collapsed within seconds (especially in the litimfymat), which indicates very high rates of O
consumption and that the surface of the mat eneosiniic-anoxic fluctuations throughout the
day”: Dupraz et al. (2004, p.751). As a resulthad tlynamic phenomenon caused by changes in
light intensity, especially of course by the dagiirhythm, optimum conditions for the low-
temperature formation of dolomite are being created

The relation between bacterial sulfate reductioth amaerobe (anoxic) conditions will
have to be reconsidered, for Jargensen & Coher7{1$kyring (1987), and Canfield & Des
Marais (1991) have found how sulfate reduction ri@ke place in the presence of dissolved
oxygen. For example, in hypersaline bacterial nieden Baja California (Mexico) sulfate
reduction was measured to be taking place in thieoxggenated zon& Diurnal cycles in the
process of bacterial sulfate reduction have beeasured by Frind & Cohen (1992) to take
place in a hypersaline pond. Day / night changdgimt (at constant temperature in the tests)
will control algal (cyanobacterial) growth and sdluence the activities of the sulfate-reducing
bacteria.

Even so questions remain, notably concerning tlveraences of modern dolomite in
bladder stones in a Dalmatian dog, and dolomifeesrls. To which may be added the presence
of dolomite in tapeworms, in freshwater snails emduman beings. For Scott et al. (1962) have
described minute particles of dolomite in tape-we®whthe speciefaenia taeniaeformid.ater
Von Brand & Weinbach (1975) published details oa ttcurrence of dolomite as cestode
corpuscles in the tape-worr@ysticercus boviandCysticercus tenuicollighe first worms live
as parasites in calves, and the second speciggsiopsheep). Dolomite in freshwater snails of
the Belgrandiella fontinalisand theBelgrandiella kuesterispecies has been described by
Medakovt et al. (2003). The outer layer of the shells ofhbspecies invariably contained
aragonite only, but the inner layer consisted nyanhicalcite. In addition this inner layer was
found to contain dolomite, in the two different slgs of freshwater snails from one locality
only, however (the Vidmar Spring near Prodkraj Eindstnik, northeastern Slovenia).

Truly fascinating is the discovery of dolomite hetform of tiny particles (of some 5
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to 15 micrometer) in cervical nodes and in the ljatlder wall of two different human
patients described by Reid & Anderson (1988). Algiio by far the majority of granulomas in
patients suffering from sarcoidosis has been fdorabnsist of calcium oxalate or phosphate,
the endogenous origin of the two granulomas of modwlomite in humans cannot be
doubted according to Reid & Anderson (1988). Theuaence of dolomite in human tooth
enamel has been hinted by Driessens & Verbeecksj198ault et al. (1993) found dolomite
in calculi from the urinary tract (kidney, bladdémm at least five different human patients.
But Gault et al. (1993) warned that identificatioad taken place with infrared spectroscopy
only, and that X-ray diffraction would be requirem confirm these occurrences of modern
dolomite.
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