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INTRODUCTION

Carbonate substrates are normally pro-
duced jn situ by organisms that live above, at
or below the sediment-water interface; that
is, they represent a relatively self-enclosed
ecosystem. During the last 3.5 billion years,
there have been major cyclical variations in
the global carbonate sediment budget in the
oceans, and organisms have been, to alarge
extent, directly responsible for these varia-
tions. At the substrate level, there is a direct
interplay between the planktic and nektic
organisms that occupy the watermass
above, and the benthic organisms that utilize
the substrate as a food resource and
domicile below, though these relationships
depend more on grain size, nutrient in the
sediment, pore chemistry, and the general
nature of the substrate (texture, fabric, efc.}
than it does on the mineralogical differences
between the siliciclastic or calcium carbon-
ate composition of the sedimentary grains.
This synthesis is an attempt to lock at both
the macrocosmos and microcosmos of or-
ganisms and the carbonate substrates they
occupy. It will exclude the reef and intertidal-
subtidal microbial mat environments, as well
as terrestrial fresh water ecosystems. Trace

fossils wilt be treated only in passing be-
cause of their importance to recegnition of
sediment cycling. Fossil organisms provide
many clues to the ancient marine environ-
ment, as their distribution is limited by phys-
ico-chemical factors such as temperature,
light, substrate and watermass chemistry
{pH, En, solubles, salinity, efc.), gases {oxi-
dizing, reducing, stc.), ambient physical en-
ergy, random or predictable catastrophic
effects {tides, storms, sea level change,
eic.), the nature of the substrate (hard, soft,
mobile, static, smooth, rough, grain size,
efc.}, and biological factors, such as their
own functional limitations and relationships
1o other organisms occupying the substrate.

GLOBAL CARBONATE SEDIMENT
DISTRIBUTION [N TIME

Calcium carbonate is the earth's most impor-
tant sink for carbon (Bolin, 1970; Kitano,
1983), and carbon, in the form of organic
molecules, is tha the key to all life on Earth. A
global carbon inventory shows that lime-
stones form ~224 million billion metric tons
{bmt), organic matter ~25 bmt, and coal, oil
and gas ~2.7 bmt {Poldervaart, 1955). Car-
bonates can be considered as minerals in
which metal oxides, mostly Ca, have been
neutralized by CO, (Holland, 1978). Virtually
all carbonate sediments are bioclogically pre-
cipitated; inthe early oceans, this appears to
have been accomplished by photosynthetic
and procaryotic cyano- and chleroxybacteria
(Margulis and Stolz, 1983). In the modern
world ocean, limastones are the world's most
obvious and evident “savings bank” for car-
bon diexide, which is absorbed and vented
primarily through the ocean-atmosphere
systam. In the lithosphere, i.e., the earth's
crust and upper mantle, carbon is a scarce
resource, not even figuring in the eight most
abundant elements {e.g., in decreasing
abundance 0, Si, Al, H, Na, Fe, Ca and Mg).
Carbon arrives in the oceanic system mainly
from the atmosphere, where it is the fourth
most abundant element, ~0.003%, afterN, O
and the neulral gas Ar, the last of which is
~300 times more abundant. A secondary
source for carbon is bicarbonate ions, pro-
duced threugh solution of rock materials,
and swept via rivers into the oceans. Carbon
dioxide forms a substantial amount by weight
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of limestones, but even the average shale
contains significant CaC0Q,, ~5% of its
weight. The solution of limestones and
breakdown of shales thereby cycles signifi-
cant amounts of CQ, into the atmosphere
and hydrosphere. The solution and precipi-
tation of carbonates is acrucial aspect of the
oxygen-carbon dioxide, photosynthesis-res-
piration, biogeochemical system on this
planet.

Calcium, in contrast to carbon, is relatively
abundant, making up ~2% of the lithosphere.
The ultimate origins of calcium (and magne-
sium) in the oceans are the Ca-rich silicates,
particularly plagioclases and pyroxenes,
available by weathering either from intrusive
complexes or volcanic piles. It is surely not
coincidental that calcium-rich feldspars dis-
solve more readily than their counterparts at
the other end of the Bowen reaction spec-
trum. During the early Precambrian, with a
reducing CO, atmosphere saturated by
acid-rain clouds, and in the absence of pro-
tective soils and plant cover, combined phys-
ico-chemical weathering processes would
have been very rapid. Rapid erosion rates
are evident in tha kilpmetre-thick piles of
sediments accumulated at continental mar-
gins in the Precambrian. Such thick succes-
sions are rare in the Phanerozoic. Archean
carbonates are exceptionally scarce; this
may be related, in part, to their metamor-
phism, or relative carbonate solubility in an
acid ocean and thus preservational scarcity,
but is perhaps also a feature of undersatura-
tion or the scarcity of carbonates in the
oldest oceans (Fig. 1). Itis not clear whether
the Archean ocean was mildly acidic, with a
pH of <7, the general belief, or strongly alka-
line (a pH of 8.5 is suggested by Kempe and
Kazmierczak, 1990). Archean fossils are also
a rarity, and most are probably dubiofossils.
Buick (1991) has pointed out that most Ar-
chean cherts, the primary places to look for
microfossils, were deposited in greenstone
belts, probably reflecting preservation under
hot, acidic and reducing fluids. Most later
cherts rich in fossils are associated with
limestones precipitated in “narmal” shelf
sedimentary environments.

Limestones, as a storehouse of carbon,
did not become commaen until the beginning
of the Proterozoic, some 2.5 billion years ago
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{Fig. 1), Since then, the oceans appear to
have been saturated with respect to calcium
bicarbonate (Westbroek and Dejong, 1983).
The early Earth atmosphere was probably
also exceptionally warm: the first 2 biltion
years of Earth history may have had such a
runaway greenhouse effect that life would
have been difficuit, except for thermophile,
halophile or acidophile archaebacteria. This
may have been partly balanced by the “faint
young Sun paradox”, since, theoretically at
least, the sun's luminosity 4 billion years ago
was lower (see Kasting, 1992 for a review of
this question). The introduction of pro-
gressively more complex cells, especially
the advancement from procaryoctic eubac-
teria to eucaryotic cellutar organisms, may
have played a major role in setting climatic
gradients, as well as increasing CaCQ, pre-
cipitation. The oldest glaciation events are
known from Huronian sequences ~2.1 billion
years ago. Photosynthesis by cyanobacteria
and algae thus appears to have been a
leading factor in cooling the global climate
to respectable levels by removing CO,
(Schwartzmann and Volk, 1989).

With the development of a thicker conti-
nental crust, and therewith the expansion of
continental shelves of substantial width of
the order of 100 km or more, early Protero-
zoic carbonate shelves expanded in tropical
and subtropical latitudes. These carbonate
shelves were richly populated by carbonate-
accreting organisms, forming distinctive
stromatolite communities {as microbial
mats) under a reducing atmosphere and
mildly acidic conditions. A model for such
conditions might be Gotomeer, a restricted
marine basin along the coast of Bonaire (Ca-
ribbean), where suifate reduction leads to
microbtal precipitation of aragonites in very
shallow, <1.5 m, hypersaline, weakly acid
waters {Kobluk and Crawford, 1990). The
organisms producing the Early Proterozoic
microbialite microenvironments were cyano-
bacterial, but underneath the mat, within the
substrate, there were probably sulphate-re-
ducing bacteria which, together with the mat
surface dwellers, "fixed” the chemical en-
vironment in which CaCQ, was precipitated
and cemented. The ocean system attained
an alkaline pH, perhaps in the order of at
least 7 ~17-14 billion years ago {Heolland,
1978), with the arrival of the first nucleated
cells, the eucaryotes, largely in the form of
5-50 micron-sized red and green algat cells
{Fig. 1}. But even these, at this time, seemto
have been unable to secrete CaCQ, as rigid
or semi-rigid microskeletons.

Another major revolution in the develop-
ment of life on the planet was for monerans
{procaryotes, cells without a nucleus), proto-
ctistans (single-celled or simple aggregates
of eucaryotes), and animals to secrete
CaCO, within or directly around their cells,
e.g., their cell walls (Pentecost and Riding,
1985). This happened with the Cambrian ex-
plosion in life forms. Oceanic pH must have

been near the present-day figure of ~8, a
basic, minimal figure for the beginning of
skeletal organisms, the fertilization of inver-
tebrate eggs, and normal respiration. Not
only did the invertebrates produce skeletons
for the first time at the beginning of the Phan-
erozoic, but also the cyanobacterial mon-
erans (e.g., taxa like Renalcis and Epi-
phyton), and perhaps the first agglutinated
forams (protoctistans), which used CaCO,
as a glue to construct their walls. The arrival
of sufficient carbonate ions in the oceans,
reflecting saturation levels, was important
not only to those organisms utilizing carbon-
ates as skefetal components, but also to
those organisms which had a phosphorus-
based skeleton. The strength of a phosphatic
exoskeleton depends largely on its calcium
content. Calcium provides a rigid architec-
tural framework for mechanical purposes,

such as locomotion and muscle attachment,
as well as a protective mechanism, a housing
to shelter organisms against the environ-
ment or predators. Curiously enough, the
presence of organic phosphate inhibits calci-
fication, especially for aragonite. Symbiont
algal zooxanthellae appear to remova it in
modern corals, but phosphate oversupply
may be able to kill off carbonate-producing
organisms (Hallock and Schlager, 1986).
Thus, there is a suggestion that even the
Early Cambrian invertebrate reef-formers,
the archeocyaths, were zooxanthellate in
order to enhance O, production and stimu-
late carbonate secretion.

The modern ocean appears to be arago-
nite dominated. The most abundant carbon-
ate-secreting shelly animals (the molluscs)
and coralline elements (scleractinians, hy-
drozoans, octocorals) that dominate the
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Figure 1

Chronological range chart of features relevant to biclogical carbonate production in the oceans.

The oxygen-carbon dioxide balance (fucluating) and pH balance (here assumed fo be gradual and
consistent) in the ocean-atmosphere system is a reflection of biological evolution. The pH 70 threshold is
suggestedto have been crossed by the end of Archean time 2500 m.y. ago, and the terminal Precambrian pH
was probably near 8.0, reflecting rapid calcite deposition by inverlebrales and eucaryotes, and requirements
for fartilization and larval settiement. The initiation of a biologically diversified carbonale substrate began in
the Middle Ordovician (Caradoc), with modern O, content of the atmosphere by the end Devonian, arriving

with the development of terrestrial forest cover.
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benthos today are aragonitic, their skeletons
usually dissolved or converted to calcite at
death (thus decreasing their chances for
preservation). This is a relatively peculiar
situation. Paleozoic corals and shells,
largely made of calcite, are usually much
better preserved than their Cenozoic and
Mesozolc counterparts. Middle Paleozoic
oceans appear, therefore, in contrast, to
have been calcite dominated. Why this
should be so is not fully understood. Also, the
present-day climate Is in a relatively cold,
abnormal, “icehouse” phase compared to
much of the Phanerozoic. Ancient oceans,
especially those of the mid-Paleozoic (Siluri-
an to Late Devonian) and Mesozoic {mid-
Triassic through Cretaceous), and thereby
for most of the Phanerozoic, were commonly
much warmer. Using complex data sets,
based on Isotope mass balance models and
carbon isotopic calculations for ancient sea-
water, taking into account sedimentary burial
of organic matter, continental weathering of
silicates, carbonates and organic matter,
and calculations of volcanic and metamor-
phic degassing, Berner (1990}, indepen-
dently confirmed that CO, levels were higher
during these periods, and lower in the Per-
mo-Carboniferous and Cenoczoic. It is thus
possible that the aragonite-calcite balance
was affected by both temperature and CO,
content of the oceans. Calcite precipitates
more readily in colder waters, and dissolves
more quickly in warmer, and the variation in
CO, Is a possible driving cause (Palmer et
al., 1988; Wilkinson and Walker, 1989). The
peculiar absence of calcified Late Paleozoic
stromatoporoids, which were among the
most abundant reef-fermers in the mid-Pa-
leozoic, has been suggested to be due to
decreases in oceanic atkalinity and carbon-

GLOBAL CARBONATE BUDGETS
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ate supersaturation (Kazmierczak and Kem-
pe, 1990). There is, as yst, no independent
evidence that cceanic alkalinity fluctuations
were significant encugh in the Phanerozoic
to affect skeletalization, although CO, con-
tent would have affected pH.

Are oceans steady-state biogeochemical
systems over the very long term, i.e., millions
of years? It is increasingly evident that not
only have the cceans changed progressively
during geologic time, but that they have un-
dergone cyclical varlations in their chemis-
try, perhaps modulated or even controlied by
the evolution of the earth's complex biotas.
Substrates which are dominated by or con-
sist entirely of calcium carbonate are there-
by widespread, particularly in eguatorial
belts that favour precipitation over dissolu-
tion. The relative significance of the shelf
environment versus the deep sea for vol-
umetric abundance of calcium carbonate de-
position is disputed. We know that the warm-
or surface waters of oceans are supersatu-
rated with respect to carbonates, and that
the deap sea Is relatively undersaturated (Li
el al., 1969). This undersaturation, and resul-
tant dissolution of carbonates in the deeper
ocean waters, are caused by the “coca cofa”
effect: cold, carbonic acid, CO, under pres-
sure dissolves calcium carbonates. Thus,
shallow shelves favour precipitation, and
deeper basins, solution. Nevertheless, suffi-
cient oxygen is available at depth to allow for
the precipitation of some propertionally thin,
layers of calcareous oozes {such as foram or
pteropod oozes today). On the one hand,
abyssal ocean regions make up ~70% of the
present-day earth's surface (some 332x108
km32), and on the other, shelf-slope areas
make up ~7.5% {27x10€ km2). The continen-
tal shelf is three times as biologically produc-

chemical erosion of Ca-rich minerats
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Figure 2 Giobal productivity of the oceanic carbonate factories was dominated by the shelf environment
{~90%), followed by the deep sea (7-8%). The balance was probably produced in the terrestrial selting.
Organic matter played a significant but more readily cycled rofe. Figures in biions of metric tons (bmt) from

Poldervaart (1955).
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tive as the open ocean (the shelf producing
arganic matter at the rate of ~600 gmem -%/a;
Bolin, 1970). Approximately 40% of the
ocean floor is covered by thin calcareous
oozes, and an equivalent percentage of the
shelf produces much thicker carbonate sedi-
ments. Parts of the Great Barrier Reef with
full coral cover generate CaCO, atthe rate of
10 kg*m-2/a (Kinsey and Hopley, 1991}, the
Bahama Banks accumulate calcium carbon-
ate at the rate of ~0.5 kg*m-2/a, and the
deeper ocean floor, ~1% of the latter. If these
figures are reasonable approximations, con-
tinental shelves may be producing at least 12
times as much carbonate as the open ocean,
and shelves are, in essence, the planetary
carbonate factories {Fig. 2}. Moreover, car-
bonate shelves and their acme, reef eco-
systems, provide a net surplus of carbonate
which is shed into the oceans by currents
and downslope gravity transpart. This points
to the tropical and subtropical shelves, and
tha limestones they produce, as the world's
largest carbon storehouses. Deep-waler car-
bonates today provide ~8% of the total cat-
bonate supply, and deep-water carbonates
are cycled approximately eight times faster
than sheif carbonates (Wilkinson and Watk-
er, 1989). It has also been estimated that
~80% of calcium carbonate formed near-
shore or in the upper ocean layers dissolves
in the deep sea upon sedimentation
(Gieskes, 1974). In order to explain that
60-80% of carbonate accumulation occurs
today in deep waters, a very rapid, short-
term flux or dissolution rate stimulated by
CO, is required.

Caldeira (1991) has ingeniously proposed
that the Mesozoic-Cenozoic oceans have
changed from a steady-state mode domi-
nated by continental shelf precipitation of
carbonates (Mesozoic) to a pelagic, desp-
ocean carbonale precipitation phase, with a
high CO, flux {which prevails in the Ceno-
zoic). This may have been triggered by the
evolution of calcareous plankton, e.g., the
globigerinids and coccoliths. If this model
can be pushed back in time, a similar oceanic
conversion may have taken place from the
mid-Paleozoic to Late Paleozoic (Fig. 1). The
mid-Cambrian to mid-Ordovician oceans are
also unique; zooid reefs are virtually non-
existent, and microbialite precipitation of
carbonate dominated as it did in the Protero-
zoic. Were these Early Paleozoic oceans
dominated by shelf or pelagic carbonates?
Indirect evidence favouring such deep-water
or cold-climate carbonates for this time
needs to be discovered. The global ocean
system may fluctuate between these states,
pending atmospheric CO, content and ice-
house-greenhouse climates.

The residence time of calcium in the
oceans is ~B50,000 years (for Mg ~10 m.y.;
Holland, 1978). This is the one of the fastest
cycling schedules for any of the major ocean-
ic dissolved elements. Thus, river input of
calcium is rapidly absorbed biologically, and
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precipitated in the form of exoskeletal shells,
endoskeletal crystal nuclei or needles, or
basal skeletons. The reason for this be-
comes evident when we realize that the
other major elements in sea salts, e.g.. Na,
Mg, K, Sr, CI, play only a trivial role in biologi-
cal skeletal production, although they are
needed for “soft tissue” cellular processes,
such as metabolism, enzyme production,
growth, reproduction, biogeochemical cycle
moderation (e.g., pH control), respiration
and photosynthesis. Major oceanic over-
turns of productivity, explosive plankton radi-
ations, and mass extinctions may play a
major role in producing fluctuations in ocean
chemistry through time. The living biosphere
may thus control, at least theoretically, secu-
lar variations in ocean chemistry, much as
predicted by Lovelock (1988). Geologists
tend to favour ideas that plate tectonic pro-
cesses, such as sea-floor spreading, plate
collisions and subduction, mountain and pla-
teau building, and volcanic activity or even
extra-terrestrial events, have provided the
mechanisms for major changes in oceanic
carbonate chemistry with time. Probably
geologic and paleobiologic processes are
intimately intertwined.

The current carbonate output of the
oceans consists of aragonite, calcite and
small amounts of dolomite. The surface
water of the oceans is supersaturated with
respect to carbonates (Holland, 1978). The
rate of carbonate production may be as high
as 13 kg*m-2/a in modern reefs, but ~2.5 kg
is a shelf average (Chave et al., 1972,
Guillaume, 1990; Kinsey and Hopley, 1991).
Reefs are net producers of carbonate, which
may spill back over the shelf or down the
shelf slope and, alongside mangrove eco-
systems, may be major accretionary mecha-
nisms for carbonate shelf expansion. Deep-
ocean water is normally undersaturated for
calcium carbonate below the carbonate
compensation depth (CCD), since CaCO; is
more readily precipitated in warmer waters
and more readily dissolved in cooler waters.
Dolomite (MgCa(CO,),) is relatively minor
because few organisms are capable of se-
creting dolomite, and the amounts precipi-
tated in evaporitic environments are almost
exclusively restricted to the coastal sabkha
environments or alkaline lakes in desert
belts. Only cyanobacteria, some algae, and
fungi play any biological role in Mg precipita-
tion, perhaps primarily in scavenging Mg
from seawater in microbial mats. Also, dolo-
mite is much less soluble under average pH
conditions (why animals appear incapable of
producing dolomite skeletons is a puzzle, as
they can produce any of approximately 100
minerals; Lowenstam, 1981). Organisms pro-
duce nearly all carbonates today. However,
abiotic precipitation of calcium carbonate,
usually in the absence of light (and thereby
the absence of photosynthetic processes),
plays a role in the production of ooids, some
aragonitic needle muds, and in the filling of

reef cavities by various cements (Ginsburg
and James, 1976). But even here, bacteria,
fungi and other microbes may play some role
as buffers or microenvironmental controllers,
forming micron-thick films over grains or
surfaces.

ORGANIC MATTER AND CARBONATES
Organic matter (=organic detritus) is dif-
ferentiated as the non-mineral, particulate
residues of disintegrated soft tissues and
imported dead bacterial, phyto- and zoo-
plankton, land plants, and animal materials
incorporated into the substrate. This ex-
cludes the biological skeletal production of
aragonite or calcite, which makes up the
carbonate fraction of sediment (and in the
case of siliceous oozes or phosphorites,
Si0, and PO,). Organic detritus does not
include living organisms, nor nutrients. Nu-
trients are those constituents required by
plants (Levinton, 1982). These encompass
dissolved inorganic forms (such as ammonia
and nitrates) and organic forms (such as
amino acids, vitamins, proteins, fatty acids,
carbohydrates and sugars). In marine en-
vironments, organic matter in nearshore
habitats may be partly terrigenous or be
produced in situ; in offshore habitats it is
largely marine derived. Dissolved nutrients,
organic matter, and living biomass occur in
the ratios of 100:10:2 in sediments (Strick-
land, 1965). In most carbonate rocks, the
organic matter which remains after dissolu-
tion of the carbonate fraction in acetic, for-
mic or hydrochloric acids is trivial, and <1%
by weight of original sediment mass. But in
some instances, as in black shales or sap-
ropelic rocks, it can be substantial and con-
stitute up to 100% of the sediment. Organic
detritus is broken down mechanically, bac-
terially and via chemical leaching. Under
appropiate conditions, when it is not re-
cycled bioiogically as a food resource,
organic matter may ultimately be converted
to hydrocarbons.

The amount of organic matter on the sub-

intermittent or
slow sedimentation

removal of fines

strate is normally minute by comparison to
the volume of carbonate muds, silts or
sands. An exception may be the mangrove
ecosystem; large amounts of mangrove litter
are crucial to a whole range of benthic biota,
even though little of this will be preserved in
the geologic record (Risk and Rhodes,
1985). Abnormal concentration of organic-
rich sediments in the oceans is traditionally
attributed to anoxic conditions, which have
both spatial and temporal variance. Reduc-
ing conditions on the sea floor inhibit scav-
enging and recycling of organic matter as a
food resource for benthic invertebrates.
Thus, conventional wisdom has dictated
that sluggish, stagnant basins induce con-
centration of organic matter. However, a rich
rain of organic plankton also stimulates
microbial decay, which in turn raises the level
of CO, and SO, in the substrate. In the
Cenozoic, there are few examples of black
organic-rich mud environments, the best
known of which is the Black Sea. Pedersen
and Calvert (1990) and Calvert and Pedersen
(1991) have recently pointed out that Black
Sea sediments are not particularly enriched in
organic matter. They suggest, instead, that
increased primary production of zoo- and
phytoplankton in the surface ocean layers
explains far more clearly the great abun-
dance of organic matter in black shales at
specific periods in Earth history. This may
account for the abundance of widespread
black shales in the Late Caradoc (Ordovi-
cian) and Cretaceous, time periods when the
world's oceans do not appear to have been
sluggish, and when widespread distribution
of faunas over vast interior sedimentary
basins suggests good circulation and rea-
sonable oxygenation.

Organic detritus is of immediate impor-
tance to carbonate-dwelling organisms in
two direct ways: as a food resource to be
harvested or mined, and as a modifier of
substrate chemistry. Organic matter is more
abundant in the silt to mud-size fractions of
sediment, where it tends to be trapped, and

Fossil Lagerstétten

rapid deposition
of muds

sinking of nekto-
plankton

concentration processes

e

conservation processes

Figure 3 The biological (conservation) and physical (concentration) factors involved in the production of
fossil ore deposits or Lagerstétten, as visualized in marine carbonate deposits (after Seilacher, 1970). The tree
denotes the mangal and adjacent seagrass community as biological traps.
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rather scarce in sandy or conglomeratic sub-
strates, where it is oxidized. There is a broad
increase in organic matter as sediment parti-
cle size decreases, especially in siliciclastic
substrates, and, hence, in clays. This in-
creass is paralleled by a greater abundance
of deposit feeders (the miners of sediment)
as sediments become muddier, and a de-
cline in the number of suspension feeders
(whose feeding apparatus is clogged up
by fine muddy fractions; Levinton, 1982).
However, pure-clay substrates are difficult
for deposit feeders to penetrate because of
early compaction, greater shear strength,
and minimal porosity and permeability. De-
posit feeders, particularly the marine poly-
chaetes, therefore favour muddy substrates
which have some silt-sand and organic con-
tent. The same ratlonale may be different for
calcareous muds; these appear to be readily
exploitable by many deposit fesdars, per-
haps because they are less cohesive and
more amenable to "mining”.

It has long been known that bacteria pro-
duce organic coatings and films around
every sedimentary particle {Levinton, 1982).
Total live bacterial volume present around
grains and in interstitial pore fluids is difficult
to estimate. However, these bacterial films
are often essential in inducing larval settle-
ment of benthic invertebrates. Sterliized
sadiment tends not only to inhibit the arrival
of benthic larvae, but also to limit their meta-
morphosis to adult sizes. Larval settlement
(because of the timing of fertilization) is usu-
ally triggered to coincide with nutrient out-
put, temperature changes and tidal effects.
There is, therefore, a seasonal overprint.
Larvae, especially of sessile invertebrates,
must find a suitable substrate, a difficult task
with a high mortality and low success rate.
They are sensitive to the physical nature of
the substrate {(grain size, softness, topogra-
phy), they often gregariously seek out their
own kind (adults), and must detect chemical
or bacterial clues to their habitat.

LAGERSTATTEN IN

CARBONATE SUCCESSIONS

Fossil Lagerstatten, literally fossil “bedding
sites” or fossil-enrtched “ore deposits”, have
come to be defined as unusual skeletal con-
centrations in remarkable settings. Some
taphonomists include here the more com-
mon carbonate shell and phosphatic bene
hads of normal marine environments
{Seilacher, 1970; Seilacher et al, 1985).
Seilacher has chosen to exclude reefs as
fossil Lagerstatten (though in most senses of
the word reefs are, indeed, Lagerstétten).
Such unusual concentrations of fossils give
us special insights into biotope conditions,
the fate of soft parts as well as skeletons,
sedimentary processes, and early diagene-
sis. Kidwell et al. (1986) preferred the term
“fossil concentration™ for normal accumula-
tions of shelly fossils, and distinguished this
from a “fossil assemblage”, which is simply

any suite of fossils found on a bedding plane
surface, not necessarily a concentration.
Seilacher identified several types of
"Lagerstalt” categories, sorting them into
concentration and conservaticn beds with a
broad facies distribution related to shore-
lines (Fig. 3). These can be directly applied to
carbonate substrates. Concentration beds
include: those featuring sfow or infermittent
rates of sedimentation, favouring accumula-
tion of skeletons or soft parts (evident on
carbonate hardgrounds); placers, where
winnowing removed the fines and transport
concentrated the coarser fragments (e.g., on
reef flats); and traps, such as grooves, pock-
ets, fissure or shell fillings that concentrated
skeletons. Conservation beds encompass:
stagnation deposits, taking place in sapro-
pelic or anaerchic conditions which prevent
attack by scavengers, predators or distur-
bance by bioturbators (e.g., reef lagoons);
obrution deposits, with local biotas
smotherad by rapid sediment burist {tem-
pestites, inundites, turbidites, tidalites, efc.,
for example, in carbonate slope areas or
lagoons); and conservation traps, such as
petroleum seeps, seagrass and mangrove
habitats.

In analysis of fossil Lagerstétten, the func-
tional morphology of organisms is of great
significance in their preservation. Fossii
bivalves have a preservation potential dif-
fering from most articulate brachiopods un-
der the same sedimentological conditions.
Bivalves favour an aragonitic shell, which
rapidly recrystallizes and often dissolves af-
ter death, a weak hinge mechanism, which
consists of shallow ridges and grooves, and a
tough ligament, which tends to pull the shell
open. Thus, bivalves usually disarticulate in
short order when the soft parts decay. Artic-
ulate brachiopods, on the other hand, es-
pecially those with an interlocking ball and
socket hinge mechanism, have two valves
which remain closed and hold together firmly
after death; disarticulation, therefore, re-
quires greater mechanical anergy. Thus, dis-
articulated bivalves and brachiopods should
be differently interpreted. Substrates with a
significant or dominant skeletal component
are often named after the producing organ-
ism. Coquinites, or shell beds, are the result
of the accumulation of shelly organisms,
such as bivalves {mostly Mesozoic-Ceno-
zoic, e.g., oyster or mussel beds), brachio-
pods (Paleczoic, less commonly Mesozoic),
gastropods, nautiloids (Paleczoic), am-
monoids (Devonian-Cretaceous), tenta-
culitids (Ordovician-Devonian), ostracodes
(Ordovician-Holocene), hyolithids (Cam-
brian), pteropods (Holocene), etc. Encrinites
are made up of crinozoan or pelmatozoan
ossicles, nearly always the stems or colum-
nals. Foraminites (foram sands) or foram
oozes may consist of 100% foram tests (e.g.,
fusulinids in the Late Paleozoic, nummulitids
in the Cenozoic), “Coralline” organisms may
also form biostromal skeletal accumulations:
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green algal Halimeda “grancla” beds, platy
phylloid algal layers, “finger” beds of cylindri-
cal to branching bryozoans, phaceloid-de-
ndroid corals (Holocene Porites beds, Devo-
nian Thamnopora coral beds, and
Stachyodes or Amphipora stromatoporoid
sponge beds), sheet-like bryozoans, stroma-
toporoids or tabulates, and the meadows of
solitary rugosans (see later discussion and
Figs. 8-9).

The small-scale geometry of such con-
centrations may be as stringers, beds or
biostromes <1-2 m thick, palches, nests or
pods, channels or grooves, lenses, and
wedges (figures in Kidwell et al., 1986). Cur-
rents, waves, sorting in channels, or gravity
on siopes may align elongale shells as uni-
directional (if aplces point the same way) or
bidirectional (either way) or in telescoped
fashion. Shells In life position show orienta-
tions related to their attachment or seden-
tary, current stable position. After death,
these may be oriented parallel, normal or
oblique to the substrate or bedding plane.
Disarticulated shelis may be further stacked
in edgewise position (if concentrations are
dense), stacked convex upward or, less com-
monly, convex downward (indicating sinking
to depth), or in current-sorted clusters. Ali of
these convey taphonomic information, par-
ticularly in terms of energy regimes.

TROPICAL CARBONATE
ENVIRONMENTS

The equator bisects the tropical carbonate
belts which today, in a global osciltating ice-
house setting, terminate at approximately
30° north and south {Fig. 4). The polar re-
gions are essentially devoid of carbonates,
instead featuring clays and biosiliceous
cozes. Tropical ocean gyres spill warm water
over the eastern seaboards, leaving the
western shelves relatively cool and barren.
These equatorial settings have the thickest,
most rapidly produced and geographically
broadest carbonate successions onthe con-
tinental shelves, and the most prominent cor-
al reef development (Heckel and Witzke,
1979). Some carbonate sediment types are
limited to tropical and subtropical belts, e.g.,
chloralgal muds, ooids, grapestones and in-
durated pellets. Most tropical carbonate
hahitat settings feature relatively stencther-
mic skeletal invertebrates; many of the shelly
and coralline taxa of modern and ancient
equaltorial oceans are exclusively tropicaf in
their distribution. However, it is not the aver-
age seasonal temperatures which determine
their distribution, but the seasonal frost line.
For example, around Miami, Florida, sea-
sonal average temperatures would indicate
that corals can thrive (reefs are absent), but
the area just south of Miami still is affected by
occasional seasonal frosts, which have a
dramatic effect on the reef flat at low tides. A
similar situation exists on the east coast of
Australia, where the Great Barrier Reef ends
south of Brisbane. Reefs did not develop on
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the eastern shelf during the cold Oligocene,
but, as Australia moved northward, reefs
again began to deveiop in the north in the
Miocene, and continue their development
today (Feary ef al., 1991). Itis not that difficult
to draw up lists of groups which prefer the
tropics, and even within those groups there
are tropical "specialists”,

There are broad diagnostic features of
tropical carbonate substrate organisms:
1) Ability to build larger and more rapidly
growing, thick calcium carbonate shells
(e.g., giant tridacnid bivalves in the Ceno-
zoic, megalomid bivalves in the mid-Paleo-
zoic), large forams (e.g., fusulinids, num-
mulitids); presence of ooids, with bacterial
films,
2} Construction of giant coralline colonies
that are metres across, e.g., corals,
sponges,
3) Specializiation in dense, massive colony
construction and specific, complex modular
growth forms (Rosen, 1986), &.g., cerioid,
thamnastreoid, aphroid, cateniform and
“brain” (Jabyrinthiform) corals,
4} Increased numbers of symbiotic relation-
ships, e.g., zooxanthellae in hermatypic,

scleractinians, tabulate-stromatoporoid in-
tergrowths in the Paleozoic ("caunopores”),
coral and sponge wall-inhabiting poly-
chaetes,
5) Capacity to build reefs with a prominent,
often frame-building skeletal component,
and
6) Substantially greater diversity of taxa in
single communities.

Groups typical of tropical carbonate habi-
tats encompass the following:
1) Mangrove angiosperms and their biota
(Late Cretaceous: Retallack and Dilcher,
1981; Davis, 1940; Scoffin, 1970), seagrasses
(monocots: Late Eocene- 7},
2) Reef-building red algae (Goniolithon, sole-
noporids, etc.), calcareous green algae or
chlorozoans (Halimeda, cyclocrinitids, re-
ceptaculitids, dasyclads, etc.), coccoliths,
non-skeletal stromatolites, skeletal poro-
stromatolites,
3) Reef-associated forams with larger, thick-
er-walled, more ornamented skeletons (e.g.,
fusulinids in the late Paleozoic, orbitolinids,
alveolinids, peneroplids in the Meso-Canc-
zoic), cementing forams,
4) Calcareous sponges, stromatoporeids,
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5) Larger and complex skeletal hydrozoans,
most tabulates, most colontal rugosans,
large solitary rugosans,

6) Larger and more diverse brachiopods in
the Paleczoic, e.g., atrypids, pentamerids,
strophomenids, lingulids. Interstitial and
cementing brachiopods in the Meso-
Cenozoic,

7) Specialist bivalves (tridachids, mega-
lomids, pterioids, rudistids, efc.) ,

8) Most nautiloids (e.g., Nautilus today, most
complex orthocones in the Paleozoic),

9) Most ammonoids,

10) Specialist gastropods, e.g., conids,
cerithiids, spider conchs, large shelled
forms,

11) Specialist crustaceans, e.g., hermit
crabs, fiddlers,

12) Ornamented ostracodes, specialist trilo-
bites, many mound-building shrimps, and
13) Many crinozoans, some regular and irreg-
ular echinoids.

TEMPERATE OR

COOL-WATER CARBCNATES

Increasing interest in cool (i.e., temperate or
high-latitude) water carbonates in the 1970s
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lo waslern continental shelves and high latitudes above 30° (after Neison, 1988). Reef-immed shelves are typical of the tropical latitudes.
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{Lees and Buller, 1972; Lees, 1975) hasled to
a search for environmental and biologic sig-
natures for such carbonate precipitation pro-
cesses. Although CaCO, production is more
difficult in cooler shelf or deeper ocean
waters because of the solubility of aragonite,
the process is still quite widespread in higher
latitudes from 30° to 50° {Fig. 4). Calcite is
favoured in cooler seas today, but, by analo-
gy. thare are apparently contradictory data
from the past; warm Paleozoic seas are usu-
ally calcite-dominated. in the higher lati-
tudes, the annual temperature range of sea
water is steeper, and can range from near
freezing to 20°. Thus, temperature effects
should be stronger than in the tropics. Lees
(1975) coined the term foramols, or foram-
molluscan associations, for such shelf sed)-
ments, Shell banks and shelly sands are very
widespread, probably to a greater degree
than in tropical carbonate habiltats. Leonard
of al. {(1981) and Nelson (1988) have Identi-
fied general keys to non-tropical carbonates,
which are summarized below. Since reefs
are absent, shelves tend to be open oceanic
systems, unless the shelf is flanked by car-
bonate sand banks. Carbonate muds tend to
be produced by physical or chemical reduc-
tion of grain size, rather than by direct in situ
precipitation from green algae, such as Hali-
meda. Glauconites and phesphorites are
more common components of the carbon-
ates. QOolites are absent. Such cold-water
carbonate models have been applied, for
example, to the Permian of Tasmania (Rao,
1981) and Middle Ordovician (Black River-
Trenton) carbonates of Ontario and New
York (Brookfield, 1988).

Biotic groups typical of cooler water car-
bonates include the following:
1) Red algae, such as Lithothamnion, Cor-
allina, but few skeletal chlorophytes. Stro-
matolites are usually rare (Shark Bay lies at
25° south, but on the cooler west coast).
Spongiostromes and “stromatactids”™ may
be common. Seaweeds {brown algae) are
common to abundant; seagrasses are less
common, disappearing at ~40° north and
south.
2) Specific families of benthic forams, mostly
smaller taxa, with less diversity.
3) Spiculate demosponges and siliceous
sponges.
4) Smaller solitary corals and fasciculate
ahermatypic corals (soft-bodied anthozeans
in shallow shelf habitats).
5) Abundant bryozoans.
6} Commaon to abundant regular and irregular
echinoids.
7) Barnacles, few burrowing shrimps.
8) Vermetid gastropeds and tube-building
worms (sabellariid banks: Carey, 1987).
9) Abundant and diverse, small to large bur-
rowing and epibenthic bivalves (oyster, mus-
sel banks), abundant cuttlefish tests.
10) Abundant large articulate brachiopods:
terebratulids, rhynchonellids.

ORGANISM-CARBONATE

SUBSTRATE INTERACTIONS

The biotic eflact on the mass properties of
carbonate substrates which sustain large
benthic populations is considerable (Vern-
berg and Vemberg, 1981; McCall and Tevesz,
1982). Organisms contribute in four direct
ways to substrates: through bioturbation,
and by providing their skeletons, their soft
organic tissues, and their excretory by-pro-
ducts. The level of sediment modification is
related to the sizes and activity rates and
densities of organisms, which decrease with
increasing water depth. Organisms have the
capacity to alter: 1} grain size, shape and
sorting, usually by digestive activity; 2) the
texture and fabric of the sediment, by me-
chanical displacement of substrate; 3) sedi-
mentary structures such as bedding,
lamination and surface topography; 4) water
content and fluid movement in pore spaces,
by respiration and excretion; 5) compaction,
6) shear stress and stability, .g., softness or
hardness of the substrate; 7) grain composi-
tion, such as selectivity via feeding and har-
vesting processes; and 8) sediment chemis-
try, through the addlition or deletion of sol-
uble or biodegradable elements or materials
{Levinton, 1982).

Crganisms require substrates as a food
resource (the organic matter in the sedi-
ment), for anchoring, fixation and stable plat-
form, as larval settlement sites, and as shel-
ter or protection. Schéfer (1962) coined the
terms vital and lethal substrates to mark the
presence or absence of organisms, and lipo-
and pan-substrates to characterize sub-
strates with omission surfaces and areas of
continuous sedimentation. He thereby rec-
ognized both biclogical and sedimentologi-
cal input. The absence of organisms on or in
Phanerozoic substrates does not neces-
sarily mean that the substrate was hostile to
organisms. The sea bottom is not universally
packed with shelty, coralline skeletal or soft-
bodied elements; settlement processes
were often a matter of chance, rates of sedi-
mentation may have been relatively rapid, or
seasonal temperatures excessive.

In turn, the substrate may be a strong
(often the dominant) determining factor in
the kinds of organisms that come to rest
upen it. Suspension-feeding organisms se-
lectively favour a firm, hard or rocky ground
or coarse-grained subslrates; deposit
teeders prefer the silty-muddy fractions
(Gray, 1981). The benthic bicta have learned
to cope with soft, muddy substrates by
adaptively evolving mechanisms to raise
themselves off the sea floor or 1o prevent
sinking into unstable substrales. Some or-
ganisms (the generalist pioneers) have the
capacity to move quickly into areas of fresh
sadiment influx, especially after storms.
Others (the climax specialists) require a sub-
stantlal lag time and will only move in when
the substrate is stabilized or when suitable
attachment sites are available. Rates of
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sediment accumulation are also important.
Areas of rapid sedimentation favour deposit
feeders and burrowers which have escape
mechanisms to prevent “drowning” in sedi-
ment. Areas of slow, intermittant or non-de-
position favour suspension-feeding organ-
isms. Ultimately, the substrate is also the
burial medium that captures not only the
benthic fauna and flora, but also the planktic
and nektic biota that occupy the water mass
above it, and provides us with the fossil
record. Analysis of fossilization mechanisms
has led to a special subdiscipline called fa-
phonomy, defined as the study of the burial
and preservation processes of organisms
(Briggs and Crowther, 1990; Brett, 1991, Al-
lison and Briggs, 1991).

Several remarkabie biolegical revolutions
In substrate modification have occurred
through geologic time. The first of these was
the evolution of the Ediacaran soft-bodied
benthic animal community, the oldest of
which appears to have preceded the Late
Precambrian glaciation event, ~630-580 Ma.
Ediacaran trace fossils indicate that the first
mobile inveriebrates moved around on the
substrate and were capable of shallow bur-
rowing paraliel to the sediment-water inter-
face. The second development was the skel-
etalization of the Cambrian biota (Fig. 1).
Skeletons and hard parts (rigid exo-
skeletons, or internal food gathering mech-
anisms like radulae or teeth) provided an
enormous advantage in plowing through
sediment, removing nutrients, or grazing-
browsing on microbial mats. The posses-
sion of a skeleton became a deterrent to
predation. Live or abandoned skeletons
also provided the sites for attachment of
larvae and adults of fixo- and libercsessile
animals, enabling these to produce shelly
or coralline pavements. Prior to that time,
the only available rigid, stable attachment
sites were sedimentary clasts, such as
sand grains, pebbles, and boulders or hard
and rocky grounds. Thus, the earliest orga-
nisms had fewer opportunities for larval
settlement.

The earliest shelly fauna {the Tommotian
fauna) were largety of meiofaunal (fitting into
the 01-0.5 mm size range) to small macrofau-
nal sizes (0.5- <2 mm), and perhaps intersti-
tial, fitting into the sand size range of sedi-
ments. The reason for this is obscure; size
may simply have been a biological limitation
in earliest skeletal forms. The Tommetian
fauna preceded the introduction of the larger
trilobite and shelly brachiopod-molluscan
fauna of the Atdabanian (Early Cambrian).
Predation of shelly benthos began in the
mid-Paleozoic, accelerating in the Late Pa-
leozoic (Signor and Brett, 1984). However,
the large-scale introduction or widespread
proliferation of new marine predalors ex-
panded greatly in the Mesozoic-Cenozoic,
including molluscans (carnivorous snails}),
starfishes, marine reptiles, skates and rays,
birds and placental mammais (Vermeij,
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(1987}. This resulted in the evolution of the
fused siphon, enabling bivalves to become
burrowers; deep-burrowing shrimp; and the
deep burrowing of the irregular echinoids,
among others. It also appears to have encour-
aged much more thorough exploitation of the
substrate, aerating sediment, accelerating lo-
cal resuspension of finas, and increasing sub-
strate mobility and potential for erosion.

BIOCHEMISTRY OF

CARBONATE SEDIMENTS

The macro- and microbenthos of substrates
have a strang effect on their chemistry. This
is especially critical in carbonates, where
diagenesis plays a major role, even at early
slages prior to lithification. Organisms accel-
erate the rate of exchange of dissolved ele-
ments and compounds across the sediment-
water interface, produce and disturb the pH,
oxidation and reduction haloes, advect re-
duced compounds from the lower layers to
the water mass above, and cycle the major
elements (S, P, N, C). Lithification of carbon-
ates is often rapid and early; beach rock, for
example, forms in situ while the sediment
around it is still mobile, Feeding, burrowing,
tube or skeleton construction and irrigation
(solid fecal excretion, and lophophore, gill or
other respiratory outpumping of fluids and
gases) are the main biotic processes which
affect solubility and oxidation-reduction re-
actions in carbonates. Most of these reac-
tions are related to bacterial decomposition
and cycling. The macrobenthos translocates
sedimentary particles, influencing porosity
and permeability. Burrowers, via bioturba-
tion, cause advection of fluids and ventila-
tion of gases through burrow linings. Deposit
feeders rely largely on bacterta for food and
produce significant amounts of fecal pellets
{Gray, 1981). Fecal matter alters the micro-
chemical environment by concentrating
phosphates, nitrates and sulphates. Mucus
linings, stringers, sheets and concentrations
produced by benthic invertebrates can pro-
duce an enclosing blanket on the substrate,
or films around sedimentary particles, thus
reinforcing chemical reactions. Most impor-
tant, diagenetic reactions are associated
with concentrations of organic matter and
bio-activity.

Substrates are chemicaily stratified from
the surface downward (Meadows, 1986,
Hesse, 19886). Chemical reacticns appear to
be generally more marked in carbonate than
siliciclastic sediments, and more sharply de-
fined in finer-grained sediments, especially
muds or muddy silts. With increasing depth,
the following reaction layers occur: a zone of
aerobic respiration (O, rich}, followed down-
ward by nitrate-fixation, manganese oxidiz-
ing, iron hydroxide formation, sulphate re-
duction and, at the base, methane and fer-
mentation generation (Fig. 5). Sulfate reduc-
tion may also occur in the oxygenated iayer
{Canfield and Des Marais, 1991). The thick-
ness of these layers depends on grain size

(oxidation zones are deeper in coarse-
grained, bioturbated sediments) and organic
matter content. Such chemical flindng oc-
curs as haloes around burrows, where biotur-
bation is common (Meadows, 1986). Some
infaunal invertebrales have the capacity to
produce specific chemicals which may inhib-
it microbial activity in sediments (Meadows,
1986). The first stages of oil and gas forma-
tion occur as a result of biological activity.
Metabolic energy available to bacteria de-
clines with depth in the order
0;>NO,>Mn0,>FeQH>50,>C0O,,

with minimal energy available at depth. Bio-
turbation tends to increase the subduction of
organic matter below the sediment-water in-
terface. In addition, surface grazing and
browsing maintain microbial activity at a high
lavel. In hostile environments, the dense
spacing of burrows or surface tubes is pre-
ferred in maintaining sediment irrigation
(Rhoads, 1967). Thus, small size of tubes and
dense packing not only stabilize the sub-
strate, but may also be a signature of chemi-
cally hostile substrates, as organisms use
specific strategies to counteract negative
factors.

Trace fossils often have specific grada-
tiona! associations with oxygen-depleted,
reducing environments, as it is clear that
infaunal benthic animals have even a more
critical requiremant for oxygen in their respi-
ratory processes than do the epibenthos.
Increasing oxygen concentration in the up-
per pore fluids of sediments has an impact on
the life habits of deposit feeders. Indeed,
oxygen content may be a more critical factor
than depth control. Ekdale and Mason (1988)
have pointed out that from barren, iaminated
substrates with reducing settings, to well-
oxygenated substrales, there is a progres-
sion of trace fossils with specific life habits.
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Pascichnia (surface trails for feeding) are
favoured in interstitial water which is dys-
aerobic, fodinichnia (ichnia systematically
mining sediment for food) thrive in organic
matter-rich anaerobic sediment with a sedi-
ment-water interface which is aerobic to dys-
areobic, and domichnia (vertical tube-
dwellers} suit well-oxygenated substrates
{Seilacher, 1964).

Ecologic succession is important in
changing surface and subsurface chemistry.
With time, relatively anaerobic sediment can
be converted by pioneering elements that
live at or near the surface and move rela-
tively little sediment, to a higher-order com-
munity in which the oxidized zone expands,
the infauna feeds at depth, and particle mix-
ing becomes intensive (Rhoads, 1967). Alter-
nativaly, in biostromal to bichermal carbon-
ate environments, rapid growth rates of ex-
panding individuals and colonies may cause
aggressive expansion of the cover of sedi-
ment, resulting in exclusion of the infauna,
Competition for surficial substrate space by
invertebrates, such as barnacles and clonal
bryozoans and corals {e.g., Jackson, 1983)
leads to rapid encrustation as each spacies
stakes a claim (the "squatters principle”).

MUDDY, SOFT BOTTOMS

There are four main types of marine muddy
bottoms with a biclogical component: clays
(clay minerals); caicareous muds (the result
of direct biologic precipitation of fine parti-
cles by phytoplanktic or benthic bacteria and
algae, orthe size reduction of targer bicgenic
particles by biologic processing or chemical
breakdown); organic muds (sapropels, pelle-
tal muds); and siliceous muds (diatoma-
ceous, radiolarian oozes}, with the last three
having a biogenic origin. Evaporitic{i.e., gyp-
siferous or halitic) muds are excluded here

BIOCHEMICAL ACTIVITY IN
CARBONATE SUBSTRATES

pascichnia

" .asration”
nitrate fixation :_j.
: . manganese oxidation
.. Iron hydration
" ... sulphate reduction - - -
- methane production
f o fermentation

Figure 5 Chemistry of carbonate substrates is strongly influenced by bioturbation (feft side) and bacterial
production of nitrales, manganese oxides, iron hydroxides and sulphides, methane and carbon dioxide

{fermentation; skelch after Meadows, 1986).
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because of their minor skeletal or minimal
organic content. Muds may contain up to
90% water and are, therefore, usually soft
and mobile. Organisms have basically the
same problems in coping with life on such
soft bottoms: they must prevent sinking, and
thay have to find mechanisms e cope with
the smothering effect these muds have on
their feeding and respiratory habits. Both
require adaptations. Fine sediments tend to
stay in suspension under higher-energy con-
ditions, and to be precipitated under quieter
conditions, though carbonate mud may also
readily precipitate interstitially even in high-
energy habitats (Reid et af., 1990). This re-
stricts environments where such muds are
found to quiet-water sheltered embayments,
lagoons, or muddy tidal flats {where muds
are left behind as tides recede), and deeper
water environments, below the fair weather

FEEDING TYPES AND SEDIMENT CONTENT

and storm wave base. Some muds represent
drowning events related to abnormal effects
{e.g., obrution deposits). Others have a
strong seasonal overprint related to annual
storms or monsoons.

Soft muddy bottoms are usually level, due
to gravity settling of fines, with few irreg-
ularities, except those created by the bot-
tom-dwelling bicta. Thus, bedding plane sur-
faces are remarkably even and can often be
traced for long distances. Mudmounds are a
variant of such level-bottom carbonate mud
environments, and are not treated here.
Modern mudmounds are generally a feature
of waters deeper than 20 m, such as the
Halimeda mounds of the Great Barrier Reef
and Java Sea (Roberts et al., 1987). Such
mounds should not be confused with chloral-
gal {Halimeda, Penicillus, Udotea, elc.)
meadows which produce sheets or banks of
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Figure & The presence of finer (silt-clay sized) fractions and organic matter in sediments influences the
arrival and departure of suspension and deposit feeders {after Sanders, 1958). Deposil feeders decline in
abundance if organic detritus content in carbonates exceads 3%, due to bacterial interference (McCall and

Tovesz, 1982).

ADAPTATIONS FOR
SOFT MUDDY SUBSTRATES

Figure 7 Paleozoic brachiopod adaptations to soft muddy carbonate substrates. Demonsirated in cartoon
fashion are snowshoe alrypids (Copper, 1967), ski spiriferids, outrigger chonelids (Racheboeud, 1981), stilt
and balloon-suspended productids (Gram, 1963, 1966).
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muddy sadiments. Another general feature
of carbonate muds is fine lamination. Rhyth-
mites are not uncommon, and may be due to
twice-daily tidal flows in tidal flats orlagoons,
or lo seasonal factors {deposition in the quiet
saason), with thicker beds possibly related
to Milankgvic cycles. Coccolith or organic
mud production may be due to seasconal
planktic blooms. Some varvites may be non-
cyclically produced, e.g., the production of
sediment from whitings (Shinn ef af,, 1989).

Feeding mechanisms of organisms have a
broad relationship to sedimentary grain size.
Suspensicn feeders generally decrease in
abundance as the mud fraction increases
(Sanders, 1958) (Fig. 6). Thus, suspension
feeders favour coarser sands, sills, pave-
ments or hardgrounds. Deposit feeders, on
the other hand, increase in density with in-
creasing mud content, probably largely be-
cause the organic content of muds is greater
than that of coarse sediments.

The activity of deposit feeders tends to stir
up muds, which excludes suspension
feeders. The organic content of sediments is
broadly reflected in marine sediment colour:
dark gray to black shales hold substantially
greater amounts of organic detritus, with the
black colour largely derived from carbon
breakdown or finely disseminated sulphides.
The bacterial content of sediment also in-
creases with mud content, since bacterial
sizes are in the 2-10 micron range, close to
that of mud particles, and bacteria utilize
electron charges to fix to such grains. There
are some limitations to the increase in de-
posit feeders in muds. These limitations re-
late to the increased cohesiveness, compac-
tion capacity and shear strength of muds,
which make it more difficult for deposit
feeders to plow through, unless a certain silt,
sand or “humus” loosening factor is intro-
duced. A second limitation is the amount of
organic matter present. The number of de-
posit feeders tends to peak at 3% organic
matter and drop off markedly when it in-
creases to more than 5% (Fig. 6). At higher
organic levels, anaerobic bacterial activity
increases and animal respiration becomes
difficult, This is seen in “black shale” environ-
ments. Seasonal surface plankton blooms
may preduce increased bottom organic con-
tent, which causes a decline in benthic de-
posit feeding inhabitants {Pedersen and Cal-
vert, 1990).

Adaptations by epibenthic suspension
feeders to soft muddy bottoms are diverse
(Copper, 1567, Bassett, 1984; Brett, 1991}, but
mainly involve finding ways to prevent sink-
ing {Fig. 7). One strategy for this includes
increasing surface area by development of
frills, ears, flanges, wings, rapid lateral
growth, or flat shells {the "snowshoe effect”).
Ancther strategy is to develop linear exten-
sions of the shell, such as along the hinge of
mud-adapted spiriferid brachiopods (the "ski
effect”). A third strategy is to grow lateral
spines or pontoons (“outriggers”), or to de-
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velop spines, "prop roots” or poles to raise
the organism sufficiently above the sea bot-
tom {as seen in the growth of spines in pro-
ductid or atrypid brachiopeds: the “still
effect”). A fourth strategy is to use an anchor
for attachment and a long stem to rise above
the substrate (the “string balloon effect”), or
to become epibenthic by attaching to cther
organisms which have tried the above
strategies. Thus, many smaller organisms
(bryozoans, forams and larvae of other inver-
lebrates) attach themselves to objects which
already occur on the sea bottom.

Muddy bottoms sometimes retard growth,
or stunt organisms which may be of “normal”
size under optimal conditions elsewhere.
Such environmental stunting may be related
to difficulties with feeding or respiration in
muddy environments, or to the chemical,
reducing aclivity of bacteriain muds. Thus, a
prevalence of stunted species, or reduced
species diversily, may indicate marginal liv-
ing conditions in habitats where mud is fre-
quently in suspension or where microbial
activity alters substrate chemistry.

Muds are commeonly the beginning of new
successional cycles (McCall and Tevesz,
1982). The aftermath of turbulence or cata-
strophic events, such as storms (tem-
pestites), floods (inundites), or submarine
avalanches (turbidites) is usually a sheet of
muds, the result of the fines coming out of
suspension (Seilacher, 1982). These “drown”
previous communities and provide a vacant
substrate niche. Black shale or sapropel
horizons may follow a successional pattern,
if oxidation takes place. Soft-bottom succes-
sions are initially populated by pioneering
organisms with high reproductive rates,
greater tolerance for extremes, smaller
sizes, and strategies for coping with life on
muddy bottoms.

MANGROVE-SEAGRASS CARBONATES

Mangroves, in the mangal swamp ecoc-
system, exist in an intertidal-supratidal tropi-
cal halfworid between land and sea, trapping
sediment derived from both land and sea,
protecting the shore from erosion, and acting
as accretionary prisms for sediment away
frorn the shoreline. Mangroves only survive
in areas where seasonal temperatures do
not drop beiow 20°C. They occur in low-
energy environments primarily affected by
tidal currents, which are channelled through
them. The proproot and cableroot systems
and respiratory pneumatophores baffle cur-
rents and provide a range of attachment sites
for calcareous epibionts, and nurseries for
marine invertebrates. Effectively, the mangat
and seagrass community acts as a biological
conservation Lagerstatt. Most mangals are
mud-based and may establish equally well in
clays or lime muds (many flank rainforests).
Mangroves produce large amounts of leaf
litter, which is a food resource for a host of
detritivores, and a potential seurce of hydro-
carbons. Sedimentation rates in and around

mangroves are high, up to 1 cm/a {Risk and
Rhodes, 1885), thus this organic matter may
be readily conserved. The mangal eco-
system dates back to the Late Crelaceous,
the first instance of the invasion of marine
habitats by angiosperms (Retallack and Di-
Icher, 1981; Little, 1990). It is possible that
some of the bushy, somewhat mangrove-like
Late Paleozoic glossoptetid gymnosperms
of the Gondwana region were inhabitants of
the intertidal zone, but this is generally dis-
counted, and no glossopterids are known
from carbonates. Raymond and Phillips
(1983) have suggested that some cordaitid
gymnosperms of the Late Carboniferous
formed “mangrove” communities, since they
are typically associated with marine trans-
gressions. Little {1990) has proposed that
Late Silurian rhyniophytes may have lived in
a saltmarsh environment, but these are not
associated with carbonates. The relatively
new mangal ecosystem of the last 75 m.y.
may have added a special dimension to car-
bonate sedimentation.

The next invasion of the carbonate habitat
by vascular plants was the Late Eocene evo-
lution of salt-tolerant angiosperm grasses,
e.g., Thalassia tastudinum or turtle grass,
and other species. Seagrasses not only baf-
fle currents, but provide a wide range of
attachment sites for carbonate-secreting al-
gae, forams, bryozoans, gastropods and
bivalves, which settle as sediment when the
grasses die. The sediment then acts as a
protective cover for corals and mobile mol-
luscs, Seagrasses help to bind and stabilize
carbonate grains, either as level bottomns or
mounds (Scoffin, 1970). The total area cov-
ered by seagrasses and mangroves has not
been calculated, but may well be globally
comparable to the area covered by coral
reefs. Since seagrasses leave virtually no
geological evidence, their functional equiv-
alent is unknown. Jux and Strauch (1974)
figured brown algal phytobenthos in the shel-
tered lime mud communities of the Devonian
of Germany, housing a community of brachi-
opods like Uncites and Stringocephalus.
Such Paleozoic "seagrass” communities
may have been more widespread in carbon-
ates than is evident in the fossil record.

COQUINITES (SHELL BEDS)

Coquinites (coquinas, shell beds, shell grav-
els, shell pavements, etc.), which are beds
produced by the exoskeletons of a host of
shelly organisms, have received particular
attention in papers related to event stratigra-
phy and taphonomy, with emphasis on physi-
cal rates of sedimentation (e.g., papers in
Einsele and Seilacher, 1982; Aigner, 1977,
1979; Kidwell, 1986a, 1986b). The spectrum
of the interaction of live organisms and aban-
doned skeletons has been termed “taphon-
omic feedback” (Kidwell and Jablonski, 1983,
Kidwell, 1986b), and possibly plays a teading
role in forcing ecologic successions. in ecol-
ogic successions, piongering organisms pre-

pare the substrate for later occupation by a
¢climax community ({taphonomic feedback
may thus ba cenfined to the pioneers and
have no long-term role in forcing succes-
sional change).

Concentrations of shells may be entirely
the result of biologic processes of larval set-
tlement, neanic and adult growth patterns,
and the feeding or sorting behaviour of an-
cient or living organisms. An Initial nest or
ciump of shells may expand laterally and
vertically in a prevailingly uniform sedimen-
tary setting. Rapid early growth and expan-
sion of the modern Great Lakes pest, the
zebra musse!, may take place in a few
months or years, as soon as the first spat are
introduced. Marine mussels and oysters
create sea-floor roughness, which, in turn,
creates microturbulence that helps to circu-
late nutrients within the community. Biogenic
shell concentrations may also be produced
by predators which dump discarded shells
around their burrows or nests in the sub-
strate. and by middens produced by marine,
shell-eating fossi! crustaceans, cepha-
lopods, birds, reptiles or mammals. Graded
bedding. with coarser bioclast fractions
grading upward into fines, can be produced
biogenically by sea cucumbers and poly-
chate worms (Rhoads and Stanley, 1965).
Some organisms use the shelis of others to
line their burrows or build shelters (e.g., her-
mit crabs may discard a number of shells in
their lifetime, and, in sufficient numbers, may
concentrate whole shell beds). Some marine
polychaetes selectively backfill their burrows
with the coarser comminuted debris (i.e.,
fecal pellets) or fossil shells. Kidwell ef al.
(1986) called the shell-bed end product of
these various behavioural methods “extrin-
si¢ biogenic concentrations”. Rates of mod-
ern shell production rarely exceed 0.5
kg+m-2/a. Preservation of shell beds in cold
climate regimes normally requires guick bur-
ial because of rapid chemical dissolution of
shells below the sediment-water interface
(Davies et al., 1989), but in tropical latitudes,
shell beds can form at rates exceeding back-
ground sedimentation.

Sedimentologic concentrations represent
the physical or hydrautic end of the spec-
trum. Shells may be viewed as sedimentary
particles or bioclasts to be sorted, win-
nowed, transported andfor deposited by
agents such as currents, waves, downslope
gravity, and mass transport (slumping, tur-
bidites, etc.). Such deposits may contain an
admixture of imported skeletons and skel-
etons reworked in sifu, with the exported
material, whether coarse or fine skeletal de-
bris, transferred elsewhere. Long distance
transport for more than a few tens of metres
does not seem to be significant in the forma-
tion of most shell beds, /.e., most shell beds
form more or less in place (Boucot, 1953,
1981; Craig and Hallam, 1963). Examples of
physical concentrations include beds con-
centrated from storm events, groove, fis-
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sure, ripple mark, and channel fills, and the
graded shell-beds formed in turbidites. Kid-
well ef al. (1986) also identified diagenetic
concentrations, e.g., compaction and pres-
sure-solution features, but these are not
treated here. Selective dissolution, e.g., of
more soluble aragonitic bivalves and gastro-
pods over less soluble calcitic brachiopods
and trilobites, can bias the fossil record,
leading to erroneous conclusions regarding
the original biota.

The production of specific types of shell
beds is affected by three important factors:
1) the environmental range, diversity and
functional morphology of the biota (e.g., few
brachiopods tolerate the intertidal zone, but
cerithid gastropods love tidal flats), 2) the
evolution of the group (there are no oysters
in the Cambrian), and 3) the sedimentary
setting (onshore-offshore, shallow-deep,
etc.). The last of these, and energy factors,
have usually been given prime considera-
tion. In terms of marine environments, there
is a gradient from the intertidal-supratidal
zone to proximal shelf environments, which
include beach, sand bar-shoal, estuarine,
enclosed embayment to lagoons, mid- to dis-
tal shelf deposits (affected by fair weather to
storm waves), and slope to basinal environ-
ments (which include talus and turbidite de-
posits). In most tropical carbonate environ-
ments, the shelf edge is typified by shoaling
or reef development, and may include fea-
tures seen more commonly in nearshore sit-
uations (Fig. 3).

CARBONATE SAND TO

GRAVEL BOTTOMS

Calcarenite substrates (including those
composed of comminuted shell fragments)
are strongly physically controlled by hydrau-

stagnant lagoons

Rasenriffe

fairweather wave base
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lic energy, with biological factors tending to
play a secondary role, except as a source of
sedimentary particles. Usually, there is less
nutrient and organic matter available than in
muddy sediments. Relatively few small or-
ganisms are capable of coping with these
substrates, although some specializations
include interstitial live faunas. Many organ-
isms settling on these substrates tend to be
much larger: larger bivalves, and especially
the settlement of coralline elements, such as
the encrusting sponges, bryozoans and cor-
als. Suspension feeders often dominate be-
cause of the absence of fine muds which can
clog up their filtering mechanisms. Sub-
strates also tend to be irregular: megarip-
ples, sand bars, and scour and groove chan-
nels disturb bottom topography.

Current and wave sorting, winnowing of
the fines, and at least localized transport and
redistribution of sediments are common.
The sediment is mobile, and the substrates
tend to be unstable and to shift periodically.
Such highly mobile substrates are often
favoured by burrowers which can dig out
rapidly from sedimentary events; thus, de-
posit feeders are very common, especially if
there is ~3% organic detritus in the sediment
(Fig. 6). Vagile epibenthic life is abundant.
Many calcarenites are light coloured, show-
ing a removal of nutrients, loss of bacteria,
and decreased organic content.

Types of carbonate sands depend pri-
marily on the nature of the organism com-
posing the particles and the amount of physi-
cal or biological reworking. Ooid sands are
invariably surrounded by bacterial films:
since they are formed in shallow, open
waters with high rates of evaporation and
agitation, they represent unstable bottoms
to which organisms have difficulty adapting.

CORALLINE BIOTA ON
CARBONATE SUBSTRATES  —
(muddy fractions)

deeper water

Figure 8 Paleozoic branching and fasciculate corals (tabulates and rugosans) and stromatoporoids
(stachyodids, amphiporids) favoured muddy carbonate substrates in quieter waters (left): erect structures
enabled ready shedding of sediment between the coralla or coenostea (middle). These thickets and
meadows (Rasenriffe) baffled sediment. Horn coral pavements (Ribenriffe) (right) common to the Siluro-
Devonian (after Wedekind and Trip, 1930; Birenheide, 1962), formed in deeper waters below fair-weather
wave base. Such cup coral pavements today occur only in waters >150m deep.
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Bivalves, gastropods and forams are the
most common shelly components in ooid
banks. Foraminiferal shelf sands originated
in Late Devonian time, beginning with the
first development of multi-chambered tests
and the evolution of calcite walls, expressed
in Late Paleozoic examples, such as fusulin-
id limestones, and continuing with Meso-
Cenozoic foram accumulations rich enough
to form thick rock units. The first aragonite-
walled and the first deep-sea benthic and
pelagic forams appeared in the Jurassic; this
revolutionized the productivity of the oceans
in terms of forams (the diatoms and calcare-
ous nanoplankton notably appeared about
the same time). Although deep-water car-
bonate currently makes up only ~7-8% of the
total carbonate mass, 60-80% of CaCO, is
said to be deposited in the deep oceans. Itis
thus possible that an evolutionary shift in
carbonate production to plankton has re-
sulted in a change from shallow shelf to deep
sea accumulation, as noted by Caldeira
(1991), although carbonate precipitation per
unit area in the deep sea is extremely slow,
and pelagic carbonate is cycled very rapidly,
eight times more quickly than shelf carbon-
ates.

CORAL-SPONGE-BRYOZOAN-ALGAE-
DOMINATED SUBSTRATES
(BIOSTROMES)

“Coralline" organisms, those producing
basal skeletons on top of which, or in the
upper-most galleries or spaces of which, rest
the soft-bodied organisms, have a basically
different strategy of substrate adaptation.
Such organisms may produce algally-domi-
nated substrates (e.g., algal rims of reefs, or
stromatolites), or sponge-, coral- or bryo-
zoan-dominated substrates. Nearly all of
these organisms, barring calcareous algae
and cyanobacteria and possibly sponges,
are clonal. The initial larval settlement and
first production of the basal skeleton proceed
from a single individual, which expands asex-
ually by budding or fission. All other individu-
als developed are clones of the first (Jack-
son, 1983). The exception is the lime-secret-
ing sponges, which grow by skeletal cell
expansion. Many of these sponges have a
remarkable capacity to vary skeletal com-
position (Wood, 1990). The chief factor
seems to be lateral expansion by aggressive
competition for space on the substrate. This
lateral expansion can be achieved in two
principal ways: horizontal encrustation
through sheets, shoots or mounds; and verti-
cal, upright or erect colonies, which may be
dendroid, phaceloid, cylindrical, palisade
(cateniform), fenestrate, conical, or fan
shaped (Fig. 8).

Cup or horn corals have the capacity to
form biostromal accumulations which have
been called “Ribenriffe” (“"beet” biostromes,
after fields of suger beets; see Birenheide,
1962). They may be abundant enough to form
extensive coral cobble pavements stretching
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for hundreds of metres along strike, as in the
well-known Mid-Silurian Dokophyllum or
“Omphyma” beds of Gotland, or the Mid-
Devonian Heliophyilum biostromes of On-
tario, thus providing ideal attachment for la-
ter benthic fauna (Fig. 8). Their orientation,
rates of growth, and growth shapes, as well
as epibenthic attaching or boring organisms,
provide clues to the substrate (Poty, 1980;
Elias, 1982, 1984; Elias et al., 1988). Such
conical, cylindrical to horn-shaped basal
skeletons normally settled on softer sub-
strates by having a pointed end facing down-
ward, by developing prop-roots or flanges, by
having a flattened underside and/or upper
surface, or by growing laterally or curving
upward to cope with the substrate (Neu-
mann, 1988). The Wenlock slipper coral Hol-
ophragma had an Eifelian counterpart, oper-
culate Calceola, with a flat underside. The
Llandovery button coral Palaeocyclus has its
Devonian Microcyclus, Carboniferous
Gymnophyllum, and Recent Fungicyathus
mimics. The dinner-plate Llandovery “mush-
room" corals Craterophyllum and Cysti-
phorolites, adapted to calcarenites, have
their modern counterpart in the genus
Fungia. Specific coral strategies have,
therefore, evolved repetitively to cope with
life on soft, muddy, or mobile calcarenitic
substrates. Modern substrates dominated
by scleractinian “cup” corals generally tend
to occur in deeper waters, like Caryophyliia,
which forms pavements at depths of 150 m
off the coast of Australia. Whether their Pa-
leozoic equivalents lived at such depths is
uncertain.

Colonial fasciculate, cateniform and
ramose corals, and digitate bryozoans and
stromatoporoids have the ability to form un-
derwater thickets, meadows, coppices or
biostromes, first termed “Rasenriffe” or coral
meadows (Wedekind and Tripp, 1930). Such
thickets baffle currents and initiate the pre-
cipitation out of suspension of silt to mud-
sized carbonate fractions from the water
mass in zones above the fair-weather wave
base (Fig. 8). Thickets like this behave sedi-
mentologically somewhat like shallow, near-
shore sea or turtle grass communities today.
Modern coral thickets in the Caribbean are
generated by dense growths of branching
taxa like Porites porites, Oculina diffusa, and
Cladocora arbuscula. In the Paleozoic,
Rasenriffe were constructed by ramose tab-
ulate coral forms like Thamnopora, Coenites
and Syringopora, and fasciculate rugosans
like Paleophyllum and Diplophyllum. Some
Devonian lagoonal environments featured
stromatoporoids with similar ramose config-
urations, e.g., the digitate forms Stachyodes
(in slightly better aerated habitats) and
matchstick-like Amphipora, under more
stagnant conditions. One particular group of
stromatoporoids, the cylindrical tree-trunk-
size Late Ordovician aulacerids, were so
large that they nearly always toppled over
after death, either from becoming unstable

or from storm activity (Copper and Graw-
barger, 1976). Digitate bryozoans played an
identical role to the corals and stromatopo-
roids: they similarly may be thicket and bed
forming (Cuffey, 1973). A specific, descrip-
tive carbonate rock terminology has de-
veloped around the growth habits of such
coralline organisms: bafflestone, branch-
stone, globstone, lettucestone, etc. (Tsien,
1981; Cuffey, 1985).

Substrates dominated by foliaceous, platy,
tabular, encrusting to domal coralline organ-
isms play a double role. The first of these is
the role of settling, spreading and establish-
ing themselves on the substrate, and the
second role is to become significant hard-
ground for subsequent epibenthos, or a hid-
ing place for cryptic organisms (Fig. 9). Their
chief characteristic is a relatively planar un-
derside, which may rest directly on or be
slightly raised above the substrate (Segars
and Liddell, 1988). The ability to spread later-
ally over the substrate may have been the
result of a number of factors, some of which
may not have been related to the nature of
the substrate itself. Firstly, a flat underside is
current stable, so is commonly favoured un-
der higher-energy conditions where it re-
duces the chance of overturning and
smothering. Additionally, in the sponges, a
flat upperside allows currents to sweep over
the surface, removing wastes from exhalant,
astrorhizal canal systems (high-energy
forms of stromatoporoids appear to have
fewer raised mamelons or chimneys for the
astrorhizal canals than those which live in
quiet waters). Thirdly, flat undersides have a
snowshoe effect, i.e., amethod of preventing
specimens from sinking into soft substrates.
Fourthly, rapidly spreading clonal organisms
have a competitive advantage in conquering
sea-floor space. And lastly, coralline skel-
etons of photosynthetic algae and cyanobac-

higher energy
<=

foliaceous to platy forms

lower energy

teria, or clonal invertebrates with algal sym-
bionts, maximize solar uptake, particularly in
deeper waters or “clouded” watermass, by
spreading laterally. Internally, the massive
clonal corals, bryozoans and coralline
sponges have often taken on special modu-
lar forms to accommodate to colonial life on
the substrate. Rosen (1986) has used hier-
archical first and second levels of modular
organization to characterize some of these
CaCO, skeletons (with plocoid, cerioid and
thamnasterioid fitting in the first, and ver-
rucose, meandroid and hydnophoroid in the
higher levels).

HARD SUBSTRATES

Hard substrates are here defined to include
any immobile substrate that is firm enough or
hard enough to take encrusting and boring
organisms, represents a non-depositional
omission surface, and is resistant to erosion.
This definition includes firm grounds, classic
“hardgrounds”, and conglomeratic to skele-
tal and rocky grounds. Brett (1988, 1991) has
pointed out that hardgrounds, because they
preserve a surface coated by encrusting
epibenthos and penetrated by endoliths,
form a good model for in situ communities
(there is no transport). Hardgrounds give us
information about rates of sedimentation:
they must be extremely slow or intermittent.
Carbonate substrates are especially well en-
dowed in terms of hardgrounds specifically
because early cementation and diagenesis,
often while the sediment is being deposited,
lead to synsedimentary hardening. Reef sur-
faces, for example, have had abundant hard
substrata for attachment by invertebrates,
especially in open-pore and cavity spaces,
since the Cambrian (Kobluk and James,
1979; Kobluk, 1988) and continue to do so
today (Kobluk and van Soest, 1989). Hard
substrata are also favoured by clonal inver-

CORALLINE BIOTA ON
CARBONATE SUBSTRATES
(coarser fractions) ~————

cylindrical forms
pinnacles

o

neral adaptations to firmer, coarser substrates

Figure 9 Coarser-grained carbonates and firmgrounds favour the establishment of basally stable and
encrusting corals and sponges, which in turn act as a rocky hardground for borers and epibionts (example
from Siluro-Devonian, in part following Birenheide, 1962). Foliaceous to platy forms are replaced locally by
domal-hemispherical and cylindrical forms (as seen in Kershaw, 1990, for stromatoporoids).
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tebrates, which have complex life cycles
(Jackson and Hughes, 1985).

Firmgrounds represent sedimentary sub-
strates in which sediment has begun to con-
solidate penecontemporaneously through
early compaction from the overlying water-
mass, from physical cohesiveness of fine
particies, from biological agglutinants {(mu-
cus, stime, biological films, mats, efc.), or
from very eatly stages of cementation before
the sediment turns to a hardground or rock.
Such firmgrounds are solid enough to pre-
vent organisms from sinking through or de-
pressing the substrate, and firm encugh to
require some mechanical effort to penetrate
or remove. Exceptional storms or physical
damage may rip up some firmgrounds and
produce shale clasts or intraformational peb-
bles. Such subtidal limestone or intraforma-
tional flat pebbles are common in Cambrian
through Siturian carbonate sequences, in-
volving episodic deposition of lime muds,
rapid firming, and subsequent rip-up clast
re-deposition (Sepkoski, 1982). Sepkoski
(1982) argued that such flat-pebble conglom-
erates vanished with expansion of the mid-
Paleozoic benthic marine fauna, but they are
still commonly represented in Silurian and
Devonian carbonate shelf successions.

Hardgrounds mark the next step, defined
by lithification of the omission surface to
produce a rock-hard, concrete-like surface
which requires substantial mechanical effort
to break down. Storms are insufficient to rip
up the surface, and only boring or chemical
solution processes are feasible. Hard-
grounds, like firmgrounds, are usually com-
posed of fine-grained carbonates: the car-
bonate acts as an early cement. Many exam-
ples are known from the terrestrial onshore
and estuarine zone (tropical lateritic hard-
pans), through intertidal {"beachrock™), to
subtidal (Palmer and Firsich, 1974; James &t
al., 1976; Flrsich, 1979, elc.), and deeper
shelf regions {(Neumann &t a/., 1977).

Sedimentologic criteria which are useful
for hardgrounds inctude sharp omission dis-
continuities, often with an irregular surface
that includes overhangs, cavities or re-
cesses (Koch and Strimple, 1968; Brett,
1988). Many firm and hardground surfaces
are identified by darker, pyritic, manganese,
phosphoritic or ferrous (pyritic) crusts, in-
dicating temporary reducing or stagnation
conditions. Evidence for episodic sedimen-
tation, stagnation and omission surfaces or
erosion is typicat. Many micritic hardgrounds
are capped by calcarenites which infill cav-
ities, borings or undercut recesses, sharp
grain-size differences are common as the
omission surface is buried by new sediment.
|f the time gap is considerable, e.g., a Creta-
ceous rocky ground covered by Eocene ma-
rine sediments, this may be used as evi-
dence. Early lithification of burrow linings
may, in itself, produce a hardground. When
the burrow host dies, or leaves, such syn-
sedimentary linings may be preserved as

hardgrounds {for chalks, see Rasmussen,
1971).

ROCKY GROUNDS OR
ROCK-DOMINATED SUBSTRATES

Rocky grounds here include boulders, large
fossil skeletons (e.g., coral and stromaltopo-
roid colonies) (Fig. 9), and bedrock surfaces,
including carbonate rock. Rocky grounds
usually represent substantial unconformity
surfaces in the order of thousands to millions
of years. Recogniticn of substantial time
breaks requires paleontologic definition,
Most are indicative of shoreline environ-
ments, such as rocky headlands, rocky
shelves, and boulder surfaces, where strong
erosional and high energy current, wind and
wave processes are at work (Sousa, 1985).
Marine organisms require considerable sur-
vival skills to exist on rocky grounds or
shores. They need to adapt to very strong
scour and wave disturbance, and tolerate
desiccation and daily and seasonal tempera-
ture variation. Boucot {1981) noted that the
evidence for a fossil biota on rocky shores is
rare, and many may have been overlooked.
He suggested that this habitat may have
been occupied rather late in the geologic
record, or may have been different in the
past. Efforts have been made to document
the fossil record of ancient rocky shorelines,
not just carbonates, and these go back to the
Cambrian (Johnson, 1988; Johnson et al.,
1988). Carbonate rocky shores may be gasi-
arto exploit by borers hecause of the relative
ease of carbonate solution. Common en-
crusting inhabitants today include the barna-
cles (Late Cretaceous-), limpets {?Juras-
sic-), oysters and mussels (Triassic-), calcar-
eous red algae, and a range of soft-bodied
forms, particularly the brown and green al-
gae. In the Paleozoic, there appear to have
been few encrusters comparable to these
adapted to exposed rocky shorelines, al-
though subtidal hardground inhabitants are
common, including nearly every Inverte-
brate phylum.

Biologic features which characterize most
subtidal carbonate hard substrates (firm-
grounds, hardgrounds and boulder-rocky
surfaces) in the Phanerozoic include three
important elements.

Encrustation.

Encrusting organisms include basal crusts of
clonal organisms (sheet-like crusts of
bryozoans, corals, calcareous algae), hold-
fasts {e.g., crincid, bryozoan disks, rootlets,
elc.), cementing valves (left valves of oys-
ters, pedicle valves of articulate brachs, or-
biculold inarticulates, vermetid gasiropods,
basal discs of edricasteroid echinoderms),
remnant tests of barnacle ¢rustaceans, and
tubes of sabellarid and serpulid worms. Non-
skeletal organisms are not recognizable as
encrusting fossiis.

Bio-erosion.

Boring organisms produce holes via me-
chanical scraping, drilling or frictlonal mech-
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anisms, or via chemical solution by secreting
acids. Organisms that leave recognizable
boring trace fossils include nearly every phy-
lum. Berings are at two scales: microscopic
or micro-borings made by cyanobacteria,
green or red algae and fungi; or macrobor-
ings made by higher invertebrates such as
sponges, worms, gastropods (although usu-
ally for live prey), bivalves (intc wood, hard
peats, and rock), brachiopods and echi-
noids. Most such macro-borings can be iden-
tified by being relatively smooth sided, often
with a calcite or aragonite lining, and by
being relatively straight or short {cylindrical
to vase to spheroidal in shape). The con-
centration and density of borings are good
indications of the amount of time the hard-
ground or surface object was exposed to bio-
erosion {Risk ef al., 1987). This is something
like fission track dating: the longer the ex-
posure to nonsedimentation, the greater the
time available for bioerosion at the micre and
macro level.

Ecologic successions.

The presence of typical ecologic succes-
sions for firm- and hardgrounds shows the
developmental changes as the subsirate
hardens and accommodates a different biota
(Baird and Fiirsich, 1975).

CARBONATE DISTURBANCE

OR EVENT HORIZONS

Biologic and sedimentary processes in tropi-
cal carbonate marine habitats are nearly
always disrupted by depositional ot ero-
sional “events”, a topic of increasing interest
to marine earth science (e.g., Einsele and
Seilacher, 1982; Aigner, 1985; Miller ot al.,
1988). Carbonate substrates appear to be
particularly affected, as the equatorial latl-
tudes lie in the easterly typhoon or hurricane
belts, where storms often have higher wind
velocities and greater frequency than in the
higher latitudes. Nearly every bedding plane
marks an event of some type, and in carbon-
ates, early diagenesis tends to emphasize
such events by accentuating the horizons as
resistant ledges. Some workers have sepa-
rated regular, rhythmic, “cyclic” processes or
events from “catastrophic” events. To what
extent, for example, is a storm a regular
seasonal or ionger-term cyclical “event”, or
a random “catastrophe”? Hurricanes, ty-
phoons or cyclenes characteristic of carbon-
ate and reef environmeants tend to come in
60-100 year cycies. The coral reef biota re-
covery time is shorter than this, and thus reef
organisms have "learned” to cope with such
natural disturbance. Physical event horizons
can range from very small scale, at the lami-
na (thin section) level, with no distinct lateral
continuity, to mass extinction events with a
global impact. Some physical events may be
reasonably predictable {e.g., tidal, lunar, sea-
sonal, biennial, 7-8 year Ei Nino, 11-22 year
solar, or longer-term 21,000-100,000 year or-
bital eccentricity cycles). Events may also be
relativaly stochastic: earthquakes (seis-
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mites, mass flows, talus breccias, tsunami
deposits, turbidites), volcanic eruptions (ash
falls, submarine flows), and meteorite im-
pacts (fallout layers, teklites). Events can
also be biclogically induced, e.g., the settling
and metamorphosis of benthic larvae in shell
beds or coral biostromes, migration events
with the rapid introduction of invading new
species, or elimination of existing species
because of the opening or closing of a mar-
itime “gate"” (the closing of the Tethys ocean
with the collision of the African plate into
Eurasia, or the connection of the isthmus of
Panama). Mass extinctions may aiso leave
a sedimentological record {the absence
of specific members of the food chain,
changeover in plankton, or loss of major
abundant benthic and nekto-planktic
groups). For example, the elimination of the
carbonate reef ecosystem at the Frasnian-
Famennian and Permo-Triassic boundaries
left a clear sedimentological signature.

Rhythmic sedimentary packages or rhyth-
mites are a typical feature of many carbon-
ate successions, and are proportionally
scarcer in marine siliciclastic environments,
The origin of limestone-marl periodites is still
debated {Schwarzacher and Fischer, 1982).
These tend to be more distinct in pelagic to
hemipelagic quiet water, lagoonal or deeper-
water micrite sequences. Here, carbonate
layers are interrupted by thin clay (shale)
partings deposited below wave base. Such
“Milankovic” cycles may well be giobal in
warm temperate to tropical latitudes, and
precipitate in 21,000-, 41,000- or 100,000-
year packages at rates of 0.5-3 cm per 1000
years (Einsele, 1982). Such sediments rep-
resent soft, muddy, calcareous bottom con-
ditions. They may be influenced by tlempera-
ture variations, ocean venting and changes
in the carbonate compensation depth
{(CCD), redox variations, atmospheric fluctu-
ations in CO,, sea level change, or phyto-
planklon and/or benthic cyanobacterial and
algal productivity blooms. Deep-water peri-
odites are rarely interrupted by storm layers,
and if so, the effects are usually minor. Nor is
there extensive bioturbation, except in spo-
radic horizons. Terrestrial processes (runoff,
sediment supply) do not seem to play a major
role. Early cementation favours preservation
of carbonate perindites. In shallow-water en-
vironments, short-term periodites may in-
clude tidalites, as recorded in intertidal
stromatolitic layers, which shouid produce a
twice-daily rhythm, depending on local tidal
regularity and relief. Such tidaiites may be
overprinted by the diurnal growth pattern of
photosynthetic calcareous algae and
cyancbacteria. Two-year marine cycles and
7-8 year El Nino cycles also have the pos-
sibility of leaving a carbonate biosedimen-
tary record. El Nino events are known to kil
reef and peri-reefal biotas locally, such as on
the west coast of Panama in the last decade
(e.g.. "coral bleaching™ Glynn and D'Croz,
t991).

Tropical storms, as recorded in storm beds
or tempestites {Aigner, 1982), have a more
severe impact on nearshore habitats than
the offshore; effects are thus tempered by
water depth, and the location of the prevail-
ing fair weather wave base and storm wave
base (Aigner, 1985). In tropical carbonate
belts, the primary seasonal effects are those
created by monsoons, as the apnual temper-
ature range is insignificant. Since they are
geologically instantaneous, storm beds rep-
resent good markers in sedimentary basins,
and thus provide us with better stratigraphic
resolution. Storm events disrupt the eco-
system and reset the local substrate com-
munity, a climax succession will be replaced
by a pioneering one. Storms reorganize sub-
strate conditions (muds may be replaced by
shell beds on a scoured surface, or sheil
beds may be suffocated by muds). Many
storm horizons appear to be followed by
hardgrounds (Miller et al, 1988). Over-
turned, toppled and storm-buried corat and
sponge heads that have successfully re-
grown on the sea bottom are known from the
Ordovician through Recent. Stochaslic car-
bonate deposits include carbonate tur-
bidites, debris flows, and reef megabreccias,
which are common at the toe of siope or
continental shelf edge margins. Nearly all the
coarse clasts here are imported, but the
local invertebrate or algal fauna that settles
upon these re-gstablishes an equilibrium.
Relatively few examples of ecologic recov-
ery from such random debris-producing
events are known. Since the organisms are
moved into deeper waters and new habitats,
or buried rapidly, death is more likely than
recovery,

In nearshore intertidal to estuarine to very
shallow water regimes, land-derived flood
sediments or inundites, can accompany
monsoon and hurricane seasons. Such in-
undites, where they interfinger with marine
carbonates, should be featured by consider-
able amounts of terrestrial plant debris (in
Devonian and younger sequences, following
the arrival of vascular plant vegetation and
soils), and fresh water invertebrates or pol-
len and spores mixed with marine forms.

CONCLUSIONS

Carbonate substrates represent a major bio-
chemical cive to the global atmosphere-
ocean system, and are also environments
exploited by some of the greatesi diversity of
species on Earth. Carbonate environments
have been cyclical through time. At times of
global warming and flooding of continental
lowlands, carbonate environments, es-
pecially in the tropics to subtropics, were
much more widespread. Carbonates are the
most significant store of carbon on the plan-
et, far exceeding production of the tropical
rainforest and oceanic plankten. Under-
standing the tise and fall of carbonate eco-
systems, especially those of reefs, at a
global scale, should unlock secrets to climat-

ic change. Much remains to be discovered.
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