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Abstract

Opdyke, B. N. and Wilkinson, B. H., 1990. Paleolatitude distribution of Phanerozoic marine ooids and cements.
Palaeogeogr., Palaeoclimatol., Palaeoecol., 78: 135-148.

Data on 493 Phanerozoic marine ooid and cement occurrences indicate that the dominance of calcite versus
aragonite in tropical marine settings has changed in response to variation in atmospheric CO, and/or oceanic
temperature gradient. Holocene ooid and cement precipitation occurs over similar latitudes, with means centered
around 24° and 28°, respectively. Aragonite and calcite also display roughly comparable distributions, with average
occurrences between 25° and 28°. Surface seawater saturation values requisite for ooid-cement carbonate
precipitation are at least 3.8 (Q,,,) for aragonite and 3.4 (Q,,,) for calcite.

Ancient ooid-cement occurrences vary in space and time, with depositional zones generally closer to the equator
during continental emergence; greatest extent correlates with periods of maximum transgression. Aragonite
formation is favored in more equatorial localities than calcite when cement-ooid distributions are narrow and
continents are emergent. Similarity of latitude distribution of marine ooids, cement, and biogenic carbonate suggests
that physicochemical processes that control levels of carbonate saturation were more important in predicating sites of
limestone accumulation in Phanerozoic seas than biological processes related to net productivity of various
carbonate platform communities. Continental position and tropical shelf area available for carbonate accumulation

dictates the relative abundance of shallow water inorganic carbonate precipitates in space and time.

Introduction

Geologists have long used the distribution of
different rock types or floral/faunal assem-
blages to interpret ancient climates. Even
before general acceptance of plate tectonics,
continental mobility was inferred from anom-
alous lithologic occurrences such as evaporite
and/or carbonate sequences at high latitudes
(e.g. Wegener, 1915; Koeppen and Wegener,
1924; DuToit, 1939). Early paleomagnetic
studies also relied heavily on the coincidence
of specific facies within projected paleolati-
tudes as support of continental reconstruc-
tions (e.g. Opdyke, 1959, 1962; Blackett, 1961;
Irving and Briden, 1962; Briden and Irving,
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1964). Occurrences of Paleozoic tillite are still
widely used to calibrate apparent polar wander
paths (e.g. Van der Voo, 1988; Scotese and
Barrett, 1989), and temperature indicators
such as fossil fauna and flora remain the
principal evidence that Cretaceous and Eocene
climates were generally warmer than at pre-
sent (e.g. Bailey and Sinnott, 1915; Smiley,
1967; Douglas and Williams, 1982; Wolfe and
Upchurch, 1987).

Limestone—dolostone sequences are particu-
larly notable in this regard in that carbonate
accumulation is generally thought to be
favored in warm shallow seas that are far
removed from sources of terrigenous clastic
sediment (e.g. Milliman, 1974; Wilson, 1975;
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Leeder, 1982; Tucker, 1985). Modern platforms
occur preferentially on tropical to subtropical
shelves (Emery, 1968; Lees, 1975) where
seawater reaches its highest saturation (Morse
et al., 1980), and available data suggest that
paleoplatforms exhibit a similar distribution
(e.g. Briden and Irving, 1964; Parrish, 1982;
Ziegler, 1984); Mesozoic—Cenozoic limestones
occupy a range concentrated about the equa-
tor, but exhibit a skewed distribution that
suggests primary accumulation at about 20°
(Fig.1).

Given this relatively narrow range, the
paleolatitude distribution of cratonic lime-
stone sequences should serve as a sensitive
record of changes in those parameters that
control seawater saturation, including temper-
ature, atmospheric CO, (e.g. Mackenzie and
Pigott, 1981; Berner et al.,, 1983), and climate
(e.g. Fisher, 1981, 1984; Sandberg, 1983, 1985;
Worsley et al., 1986). Previous studies of
carbonate accumulation, however, have ar-
rived at different conclusions concerning
specific details of the reliability of this record.
Opdyke and Wilkinson (1989), for example,
suggested that maximum expansion of shallow
carbonate environments occurred during the
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Fig.1. Paleolatitude distribution of Mesozoic—Cenozoic
shallow water carbonate sequence localities, modified from
Zielger et al. (1984). Bars represent actual data whereas the
shaded curve represents the likely sum of northern and
southern hemisphere occurrences. To eliminate bias intro-
duced by the dominance of Mesozoic—-Cenozoic shallow
marine basins in the northern hemisphere, the southern
hemisphere is inferred to have a similar potential for the
distribution of carbonates.
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Late Cretaceous, a time period characterized
by continental submergence, elevated CO,,
warmer climate, and possibly greater poleward
extent of carbonate-saturated seawater. Briden
and Irving (1964) and Ziegler et al. (1984), on
the other hand, concluded that areas of carbon-
ate deposition do not expand poleward during
warmer time intervals, and suggested that
limits of carbonate generation are primarily
controlled by biologic factors such as the
interdependence between latitude, degree of
light penetration, and the direct or indirect
fixation of calcium carbonate by algae in
shallow platform settings.

Clearly, a number of interrelated processes
act to determine areas of carbonate generation
in shallow marine environments. At the coars-
est scale, rates of limestone accumulation must
reflect rates of delivery of Ca and CO%~ ions
to global oceans which, in turn, depend on
areas of exposed crust, rates of weathering,
and amounts of hydrothermal alteration at
oceanic ridges. In addition, finite ion source
fluxes are partially controlled by dissolution
processes in the ocean and are ultimately
partitioned between deep marine and shallow
platform depositional settings, depending on
those factors that control net carbonate prod-
uctivity of planktic and benthic marine com-
munities. Given that planktic calcifiers only
arose and diversified since the Triassic, and
that a variety of taxa have dominated benthic
communities over the past 590 m.y., secular
change in the distribution of platform carbon-
ate might indeed reflect a complex of biologic
factors largely independent of variables such
as temperature and salinity that determine
levels of carbonate saturation in shallow
marine settings.

In short, patterns of cratonic carbonate

~accumulation probably record diverse rela-

tions between biological and physicochemical
processes that preclude simple correlation
between limits of biogenic carbonate produc-
tion, ambient seawater saturation, and cli-
mate. In order to examine these relations and
to evaluate the appropriateness of carbonate
sediment distribution as a record of paleo-
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climate, while striving to avoid many of the
factors that influence the distribution of differ-
ent biotic communities, we have evaluated
Phanerozoic limits of inorganic calcium
carbonate precipitation through tabulation of
occurrences of marine ooids and cement. Such
an approach may yield a better measure of
physicochemical variation in the marine realm
because these are largely abiotic precipitates,
the distribution and mineralogy of which may
respond to changes in physical and chemical
parameters of surface seawater throughout
geologic time.

Abiotic carbonate precipitates

The inorganic precipitation of calcium
carbonate from marine fluids results either in
the formation of layers of pore-lining cement or
their centripetal counterpart as cortical lami-
nae on ooids and other coated grains. While
these forms of calcium carbonate generally
record the accumulation of limestone in
shallow tropical settings, variation in their
abundance as sediment components, and the
dominance of different calcium carbonate poly-
morphs among cortical-intergranular phases,
may reflect regional variation in composition
related to seawater carbonate saturation.

Controls on formation

Obviously, abiotic ooids and cements form in
response to ambient physicochemical condi-
tions in the surface ocean. Physically, ooid
cortex growth requires elevated levels of
calcium carbonate supersaturation and kinetic
energy via waves or strong currents for grain
agitation (e.g. Ball, 1967). Marine cement also
only originates in supersaturated solutions but
is most common in reefal voids where precipi-
tation is also facilitated by strong fluid flow
(e.g. Lighty, 1985).

Chemically, CO,, pH, alkalinity, and ionic
strength all play important roles in determin-
ing saturation state (MaclIntyre, 1965; Edmond
and Gieskes, 1970; Berner, 1976; Takahashi et
al. 1976; Plath and Pytkowicz, 1980; Morse et

al., 1980; Mucci, 1983; Cooke and Kepkay, 1984;
Feely et al., 1984). but, given that calcium/
salinity ratios of modern seawater vary by
no more than about 1.59, (Culkin and Cox,
1966), seawater saturation variation-is largely
controlled by differences in carbonate ion
concentration. Because alkalinity values are
relatively constant in surface oceans, change
in temperature is therefore the most important
factor in controlling carbonate saturation
levels (e.g. Takahashi et al., 1982) and, hence,
where ooids and cement originate, (Fig.2). As a
result, greater carbonate saturation is found in
equatorial regions as CO, is released to the
atmosphere, while in polar regions atmo-
spheric CO, is absorbed by the colder waters.
Because of the strong dependence of carbonate
saturation on temperature and hence latitude,
massive carbonate precipitation from marine
fluids is generally restricted to tropical seas.
Regional deviation from this pattern, how-
ever, may give rise to variation in ooid-cement
distribution. Western boundary currents, for
example, carry warmer water to temperature
latitudes, somewhat expanding depositional
range along western basin edges, while cooler
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Fig.2. Relation between carbonate saturation values (Q,,,)
and temperature for surface water of the Atlantic, Indian,
and Pacific Oceans. Q,,, is defined as w=[Ca®>*][CO}")/
K,, where CO3}~ concentrations for surface water are
taken directly from data tables in Takahashi et al. (1980,
1982). Ca’* concentrations are assumed to vary as a
function of salinity (Culkin and Cox, 1966). K,,, varies as a
function of temperature and salinity (Mucci, 1983). Note a
linear increase in saturation values (Q,,,) from polar (0°C)
to equatorial (30°C) regions.
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currents flowing toward the equator may
narrow tropical ranges along eastern margins.
Similarly, excess CO, generally occurs in areas
of upwelling along narrow equatorial belts and
along eastern basin margins which are regions
of low temperature and low saturation state
(Keeling, 1968; Takahashi and Azevedo, 1982).
Where tropical currents mix with cooler high
latitude water, such as along the east and west
coasts of Australia, surface water CO, is
depressed relative to the atmosphere. These
warm currents become undersaturated relative
to atmospheric CO, as they move to higher
latitudes and slowly cool. The Antilles current,
which has its origin off the northwest African
coast, for example, is mature and cooling by
the time it reaches the northeastern coast of
the Bahamas (Takahashi et al., 1982). Here,
lower CO, and higher CO%~ concentration
between 20° and 30°N on the western Atlantic
margin correlate with rapid inorganic carbon-
ate precipitation.

Additional variation in the distribution of
ooids and cement may relate to the develop-
ment of enclosed and/or evaporative basins
such as the Mediterranean Sea, where satura-
tion state is higher than that of open oceans at
similar latitudes. This type of deviation should
be recorded as ooid/cement “outliers” from any
paleolatitude distribution, much in the same
manner as Mediterranean Sea occurrences are
at the northern limit of a normal distribution
for Holocene precipitates.

Because of such regional variations, ooids
and cement are not ubiguitous in low-latitude
carbonate  platform-reefal  environments.
Among the modern areas of carbonate accumu-
lation, only a few are significant examples of
ooid generation. The Bahama Platform (e.g.
Ball, 1967), Yucatan (Ward and Brady, 1973),
southern Cuba (Daetwyler and Kidwell, 1959),
Pedro Bank (Zans, 1958), Serrana Bank (Milli-
man, 1969), the Persian Gulf (e.g. Loreau and
Purser, 1973), the Gulf of Suez (Sass et al.,,
1971), Lizard Island, Australia (Davies and
Martin, 1976), and Shark Bay (Davies, 1970)
are notable in this regard. Other Holocene ooid
deposits include those from Baffin Bay, Texas
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(Land et al., 1979), and the Mediterranean at
Gabes Bay, Tunisia (Fabricius et al., 1970) and
Neapolis, Greece (Richter, 1976). Ooids from
Tunisia and Greece are not actively forming
today, and are largely relict deposits of the
Holocene transgression. Modern Indian and
Pacific ocean carbonate deposits are largely
void of ooids (Lees, 1975), and small deposits of
ooids within areas such as the Great Barrier
Reef are somewhat enigmatic (Marshall and
Davies, 1975; Davies and Martin, 1976).

Controls on mineralogy

Although ooids and cement are generally
restricted to warm, wave-agitated environ-
ments, either consist of magnesium calcite or
aragonite, a mineralogical diversity that may
also serve as a record of ocean saturation state.
With increasing temperature, calcite precipi-
tated from seawater contains greater amounts
of incorporated Mg in the crystal lattice,
ranging from only a few mole 9% in deep cold
waters below the oceanic thermocline (e.g.
Schlager and James, 1978) to nearly 20 mole %,
in warm shallow settings (e.g. Alexandersson,
1972). Moreover, at tropical temperatures of
25-28°C, the solubility of precipitated calcite
with about 12 mole 9% Mg approaches that of
aragonite (Walter and Morse, 1984). Aragonite
and magnesium calcite may form in intimate
association as intergranular and intragranular
cement, and can co-occur as alternating lami-
nea within single ooids (L.and et al., 1979;
Major et al., 1988).

Both mineralogies also formed ooid-cement
carbonate during much of the Phanerozoic, but
exhibit considerable secular variation in their
relative abundance. Whereas aragonite is pres-
ently the dominant phase as cortical carbonate
within Holocene ooids, and is volumetrically
nearly equal to micritic magnesian calcite as a
marine cement, abiotic aragonite (or calcitized
equivalent) is virtually absent from large
portions of the Phanerozoic sedimentary rec-
ord that correspond to periods of continental
flooding (e.g. Sandberg, 1985).
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Changes in seawater Mg/Ca ratio have been
suggested as a controlling factor of calcite
versus aragonite dominance (Mackenzie and
Pigott, 1981). Berner (1975, 1978) has shown
that higher Mg/Ca ratio inhibits calcite
growth rate, while laboratory studies by Bur-
ton (1988), Burton and Walter (1988) and Mucci
et al. (1989) suggest that aragonite precipita-
tion rate exceeds that of calcite over a wide
range of Mg/Ca and SO2~ concentrations in
seawater or seawater-like solutions. When
saturated with respect to both polymorphs,
calcite precipitation rate increases relative to
that of aragonite at low temperatures, at low
Mg/Ca ratios, and at low sulfate activities
(Burton, 1988).

From a perspective of paleoclimate, aragon-
ite versus calcite dominance in shallow car-
bonate sequences has also been linked to
atmospheric CO, (e.g. Sandberg, 1983) and
carbonate saturation (Given and Wilkinson,
1987), with greater abundance of abiotic cal-
cite generally recording higher sealevel, ele-
vated CO,, and lower seawater saturation
state. If correct, absence or latitude restriction
of aragonite might then be considered an
indication of warmer climate, as would a wider
distribution of ooids and/or cement.

In order to evaluate ooid/cement distribu-
tions as records of temperature-saturation
variation in Phanerozoic oceans, data on the
age, geographic location, stratigraphic posi-
tion, and fabric of 316 ooid and 177 cement
occurrences were tabulated from the
literature. Methanogenic (!*C-enriched) ce-
ments were not included in this compilation,
nor were occurrences of oolds or cement
replaced by dolomite or quartz. All of these
ooid-cement occurrences are associated with
relatively shallow water units, and most occur
in carbonate sequences.

In the following, these data are first con-
sidered in terms of the distribution of coids and
cement, then in terms of ooid versus cement
occurrences, and finally in terms of the distri-
bution of aragonist versus calcite. Quaternary
occurrences are considered first in order to
establish a framework in which ancient ana-

logues can be evaluated in terms of surface
water saturation.

In order to reduce the effect of redundant
references to a single stratigraphic unit con-
taining marine ooids and/or cement, multiple
reports of abiotic carbonate of the same age
within a continuous geographical area were
combined into a single “occurrence”. With
respect to Quaternary units, this lumping of
reports results in occurrences at a scale of the
Bahamas, the Persian Gulf, or Yucatan. Older
Phanerozoic occurrences are mostly at the
stratigraphic level of formations.

Quaternary precipitates

Latitudes of 78 Pleistocene~Holocene ooid-
cement occurrences are more-or-less normally
distributed within the northern hemisphere
(Table 1), and exhibit a mean latitude of 27°
(Fig.3A). Reported modern cements are much
more numerous (n=56) than coeval ooids
(n=22), and exhibit a northern hemisphere
mean of 28° (Fig.3B). Aragonite (n=22) and
calcite (n=234) cement exhibit statistically
indistinguishable distributions with means at
27° and 28° respectively. It is notable, how-
ever, that several examples of calcite cement
range to 60° (Fig.3B). These are somewhat
anomalous among modern carbonate precipi-
tates in that they largely comprise occurrences
within terrigenous clastic sediment, and are
probably only recognized as early cement
phases because of their presence in otherwise

TABLE 1

Latitudinal distribution of Phanerozoic ooids and cement

Quaternary Phanerozoic
n X SD n X 8D
Ooids and Cement 78 27 10 415 16 10
All ooids 22 24 8 294 16 10
Aragonite ooids 19 25 7 36 12 9
Calcite ooids 4 21 9 138 17 109
All cement 56 28 12 121 16 10
Aragonite cement 22 27 7 25 9 9
Calcite cement 34 28 14 96 18 10
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Fig.3. Latitudinal distribution of Quaternary carbonate
precipitates.

A, Distribution of ooids and cement. Note similar mean
occurrences at about 28°, but that cement is reported
from a somewhat broader range.

B. Reported calcite-aragonite cement distributions which
indicates aragonite has a narrower range than calcite
relative to distance from the equator.

C. Quaternary ooids. Virtually all Holocene deposits are
aragonite, but calcite grains are forming in Baffin Bay,
Texas, and occur as several relict deposits in deeper shelf
settings. Differences between total ooid occurrences in A
and C reflects the fact some deposits include both
aragonite and calcite as cortical phases. D. Late Cenozoic
shelf areas from Parrish (1985). Note predominance of
shallow shelf settings at about 30°N, and a general
correspondence between this pattern, that of ooid-cement
distributions (Fig.3A), and that of shelf carbonate se-
quences (Fig.1).

unlithified units. Ancient analogues are
largely unidentified in terrigenous sequences.

All Quaternary ooids occur within 40° of the
equator (Fig.3C) but are presently forming in
only 6 locations to any significant degree.
Grains in all but one of these (Baffin Bay;
Land et al., 1979) are exclusively aragonite.
Although the presence of calcite among three
relict occurrences may reflect variation in
seawater chemistry and dominant cortical
mineralogy on very short time scales, the
scarcity of Quaternary ooids relative to marine
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cement renders comparisons between aragon-
ite and calcite statistically meaningless.

Distribution of modern (recent) marine ooids
and cements suggests that carbonate precipita-
tion closely reflects sea-surface saturation
gradient, in that no occurrences within lime-
stone sediment lie poleward of 35°. Quaternary
ooid-cement distribution is strikingly similar
to that of primarily biogenic carbonate (Fig.1);
virtually all occurrences are in the northern
hemisphere, the Caribbean region in particu-
lar.

Theoretically, such a skewed distribution
could in part reflect warmer northern hemi-
sphere sea surface temperatures. The inter-
tropical convergence zone, the equatorial area
where warm air rises and moves poleward, is
skewed about 5° to the north due to the cooling
influence of Antarctica. However, climate
zones are generally symmetrical on either side
of the equator and average temperature is
likely to be similar at both 20°N and S
(Neiburger et al., 1982).

Almost certainly, the disproportionately
large number of ooid and cement occurrences
north of the equator merely reflects the pre-
dominance of land area presently in the
northern hemisphere and, hence, the greater
areal extent of shallow shelf environments in
this hemisphere as well. The distribution of
Quaternary ooid/cement occurrences, Meso-
zoic—Cenozoic platform carbonate sequences,
and estimates of late Cenozoic shelf areas by
latitude from Parrish (1985), all exhibit similar
patterns (Fig.3D). This suggests that, while
global temperature gradients and poleward
extents of saturated surface waters indeed
control limits of carbonate precipitation, the
abundance of ooid/cement occurrences more
closely reflects the areal size of agitated
shallow water settings in which precipitation
can occur.

Phanerozoic precipitates

In order to determine an appropriate latitude
for each reported occurrence of Phanerozoic
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ooids (n=294) and cement (n=121) (Table 1),
all were plotted on appropriate paleogeogra-
phic maps by Denham and Scotese (1988).
Errors in paleomagnetic data on which these
reconstructions were based are about 5°, with
uncertainties for the lower Paleozoic perhaps
ranging to 10° (Van der Voo, 1988).

Data on the distribution of these 415 Phaner-
ozoic ooids and cements demonstrate that
Paleozoic occurrences are dominantly in the
southern hemisphere, while the majority of
Mesozoic and Cenozoic localities occur north
of the equator. These define a mean distribu-
tion extending from about 30°S in the Cam-
brian to about 30°N in the Tertiary (Fig.4).
Virtually all occur within 35° degrees of the
equator, a band also defined by most data on
Quaternary ooids and cement.

Although ancient carbonate components are
now calcite and/or dolomite, original mineral-
ogy can be inferred from preserved fabrics due
to the fact that diagenetic calcitization of
aragonite typically results in the obliteration
of textural detail (Sandberg, 1983, 1985;
Tucker, 1984; Chow and James, 1987). Ancient
ooids that exhibit radial arrangement of con-
stituent acicular crystallites are generally
interpreted as having been precipitated as
calcite, while sparry cortices of interlocking
anhedral calcite crystallites were formerly
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Fig.4. Paleolatitudinal distribution of Phanerozoic marine
ooids and cement exclusive of Quaternary occurrences.
Latitudes determined from palaeogeographic maps of
(Denham and Scotese, 1986). Note a striking progressive
shift in sites of carbonate precipitation from the southern
to the northern hemisphere over the past 590 m.y.

aragonite. Original cement mineralogy can be
inferred employing similar textural criteria
(e.g. James and Klappa, 1983), with botryoidal
masses common to former aragonite and iso-
pachous crusts typical or calcite.

Taken together, the distribution of ancient
ooids and cement are not statistically different,
with both exhibiting a mean of 16° from the
equator with standard deviations of about 10°
(Fig.5A). Former aragonite cement however,
shows a narrower distribution about the equa-
tor than does calcite (Fig.5B). Differences
between aragonite and calcite ooids are more
subtle (Table 1), but radial calcite ooids ex-
tended to higher latitudes than did coeval
grains of aragonite (Fig.5C).

Discussion

On the basis of reported aragonite-calcite
marine ooids and cement, several conclusions
can be drawn concerning the distribution of
inorganically precipitated carbonate over the
past 590 m.y. These pertain to their distribu-
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Fig.5. Paleolatitude distribution of Phanerozoic marine
ooids and cement exclusive of Quaternary examples.

A. Distribution of ooid-cement occurrences. Although
reports of marine oolite are much more common than those
of cement, distribution of the two populations is statisti-
cally indistinguishable.

B. Latitudes of aragonite and calcite marine cement
suggesting that occurrences of aragonite are generally
more equatorial than those of calcite.

C. Aragonite and calcite oolite distribution. While less
pronounced than cement, aragonite occurrences define a
narrower latitudinal distribution than do calcitic grains.
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tion: (1) relative to saturation values in
modern oceans, (2) relative to dominant allo-
chem mineralogy, (3) relative to different
component types, (4) relative to paleolatitude,
(5) relative to biogenic debris that makes up
most shallow marine carbonate sediment, and
(6) relative to their utility as records of ocean
temperature-saturation variation.

Present distributions

In order to understand those processes
which control carbonate precipitation and
polymorphism during cement crystal growth
and/or ooid cortex accretion, preliminary data
on saturation of modern surface water with
respect to aragonite were compared to areas of
ooid and cement formation. Surface water
chemistry data from Takahashi et al. (1980,
1982) exhibit increasing saturation values
(Q,,,) from poles to latitudes of about 20°, and
constant or slightly decreasing Q, , from there
to the equator. As a result, equatorial zones
exhibit a slight saturation minima (Fig.6).

Decreased saturation at equatorial latitudes
primarily reflects reduced CO3~ concentra-
tion, largely due to the higher CO, of upwell-
ing water (Broecker and Peng, 1984), but in
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Fig.6. Relation between latitude and carbonate saturation
values for surface waters of the Atlantic, Indian and
Pacific Oceans. From data in Takahashi et al. (1980, 1982).
Note an increase in @, values from polar to equatorial
regions. Diagonally hachured box delimits the range of
saturation values that correspond to the limits of aragoni-
tic Quaternary ooids and cement.
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part reflecting higher rainfall and lower evapo-
ration in these areas. As a result, surface
waters of greatest saturation occur between
10° and 30° and include equatorial regions on
the western side of basins where upwelling is
weak.

Holocene cement is most abundant in these
areas, but exhibits a distribution extending
somewhat beyond that for ooids, both to the
north and to the south. Aragonite ooids and
cement most commonly form in shallow seas
near open ocean water where Q,  exceeds
about 3.8 and summer temperatures exceed
about 25°C (Fig.6). In such areas, seawater CO,
is commonly 10-15 ppm below that in equilib-
rium with the atmosphere (Takahashi and
Azevedo, 1982). Calcite cement can form in
more temperate regions, and the minimum Q, .
for these precipitates is about 3.4. Because
calcium carbonate saturation data represent
open ocean surface water, these saturation
values probably represent minima from which
shallow shelf waters evolve.

Aragonite-calcite distributions

With respect to original mineralogy, aragon-
ite ooid-cement occurrences generally have
narrower ranges than coeval calcite, both in
modern (Fig.3) and ancient (Fig.5) sequences.
The reason for this difference probably reflects
relations between phase solubility and miner-
alogy or Mg content. As noted above, at typical
tropical marine temperatures, calcite with
about 12 mole%, Mg has a solubility roughly
equivalent to that of aragonite (Walter and
Morse, 1984). Moreover, available composi-
tional data on shallow Holocene cements
indicated that Mg content decreases from
about 18 to about 9 mole9, with increasing
latitude. Although it is not (as yet) possible to
determine original Mg contents for ancient
cortical or cement carbonate, there is no
reason to believe that Phanerozoic calcites did
not exhibit a similar (or greater) range of
compositions. Hence, there is no reason why
calcite ooids and/or cement, including those
with lower Mg contents, should not have
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extended over a wider latitude range than
coeval aragonite.

With respect to secular variation in original
mineralogy, data on ooids and cement indicate
that both have changed with time (Fig.7), with
aragonite dominance corresponding to periods
of continental emergence (e.g. Sandberg, 1983,
1985). If change in mineralogy reflects varia-
tion in seawater carbonate saturation, then an
absence of aragonite probably records periods
of lower carbonate saturation in surface
seawater, and perhaps lower Mg/Ca ratios as
well.

Ooid—cement distributions

Available data indicate no significant differ-
ences in the distribution of marine ooids versus
cement in modern or ancient sequences, a
similarity of occurrences that probably reflects
the fact that both require supersaturated fluids
and elevated rates of fluid flow for their
formation. Although Quaternary cement ex-
hibits a broader distribution than ooids (Fig.3),
this is not true for older Phanerozoic se-
quences with a much larger number of occur-
rences (Fig.5). Modern cement predominates in
reefal and grainstone voids where fluid flow is
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Fig.7. Paleolatitudes of ooids and cement plotted by
inferred original mineralogy. Note similar aragonite
dominance relative to calcite (dotted line portions) for
both components during the early Paleozoic, late Paleo-
zoic—early Mesozoic, and late Cenozoic. These correspond
to periods of continental emergence. This plot does not
include Quaternary data.

high and/or sediment accumulation rates low,
and most ooids form in shoals along non-reefal
but wave-agitated shelf margins as well. The
similarity of these settings is probably
reflected in the equivalence of ooid-cement
distributions.

Biochemical-physicochemical
distributions

Perhaps more importantly, data on ooid-
cement distributions suggest that latitudes
represented by these components are little
different from those reported for platform
carbonate sequences composed primarily of
metazoan hardpart debris. Such a similarity
strongly indicates that, at least from a stand-
point of carbonate generation, biochemical
and physicochemical processes operate simul-
taneously in largely coincident shallow marine
settings. Most of these are within 35° of the
equator; although a few cratonic limestones
formed poleward of these limits (e.g. early
Tertiary bryozoan limestones of Australia) and
range to 60°, a few Holocene marine cements
occur at similar latitudes as well (e.g. Fig.3).

Conventional wisdom has long held that
carbonate deposition is enhanced in low lati-
tudes, 1n shallow water, and in areas far-
removed from areas of significant terrigenous
clastic influx (e.g. Wilson, 1975; Bathurst,
1975). Although the distribution of ooid-cement
and limestone occurrences are largely in
accord with these generalizations, fundamen-
tally different mechanisms are responsible for
the formation of each type of sediment compo-
nent. Most limestone units consist of hardpart
debris, and many individuals have therefore
suggested that biological mechanisms act as
the primary factors in predicating carbonate
sediment generation (e.g. Ziegler et al., 1984).
Correspondence between limestone accumu-
lation and saturated seawater, on the other
hand, has led others to suggest that physico-
chemical mechanisms are primarily respon-
sible for determining rates of biogenic carbon-
ate generation.

Collectively, we know little concerning the
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relative importance of biological versus physi-
cochemical processes in the generation of
carbonate sequences, even in modern shelf-
reefal settings, nor is it well understood what
carbonate distributions and accumulation
rates might be like in the absence of either
now-dominant metazoan calcifiers or now-
prevalent carbonate-supersaturated ambient
marine fluids. If biological systems were prim-
ary causative agents of carbonate accumu-
lation, some difference in the distribution of
biotic and abiotic carbonate components might
be anticipated. However, there appears to be
no discernable dissimilarity in the distribution
of carbonate components generated by direct
precipitation versus those formed during bio-
mineralization. This correspondence seem-
ingly records an intimate link between
seawater composition and the fundamental
controls on carbonate formation, and suggests
that limestone deposition will largely corre-
spond to areas of supersaturated seawater,
regardless of the dominance of various taxo-
nomic groups in shallow marine settings.

Ooid-cement distribution and climate

Regardless of likenesses and/or differences
in distributions based on mineralogy, allochem
type, or mechanism of precipitation, virtually
all Phanerozoic ooid-cement occurrences
define a rather striking trend of increasingly
northern sites of deposition over the past 510
m.y. (Fig.4). Calculation of drift tracks for
seven depositional basins in Africa, Asia,
Australia, Europe, Indian, North America, and
South America, demonstrates that most conti-
nents have moved northward during the Phan-
erozoic (Fig.8). To. the degree that reported
marine ooid and cement occurrences reflect
actual abundances in carbonate sequences,
such a relation indicates an intimate relation
between tropical areas of flooded continent
and areas/volumes of carbonate accumulation
in shallow epicratonic settings.

One immediate result of such dependence is
that mean or average latitudes of accumu-
lation should more closely reflect the average
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Fig.8. Cambrian to recent drift tracks for seven sedimen-
tary basins with a global distribution (India, Europe,
Australia, Saudi Arabia, Asia, South America, and North
America) showing general movement of the most conti-
nents to more northern latitudes over the past 510 m.y.
Note similarity between ooid-cement latitudes (Fig.4) and
the drift tract for the Permian Basin, New Mexico (heavy
line) (Denham and Scotese, 1988).

distribution of shallow tropical seas than any
relation with seawater saturation gradient;
mean latitudes of inorganic carbonate precipi-
tates are strongly dependant on paleopositions
of shallow water shelves.

Whereas virtually all reported Paleozoic
ooids and cements formed south of the equator,
northern hemisphere dominance began when
North America, which includes 649, of tabu-
lated data, crossed the equator during the
Carboniferous (Fig.4 and 8). Such strong corre-
lation between patterns of continental drift
and patterns of ooid-cement deposition signifi-
cantly limits the usefulness of average precipi-
tate latitude as a record of change in ocean
temperature and/or carbonate saturation.

What then can be said concerning ooid-
cement occurrences and secular change in sea-
water saturation? Whereas distribution aver-
ages relative to the equator are significantly
biased by continental area, one other possible
measure of saturation gradients is variation in
the actual extent of oolite-cement occurrences.
Theoretically, and all other parameters re-
maining constant, increasing CO, should re-
sult in lower seawater carbonate saturation
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which, at any specified time, decreases pole-
ward with surface temperature. Hence, aragon-
ite dominance, cooler climate, lower sealevel,
and depressed pCO, (Berner et al., 1983;
Sandberg, 1983, 1985), may be recorded as
compressed limits of ooid-cement occurrences.
Such a relation, of course, is dependent on the
occurrence of shallow shelf depositional areas
across poleward limits of carbonate precipita-
tion in at least one hemisphere, on the
preservation of marine sediment from that
setting, and on the evaluation of that sequence
in the ooid-cement tabulation.

Calculation of maximum Phanerozoic ooid-
cement latitudes yields a trend with a more
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restricted range during the Permo-carbonifer-
ous, a time period that corresponds to general
continental emergence (Vail, 1977), and per-
haps to the largest glacial epoch in Phanero-
zoic history (Frakes and Francis, 1988; Fig.9).
Relationships such as these suggest a qualita-
tive link between eustasy, seawater saturation,
ooid-cement mineralogy, pole-to-equator tem-
perature gradient, and the latitude range over
which carbonate precipitation is likely to occur.

Conclusions

In an effort to evaluate relations between
climate and shallow water carbonate distribu-
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Fig.9. Extent of Phanerozoic ice-rafted debris in Phanerozoic sedimentary sequences (Frakes and Francis, 1988), estimates of
global sealevel (Vail, 1977), and maximums of ooid-cement occurrences. Note general correspondence between equatorial
expansion of ice-transported material, greater continental emergence, and generally narrower distribution of abiotic ooid-

cement precipitates from about 350 to 200 m.y.
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tion, latitude and original mineralogy of Phan-
erozoic ooid and cement occurrences were
tabulated from 493 reports in the literature
(Table 1). Mineralogical dominance of aragon-
ite over calcite in both ooids and cement 1s, as
pointed out by Sandberg (1983, 1985) coinci-
dent with periods of continental emergence.
Mean latitudes of modern and ancient ooid and
cement occurrences suggest a wider latitude
range for calcite relative to aragonite, and an
identical range for ooids relative to cement and
oolite-cement relative to biogenic debris.

Ooid-cement formation is an inorganic
processes that only occurs when critical
thresholds of physical agitation and chemical
saturation have been surpassed. Global ocean
carbonate saturation data indicate that satura-
tion levels (Q,,,) must be at least 3.4 for calcite
cement growth and 3.8 for aragonite ooid-
cement precipitation. Additional data on ooid
shoal water compositions are necessary to
more tightly constrain this value.

Finally, ooid-cement occurrence data suggest
that marine carbonate systems have responded
to changes in temperature and CO, concentra-
tions in global oceans. Carbonate precipitates
have not been uniformly distributed over invari-
ant areas of deposition. Rather, Phanerozoic
ranges have evidently narrowed while calcite
precipitation gave way to aragonite dominance
during periods continental emergence and in-
ferred cooler climate. This behavior implies a
higher low-latitude saturation state relative to
calcite seas, while at the same time surface
waters between about 30° and 40° from the
equator have lower saturation states than
calcite seas. In effect, aragonite seas correspond
to more highly saturated waters in lower
latitudes. Calcite oceans, generally correspond
to periods of continental flooding, elevated CO,
warmer temperature, lower equatorial calcium
carbonate saturation state, and an expanded
latitude range of ooid-cement deposition.
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