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Geobiological role of cyanobacterial
mats in sedimentary environments: production
and preservation of organic matter
John Bauld l
Cyan~bacterial mats are among the most productive of aquatic photosynthetic systems.
They were prevalent during the Precambrian, but now occupy limited, albeit widespread,
ecological niches. Organic carbon produced by cyanobacterial mats is, potentially, a source
material for kerogen and, later" hydrocarbon formation, a carbon and energy source for
biogenic H 2S production and metal sulphide deposition, and a reductant for abiogenic sulphide
formation. The paper ronsiders the microbiological and environmental constraints on the
occurrence, primary productivity, decompositi~n, and preservation potential of modem
cyanobacterial mats. It appears that bacterial decomposition to C02 and C~ will proceed
at salinities up to halite saturation, even under anoxic conditions, and that substantial
preservation will not take place except at salinities beyond this. Anoxic conditions alone
will not prevent decomposition of cyanobacterial mat organic carbon. Mat-constructing
cyanobacteria appear well-adapted to environments of fluctuating salinity and periodic
desiccation. A model that accommodates the environmental limits imposed by the physiology
of cyanobacterial primary producers and bacterial decomposers is consistent with the shallow
fluctuating saline lake palaeoenvironment invoked to explain some oil shale occurrences.

Introduction
Cyanobacterial mats are organosedimentary struc•
tures, often laminated, that grow at sediment! water
interfaces. These carpet-like structures (e.g. Fig. 1) are
constructed by benthic microbial communities, usually
dominated by filamentous cyanobacteria. The cyano•
bacteria are photosynthetic prokaryotes and all mem•
bers of the group utilise light energy to synthesise
organic carbon from CO 2 whilst evolving 02 (Stanier,
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Figure 1.

Smooth mat in the high intertidal zone of north•
eastern Spencer Gulf, South Australia.

A thin layer of photosynthetically active filamentous
cyanobacteria (1-2 mm thick) covers black, FeS-rich,
reducing sediments. This figure, which shows water•
logged mat, illustrates the mechanical strength of
the cohesive fabric produced by the entangled tri•
chomes of Microcoleus sp., their enveloping mucila•
ginous sheaths, and trapped and bound sediment
(see Figs. 6 and 7).
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1977). Some members of the group also carry out
facultative anoxygenic photosynthesis, in which H 2 S,
rather than H 2 0, is used as an electron donor, and So
replaces 02 as the oxidised product (Padan, 1979).
Cyanobacteria are also referred to by a plethora of
other names including cyanophycophyta, cyanochlo•
ronta, cyanophyta, myxophyta, blue-green bacteria and
blue-green algae. The terms 'cyanobacterial mat',
'blue-green algal mat', and 'algal mat' are often used
interchangeably. However, the last term should be re•
stricted to those mats constructed or dominated by
eucaryotic photosynthetic microorganisms, such as
diatoms.
Mats may be constructed by a single cyanobacterial
species. For instance, Entophysalis sp. builds pustular
(mammillate) mats in Shark Bay, Western Australia
(Figs. 2, 3, 4). In other mats there may be a dominant
species associated with one or more subdominant
species. In Spencer Gulf, South Australia, Lyngbya
sp. (Fig. 5) dominates tufted mat, where Microcoleus
sp. (Figs. 6, 7) and Schizothrix (Phormidium?) sp. are
subdominant. Whilst one or more cyanobacterial
species construct the mat and are responsible for the
biological component of morphogenetic control, the
structure often also contains a variety of photosynthe•
tic and heterotrophic bacteria, and eucaryotic algae,
of various cellular morphologies and biochemical
functions. Analogous fossil structures, known as
stromatolites (Walter, 1976), which preserve a record
of such mats and their activities, may also contain
recognisable microfossils which bear a close morpho•
logical similarity to living cyanobacteria. The great
antiquity of mat-constructing microorganisms is attested
to by reoent reports of 3500 m.y.-old Archaean
stromatolites from the Warrawoona Group of the
eastern Pilbara Block (Walter & others, 1980).
This paper briefly discusses the geobiological sig•
nificance of cyanobacterial mats with particular
emphasis on the consequences of their photosynthetic
activities . The production of organic carbon by cyano•
bacterial mats is partiCUlarly relevant to resource geo•
logists, since organic carbon is potentially a source
material for hydrocarbon formation, a carbon and
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energy source for biogenic H 2 S production and sub•
sequent metal sulphide deposition, and a source of
reductant for the formation of abiogenic sulphides.

Occurrence of cyanobacterial mats in
modern environments

Cyanobacteria occur in a wide range of modern
environments (Whitton & Sinclair, 1975), but cyano•
bacterial mats are generally restricted to more severe
or extreme environments. Extant cyanobacterial mats

Figure 4.

Entophysalis SP.. a coccoid, colonial cyano•
bacterium that constrncts pustular mat (Figs. 2
and 3).

The gelatinous sheaths, which contain a brown
pigment, are a series of concentrically layered en•
velopes, and encase individual cells and colonies.
Sediment particles can be seen adhering to the outer•
most sheath (scale bar = 25 ,urn).

Figure 2.

"'"

Pustular (mammillate) mat in the intertidal
zone at Hutchison Embayment, Hamelin Pool,
Shark Bay, Western Australia.
The mat is constructed by Entophysalis (Fig. 4) .
(Scale 10 em).

Figure 3.

Vertical section through adjacent smooth (left)
and pustular (right) mats from near Flagpole
Landing, Hamelin Pool.

Smooth mat covers laminated, reducing sediments
while pustular mat sediments appear neither
laminated nor reducing. (Coin is 28 mm in
diameter.)

Figure 5.

Lyngbya sp., the dominant cyanobacterium in
tufted mat.
This example is from mats in Fisherman Bay, Spen•
cer Gulf. The thick lamellated sheath, deeply stained
by brown pigment, is a tube encasing a single tri•
chome. (Scale bar = 50 ,urn).
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Figure 6.

Microcoleus sp. from smooth mat, Spencer Gulf.

Figure 7.

Several trichomes are contained within a thin,
loosely fitting tubular sheath. The sticky mucila•
ginous sheath binds and traps sediment particles
(seen here clearly outlining the external surface of
the sheath) and promotes cohesion and mechanical
strength (see Fig. 1). (Scale bar = 50 ,urn).

fiabitatlocation

Environmental regime
of mat

Mat characteristics

Microcoleus sp., showing the thin tubular nature
of the sheath, which contains several trichomes
with conical apical cells.

Sediment and detritus, and diatom frustules, adhere
to the outer surface of the sheath. (Scale bar =
25 ,urn.)

Dominant genera

Reference

LACUSTRINE
Lake 5, Signy Is.,
Antarctica

Freshwater. Per•
manently submerged.

Flat, felt-like. Extends
to water depth of ~I
m.

Phormidium spp.

Fogg & Horne (1970)

Lake Bonney, South
Victoria Land,
Antarctica.

Permanently sub•
merged. Saline; 1.4%0
(5 m) 310.7%0 (20 m).
Saline, meromictic.
Active calcite pre•
cipitation. Submerged,
partial exposure late
summer.
Saline, submerged
growth with marginal
e,xposure late summer.

Thick , smooth mat.
3-5 em thick, to
ca 10 m.

Phormidium sp.
Schizothrix spp.

Parker & others (1977)

Mat ~I em thick,
coating stromatolitic
bioherms

Schizothrix calcicola
Enrophysalis rivularis
Calothrix parietana

Eggleston & Dean
( (976)

Four distinct mat
types, ranging from
flat (marginal) to
flocculent (bottom of
lake).

Microcoleus sp.
Oscillatoria limnetica
Oscillatoria salina

Krumbein & others
( 1977)

Phormidium tenue

Walter & others (1976)

Green Lake,
New York, U.S.A.

Solar Lake, Gulf of
Aqaba, Israel.

GEOTHERMAL
Alkaline hot springs,
Yellowstone National
Park, Wyoming.

Pools and outflow
channels, temp. range
32-59° C.

Outer reef flats,
Great Barrier Reef.

Essentially permanently

Mats with conical
columns to 10 em
relief. Conophyton
stromatolites.

MARGINAL MARINE: SUBTIDAL

Trucial Coast, near
Abu Dhabi.

subtidal~xposure

ca. 1 day/ month during
lowest tide.
Subtidal to depths of
3m

Small, brownish
gelantinous dom~,
2-4 em diam.

Phormidium hendersonii

Monty (1979)

Gelatinous domes, 18
em diam., 6 em high.

Phormidium hendersonii

Kinsman & Park (1976)

MARGINAL MARINE: INTERTIDAL
Spencer Gulf, S.A.

High intertidal zone,
salinity ca 45 %0 and up.

Flat, smooth mat, 2-5
em thick.

Laguna Madre, Texas.

Intertidal zone, 10%0 200%0'
Low to mid intertidal
rone, 50-70%0 and up.

Tufted (reticulate) mat,
~ 2 em thick.
Pustular (mammillate)
mat ca 2 em thick.

Hamelin Pool.,
Shark Bay, W.A.

Table 1.

Examples of cyanobacterial mats from modern environments.

Microcoleus sp.
Schizothrix sp. (?)
Lyngbya confervoides
Entophysalis major

Bauld & others (1980)
Sorensen & Conover
(1962)
Logan & others (1974)
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inhabit aquatic environments (Table 1), where they
may be either permanently submerged or intermittently
exposed. They are commonly found in marginal marine
environments of tropical (e.g. Bahamas; Black, 1933),
semi-arid (e.g. Spencer Gulf ; Bauld & others, 1980)
and arid (e.g. Persian Gulf; Kendall & Skipwith, 1968)
climates. Cyanobacterial mats are cosmopolitan in
geothermal springs (Castenholz, 1969), and widespread
in permanent and ephemeral saline lakes (Bauld,
1981).
The greatest areal and temporal accumulations of
mat biomass are generally associated with environments
which are, in biological terms, either permanently or
transiently 'extreme'. Physical parameters of impor•
tance include temperature, hydrological regime, salinity,
and water activity. Extremes of these favour cyano•
bacterial mat development indirectly by relieving
grazing pressure. In contrast to microorganisms, in•
cluding cyanobacteria, grazing animals are unable to
survive and reproduce at the extremes of the environ•
mental ranges encountered in or around aquatic
habitats. For example, while mat-forming cyano•
bacteria in alkaline hot springs have an upper tem•
perature limit of -----73-74 °C, grazing metazoans are
unable to grow at temperatures greater than ,-'45-50°C
(Brock, 1967) .
A selection of cyanobacterial mats from represen•
tative habitats is documented in Table 1. As with many
planktic cyanobacteria, benthic mat-constructing species
often exhibit a cosmopolitan distribution. Thus, mats of
the same morphology, constructed by the same cyano•
bacterial species, have been found in widely separated
locations. Pustular mat, constructed by Entophysalis,
occurs in the low intertidal zones of Shark Bay, (Logan
& others, 1974) , Laguna Mormona, Baja California
(Horodyski & Vonder Haar, 1975) , and the Persian
Gulf (Kinsman & Park, 1976). Similarly, Phormidium
hendersonii constructs laminated gelatinous domes in
subtidal environments at Bermuda (Golubic & Focke,
1978), the Great Barrier Reef (Monty, 1979), and
the Trucial Coast of the Persian Gulf (Kinsman &
Park, 1976).
In both pustular and domal mats a single cyano•
bacterial species completely dominates the microflora
of the structure (Golubic, 1976; Golubic & Focke,
1978). This is not always the case. Some mats develop
a distinctive stratification, usually controlled by
gradients of dissolved oxygen, dissolved H .., S, and
light intensity. The mat ecosystem then comprises a
vertical succession of microbial communities, photo•
synthetic pigments, and photosynthetic capacity, with
associated heterotrophic processes such as bacterial
sulphate reduction (Golubic, 1976; Cardoso & others,
1978; J£lrgensen & others, 1979; Margulis & others,
1980) .
Cyanobacteria can compete successfully with other
photosynthetic microorganisms for space and nutrients
(Whitton & Sinclair, 1975) and it is likely, therefore,
that, in the absence of grazing, mats would be wide•
spread in shallow subtidal or lacustrine environments.
The stromatolite record demonstrates that cyano•
bacterial mats (or functionally analogous structures)
were widespread in the Precambrian, but declined
thereafter (Fischer, 1965), coincidently with the
advent of grazing and burrowing animals (Garrett,
1~70). Prior to grazing, the accumulation of organic
carbon in unlithified sediments would have been

governed solely by relative rates of cyanobacterial
production and heterotrophic microbial decomposition.

Source of organic carbon
Cyanobacterial mats are but one of many present•
day sources of photosynthetically generated organic
matter. However, the presence of microfossils and
stromatolites in early Precambrian sedimentary rocks
suggests that these or analogous microbial ecosystems
were widespread during early Earth history and, to•
gether with phytoplankton, probably constituted the
major source of photosynthetically derived organic
matter at that time.
Recent investigations of cyanobacterial mat
colonisation associated with a prograding shoreline in
northeastern Spencer Gulf (Bauld & others, 1980)
have examined the rates of primary productivity
(photosynthesis of organic carbon from CO..,) by
intertidal cyanobacterial mats and the rates of bacterial
sulphate reduction in mat-associated sediments. These
mats are reasonable analogues of Precambrian benthic
microbial ecosystems, since they develop in the high
intertidal plain of an exposed coastline, where meta•
zoan grazing pressure appears to be minimal (Garrett,
1970), and they appear to be the only significant
source of organic carbon for bacterial sulphate reduc•
tion. Although diatoms are present on the sand grains
that are transported over or trapped in the mats, their
contribution to the supply of organic carbon seems to
be minimal, since germanium inhibition of diatoms
(Thomas & Dodson, 1974) has no detectable effect on
primary productivity (Bauld, unpublished) . The
dependenoe of bacterial sulphate reduction on cyano•
bacterial primary productivity has been demonstrated
by Bauld & others (1980) and G. W. Skyring, L. A.
Chambers & J. Bauld (unpublished results) .
Cyanobacterial mats generally show primary produc•
tivities towards the higher end of the range for aquatic
ecosystems (Table 2). The rates for Solar Lake and
Drakesbad Hot Springs mats are exceedingly high. The
lowest rates shown in Table 2 (Hamelin Pool and the
low end of the range fof' Spencer Gulf) are ascribable
to environmental factors, in particular the effects of
prolonged and severe desiccation. Oceanic primary
production by phytoplankton is often in the range 0.10.2 g C m- 2 d- 1 (Steemann Nielsen, 1975). A notable
exception to this generality was observed in the
upwelling area of the Peru Current, where primary
production was reported to be ..---10 g C m-2 d-1
(Ryther & others, 1971). Other epibenthic microalgal
systems appear generally less productive than cyano•
bacterial mats: for example, the following rates (g
C m- 2 d-'l) have been reported; ..---0.6 in Georgia salt
marshes (Pomeroy, 1959); "---0.01-0.02 in littoral Lake
Tahoe (Flint & others, 1977); ~.1-1.0 for Niva Bay,
0resund (Gargas, 1970); and 0.05-0.34 for Port
Phillip Bay (Axelrad & others, 1979).
Other photoautotrophic and chemoautotrophic
microorganisms may be present in most cyanobacterial
mats, but are particularly evident in stratified mats
(Cardoso & others, 1978; J£lrgensen & others, 1979;
Margulis & others, 1980). Although little is known of
their quantitative significance to organic carbon pro•
duction in such mats, data from other stratified environ•
ments suggest that this aspect merits investigation.
For instance, primary production by red and purple
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Location

Rate

Cyanobacteria

g C m-2 d-l
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Reference

LACUSTRINE
Algal Lake, Ross Is.,
Antarctica

1.91-3.63

Solar Lake,
Gulf of Aqaba

8.4-12.0

Oscilla!oria spp.
Phormidium sp.
Nostoc sp.
Oscillatoria spp.
Phormidium sp.
Microcoleus sp.

Goldman & others
(1972)
Cohen & others (1980)

GEOTIIERMAL
Ohanapecosh
Hot Springs,
Washington
Drakesbad
Hot Springs,
California

2.2-4.2

Schizothrix sp.
Phormidium sp.

Stockner (1968)

7-12

Synechococcussp.

Lenn (1966)

MARGINAL MARINE: INTERTIDAL
Hamelin Pool,
Shark Bay, W.A.

0.09-0.48

Long Island Sound,
Connecticut

4.45-8.10

Spencer Gulf, S.A.

0.2-3.1

Table 2.

Microcoleus sp.
Schizothrix sp.
Lyngbya sp.
Oscillatoria sp.
Lyngbyasp.
Merismopedia sp.
Microcoleus sp.
Schizothrix sp.
Lyngbya sp.

Bauld & others (1979)
Burkholder & others
(1965 )
Bauld & others (1980')

Primary productivity of cyanobacterial mats.

Location

Cyanobacteria

Solar Lake,
Gulf of Aqaba
Harbor Is., Texas
Laguna Lejia,
Antofagasta
Laguna Guerrero
Negro,
Baja California
Coast Lake,
Ross Is.,
McMurdo Sound
Kleberg Point
Lagoon, Baffin Bay,
Texas
Languna Marmona,
Baja California
Various stromatolites
(Precambrian,
Cambrian. Devonian)

Microcoleus
Phorinidium
Oscil/atoria
Lyngbya
Not reported

% TOC (DW)*

Reference

8-15 (0-5 cm)

Krumbein & others
(1977)
Parker & Leo (1965)
Simoneil & others
(1980)
Philp & others (1978)

Oscil/atoria
Phormidium
Calothrix
Nat reported

32
3.1 (0-1 cm)
1.2 (2-5 cm)
29.6 (0-1.3 cm)
9.7 (1.3-2.0 cm)
9.1 (2.0-9.5 cm)
24
2.2-5 (0-60 cm)

Behrens & Frishman
(1971 )

Not reported

5.4 (0-12 cm)

Peters & others (1981)

0.01-1.1

McKirdy (1976,
Table 2)

Microcoleus
Lyngbya

Matsumoto & others
( 1979)

*Total Organic Carbon (Dry Weight)

Table 3.

Organic carbon . content of modem cyanobacterial mats and ancient analogues.

(photosynthetic) bacteria may contribute 20-85 per•
cent of the total production in a number of meromictic
lakes (see Pfennig, 1978). Chemoautotrophic (non•
photosynthetic) primary production has been demon•
strated at the H 2 S/0 2 interface in nearshore sediments
(Kepkay & others, 1979), in the water column of the
Black Sea and Cariaco Trench (Tuttle & J annasch,
1979), and the Galapagos Rift hydrothermal vents
(Karl & others, 1980), but its quantitative significance
is not yet established.

Preservation or decomposition?

High rates of organic carbon production are a neces•
sary, but insufficient, condition for large-scale kerogen
formation. The degree of subsequent preservation of
the organic carbon is controlled by a complex sequence

of biological and physico-chemical processes, which may
promote or inhibit eventual decomposition to CH 4
and CO 2 , the terminal products of aerobic (C0 2 )
and anaerobic (C0 2 , CH 4 ) microbial respiration.
Sulphate reduction and methanogenesis are the terminal
processes in the anaerobic decomposition of organic
matter.
The organic carbon contents of modern cyanobac•
terial mats and mat-associated sediments (Table 3) are
high relative to other, non-mat sediments. Tissot &
Welte (1978) regarded sediments containing ;;:::0.5
percent Total Organic Carbon (TOC) to be rich in
organic matter. Oceanic sediments are generally in the
range 0.1-0.6 percent TOC (Hunt, 1979, table 4.8).
Larger concentrations of organic carbon accumulate in
sediments of anoxic silled basins and stratified lakes,
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e.g. Black Sea, 1-15 percent; Cariaco Trench, 0.65 percent; Lake Tanganyika, 7-11 percent (Hunt,
1979; Demaison & Moore, 1980). Mat sediments are
reported to contain more than 2-3 percent TOC and
frequently up to 15-30 percent TOC (Table 3), whereas
non-mat sediments from adjacent areas of shallow,
weII-mixed waters contain significantly less organic
carbon, e.g. 0.4 percent TOC in the Laguna Madre
(Philippi, 1965). The concentrations of organic carbon
preserved in a range of Iithified stromatolites are less
than those in modern mats by up to 2-3 orders of
magnitude (Table 3).
While many modern cyanobacterial mats are not weII
preserved, being subject to desiccation and subsequent
deflation, metazoan grazing, and heterotrophic micro•
bial decomposition, there are examples of well-pre•
served mats. For instance, the mats in Baffin Bay
examined by Behrens & Frishman (1971 ) have
accumulated to a depth of ,--.'60 cm during the last
,--.'1000 years, while the finely laminated mats in Solar
Lake represent ,--.'2500 years of deposition and are up
to ,--.'1.5 m thick (Cohen & others, 1980). Trucial
Coast mats have accumulated to a thickness of ..-.-1 m
over the past ,--.'4500 years (Park, 1976).
The preservation potential of cyanobacterial mats
is governed by mat structure and fabric and by the
physico-chemical environment. The former is largely
controIIed by the morphologies of the constructing
cyanobacteria, while the latter is a product of topo•
graphy, hydrology, and sedimentary regime (e.g. Park,
1977). For instance, although the pustular (mammil•
late) mat constructed by Entophysalis major (Fig. 4)
is found preserved as the analogous Eoentophysalis
belcherensis in comparable Precambrian stromatolites
(Golubic & Hofmann, 1976) , this mat type appears
generally to lack preservation potential. Intact pustular
mats do not support in situ bacterial sulphate reduc•
tion: sulphide is undetectable (Bauld & others, 1979),

Figure 8.

Fragments of pustular mat (Hamelin Pool)
which have been eroded by wave action and
removed from their environment of growth.

Pustular mat lacks the mechanical strength of those
(e.g. smooth) mats constructed by filamentaus
cyanobacteria and is more susceptible to erosion
(Toe is ,--.' 2 em across).

Figure 9.

Tufted mat from Lharidon Bight, Hamelin Pool.
Lyngbya sp. (see Fig. 5) is the major constructing

organism, but Microcoleus and photosynthetic bac•
teria are also present. The mat shows accumulation
of growth laminations. Coin is 28 mm in diameter.

and the associated sediments do not appear to be
reducing (Fig. 3). It is only when Entophysalis colonies
and mat fragments are eroded by wave action and
transported to a depositional environment (Fig. 8)
that they are likely to support the development of
anoxic conditions and, hence, higher preservation. This
phenomenon is analogous to the anaerobic decomposi•
tion of phytoplankton after their sedimentation out of
the oxic water column, and is in contrast to the more
characteristic in situ anaerobic decomposition of mats
constructed by filamentous cyanobacteria (Figs. 3, 9).
The cohesive filamentous matrix of many mats pro•
motes considerable micro-environmental modification,
which possibly enhances preservation potential. The
mat acts as an 'ecological membrane' (Armstrong &
Odum, 1964 ) , which modifies the sediment! water
interface, substantially decreasing permeability (Bubela,
1980) and thus presenting a barrier to both gas and
liquid transfer across the mat! water interface. Environ•
mental parameters, such as dissolved oxygen, Eh, H 2 S,
and light intensity, undergo abrupt changes at the inter•
face and exhibit steep gradients beneath the mat surface
(J0rgensen & others, 1979) .
Virtually all species of benthic cyanobacteria involved
in mat construction possess sheaths of various thick•
nesses and consistencies (see Figs. 4, 7, 8, 9). The
gelatinous or mucilaginous sheaths appear to have a
higher preservation potential than cellular contents (e.g.
Knoll & others, 1975; Golubic & Hofmann, 1976;
McKirdy, 1976; J. H. Oehler, 1976; Park, 1977).
Golubic & Hoffmann (1976), who studied Entophysalis
(and its Precambrian analogue Eoentophysalis), specu•
lated that metal accumulation in the sheath, by chela•
tion with the sheath pigment, scytonemine, might
inhibit decomposition. Similarly, Degens & Mopper
(1976) suggested that bound metals inhibited microbial
degradation. In mats constructed by filamentous oscilla•
toreacean cyanobacteria, upward gliding, as a conse•
quence of positive phototaxis, causes (some) trichomes
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to glide out of their tubular sheaths. The latter remain
behind, together with dead or inactive trichomes, in the
encroaching anoxic sediment. Trichomes buried beyond
the light penetration zone are unable to obtain their
obligate requirement for light energy and will die.
It is not clear whether the apparent preferential preser•
vation of sheath material is a behavioural phenomenon,
i.e. most trichomes glide out of their sheaths leaving
them behind, or whether it is due to differential suscep•
tibility to decomposition of sheaths and trichomes.
There appears to be no obvious reason why sheath
material should be markedly better preserved, since
the constituent mucopolysaccharides (Lang, 1968)
should not be particularly recalcitrant molecules. Cell
walls may also be preserved to some extent, either as
organic residues (D. Z. Oehler, 1976) or as mineral
replacements e.g. hematite (Licari & Cloud, 1972).
Anoxic reducing conditions and / or high salinity are
usually advanced as prerequisites for organic carbon
preservation. Presented without qualification, such
statements should be regarded with some caution.
Microorganisms, the primary agents of decomposition,
obtain their nutrients from solution and can only grow
in direct contact with water. Increasing salinity lowers
water activity (a w ) until a point is reached when
thermodynamic problems are insurmountable and the
microbes can no longer grow (Brown, 1976). Gypsum
is saturated when normal sea water (3 .5% ; a w = 0.98)
is concentrated about 3-fold (a w = 0.93) and halite
crystallisation occurs after 10-fold concentration (a w =
0.74) (Berner, 1971) . Extremely halophilic bacteria
(aerobic heterotrophs) are ubiquitous in salt lakes and
can grow at salinities approximating saturated NaCI
(--'350 g NaCl per litre of solution; 35%; a w = 0.75),
but all microbial activity will cease at higher salinities
(lower a w ) (Brown, 1976) and prevent further decom•
position.
The high concentrations of dissolved organic carbon
reported in Great Salt Lake (Post, 1977) and the Dead
Sea (Nissenbaum, 1975) are consistent with the en•
hanced preservation attributed to saline waters. The
rate and extent of decomposition processes at salinities
approaching halite saturation are poorly documented.
Post (1977) noted that H., Sand CH4 were evolved
from Great Salt Lake sediments. This is consistent
with the occurrence of the terminal anaerobic decompo•
sition processes, bacterial sulphate reduction and
methanogenesis. J. G. Zeikus (personal communica•
tion) has found that, while sulphate reduction rates
in Great Salt Lake sediments are comparable to those
in active marine sediments, methanogenesis occurs at
low rates. The presence of H 2,S in sediments of the
Dead Sea (Nissenbaum, ' 1975) and the Wadi Natrun
Lakes (Imhoff & others, 1979) is consistent with the
presence of extremely halophilic sulphate-reducing
bacteria. The occurrence of high concentrations of
dissolved organic carbon in highly saline environments
(referred to above) suggests that, at very high salini•
ties, organic carbon production may outstrip decompo•
sition. Notwithstanding the lack of available data on
decomposition rates under moderate to high salinities,
it seems unlikely that bacterial decomposition would be
prevented, even under anoxic, reducing conditions, until
salinities exceeded NaCl saturation and microbial
activity ceased.
Grazing is a surface process which pre-empts mat
accretion and initiates microbial decomposition of pre-
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viously photosynthetically active cyanobacteria. Bur•
rowing animals, on the other hand, interrupt the
ordered laminations of buried mat, and accelerate
microbial decomposition of the organic carbon by intro•
ducing oxygenated waters and nutrients. Gebelein
(1974), citing Shark Bay as an example, pointed out
that invertebrate grazers are nearly absent from the
subtidal and intertidal zone of Hamelin Pool, where
salinities may reach 9 percent (Logan & others, 1974),
compared to the less saline areas of Shark Bay. On the
other hand, examples of grazing metazoans are known
from salt lakes and commercial salt fields. For example,
an ostracod species from a salt lake of fluctuating
salinity will grow at salinities up to 19 percent (P. De
Deckker, personal communication) , and anostracan
crustaceans will grow at salinities as high as 33 percent
(Mitchell & Geddes, 1977). The brine shrimp Parar•
temia zietziana, which grows at salinities up to 28.5
percent (Mitchell & Geddes, 1977), is an extensive
bottom feeder (Marchant, 1976) and has been observed
to graze and ingest cyanobacteria from stromatolitic
mats (Lea, 1978). In normal marine environments,
cyanobacterial mats in the subtidal and low intertidal
zones are reported to be grazed by gastropods (Gar•
rett, 1970; Pace & others, 1979) and by amphipods
(Brenner & others, 1976). It is probable that sub•
aerial exposure, rather than salinity, is the critical
factor which limits grazing in these latter environments.
Another indirect effect of increasing salinity is
the concomitant decrease in oxygen solubility (e.g.
Nixon, 1974) . Aerobic microbial respiration will
exhaust the available dissolved oxygen quicker than in
less saline conditions, promoting the anoxic conditions
that are considered to enhance preservation. In modern
environments, decreased oxygen availability will
diminish the activities of benthic metazoans which,
in turn, will decrease sediment reworking and irriga•
tion by oxygenated water (e.g. Demaison & Moore,
1980) .
However, anoxic conditions alone will not necessarily
inhibit decomposition (Foree & McCarty, 1970; Jewell
& McCarty, 1971). Doemel & Brock (1977) , who
investigated microbial mats in geothermal environments,
provided the first clear evidence of the complete de•
composition of organic matter under anoxic conditions.
Methanogenesis occurs in these mats (Ward, 1978),
and the immediate precursors of the CH 4 formed have
been identified (Zeikus & others, 1980). In addition,
recently isolated species of sulphate-reducing bacteria
are known to oxidise a wide range of organic substrates
to CO 2 (Widdel & Pfennig, 1977; Widdel, 1980) . Of
interest with respect to saline environments is the
finding by Ward & Olson (1980) that methanogenesis
is insignificant relative to decomposition to CO 2 by
sulphate-reducing bacteria in high-sulphate geothermal
mats. This is consistent with the work of G . W. Skyring
& others (unpublished results), which shows that
sulphate-reducing bacteria in Spencer Gulf intertidal
cyanobacterial mats would have to use most of the
measured cyanobacterial primary production to sustain
the measured rates of sulphate reduction. H 2 S evolved
during anaerobic decomposition of cyanobacterial mats
may subsequently form polysulphides (Cohen & others,
1980) or perhaps react with lipids and fatty acids to
produce thiols, which would be recalcitrant to normal
degradation mechanisms (1. G. Zeikus, personal com•
munication) .
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Geochemical consequences of
cyanobacterial activity
Cyanobacterial mats, as a source of organic carbon
through geologic time from the Precambrian to the
present, should be of interest to students of both sul•
phide mineralisation and hydrocarbon generation.
Bacterial sulphate reduction, using organic carbon
derived from cyanobacterial mats, has been implicated
in recent models for the genesis of stratiform sulphide
mineral deposits (Renfro, 1974; Ferguson & Burne,
1981). Organic matter has also been invoked as the
reductant for abiological sulphate reduction (Barton,
1967; Williams, 1978). A wide range of hydrocarbons
occurs in cyanobacterial mats and mat-associated sedi•
ments (e.g. Philp, 1980), proto kerogens are present
in modern mats (Cohen & others, 1980; Peters &
others, 1981), and kerogens occur in Precambrian
stromatolites (McKirdy, 1976). Experimental investi•
gations of organic carbon production and decomposi•
tion in modern cyanobacterial mats, and the biological
and environmental factors controlling these processes,
will assist in predicting the palaeoenvironments in which
organic carbon was produced, accumulated, and pre•
served.
Cyanobacterial mats are among the most productive
of aquatic photosynthetic systems (Table 2) and, thus,
can provide a substantial flow of organic carbon,
which may be viewed as facing two mutually an•
tagonistic fates-preservation or decomposition. How•
ever, there may be a subtle interdependence between
these two opposing processes, in that some decomposi•
tion may be a prerequisite for eventual preservation.
For instance, aerobic decomposition to CO 2 is a rapid
and efficient process which soon depletes available
oxygen in organic-rich sedimentary environments, and
thence ceases. Aerobic decomposition is subsequently
replaced by anaerobic decomposition processes, which
are potentially capable of completely degrading organic
carbon to CO 2 and CH 4 , but which may also produce
inhibitory compounds that enhance preservation.
Generally, decomposition is promoted by bio•
logical agents, while environmental factors may miti•
gate or prevent this fate. As we have seen, the major
agents of cyanobacterial mat decomposition are grazing
and burrowing metazoans (absent in the Precambrian)
and the spectrum of aerobic and anaerobic hetero•
trophic bacteria that develop within the mat. While
high temperatures, high salinities, and anoxic condi•
tions may inhibit or preclude metazoans, microbial
decomposition of organic carbon can take place under
anoxic and highly reducing conditions, at all tempera•
tures (~0-1 Ooec) in the presence of liquid water,
and at salinities up to halite saturation. There is, thus,
an impressive array of degradation agents present in
aquatic environments. Organic carbon will not be safely
preserved until salinities exceed that at which halite
has precipitated, since it is only beyond this that a w
becomes sufficiently low to prevent microbial activity.
Desiccation, even in the absence of high salinity, will
also prevent microbial decomposition, but will make
the mat vunerable to deflation.
An environmental model that accommodates these
requirements and leads to the accumulation of large
quantities of organic matter would be, for instance,
a shallow saline lake of fluctuating salinity in a large
arid to semi-arid basin. The lake periodically undergoes
total evaporation followed later by flash flooding, which

brings with it (clayey) sediments to cap the organic
carbon-evaporite lining the lake floor. Such a model
accommodates the requirement of low to moderately
. high salinities required for cyanobacterial mat growth.
Cyanobacterial mats are well adapted to fluctuating
salinities and the changes in water levels and marginal
inundation associated with evaporation and wind-driven
internal tides. Production of organic carbon by cyano•
bacterial mats will occur at close to maximum rates
over a wide salinity range (Bauld & others, 1980), and
full recovery from desiccation would be very rapid
(1. Bauld, unpublished data). The evidence discussed
earlier in this paper suggests that maximum preserva•
tion will be achieved if such productive periods are
followed by rapid increases in salinity beyond halite
saturation, accompanied or followed by burial under
flood-borne sediment load. This would enable the mat,
and associated evaporites, to be buried rapidly and
prevent substantial flushing of hypersaline interstitial
waters. Moderate to highly saline environments are
likely to favour preservation, as a result of cementation
and lithification of organic carbon by carbonates and
evaporites.
Both Friedman (1980) and Kirkland & Evans
(1981) have emphasised the importance of saline,
evaporitic environments as potential hydrocarbon
sources. Kirkland & Evans (1981 ) restricted their
examination primarily to planktic sources of organic
carbon, but Friedman (1980) emphasised benthic
systems, and was of the opinion that 'algal mats are
among the best of the source rocks and provided the
greatest return of liquid hydrocarbon' (Friedman,
1980, p. 607) . Cyanobacterial mats accumulating
in environments such as saline lakes (e.g. Solar
Lake) and marginal marine environments (e.g. Trucial
Coast) must be considered to be excellent contenders
for diagenetic conversion to kerogen. Proto kerogen
constituted 5 percent of the organic carbon present
in the top 12 cm of laminated mat from Laguna
Mormona (Peters & others, 1981). Cohen & others
(1980) observed that protokerogen in Solar Lake
mats increased with depth, from 3 percent of TOC in
the upper layers, to 22 percent 80 cm below the mat
surface. The presence of pheophytane, phycocyanin and
a- and !'I-carotene in Solar Lake mats suggested that
the mats were in a very early stage of diagenesis
(Cohen & others, 1980).
The possibility that the enormous oil shale reserves
hosted by the Green River Formation accumulated
from benthic cyanobacteria has been advanced by
Eugster & Hardie (1975). They suggested that the two
oil shale facies present were formed in a shallow saline
lacustrine environment. A fluctuating hydrological
regime of periodic desiccation-flooding-desiccation
cycles, common to such environments (Bauld, 1981),
caused polygonal cracking of marginal mats, dried
fragments of which were transported to depressions
during subsequent flooding, where they produced lenses
of oil shale breccias. Eugster & Hardie (1975) postu•
lated that the organic-rich dolomitic laminites were
produced by the accumulation of flocculent mats of
gelatinous cyanobacteria. Similar mats are seen today
in the saline lakes, Lake Lenore and Soap Lake (Wash•
ington), where crumbly gelatinous mats of Anacystis
marina and Plectonema nostocorum cover much of the
bottom sediments (Castenholz, 1960a, 1960b). Highly
productive (5 g C m-2 d- 1 ) flocculent benthic mats also
form in the bottom of Solar Lake (Krumbein & others,
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1977) under high H 2 S concentrations and low light
intensities.
The properties of kerogens preserved in carbonates
and cherts of Proterozoic and Palaeozoic stromatolites
are consistent with their derivation from the muco•
polysaccharide cyanobacterial sheaths
(McKirdy,
1976) . Finely lamellar material of benthic origin
constitutes the bulk of material in many oil shales
(Hutton & others, 1980). This material, which Hutton
& others (1980) referred to as alginite B (also
'lamellar alginite' or ' lamosite' ), consists of thin
elongate lipid-rich anastomosing films derived from
(presumptive) cyanobacterial mats or benthic micro•
bial blooms. Kerogen from the Green River Formation
oil shale is predominantly alginite B, and includes
pristane and phytane (McKirdy & others, 1980), and
the major component of kerogen in the oil-prone
Observatory Hill Beds of the Officer Basin is also
lamellar alginite B (McKirdy & Kantsler, 1980).
Alginite B is present in the Cambrian Beetle Creek
Formation of the Georgina Basin (McKirdy & others,

1980) .

Tissot & Welte (1978, p. 22) stated that primary
production by 'phytobenthos may be of local impor•
tance but on a world-wide scale it can be practically
ignored' and they did not further consider the potential
of such systems for hydrocarbon generation. However,
cyanobacterial mats are highly productive systems
(Table 2) and the physicochemical properties of these
environments confer a high preservation potential.
Furthermore, cyanobacterial mats (or analgous struc•
tures) were considerably more widespread in the past,
as evidenced by the abundance of stromatolites in
Precambrian sequences. While not yet proven, the
properties of alginite B, its association with mineral
material to form lamosite, and the association of
lamosites with authigenic evaporites and saline environ•
ments are all consistent with a cyanobacterial origin.
The occurrence of oil shows in Cambrian and Pre•
cambrian stromatolitic dolomites (White & Youngs,
1980; Muir & others, 1980) is also consistent with a
cyanobacterial mat origin. The information thus far
available suggests that palaeoenvironments likely to
have hosted cyanobacterial mats could well have
produced petroleum source rocks.
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