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Introduction

Diagenesis of carbonate sedimenis in the
marine environment often begins as soon
as they are formed: foraminifer skeletons
settling onto the deep sea floor gradually
dissolve: living bivaives are infested with
boring sponges; cement precipitates n
coral pores just below those still occupied
by the growing organism. In many ways
these changes that occur on the sea floor
are the most critical in the history of a
limestone because they may not only mod-
ity depositional facies patterns but also
direct future diagenetic pathways. If, for
example, crusts should sporadically de-
velop on the surface of a carbonate sand
shoal through the precipitation of intergran-
ular cement, a new hard substrate suitabte
for colonization by a variety of skeletal
invertebrates will have been created where
none existed before. The new community
of organisms may in turn build reefs—
thus in a very short time a sand shoal fa-
cies has been raplaced by a reef facies
with no change in the environment except
partial lithification of the sediment. The
etfect of this sporadic cementation will con-
tinue as the carbonate sands pass through
subsequent diagenetic environments—

the unlithified and porous parts of the
sands will be flushed first by new diage-
netic fluids, while the cemented, non-
porous parts will be affected more slowly.
Finally, if the relative intensity of sea floor
diagenesis can be tied to depositional
facies, this knowledge is a poweriul tool

when atternpting to predict trends in reser-
voir lithologies in subsurface carbonates.

As might be expected, carbonates are
affected by a variety of chemical and
biological processes as they lie on the sea
floor. Precipitation of CaC0, predominates
in shallow tropical marine environments,
whereas dissolution is important at high
fatitudes and in deep waler. Because of the
preoccupation with lithification among those
studying limestones, any pore-lining or
pore-filling carbonate precipitate is com-
monly called “cement”, regardless of
whether it actually acts as a binding agent
or simply fills a pore inside a grain. To
date, recrystallization or neomorphism do
not appear to be significant processes
on the sea floor.

The most important biological process is
infestation of carbonate hosts by a spec-
trum of large and small bering organisms.

Because both carbonate genesis and
diagenesis occur within the environment of
deposition and often under identical condi-
tions, the line between the two is com-
monly blurred. For the purposes of this
essay we have arbitrarily considered al!
processes outside direct biomineralization
as being diagenetic, even though in some
instances these processes involve actual
particle formation. |n the following pages
we first give an overview of our current
understanding of the diagenesis of carbon-
ate sediments on the modern sea floor,
and then we assess the applicability of
these observations to the rock record.

Zones of Seafloor Diagenesis
There are two realms of carbonate deposi-
tion in the modern ocean: (1) shallow
water, characterized by rapidly accumulat-
ing sediments {ca 100 cm 1000 years)
which form mainly in warm tropical and
subtropical environments; and (2) deep-
walter, typified by slowly accumulating sedi-
ments {ca 10 cm:1000 years) from the
fallout of calcareous plankion occurring in
oceans worldwide. Sediments on the
slopes of shelves and platforms are mix-
tures of shallow-water and pelagic compo-
nants. Whereas the shallow-water deposits
accumulate quickly and form impressively
thick carbonate bodies, comparatively thin
pelagic carbonates, because of their enor-
mous extent covering more than a quarter
of the Earth's surface. account for over
two-thirds of the carbonate currently being
extracted from seawater (Hay et al., 1976).
Current estimates indicate that between
75 and 95 percent of pelagic carbonate is
subsequently dissolved (Broecker, 1974) at
the sediment-water interface in the deep
sea (Adelseck and Berger, 1975).

In the perspective of geoclogic time it is
important to recall that carbonate sedi-
ments made up of pelagic organisms are

largely a Mesozoic and Cenozoic phenom-
enon and insignificant in Palegzoic and
Precambrian strata {James, in press).

Yertical Zonation. The general patterns of
carbonate accumulation have been known
for over a century (Murray and Renard,
1881: Murray and Hjort, 1912). The primary
controls on carbonate precipitation and
dissolution are pC0, and water temperature
and pressure. Although water pressure
increases in a linear fashion with depth,
water temperature does not. Seawater

at low latitudes is temperature stratified and
comprises three layers (Fig. 1): a warm,
homogeneous, near-surface mixed layer
below which is the thermocline, a zone of
rapid temperature decrease with depth

to around 5°C, and below this point the
temperature of the deep water is more or
less constant to abyssal depths.

The precise determination ot the solubil-
ity of calcite and aragonite in sea water,
however, has proved 1o be one of the more
elusive quests of low-temperature geo-
chemists, and as Morse and Berner {1979,
p. 531) point ow, “aHer 100 years of study
the major problem of determination of
the saturation state of the deep ocean re-
mains largely unresolved”. At present our
understanding rests on the often conflicting
results of laboratory experimentation, map-
ping of bottom sediments and figld obser-
vations of particles hung in open containers
at various depths in the ocean. These
data most recently have been synthesized
by Morse and Berner (1979) and Broecker
and Takahashi (1978).

In general, near-surface tropical and
subtroptcal seawater appears to be super-
saturated with respect to both aragonite
and calcite to depths of about 500 metres
in the Pacific and 2,000 metres in the
Atlantic (Takahashi, 1975). Below this su-
persaturated water, sediments on the sea
floor are exposed to more and more under-
saturated water with increasing depth be-
cause of increasing pressure and to a
lesser extent decreasing temperature. Thus
sedimenis are subjected 1o faster and
faster dissolution rates until finally a depth
is reached where the rate of dissolution
is equal to the rate of sediment supply from
above. Below this depth. called the car-
bonate compensation depth {(Fig. 1: Bram-
lette, 1961) calcite disappears due to
dissolution. In regions where carbonate
productivity and resulting sedimentation
rates are high, such as those near the
equator, the CCD is depressed. Oceanic
CCD for calcite is now at about 3,500 m in
the Pacific and 5,500 m in the Atlantic,
and is at its shallowest in the North Pacific
and at its deepest in the North Atlantic.
Variations of the CCD in the world oceans
are discussed in detail by Kennett (1982).
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Hills that rise from abyssal depths up
through the CCD can be pictured as “the
snow-capped mountains of the deep sea”
(Berger, 1975), their lower slopes, below
the CCD, covered by red clays and sili-
ceous ooze while their tops above the CCD
are mantied with white carbonate sedi-
ment,

Evidence for dissolution, however, can
be seen at depths considerably shaliower
than the CCD. This gives rise to the con-
cept of the lysocline {Berger, 1968), or
depth where evidence of considerable (se-
lective) dissclution is first encountered.
The lysocling is in general 1,000 m shal-
lower than the CCD and most dissolution
takes place within this 1,000 m interval.
Broecker and Takahashi (1978) have dem-
onstraled that to within + 200 m the
depth of the calcite lysocline can be ex-
plained in terms of carbonate ion concen-
tration in deep waters: the lysocline lies
at greatest depth where waters with high
carbonate ion concentrations extend to
the bottomn.

It should be noted that there is often a
difference between the “hydrographic ly-
socline”, that zone determined by field
experiments in the water column, and the
“sedimentary lysocline”, marking an in-
crease in the amount of dissolution on the
sea floot (Berger, 1975). In fertile regions,
near the continental margins in particular,
the sedimentary lysocline may rise toward
the surface and become diffuse.

But what of sediments on the sea floor in
the several thousand metres between the
shallow saturated waters and the lysocline?
Why, if water pressure is the main control, is
there not a gradual but steady increase in
dissolution with depth, and why do the
particles that lie on the sea floor show only
scant evidence of corrosion? The answer
appears to be a complex interplay between
rates of carbonate accumulation, kinds
and sizes of sedimentary particles and,
perhaps most important, the kinetics of dis-
solution (Morse and Berner, 1979). In
addition, orthophosphate, present as
strongly adsorbed coatings on grain sur-
faces, is an inhibitor of calcite and Mg-
calcite (but not aragonite) dissolution {Ber-
ner and Morse, 1974).

The CCD is the depth at which calcite
dissolution balances deposition; the other
two common sedimentary carbonate min-
erals, Mg-calcite and aragonite, likewise
have compensation depths. Because there
are no significant Mg-calcite ptankton the
Mg-caicite lysocline and compensation
depth are poorly known, but they appear to
be near those of calcite. A good practical
measure of aragonite saturation, however,
is the dissolution behaviour of pteropods,
small pelagic gastropods with an aragonite
shell (Berger, 1978). In marginal seas

with antiestuarine circulation, such as the
Mediterannean Sea, Red Sea and Persian
Gull, pteropods are common in sediments
at all depths, indicating aragonite satura-
tion of these waters. In low latitudes of the
open ocean, however, pteropods disappear
below about 1,500 m with depth values
shoaling towards the higher latitudes. On
average, the aragonite compensation depth
(ACD) {Fig. 1) is shallower by 3 kilometres
than the CCD, but this may vary. As with
the CCD, the ACD is deeper in the Atlantic
than in the Pacific because Atlantic waters
are closer to being saturated for calcite
and aragonite due to different overall pat-
terns of deep water circulation. In the
northeast Pacific and eastern tropical Pa-
cific aragonite dissolution begins right
below the mixed layer (500 m) within an
oxygen minimum layer.

Zonation with Latitude. There is a much
poorer understanding of tatitude variations
in shallow-water carbonate solubility. Ob-
vious changes in carbonate sediments

are complicated or masked by the effects
of surface currents, terrigenous sedimenta-
tion and climate, as well as by the fact
that outside the tropics many of the car-
bonates are relict (Emery, 1968; Ginsburg
and James, 1975).

In general, rapid fixation of biogenic and
inorganic carbonate in shallow water ap-
pears to be limited to the tropics and
subtropics and rarely extends north or
south of 30° latitude. Although a complete
spectrum of carbonate skeletons is pro-
duced in these envirgnments, they are dis-
tinguished by abundant production of corals
and green algae, both of which are ara-
gonile. Lees and Buller (1972) have, as a
result, designated this the Chlorozoan
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assemblage to differentiate it from the For-
amol assembiage of temperate and polar
seas. The principal contributors to the
cooler water carbonate assemblages are
molluscs, foraminifers and bryozoans with
echinoids, barnacles and coralline algae
often present. The bulk of these higher-
latitude carbonates are Mg-calcite or calcite
with rare aragonite, and in mixed-layer
mineralogies there are lower amounts of
aragonite in colder climates (Milliman,
1974). Non-skeletal grains {ooids, peloids
and lumps) and marine cements do not
generally occur in these cooler waters and
are restricted to the tropical zone, although
Alexandersson (1974) has found aragonite
and Mg-calcite cements inside coralline
algae nodules in the North Sea where
waters are undersaturated, suggesting
strong biological influence.

Even though rates of carbonate produc-
tion are much lower in cocler latitudes
than in the tropics, carbonates may locally
constitute up to 50% of the sediment.
Observing the high productivity and lack of
terrigenous material in such areas, how-
ever, the amount of carbonate is somewhat
lower than might be predicted—suggesting
rermoval of some portion (Milliman, 1974;
p. 105). It is common to observe the effecis
of dissolution in both calcite and aragonite
skeletons from latitudes above 40° (Alex-
andersson, 1978). Although the actual
removal of carbonate is thought to be
mostly by physical abrasion aided by ma-
ceration (Alexandersson, 1979) dissclution
“opens-up” the grains and aids in these
processes. There is no clear evidence of
dissolution on a large scals.

Thus, in shallow-water environments
north and south of the tropics conditions
seem to be similar to those below zone ol
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Figure 1 Generalized diagrams ilustrating the the variation in temperature with depth. The ma-

relative positions of calcite and aragonite solubil-
ity profiles in the modern tropical acean and

jor zones of diagenesis are plotted to the right.
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saturation and above the lysocline in the
deep tropical ocean.

Taken on balance we can roughly differ-
entiate four zones in the modern ocean
in which the conditions for carbonate di-
agenesis are the same (Figs. 1 and 2).

\. Zone of Precipitation. Shallow tropical
to subtropical settings in which a complete
spectrum of skelelal and non-skeletal parti-
¢les of aragonite, Mg-calcite and/or calcite
occur, as well as aragonite and Mg-calcite
cements. The lower imit of this zone where
seawater becomes undersaturated with
respect to aragonite is about 1,000 m
(varying between 500 m and 2,000 m de-
pending on the ocean) in the tropics and
shoals to the surface around 36°N and
30°S latitude.

. Zone of Partial Dissoiution. Deep-sea
settings from the base of Zone | to the
calcite lysocline and shallow water settings
north and south of about 30" latitude to
the polar regions; characterized by wholly
bicgenic carbonate accumulation (mainly
Mg-calcite and calcite), minor dissolution,
possible neomorphism and no significant
ingrganic precipitation of aragonite or Mg-
calcite.

IIl. Zone of Active Dissolution. Deep-sea
settings between the calcite lysocfine and
the CCD which may shallow to near the
surface in polar seas, distinguished by
wholly biogenic calcite accumulation show-
ing abundant evidence of corrosion.

IV. Zone of No Carbonate. Wholly deep-
sea settings, below the CCD where no
carbonate is accumulating.

It should be stressed that this is a gener-
alized zonation and applies chiefly o the
open ocean and to associated shelf-slope
and piatform-slope systems. The major
part of the foliowing discussion on sea floor
diagenesis is focused on Zone |. We un-
derstand very little about alteration in the
lower parts of this zone, partly because of
lack of study but also because we do not
know the lower limit of aragonite saturation
with precision {see later discussion on
neomorphism),

Baginai Enviranments. For deep-water
envircnments numerous studies confirm
that very little dissolution cccurs as parti-
cles settle through the water column; most
carbonate is dissolved at the sediment-
water interface.

If the sea floor is overlain by well oxy-
genated water, as is the case in most of the
well aerated modern oceans, then burrow-
ing allows mixing of interstitial and overly-
ing walters, and so if bottom waters are
undersaturated dissolution may take place
some centimetres below the sediment
surface.

I, on the other hand, euxinic conditions
prevail and the overlying waters are CO0,
rich, then corrosion may take place on the

sediment surface. Once the carbonate

is buried just below the surface, however,
dissolution ceases because within the
sediment an increase in alkalinity is brought
about by bacterial sulphate reduction {Ber-
ner, 1971). Carbonates may not suffer
extensive dissolution in euxinic basins or
on slopes where the oxygen-minimum zone
impinges on the sea floor. In fact, although
corrosion surfaces have been reported in
limestones of basins interpreted as rather
restricted (e.qg., Lindstrom, 1979), signs

of dissolution beneath such surfaces ap-
pear to be extremely rare.

Sea Floor Carbonate Precipitates
Mineralogy. Sedimentary particles on the
modern sea floor consist of aragonite or
calcite or magnesium-enriched calcite {Mg-
calcite). Although some organisms precipi-
tate skeletons of calcite, to date only Mg-
calcite and aragonite appear to precipitate
directly from shallow tropical seawater.

it is unclear what controls this mineralogy
or why both Mg-calcite and aragonite are
so common (see Bathurst, 1980 for recent
summary). From a thermodynamic stand-
point calcite with from 2 to 7 mole % MgC0,
is the preferred stable phase in seawater
(Berner, 1975). It has been suggested that
the presence of strongly hydrated Mg?-
ions adsorbed onto the crystal surface (the
Mg Ca ratio in seawater is ca 5 1) inhibit
the growth of calcite and the Gibbs free
energy needed to dehydrate the ions and
form aragonite is lower (Bathurst, 1968).
Cn the other hand, it is also known that
calcite crystals may precipitate and absorb
large gquantities of Mg?- as they grow
(Berner, 1966). The Mg-calciles so formed
are in non-exchange kinetic equilibrium
with sea-water. Chave et al. (1982) found
that in distilled water aragonite has about
the same solubility as Mg-calcite with ca.
8.5 mole % MgC0,. In seawater, however,
since Mg-calcite is in non-exchange kinetic
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equilibrium, it appears that aragonite solu-
bility coincides with the solubility of Mg-
calcite containing 12 to 14 mole % MgCO,
(Berner, 1975; Fuchtbauer and Hardie,
1976) or even 25 mole °= MgCO0,. Interesl-
ingly, Walter {1983} has recently restudied
relative solubilities and concluded that,

in distilled water, aragonite has the same
solubility as 12.5 mole % Mg-calcite.

Whatever the controls, it is clear that
they are subtle indeed. In general there
does seem to be a preference for a specific
mineralogy to be precipitated on a sub-
strate of that same mineralogy (Glover and
Pray, 1971) at ieast in internal pores
through which water circulation is slow. For
example, it is not uncommaon in modern
reefs to find aragonite cement within ara-
gonite corals and Mg-calcite cements
nearby in the chambers of the Mg-calcite
foraminfer Homotrema. There are, how-
ever, numerous exceptions to the rule of
“substrate mineralogy control”, and the
cements are often interlaminated in pores
of reef limestone on a microscale (James
and Ginsburg, 1979).

Seawater has been described as "a
ditute electrolytic organic soup” so that
prediction of any reactions that lead to pre-
cipitation must also take into account the
large amount of organic material. That
organics affect precipitation is clear, but
their role is ambiguous. In the first place, all
particles are coated with layers of organic
maolecules which may inhibit nucleation,
allowing seawater to maintain supersatura-
tion (Suess, 1970, 1973). At the same
time, extracts of organic matter from coids
similar in composition to that found in
skeletons {Mitterer, 1971), and the pres-
ence of more *C in marine cements than
should be there if they were completely
inorganic precipitates (Milliman and Muller,
1977} both point to some sort of involve-
ment by organics.

Although in general Mg-calcite appears
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Figure 2 Varations in the different zones of
seafloor diagenesis in the modern ocean.
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to be the most widespread marine cement
(James and Ginsburg, 1979), aragonite

is common in waters of slightly elevated
salinity. Finally, in ooids it appears that the
degree of agilation may favour the precipi-
tation of one mineral over another (Davies
at al., 1978).

Petrography and Geochemistry.
Magnaesium Calcite (Fig. 3)

Magnesium-enriched calcite precipitates
generally contain a range of between 12
and 19 mole % MgCQ,. The crystals (tri-
gonal CaCo0,) generally precipitate either as
tiny rhombs less than 4pm across (micrite-
size) or as fibres a few tens of um long.
Although iron can be accomodated in the
calcite crystal lattice, microprobe analysis
of these coments reveals no detectable
Fe?. Probably this is because there is very
little iron in seawater and most precipitation
takes place under oxidizing conditions
where any iron present is in the Fe®* state,
and the partition coefficient is close to
one (Richter and Fuchtbauer, 1978). Stron-
tium fits uneasily into the calcite lattice
because of its relatively large ionic radius
and so Mg-calcite rarely contains more
than a thousand ppm Sr** (Kinsman,
1969).

Micrite-size crystals. This is the most
common type of Mg-calcite cement and it
occurs in a wide variety of sediments, It
ranges from thin rinds only tens of microns
thick around particles and algal filaments
1o complete fillings of pore spaces. Al-
though micrite is easily seen as cement
when encircling particles or lining voids, if
the pores are entirely filled it is impossible
to differentiate from lime mud. Thus the
addition of Mg-calcite micrite cement may,
in the process of lithification, change the
texture of a grainy sediment from a grain-
stone to packstone.

Of interest here is the ubiquitous associ-
ation of micro-peloids, ranging in size
from 20 to 100 pm on average, with micrite
cement. These are aggregates of Mg-
calcite rhombs. The texture of the resulting
fine-grained material is reminiscent of the
texture grumuleuse of Cayeux (1935),

a fabric of numerous clots or vague small
peloids surrounded by micrite and micros-
par. While these may well be sedimentary
particles of uncertain origin, the persistent
association has led some workers (Macin-
tyre, 1977, 1983; Marshall, in press) to
suggest that they may be the result of
spontaneous nucleation and precipitation of
Mg-calcite in the water column and may
then settle out of suspension. This precipi-
tation may be either direct or organically
induced.

Fibrous crystals. This cement (Fig. 3) is
generally found as isopachous encrusta-
tions up to several hundred microns thick.
The elongate crystals are either nucleated

pickel-fence style on the substrate (Gins-
burg and Schroeder, 1973) or are located
at intervals and grow as small spherulites
which quickly interfere with one another as
they develop (James and Ginsburg, 1979).
These spherulites are often arranged in
tiers in the cement rind.

Epitaxial crystals. It is interesting that
although particles of echinoderm skeletons,
composed generally of a single crystal of
Mg-calcite, are common elements in many
modern carbonate sediments, there has
not yet been reported the development of
marine epitaxial Mg-calcite cement on
these grains. The closest occurrence: is the
presence of epitaxial crystallites developed
on cores of echinoderms in 00id cortexes
(Marshall and Davies, 1975).

Aragonite. Aragonite (orthorhombic
CaCQ,) precipitates are either microcrystal-
line or needles a few pm or tens of pm
long. Loreau (1982) separales these nan-
nocrystals, from largest to smallest, into
needles {generally cements), baguettes
{generally in the ocid cortex) and nanno-
grains with increasing turbulence favouring
needle formation and increasing organics
favouring nannograins. Strontium is the
major trace element in aragonite whose or-
thorhombic structure accomodates it easily
and cement crystals usually carry about
8,000 to 9,000 ppm, as do most aragonite
skeletons (Kinsman, 1969; Bathurst, 1875).
The major exceptions are aragonite mol-
luscs which contain between 4,000 and
1,000 ppm.

The needles occur in variety of different
habits (Fig. 3):

(1) Isopachous rinds are particularly com-
mon in ooid and skeletal sands and as
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epitaxial growths on aragonite substrates
such as corals, green algae and gastro-
pods.

(2) An intergranular mesh of crystals nu-
cleated randomly on grain surfaces and
growing in a variety of directions into a void
until it is completely filled by an irregular
growth of crystals or crystallites.

(3) Botryoids which range in diameter from
tens of um to centimetres, sometimes
developed in sands but most spectacular in
reef cavities.

Isotopic Composition. When CaCo, is
precipitated from seawater—whether in
calcareous skeletons, non-skeletal graing
such as ocoids, or marine cements—it
acquires characteristic chemical “signa-
tures” in the form of %0/'%0 and 20/'20
isotopic ratios as well as minor-cation (e.g.,
Sr+2, Mg-?, Na*) concentrations. Large
numbers of analyses have been done on
carbonate sediments and on many of their
more common constituents, such as ooids,
calcareous green and red algae, corals,
brachiopods, mollusks, lime mud, etc. (Fig.
4). Milliman {1974) and Bathurst (1975)
have summarized many of these isotopic
data on Recent marine carbonate sedi-
ments, including the pioneering work ol
Gross (1964). Progressing from a largely
empirical approach of collecting and com-
paring isotopic analyses, this branch of
low-temperature geochemistry is rapidly
evolving toward a better understanding of
processes, particularly diagenetic pro-
cesses, operating in carbonates (e.g.,
Brand ang Veizer, 1981; Lohmann, 1982a;
1982b}.

SHALLOW MARINE CEMENTS

MAGNESIUM CALCITE

Q=0

MICRITE

FIBROUS TO BLADED
RINDS

Figure 3 Different types of modern seafloor
carbonate cements.
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BOTRYOIDAL



166

Warm-Water Cements. Though much of
the spectrum of marine cements and ce-
mentation processes is poorly undersiood,
enough information has been gathered
about the isotopic compositions of these
cements to suggest some genetal relation-
ships. We know the most about cements
being precipitated in modern sediments and
reefs at low latitudes, in warm shallow-
shelf and platform settings. These cements
have relatively heavy, '*0-enriched oxygen-
isotopic compositions of 0 to + 3 %. (Gross,
1964; Shinn, 1969; Milliman, 1974; James
and Ginsburg, 1979), and their 5"*C's are
heavier {(ca +2 to +5 %.) than would
be expected had they been precipitated in
isotopic equilibrium with seawater +2.0
to +2.5%. at 25°C; Lioyd, 1971). Because
the aragonitic thalli of calcareous green
algae and the Mg-calcite of micrite rims
produced by endolithic blue-green algae
alse have heavy §C’s dominantly of +2
to +6 %., several workers have proposed
that these groups of algae are "invoived™ if
not directly responsible for the crigin of
marine CaC0, cements (Lloyd, 1971;
Schroeder, 1972; Mcore, 1973; Milliman
and Muller, 1974). A genetic relationship
may be difficult to establish firmly until
it becomes possible to determine accu-
ralely the isotopic compositions of ultra-
small samples on the order of, for instance,
10 2 mg or less. Also, some marine ce-
ments such as aragonite botryoids (James
and Ginsburg, 1979) lack signs of endol-
ithic algae or cther bioalteration apar from
macroborings.

In any event, marine cements in modern
warm/shaillow environments can be clearly

differentiated isotopically from Late Ceno-
zoic meteoric vadose to shallow-phreatic
cements {e.g., Allan and Matthews, 1977),
and the evidence is accumulating that
these differences survive, though often
much reduced, in the face of complex di-
agenetic histories spanning tens 10
hundreds of milliens of years.

Cold-Water andior Deep-Water Cements.
Isotpic studies of CaC0, cements in mod-
ern cold-water shelf carbonates have only
recently begun (e.g., Rao, 1981; Nelson
et al., 1982), but our understanding of di-
agenetic changes taking place in deep-sea
environments has grown significantly in
the past few years due to studies of deep-
water carbonates in DSDP cores (Hsu
and Jenkyns, 1974) and elsewhere (Schia-
ger and James, 1978). In one deep intra-
platform basin, Tongue of the Ocean,
pelagic sediments exposed for thousands
of years in grosional cuts on the seafloor
are undergoing diagenetic alteration along
the same course typical of meteoric diage-
nesis (Schlager and James, 1978): thess
sediments, composed of aragonite, calcite
and Mg-calcite when deposited, lithify
within 100,000 years by conversion to cal-
cite micrite with 3.5-5 mole % MgC0,.
With increasing content of calcite micrite
their 53C and &'°0 both decrease, shifting
toward lighter, equilibrium values charac-
teristic of the marine “diagenetic trend”
proposed by Milliman and Muller (1974).
Data for European and oceanbasin {DSDF)
chalks ot Cretaceous and Tertiary age
(Scholle, 1974; Scholle and Arthur, 1980)
indicate that the isotopic differences be-
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Figure 4 Crossplot of carbon vs, oxygen iso-
topic compaositions for recent sediments and
component particles, and for buried chalks.
PDB-1 is the isotopic standard in this diagram.

Data are from Gross (1964), Anderson and
Schneidermann (1673), Milliman and Muller
(1977), Schiager and James {1978) and Rao and
Grean (1982),

tween such modern deepsea hardgrounds
and their precursor sediments are largely
preserved in the fossil record.

Habitat of Sea Floor Precipitates
Particles. Qoids are perhaps the most
important precipitates in terms of the
amount of CaCa, removed from shallow
seawater. They may have a cortex of tan-
gentially or radially oriented crystallites
and in the modern ocean the overwhelming
majority are aragonite (Simone, 1980;
Loreau, 1982}, although Mg-caicite forms
have been found (Marshall and Davies,
1975),

Aithough there is compelling evidence
that the lime mud found in many shallow-
marine settings is mastly biogenic¢ in origin
(Stockman et af., 1967; Neurmann and
Land, 1975), some may indeed be due to
direct precipitation. The clouds of aragonite
crystallites or ‘whitings’ seen in many
shallow tropical environments are com-
ranly thought to be mud derived from
benthic sources stirred up by feeding fish—
yet in some cases they may be products
of spontaneous precipitaticn. In the Persian
Gulf, for example, there are few aragonitic
algae, yet numerous whitings and much
mugd, but also many fish. Loreau (1982) has
recently demonstrated that on the basis
of Sr*- and Mg* - contents both Persian
Gulf and Bahamian aragonite needle muds
are likely inorganic precipitates.

While most readers will agree that we
are stretching the concept of diagenesis by
including these sediments, we have done
50 to place the whole topic in context.

Inside Grains and Skefetons. This type of
precipitate, found inside particles and.or
skeletons, is the most widespread CaCo,
“cement”, occurring even in grains that
are still rolling around on the sea floor. The
cements occur between silt-size particles
inside peloids to precipitates lining, cham-
bers and other pores inside skelstal ele-
ments (Alexandersson, 1978; James et al.,
1976) to precipitates in micro and macro-
borings. Thus it is not unusual in the fossil
record to find grains exhibiting good evi-
dence of internal sea-floor CaCQ, precipita-
tion, yet showing little or no indication

that they were actually cemented together
in the sea-floor environment.

Between Particies. This type of precipita-
tion is the least comman but most important
geologically because it is 'rock-making'
cement, Thus limestones may be formed
s00n after deposition in tens lo thousands
of years, if conditions are right, in the
environment of accumulation (Fig. 5).
Flatform deposits. The most desirable
conditions for interparticite cementation
appear 10 be water turbulence and stabi-
lized sediment. The besi site’s appear to be
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Figure 5 The locations of seaficor precipitation
on a shallow carbonate platform and in adjacent
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deep-water settings. In all of these habitats,
most sediments are unlithified.

o

167

[z | T PR, — - -
ZONE I T 100'Sof meters SHALLOW BASIN e
"::8'5 e Ll ‘
| E— —— 1000'S UFPER .
of meters DEEP BASIN A sLoEpg SHALLOW, lPLATFORM or mcoﬂ Is-rnanm_mt
i 8 MARGIN -
P |SHALLOW
BASIN
ZONE II _ . LBASIN || oswoas| SAND SHEETS - sporadic lithification or SANDY BEACH
B - || sLoPE || extensive | nomgrounes extensive hardgrounds beachrock
a nordgrounds
/ DEEP or REEFS REEFS — sporodic lithification
Carbonote - / BASIN piles of sand | extensive MUDDY TIDAL
Lysocline Sediment .7 ond limestone | SEMEMONON | MiDDY LAGOON — no cementation FLAT
Ly o / hardgroundsin upper blocks
ZONE I g part | crusts, dolomite
— Cco no nodules B loose sedimentin | REEF MOUNDS
Corbonatéa - 4 exten s ‘
ZONE I\ DEEPSEA piedl —atian
¥ neomorphism 7 J ’
o

the insides of reefs, especially at or near
the platform margin (Ginsburg and Schroe-
der, 1973; James et al., 1976; Macintyre,
1977) where both conditions are met.
Likewise, sand shoals near the platform
edge are likely locales, but here most
lithification takes place when the sediments
are at rest inside the sand shoals or bound
by algae (Dravis, 1979). In contrast, muddy
lagoonal sediments are rarely lithified,
probably because of sluggish water move-
ment, continuous bioturbation and general

Figure 6 An irregular submarine hardground
(between 129 and 128 cm. on the tape) devel-
oped in Lower Cambrian ooid limestones of

the Forteau Formation, western Newfoundland.

reducing conditions. Strandline sands also
are commonly cemented but this may
not be entirely due to reaction with seawa-
ter. When viewed in total, even though
the majority of sediments on shallow car-
bonate platforms are not cemented, there
appears to be a facies preference for
precipitation,

While this generalization may hold true
for muddy shelves and platforms, cemented
crusts or hardgrounds (Fig. 6) are common
in extensive sand sheets on parts of the

The photomicrograph illustrates the truncated
ooids and cements at the hardground surface
(arrow indicates location; scale bar 0.5 mm).

Bahama Banks (Taft et al., 1968), wide
gently dipping shelves such as off the Tru-
cial coast in the Persian Gulf (Shinn, 1969)
and in partially enclosed embayments
such as Shark Bay (Read, 1974). Lithifica-
tion is most intense at the surface and
decreases in intensity downward, generally
ceasing within tens of centimetres of the
sediment-water interface. As Wilkinson et
al. (1982) point out, the processes of
lithification may be quite different between
platform-margin reefs which have large
cavities and are subject to strong currents
and waves moving large volumes of nor-
mal seawater and non-reefal sands where
current velocities are reduced, pore vol-
umes small and communication with sur-
rounding waters limited.

Shallow enclosed basins. In relatively
shallow basins such as the eastern Medi-
terranean and the Red Sea, where there is
anti-estuarine circulation and warm waters
extend to the sea floor (Fig. 5), basin-
floor sediments are locally cemented to
form crusts (Gevirtz and Friedman, 1969;
Milliman and Miuller, 1977) by Mg-calcite
generally and occasionally aragonite.
Slope and deep basin deposits. The
ocean-facing slopes of shelves and plat-
forms illustrate a range of lithified sedi-
ments. The top of the slope, which
generally comprises deep portions of the
marginal reef and forereef, locally exhibits
extensive cementation (Land and Moore,
1980; James and Ginsburg, 1979). Ce-
mentation seems to die out with increasing
water depth so that below 300 m or so
hardgrounds give way first to nodules and
then to unlithified sediment (James and
Schlager, pers. obs., 1979; Mullins et al.,
1980). These partly to completely lithified
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slope sediments are commonly subject
to failure and become clasts in gravity flow
deposits (Fig. 7).

Hardgrounds are common on the sea
floor swept by the Gulf Stream off the
western Bahama Banks, and here in
depths of 600 m or so lithified mounds
(lithoherms) formed by numerous superim-
posed crusts and populated by deep-sea
ahermatypic corals and crinoids rise 50 m
or more above the bottom (Neumann et
al.,, 1977). The cement in these structures
is Mg-calcite.

Below these depths is the transition zone
where water temperatures decrease rapidly
in the thermocline and waters at the sea
floor pass from Zone | (precipitation) to
Zone |l (partial dissolution). Here there is
evidence of the alteration of aragonite and
Mg-calcite to calcite (see following section
on neomorphism).

Neomorphism

In Zone |, on the shallow tropical sea floor,
when aragonite and Mg-calcite are precipi-
tated they appear to remain largely un-
changed until affected by waters of a
radically different character. Nevertheless,
there are some reports of recrystallization:
Mg-calcite foraminifers and coralline algae
altering to aragonite (Murray, 1966; Kendall
and Skipwith, 1969; Purdy, 1968); aragon-
ite cements partially replacing aragonitic
mollusc shells (Shinn, 1969); parts of ara-
gonitic cements and skeletons changing
to Mg-calcite (Alexandersson, 1972;
Scherer, 1974; Land and Moore, 1980).
These occurrences seem to be rare but
they do point out again the subtleties gov-
erning precipitation of different CaC0,
phases and tell us that the possibilities for
neomorphism do exist, but it may not be
common in today's shallow seas.

In deeper water, however, things appear
to be somewhat different, and here there
is strong evidence for alteration of Mg-
calcite and aragonite to calcite (Milliman,
1966; Gomberg and Bonatti, 1970; Schla-
ger and James, 1978). In all of these
examples, from the tops of seamounts and
the slopes of platforms, arrested sedimen-
tation and prolonged exposure to open
seawater appear to be prime requisites.
Schlager and James (1978) have shown
that this neomorphism may be related
to water temperature because while Mg-
calcite cements are the norm in the ther-
mocline layer they contain progressively
less magnesium in cooler waters, as sug-
gested experimentally by Fuchtbauer and
Hardie (1976). Below the thermocline the
polymineralic muds have altered to calcite,
Mg-calcite components have changed to
calcite with 3 to 5 mole % MgCO0, and
aragonite elements have dissolved with the
resultant voids sometimes filled by calcite
cement. Interestingly, calcite cement is

precipitated as epitaxial overgrowths on
neomorphosed calcite echinoderm plates.
All of this new calcite is in isotopic equilib-
rium with the cooler seawater.

This deeper water neomorphism is prob-
ably rare in the modern ocean because
of continuous sedimentation due to the on-
going fallout of calcareous planktonic mi-
crofossils. But in the Paleozoic when there
were virtually no planktonics and all deep-
water carbonate sediments including lime
mud came episodically from nearby plat-
forms or shelves, the times between sedi-
mentation events could have been periods
of recrystallization and cementation by
calcite on the sea floor.

Biological Diagenesis

Even though neomorphism sensu strictu is
not a common process in shallow-water
carbonates, sedimentary particles and
rocks do undergo drastic alteration to mi-
crite or mudstone through a combination of
biological and chemical processes. The
mechanism involves infestation of the car-
bonate host by one of a variety of boring
or endolithic organisms and filling of their
holes once they die by fine sediment and/
or cement.

Particle Alteration. On a microscale this
process involves boring by endolithic algae
or fungi into sand-sized particles. Algae,
mostly blue-green and green, appear to be

Figure 7 A debns flow from the Ordovician
part of the Cow Head Group, a carbonate slope
deposit in western Newfoundland, illustrating
the effects of muiltigeneration seafloor cementa-
tion. The tabular clasts are fragmented thin-
bedded lime mudstones that were lithified on the

most effective in the upper part of the
photic zone to depths of about 70 m (Budd
and Perkins, 1980). Fungi extend to depths
of 500 m and more, whereas heterotrophic
algae and bacteria occur to abyssal depths
(Friedman et al., 1971). Infestation appears
to be most active (Kobluk and Risk, 1977)
when grains are at rest in lagoonal or
on-shelf settings.

In shallow tropical environments where
precipitation is dominant (Zone |) the va-
cated holes of the endoliths are filled by
Mg-calcite and/or aragonite cement (Mar-
golis and Rex, 1971; Alexandersson, 1972).
If the numerous generations of boring
endoliths are restricted to the grain margin,
then a rind of microcrystalline Mg-calcite
or aragonite called a “micrite envelope”
(Bathurst, 1966) develops. The develop-
ment of these envelopes is often critical in
grain preservation as the sediments go
through later diagenetic environments.

If infestation is intense and prolonged
the entire grain may be transformed to mi-
crocrystalline Mg-calcite or aragonite, with
little trace left of the original structure
(Kendall and Skipwith, 1969). This perva-
sive micritization is particularly common
in grapestone lumps (Bathurst, 1975) and
in stromatolites (Logan, 1974). These "di-
agenetic peloids” are difficult if not impos-
sible to distinguish from fecal pellets or
Mg-calcite cement aggregates in some in-
stances. As a result, it should be stressed

slope before being eroded and incorporated

into the flow. The boulders of tabular clast breccia
to the left of the hammer and at upper right

were debris flow deposits Jithified on the sea
fioor before being incorporated into yet another
fiow. Photograph, M. Coniglio
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that the term “peloid” applies to grains
that may have had very different origins but
look the same.

Outside the tropics and in deeper water
(Zone 1) infestation is often just as intense
but because of the lack of precipitation
the holes are not filled and so the grains
are gradually broken down into finer
grained particles (Alexandersson, 1979).

Limestone Alteration. Boring also occurs
on a macroscale with sponges, bivalves
and polychaete worms being the excavat-
ing organisms. Particularly common in
reefs and on hardground surfaces, the cav-
ities created by these larger excavating
invertebrates may be filled with fine sand
to silt-sized sediment and/or cement (Zank!
and Schroeder, 1972; James and Gins-
burg, 1979). The end result, however, is the
same: a skeletal-rich rock is transformed
by several generations of alteration into a
muddy limestone and much of the original
texture is lost.

Strandline Diagenesis

Diagenetic processes that characterize the
shallow tropical sea floor also predominate
in the intertidal and supratidal zones. Here,
however, the environment is more complex
because (1) instead of a simple rock-
water system the setting is three-phase,
rock-water-air; (2) fresh-water flow from
land extends seaward out underneath the
shore, with the water table at or just below
the strandline sediment surface; and (3)
the waters themselves are commonly mix-
tures of marine and meteoric fluids.

Figure 8 A group of geologists walking on the
black, algal infested surface of beachrock com-
posed of ooid and grapestone particles ce-

mented by aragonite on the shore of Cockroach

Beaches. The most common manifestation
of strandline precipitation is beachrock -
layers of cemented beach calcarenite (Fig.
8) that dip seaward at the same attitude

as beach sediments and are composed of
the same grains as the beach sand, which
can be anything from carbonate to quartz to
volcanics; good reviews are to be found

in Stoddart and Cann (1965) and Milliman
(1974). Some tropical intertidal zones are
all beachrock, others have only scattered
layers, and many are without it. Strata
generally are localized to the intertidal zone
up into the zone of wave splash and disap-
pear seaward, landward, and with depth
into unconsolidated sediment. The beach-
rock may be present as scattered nodules,
isolated slab-like layers, or whole thick-
nesses of beach sediment, generally de-
veloping a few centimetres below the
sediment surface.

The surface of the beachrock is often
pitted and bored and exhibits dissolution
basins or potholes. In cross-section beach-
rock is well-laminated and the base of
each layer is sharp. The rock is character-
istically jointed into blocks and textured
by cracks and channels. Erosion of rock
slabs and reworking during intense storms
leads to conglomerates or ramparts of
beachrock clasts. The grain-size of the
sediment ranges from sand to boulders.

Induration varies from loosely cemented
sand that can be disaggregated by rubbing
to well-lithified rock that can be broken
only with a hammer. Commonly the surface
is hard and the inside soft. Cements are
aragonite or Mg-calcite with the same
spectrum of fabrics as on the sea floor, but

Bay, Berry Islands, Bahamas. The white sand
near the trees (right) and the sediments beneath
the water (left) are unlithified.
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microcrystalline aragonite cement is partic-
ularly common (see numerous articles in
Bricker, 1971). In some localities these
cements have a pendulous or mini-stalac-
tite orientation, signifying vadose precipita-
tion in an air-filled void.

Beachrock forms at surprisingly rapid
rates on the order of years to tens of years,
so that today coins, bottles, skeletons and
other artifacts are commonly found in
beachrock. Most workers now seem to
agree that precipitation of beachrock ce-
ment is from seawater by evaporation
in the intertidal zone during low tide
(Bricker, 1971), although the composition
of the water may be modified greatly by
meteoric mixing (Moore, 1983). Other alter-
natives are by degassing of CO,-rich car-
bonate-saturated groundwaters which have
migrated into shore areas (Hanor, 1978),
or by biologically induced precipitation.

Aragonite Crusts. Aragonite crusts up to 20
mm thick and called “coniatites” (Purser
and Loreau, 1973) often coat beachrock,
carbonate grains and exposed bedrock

in the splash zone. These coatings, which
resemble grey to cream-coloured enamel
paint, range from smooth encrustations

to porous surfaces that resemble tufa or
travertine. Beneath overhangs or in beach-
rock they have dripstone morphologies.
These crusts appear to develop only when
the substrate is impermeable. In the fossil
record such crusts could easily be mis-
taken for seafloor precipitates.

Tidal Flats. Diagenesis of carbonate sedi-
ments on wide, muddy tidal flats is dis-
cussed in part in other articles in
Geoscience Canada (James, 1977; Ken-
dall, 1978; Morrow, 1982). The diagenetic
processes are complex and involve not
only CaCO; precipitation but also the for-
mation of dolomite and evaporite minerals.
In terms of limestone formation in partic-
ular, however, the same processes seen
on beaches predominate, but the rate and
intensity of peritidal diagenesis appear
to be a function of climate. On humid tidal
flats, as typified by the Bahamas, ce-
mented crusts are relatively rare. Only a
few centimetres thick (Fig. 9), they are
found just above the normal high-tide mark.
In the inland marshes the crusts are com-
posed of algal filament molds encrusted
with Mg-calcite. In the more seaward chan-
nel belt, crusts are peloidal sediment with-
out filaments cemented by Mg-calcite
micrite (and often containing dolomite) in
which cracks and fenestrae are filled with
acicular to bladed aragonite (Hardie, 1977).
On arid tidal flats, such as those along
the Trucial Coast of the Persian Gulf (Tay-
lor and llling, 1969) and around Shark
Bay, (Logan 1974), cementation is more
extensive and crusts extend over the whole
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tidal range. Cryptocrystalline aragonite is
the most common cement, quickly lithifying
intertidal stromatolites and algal-bound
sediment. In Shark Bay this grades sea-
ward into acicular aragonite cementing
hardgrounds offshore. In some instances
the aragonite cement forms pendant
growths from the ceilings of large voids
and fenestrae.

Perhaps most useful as signatures of
shoreline precipitation are the large-scale
structures produced. Rapid intergranular
precipitation at or near the sediment sur-
face produces expansion fractures and
arcuate to polygonal ridges and tepees.
These broken crusts may in turn be re-
worked by storms to produce pavements of
tabular clasts.

In many of these crusts micritization of
skeletal and ooid grains is intensive so that
the peloidal sediment is in part depositional
and in part diagenetic.

The Fossil Record

The products of sea floor diagenesis can
be recognized in carbonates of all ages.
Almost all of the information, however,
comes from the Phanerozoic, with little in-
formation on Precambrian limestones.

Biological Alteration.

Microborings. Endolithic algae are
known in carbonates as old as Precam-
brian (Campbell, 1982) and micritized
grains are an integral part of most shallow-
water limestone suites.

Macroborings. Macroboring ichnofossils
are known in limestones as old as Lower

Figure 9 Brecciated crusts composed of pe-
loids and algal tubules, cemented by Mg-calcite
and containing minor dolomite in the supratidal

Cambrian (James et al., 1977) but only
one, Trypanites (a probable siphonculid
worm trace), is found until Middle Ordovi-
cian reefs develop and then there is a
rapid diversification of forms (Kobluk et al.,
1978). The borings of various small biv-
alves, sponges and echinoids have been
found in reefs, reef-mounds and hardg-
rounds of later Paleozoic and particularly
Mesozoic and Cenozoic age (Warme,
1975).

Sea Floor Precipitation. Confident recogni-
tion of sea floor cementation and its spec-
trum of products is a critical part of any
study in carbonate petrogenesis, yet two
problems bedevil this seemingly simple
task: (1) what precisely are the fabrics of
the aragonite and Mg-calcite cements once
they undergo neomorphism to calcite in
another diagenetic environment and (2)
were aragonite and Mg-calcite always the
normal precipitates on shallow carbonate
platforms in the past?

In our experience marine cementation is
not a common or widespread feature of
ancient limestones. It is most commonly
documented from fossil reefs (Fig. 10), es-
pecially from reef-mounds (James, 1978;
1983) and reef blocks in fore-reef deposits
(Fig. 11), where marine cement may make
up 50% or more of the rock volume. It is
commonly inferred to be present from field
evidence of hardgrounds yet rarely is
demonstrated there on the petrographic
level, possibly because micrite-size ce-
ments are the norm and cannot be resolved
microscopically. Fibrous cements are rarely

zone of the muddy tidal flats along the western
side of Andros Island, Bahamas (handle of
the dive knife is 10 cm long).

seen in marine-shelf grainstones but have
been described from fossil beachrocks
(Purser, 1969; Choquette and Steinen,
1980).

Recognition of seafioor lithification. Prior
to any analysis of sea floor cement fabrics
per se the following criteria are useful in
establishing early lithification on the sea
floor (Fig. 12):

(1) If in bedded sediments, are the lithol-
ogic contacts knife-sharp, and if grains are
present are they truncated (e.g., Fig. 6)?

If cements are present are they truncated?
(2) Is the surface stained by iron or man-
ganese salts or phosphate minerals?

(3) Are there cobbles or pebbles of lime-
stone or sand-grade lithoclasts similar

in composition to the matrix, and if so are
they encrusted with organisms?

(4) Is the surface encrusted by organisms
that require a solid substrate?

(5) Is the rock surface bored and, in thin
section, if cements are present, are they
bored as well?

(6) If in reefs, is the first-stage cement
localized to the reefs?

(7) If in reefs or hardgrounds, is the first-
stage cement interlayered with marine
sediment in cavities (Fig. 13)?

(8) If in reefs, are there neptunian dykes?
(9) In reef talus are there clasts with first-
stage cement or clasts of the cement (Fig.
11)?

(10) If in bedded sediments, are expansion
ridges and polygons present?

While these features point to early lithifica-
tion, many alone may be the result of a
short-lived period of subaerial exposure.

In the fossil record beachrock can be dif-
ferentiated from sea floor hardgrounds
only with difficulty, but this may be facili-
tated by the observation of features such
as (1) associated edgewise conglomerates,
(2) intertidal erosion features (3) jointing,
(4) keystone vugs, (5) pendulous cements
and (6) associated facies (Donaldson and
Ricketts, 1979; Read and Grover, 1977;
Figs. 14 & 15).

A helpful guide is the petrographic nature
of the cements themselves. Although by
no means always the case, accumulated
evidence from the fossil record suggests
that most “fibrous” cements as well as
many “spherulitic’ or mammillary cements
were marine though they are common
in speleothems. Although it is unquestion-
able that microcrystalline calcite (or Mg-
calcite and possibly aragonite) was precipi-
tated from sea water in the past as it is
today, the small size of the crystals, their
similarity to carbonate mud and their sus-
ceptibility to rapid recrystallization all make
the identification of these cements difficult
(Mountjoy and Riding, 1981).
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Fibrous calcites. These cements (Fig.
16) fall into two general groups:(1) Fasci-
cular-optic (Fig. 17) cones of fibrous calcite
with divergent optic axes (Kendall, 1977)
and (2) Radiaxial-fibrous crystals (Fig. 18)
with consertal boundaries and convergent
optic axes (Bathurst, 1959). It seems cer-
tain that most of these fibrous calcites
are neomorphic products of one or more
precursors (Kendall and Tucker, 1973). At
present it is not known with certainty what
these precursors were. There is accumu-
lating evidence, however, that fibrous Mg-
calcites are the most likely candidates.
Important in this regard is the discovery of
tiny rhombs of dolomite, 1 to 10 um in
size in both calcite skeletons (Macqueen
and Ghent, 1970) and fibrous calcite ce-
ments (Lohmann and Meyers, 1977)
thought, on the basis of other evidence, to
have been originally Mg-calcite.

These fibrous calcites are often prefer-
entially enriched in Mg?* and have 5°C
values consistent with precipitation from
seawater (e.g., Davies, 1977; Walls et al.,
1979).

Stromatactis. An important structure in
fossil carbonates, especially mud mounds,
is stromatactis, loosely defined as irregular
masses of fibrous calcite spar often dis-
playing a flat base. These features origi-
nally were thought to be the recrystallized
remains of a mound-forming organism,
but since the work of Bathurst (1959) are
now known to be sediment-floored cavities
filled with fibrous, radiaxial calcite cement.
Furthermore, Bathurst (1982) thinks that
the whole structure is marine in origin and
forms by a complex history of multigenera-
tion sea floor cementation and cavity for-
mation.

Epitaxial cement. In contrast to the mod-
ern sea floor, there seems to be abundant
evidence from the fossil record that syntax-
ial overgrowths of Mg-calcite cement on
echinoderm particles were common phe-
nomena in the shallow marine environment
(Myers, 1974, Lohmann and Myers, 1977).

Spherulitic calcite. There are numerous
instances of spherulitic calcite (Fig. 19)
which mimic the geometry of Holocene ar-
agonite sea floor cements, especially in
reefs. Like former aragonite skeletons, the
fabric in these botryoids is preserved either
as a mosaic of tiny crystals or as para-
morphic replacement (Assereto and Folk,
1980; Mazzullo, 1980). In this regard,
actual aragonite cement crystallites pre-
served in calcite have been discovered in
rocks as old as Pennsylvanian (Sandberg
and Popp, 1981). These replaced aragonite
spherulites are sometimes still enriched
in Sr and again have a &*C content con-
sistent with marine precipitation.

Microcrystalline calcite. Lasemi and
Sandberg (1982) have discovered that

Figure 10 Photomicrograph of reef mound
limestone composed of the ? phylloid alga Pa-
laeoaplysina (P) surrounded by several genera-
tions of fibrous calcite submarine cement (C)

Figure 11 Fore-reef debris from an Upper
Devonian reef, Canning Basin, Western Australia.
The clast at centre is composed of reef lime-
stone (R) (mostly the alga Renalcis and small
stromatoporoids) and fibrous calcite (C). This
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(interpreted to have been Mg-calcite originally)
and internal sediment (S); Lower Permian Nan-
sen Formation, Ellesmere Island, N. W. T. (scale
0.5 cm)—photograph, G. Davies.

cement is abundant in contemporaneous reef
deposits. Such clasts are often good evidence
that the reef itself was subject to seafloor ce-
mentation.
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those micrites and microspars with appar-
ently aragonite-dominated lime mud pre-
cursors have neomorphic calcite crystals
which show pitted surfaces and/or relic
aragonite inclusions in polished and etched
sections. In contrast, micrite with apparent
calcite-dominated precursors are charac-
terized by finely crystalline <4 pm textures,
lack any inclusions and have unpitted
crystal surfaces.

Isotopic Signature of Fossil Marine Ce-
ments. From a number of careful studies
involving selectively sampled cements and
other components of limestones (e.g.,
Choquette, 1968; Hudson, 1977; Dickson
and Coleman, 1980; Brand and Veizer,
1981; Moldovani and Lohmann, 1982,
Given and Lohmann, 1982; Lohmann,
1983a, b) it is clear that marine and other
CaCO0, cements in the fossil record have by
and large preserved enough of their origi-
nal signature to be distinguishable from
one another (Fig. 20). In general, the ma-
rine cements (isopachous, radiaxial fibrous,
micritic and botryoidal) contain isotopically
heavier carbon and oxygen than near-
surface meteoric or burial-diagenetic ce-
ments. Compared with co-existing skeletal
debris believed to have been low-Mg cal-
cite originally and thus relatively stable
(e.g., brachipopods, bryozoa, trilobites),
marine cements have roughly the same
5'*C but 3'®0's which may be lighter or
heavier. It now seems clear that these ce-
ments, along with all other CaC0, compo-
nents of limestones, undergo varying
degrees of geochemical alteration from
slight to extensive (Brand and Veizer, 1980,
1981; Lohmann, 1983b) depending in part
upon whether the majority of their diagene-
sis took place in closed, partly closed or
open systems with respect to pore water.
Lohmann (1983b) has argued, using both
cathodoluminescence petrography and

a large body of isotopic analyses, that
closed-system diagenesis operates on a
microscale to preserve the isotopic signa-
tures of many marine cements.

As will be discussed in more detail in a
later essay, the prevailing trend isotopically
in limestones undergoing burial diagenesis
and acquiring a succession of cements
has been toward lighter 5'%0 values, gener-
ally but not necessarily accompanied by
smaller change toward lighter §°C. This
general diagenetic trend has been docu-
mented by several workers (e.g., Cho-
quette, 1968; Hudson, 1977; Dickson and
Coleman, 1977; Mattes and Mountjoy,
1980; Sears and Lucia, 1980; Lohmann,
1982, 1983b) and can be explained by
“exposure” to and reequilibration with

Figure 14 Criteria for the recognition of fossil
beachrock.
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Figure 13 Photomicrograph of interlayered
marine sediment and radiaxial fibrous calcite ce-
ment in laminar cavities from a Middle Ordovi-

cian reef mound at Meiklejohn Peak, Nevada
(scale 1 mm).
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waters of increasing temperature and/or
dilution by meteoric water.

There is growing evidence that isotopic
compositions of botryoidal (former aragon-
ite) and radiaxial-fibrous calcite (formerly
Mg-calcite) cements show systematic vari-
ations through the Phanerozoic which
seem to transcend regional differences in
diagenetic history (Figs. 20 & 21). These
variations are consistent overall with the
variability of isotopic compositions through
Phanerozoic time for whole-rock lime-
stones (e.g., Weber and Keith, 1965;
Veizer and Hoefs, 1976) and for brachio-
pods (Pigott, 1981). Isotopic variations
of this magnitude can be explained in a
number of ways, including differences
in degree of diagenetic alteration and ree-
quilibration (e.g., Dickson and Coleman,
1980). There is a growing basis for believ-
ing, however, that the oxygen isotopic
composition of seawater itself has varied
since Precambrian time (Brand and Veizer,
1981; Popp et. al., 1981). Differences in
5'%0 between present-day and past sea-
water up to 5.5%. have been postulated by
Brand and Veizer (1981), and differences
in 8'°C may have been nearly as great
(Fig. 21).

Shallow “Calcite” Seas. One of the guiding
tenets of carbonate petrology is uniformi-
tarianism, especially the concept that, as in
present times, aragonite and Mg-calcite
were the most common carbonates forming
on shallow sea floors of the past. This
axiom has recently been challenged, and it
now seems quite likely that an alternative
is possible, i.e., that there were times
when, instead, calcite was the normal sea
floor precipitate (see Sandberg, 1983 and
an excellent review by Wilkinson, 1982).

Twenty years ago Lowenstam (1963)
pointed out that the composition of marine
skeletons apparently had changed during
the Phanerozoic: Paleozoic seas were
dominated by calcite-secreting inverte-
brates, Cenozoic and modern seas were
characterized by organisms which secreted
aragonite and Mg-calcite skeletons, and
Mesozoic seas contained roughly equal
numbers of each. In the last few years on
the basis of new data from fossil skeletons
(Wilkinson, 1979; Pigott, 1981), ooids
(Sandberg, 1975; Pigott and Mackenzie,
1979), cements (Folk, 1974; Wilkinson,
1982; Sandberg, 1983) and carbonate
muds (Folk, 1974; Sandberg, 1975) there
is mounting evidence that much of the
carbonate in the fossil record may have
been deposited or precipitated as calcite.
Milliken and Pigott (1977) coined the term
“calcite seas” to differentiate these periods
from times similar to the “aragonite seas”
of today.

An original model of linear change from

Figure 15 Photomicrograph of a bioclastic
grainstone from the Ste. Genevieve Formation
(Mississippian) Bridgeport Field, lllinois Basin, in
which the first cement is a fringe of fibrous
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Figure 16 Fabrics and morphologies of coarse
marine cements. Fibrous calcite is generally
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calcite that is thickest on the undersides of
grains (arrows) resembling small stalagtites. This
early cement probably developed while the
sediment was beachrock. (scale 2 mm).
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interpreted as derived from Mg-calcite and
spherulitic calcite from botryoidal aragonite.

calcite seas in the early and middle Paleo-
zoic to later aragonite seas has now been
replaced by a non-linear model tied to
changes in atmospheric pCO, (Mackenzie
and Pigott, 1981; Pigott, 1981; Sandberg
and Popp, 1981; Sandberg, 1983). This
most recent model has more universal ap-
peal as it is also related to world-wide
sea level fluctuations (Vail et al., 1977) and
global tectonics. Fischer (1981) uses the
term “greenhouse mode” to label times
when the atmosphere contained more CO,
than it does today and so the surface of

the earth was warmer, and the term “ice-
house" to characterize times like the pres-
ent, with lower CO,, cooler temperatures
and continental glaciation, Integrating these
concepts, it is postulated that in the past
shallow-water carbonate deposition took
place under one of the following conditions
(Fig. 21):

Calcite Seas. The atmosphere is in the
“greenhouse” mode with high pC0, be-
cause of increased volcanism resulting
from rapid and complex convective patterns
in the lithosphere. Sea level is high and
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shallow seas vast because of extension in
the length and width of the mid-ocean
ridge system.

Aragonite Seas. The atmosphere is in the
“icehouse” mode with lower pCO, because
of the reduced volcanism due to sluggish
plate movement and aggregated conti-
nents. Sea level is low and shallow seas
reduced to narrow strips along continental
margins because the mid-ocean ridge
system has dropped.

The systematic variations in isotopic
composition of fossil marine cements (Figs.
20 & 21) and carbonates in general (Veizer
and Hoefs, 1976) tend to support this
hypothesis since “aragonite seas” and
“calcite seas” should be characterized by
heavier and lighter 5'*C, respectively. Since
marine carbonates show a linear relation-
ship between §'°C and 5'*0 (Milliman and
Miller, 1974), we would expect that radiax-
ial fibrous, botryoidal and other marine
CaCo0 cements also should have had origi-
nal isotopic signatures which were heavier
during times of “aragonite seas” and lighter
during times of “calcite seas”. This is
exactly the relationship we appear to be
seeing in Figure 21, where from groups of
analyses the heaviest (most nearly original)
isotopic values have been plotted versus
geologic time. The departure of the curves
for %0 and 3'°C in late Carboniferous
through Triassic time implies a diagenetic
and/or original seawater temperature effect.
But the general relationship suggests some
consistent non-linear trends in seawater
composition through the Phanerozoic which
show a close tie with first-order sea level
excursions and temperature variations.

The question of whether seawater iso-
topic composition has, indeed, varied sig-
nificantly and systematically through time
is, of course, critically important in any
attempts to interpret the origins of carbon-
ate cements and carbonate rocks using

Figure 17 Photomicrograph in partially polar-
ized light of fascicular optic calcite cement

from Lower Cambrian reef mounds in the Forteau
Formation, southern Labrador. The numerous
nested cones have the same irregular crystal
boundaries as radiaxial fibrous calcite but lack
the curved twins and have divergent optic axes
(scale 0.5 mm).

Figure 18 Photomicrograph in partially polar- cally have concertal boundaries, curved twins,
ized light of radiaxial fibrous calcite cements convergent optic axes and contain diverging
in the Middle Ordovician reef mound at Meikel- subcrystals. (scale 0.5 mm).

john Peak, Nevada. The crystals characteristi-

Figure 19 Photomicrograph of coalesced, mound in the Nansen Formation (Lower Permian)
strontium-rich calcite botryoids (interpreted to Ellesmere Island, N. W. T. (scale 2 mm)—photo-
have been aragonite originally) from a reef graph, G. Davies.
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geochemical compositions (Wilkinson et al.,
in prass). The theory outlined above is
important and intriguing, but current data
only permits speculation—much more data
is needed to make it a workable concept.
Clarification and testing should be forth-
coming from research in progress by Loh-
mann and Wilkinson and their assoclates
(University of Michigan) and by Sandberg
and his associales (University of lllinois). If
it is correct, however, then the discussion of
carbonate precipitation on the modern sea
fioor outlined in this essay applies mainly
to specific times in the past: (1) late Pre-
cambrian and Cambrian, (2) Pennsylvanian
to Triassic, possibly Jurassic and (3) Ceno-
zoic. During the early and middle Paleozoic
and much of the Mesozoic shallow seas
would have been dominated by calcite
precipitation.

Another implication is that clear, rhombic
calcite cement, characteristic of precipita-
tion from fresh water (see the next article in
this series) is not diagnostic alone as
avidence of exposure to meteoric fluids,
and may be a sea-floor precipitate (Wilkin-
son et al.,, 1982).

Conclusion

Marine seafloor cementation appears to be
a rare occurrence in both fossil and mod-
orn carbonate environments. It is minor

in abundance except in very specific set-
tings. These localities of cementation,
platform margins and strandlines are ex-
tremely important, however, because lime-
stone is created there as the sediments
are deposited, thus aiding in the eventual
preservation of fabrics and textures.

The initially porous sediments generally
undergo rapid porosity and permeability
reduction, thus often making these facies,
from an economic standpoint, less desira-
ble as reservoirs for hydrocarbons and
base metals.

The major prerequisites for early seafloor
cementation appear to be an oxidizing
environment, a stable substrate and good
water exchange. Recognition of submarine
cements in the fossil record depends upon a
combination of field, petrographic and
geochemical techniques, and even then
their presence is easily inferred but proven
with difficulty.
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of fossil cements, thus enabling us to
present a much more coherent picture than
would otherwise have been possible. This
article was critically read by R. G. C.
Bathurst, N. Chow, M. Coniglio, P. Sand-
berg and R. K. Stevens, and its present
form owes much to their careful editing. N.
P. James acknowledges the Natural Sci-
ences and Engineering Research Council
tor on-going financial support.
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