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ABSTRACT: Presumed barriers to early dolomitization in normal sea-
water-derived pore fluids at earth-surface temperatures appear to be
overcome within some anoxic, organic-rich sediments as a result of
bacterial sulfate reduction and methanogenesis. These processes may
promote early dolomitization, particularly during methanogenesis and
late stages of sulfate reduction, by concurrently raising and sustaining
high pH and high total alkalinity and CO32! concentrations in pore
fluids, and by simultaneously either decreasing Mg and Ca hydration
or by promoting crystal surface reactions with less hydrated Mg–Ca
neutral ion pairs. Volumetrically significant quantities of dolomite are
associated with sulfate reduction and/or methanogenesis within peri-
tidal, shallow-marine, and deep-sea deposits. Average concentrations
of organogenic dolomite are as much as 70% in some Holocene peri-
tidal deposits, and 28% in Mesozoic to Quaternary deep-sea sediments.
Organogenic dolomites are mainly cements, and contain relatively

low concentrations of Sr and Mn. Sulfate-reduction dolomites generally
are Fe-deficient because of concurrent pyrite precipitation, whereas
methanogenetic dolomites may be somewhat more ferroan as Fe sub-
stitutes for depleting Mg. Sources of Mg and Ca for dolomite are dif-
fusion from overlying seawater and/or dissolution of precursor car-
bonate sediments. Dolomites are characterized by a wide range in !13C
values wherein those of sulfate reduction versus methanogenetic origin
typically are 13C-depleted and 13C-enriched, respectively. The extent of
13C depletion or enrichment, however, depends on the extent of organ-
odiagenetic reactions and amount of 13C contributed by seawater dif-
fusion, and commonly results in overlap of !13Cdolomite values. The
range of !18Odolomite values is somewhat more restricted, and generally
reflects differences in pore-fluid temperature and salinity. Some of the
unresolved issues in organogenic dolomitization are: the relative effi-
ciencies of sulfate reduction versus methanogenesis in promoting do-
lomitization, depths of dolomite formation inferred on the basis of
!18Odolomite values and probable sources of Mg and Ca, and the mode
of dolomitization with progressive burial into methanogenetic zones.

INTRODUCTION

The origin of dolomite has been a subject of scientific scrutiny for more
than 200 years, and the many depositional and geochemical models that
have been proposed are reviewed by Land (1980), Zenger et al. (1980),
Machel and Mountjoy (1986, 1987), Hardie (1987), Morrow (1990b),
Braithwaite (1991), and Purser et al. (1994). Yet, an important aspect of
the ‘‘dolomite problem’’ remains: how barriers to dolomite nucleation may
be overcome at earth-surface temperature. This problem applies particularly
to modern and ancient dolomites that precipitated essentially syndeposi-
tionally in marine or marine-derived pore fluids within peritidal, shallow-
marine, and deep-sea deposits. Such a timing is referred to as ‘‘early do-
lomitization’’ in this paper. The pioneering studies of deep-sea deposits by
workers such as Bramlette (1946), Russel et al. (1967), Murata et al. (1969),
Murata et al. (1972), Gieskes (1975), Irwin et al. (1977), Pisciotto (1981),
Pisciotto and Mahoney (1981), and Kelts and McKenzie (1982), for ex-
ample, crystallized the concept of organic-matter diagenesis—’’organo-
diagenesis’’—and its possible relevance to the early formation of ‘‘organ-
ogenic dolomites’’ (Compton 1988a). Organodiagenesis relates specifically
to the role of bacterial sulfate reduction and methanogenesis in overcoming
barriers to dolomite nucleation within anoxic, organic-rich sediments at

earth-surface temperatures. These processes have been invoked to explain
early dolomitization in many deep-sea deposits, and more recently, in shal-
low-marine and peritidal deposits. In fact, there appears to be growing
consensus that sulfate reduction and methanogenesis may be a long-sought-
after ‘‘holy grail’’ of at least initial dolomitization in diverse depositional
environments.
The literature on organogenic dolomitization is voluminous and complex

because it draws from the fields of sedimentology, carbonate geochemistry,
organic chemistry, and bacteriology. This paper summarizes this vast lit-
erature and evaluates the important attributes of the organogenic dolomi-
tization model, including the petrology and geochemistry of early dolomites
whose formation may have been promoted by sulfate reduction and/or me-
thanogenesis. It assesses the validity of the model on the basis of the geo-
chemical dynamics of sulfate reduction and methanogenesis, and the oc-
currence and extent of organogenic dolomites, in modern sediments and
ancient rocks.

PROPOSED BARRIERS TO DOLOMITIZATION

Several factors have been proposed to explain why dolomite does not
readily precipitate from seawater that is otherwise supersaturated with re-
spect to this mineral in typical marine carbonate environments (Kitano and
Hood 1965; Gaines 1980; Mirsal and Zankl 1985; Hardie 1987; Morrow
1990a; Tucker and Wright 1990; Braithwaite 1991; Chai et al. 1995). Three
of these factors commonly are considered to be the most critical barriers
to dolomitization. The first is hydration of Mg and Ca ions, which is rel-
atively strong at the typically low concentrations of both total dissolved
carbonate, and particularly at the low concentrations of CO32!, in seawater
of normal pH (Fig. 1; Lippmann 1973). Hydrated Mg and Ca constitute
89.2% and 88.5%, respectively, of the total concentration of these ions in
normal-pH seawater (Pytkowicz and Hawley 1974). To a lesser extent Mg
and Ca also bond with CO32! and HCO3!, sulfate, and perhaps with Cl in
brines (Machel and Mountjoy 1986). Related to Mg and Ca hydration is
the second presumed barrier, the relatively low alkalinity and low concen-
trations of dissolved CO32! relative to HCO3!, and also relative to total
dissolved Mg and Ca, at typical values of pH in normal seawater (Fig. 1).
It is commonly believed that under such conditions there is insufficient
energy for available CO32! to break through hydration barriers surrounding
Mg and Ca ions on the surfaces of growing dolomite crystals (Lippmann
1973; Machel and Mountjoy 1986; Morrow 1990a). Although increase in
the pH of the fluids would increase CO32! activity, and presumably, reduce
Mg and Ca hydration, it is difficult to raise the pH of normal (i.e., surface)
seawater (Lippmann 1973). Third, low concentrations of dissolved SO42!
are believed to inhibit dolomite formation (Baker and Kastner 1981; Kast-
ner 1984). Magnesium also may combine with available dissolved SO42!
to form MgSO4o, which can be adsorbed on growing crystal surfaces, there-
by reducing dolomitization rates (Slaughter and Hill 1991).

ORGANODIAGENESIS

Most of these presumed barriers to dolomitization can be overcome at
high temperatures, and also in some terrestrial alkaline groundwaters (Mor-
row 1990a). Neither scenario, however, is readily applicable to early do-
lomitization in most modern and ancient peritidal, shallow-marine, and
deep-sea deposits. Sulfate reduction and methanogenesis, however, have
been proposed as two processes whereby these barriers to early dolomiti-
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FIG. 1.—Speciation of bicarbonate and carbonate in seawater at 25"C at different
values of pH (after Slaughter and Hill 1991). Dissolved CO32! and HCO3! consti-
tute 8% and 81.3%, respectively, at normal seawater pH (Pytkowicz and Hawley
1974). Boric acid (H2BO3!) is a minor component above a pH of #7.8, and CO2
and H2CO3 are also components below a pH of #7.7; phosphate also contributes
to total alkalinity. Hydration of Mg and Ca presumably decreases with increasing
pH (Lippmann 1973).

zation can be overcome in pore fluids in such deposits at earth-surface
temperatures. Sulfate reduction and methanogenesis are mediated by bac-
teria in anoxic, organic-rich sediments (Fig. 2A). In these processes various
bacteria oxidize organic matter as food sources and, in doing so, they mod-
ify the chemistry of pore fluids (Fig. 2B).

Controls on Bacterial Sulfate Reduction and Methanogenesis

Depth ranges and extent of sulfate reduction and methanogenesis, and
their effects on pore-fluid geochemistry, depend on several interrelated fac-
tors such as the concentration, type, and reactivity of organic carbon in the
sediments, sedimentation rate and degree of bioturbation, rate of diffusion
of dissolved O2 and SO4 into the sediment from the seawater, and the
geothermal gradient (Claypool and Kaplan 1974; Berner 1978, 1980; Pis-
ciotto and Mahoney 1981; Gieskes et al. 1982; Kelts and McKenzie 1982;
Baker and Burns 1985). The presence of highly reactive, proteinaceous
(nitrogen-rich) organic matter, common in marine sediments, is required
for either process to operate in anoxic environments (Berner 1980). High
contents of organic carbon enhance bacterial degradation (Berner 1978;
Jorgensen 1979), and high geothermal gradients increase the rate of organic
reactions (Pisciotto and Mahoney 1981; Kelts and McKenzie 1982). Both
processes operate from a few centimeters to several hundred meters and,
perhaps, as much as about 1000 m sub-bottom depths within sediments in
contact with circulating marine pore fluids (Claypool and Kaplan 1974;
Martens and Berner 1974; Oremland and Taylor 1978; Kelts and McKenzie
1982; Burns et al. 1988). Many deep-sea, shallow-marine, and peritidal
deposits progressively pass through the sulfate reduction zone and into the
methanogenetic zone with increasing burial (Fig. 2B). Depths of these or-
ganodiagenetic zones, however, are much less in modern platform deposits
than in deep-sea deposits because of the relatively limited thicknesses of
the former.
Relatively high sedimentation rates and low rates of bioturbation limit

O2 diffusion, thereby preserving organic matter and promoting anaerobic
bacterial activity. Sulfate reduction dominates where sedimentation rates
are relatively low and when diffusion from seawater provides enough SO4
to maintain the process. Methanogenesis normally replaces sulfate reduc-
tion as burial depth and/or sedimentation rates increase and when SO4 is
not replenished by diffusion. Extreme sulfate reduction, especially in very

organic-rich sediments, may shift the system to methanogenesis at sub-
bottom depths of only a few centimeters to several tens of meters in both
platform and deep-sea deposits (Claypool and Kaplan 1974; Oremland
1975; Oremland and Taylor 1978; Compton 1988a). Methanogenesis ceases
when suitable organic matter is exhausted or, in deep-sea sediments, when
the system enters the higher-temperature zone of thermocatalytic decar-
boxylation (Fig. 2B; Irwin et al. 1977). Diagenetic systems can revert from
methanogenesis back to sulfate reduction as sulfate is resupplied by dif-
fusion.

Sulfate Reduction

Sulfate-reducing bacteria utilize the oxygen in dissolved SO4 as an ox-
idant in a respiratory process that decomposes organic matter, mainly lactic
acid and 4-C dicaroxylic acids. Concentrations of these acids are low in
sediments (Berner 1980), hence, active sulfate reduction requires both a
symbiotic association with fermenting anaerobes, which provide this source
of oxidizable carbon substrate, and a continuous supply of dissolved SO42!.
Sulfate reducers produce a steady source of H2 (Fig. 2A) on which they
may rely for respiration when concentrations of dissolved SO4 are high
and organic substrates are limited (Oremland and Taylor 1978).
Sulfate reduction is variously expressed as

2CH2O(organic matter) $ SO42! → 2HCO3! $ H2S (1a)
or

2CH2O $ SO42! → HCO3! $ HS! $ CO2 $ H2O (1b)
depending on the pH of the system, with the overall process commonly
represented by

2CH2O $ SO42! → S2! $ 2CO2 $ 2H2O (1c)
(Claypool and Kaplan 1974; Irwin et al. 1977) and at the same time

4H2 $ SO42! → S2! $ 4H2O. (2a)
Pyrite and, to a lesser extent, marcasite or pyrrhotite, are typical by-prod-
ucts of these reactions in the presence of available Fe2$ (Berner 1980) via

2! !15CH O $ 8SO $ 2Fe O → 4FeS $ H O $ 15HCO2 4 2 3 2 2 3

!$ OH (2b)
or

2!CH O $ 3SO $ 2FeOOH → FeS $ FeS $ 4H O2 4 2 2

!$ 6HCO . (2c)3

Most pyrite in anoxic deposits typically forms in the zone of sulfate re-
duction as available iron is quickly fixed, although the concentration of
remaining iron can build up into the methanogenetic zone, where it may
be incorporated into authigenic carbonates (Irwin 1980).

Methanogenesis

Methanogenic bacteria ferment carbohydrates by stripping oxygen di-
rectly from organic matter, which results in methane generation. Methan-
ogenesis and sulfate reduction are usually considered to be mutually ex-
clusive processes because methanogens ordinarily do not thrive in the pres-
ence of dissolved SO4, and perhaps also because H2S generated during
sulfate reduction may be toxic to them (Claypool and Kaplan 1974; Mar-
tens and Berner 1974). Both processes may operate in SO4-rich pore waters,
however, although sulfate reduction would dominate, and the activity of
methanogens in fact may not be inhibited by the presence of dissolved
sulfide (Oremland and Taylor 1978). Methanogenesis typically dominates
when at least 90% of dissolved SO4 is removed from pore fluids (Martens
and Berner 1974; Oremland 1975). In any case the presence of free hy-
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FIG. 2.—A) Sulfate reduction and methanogenesis in marine sediments (after Oremland and Taylor 1978). Methanogens obtain H2 from organic matter degraded by
fermentative bacteria, although sulfate-reducing bacteria can generate H2 from oxidation of organic matter in the absence of sulfate. Sulfate reducers can compete for H2
when supplies of organic matter are limited and dissolved sulfate and H2 are abundant. B) Diagenetic zones in anoxic, organic-rich (proteinaceous) marine sediments and
general geochemical trends (variously after Irwin et al. 1977; Pisciotto and Mahoney 1981; Kelts and McKenzie 1982); calculated trend of dolomite supersaturation
(saturation % 0) is from DSDP Site 467 (from Compton 1988a), and mirrors that at other DSDP sites. Isotopic compositions of pore fluids follow the same trends as those
for diagenetic carbonates.

drogen, derived from sulfate-reducing bacteria and/or inorganic sources
(Fig. 2A), is essential to methanogens and methane production (Oremland
and Taylor 1978).
Most of the methane produced is believed to be the product of bacterial

reduction of evolved CO2 by reaction with the H2 produced by sulfate
reducers (Eq 2a) via ‘‘carbonate reduction’’ (Claypool and Kaplan 1974)

2CH O $ 2H O → 2CO $ 4H2 2 2 2

! $4H $ HCO $ H → CH $ 3H O (3)2 3 4 2

wherein the second line represents carbonate reduction. Some amount of
methane also may be generated through the intermediate formation of ac-
etate (Friedman and Murata 1979) via the reaction

CH3COOH→ CH4 $ CO2. (4)
Methane can be produced so rapidly that, at least in slowly deposited sed-
iments, it may diffuse upward into the oxic zone, where it then can be
utilized by aerobic bacteria. Evolved methane can be oxidized at the bases
of sulfate reduction zones in anoxic marine sediments, in a process wherein
bacteria utilize the O2 in SO4 as an oxidant in the reaction

CH4 $ SO42! $ 2H$ → H2S $ CO2 $ 2H2O (5)
thus further depleting concentrations of dissolved sulfate (Reeburgh 1980).

Overcoming Barriers to Dolomite Nucleation
The following discussions focus on dolomitic deep-sea deposits to illus-

trate current thought as to how sulfate reduction and methanogenesis may
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overcome barriers to early dolomitization. Similar processes and geochem-
ical trends also have been described in some dolomitic platform deposits.
Sulfate, Alkalinity and pH, and Dolomite Supersaturation.—Sulfate

concentrations in pore waters decrease rapidly at relatively shallow sub-
bottom depths accompanying bacterial sulfate reduction, and also, oxida-
tion of evolved methane at greater depth, and concentrations of methane
generated mainly during methanogenesis increase thereafter in dolomitic
sediments (Fig. 3A, B). Pore-fluid alkalinity commonly increases during
sulfate reduction or methanogenesis (Fig. 3B, C) as a result of CO2 gen-
eration (which reacts with water to form HCO3! and/or CO32!, depending
on pH), H2S, H$, and OH! (Eqs 1c, 2a–c, and 3). Carbon dioxide is also
generated in zones of bacterial methane oxidation (Reeburgh 1980). Al-
kalinity increases as long as these evolved species do not diffuse upward
and as long as enough Fe2$ is present to prevent buildup of excess S2!
via iron sulfide precipitation (Claypool and Kaplan 1974; Compton 1988a),
but it can decrease as diagenetic carbonates are precipitated (Fig. 3A, C).
Evolved pore waters initially can be supersaturated to highly supersaturated
with respect to dolomite (Fig. 2B) and calcite as a result of organodiage-
nesis (Compton 1988a; Middelburg et al. 1990), while maintaining essen-
tially nearly normal salinity (Fig. 3B, C; Pisciotto and Mahoney 1981;
Gieskes et al. 1982). Decreasing dolomite supersaturation with depth may
reflect slow equilibration of pore fluids with respect to nearly ideal dolomite
stoichiometry with increasing temperature (Hardie 1987; Compton 1988a).
According to Slaughter and Hill (1991), however, both high pH and high

alkalinity may be critical in promoting dolomitization in large part because
high pH increases the concentration and activity of dissolved CO32! (Fig.
1), thereby increasing dolomite supersaturation and reaction rates. They
suggested that both high pH and high CO32! alkalinity can increase and
be maintained only by increasing concentrations of dissolved NH3 pro-
duced bacterially during sulfate reduction and, mainly, during methano-
genesis, because it is the only natural base produced in sufficient quantities
to affect pH and alkalinity via generation of hydroxide in the reaction

NH3 $ H2O→ NH4$ $ OH!. (6)
The possible significance of ammonia in dolomitized deep-sea deposits

was suggested earlier by several workers (Berner 1980; Baker and Kastner
1981; Gieskes et al. 1982; Kelts and McKenzie 1982; Compton 1988a;
Suess et al. 1988). They noted that high pore-fluid CO32! alkalinity, high
pH, and high concentrations of ammonia in many deep-sea cores correlated
with minimum concentrations of SO4 and increasing amounts of dolomite
in methanogenetic zones (e.g., Fig. 3). Ammonium can be bound to clays,
however, reducing its contribution to increase in alkalinity and pH.
Hydration and Proposed Mechanisms of Ion Supply to Growing Do-

lomite Crystals.—It is generally thought, but by no means proven, that
reduction in Mg and Ca hydration, and also of relatively less hydrated
CO32!, can occur in evolved pore fluids of high pH and high CO32! al-
kalinity (e.g., Usdowski 1968; Lippmann 1973; Morrow 1990a), which may
be critical in dolomite nucleation (Fig. 4A). Increasing concentrations of
dissolved CO32! and fluid Mg/Ca ratios are thought to promote dolomiti-
zation by increasing dolomite saturation and the number of Mg ions relative
to Ca that are energetic enough to shed their water of hydration, which
presumably would favor uptake of Mg into dolomite crystal lattices, re-
spectively.
Slaughter and Hill (1991) proposed instead that it is the transfer of the

neutral ion pairs MgCO3" and CaCO3" to and from crystal surfaces, and
not hydrated Mg and Ca, that is involved in (replacive) dolomitization
under conditions of high pH or ionic strength, high CO32! activity, and
elevated ammonia concentrations in interstitial fluids during organodiage-
nesis. In this model ammonia also preconditions the surface chemistry of
precursor carbonate sediments, which they believed otherwise generally
retards dolomitization in relatively low-pH solutions. Their model suggests
that the dominant Mg and Ca species in solution in normal seawater (Fig.
1), for example, are Mg2$ and Ca2$ and some MgHCO3$ and CaHCO3$,

which may not be able to approach the surfaces of substrate calcite crystals,
which are dominantly positively charged because of adsorbed H$ (Fig. 4B).
At elevated pH or ionic strength and high CO32! activity, however, H$

would be expelled from crystal surfaces, making them negatively charged
(Fig. 4C); hydration of all ions and ion pairs in solution would be reduced;
and the total energy required to overcome the effects of hydration would
be reduced. The dominant Mg and Ca species in such solutions would
become MgCO3" and CaCO3" because the reactions

Mg2$ $ HCO3! $ OH! → MgCO3" $ H2O

and (7)

Ca2$ $ HCO3! $ OH! → CaCO3" $ H2O

are promoted by the hydroxide generated during ammonia formation, and
these ions could more readily approach crystal surfaces (Fig. 4C). Some
amount of unhydrated Mg also could be liberated from bacterially degraded
organic matter during ammonia formation.
The role of ammonia in promoting early dolomitization has been sug-

gested for the formation of regionally widespread peritidal to shallow-ma-
rine dolomites in some ancient rocks (Wright 1997), but it has not yet been
evaluated for dolomites formed in analogous modern environments.

Discussion of the Model

The specific roles of sulfate reduction, Mg and Ca hydration, and alka-
linity and pH as barriers to dolomite nucleation are uncertain. For example,
some studies (e.g., Morrow 1990a) have suggested that levels of dissolved
SO4 necessary to inhibit dolomitization at earth-surface temperature may
be considerably higher than indicated by experiments at 200"C (Baker and
Kastner 1981; Kastner 1984), which may partly explain the presence of
dolomite associated with fluids of normal to elevated SO4 concentrations
(Hardie 1987). The results of some experiments at &145"C have also sug-
gested that dissolved SO4 retards dolomitization if it proceeds via disso-
lution of precursor carbonates (Morrow and Ricketts 1988; Morrow and
Abercrombie 1994). However, differences in the saturation of fluids with
respect to calcite or aragonite resulting from variations in the concentration
of dissolved SO4 may not be a factor in dolomitization rates at earth-surface
temperatures (Morrow and Abercrombie 1994).
Likewise, the effects of high CO32! alkalinity and pH on Mg and Ca

hydration and dolomitization rates (e.g., Lippmann 1973; Slaughter and
Hill 1991) are merely speculative, because there are little data that sub-
stantiate the claims that Mg–Ca hydration actually retards dolomite nucle-
ation or that high alkalinity and pH increase dolomitization rates. Further-
more, the sensitivities of pore-fluid pH and CO32! activity to increasing
concentrations of ammonia have not been adequately evaluated. Interest-
ingly, pore-water pH in most deep-sea and platform deposits that presum-
ably are being affected by sulfate reduction or methanogenesis generally
has been shown to either increase or decrease only slightly rather than
increase dramatically (Fig. 3B, C). Although CO2 evolved during sulfate
reduction and methanogenesis can act to lower the pH of pore fluids as
this reaction shifts to the right because

CO2 $ H2O↔ H$ $ HCO3! (8)

pH instead can increase as the reaction shifts to the left because of the
OH! produced as a result of iron sulfide precipitation and/or by methane
generated during methanogenesis (Eq. 3) via

OH! $ HCO3! → H2O $ CO32!. (9)

Evolving pH depends to a great extent on, among other factors: (1) type
and amount of organic matter present, and amount of CO2 and organic
acids relative to amounts of nitrogenous bases produced during organodi-
agenesis; and (2) rate of bacterial consumption of organic matter (Berner
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FIG. 4.—A) Crystal structure showing conceptual bonding of water dipoles to
cations on the crystal surface (after Lippmann 1973 and Morrow 1990b). Carbonate
ions are relatively unhydrated but need sufficient energy to displace water molecules
adjacent to cation layers at normal seawater pH. Hydrated Ca ions can be incorpo-
rated into Mg layer positions, resulting in formation of calcic, poorly ordered do-
lomite. B, C) Schematic of (replacive) dolomitization of calcitic nuclei at low to
normal and high pH (after Slaughter and Hill 1991). Hydrogen attaches to non-
bonding electrons of the otherwise negatively charged oxygens of CO3 molecules
at crystal surfaces, resulting in positive crystal surface charges at low to normal
seawater pH when bicarbonate dominates. Hydrated Mg2$ and Ca2$ therefore can-
not attach to crystal surfaces, and dolomitization is retarded. At high pH, crystal
surfaces instead are negatively charged because surface oxygens have free bonding
electrons, and CO32! instead dominates; hydrogen is exchangeable with other ions.
Mg and Ca are present mostly as less hydrated free ion pairs, and can more readily
interact with crystal surface to produce dolomite.

←

FIG. 3.—Pore-fluid chemistry in anoxic sediments deep-sea and shallow subtidal sediments with organogenic dolomite. A) Alkalinity, and concentrations of dissolved
ammonia, sulfate, Ca, and Mg in pore fluids within Upper Pliocene to Upper Pleistocene deposits at DSDP Site 479 (data from Gieskes et al. 1982; Kelts and McKenzie
1982; Slaughter and Hill 1991). B) Similar geochemical parameters, and salinity and pH, in pore fluids within Quaternary deposits at DSDP Site 533 (data from Gieskes
1975; Pisciotto and Mahoney 1981; Claypool and Threlkeld 1983; Matsumoto 1983; Baker and Burns 1985; Slaughter and Hill 1991). According to Baker and Burns
(1985), this site is typical of DSDP Sites 102, 147, 262, 362, 440, 467, and 532. Dolomite appears to be of methanogenetic origin at both sites, and is associated with
high levels of dissolved ammonia and depleted sulfate. Drop in alkalinity at Site 479 is due to dolomite precipitation. C) Similar geochemical parameters in pore fluids
within Holocene shallow subtidal deposits in Belize (data from Mazzullo et al. 1995; Teal et al. 1998). Dolomites are of both sulfate-reduction and methanogenetic origin
as suggested by their carbon-isotope compositions. Ca and Mg here likely are supplied by diffusion from seawater.

1980). Pore-fluid pH also can be rapidly buffered in carbonate-rich sedi-
ments (Berner 1980; Pisciotto and Mahoney 1981).
If reported dolomite '13C values are indeed indicative of different or-

ganodiagenetic processes (e.g., Irwin et al. 1977; discussed below), then
despite such geochemical uncertainties it appears that dolomitization has
in fact attended both sulfate reduction and/or methanogenesis in Tertiary
to Holocene deep-sea deposits (e.g., Bramlette 1946; Murata et al. 1972;
Claypool and Kaplan 1974; Gieskes 1975; Irwin et al. 1977; Friedman and
Murata 1979; Irwin 1980; McKenzie et al. 1980; Pisciotto 1981; Pisciotto
and Mahoney 1981; Gieskes et al. 1982; Kelts and McKenzie 1982, 1984;
Baker and Burns 1985; Hennessy and Knauth 1985; Burns and Baker 1987;
Burns et al. 1988; Compton 1988a, 1988b; Suess et al. 1988; Middelburg
et al. 1990; Soussi and M’Rabet 1994; Dix 1997). Dolomitization attending
sulfate reduction has also been inferred in many modern and ancient shal-
low-marine and peritidal deposits (e.g., Davies et al. 1975; Brown and
Farrow 1978; Gebelein et al. 1980; Gunatilaka et al. 1984; Gunatilaka et
al. 1985; Lyons et al. 1984; Mazzullo et al. 1987; Lasemi et al. 1989;
Burns and Swart 1992; Baltzer et al. 1994; Perkins et al. 1994; Whitaker
et al. 1994; Mazzullo et al. 1995; Mitchell and Horton 1995a; Mitchell and
Horton 1995b; Bischoff and Mazzullo 1996; Budd 1997; Nielsen et al.
1997; Vasconcelos and McKenzie 1997; Wright 1997; Bailey et al. 1998;
Mazzullo et al. 1999). The only known occurrence of bacterial methano-
genetic dolomite in modern shallow-marine deposits was described by
Mazzullo et al. (1995), Mazzullo et al. (1999), Teal (1998), and Teal et al.
(1998). Hence, these organodiagenetic processes apparently can and do
promote early dolomitization and precipitation of other minerals in many
depositional and diagenetic environments by obviously overcoming gen-
erally acknowledged barriers to dolomite nucleation, if not also others that
at present are poorly understood or not yet identified. In this regard two
specific aspects of the organodiagenetic dolomitization model are relevant:
(1) what is the relative role of sulfate reduction versus methanogenesis in
dolomitization, and (2) why is dolomite not present in some anoxic, or-
ganic-rich sediments within which pore waters are or were modified by
these processes?
Relative Efficiency of Sulfate Reduction versus Methanogenesis in

Early Dolomitization.—Some workers (e.g., Baker and Burns 1985; Burns
and Baker 1987) have suggested that more dolomite can form in zones of
sulfate reduction than in methanogenic zones, although this contention has
been disputed and, in fact, the efficiency of sulfate reduction relative to
methanogenesis in promoting dolomite nucleation has been questioned for
two main reasons.
First, some organic-rich sediments that are, or that are presumed to have

been, in the zone of sulfate reduction contain little or no dolomite (e.g.,
Kelts and McKenzie 1982; Burns and Baker 1987; Mazzullo et al. 1995).
Several interrelated factors may preclude dolomite formation during sulfate
reduction, however, for example: (1) Perhaps pH and CO32! alkalinity are
low when limited amounts of ammonia are generated (Slaughter and Hill
1991). In this regard not only high pH and high alkalinity (Slaughter and
Hill 1991) but perhaps sustained high pH and alkalinity may be more ef-
fective in promoting dolomite nucleation than merely sulfate reduction. (2)
Sediments may be less organic-rich, or they may contain dominantly pro-
tein-poor terrestrial organic matter, than those in which dolomite is present.
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Hence, levels of sulfate reduction necessary for dolomitization may not be
reached or are not maintained for sufficiently long periods of time (Baker
and Burns 1985; Austin et al. 1986). (3) Insufficient supplies of dissolved
Mg and Ca are available for dolomitization (Kelts and McKenzie 1982;
Baker and Burns 1985; Burns and Baker 1987; Burns et al. 1988). (4) The
degree of saturation of pore waters with respect to dolomite may not be
great enough to overcome the inhibiting effects of dissolved sulfate (Comp-
ton 1988a). (5) Supersaturation possibly can be maintained without dolo-
mite precipitation because of the presence of organic matter dissolved in
the pore water (Berner 1980). Conversely, these same reasons also may
explain the absence or limited amounts of dolomite formed during me-
thanogenesis.
Second, early dolomite is present in organic-rich sediments wherein con-

centrations of dissolved sulfate in pore fluids are presumed to have been
normal or even elevated (Hardie 1987; Mullins et al. 1988; Ruppel and
Cander 1988; Graber and Lohmann 1989; Morrow and Abercrombie 1994;
Perkins et al. 1994; Zenger 1996; Budd 1997). There is always uncertainty,
however, as to the timing of dolomitization in the sense of whether or not
ambient fluids actually are those that precipitated the dolomite (Cooper and
Evans 1983; Slaughter and Mathews 1984; Perkins et al. 1994), which also
may explain the relatively low pH of pore waters in many dolomitic deep-
sea and platform sediments (Fig. 3B, C). Regardless, bacterial sulfate re-
duction relies upon a steady source of dissolved sulfate, hence, SO42!
might under certain conditions actually be a catalyst to dolomite formation
at earth-surface temperature (Eugster and Hardie 1978; Oremland and Tay-
lor 1978; Vasconcelos and McKenzie 1997).
Whereas some dolomites apparently have formed as a result of sulfate

reduction, other workers instead have suggested, strictly following the mod-
el of Baker and Kastner (1981) and Kastner (1984), that dolomitization in
some deep-sea deposits actually may have begun after much of the dis-
solved sulfate was depleted, and hence that the dolomites are mostly of
methanogenetic and possibly also of late sulfate-reduction origin. Examples
of dolomites that presumably formed under such conditions have been de-
scribed by Irwin (1980), Pisciotto and Mahoney (1981), Kelts and Mc-
Kenzie (1982, 1984), Claypool and Threlkeld (1983), Mertz (1984), Kush-
nir and Kastner (1984), Baker and Burns (1985), Hennessy and Knauth
(1985), Burns and Baker (1987), Burns et al. (1988), Compton (1988a),
Suess et al. (1988), Malone et al. (1994), and Wright (1997). Dolomitiza-
tion attending methanogenesis in shallow-marine deposits has been de-
scribed by Mazzullo et al. (1995), Teal (1998), Teal et al. (1998), and
Mazzullo et al. (1999). Dolomitization in such cases may be promoted by
sustained, higher pH and alkalinity that may attend methanogenesis and
late stages of sulfate reduction, when according to Slaughter and Hill
(1991) there are maximum concentrations of dissolved ammonia in pore
fluids (Fig. 3A, B). In this regard it is interesting to note that '13C values
of the majority of presumed sulfate-reduction dolomites reported are only
slightly depleted (Fig. 5), which possibly suggests the formation of such
dolomites during the transition to methanogenesis or during methane oxi-
dation rather than during the early or main stages of sulfate reduction.
Unfortunately, it is not possible to compare the percentages of dolomites
presumably formed only in sulfate reduction zones versus those presumably
formed only in methanogenetic zones on the basis of published references.

ORGANOGENIC DOLOMITES

Dolomite Petrography and Chemistry
Most organogenic dolomites in modern and ancient deep-sea, shallow-

marine, and peritidal deposits are cements (e.g., Gebelein et al. 1980; Pis-
ciotto 1981; Pisciotto and Mahoney 1981; Baker and Burns 1985; Burns
et al. 1988; Lasemi et al. 1989; Middelburg et al. 1990; Baltzer et al. 1994;
Mazzullo et al. 1995; Mitchell and Horton 1995a; Mitchell and Horton
1995b; Dix 1997; Vasconcelos and McKenzie 1997; Teal et al. 1998; Maz-
zullo et al. 1999), although some replacive dolomites also have been de-

scribed (e.g., Kelts and McKenzie 1982; Gunatilaka et al. 1984; Lyons et
al. 1984; Mazzullo et al. 1987; Suess et al. 1988; Whitaker et al. 1994).
They typically are fine crystalline, generally less than 10 (m, and most
are calcic and poorly ordered. Many Neogene and Quaternary dolomites
appear to be somewhat more stoichiometric than older dolomites (Fig. 6A),
which may reflect limited Ca availability in, for example, precursor car-
bonate-poor sediments (e.g., Burns et al. 1988), slower rates of precipitation
(Hardie 1987; Morrow 1990a; Nielsen et al. 1997), or other factors (e.g.,
Searl 1994). It is not likely that these more stoichiometric dolomites are
more recrystallized relative to the older dolomites (e.g., Sperber et al.
1984). Conversely, a general trend toward increased stoichiometry in pro-
gressively more deeply buried deep-sea dolomites is not apparent in the
dataset shown in Figure 6; exceptions are discussed later in this paper.
Concentrations of Sr, Fe, and Mn in organogenic dolomites typically are

about 300–500 ppm, 2–3 mole%, and 850 ppm, respectively, and there are
no specific trends in these concentrations with depth in either deep-sea or
shallow platform dolomites (Fig. 6B–D). Relatively high Sr contents may
reflect increasing Sr/Ca ratios in pore fluids during dolomitization because
Sr/Caseawater is greater than Sr/Cadolomite (Burns et al. 1988). Sulfate-reduc-
tion dolomites generally are Fe-poor, because available Fe is rapidly in-
corporated into sulfide minerals and/or because of bonding to organic sub-
strate (Elderfield 1981). Some methanogenic dolomites may be Fe-enriched
because of substitution of Fe for Mg in pore fluids with low Mg concen-
trations (Burns and Baker 1987). The Mn concentration in dolomite usually
correlates with Fe concentration and also is a function of rates of input of
terrestrial siliciclastics. Sodium in dolomites likely is present mainly as
inclusions within dolomite crystals rather than substituting for metal ions
(Land 1980).

Carbon-Isotope Compositions

Organogenic dolomites are characterized by wide range in '13C values
(Fig. 5), reflecting relative amounts of carbon incorporated into the dolo-
mite from the different bacterial zones of organodiagenesis (Fig. 2B), from
dissolution of precursor carbonate sediments, or from seawater bicarbonate
(Claypool and Kaplan 1974; Irwin et al. 1977). '13CPDB values of sulfate-
reduction dolomites typically are depleted to varying degrees relative to
that of ambient seawater because of addition to pore fluids of 12C-enriched
CO2 derived mainly from bacterially degraded organic matter. Dolomite
'13C values are known to be as light as !20 to !21‰, and less depleted
compositions may reflect dolomite precipitation either: (1) during early
sulfate reduction, prior to maximum 12C enrichment in pore fluids, or (2)
in sediments with relatively little organic matter, wherein much of the dis-
solved carbon is derived from seawater. '13C values can in some cases
approach that of unmodified seawater if precipitation occurred in precursor
carbonate-rich sediments or within sediments with little organic matter (Fig.
5; e.g., Compton 1988a). Lyons et al. (1984) suggested that '13C values
of some Holocene sulfate-reduction dolomites may be slightly heavier than
expected because of incorporation of relatively 13C-enriched bicarbonate
(!5‰) from anomalously 13C-enriched organic matter.
In contrast, '13CPDB values of methanogenetic dolomites typically are

enriched to varying degrees relative to seawater (Fig. 5) because of addition
to pore fluids of 13C-enriched CO2 generated by carbonate reduction at-
tending methanogenesis. Isotopically heavy '13C values of dissolved CO2
result from the strong fractionation between CH4 and the HCO3! produced
during methanogenesis. The process results in 12C-enriched methane and
leaves 13C-enriched bicarbonate because H12CO3! is removed about 7%
faster than H13CO3! during methane formation (Bottinga 1969) via

12CO2 $ 13CH4 → 13CO2 $ 12CH4. (10)

'13C values of dolomites precipitated during early methanogenesis may be
less enriched than those precipitated during the main stage of methanogen-
esis (Figs. 2B, 5; e.g., Pisciotto and Mahoney 1981; Kelts and McKenzie
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FIG. 5.—Stable carbon–oxygen isotopic
composition of organogenic dolomites. Sources
of deep-sea data: Murata et al. (1969), Irwin et
al. (1977), Hein et al. (1979), Irwin (1980),
Pisciotto and Mahoney (1981), Kelts and
McKenzie (1982, 1984), Mertz (1984), Hennessy
and Knauth (1985), Burns and Baker (1987),
Burns et al. (1988), Lumsden (1988), Suess et
al. (1988), Malone et al. (1994), Soussi and
M’Rabet (1994), and Dix (1997). Field of
methanogenetic shallow-subtidal dolomite from
Mazzullo et al. (1995), Teal (1998), and Teal et
al. (1998); field of sulfate reduction peritidal and
shallow-subtidal dolomite from Mazzullo et al.
(1987), Gregg et al. (1992), Baltzer et al. (1994),
Perkins et al. (1994), Whitaker et al. (1994),
Mitchell and Horton (1995a, 1995b), and
Vasconcelos and McKenzie (1997).

1982; Suess et al. 1988). Decrease in the influx of 13C-enriched pore-water
CO2 during latest methanogenesis can result in a return to less 13C-enriched
or even 13C-depleted dolomite compositions (Fig. 2B), possibly because of
continued degradation of organic matter at a rate faster than CO2 removal
by carbonate reduction and methane formation (Claypool and Kaplan

1974). Average '13C values of dolomites formed during the main phase
and latest phase of methanogenesis in some deep-sea deposits, for example,
are $15.3‰ and !4.7‰, respectively (Pisciotto and Mahoney 1981).
Such trends are not always apparent during methanogenesis, however, be-
cause the pore-water carbon-isotope system is sensitive, particularly in pre-
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FIG. 6.—Minor-element and trace-element chemistry of some organogenic dolomites. A) Stoichiometry of dolomite. Data on deep-sea dolomites are from Murata et al.
(1969), Irwin (1980), Pisciotto and Mahoney (1981), Kelts and McKenzie (1982, 1984), Mertz (1984), Hennessy and Knauth (1985), Burns and Baker (1987), Burns et
al. (1988), Compton (1988b), Suess et al. (1988), Malone et al. (1994), Soussi and M’Rabet (1994), and Dix (1997); data on shallow-marine and peritidal dolomites are
from Mazzullo et al. (1987), Gregg et al. (1992), and Mazzullo et al. (1995). B) Sr in dolomite. Deep-sea data are from Burns and Baker (1987), Burns et al. (1988),
Malone et al. (1994), and Soussi and M’Rabet (1994); peritidal data are from Gregg et al. (1992). C, D) Fe and Mn in dolomite. Deep-sea data are from Irwin (1980),
Burns and Baker (1987), Burns et al. (1988), Compton (1988b), Malone et al, (1994), and Soussi and M’Rabet (1994); peritidal data are from Gregg et al. (1992).
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cursor carbonate-rich deposits, to other factors such as the rate and extent
of carbonate precipitation and/or dissolution (Claypool and Kaplan 1974).

Significance of Oxygen-Isotope Compositions

The range of '18OPDB values of most organogenic dolomites defines a
somewhat more restricted field than their '13C values, and does not appear
to depend on whether the dolomites precipitated in zones of sulfate reduc-
tion or methanogenesis. In fact, there is overlap in the '18O values of
dolomites formed under the influence of these processes (Fig. 5). Rather,
'18Odolomite values depend mainly on temperature and salinity, and also the
'18O value, of the fluids from which the dolomites precipitated. '18O val-
ues further appear to suggest that organogenic dolomites form in a wider
range of geochemical environments in shallow buried platform deposits
than in deep-sea sediments, although the '18O values of dolomites in these
disparate environments also overlap. Holocene, shallow-marine dolomites
in Belize, for example, appear to have precipitated in zones of sulfate
reduction and methanogenesis, whereas peritidal dolomites here are asso-
ciated only with sulfate reduction (Mazzullo et al. 1987; Gregg et al. 1992;
Mazzullo et al. 1995; Teal et al. 1998). Yet, the mean '18O value of all of
these dolomites is 2‰ (standard deviation 0.3‰), which suggests precip-
itation from near-normal-salinity pore fluids (Fig. 3C) at about 28"C. In
contrast, the '18O values of some Holocene shallow-marine and peritidal,
sulfate-reduction dolomites in the Bahamas range from !3.2‰ to 3.6‰,
and they were variously interpreted to have precipitated from slightly hy-
persaline (and relatively high-temperature) to normal-salinity marine and
mixed meteoric–marine fluids (Mitchell and Horton 1995a, 1995b). '18O
values of Holocene sulfate-reduction dolomites in sabkha deposits in Abu
Dhabi (Baltzer et al. 1994) and salina deposits on West Caicos Island (Per-
kins et al. 1994) range from 1.5‰ to 4.3‰, and were interpreted as having
precipitated from interstitial fluids of variably elevated salinity and tem-
perature. Dolomites precipitated from marine groundwaters beneath Andros
Island have a mean '18O value of 3.5‰, and are believed to have precip-
itated from relatively cool water affected by minor sulfate reduction (Whi-
taker et al. 1994).
The '18O values of deep-sea dolomites range from about !12.5‰ to

$7‰ (Fig. 5), a scatter that partly represents temporal variations in the
isotopic composition of pore fluids from which the dolomites precipitated
in the Mesozoic to Holocene deposits that have been examined. There is
no convincing evidence that any of these dolomites precipitated from fluids
of other than near-normal-marine salinity (Fig. 3B). Preferential removal
of 18O during carbonate precipitation does not appear to cause its depletion
in pore waters, which might otherwise result in subsequent precipitation of
18O-depleted carbonates (Burns 1998). Some workers have suggested that
reduced sulfate ions (Aharon et al. 1977) can supply anomalous isotopically
light oxygen to pore waters and diagenetic carbonates during sulfate re-
duction. Anaerobic oxidation of methane, wherein bacteria utilize dissolved
sulfate as an oxidant, is known in anoxic marine sediments (Reeburgh
1980). Other workers have suggested that isotopically light oxygen can be
provided from organic-matter degradation (Coleman and Raiswell 1981;
Sass et al. 1991). Regardless, the range in '18O values of deep-sea dolo-
mites commonly has been ascribed mainly to variations in depth and tem-
perature. Judging by temperatures estimated from '18O values, for exam-
ple, it appears that deep-sea dolomites formed at sub-bottom depths of a
few meters to as much as 1000 m (see Burns et al. 1988), with increasing
decrease in of '18Odolomite values with depth mainly reflecting increasing
temperature. Burns et al. (1988), however, suggested that '18Odolomite val-
ues may be misleading, and that this inferred depth range of dolomitization
may be too great because more depleted '18O values of some dolomites
instead may indicate re-equilibration of prior-formed dolomite with increas-
ing burial and temperature. Although they did not provide isotopic evidence
for this contention, nevertheless they alternatively proposed that some deep-
sea dolomites may have initially nucleated at depths of 100 m or less and

then recrystallized at greater depths (see also Kelts and McKenzie 1982;
Baker and Burns 1985; Burns and Baker 1987; Malone et al. 1994).

Source of Mg and Ca

Although Mg also may be supplied from degraded organic matter (Fried-
man et al. 1973; Gebelein and Hoffman 1973), exchange of ammonia for
Mg in smectitic clays (Kelts and McKenzie 1982), or release of Mg ad-
sorbed on clay-mineral surfaces (Baker and Kastner 1981), amounts are
negligible (Baker and Burns 1985). Many workers instead believe that the
dominant source of Mg and Ca attending organogenic dolomitization, par-
ticularly in precursor carbonate-poor deposits, is diffusion from overlying
seawater (Irwin 1980; Pisciotto 1981; Hennessy and Knauth 1985; Burns
and Baker 1987; Burns et al. 1988; Compton 1988b; Mitchell and Horton
1995a; Mitchell and Horton 1995b; Dix 1997). Modeling studies and mass-
balance calculations indicate that diffusion can supply enough Mg and Ca
to account for the amounts of dolomite present in some deep-sea deposits
only if the sediments are buried just a few tens of meters below the sedi-
ment/water interface (Compton and Siever 1986; Burns et al. 1988), which
supports Burns et al.’s (1988) contention that maximum depths of dolomite
nucleation inferred from '18Odolomite values in deep-sea dolomites (1000
m) are too great. Both sulfate reduction and methanogenesis can occur at
such depths. Limited concentrations of Mg and Ca supplied by diffusion
therefore might be rate-limiting factors in continued dolomitization of more
deeply buried sediments, as suggested by Burns et al. (1988) and Compton
(1988a). Adequate supply of ions by diffusion would not be a problem in
most shallowly buried platform deposits.
In contrast, other workers believe that Mg and Ca are supplied mainly

by dissolution in precursor carbonate-rich sediments (Irwin 1980; Baker
and Burns 1985; Burns et al. 1988; Compton 1988a; Baltzer et al. 1994).
Limited rates of dissolution and, particularly, supply of Ca (Burns et al.
1988; Compton 1988b; Middelburg et al. 1990) therefore might be rate-
limiting factors in continued dolomitization of such deposits. Dolomites
formed in such sediments conceptually should be dominantly of replace-
ment origin, although dolomite cement likely could be present as well.
Essentially constant down-hole concentrations of dissolved Ca in many
deep-sea pore waters, particularly those that are depleted relative to near-
surface waters (Fig. 3B), are often interpreted as evidence that Ca is sup-
plied from dissolution rather than diffusion (Baker and Burns 1985). A
similar trend in Ca depletion is noted in dolomitic shallow-marine mudbank
sediments in Belize (Fig. 3C), however, wherein Ca and Mg instead are
believed to be supplied by diffusion and dolomites are cements (Mazzullo
et al. 1995).
Many issues obviously still need to be resolved in regard to depths of

dolomitization versus mode of supply of Mg and Ca, particularly consid-
ering that the amounts of these ions available for dolomitization depend
on depth of dolomite nucleation, rates of precipitation, and sedimentation
rates (Compton 1988a). Limited rates of Mg and Ca diffusion or of dis-
solution of precursor carbonates, however, may partly explain one aspect
of the dolomite problem—that is, why only minor amounts of dolomite are
present in some deposits despite evidence of sulfate reduction and/or me-
thanogenesis.

DISCUSSIONS

Amount of Organogenic Dolomite

It is difficult to estimate and compare the amount of dolomite present
per unit thickness of sediment in platform and deep-sea deposits from pub-
lished accounts. Nevertheless, reported amounts of organogenic dolomite
in shallow platform and deep-sea deposits are volumetrically significant,
and such newly formed dolomites can be nuclei for later, more pervasive
dolomitization. Organogenic dolomites appear to be particularly abundant
in Holocene peritidal and shallow-marine deposits, especially considering
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that the dolomites and host sediments are very young ()10 ka) and do-
lomite has had less time to form than in most reported deep-sea occur-
rences. Dolomite constitutes an average of 70% (range 35–100%) of the
1-m-thick section of peritidal deposits ()3 ka) in Belize, for example, and
is present throughout this section (Mazzullo et al. 1987; Gregg et al. 1992).
Rapid rate of dolomitization here could be an analog of pervasive early
dolomitization in some analogous ancient deposits. Dolomite constitutes as
much as 30% and 100% of peritidal sediments in the Bahamas (Gebelein
et al. 1980; Mitchell and Horton 1995b) and on Abu Dhabi sabkhas (Baltzer
et al. 1994), respectively, although it is concentrated mainly in some thin
crusts rather than throughout these sediments. The 8-m-thick, shallow-ma-
rine mudbank deposits at Cangrejo Shoals in Belize ()6 ka) contain an
average of 12% dolomite present throughout most of the section, although
as much as 30% dolomite is present in some thin zones therein (Mazzullo
et al. 1995). In fact, significant amounts (up to 40%) of inferred organo-
diagenetic dolomite are present in Holocene shallow-marine sediments
throughout a large area of northern Belize (Mazzullo et al. 1999). Hope-
fully, these occurrences may compel other workers to reexamine similar
deposits elsewhere in the world. Dolomite constitutes 7–32% in some rel-
atively thin sections of shallow-marine carbonates in the Bahamas (Mitchell
and Horton 1995a).
Amounts of dolomite in Mesozoic to Quaternary deep-sea sediments also

vary greatly but are highest within nodules and thin beds, although some
dolomite is present throughout many of these sections. Amounts vary from
1 to 5% in Miocene to Quaternary deposits (Pisciotto and Mahoney 1981;
Kelts and McKenzie 1982, 1984; Baker and Burns 1985), 1 to 20% and
58 to 89% in some Miocene deposits (Burns and Baker 1987; Burns et al.
1988), 50 to 95% in Miocene and Pliocene deposits (Compton 1988b), and
5 to 20% in Pliocene deposits (Dix 1997). According to data in Lumsden
(1988), dolomite averages about 28% in dolomitic deep-sea deposits. There
is some evidence that dolomite abundance increases as the amount of pre-
cursor carbonate sediments and organic matter increases (Baker and Burns
1985; Compton 1988a, 1988b), but dolomite amount does not generally
increase systematically with depth in deep-sea deposits (Lumsden 1985).

Mode of Progressive Dolomitization

Although at least initial dolomitization attending sulfate reduction and/
or methanogenesis can occur in sediments, specific mechanisms of dolo-
mitization during progressive burial into the methanogenetic zone remain
uncertain. Several studies of deep-sea organogenic dolomites, for example,
have documented initial dolomitization via sulfate reduction as identified
by 13C-depleted dolomites, followed by later methanogenetic dolomitiza-
tion wherein the dolomites are 13C-enriched (Murata et al. 1969; Murata
et al. 1972; Pisciotto and Mahoney 1981; Kelts and McKenzie 1982, 1984;
Burns et al. 1988; Suess et al. 1988). End-member depleted (sulfate re-
duction) and enriched (methanogenetic) '13Cdolomite compositional subpop-
ulations are readily recognizable, although the range of intermediate
'13Cdolomite values that is common in many datasets (Fig. 5) is most equiv-
ocal. These intermediate compositions may be inherent in a population of
dolomites formed within a given organodiagenetic zone (sulfate reduction
or methanogenesis) because of temporal and/or spatial differences in sev-
eral parameters, including the extent of bacterial activity, amount of organic
matter, and degree of interaction of evolved pore fluids with circulating
marine fluids. If so, then is dolomite formation continuous as sediments
pass progressively from zones of sulfate reduction into methanogenetic
zones, or is it episodic? If it is continuous, then it follows that such
'13Cdolomite compositional ranges may indicate that dolomitization proceeds
by the development of new nucleation sites because there are no published
data that might unequivocally suggest that core crystals of early-formed,
relatively 13C-depleted dolomite are overgrown by later-formed 13C-en-
riched dolomite. Some workers (Compton 1988b; Vahrenkamp et al. 1991;
Dix 1997) have suggested that organogenic dolomitization in some Neo-

gene deep-sea deposits may be episodic, or even cyclic, insofar as temporal
variations in sedimentation rates, the residence time of the dolomitizing
environment below the sediment/water interface, and changes in paleo-
ceanography, eustasy, and tectonics may exert controls on dolomitization.
Compton (1988b) also suggested that climatic cycles, possibly on the order
of Milankovitch periodicities, also may influence the progress of dolomi-
tization by affecting some of these factors. All of these aspects of organ-
ogenic dolomitization remain to be more fully evaluated.
Another issue is whether initial nucleation proceeds with or without the

existence of prior diagenetic carbonate phases. Several workers have in-
dicated, for example, that high-magnesium calcite may form first and later
revert to dolomite in some deep-sea deposits (Kelts and McKenzie 1982,
1984; Burns et al. 1988). Similar precursor phases have not been noted in
other deep-sea or in peritidal or shallow-marine organogenic dolomites.
Dolomite Recrystallization or Geochemical Alteration?—Kelts and

McKenzie (1982) and Burns et al. (1988) suggested that progressively de-
pleted '18Odolomite values with depth in some deep-sea deposits, presumably
with attendant increase in crystal size and ordering, are indicative of geo-
chemical alteration and recrystallization as pore fluids passed from sulfate-
reduction zones into deeper methanogenetic zones. Unfortunately, they did
not provide convincing data that might have substantiated this idea. In this
vein Suess et al. (1988) described 13C-depleted calcite cements in deep-sea
deposits which presumably precipitated in the zone of sulfate reduction but
which now reside in the deeper methanogenetic zone. They found no ob-
vious change in at least the carbon-isotope composition of these cements
with increased burial and, hence, no evidence of geochemical alteration.
Malone et al. (1994) suggested that, as a result of deeper burial and ex-
posure to higher temperatures in the zone of thermal decarboxylation, the
'18O and '13C values of prior-formed methanogenetic dolomites in the
Miocene Monterey Formation (mean '18O and '13C % 4.3‰ and 10.2‰,
respectively) were reequilibrated to more depleted mean values of !1.9‰
and !4.5‰, respectively. Increased stoichiometry and cation ordering, and
depletion of Sr, in the dolomite attended such isotopic reequilibration.
Swart (1993) also suggested that increase in dolomite stoichiometry with
depth in some deep-sea deposits may be indicative of alteration attending
deeper burial. Compton (1988b) suggested that increase in dolomite crystal
size with depth in some Miocene deep-sea deposits, from 0.1–5 m to 10–
40 m, may indicate recrystallization. Interestingly, dolomite stoichiometry
does not increase with age (depth) in the database of deep-sea dolomites
shown in Figure 6A.
Vasconcelos and McKenzie (1997) also inferred ‘‘ageing’’ of Holocene,

shallow subtidal dolomites of sulfate-reduction origin, which presumably
involved reequilibration of '18O compositions and increase in crystal size
and stoichiometry with depth. Critical inspection of their data, however,
indicates that such claims are not at all warranted. There also was no ev-
idence of recrystallization or geochemical alteration of Holocene subtidal
dolomites from 0 to 8 m sub-bottom depths in shallow-marine mudbank
deposits in Belize (Mazzullo et al. 1995; Teal 1998; Teal et al. 1998).
Recrystallization of Holocene peritidal dolomites of sulfate-reduction origin
in Belize was suggested by Gregg et al. (1992) on the basis of slight
increase in crystal size and log-normality of crystal size distributions with
depth. There was no significant isotopic reequilibration of these dolomites.
The extent of early recrystallization or geochemical alteration of newly
formed organogenic dolomites therefore remains uncertain.

CONCLUSIONS

Organodiagenesis, involving bacterial sulfate reduction and methanogen-
esis in anoxic, organic-rich sediments, apparently has promoted early do-
lomitization in peritidal and marine deposits by overcoming barriers that
otherwise may retard the process in seawater-derived fluids of normal pH,
alkalinity, and dissolved-sulfate concentration at earth-surface temperature.
Organogenic dolomites are volumetrically significant in a variety of de-
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positional and geochemical environments in many modern and ancient sed-
iments and, hence, they can be templates for later, more pervasive dolo-
mitization. Sulfate reduction and methanogenesis may promote early do-
lomitization by resulting in concurrent increase in pH and total alkalinity,
specifically, concentrations of dissolved CO32!, and decrease in Mg and
Ca hydration There is some indication, however, that dolomite nucleation
may be promoted more effectively during methanogenesis and late stages
of sulfate reduction when both higher pH and CO32! concentrations in pore
fluids are sustained by evolved methane, which also may result in the
involvement in dolomitization of less hydrated Mg and Ca neutral ion pairs.
Organogenic dolomites typically are fine crystalline and nonstoichiom-

etric (calcic) cements and, to a lesser extent, of replacement origin and
generally contain relatively low concentrations of Sr, Fe, and Mn. Mag-
nesium and calcium are variously believed to be derived by dissolution of
precursor carbonate sediments and/or by diffusion from overlying seawater.
Hence, supply of these ions is the rate-limiting factor in early dolomiti-
zation, and modeling studies suggest that dolomite formation may be lim-
ited to shallow sub-bottom depths (100 m or less) if ions are supplied
mainly by diffusion. Organogenic dolomites are characterized by a wide
range in '13C values that reflect the carbon-isotope composition of pore-
water-dissolved CO2 evolved in the different bacterial diagenetic zones in
which they have formed. Sulfate reduction typically results in 13C-depleted
dolomites whereas methanogenesis results in 13C-enriched dolomites. There
is considerable range in, and overlap of, the '13C and '18O values of
dolomites formed in each of these zones, however, which can complicate
interpretations of their origin.
Many unanswered questions remain regarding early organogenic dolo-

mitization, notably: (1) the specific role of presumed barriers to its nucle-
ation—sulfate concentrations, pH and alkalinity, and ion hydration; (2) the
relative efficiency of sulfate reduction versus methanogenesis, and of am-
monia generation, in promoting dolomite formation; (3) depth limits of
initial dolomitization, particularly regarding probable sources of Mg and
Ca and the significance of '18Odolomite values; (4) the extent of possible
recrystallization and/or geochemical alteration of dolomites as they are pro-
gressively buried into the methanogenetic zone; (5) whether progressive
organogenic dolomitization involves continually new nucleation sites or
overgrowth of prior-formed crystals; and (6) whether dolomitization is ep-
isodic or continuous during progressive burial into methanogenetic zones.
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