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Saline Dolomites: Microbial precipitates? Part 2 of 3
Introduction

Dolomite is a complex mineral and,
due to an inherent requirement of
lattice order, is not found in significant volumes in many Holocene
marine-margin carbonate deposition6.
al settings (see part 1 and Warren,
1.
2.
2000). Figure 1 illustrates some of the
3.
4.
better-documented regions of Holocene protodolomite occurrences. Cli5.
matically these sites are diverse, rang7.
ing from humid to semi-arid to arid
deserts, geographically from deep
1. Gulf of California (deep marine)
2. Andros tidal flats (humid coastal)
offshore marine to coastal and hydro3. Ambergis Cay, Belize (humid coastal)
logically from eogenetic marine to
4. Bonaire, Nederlands Antilles (semi-arid coastal)
shallow meteoric capillary and phre5. Lagoa Vermelha, Brazil (humid coastal)
atic to hypersaline continental seep6. Abu Dhabi sabkhat (arid coastal)
7. Salt Creek area, Coorong (semi-arid coastal)
age. A prevailing association across
most of the sites is that most can be Figure 1. Occurences of well-documented protodolomite.
tied to zones of active microbial meHowever, Baker and Kastner's (1981) experiments were contabolism, especially with saline anoxic settings exemplified the
ducted at temperatures of 200°C, and their extrapolation to the
presence of a flourishing community of sulphate-reducing bactelower temperatures that occur beneath the deep seafloor may not
ria. The first region where a microbial association with dolomite
be justified. Their conclusions are disputed by many dolomite
was discovered was in the organic-rich sediments some tens of
workers who have argued that the presence of sulphate encourmetres beneath the seafloor in deep marine organic-enriched offages dolomitization and that it is the presence of the bacterial
shore laminites in the Gulf of California.
sulphate reducing bacteria that through their metabolic processes facilitate the precipitation of primary dolomite in the biofilms
Organogenic deep-seafloor dolomite
surrounding the bacteria themselves (Eugster and Hardie, 1978;
Precipitation from normal seawater today forms dolomites that Land 1985; Hardie, 1987; Burns et al., 2000).
are less than 1% of the total sediment volume (Lumsden, 1988).
However, much higher proportions of dolomite, up to 10% The frequent association of gypsum or anhydrite with mimetof a 100-m-thick section, occur locally beneath organic-rich ic dolomite in ancient evaporite successions argues against the
deep-marine sediments in the Gulf of California (Baker and inhibition of dolomite formation by high sulphate levels in amKastner, 1981; Morrow and Ricketts, 1988). Related to this dis- bient waters (see part 3). Hardie (1987) suggested that the precovery, Baker and Kastner (1981) demonstrated experimentally cipitation of dolomite in areas of sulphate removal may be more
that the rate of dolomitization is increased when the level of sul- related to the local enrichment of the HCO3-alkalinity rather
phate is decreased. They concluded that high levels of sulphate, than the dissolved sulphate acting as an inhibitor to precipitasuch as in normal seawater, inhibit dolomite formation. By con- tion. The other significant factor in the formation of organogenic
trast, the low sulphate levels, found in marine pore fluids that dolomite is the ubiquitous presence of bacteria in the zone of
have undergone microbial reduction in organic-rich sediments, sulphate reduction and the underlying zone of methanogenesis.
may create suitable environments for dolomite precipitation. The influence of bacteria in generating sulphate-depleted microenvironments, which are conducive to dolomite precipitation, is
Such reactions can be expressed chemically as:
mostly unknown, but, as we shall see, such bacteria may act as
2CH2O (organic material) + SO4 = H2S + HCO3
essential facilitators.
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Figure 2. Quaternary deep-sea dolomite, Gulf of California (after Kelts and McKenzie, 1982). A. Locality map of DSDP sites 474 to 481,
rectangles indicate areas with drillholes with documented diagenetic dolomite; B. Summary model for depth of nucleation and the slow accretion of
dolomite layers with burial, it is based on site 479. The vertical scale on the isotopic trends is schematic. It is not directly tied to the listed
depth scale of the various dolomite occurrences as the extent of the zones varied according to sedimentation rate.

δ13CPDB

In the Gulf of California, dolomite is first encountered in an ooze dolomite will precipitate within the zone of methanogenesis and
some 60 m below the seafloor in water more than 700 m deep well below the zone of sulphate reduction and so have positive
(Figure 2; Kelts and McKenzie, 1982). At still deeper levels, δ13C values (Figure 2b). This style of methanogenic dolomite
there are firm to lithified and impervious beds of micritic do- has positive values up to +13.8‰ in the Gulf of California (av.
lomite. Most of this dolomite acts as cement within generally +9.8‰; Kelts and McKenzie, 1982). With further burial, newly
carbonate-poor muds, where some pelagic microfossils have formed seafloor dolomite once again takes on δ13C values that
dissolved, while others are replaced. Invariably, the dolomitic are increasingly negative (Figure 3). As this methanogenic domudstones retain the fine structure of the original deepwater sed- lomite ages, it creates characteristic rhomb shapes that encrust
iment, and dolomitic horizons typically make up no more than and enclose skeletal material such as diatom frustules (Figure 4).
3%–5% of the sediment column. The dolomites range from Carich to near stoichiometric 42%–51% MgCO3, with more stoi- Roehl and Weinbrandt (1985) propose that this increasingly
chiometric forms occurring at greater depths and in the more negative trend continues beyond the 400-m depths penetrated
lithified layers. Since the work of Kelts and McKenzie (1982), by the DSDP wells in the Gulf of California (Figure 2c). They
many other authigenic dolomite layers and concretions have argue that growing dolomite crystals acquire increasingly lightbeen documented in microbially-influenced organic-rich deep- er carbon from newly generated petroleum. Hence, dolomites
water sediments (Garrison and Graham, 1984; Baker and Burns, in reservoirs of the Miocene Monterey Formation of California
1985; Compton, 1988; Lumsden
1988; Middleburg et al., 1990.)
15
DSDP 478 Dolomite
Dolomite precipitating in the sulphate
DSDP 479 Dolomite
reduction zone in the Gulf of CaliforDSDP 480 Dolomite
nia shows negative (depleted) δ13CPDB
DSDP 478 Arag. shell
10
signatures of -20‰, while that formed
DSDP 478 Mg-calcite
slightly deeper in the zone of methane
oxidation have even more depleted
δ13CPDB values as low as -70‰ (Fig5
ure 2b). Dolomite forming deeper in
the zones of CO2 reduction and methanogenesis shows more positive carbon values but these values too trend
0
toward isotopically lighter carbon at
greater depths (Figure 3). When sedimentation rates are low, dolomites
10
8
6
4
2
0
2
4
6
8
may form in or just below the zone
18
δ OPDB
of sulphate reduction and have negative δ13C values (Malone et al., 1994). Figure 3. Plot for all isotopic measurements of δ18O and δ13C for dolomites of Site 479 and auxiliary
When sedimentation rates are high, samples from other sites. Lines connect trends within one bed—blue for Core 479-29 and red for Core
479-47 (replotted from Kelts and McKenzie, 1982).
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Lagoa Vermelha, Brazil

Lagoa Vermelha is a small shallow isolated hypersaline coastal
salina east of Rio de Janeiro, Brazil, situated in an Aw Köppen
zone (Figure 6). Its Holocene sediment fill provides some the
best evidence to date of the likely involvement of particular species of sulphate-reducing bacteria in producing primary dolomite (Vasconcelos and McKenzie, 1997; van Lith et al., 2003;
Vasconcelos et al., 2006; Delfino et al., 2012). Ca-dolomite is
crystallising within a black aragonitic sludge layer in Lagoa Vermelha muds at or near the sediment-brine interface under anoxic
hypersaline conditions. Bacterial dolomite has also been identified, along with lenticular gypsum in nearby Brejo do Espinho
(Figure 6; Delfino et al., 2012).

Figure 4. SEM micrograph of diagenetic interstitial dolomite crystals engulfing siliceous diatom frustules and silicoflagellate tests. Euhedral habit
and smooth surfaces common to samples of firm but friable clayey dolomite
(Sample 479- 39-1, 37 cm; 358 m) (after Kelts and McKenzie, 1982).

have much more negative carbon values than those from the
Plio-Pleistocene marine dolomites of the Gulf of California.
Deepwater organic-rich dolomites comprise thin stratiform,
pinch and swell beds with kilometre-scale lateral continuity and
local intrabed swells up to 2 to 3 m thick within the Miocene
Monterey Formation of the Santa Barbara Basin, California
(Figure 5: Behl, 2014; Garrison and Graham, 1984). There they
are sandwiched between dark organic-rich laminated diatomaceous opaline cherts. In total, the dolomitized horizons make up
no more than 10% of the cherty diatomaceous section.
Deep seafloor dolomites in the Monterey Formation demonstrate
continuing dolomite ageing through recrystallisation (Malone et
al., 1994). They show decreasing δ18O and δ13C values, decreasing Sr and increasing Mg contents with increasing burial depths
and temperatures from east to west in the basin. Maximum temperature probably increased from 45° C in the east, to ≈80° C
in the west. The δ18OPDB values vary from +5.3‰ in the east to
-5.5‰ in the west and are interpreted to reflect the greater extent
and higher temperature of dolomite recrystallisation in the west.
The δ13CPDB values as low as -70‰ (Figure 2b) and vary in parallel with δ18OPDB and decrease from 13.6‰ in the east to -8.7‰
in the west. Sr concentrations also correlate positively with δ18O
values and drop from a mean of 750 ppm in the east to a mean of
250 ppm in the west. Mol% MgCO3 values inversely correlate
with δ18O values and increase from a minimum of 41.0% in the
east to a maximum of 51.4% in the west. This region of Miocene
dolomites, like almost all ancient dolomite examples, shows undeniable evidence that dolomite isotopes and trace elements are
reset during diagenesis in any setting where this and ongoing
crossflow of reactive burial fluids.

Although the near coastal back-barrier seepage setting of both
lagoons is similar to the Coorong dolomite lakes of southern
Australia (see part 1), unlike the Coorong, the source brines for
the evaporitic carbonates precipitating in Vermelha are thought
to be marine. Some marine-fed salinas in the Coorong occupy
similar hydrographically-isolated subsealevel depressions (e.g.
Halite Lake), but are in a more arid coastal setting and tend to
precipitate higher proportions of laminated gypsum-aragonite,
there is no dolomite in Coorong salinas with seawater feeds.
Both the initial precipitation and early diagenetic evolution of
Lagoa Vermelha dolomites is strongly mediated by microbial activity. In fact, sulphate-reducing bacteria from Lagoa Vermelha
samples, cultured in brines at low temperatures from artificial
seawater, produced highly ordered dolomite in the laboratory at
earth-surface temperatures (Vasconcelos and McKenzie, 1997).
Desulphovibrio brasiliensis sp. nov., a moderate halophilic sulphate-reducing bacterium from Lagoa Vermelha (Brazil) was
identified as one of several BSR species that are mediating dolomite formation (Figure 7; Warthmann et al., 2005).
Evaporation lowers the lagoon water level in the dry season, and
drawdown then allows seawater to enter via seepage through the

Figure 5. Dolomite nodule in the Miocene Monterey Fm. coastal outcrop at
Montana de Oro State Park showing its early shallow orign as evidenced
in the differential compaction and draping around the nodule. Inset is
a micrograph showing preferential dolomite fomation in a organic-rich
lamina (extracted from Behl, 2014).
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Figure 6. Aerial view of Lagoa Vermelha and Brejo do Espinho, Brazil, two back-barrier coastal lagoons located immediately south of the much
larger Lagoa Araruama.

dune barrier. Elevated organic productivity in the lagoon leads
to anoxia at the sediment-water interface and the formation of
a black organic-rich carbonate sludge on the meromictic salina floor. The highly saline waters have elevated sulphate levels,
which in the shallow subsurface provide a sulphur source for
bacterial sulphate reduction, as well as elevated magnesium that
is precipitated as Mg-calcite and calcian dolomite. Microbial activity in the sludge mediates the precipitation of these primary
carbonates (Figure 7). Eventually, microbial activity ceases, but
the diagenetic precipitation of dolomite continues atop the microbially precipitated crystal substrate.
Vasconcelos et al. (1995) first suggested that sulphate-reducing
bacteria in hypersaline waters promote the essential conditions
needed for dolomite precipitation. Van Lith et al. (2002), after a
detailed study of the hydrochemistry in the lagoons, concluded
that elevated salinity and sulphate reduction are the main factors
inducing dolomite precipitation in these lagoons (Figure 8a,b).
Their specific measures of water and sediment conditions during
an annual cycle (1996–1997) demonstrated that dolomite formed
in May–June, which was a time of high salinity. High δ34S of
pore water sulphate and high sulphide concentrations correlated
with dolomitic horizons, demonstrating the association of bacterial sulphate reduction with dolomite formation.
Dolomite forms year-round in another small nearby salina, Brejo do Espinho; perennial precipitation is a direct response to its
higher year-long salinity compared to Lagoa Vermelha. High salinity provides the ions and saturation state necessary for dolomite precipitation, while the observation that dolomite formed at
times or in zones of decreased sulphate concentrations underlies
the likely importance of bacterially-driven sulphate reduction
in Brejo do Espinho. Bacterially-driven sulphide oxidation also
drives dolomite precipitation in other as yet untested high salinity lakes in the same region (Moreira et al., 2004; Delfino et al.,
2012). The precipitation of dolomite in the lab at earth surface
conditions using various strains of halotolerant sulphate-reducing bacteria (Van Lith et al., 2003) underlines the fundamental

role of microbial metabolism in these and likely many other saline anoxic environments (see Chapter 9 in Warren, 2016).
Sulphate ions in the muds form stable ion pairs with Mg2+ ions
and so are held together in space like a single particle. When sulphate-reducing halotolerant bacteria metabolise SO4 ions, they
also metabolise the accompanying Mg2+ ions inside their cells.
Magnesium is essential for many vital physiological functions
in the bacterial cell and makes up 0.5% of the cell's dry weight
in halotolerant strains. During bacterial metabolism, excess Mg
is released together with other byproducts of sulphate reduction, such as bicarbonate ions and hydrogen sulphide. Saturation
with magnesium in microenvironments around the bacterial cell
probably creates conditions favourable for preferential precipitation of dolomite, as is observed in lab-based bacterial culture
experiments (Van Lith et al., 2003).

Figure 7. Dumbbell-shaped dolomite minerals formed by Desulfovibrio
brasiliensis strain LVform1 after 6 weeks of incubation in a hypersaline
medium adjusted to the in situ Lagoa Vermelha conditions. SEM image,
5,000-fold magnification (Warthmann et al., 2005
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Figure 8. Lagoa Vermelha, Brazil. A) Schematic of microbial dolomite formation in Lagoa Vermelha and Brejo do Espinho, Brazil. Insets show the
location of the salina on the Atlantic Coast and the pore water conditions immediately above and below the sediment brine interface. B) Mol%
MgCO3 in carbonate, Fe2+, HS−, and SO42− concentrations, and most probable numbers (MPN) of sulphate-reducing bacteria in Lagoa Vermelha
sediment from 0–24 cm depth. B) Dissolved sulphate concentration in pore waters of Lagoa Vermelha and its sulphur isotopic composition (d34SCDT).
In April 1999 the core illustrated in B and C was taken and pore water extracted. The coloured bars indicate depths with well-developed Ca-dolomite horizons. (after Vasconcelos and McKenzie, 1997; van Lith et al., 2002).

Using their understanding of the Lagoa Vermelha dolomite
system as their starting point, Vasconcelos and Mackenzie
(1997) proposed a new actualistic model for dolomite formation that they call the microbial dolomite model (Figure 8a).
An anoxic turbid layer at the sediment surface creates a special
magnesium-entraining environment where photosynthetically
produced organic matter can be microbially recycled by sulphate-reducing bacteria on a submicron scale, with simultaneous
precipitation of high-Mg calcite and Ca-dolomite. In contrast, to
the sulphate-reduction model of Kastner (1984), which required
a lack of sulphate, this model requires a continuing supply of
sulphate in order for halotolerant sulphate-reducing bacteria to
metabolise and so precipitate dolomite (Figure 8b). It seems that

living sulphate-reducing bacteria are required to overcome the
kinetic problems of penecontemporaneous dolomite formation.
Once dolomite bionucleation has occurred, the Ca-dolomite
ages; as is indicated by depth-related trends of larger dolomite
crystal size, more negative δ13C values and increased stoichiometric ordering of the dolomite lattice. Bacteria remain important in shallow burial, as seen by the continued presence of nanobacteria on the surfaces of the "ageing" crystals. With time,
and deeper in the sedimentary section (70-90 cm), the crystals
grow by a layer-by-layer mechanism that creates smoother and
euhedral crystals. Once the dolomite is nucleated, crystals can
continue to grow by inorganic processes, but each new layer still
appears to be composed of coalesced submicron-size bacterial
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balls (spheroids). The microbial dolomite model requires an
ongoing supply of sulphate to maintain the microbial activity
promoting dolomite precipitation. In contrast, it may be that the
presence of sulphate in a sterile (bacteria-free) environment may
act to inhibit dolomite precipitation as shown in the laboratory
experiments of Baker and Kastner (1981) and Morrow and Ricketts (1988).

Modern Dolomite in other humid marine
margin carbonates

Dolomite is found in small amounts but is widespread across a
number of the humid coastal settings in the Caribbean and surrounds (Table 1; Deelmann, 2011).
Bahamas: Dolomite on Andros Island and Abaco (Bahamas)
occurs mainly at or near the shoreline, in regions that lie a few
centimetres above the mean high tide level (Figure 9; Shinn et
al., 1965). At the same time it can be found in small dolines and
within "hammocks" (= vegetated topographic highs reaching elevations of 1 to 1.5 m above sea level) (Gebelein et al., 1980).

The contemporary dolomite found at or near the shoreline covers large areas on the tidal flats of western Andros Island and
Abaco Island. In the intertidal zone only traces of dolomite (less
than 5 %) were found. The dolomite is concentrated in a crustlike layer, which crops out above normal high tide level. The
crust contains between 20 and 80 % pure dolomite. The dolomite
occurs in pelleted carbonate muds that show laminations, stromatolites, mud cracks and birdseye structures. "The dolomite
forms where tidal flooding and storm sedimentation is followed
by many days of subaerial exposure": Shinn et al. (1965, p.112).
Although evaporation rates during the periodic phases of exposure are high, no evaporites are preserved in the dolomite-containing sediments. The absence of evaporites reflects the climate
of the Bahamas, which is semi-tropical and quite humid.
The dolomitic crust can be traced as a continuous layer intersecting the bedding planes of other Holocene carbonate deposits,
especially on the flanks of those typical small-scale elevations
of the Bahamas, the palm hammocks (Figure 9). Age determinations for 3 out of 8 samples showed the total carbonate sample was older than the dolomite contained in it, and that five

Supratidal schizohaline carbonates
Andros Island, Bahamas

Sugarloaf Key, Florida

Ambergis Cay, Belize

Centimeter-thick supratidal crusts Pumping across tidal flats and through underlying
formed at or right below the sediment highly permeable Pleistocene limestones drives seasurface on tidal flats
water circulation subject to periodic meteoric freshening events. Oxygen isotopic compositions of these
Centimeter-thick supratidal crusts
crusts range from 1.5‰ to 3.2‰ and interpreted
formed at or right below the sediment
as dolomitization from seawater at normal to slightly
surface on tidal flats
evaporated salinities. Carbon isotopic compositions
Stacked crusts in a schizohaline sump of the crusts are slightly depleted in δ13C, indicating
oxidation of organic matter

Shinn et al., 1965;
Hardie 1977; Lasemi
et al., 1989
Shinn, 1968; Atwood
and Bubb, 1970,
Carballo et al., 1987
Ebanks, 1975; Mazzullo et al., 1987;
Gregg et al., 1992

Evaporitic salina carbonates
Pekelmeer Lagoon, Bonaire

Dolomite-rich pelleted muds found Seawater evaporated beyond gypsum saturation is
below gypsum beds in coastal salinas the dolomitizing fluid in island salinas. Normal marine
seawater is introduced by lateral and upward seepage
through the underlying Pleistocene limestones (MurWest Caicos Island, British Dolomite-rich pelleted muds found
ray, 1969; Perkins et al., 1994). Ponded brine then
West Indies
below gypsum beds in coastal salinas
evaporates within the Holocene sediments and the
standing water of the salinas. δ18O in resultant dolomite
ranges from +1.0‰ to + 2.2‰ PDB. These lower than
expected values are due to the effects of high relative
humidity during evaporation. Carbon isotopic values
of island-salina dolomites may be slightly depleted
and indicate dolomitization in association with sulfate
reduction, but sulphate reduction is not a prerequisite
as at least one salina dolomite (Pekelmeer) exhibits
enriched δ13C values (Major et al., 1992).

Deffeyes et al., 1965;
Lucia, 1968; Major et
al., 1992
Perkins et al., 1994

Peritidal carbonate sediments
Florida Bay Mud Islands

Crystal aggregates in subtidal or Seawater is ponded in the middle of the islands due Swart et al., 1989;
peritidal sediments that are now to flooding from the Bay. It maybe diluted slightly by Kramer et al.,1995
overlain by supratidal sediments
rainwater, but eventually is evaporated to 100-140 ‰
(3-4 times normal seawater). This evaporated solution
Andros Island, tidal flat Crystal aggregates in subtidal or
Gebelein et al., 1980
seeps downward due to the vertical elevation-head
hammocks,
peritidal sediments that are now
gradient established between the ponded waters and
overlain by supratidal sediments
seawater in the underlying Pleistocene limestone (i.e.,
it is not density-head reflux). Dolomitization apparently
occurs within the upper 50 cm of the sediment column,
and it occurs in association with sulfate reduction.
Oxygen isotopes ( + 2‰ PDB)are in equilibrium with
normal seawater and carbon isotopes ( - 3.5‰ PDB)
reflect the influence of organic diagenesis.
Table 1. Penecontemporaneous dolomite occurrences in Holocene marine-margin carbonate settings
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samples had the same age as the dolomite in it (Shinn et al.,
1965). All of the dolomite from these samples was definitely of
Recent age (from 0 to 2200 years old). Samples taken from a
continuous part of the dolomite crust above and below the sea
level, revealed the time transgressive (diagenetic) nature of the
crust. Age measurements showed two samples taken only 150
m apart, had quite different ages. A sample from directly above
the high tide mark gave a contemporary age. Dolomite samples
collected from cored depths of 90 to 120 cm below the sea level, were 2200 years old (Figure 9). Shinn et al. (1965, p. 121)
concluded therefore, that "... the formation of dolomite has been
taking place slightly above normal high tide level during a gradual transgression of the sea."
Belize: Modern dolomite is forming on Ambergris Cay, a low-lying peninsula of the southeastern Yucatan Platform, Belize (Central America; Mazzullo et al., 1987). The climate of the region is
humid tropical. Annual rainfall (of 130 to 150 cm) falls mainly
during the summer season. Temperature varies with the seasons from 24 to 27°C. Ambergris Cay is essentially a mosaic of
shallow lagoons in combination with densely vegetated, broad
supratidal flats (Figure 9). Holocene
sediments hosting the dolomite, lie
atop karsted Pleistocene limestone,
and consist of pelletal micrite, foraminifer-molluscan sandy micrites,
with some carbonate sands and gravels. The predominant mineralogy
is magnesium calcite (with 14 to 17
mol % MgCO3), although aragonite is
found as well.
Dolomite crusts are widespread in
many of the supratidal flats of the
northern and the central part of Ambergris Cay. These supratidal flats are
only slightly above mean sea level, so
that the areas of active dolomite formation are subject to rain as well as
to flooding by seawater during storm
tides. Concentrations of dolomite occur in the form of crusts in the Holocene sediments: from 50 to 70 % of
such crusts consists of dolomite. The
dolomite itself has been described as
"... poorly ordered, non-stochiometric calcic dolomites ... ranging from
Ca53Mg47 to Ca58Mg42" (Mazzullo et
al., 1987, p.227). Crust formation is
the result of dolomite cementing the
particulate carbonate sediment. According to field observations by Mazzullo et al. (1987) the crust "... initially was formed at the sediment-air
or sediment-shallow water (2-3 cm)
interface at sea level, in a regime of
vertically fluctuating interstitial and
standing lagoonal waters."

Crusts occur immediately below the surface of the Holocene
sediments, and are overlain by several cms of dried-out cyanobacterial mats (dominated by Scytonema sp.). Some authigenic
dolomite is found in the cyanobacterial mats (along with aragonite and Mg-calcite). Where such mats are absent, the sediments
are similarly periodically desiccated and locally contain abundant gas bubbles (unfilled birdseye structures): Mazzullo & Reid
(1988, p.483). Hydrologic periodicity (shizohalinity) is driven
by flooding during autumn storms, followed by long intervals of
desiccation. On the Tomas Savannah supratidal flat, an annual
variation from 25 to 75 ‰ was measured. Ebanks (1975) measured even higher salinities in supratidal ponds on Ambergris
Cay: there salinities of 76 to 123 ‰ were documented and Mg/
Ca ratios varied with the seasons from 3 to 5. Virtually the whole
thickness of the Holocene supratidal sediments at this location
(measuring at maximum 23 cm above mean sea level) is influenced by the semi-diurnal tidal fluctuations of the pore water,
since the neap-tide range measures on average 20 cm.
According to Gregg et al. (1992), there is a linear increase in
the average size of the dolomite crystallites and stable isotope

Andros, Bahamas (Shinn, 1965)

Ambergis, Belize (Mazzullo et al., 1987)
Sandy beach
ridges

Dolomite crusts &
dolomitic sediments

Soil & caliche
Ephemeral
gw table

Micrites

Pleistocene Aquifer

0.7 m
20 m

Dolomite crusts &
dolomitic sediments

West
Aquitard

Caicos (Perkins et al., 1994)

Evaporation
Salina

Holocene
dunes

East
Caicos Platform

Pleistocene aquifer
Seepage inflow
Figure 9. Penecomtemporaneous marine margin dolomite sections from the Caribbean and tropical
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Figure 10. Stable isotope signatures A) Depth (cm) versus stable isotope compositions in dolomite from crusts and intercrust sediments in Tomas
Savannah, Ambergis Cay showing aging with depth. B) Stable isotope signatures from Ambergis Cay and the East Caicos (replotted from Gregg
et al., 1992; Perkins et al., 1994).

signatures with increasing depth in the three crusts at Ambergris
Cay (Figure 10a). But the size increase was not accompanied
by a decrease in porosity. As a consequence, Gregg et al. (1992)
concluded, that recrystallisation (crystal ageing) has taken place.
Geochemical analyses, notably Mn and Fe measurements, suggested reducing conditions were associated with the dolomite
ageing.
Caicos: East Salina on West Caicos Island, British West Indies,
is interpreted by many as classic marine-seepage hydrology,
near-identical to the Peekelmeer Lagoon on Bonaire (Perkins
et al., 1994). It is a site of active gypsum, calcite and dolomite
formation. Up to 2.4 m of Holocene sediment have accumulated in an elongate topographic low (3 km long by 0.5 km wide)
bounded on the west by Pleistocene aeolianite and isolated from
shallow platform waters on the east by a series of oolitic beach
and beach/dune sequences of Holocene age (Figure 9). The salina is fed by marine groundwaters that primarily seep through
the underlying Pleistocene bedrock. Hydraulic head is created
by the elevation difference between the salina surface and mean
sea level drives the marine influx.
The stratigraphic succession of the salina indicates a trend towards increasing marine restriction, grading from marine
wackestones, packstones and grainstones at the base, upward
through microbially laminated mudstones into gypsum mush in
the uppermost part of the section. A thin microbial mat encrusted with gypsum and ephemeral halite covers the salina surface.

Faunal diversity analysis and the presence of an aquitard unit
in the Holocene fill suggests that two separate cycles of salina
sedimentation exist within the overall succession. This cyclicity
indicates that the depression occupied by the present-day salina
was perhaps opened and closed hydrographically at least twice
during the Holocene.
Sedimentary porewaters in the Holocene fill approach normal
marine salinities near the base of the succession, but become
more saline upwards. Evaporation near the salina surface elevates porewater salinities to as much as seven times normal marine water. Chlorinity profiles suggest that reflux of dense brines
is not presently occurring within the sediments examined. More
subtle changes in interstitial water chemistry indicate that the
following reactions are currently taking place at various places
in the sediment column: precipitation and dissolution of gypsum, formation of dolomite, precipitation of calcite and Mg-calcite, and microbial sulphate reduction.
Carbonate phases present in small quantities in the gypsum layer
include aragonite, calcite, Mg-calcite and dolomite. Below the
gypsum zone, aragonite and Mg-calcite dominate the mineralogy. Porewater chemistry suggests that dolomite and Mg-calcite are actively forming in this interval. Mg-calcite occurs in
the form of sheaves of prismatic crystals; dolomite occurs as
rhombohedral and subhexagonal crystals. Dolomite has also
been observed to replace precursor carbonate mud in organic-rich zones presently undergoing microbial sulphate reduction.
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Figure 11. Surficial Holocene geology of the Abu Dhabi sabkha (after Warren and references therein).

All authigenic carbonates examined have δ13C values ranging
from –1 to –9‰ (PDB), reflecting a contribution from organic
carbon. δ18O values range from –2.6 to +4.2‰ (PDB) and are
consistent with formation from hypersaline marine-derived fluids (Figure 10b).

Peritidal dolomite in the arid Abu Dhabi
sabkha

It was the occurrence of modern nodular anhydrite and dolomite in the sabkhas of Abu Dhabi and Qatar that first attracted
the attention of the geological community during the 1960s. The
work of Curtis et al. (1963), Illing et al. (1965), Evans et al.
(1969), Kinsman (1969), Shearman (1963), Butler (1966, 1969,
1970), Kendall and Skipwith (1969) and Bush (1973), provided
observational data on which most of our current sabkha models
are based. Fieldwork since the 1960s tended to consider specific sedimentological problems within the sabkha setting, such
as hydrological zonation (Patterson, 1972; Hsu and Schneider,
1973; McKenzie et al. 1980; Patterson and Kinsman, 1981) or
the origin of dolomite (McKenzie, 1981; Patterson and Kinsman, 1982; Bontognali et al., 2010, 2012). It is on this aspect we
focus, detail on the broader issues of sabkha sedimentation are
discussed in Chapter 3, Warren (2016)
Dolomite is currently forming as thin 1–2 m thick, patchy stratiform beds in many evaporitic tidal flats sabkhat on the southern and western margins of the Arabian Gulf, with most studies
centred on the Abu Dhabi sabkhat (Figure 11a). The adjacent
Arabian Gulf is probably the warmest sea in the world; surface
temperatures in the open gulf range from 20° C in February to
34° C in August. Water temperatures on the open shelf in the vicinity of Abu Dhabi Island range from 23° C to 34° C, and those
in the inner lagoons from 15° to 40° C, with an annual average
temperature of 29° C. The shallow, inner lagoon waters of Khor
al Bazam have diurnal ranges of up to 10° C (Figure 11b). Air
temperatures on the sabkha can be as low as 5° C and as high

as 50° C with average temperatures ranging from 23° to 33°C.
Surface temperatures on the sabkha are even more variable, with
values up to 60°C–80° C on the algal mats (Kinsman, 1965).
Temperatures in shallow subsurface sediments range from 22°C
to 40° C. In the summer, the sabkha can be extremely humid,
especially at night when humidity is often above 95%, yet by
mid-afternoon, on the same day the humidity can fall to around
30% (Bush, 1973).
Small volumes of micritic dolomite are commonplace in modern
intertidal-supratidal sabkha sediments and subtidal sediments of
the Arabian Gulf (Illing et al., 1965; Illing and Taylor, 1993;
Mackenzie, 1981; Wenk et al., 1993; Shinn, 1983; Chafetz and
Rush, 1994. Penecontemporaneous dolomite (not eolian detrital) is precipitating beneath the supratidal zone of various prograding sabkha, usually within aragonite muds that lie less than
a meter beneath the sabkha surface. On sabkhas bordering the
Qatar Peninsula, the dolomite is most abundant on the landward
margins where it forms 1–5 mm euhedral crystals in aragonitic
muds beneath the high intertidal zone (Figure 12; Illing and Taylor, 1993.)

Supratidal

100%
high water
spring tide

75%
25%

low water
spring tide
20cm

50%

Storm flood

Land su

rface

25%

Intertidal

Seepage

Subtidal

100cm

% Dolomite in the > 63µm fraction
Figure 12. Cross-section of peritidal sediments on a sabkha on the Qatar
peninsula, Arabian Gulf. Contours are of percentage dolomite in the
fine fraction of the sediment. Note the strong tie to the interval above
the spring tide high water mark
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Figure 13. Sediment distribution and isotope signature in the modern Abu Dhabi sabkha. A) Section illustrating the distribution of gypsum in the
sabkha sediments finer than 0.0625 mm. B) Section showing the distribution of anhydrite in the sabkha sediments finer than 0.0625 mm. Section
illustrating the distribution of dolomite in the sabkha sediments finer than 0.0625 mm. (-C form Bush, 1973) D) Stable isotope distribution measure on
fine-grained dolomite in sabkha plotted from data in McKenzie (1981). E) Lithofacies distribution in subsurface across the upper intertidal to middle
supratidal along the southern shore of the SW Khor al B'zam south of Al Qanatir Island, western Abu Dhabi (after Alsharhan and Kendall, 2003).

Penecontemporaneous dolomite occurs in areas of the maximum
flux of hypersaline brines beneath the supratidal surface (Figure
13 a-c; Bush, 1973; Patterson and Kinsman, 1981, 1982. It occurs sporadically to depths of 2–3 m landward of the algal mat.

The most intense precipitation typically occurs in zones buried
>1 m below the surface, generally hosted algal mats and transported lagoonal muds (Figure 13a-c; Bush, 1973).
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Figure 14. Hydrology of the Abu Dhabi Sabkha. A) Schematic of various models for sources of solutes in the (1) seawater-flooding model, (2)
evaporative-pumping model, and (3) ascending-brine model. Open arrows indicate vapour loss, solid arrows represent solutes, and width of arrows
indicates relative solute mass (after Wood et al., 2002). B) Analysed δ87Sr values for water, carbonate and sulphate samples versus distance from
the high tide mark. On the basis of these values the sabkha hydrology is divided into marine, mixing and continental zones with the dashed line
representing the generalised trend (after Müller et al., 1990).

Most of the fine-grained penecontemporaneous dolomite in
the Abu Dhabi sabkha is interstitial, a syndepositional cement,
precipitated from hypersaline fluids into pores of varying sizes
down to a few microns. It forms in isotopic equilibrium with
brines at temperatures between 34° and 49°C (Figure 13d). Calcium–magnesium-carbonate perhaps serves as an intermediate
in the formation of the dolomite, which then proceeds to a more
ordered form via micro-scale dissolution–reprecipitation and
ageing. Diagenetic changes and isotopic re-equilibration occur
in the coexisting CaCO3 phases (Wenk et al., 1993).
Patterson and Kinsman (1982) argue that the zone of maximum
dolomite precipitation occurs in sediments located just above the
high spring water-mark, as in the Qatar sabkha. This zone migrates seaward as the sabkha matrix progrades into the lagoon.
Storms and high spring tides drive seawater from the lagoon onto
the sabkha flat, while continental groundwaters and storm runoff
move terrestrial waters into the landward side of the sabkha (Figure 14a). A study of strontium isotopes brines and diagenetically
altered minerals across the sabkha was completed by Müller et
al. (1990) to test the flood recharge-evaporative pumping model
for early dolomitization. The87Sr/86Sr ratio ratio of the sabkha
brines defines a pattern of both horizontal and vertical mixing of
coastal seawater and continental groundwater indicative of early
dolomitization fed by marine recharge waters. The 87Sr/86Sr ratio
in gypsum from the dolomitization area (1.4 to 4.4 km from the
high-tide mark) and seaward reflects precipitation from marine
brines, but more landward (6 to 9 km), gypsum and anhydrite
record a continental signal. The transition from a marine to a

continental isotope signal in the minerals suggests a paragenetic
evaporative sequence (dolomite gypsum anhydrite). The dolomitizing fluid is evaporated seawater that recharges the sabkha
aquifer during supratidal flooding and is afterwards pumped upward through the saturated zone by evaporative processes.
As surface waters sink into the sediments and begin to seep seaward, some pore water escapes to the atmosphere via capillary
evaporation. As it does so, the remaining pore water concentrates to the point where it deposits aragonite and anhydrite or
gypsum. Precipitation of these minerals removes calcium from
the pore solution and so raises the Mg/Ca ratio favouring dolomite precipitation or dolomitization (Figure 15).
The relative proportions of continental, mixed or marine waters feeding the areas precipitating dolomite are still not well
understood Hardie, 1987, Mackenzie et al. 1980 found that the
Mg/Ca molar ratios in areas of dolomite range from 2.5 to 7.5,
lower than seaward areas where flood recharge is more frequent
and aragonite and gypsum are being precipitated Mg/Ca ratios
of 7 to 27 (Figure 15; Butler, 1969). In contrast, Patterson and
Kinsman 1982 found that in areas of dolomitization, the Mg/Ca
was ≈6, pH of 6.3 to 6.9 and the sulphate content lower than seawater. These authors also concluded that dolomite was replacing an aragonite precursor, so supplying Ca to the pore solution
that was subsequently removed by precipitation of more gypsum. McKenzie et al. 1980 argued that replacement of aragonite
occurs via a high-Mg calcite intermediate, while Hardie 1987
argued for direct microscale cementation in the pore waters, a
view later confirmed by TEM work (Wenk et al., 1993).
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the origins of hosting groundwaters where the dolomite precipitates are not yet resolved. In the past decade, dolomite with a
microbial genesis has been documented in the Abu Dhabi sabkha (Bontognali et al., 2010). As for d=microbial dolomite in the
Vermelha Lagoon, Brazil, a highly disordered form of calcian
dolomite has since been observed in microbial cultures collected
from the Abu Dhabi sabkha (Figure 16; Bontognali et al., 2012).
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Figure 15. Variation in Mg/Ca ratios in pore waters collected in a
transect across the Abu Dhabi sabkha (after Butler, 1969).

Bontognali et al. (2010) investigation revealed a close association between microbial mats and dolomite in the sabkha.
They concluded that microbes are involved in the mineralisation process. Observations using scanning electron microscopy
equipped with a cryo-transfer system showed that authigenic
dolomite precipitates within the exopolymeric substances constituting the microbial mats (Figure 16). Current models of
microbial dolomite precipitation are linked to active microbial
activity that sustains high pH and alkalinity and decreased sulphate concentrations in pore waters (Vanconcelo and McKenzie,
1997). Such models can be applied to the sabkha environment
to explain dolomite formation within microbial mats present at
the surface of the intertidal zone However, these models cannot be applied to the supratidal zone of the Abu Dhabi sabkha,
where abundant dolomite is present within buried mats that no
longer show signs of intensive microbial activity (Figure 13c).
To explain this scenario, Bontognali et al. (2010) suggest either
all of the dolomite present in the supratidal zone formed in the
past, when the mats were active at the surface. Or, dolomite formation continues within the buried and inactive mats within a
mineral-template made up of exopolymeric substance, a form
of crystal ageing. Isotopically this older dolomite shows typical
positive oxygen and less negative carbon values indicative of the
hypersaline pore waters where it occurs.

Views on the ultimate genesis of the
sabkha dolomite are still diverse and

Counts

Counts

Mineralogically, there are two forms of dolomite in the Abu
Dhabi sabkhas: 1) ordered dolomite, often showing a modulated microstructure, and 2. mostly disordered calcium magnesium
carbonate with submicrometer-sized ordered domains (Wenk
et al., 1993). Both the ordered and partially ordered dolomite
form by direct precipitation from pore
fluids. Both appear simultaneously
A
B
A.
B.
during early diagenesis. With time,
C
the dolomite seems to age; there is
an increased ordering in the crystal
structure, an increase in crystal size,
and continued isotopic equilibration
with brines at the lower temperatures
D
beneath the sabkha surface Mackenzie, 1981. TEM study has shown that
5 µm
2 µm
much of the dolomite in the Abu Dhabi sabkha is a pore precipitate and not
O
D
C
a replacement of precursor aragonite
O
Mg
3·0 k
(Wenk et al., 1993). Only rarely does
D. EDX of rhombic crystal
3·0
k
C. EDX of white precipitate
2·0 k
Mg
dolomite directly replace an aragonite
2·0 k
Ca
Si
1·0 k C
1·0 k
Na
precursor at the scale of crystallites.
Na
Si Au Cl
Au Cl
C
Ca
Al
Whether one considers this dolomi1·00
2·00
3·00
4·00
kV
1·00
2·00
3·00
4·00
kV
crite, a replacement of aragonite mud, Figure 16. Cryo-SEM photomicrographs of the microbial mat in the Abu Dhabi sabkha (after Bontognali
which sometimes appears to be dis- et al., 2010) A) Shows a section through a partially mineralized dolomite spheroid with progressive
solving, or a primary dolomite pre- mineralization of the exopolymeric substances (EPS) matrix. The EPS forms an alveolar structure
cipitate depends on how one defines consisting of walls interconnected with an angle of 120°. Mineral precipitation initially encrusts the
walls and, subsequently, ﬁlls the internal volume of the alveoli.(B) Close-up of (A). The early
primary versus secondary dolomite EPS
amorphous precipitate evolves to a well-cleaved mineral, displaying the typical rhombohedral habit
(see Warren, 2000, discussion).
of dolomite. (C) EDX spectrum of the amorphous precipitate [white circle in (B)]. Elemental analysis
shows a high Mg content, as well as a prominent Si peak, while no Ca is present. The Pt peak relates
to the coating applied during the preparation of the sample. (D) EDX spectrum of the rhombohedral
mineral. Compared with the very early precipitate, this more evolved phase shows a decreased Si
content and the presence of Ca. Both the EDX spectrum and crystal habit are consistent with dolomite.
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So is all Holocene dolomite microbial?

+15
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goa Vermelha dolomite system as a
Coorong Type A
starting point, Vasconcelos and MackEast Salina
dolomite,
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+5
enzie (1997) proposed a new model
Caicos Island
for dolomite formation, they called the
Abu Dhabi sabkha
microbial dolomite model. An anoxic
δ18OPDB
turbid layer at the sediment surface or
-2
0
+2
+4
+6
+8
shallow subsurface creates a unique
magnesium-entraining biopolymer
-5
Coorong Type B
environment where photosyntheticaldolomite, Australia
ly-produced organic matter is microLagoa Vermelha, Brazil Western Cape pans,
bially recycled by sulphate-reducing
-10
Sulphate Reduction Zone,
South Africa,
bacteria at a sub
micron scale, with
Monterey Fm., California
simultaneous precipitation of high-15
Mg calcite and Ca-dolomite. In contrast, to the sulphate-reduction model
δ13CPDB
of Kastner (1984), which required
Figure 17. Plot fields of δ13CPDB versus δ13CPDB values for various Holocene dolomites and associated
a lack of sulphate, their microbially minerals in various documented
sulphate-reduction and methanogenesis zones (after Warren 2016,
model requires a continuing supply of and references therein).
sulphate in order for halotolerant sulto bacterial sulphate reduction. In contrast, the now microbialphate-reducing bacteria to metabolise
and so precipitate dolomite. It seems that living sulphate-reduc- ly-inactive regions of Abu Dhabi dolomites within the prograded
ing bacteria are necessary to overcome the kinetic problems of portions of the sabkha show the more positive carbon signatures.
penecontemporaneous dolomite formation.
I would argue that both the Coorong type A dolomites and porOnce dolomite bionucleation has occurred, the Ca-dolomite
ages; as is indicated by depth-related trends of larger dolomite
crystal size, more negative δ13C values and increased stoichiometric ordering of the dolomite lattice. Bacteria or the EPS tied
to former microbial activity apparently remain important in shallow burial, as seen by the continued presence of nanobacteria on
the surfaces of "ageing" crystals (Bontognali et al., 2010, 2012)
With time, and deeper in the sedimentary section (70-90 cm),
the crystals grow by a layer-by-layer mechanism that creates
smoother and euhedral crystals. Apparently, once the dolomite
is nucleated, crystals can continue to grow via inorganic processes, but each new layer can be composed of coalesced submicron-size bacterial balls (spheroids). The microbial dolomite
model requires an ongoing supply of sulphate to maintain the
microbial activity promoting dolomite precipitation. In contrast,
it may be that the presence of sulphate in a sterile (bacteria-free)
environment may act to inhibit dolomite precipitation as shown
in the laboratory experiments of Baker and Kastner (1981) and
Morrow and Ricketts (1988).
As discussed in the previous article in this series, Wright (1999)
and Wacey et al. (2007) present a similar set of microbial arguments and laboratory experiments to explain the ease of dolomite
precipitation in carbonate salinas across the Coorong region.
Similarly, Mauger and Compton (2011) document microbial
(BSR) mediated formation of Holocene dolomite in near-coastal hypersaline pans of western Cape (centred on Yzerfontein),
South Africa (Köppen Csb). Isotopically, except for the Coorong
lakes, all the coastal microbial dolomites show indicative carbon-oxygen plot fields (with more negative carbon values) tied

tions of the older Abu Dhabi sabkha dolomites away from the
active microbial zones are perhaps more influenced by ongoing
ageing, and perhaps physiochemically-driven evaporative concentration and Raleigh distillation in increasingly saline brines
(Figure 4.18; Rosen et al., 1988, 1999; Warren, 1990). When
comparing stable isotope values (including sulphur values) from
dolomite and non-dolomite lakes in the Salt Creek region of the
Coorong, Wacey et al. (2007), found it difficult to interpret the
dolomite as unequivocally bacterial based on isotopic analysis,
although they favoured this origin. The evaporative concentration trends noted in earlier work on dolomite type-A by Rosen et
al. (1988, 1989) and the two isotopically and crystallographically separate dolomite cluster fields, in Coorong dolomites defined
in their work support at least a partial contribution from inorganic concentrative processes.
Unfortunately, in the realm of bacterially-mediated Holocene
dolomite studies, some authors have attempted to draw a dichotomy between bacterial mediation and evaporitic conditions favouring dolomite precipitation, but this is an extreme view. The
Brazilian, South African AbuDhabi and Coorong pore waters are
all settings where sulphate-reducing or methanogenic bacteria
flourish. The same settings are also hypersaline, and depending
on climate and hydrology their waters capable of precipitating
evaporite salts, including nearby gypsum. This is where the
dolomite-mediating microbial community thrives in schizohaline sulphate-entraining salinities that can be seasonally up to
4-5 times that of seawater. It is a halotolerant community that
thrives at the expense of a less halotolerant biota. That is, it is the
somewhat elevated salinities in surface and near-surface waters
that allow appropriate halotolerant sulphate-reducing bacteria to
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flourish in pore waters that can be marine, nonmarine or hybrid
(see Warren 2016, Chapter 9). High salinity and halotolerant
bacterial mediation of natural primary dolomite are associated,
not separated, features in many modern hypersaline settings. In
the next article, we shall look at how dolomite evolves in ancient hypersaline geosystems and try to ascertain what ancient
hydrologies favour the formation and retention of large volumes
of dolomite.

References

Alsharhan, A. S., and C. G. S. Kendall, 2003, Holocene coastal
carbonates and evaporites of the southern Arabian Gulf and their
ancient analogues: Earth Science Reviews, v. 61, p. 191-243.
Atwood, D. K., and J. N. Bubb, 1970, Distribution of Dolomite
in a Tidal Flat Environment Sugarloaf Key, Florida: The Journal
of Geology, v. 78, p. 499-505.
Baker, P. A., and S. J. Burns, 1985, Occurrence and formation of
dolomite in organic-rich continental margin sediments.: American Association of Petroleum Geologists Bulletin, v. 69, p. 1917
- 1930.
Baker, P. A., and M. Kastner, 1981, Constraints on the formation
of sedimentary dolomite: Science, v. 213, p. 214-216.
Behl, R. J., 2014, Oil and Dolomite in the Monterey Formation
of California: AAPG Search and Discovery Article #50974, Oral
presentation given at Pacific Section AAPG, SEG and SEPM
Joint Technical Conference, Bakersfield, California, April 2730, 2014
Bontognali, T. R. R., C. Vasconcelos, R. J. Warthmann, S. M.
Bernasconi, C. Dupraz, C. J. Strohmenger, and J. A. McKenzie,
2010, Dolomite formation within microbial mats in the coastal
sabkha of Abu Dhabi (United Arab Emirates): Sedimentology, v.
57, p. 824-844.
Bontognali, T. R. R., C. Vasconcelos, R. J. Warthmann, R. Lundberg, and J. A. McKenzie, 2012, Dolomite-mediating bacterium
isolated from the sabkha of Abu Dhabi (UAE): Terra Nova, p.
no-no.

Butler, G. P., 1970, Holocene gypsum and anhydrite of the Abu
Dhabi sabkha, Trucial Coast; an alternative explanation of origin: 3rd Symposium on Salt, Northern Ohio Geological Society,
v. 1, p. 120–152.
Chafetz, H. S., and P. F. Rush, 1994, Diagenetically altered sabkha-type Pleistocene dolomite from the Arabian Gulf: Sedimentology, v. 41, p. 409-421.
Compton, J. S., 1988, Degree of supersaturation and precipitation of organogenic dolomite: Geology, v. 16, p. 318-321.
Curtis, R., G. Evans, D. J. J. Kinsman, and D. J. Shearman, 1963,
Association of dolomite and anhydrite in the Recent sediments
of the Persian Gulf: Nature, v. 197, p. 679-680.
Deelman, J. C., 2011, Low-temperature formation of dolomite
and magnesite * A comprehensive revision *: Compact Disc
Publications, Geology Series, version 2.3 Compact Disc Publications, Eindhoven, The Netherlands. http://www.jcdeelman.
demon.nl/dolomite/bookprospectus.html.
Deffeyes, K. S., F. J. Lucia, and P. K. Weyl, 1965, Dolomitization of Recent and Plio-Pleistocene sediments by marine evaporite waters on Bonaire, Netherlands Antilles, in L. C. Pray, and
R. C. Murray, eds., Dolomitization and limestone diagenesis A
symposium. Soc. Econ. Paleontologists and Mineralogists Spec.
Pub., v. 13, p. 71-88.
Delfino, D. O., M. D. Wanderley, L. H. Silva e Silva, F. Feder,
and F. A. S. Lopes, 2012, Sedimentology and temporal distribution of microbial mats from Brejo do Espinho, Rio de Janeiro,
Brazil: Sedimentary Geology, v. 263-264, p. 85-95.
Ebanks Jr., W. J., 1975, Holocene carbonate sedimentation and
diagenesis, Ambergris Cay, Belize, in K. F. Wantland, and W.
C. I. Pusey, eds., Belize shelf-carbonate sediments, clastic sediments and ecology: Am. Assoc. Petrol. Geol., Studies in Geology No.2,, p. .234-296.
Eugster, H. P., and L. A. Hardie, 1978, Saline Lakes, in A. Lerman, ed., Lakes; chemistry, geology, physics: New York, NY,
Springer-Verlag, p. 237-293.

Burns, S. J., J. A. McKenzie, and C. Vasconcelos, 2000, Dolomite formation and biogeochemical cycles in the Phanerozoic:
Sedimentology, v. 47, p. 49-61.

Evans, G., V. Schmidt, P. Bush, and H. Nelson, 1969, Stratigraphy and geologic history of the sabkha, Abu Dhabi, Persian
Gulf: Sedimentology, v. 12, p. 145-159.

Bush, P., 1973, Some aspects of the diagenetic history of the
sabkha in Abu Dhabi, Persian Gulf, in B. H. Purser, ed., The
Persian Gulf: Holocene carbonate sedimentation and diagenesis
in a shallow epicontinental sea: New York, Springer Verlag, p.
395–407.

Garrison, R. E., and S. A. Graham, 1984, Early diagenetic dolomites and the origin of dolomite-bearing breccias, lower Monterey formation, Arroyo Seco, Monterey County, California, in
R. E. Garrison, M. Kastner, and D. H. Zenger, eds., Dolomites
of the Monterey Formation and Other Organic-Rich Units. Spec.
Publ.-SEPM Pacific Section, Los Angeles. Vol. 41, pp. 87–101.

Butler, G. P., 1966, Early diagenesis in the recent sediments of
the Trucial Coast of the Persian Gulf, University of London, 251
p.
Butler, G. P., 1969, Modern evaporite deposition and geochemistry of coexisting brines, the sabkha, Trucial coast, Arabian
Gulf: Journal of Sedimentary Petrology, v. 39, p. 70-89.

Gebelein, C. D., R. P. Steinen, P. Garrett, E. J. Hoffmann, J. M.
Queen, and L. N. Plummer, 1980, Subsurface dolomitization beneath the tidal flats of central West Andros Island, Bahamas, in
D. H. Zenger, J. B. Dunham, and R. L. Ethington, eds., Concepts
and models of dolomitization: Tulsa, Oklahoma, Soc. Econ. Pal.
Mineral., p. 31-49.

Page 14

www.saltworkconsultants.com

Gregg, J. M., S. A. Howard, and S. J. Mazzullo, 1992, Early
diagenetic recrystallization of Holocene (<3000 years old) peritidal dolomites, Ambergris Cay, Belize: Sedimentology, v. 39,
p. 143-160.
Hardie, L. A., 1977, Sedimentation on the modern carbonte tidal flats of Northwest Andros Island, Bahamas: Johns Hopkins
Studies Geo!., 22. Johns Hopkins University Press, Baltimore,
202 pp.
Hardie, L. A., 1987, Dolomitization; a critical view of somebcurrent views: Journal Sedimentary Petrology, v. 57, p. 166-183.
Hsu, K. J., and J. Schneider, 1973, Progress report on dolomitization of Abu Dhabi Sabkhas, Arabian Gulf, in B. H. Purser,
ed., The Persian Gulf: Holocene carbonate sedimentation and
diagenesis in a shallow epicontinental sea: New York, Springer-Verlag, p. 409-422.
Illing, L. V., and J. C. M. Taylor, 1993, Penecontemporaneous
dolomitization in Sabkha Faishakh, Qatar: evidence from changes in the chemistry of the interstitial brines: Journal of Sedimentary Petrology, v. 63, p. 1042-1048.
Illing, L. V., A. J. Wells, and J. C. M. Taylor, 1965, Penecontemporary dolomite in the Persian Gulf, in L. C. Pray, and R. C.
Murray, eds., Dolomitization and limestone diagenesis:, p. 89
-113., Society of Economic Paleontologists and Mineralogists
Special Publication 13, p. 89-113.
J.D., C., L. S. Land, and D. E. Miser, 1987, Holocene dolomitization of supratidal sediments by active tidal pumping, Sugarloaf
Key, Florida: Journal Sedimentary Petrology, v. 57, p. 153-165.
Kastner, M., 1984, Control of dolomite formation: Nature, v.
311, p. 410-411.
Kelts, K. R., and J. A. McKenzie, 1982, Diagenetic dolomite
formation in Quaternary anoxic diatomaceous muds of Deep Sea
Drilling Project Leg 64, Gulf of California: Initial Rep. Deep
Sea Drill. Proj. 64 2., 553–569.
Kendall, C. G. S. C., and S. P. A. D. E. Skipwith, 1969, Holocene
shallow-water carbonate and evaporite sediments of Khor al Bazam, Abu Dhabi, southwest Persian Gulf: Bulletin American Association of Petroleum Geologists, v. 53, p. 841-869.
Kinsman, D. J. J., 1965, Gypsum and anhydrite of recent age,
Trucial Coast, Persian Gulf: 2nd Symposium on Salt, Northern
Ohio Geological Society, v. 1, p. 302-326.
Kinsman, D. J. J., 1969, Modes of formation, sedimentary associations, and diagnostic features of shallow-water and supratidal
evaporites: Bulletin American Association of Petroleum Geologists, v. 53, p. 830-840.
Kramer, P. A., P. K. Swart, T. C. Juster, and H. L. Vacher, 1995,
The hydrology and geochemistry of Holocene carbonate mud
islands in Florida Bay: implications to early diagenesis. : Geo!.
Soc. Am., Annu. Meet. Program Abstracts, 27: A346. .
Land, L. S., 1985, The Origin of Massive Dolomite: Journal of

Geological Education, v. 33, p. 112-125.
Lasemi, Z., M. R. Boardman, and P. A. Sandberg, 1989, Cement
origin of supratidal dolomite andros Island, Bahamas: Journal
Sedimentary Petrology, v. 59, p. 249-257.
Lucia, F. J., 1968, Recent sediments and diagenesis of south Bonaire, Netherlands Antilles: Journal of Sedimentary Petrology, v.
38, p. 845-858.
Lumsden, D. N., 1988, Characteristics of deep-marine dolomite:
Journal of Sedimentary Research, v. 58, p. 1023-1031.
Major, R. P., R. M. Lloyd, and F. J. Lucia, 1992, Oxygen isotope
composition of Holocene dolomite formed in a humid hypersaline setting: Geology, v. 20, p. 586-588.
Malone, M. J., P. A. Baker, and S. J. Burns, 1994, Recrystallization of dolomite — evidence from the Monterey Formation
(Miocene): Sedimentology, v. 41, p. 1223-1239.
Mauger, C. L., and J. S. Compton, 2011, Formation of modern
dolomite in hypersaline pans of the Western Cape, South Africa:
Sedimentology, v. 58, p. 1678-1692.
Mazzullo, S. J., and A. M. Reid, 1988, Sedimentary textures of
Recent Belizean peritidal dolomite: Journal Sedimentary Petrology, v. 58, p. 479-488.
Mazzullo, S. J., A. M. Reid, and J. M. Gregg, 1987, Dolomitization of Holocene Mg-calcite supratidal deposits, Ambergris Cay,
Belize: GSA Bulletin, v. 98, p. 224-231.
McKenzie, J., K. J. Hsu, and J. F. Schneider, 1980, Movement
of subsurface waters under the sabkha, Abu Dhabi, UAE and
its relation to evaporative dolomite genesis, in D. H. Zenger, J.
B. Dunham, and R. L. Ethington, eds., Concepts and Models of
Dolomitization, v. 28: Tulsa, OK, SEPM Spec. Publ., p. 11-30.
McKenzie, J. A., 1981, Holocene Dolomitization of Calcium
Carbonate Sediments from the Coastal Sabkhas of Abu Dhabi,
U.A.E.: A Stable Isotope Study: The Journal of Geology, v. 89,
p. 185-198.
Middleburg, J. J., G. J. de Lange, and R. Kreulen, 1990, Dolomite formation in anoxic sediments of Kau Bay, Indonesia:
Geology, v. 18, p. 399-402.
Moreira, N. F., L. M. Walter, C. Vasconcelos, J. McKenzie, and
P. J. McCall, 2004, Role of sulfide oxidation in dolomitization:
Sediment and pore-water geochemistry of a modern hypersaline
lagoon system: Geology, v. 32, p. 701-704.
Morrow, D. W., and B. D. Ricketts, 1988, Experimental investigation of sulfate inhibition of dolomite and its mineral analogues:
Shukla, Vijai, Baker, Paul A. Sedimentology and geochemistry
of dolostones, based on a symposium. Special Publication Society of Economic Paleontologists and Mineralogists, v. 43, p.
25-38.
Müller, D. W., J. A. McKenzie, and P. A. Mueller, 1990, Abu
Dhabi sabkha, Persian Gulf, revisited; Application of strontium

Page 15

www.saltworkconsultants.com

isotopes to test an early dolomitization model: Geology, v. 18,
p. 618-621.

Ca-dolomite and high Mg-calcite formation: Geobiology, v. 1,
p. 71-79.

Patterson, R. J., 1972, Hydrology and carbonate diagenesis of
a coastal sabkha in the Persian Gulf: Doctoral thesis, Princeton
University, 473 p.

Vasconcelos, C., and M. J. A., 1997, Microbial mediation of
modern dolomite precipitation and diagenesis under anoxic
conditions (Lagoa Vermelha, Rio de Janeiro, Brazil): Journal of
Sedimentary Research Section A-Sedimentary Petrology & Processes, v. 67, p. 378-390.

Patterson, R. J., and D. J. J. Kinsman, 1981, Hydrologic framework of two sabkhas along the Arabian Gulf: Bulletin American
Association of Petroleum Geologists, v. 65, p. 1457-1475.
Patterson, R. J., and D. J. J. Kinsman, 1982, Formation of diagenetic dolomite in coastal sabkhas along the Arabian (Persian)
Gulf: American Association of Petroleum Geologists Bulletin,
v. 66, p. 28-43.
Perkins, R. D., G. S. Dwyer, D. B. Rosoff, J. Fuller, P. A. Baker,
and R. M. Lloyd, 1994, Salina Sedimentation and Diagenesis:
West Caicos Island, British West Indies: Dolomites, p. 35-54.
Roehl, P. O., and R. M. Weinbrandt, 1985, West Cat Canyon
Field, in P. O. Roehl, and P. W. Choquette, eds., Carbonate Petroleum Reservoirs, Springer, New York, p. 525-545.
Rosen, M. R., D. E. Miser, M. A. Starcher, and J. K. Warren,
1989, Formation of dolomite in the Coorong region, South Australia: Geochimica et Cosmochimica Acta, v. 53, p. 661-669.
Rosen, M. R., D. E. Miser, and J. K. Warren, 1988, Sedimentology, mineralogy and isotopic analysis of Pellet Lake, Coorong
region, South Australia: Sedimentology, v. 35, p. 105-122.
Shearman, D. J., 1963, Recent anhydrite, gypsum, dolomite, and
halite from the coastal flats of the Arabian shore of the Persian
Gulf: Geological Society of London, Proceedings, v. 1607, p.
63-65.
Shinn, E. A., 1968, Selective dolomitization of Recent sedimentary structures: Jornal Sedimentary Petrology, v. 38, p. 612-616.
Shinn, E. A., 1983, Birdseyes, fenestrae, shrinkage pores, and
loferites; a reevaluation: Journal of Sedimentary Petrology, v.
53, p. 619-628.
Shinn, E. A., R. N. Ginsburg, and R. M. Lloyd, 1965, Recent
supratidal dolomite from Andros Island, Bahamas, in L. C. Pray,
and R. C. Murray, eds., Dolomitization and limestone diagenesis. A symposium: Tulsa, OK, Soc. Econ. Pal. Min., Special
Publication No.13, 180 p.
Swart, P. K., D. Berler, D. McNeill, M. Guzikowski, S. A. Harrison, and E. Dedick, 1989, Interstitial water geochemistry and
carbonate diagenesis in the subsurface of a Holocene mud island
in Florida Bay: Bulletin of Marine Science, v. 44, p. 490-514.

Vasconcelos, C., R. Warthmann, J. A. McKenzie, P. T. Visscher,
A. G. Bittermann, and Y. van Lith, 2006, Lithifying microbial
mats in Lagoa Vermelba, Brazil: Modern Precambrian relics?:
Sedimentary Geology, v. 185, p. 175-183.
Vasconcelos, C. O., J. A. McKenzie, S. Bernasconi, D. Grujic,
and A. J. Tien, 1995, Microbial mediation as a possible mechanism for natural dolomite formation at low temperature: Nature,
v. 337, p. 220-222.
Wacey, D., D. T. Wright, and A. J. Boyce, 2007, A stable isotope
study of microbial dolomite formation in the Coorong Region,
South Australia: Chemical Geology, v. 244, p. 155-174.
Warren, J. K., 1990, Sedimentology and mineralogy of dolomitic Coorong lakes, South Australia: Journal of Sedimentary Petrology, v. 60, p. 843-858.
Warren, J. K., 2000, Dolomite: Occurrence, evolution and economically important associations: Earth Science Reviews, v. 52,
p. 1-81.
Warren, J. K., 2016, Evaporites: A compendium (ISBN 978-3319-13511-3): Berlin, Springer, 1854 p.
Warthmann, R., C. Vasconcelos, H. Sass, and J. A. McKenzie,
2005, Desulfovibrio brasiliensis sp. nov., a moderate halophilic
sulfate-reducing bacterium from Lagoa Vermelha (Brazil) mediating dolomite formation: Extremophiles, v. 9, p. 255-261.
Wenk, H. R., Hu Meisheng, and S. Frisia, 1993, Partially disordered dolomite: microstructural characterization of Abu Dhabi
sabkha carbonates: American Mineralogist, v. 78, p. 769-774.
Wood, W. W., W. E. Sanford, and A. R. S. Al Habshi, 2002,
Source of solutes to the coastal sabkha of Abu Dhabi: Geological
Society of America Bulletin, v. 114, p. 259-268.
Wright, D. T., 1999, The role of sulphate-reducing bacteria and
cyanobacteria in dolomite formation in distal ephemeral lakes of
the Coorong region, South Australia: Sedimentary Geology, v.
126, p. 147-157.

van Lith, Y., C. Vasconcelos, R. Warthmann, J. C. F. Martins,
and J. A. McKenzie, 2002, Bacterial sulfate reduction and salinity: two controls on dolomite precipitation in Lagoa Vermelha
and Brejo do Espinho (Brazil): Hydrobiologia, v. 485, p. 35-49.
Van Lith, Y., R. Warthmann, C. Vasconcelos, and J. A. McKenzie, 2003, Sulphate-reducing bacteria induce low-temperature

Page 16

www.saltworkconsultants.com

Saltworks Consultants Pty Ltd
ABN 068 889 127
Kingston Park,
5049 South Australia
Email: enquiries@saltworkconsultants.com
Web Page: www.saltworkconsultants.com
Page 17

