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Saline Dolomites: Saline marinemargin analogs - Coorong Lakes
Introduction

More than two hundred years ago, the mineral dolomite
was first described in the French Alps by the French geologist Dolomieu, and the mineral was later named after him
(Dolomieu, 1791). Since then, a variety of mechanisms and
processes have been used to explain the formation of dolomite, including Holocene dolomites identified in contemporary Coorong-style lacustrine dolomite, sabkha-style
arid peritidal dolomite, and normal seawater dolomite
settings. These modern dolomites are variously described
as penecontemporaneous, syndepositional or eogenetic.
Lattice structure in Holocene dolomites is always highly
disordered with mineral compositions that are calcian or
magnesian-rich and never truly stoichiometric (Mg: Ca =
1). Then there are the early burial diagenetic (eogenetic to
early mesogenetic) forms of dolomite (brine reﬂux dolomite, mixing-zone dolomite, and organogenic dolomite),
as well as later mesogenetic or burial forms of dolomite.
Ancient (pre-Holocene) dolomites tend to more ordered
lattice structures, with chemistries approaching stoichiometric (Land, 1985; Warren, 2000).
Dolomite is an enigmatic
mineral at any stage we care
to study it. We still do not
know if ancient dolomites
were seeded in settings
similar to those associated
with Holocene dolomite, or
if there is a separate set of
basin-scale, late eogenetic
to mesogenetic, hydrologies that create subsurface
dolomites, independent of
the small-scale systems we
know are active in the Holocene.
To the Oil and Gas industry, a dolomitised limestone
can be a significant reservoir
in various subsurface settings where intercrystalline
porosity enhances both the

effective storage capacity and permeability of many dolomitised reservoirs, especially reflux dolomites. Likewise,
dolomite is a common gangue mineral associated with
many base metal ore deposits (Warren, 2000, 2016).

Most authors agree that precipitating dolomite (cf calcite)
is a kinetic problem that must overcome an energy barrier
imposed by Mg2+ hydration and that ordered placement
of cations as alternating Mg and Ca layers separated by a
carbonate layer requires high levels of kinetic energy (Lippmann, 1973; Land, 1998; Warren, 2000). Mechanisms
proposed to overcome this kinetic prohibition include; increased Mg/Ca, removal of sulphate, microbial catalysis,
carboxyl group facilitation and abiogenically from solutions containing polysaccharides such as carboxymethyl
cellulose or agar (Figure 1). This multiplicity of causes ties
to what is known as the dolomite problem via a simple
twofold statement: 1) there is a sharp contrast between the
scarce poorly-ordered thin-bedded modern dolomite occurrences and the abundant stoichiometric thick-layered
platform-wide units of ancient dolomite; 2) there is significant chemical variation in environments where dolomites
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form through time (Machel and Mountjoy, 1986; Warren,
2000).

Ancient crystalline dolomite, generally found as massive
diagenetic dolomite masses in marine carbonates, has experienced multiple dolomitization episodes. In contrast,
primary mechanisms for the formation of patchy Holocene dolomite are typically defined by a combination of
evaporation and bacterial/archaeal activity, with limited
subsequent diagenesis. Accordingly, Holocene dolomite
usually carries its original depositional, hydrogeochemical
and isotopic signatures.
Holocene dolomite is crystallographically immature and
labile, leading to the notion of dolomite seeding from protodolomite, whereby initial forms of highly disordered dolomite can mature crystallographically and, within crossflows of magnesian subsurface waters, expand the volumes
of dolomitized marine sediments (Land, 1985; Rosen et
al., 1989; Warren, 1990; Warren, 2000). Others have argued that a notion of Holocene dolomite is an overcomplication and that Holocene dolomites are better considered
highly disordered forms of magnesian calcite and so are
perhaps largely irrelevant to models called upon to explain
ancient dolomites (Gregg et al., 2015).
This series of three articles looks
at dolomite in saline settings,
ranging from the modern lacustrine to ancient evaporitic platforms. The three articles offer
partial updates an old Warren
(2000) paper. In the first article,
we look at dolomite in saline marine-margin settings, focusing
mostly on the nature of dolomite
mineralogy and distribution in
the Salt Creek lakes, Coorong
region, South Australia. In the
next article, we focus on the bacterial association with dolomites
in some brackish to hypersaline
saline settings in Brazilian carbonate lagoons and Abu Dhabi sabkhas and compare these
Holocene mineralogies with the
Coorong, while in the third, we
will have a look if these Holocene
occurrences relate to brine reflux
and other ancient dolomitization
models and occurrences.
More than 30 years ago Lynton
Land (1985) said;

"No single model of dolomitization unequivocally accounts for

all aspects of any massively dolomitized ancient limestone.
All models have significant flaws, and our understanding
of the dolomitization process and its relation to other diagenetic processes (silicification, stylolitization, organic
maturation, etc.) is imperfect."
In many ways, this statement remains true, and as we discuss in part 3, there is also a scaling dichotomy when we
compare the thicknesses and lateral extents of Quaternary
dolomite hydrologies with ancient platform dolomites. We
shall discuss the hydrological contrasts tied to scaling difference in the third article of this series.

Coorong dolomite

The Coorong describes a back-barrier saline lagoon, some
150 km long, formed landward of Holocene beach-dune
barrier, Younghusband Peninsula and represents the longest coastal lagoon in Australia (Figure 2). Its name is
derived from the Aboriginal word 'Karanj' or 'Kurangh'
in reference to a long neck of water. The southern ocean
makes up the seaward side of the calcarenite dunes of the
Younghusnad Peninsula, with laminated carbonate muds
flooring much of the Coorong Lagoon. Deformational
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Figure 2. Coorong. A) View to the south of the Murray mouth and the upper part of the perennial
Coorong Lagoon, South Australia. B) Deformed back-barrier muds of the southern Coorong Lagoon
resulting from the load imposed by actively migrating coastal parabolic dunes, visible in the middle
distance. C) Detail of the deformed back-barrier muds of the Coorong Lagoon. D) Longitudinal
view looking south along the eastern margin of (left-side of photograph) the deformed back-barrier
lagoonal muds of the southern Coorong Lagoon. (after Murray-Wallace, 2018).
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loading drives soft-sediment folding in lagoonal laminites,
where parabolic coastal dune sands are prograding across
the lagoon (Brown 1965, 1969; Bourman et al. 2016). This
loading forms a series of small en échelon anticlines with
sinuous crests, ﬂattened culminations and steeply dipping
limbs (Brown 1965, 1969; Bourman et al. 2016). Outcrops
of fold structures can be traced for over 4 km along the
loaded lagoon edge with individual fold crests up to 0.5–2
m above the lagoon surface, 2–3 m wide, with fold axes up
to 130–200 m long, parallel with the primary trend of the
Coorong Lagoon (Figure 2b-d). Many of the ridges are
arcuate-shaped in plan-form and at their widest occur in a
belt 150 m wide. Normal faults with steeply dipping fault
planes towards the lagoon have been observed within the
dune sands at the margin of the lagoon due to subsidence
of the lagoonal muds. The intensity of deformation is highest near the dunes closest to the centre of maximum loading. These features were termed 'mudlumps' by Townsend
(1974) who noted that these mud anticlines and diapiric
structures are similar to, but smaller than, load features observed in a major distributary channel of the Mississippi
River.

A.

X

Y

Although dolomite is not forming in the bottom sediments
of the present Coorong Lagoon, the Coorong dolomites
take their name from this lagoon; an extensive Holocene
estuary floored by laminated aragonite and Mg-calcite
muds. It forms a back-barrier low behind the calcareous
Holocene coastal dunes of the Younghusband Peninsula
This Holocene barrier is more than 200 km long and a few
kilometres wide, extending from Kingston to the Murray
River mouth (Figure 2a, 3).

The area behind the main Coorong Lagoon is characterised by a series of near-parallel Pleistocene beach-dune
ridges, separated by interdunal furrows which are in part
filled with lagoonal and lacustrine carbonate sediments
(Schwebel, 1983). A beach-dune ridge was deposited on
the coastal plain each time the ice caps melted, and sea
level reached a high stand (Figure 4; Schwebel, 1978; Warren, 1983; Murray-Wallace et al., 2001). There have been
around 21 high stillstands in the last 700,000 years, shaping the 13 distinct coastal ranges of the Southeast Province
of South Australia, located SE of even older dune ridges
behind the Naracoorte escarpment (Figure 4 and Figure
3b showing numbered ridges). Pleistocene ridges tend
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Most early work in the region concentrated on small marine-margin
salinas that that contained dolomite, but there are many salinas,
probably the majority, where the
fill is dominated by carbonate mineral phases other than dolomite
(Warren, 1990). Fills include low
and high Mg-calcite, magnesite,
hydromagnesite, aragonite, and
less commonly gypsum (Table 1).
Other primary minerals found in
lesser amounts in the saline lakes
include amorphous silica, monohydrocalcite, nesquehonite and
huntite. Warren (1990) in a series
of cories across the whole region
found the most prolific volumes of
dolomite occur in the interdunal
lows in the vicinity of Salt Creek,
especially Milne Lake (Figure 5;
Table 1).

Von der Borch (1976) observed
that Holocene dolomite occurs
0
200
600
800
1000
400
in areas of the coastal plain where
Age (ka)
Figure 4. Ages of relict coastal barriers across the Coorong Coastal Plain in southern South Australia rainfall is less than 700 mm, en(after Murray-Wallace et al., 2001; Murray-Wallace 2018; Schwebel, 1983).
compassing the area between
Kingston and Salt Creek). He sugtobe preserved due to ongoing slow rise of the southeastgested
that
south
of
the
700 mm isohyet, reduced evaporaern plain driven by magma emplacement over a hotspot
tion
rates
and
higher
rainfall
prevented the concentration
across the past few million years. This hotspot is now cenof
lake
waters
to
salinities
where
dolomite could precipitred on the Mt. Gambier region, where the last volcanic
tate.
event occurred around 1,500 years ago (Sheard, 1978).
Today, the northern end of the Coorong Lagoon, from Regional sampling of lakes across the area tied to climate
the Murray River mouth to Salt Creek, is a continuous confirms his postulate and shows that the more magnewater body termed the open Coorong Lagoon. (Figure sian-rich dolomites tend to occur in the more arid north2, 3). The southern end of the lagoon, from Salt Creek to western portion of the Coorong coastal plain, centred on
Kingston, once a continuous water body, has been broken lakes in the vicinity of Salt Creek, while Mg-calcite and
up into a series of ephemeral lakes by the migration of Ho- calcite filled salinas are increasingly common in the cooler
locene coastal dunes across the lagoon. This area is called moister parts to the southeast (Warren, 1988, 1990). More
the ephemeral Coorong Lagoon. Thin, localised dolomites recently, papers detailing the organic constituents of selectare forming in parts of the ephemeral lagoon margin and ed Coorong lakes, and their geological significance, have
various interdunal lows behind the main Coorong Lagoon been published and the sapropels underlying the dolomite
(Alderman and Skinner, 1957). Waters in the various lake and other saline phases are radiocarbon-dated (Krull et al.,
sumps of the ephemeral Coorong Lagoon and other in- 2009; McKirdy et al., 2010).
derdunal sumps are brackish in winter and hypersaline in Textures in Coorong salinas and pans are mostly indesummer.
pendent of mineralogy and can be related to salinity,
The various ephemeral lakes and lagoons of the Coorong brine depth and permanence (Figures 6a, 7; Warren, 1990,
Region was first documented as areas of modern dolomite 1994). If the salina possessed an early Holocene connecprecipitation by Mawson (1929), but the region was not tion to the marine waters of the Coorong Lagoon, then
studied in any detail until the work of Alderman and Skin- the lowermost Holocene unit is a marine/estuarine skeletal
ner (1957), von der Borch (1965, 1976), von der Borch and grainstone/packstone, similar to Holocene units flooring
Lock (1979), Rosen et al. (1988, 1989) and Warren (1988, the more saline salinas of the Marion lake Complex and
Lake Macleod (Figure 6). If there was no marine connec1990), Wacey et al. (2007)
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Figure 5. Ephemeral Holocene carbonate-filled lakes in the vicinity of Salt Creek, where Milne lake contains up to 3.5 m of dolomite (see Table 1).

tion to the Coorong lagoon, then the basal unit is a quartzose packstone to wackestone. These lowermost sediments
can contain small percentages of diagenetic calcian (Type
B) dolomite (Rosen et al., 1989).

faecal pellets in the laminated unit is a direct reflection of
energy level and organic binding on the subaqueous salina
floor. In areas of higher wave energy/bottom currents and
little or no algal binding, the sediment is a packstone. Such
sediments are more common about the salina edge and in
the shallower parts of the more central sediment fill. In
areas of lower wave energy in relatively deeper water, or

Above the lowermost unit is a variably-developed massive
to faintly laminated organic-rich unit. In lakes with an
early marine connection, the levels of total organic carbon
(TOC) in this unit can be
as high as 12%, usually as an
Unit
North Stromatolite
Lake
oil-prone proto-kerogen. Its
Massive Unit
formation indicates a seasonally stratified water column
Mineralogy
Hydromagnesite +
Aragonite
where fresh oxygenated water seasonally overlays stagThickness
0.4-0.6 m
nant marine water, during
the transition from a surface
Laminated Unit
connected marine estuary to
Mineralogy
Hydromagnesite ±
a totally isolated groundwaAragonite ± Magnesite
ter-fed salina.
Above this is a mm-laminated unit of pelletal packstone
to mudstone, deposited on
the floors of perennial, but
schizohaline, density-stratified brine lakes, which formed
in the Salt Creek region once
the estuarine connection to
the open Coorong Lagoon
was cut off by beach-ridge accretion at the entrance to the
chain of salinas around 6400
years ago. The proportion of

Pellet Lake

Dolomite Lake

Halite Lake

Milne Lake

Dolomite (A) ±
Hydromagnesite

Dolomite (B)

Hydromagnesite +
Aragonite

Dolomite (A) ±
Magnesite ±
Amorphous silica

0.4 - 0.6 m

0.1 - 0.2 m

0.1 - 0.2 m

0.4 -0.6m

Hydromagnesite
± Aragonite ±
Magnesite

Aragonite ± Calcite ± Mg-calcite

Gypsum + Aragonite

Dolomite (A) ±
Hydromagnesite
± Magnesite

1.0 - 1.5m

1.0 - 1.5 m

0.5 - 1.0 m

1.0-2.0 m

1.0 - 3.5 m

Mineralogy

Calcite ± Mg-calcite ±
Aragonite

Calcite ± Mg-calcite ± Aragonite

None

Calcite ± Mg-calcite ± Aragonite

None?

Thickness

0.1 -0.3 m

0.1 - 0.3 m

-

0.2 -0.4 m

Mineralogy

Detrital Quartz ±
Dolomite (B) ± Calcite
± Aragoniote

Detrital Quartz
± Dolomite (B)
± Calcite ±
Aragonite

Detrital Quartz ±
Dolomite (B)

Detrital Quartz ±
Dolomite(B)

Detrital Quartz
± Dolomite (B)
± Calcite ±
Aragonite

Thickness

0.1 - 0.2 m

0.1 - 0.2 m

0.1 - 0.3 m

0.1 - 0.2 m

0.1 - 0.2m

Thickness

Organic-rich
unit

Basal Unit

Table 1. Mineralogic stratigraphy of Salt Creek Lake region
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in areas of algal binding, the sediment is a wackestone or at times
a mudstone. Muddier sediments
are more common in the central
parts of a salina. In a few coastal salinas with no early Holocene
marine connection, such as Milne
Lake, the laminated unit is dominated by magnesian dolomite in
a unit up to 5 metres thick (Table
1, Figure 6). More typically the
laminated unit in the Coorong
ephemeral lake fill is composed
of varying proportions of aragonite, hydromagnesite, magnesian
calcite and low magnesian calcite.
In one marine-seepage lake of the
Salt Creek region (Halite Lake), it
is made up of laminated gypsum/
aragonite couplets.

A.
“Massive unit” Indistinctly layered, pelleted mudstone/packstone
up to 1 m thick. Yoghurt-like consistency when freshly deposited.
Sedimentary structures indicate periodic subaerial exposure.

Roots
Intraclast breccia
Burrows
Tepees
Stromatolites
Extrusion structures
Desiccation cracks
Indistinct laminae
Laminated sediment
Marine/estuarine shells

“Pelletal laminated unit” Cm-mm layered bed <4 m thick.
In carbonate lakes is a mudstone to packstone, in evaporite lakes
is a mm-laminated gypsarenite.
Other than laminae, contains only rare sedimentary structures
-thin breccia bands, indistinct laminae

“Organic-rich unit” Dark brown to black bed up to 80 cm thick.
Organics are degraded filamentous cyanobacteria and Ruppia sp.
Body fossils are dwarf pelecypods and gastropods.
“Basal unit” Siliciclastic-carbonate grainstone to wackestone that
somtimes contains whole marine shells. Bed is < 1 m thick beneath
lakes and up to 4 m thick in interlake corridors.

Type 2a association
Interdunal
corridor

B.

Type 1 association
Lake edge
Massive unit

1-4m

Capping the lake sediments is a
Lake sump
"massive" unit of poorly layered
Crust
packstone/mudstone. It is usualBasal
unit
ly less than 60-80 cm thick and
shows varying degrees of induraLaminated unit
tion from brecciated crusts about
Pellet Lake
the salina edges to domal leathHalite Lake
ery stromatolites in some of the
Milne Lake
North Stromatolite Lake
Organic-rich
Tepee Lake
more central water-covered arSouth Stromatolite Lake
unit
eas. Domal stromatolites seem to
flourish in Coorong salinas filling
≈ 1 km
with a mixture of hydromagnesite
and aragonite (Figure 7d). This, Figure
Figure6.6.Geology
Geology
of dolomite
in Coorong
Lakes,
Australia.
A. Stratigraphy
to all
of dolomite
in Coorong
Lakes,
SouthSouth
Australia.
A. Stratigraphy
commoncommon
to all crbonate
crbonate
lake fill. B)cross
Schematic
(after
Warren, 1990).
the uppermost part of the sedi- lake
fill. B) Schematic
sectioncross
(aftersection
Warren,
1990).
ment fill, usually holds the bulk of
linas precipitating hydromagnesite and aragonite. Brackthe evaporative dolomite in the majority of the Coorong ish lakes, such as Lake Fellmongery, in the southeastern
carbonate salinas containing dolomite, especially in the part of the Coorong coastal plain, have well-developed alvicinity of Salt Creek. But the Massive Unit can also be gal tufa fringes, as described earlier, with some tufas first
composed of aragonite, hydromagnesite, magnesian cal- precipitated as monohydrocalcite and quickly altering to
cite and magnesite. This uppermost unit in the Coorong calcite. Surfaces of all the carbonate-filled salinas in the
lake fill stratigraphy contains numerous terrestrial burrows Coorong coastal zone are half a metre or more above sea
and root traces, as well as mud cracks, extrusion tepees and level indicating the current nonmarine supply of waters (as
breccia fragments - all features indicative of at least occa- groundwater cannot flow uphill). Some Coorong lakes had
sional desiccation and thorough bioturbation (Figures 7b, a marine seepage connection in their earlier stages of infill
c).
(e.g. Halite Lake, with a laminated unit composed of gypWhatever the mineral assemblage, the dominant textural feature in the sediment column of a carbonate salina is lamination passing up section into a more massive
unit with evidence of seasonal subaerial exposure of the
sedimentation surfaces (Figure 6). Extrusion tepee-overprinted carbonate crusts are prevalent in the desiccated
strandzones of the lake margins (Figure 7c), while domal
stromatolites and cyanobacteria are common in areas of
more permanent brine cover or saturation, especially in sa-

sum and aragonite; Figure 5).

Organic content and biomarker stratigraphy in North
Stromatolite Lake defines five discrete organic facies, each
with a distinctive mineralogy (Figure 8a,b; McKirdy et
al. 2010; Mee et al., 2004). The organic-rich unit (6−12%
TOC) may be subdivided into facies 1 (Type I/II kerogen)
and 2 (Type II kerogen), whereas the organically-leaner
laminated and massive units are distinctly bimodal with
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ing brine shrimp, gastropods and
ostracods during the shallowing
perennial and ephemeral phases
of the lake's history. One sample
from the basal unit is representative of organic facies 5 (Type IV
kerogen).

A.

Aliphatic hydrocarbon distributions in these lacustrine sediments are dominated by C20 and
C25 highly branched isoprenoids;
and C12−C33 n-alkanes displaying
marked odd/even predominance
above, and even/odd predominance below C20. This biomarker
assemblage reflects the respective
significant contributions of Bacillariophyceae (diatoms), Chlorophyceae (green algae) and eubacteria (including cyanobacteria) to
their preserved organic matter.the
sediments passage through the
guts of the aforementioned grazers and excretion as faecal pellets
has dramatically enhanced the
relative abundance of cholest-2ene, thereby imparting to the pelletised upper sapropel, laminated
and massive units a molecular signature indicative of mud ingestion and excretion.

B.

Biomarker work across the sapropel underlines significant distinctions, not generally recognised in
sedimentological studies, namely
(McKirdy et al., 2010; Edwards et
al., 2006): 1) Absence or presence
of lamination in a fine-grained lacustrine succession does not necessarily mean that the sediment
has or has not been ingested;
however the absence or presence
cholest-2-ene does. 2) If pellets
Figure 7. Coorong sedimentology. A) Aerial view of Pellet Lake looking west across the Coorong
are deposited as soft aggregations
Lagoon, Younghusband Peninsula and the Southern Ocean. B) Polygonal cracks in drying yoghurt-like
muds, looking south across the western margin of North Stromatolite Lake. C) Extrusion tepees in an
of micrite, then the pelleted texindurated crust on the west edge of North Stromatolite Lake. D) Domal stromatolites exposed at the
ture will be quickly lost during
very low water stage in late summer.
the physical compaction assorespect to organic content, hosting both facies 3 (Type II/
ciated with early burial and diaIII kerogen) and 4 (Type III kerogen). The latter two facies genesis, yet the organic signature of ingestion may remain.
together define an inverse relationship between hydrogen 3) In lacustrine associations, high levels of hydrogen-rich
index and TOC content, which is a geochemical signa- Type-1 protokerogen may have accumulated beneath relture attributed to differences in the extent of pelletisation atively-shallow bottom waters (<5m deep) that, although
of carbonate muds by a diverse halotolerant fauna includ- meromictic, were not necessarily perennially anoxic.

C.

D.
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Figure 8. A) Total Organic Carbon (TOC) distribution in various carbonate and evaporite lakes across the Coorong Region. B) Plot of homohopane/cholest-2-ene ratio versus depth in a core from North Stromatolite Lake recording the up-section addition of faecal cholesterol to the mud by
benthic microfauna that grazed on algae and cyanobacteria. The right-hand panel highlights a parallel increase in cholest-2-ene as a proportion
of the total eukaryotic input of C27−C29 Δ2-sterenes (Warren, 1988; McKirdy et al., 2010).

A.

North
Coorong Lakes

Lagoon M (Skinner, 1963)
Kingston Lake (Mawson, 1929)

South
2θ

B.

to calcite

Dolomite A

16.20
16.15
16.10

Co

Dolomite B

16.05
16.00
15.95

to magnesite

4.84

4.82

Ao

4.80

4.78

Figure 9. Ordering in newly precipitated Coorong carbonates. A) XRD
curves from selected lagoons showing dolomite samples with varying
degrees of crystallinity and ordering. B) Unit cell parameters of type A
and Type B dolomite across various Coorong lakes (in part after Rosen
et al., 1989; Warren, 1990).

Volumetrically, most salina carbonates in the various Coorong Lakes form by the evaporation of unconfined magnesium-rich continental groundwaters, driven to the surface along the coastal zone as they float up over a more
dense seawater wedge. That most dolomite forms where
large volumes of resurging continental waters can evaporate, explains why the thickest Coorong dolomites form
adjacent to the present coast. However, mineralogically
similar dolomites are also precipitating 20-40 km further
inland as thin capping units in fully continental ephemeral
lakes. Similar inland dolomites typify surficial Holocene
carbonates in inland saline lakes on the Volcanic Plains
of Victoria, in a region hundreds of kilometres east and
southeast of Salt Creek (De Deckker, 2019. All these areas
are well away from the seawater wedge, but still in areas
where the regional bicarbonate-rich watertable intersects
the land surface in sumps where resurfacing continental
groundwaters pond and evaporate.

Dolomites in salinas in the Salt Creek region precipitate as
two geochemically and isotopically distinct types (TypeA
and B), typically in association with other carbonate minerals (Figure 9; Table 1). Figure 9a shows typical XRD
traces in various dolomite entraining ephemeral lakes with
varying degrees of lattice spacing and ordering. Results
from over 150 unit cell calculations in the lakes of the Salt
Creek region (Figure 8b) show that dolomite unit cell
dimensions are grouped into two categories. These two
categories correspond to the type A and type B dolomite
groups, which are also distinct in their stable isotope signatures. Type A dolomite (which has heavier oxygen and
carbon values) has unit cells expanded in the c0 direction
(average of 16.08 Å) and contracted in the a., direction (average of 4.799 Å) with respect to ideal dolomite (a0,= 4.812
c0 = 16.02). Most samples from type B dolomite (which
has lighter oxygen and carbon values), particularly those
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Figure 10. Isotopic signatures of Type A, Type B dolomite and sapropel carbonates across various Coorong Lakes. (after Rosen et al., 1989;
Wacey et al., 2007; Warren, 1990, 2016).

from the margins of the lakes, are expanded in both the c0
and a0 directions. Average unit cell dimensions for type B
dolomite are a0,= 4.827 and c0 = 16.15.

Type A dolomite is dominated by Mg-rich dolomite, con
taining up to 3 mole percent excess MgCO3. Type B dolomite samples from the basal siliciclastic sand may have
nearly stoichiometric compositions, whereas type B dolomite from the margins of the lakes or lake corridors is
invariably more Ca-rich. This difference is also reflected
in the calculated unit cell values. Possible depth-related
trends are present in type A and type B dolomite in Pellet
Lake, but only within individual cores (Rosen et al., 1988).
However, clear lake-wide trends or interlake trends in lattice ordering were not observed for either type A or type
B dolomite.
Type-A dolomite also has distinct unit cell dimensions
(Figure 8). It tends to be magnesium-rich with up to 3
mole percent excess MgCO3, while type-B is nearer stoichiometric and tends toward calcian-rich. Type-A dolomite typically occurs in association with magnesite and
hydromagnesite, Type B with Mg-calcite.

more variable and do not appear to follow a simple trend.

Aragonite from both Dolomite and Halite Lake is 1 to
3‰ lighter in oxygen isotope values than the Type B dolomite from the cores from which the sample was taken,
and the carbon values are 2 to 4‰ heavier (Figure 10).
Similarly, the calcite value from Dolomite Lake is almost
7‰ lighter in oxygen than the dolomite from the same
core, though the carbon values are similar.
Transmission electron microscopy (TEM) shows that Type
A dolomites have a heterogeneous microstructure due to
closely spaced random defects, while type B dolomites exhibit a more homogeneous microstructure implying excess
calcium ions are more evenly distributed throughout the
lattice (Figure 11). TEM studies show that the two types
of Coorong dolomite are distinct and are not intermixed
with other mineral phases; they are primary precipitates,
and not replacements and are not transitional (Miser et al.,
1987; Rosen et al., 1989).

Sapropel carbonates are typically mixtures of aragonite
and Mg-Calcite, indicative of the somewhat lower ambient salinities when these sediments precipitated (McKirdy
As for their geochemical character, two types of dolomite, et al., 2010). As such, sapropel carbonates tend to occupy
type A and type B, are recognised from their isotopic sig- a distinct isotope plot field compared to type A and B donature Figure 10). Type-A dolomite has a slightly heavi- lomite (Figure 10). Their somewhat more negative carbon
er oxygen isotope signature than type-B, and is 3 - 6‰ isotope values may indicate a more significant organic conheavier in 13C (Figure 10). Type A dolomite is, in general, tribution to the carbonate precipitate in the sapropel. The
somewhat heavier in oxygen (mean = +7.6) than type B separation of isotope fields for dolomite A from dolomite
dolomite (mean = +6.4) and is 3 to 6%o heavier in carbon B is also mainly due to differences in carbon values, with
than type B dolomite (mean, type A = + 3.5‰; mean, type dolomite B tending to have more negative values. Rosen et
B = -1.2‰). Figure 10 shows a fairly tight fit of type A al. (1989) attributed this to differences in water chemistry
dolomite along a linear trend (correlation coefficient = 0. (more evaporitic versus more meteoric-influenced feeder
75) that is interpreted and indicative of Rayleigh (evapo- brine).
ritic) distillation. Type B dolomite C-O isotope values are
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In subsequent papers, Wright
(1999) Wacey et al. (2007)argued dolomite formation in the
Coorong salinas is bacterially
mediated, based on a combination of SEM and sulphur isotope observations. Bacteria can
undoubtedly play a role in shaping all isotope signatures. However, as we can see in Figure 10
neither type A and B dolomites
show the negative carbon values typically associated with
the bacterial sulphate reduction
(BSR) and Coorong dolomite
plotfields lie outside the documented sulphate reduction or
methanogenic dolomite fields
(Figure 10).

A

0.2µm

B

0.1 µm

Figure 11. TEM dark field photomicrographs (after Rosen et al., 1989) A) Type A dolomite with a
heterogeneous appearance due to extremely closely spaced lattice defects. The small, pseudo-lamellar features at the top of the crystal are interference fringes caused by the overlapping of domains
of the crystal with slightly different orientations. B) Type B dolomite crystal showing well developed
rhombohedral crystal faces. Ordering is still imperfect, but better than most type A dolomite.

There is also a significant separation in C-O plot fields
obtained by Rosen et al., 1989; Warren, 1990) and Racey et
al., 2007. This may in part be indicative of where and how
the samples for isotope analysis were collected. The examples analysed by both Rosen and Warren were recovered
during a series of core transects taken across all the various
lakes, with coring recovering Holocene sediment from the
sediment surface down to the base of the Holocene section (depths up to 3.5 km) with transects running from
a lake margin, across the lake centre and out to the other
lake margin. Where Warre4n(1990) collected single cores
in some lakes to the south east of the Salt creek region the
cores were taken near the lake centre and not near the lake
edge. For Wacey et al. (2007), sampling site locations are
not noted, other than the name of the lake where the sample was collected. The Wacey et al. (2007) isotope samples
were collected in each lake from the uppermost part of the
sediment column using a 5 cm3 open-ended syringe.

Rosen et al. (1989) and Warren (1990) show that the Dolomite Type B tends to occur in the meteorically influenced resurgence zone that defines the periphery of the
various lakes fills, while Type A dolomites tend to occur in
the more uliginous central sumps of the various lakes. One
can contrast the spatially-limited very surficial sampling of
the biological approach of Wacey et al., with the geological
strategy of 3D sampling of the complete Holocene fill used
by both Rosen and Warren. A difference in sampling techniques and lake-edge positioning may explain the strongly meteoric values of the Wacey samples compared with
the more strongly evaporitic (including Rayleigh distillation) values illustrated in the isotope values of Rosen et al.
(1989) and Warren 1990. Their sampling stratagems are
different. Wacey wanted to document what is happening
isotopically at the sediment-brine interface in a dolomite

versus a non-dolomite lake. Warren and Rosen wanted to
isotopically sample a complete set of Holocene sediment
-brine interactions, incluinf the type B dolomite found at
depths in lakes basal unit, where little or no dolomite is
forming in the uppermosy sediment column.

Wacey et al. (2007) argue the lack of a clear bacterial (more
negative 13C values) isotopic signature indicates bacterially-mediated precipitates in the Coorong lakes incorporate
carbon primarily from the inorganic, lakewater reservoir,
partially diluted by an organic component. However, any
proposed precipitation process shouldn't oversimplify, ad
hoc modify, or overgeneralise the complex set of groundwaters and evaporativeprecipitation mechanisms across a
range of evolving carbonate mineralogies in the various
lakes of the Coorong. Figure 10 clearly shows dolomite
mineral phases in the Salt Creek region occupy separate
isotope plot fields and so likely involve a variety of feeder
chemistries and hydrologies. The research on the relative
importance of bacteria versus concentration on the formation of Coorong dolomite continues. We shall return to
the significance of sampling bias in bacterial studies and
isotope signatures in the next article of this series.
Dolomites in Coorong salinas are evaporitic carbonates,
once thought to only form in areas free of preserved evaporites (von der Borch and Lock, 1979). Yet, Milne Lake, a
salina filled with 4 metres of laminated dolomite-magnesite, lies less than a kilometre from Halite Lake, a depression filled with 2-3 metres of laminated gypsum-aragonite
(Figure 5; Warren, 1990).

Milne Lake was fed by seaward-flowing continental
groundwaters throughout its infill history. Halite Lake,
during the gypsum stage of its fill, was supplied by landward-flowing marine groundwaters (evaporative drawdown stage). Today, Halite Lake is filled to its hydrological
equilibrium level; its present depositional surface lies above
the level supplied by marine seepage, and it no longer accu-
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mulates laminated gypsum-aragonite. Above its laminated
gypsum-aragonite unit is a 10-50 cm thick capstone bed of
pelleted aragonite-hydromagnesite, a mineral association
that indicates a nonmarine groundwater feed dominates
the current surface hydrology, but with a distinct isotope
plot field (Figure 10). Other Coorong Lakes in the same
climatic zone, but located further inland, and more isolated from resurging marine groundwaters, are filled with
this aragonite-hydromagnesite association (Table 1; North
Stromatolite Lake and South Stromatolite Lake).
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