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A B S T R A C T

Knowledge of past rates of transfer of rock-forming materials among the principal geologic reservoirs is central to
understanding causes and magnitudes of change in earth surface processes over Phanerozoic time. To determine
typical rates of global sediment cycling, we compiled information on area, volume, and lithology of shallow-water
sediments by epoch for both terrigenous clastics and marine carbonates. Data on amounts of surviving continental
terrigenous rock (as opposed to deep oceanic, and including “terrestrial,” “marginal marine,” and “marine” deposits)
exhibit positive age/area trends wherein greatest areas and volumes of conglomerate, sandstone, and shale are rep-
resented by younger sequences. Global volumes of terrigenous-clastic sediment yield a mean cycling rate of 0.00124/
m.yr., similar to that determined for Eurasian (0.00127), North American (0.00058 [A. B. Ronov], 0.00352 [T. D. Cook
and A. W. Bally]), African (0.0017), and South American (0.0021) clastic sequences. Surficial erosion results in the
mean destruction of ∼0.124% of terrigenous rock volume per million years of reservoir age. In contrast, surviving
epicratonic and shelf-margin carbonate sequences yield negative cycling rates of about �0.164%/m.yr. Surviving areas
and volumes increase with sequence age; that is, the amount of limestone and dolostone preserved in shallow-water
settings increases back in time to maximal areal extents in the Middle and Upper Cambrian. Mass/age data on
terrigenous-clastic successions indicate generally constant rates of crustal erosion over Phanerozoic time. Decrease
in size of the shallow-marine carbonate reservoir forward in time therefore suggests generally invariant rates of global
limestone accumulation and a shift in sites of accumulation from shallow-cratonic to deep-oceanic settings over
much of the past 540 m.yr. Causes of this eon-scale depositional translocation of carbonate sediment from shallow-
to deep-marine settings cannot be satisfactorily linked to either changes in global sea level or the evolution of
carbonate-producing plankton because neither exhibits a pattern of unidirectional change in position or abundance
since the Early Phanerozoic. However, tabulation of long-term variation in areas of continental shelves from paleo-
geographic maps reveals a generally uniform decrease in low-latitude (!30�) platform area with decreasing age over
most of the Phanerozoic. Moreover, rate of change of low-latitude shelf area (∼ km2/m.yr.) is almost exactly352.6 # 10
the rate of change in the area of shallow-water carbonate sequences (∼ km2/m.yr.) over the same interval.363.0 # 10
This agreement suggests that poleward movement of the major continents over the past 540 m.yr. has had a substantial
impact on patterns of global carbonate accumulation. The long-term effect of decreasing low-latitude shelf area has
been augmented, particularly over the last 100 m.yr., by eustatic sea level fall and the diversification of open-ocean
calcifiers. The evolution of calcareous plankton in the Late Paleozoic or Early Mesozoic may have been facilitated,
or at least permitted, by increasing saturation state of the oceans associated with progressive decline in shallow-
water carbonates.

Introduction

The cycling of sedimentary components via ero-
sional and depositional processes represents the
largest and geologically most important flux of ma-
terials through earth surface exogenic systems.
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Many individuals have attempted to quantify rates
of mass transfer through the various sedimentary
reservoirs (e.g., Gilluly 1969; Veizer and Jansen
1979; Gregor 1985; Berner 1991, 1994; Bleuth and
Kump 1991). Moreover, knowledge of relations be-
tween the surviving volume and/or area of various
sedimentary bodies and their age of accumulation
provides important constraints for inferences con-
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cerning present and past magnitudes of different
cycling processes. The utilization of such data to
better understand the evolution of the major sed-
imentary rock reservoirs has an equally interesting
history (e.g., Garrels and Mackenzie 1969; Blatt and
Jones 1975; Hay 1985; Wilkinson and Walker 1989;
Wold and Hay 1990; Veizer and Ernst 1996). These
and other studies have demonstrated that data on
variation in sizes of extant sedimentary systems as
a function of their age allow for estimation of first-
order rates of transfer into and out of each sedi-
mentary reservoir.

Distribution of reservoir amount versus age can
be conceptualized through constant-mass models
(e.g., Garrels and Mackenzie 1971; Veizer and Jan-
sen 1985) that generally presume that (1) secular
variation in total reservoir size (total amount of a
sedimentary rock type at a given time, independent
of age) is insignificant and that (2) rates of destruc-
tional cycling via erosion, metamorphism, and
melting are directly proportional to reservoir size.
These rates are therefore taken to be relatively con-
stant. Such models presuppose that the various
masses of sedimentary rock formed relatively early
in earth history and that this material has been
cycled through the major reservoirs at a generally
constant rate. In other words, rate of cycling, man-
ifest as the probability of any part of a reservoir
being destroyed by any one of several crustal pro-
cesses, is generally independent of geologic age and
is only a function of (proportional to) the size of
the reservoir in question.

In detail, constant-mass models of sediment cy-
cling are probably overly simplistic, in part because
of short- and long-term variations in flux and in
part because the sedimentary reservoir has proba-
bly grown somewhat over geologic time. In the lat-
ter case, however, the residence time for sedimen-
tary rocks is on the order of only several hundred
million years. As a result, sediment cycling is
something like at least 90% cannibalistic, and re-
cycling easily overwhelms any net addition to the
sedimentary reservoir from the weathering of other
rock types.

Numerically, the remaining amount (Ar) of some
portion of the total sedimentary rock reservoir that
was originally deposited at some time (t) can be
expressed as

�ktA p A e ,r o

where Ao is equal to the amount present (either area
or volume) at the beginning ( ) and k is thet p 0
proportional amount of the total reservoir de-
stroyed per unit time. Because Ao is also the system

flux (net mass added to and removed from per unit
time), total reservoir amount at any time is equiv-
alent to , and the amount of time needed toA /ko

cycle one total reservoir volume (the residence
time) is equal to 1/�k. In such systems, regression
of age versus the natural log of surviving amount
yields a line with slope equal to �k and an intercept
equal to the flux of material through the reservoir
in question.

The validity of such assumptions can be readily
challenged at shorter durations of observation and
with respect to different portions of the global rock
reservoir, where secular variation in rates of sedi-
ment deposition or subsequent destruction impart
noise on surviving amount-age relations. However,
over longer durations, many studies have now con-
cluded that eon-scale estimates of reservoir size
versus age yield trends in reasonably good agree-
ment with those from such simple, first-order cy-
cling models (e.g., Veizer and Jansen 1985; Veizer
et al. 1992; Berry and Wilkinson 1994).

To further evaluate the validity of constant-mass
cycling models and to investigate differences in cy-
cling rates between different rock types, we ex-
amine available data on surviving areas and vol-
umes of Phanerozoic epicontinental (as opposed to
deep-marine) terrigenous-clastic and shallow-ma-
rine carbonate successions. We show, as have oth-
ers before (e.g., Hay and Southam 1976; Ronov
1980; Veizer and Jansen 1985), that clastic sedi-
ments decrease backward through geologic time,
while carbonates show the opposite pattern. Con-
tinuous erosion of older rock and deposition of
younger sediment should result in ever-increasing
amounts of younger material. It appears that
amounts of terrigenous-clastic rocks through time
may well reflect this expected first-order influence
of the geologic cycle.

In contrast, the greater amount of shallow-ma-
rine carbonate in older successions poses a more
interesting interpretational problem. We propose
that movement of the continents away from the
equator has significantly decreased the low-latitude
shelf area available for accumulation of shallow-
water carbonates. Decrease in low-latitude shelf
area through the Phanerozoic could have resulted
in the deepening of the carbonate compensation
depth (CCD) and a concomitant increase in the net
accumulation of deeper oceanic carbonate oozes.
This would have shifted carbonate sedimentation
from shallow- to deep-ocean settings and may have
facilitated (or at least allowed for) the evolutionary
radiation of open-ocean planktonic calcifiers.
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Cycling Rates and Phanerozoic Rock Reservoirs

Sources of Data. Estimates of surviving amounts
of Phanerozoic sediment were derived from two
sources. The first comprised a tabulation of data
from Ronov and coworkers (Ronov and Khain 1954,
1955, 1956, 1961, 1962; Ronov et al. 1974a, 1974b,
1976; Khain et al. 1975; Khain and Seslavinskiy
1977; Khain and Balukhovskiy 1979 [hereafter re-
ferred to collectively as the Ronov data]). These
sources include surviving sediment areas, thick-
nesses, and volumes for shallow-marine settings
from all continents exclusive of Antarctica, parti-
tioned by epoch. Based on lithology and deposi-
tional setting, these are further divided into as
many as 20 different facies associations. Ronov
(1980) published a synopsis of these tabulations and
then a later summary of the maps (Ronov et al.
1989). For comparison with other sources of data,
we combined volumes of different facies associa-
tions into terrigenous-clastic, marine-carbonate,
and other (phosphate, chert, evaporites) lithofacies
reservoirs.

The other source of information on surviving
sediment amount and composition was derived
from isopach and lithofacies maps in Cook and
Bally (1975). The paired thickness and lithofacies
maps for 39 epoch-scale time intervals allow for
determination of the volumes of a variety of rock
types. The volume of each rock type was deter-
mined by planimetering both isopach and lithofa-
cies maps and assuming that the fraction of total
sequence volume represented by each rock type is
proportional to the areal extent of that rock type
on lithofacies maps. More detailed descriptions of
methodologies used is given in Berry and Wilkinson
(1994).

Comparison of data on amounts of surviving sed-
iment in North America from Ronov (1980) and
from Cook and Bally (1975) suggests that the global
estimates from Ronov (1980) are fairly precise. Vol-
umes of clastic, carbonate, and other sediment
types from Ronov (1980) and Cook and Bally (1975)
are 52.1, 26.2, and 2.9 versus 50.5, 20.4, and

km3, respectively. Hence, the Ronov61.5 # 10
(1980) estimates are ∼10% larger than those from
Cook and Bally (1975), an excellent agreement con-
sidering the fact that they are independent geolog-
ical estimates of continental sediment volumes.
However, this good precision alone is no guarantee
that these data also enjoy a similar degree of ac-
curacy. Sediment areas and volumes determined
from both studies suffer from a variety of uncer-
tainties such as those associated with postdeposi-
tional basin deformation, present continental mar-

gin submergence, and differences in quality of
regional coverage. Nonetheless, these are the best
data sets presently available on surviving amounts
of sedimentary rock at continental scales of con-
sideration and serve as a starting point for the eval-
uation of eon-scale change in patterns of sediment
accumulation.

Terrigenous Clastics versus Marine Carbonates.
Based on data in these sources, epoch-interval sizes
of terrigenous-clastic and marine-carbonate Phan-
erozoic sedimentary reservoirs can be compared
with amounts anticipated from constant-mass/age
cycling models (fig. 1). The most obvious charac-
teristic of these comparisons is that amounts of
surviving sediment exhibit considerable scatter
about long-term trends, regardless of rock compo-
sition. Not surprisingly, regressions of age versus
surviving amount of terrigenous-clastic and car-
bonate rock yield low R2 values (table 1). Con-
versely, most P values indicate significance of these
trends at 190% confidence levels (table 1). In short,
correlation of ages versus the natural logs of both
areas and volumes of surviving terrigenous and car-
bonate sediment yields low but generally signifi-
cant slopes. Differences between estimates of ac-
tual surviving amount of sediment and those
anticipated from longer-term first-order trends un-
doubtedly reflect some combination of epoch-scale
secular variation in sediment flux to various dep-
ositional settings, in differential amounts of post-
depositional sediment destruction, and in impre-
cision in estimates of reservoir sizes.

Despite scatter in the data, it is striking to note
that terrigenous-clastic (gravel- to clay-sized sili-
ceous material) and shallow-marine carbonate
(limestone and dolostone) reservoirs exhibit dis-
tinctly different size/age trends. Sequences of ter-
rigenous-clastic sediment exhibit negative age ver-
sus amount slopes that reflect exponentially
decreasing survival with linearly increasing age.
This trend is equally apparent in estimates of res-
ervoir volumes (fig. 1A) and areas (fig. 1C) at a
global scale, from different continents (fig. 1E, 1G),
and from different data sources (fig. 1G, 1I). As
might be expected from a qualitative appreciation
of the geologic cycle, both areas and volumes show
an exponential decrease with linear increase in se-
quence age, reflecting the gradual destruction of
terrigenous-clastic sequences over geologic time.
On the basis of these data, it is a relatively straight-
forward exercise to determine that residence times
(1/�k) for the cycling of continent-scale masses of
terrigenous-clastic sediment typically span several
hundred million years.

In contrast to the amount/age relations exhibited



Figure 1. Surviving amount (vertical) versus age (horizontal) distributions for Phanerozoic epicontinental terrige-
nous-clastic (left) and marine-carbonate (right) sedimentary reservoirs. All data are expressed as the natural log of
surviving amount of sediment deposited over some (generally epoch-duration) time interval, normalized by the du-
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ration of time represented by that portion of the reservoir, versus mean sequence age from Harland et al. (1982). A,
B, Surviving volumes (103 km3/m.yr.) of global clastic and carbonate sediment from Ronov data (numerous citations;
see “References Cited”). C, D, Areas (103 km2/m.yr.) of global clastic and carbonate sediment from Ronov data. E, F,
Areas (103 km2/m.yr.) of Eurasian sediment from Ronov data. G, H, Surviving areas (103 km2/m.yr.) of North American
clastic and carbonate sediment from Ronov data. I, J, Surviving areas (103 km2/m.yr.) of North American sediment
from data in Cook and Bally (1975). Note that terrigenous-clastic volumes and areas decrease exponentially with
linearly increasing age; residence times (Rt) for terrigenous units are on the order of several hundreds of millions of
years. In contrast, carbonate reservoirs exhibit a trend of apparently increasing size with age; residence times calculated
for carbonate units are actually negative and imply a gradual decrease in material flux to epicontinental carbonate
reservoirs over most of the Phanerozoic.

by terrigenous-clastic successions, sequences of
shallow-marine carbonates exhibit exponentially
increasing amounts of surviving material with lin-
early increasing age. This trend is apparent in data
on global reservoir volumes (fig. 1B) and areas (fig.
1D), from different continental masses (fig. 1F, 1H),
and on the same continental mass but from differ-
ent sources (fig. 1H, 1J). As a result, volume and
area for most shallow-water carbonate reservoirs
exhibit negative residence times. On the basis of
these data, it seems clear that traditional assump-
tions about invariance of total reservoir mass with
time are inadequate when applied to shallow-
marine carbonate successions. Moreover, unless we
are willing to accept the nonsensical presumption
that carbonate rock sequences inflate as they get
older, these measures of limestone and dolostone
quantity require that shallow-water carbonate
fluxes and reservoir sizes have been decreasing over
a nontrivial portion of Phanerozoic time. This
shrinkage has occurred at a rate of ∼0.164%/m.yr.
(fig. 1B; table 1).

Recognition of this trend in carbonate abundance
was discussed as early as 1941 by Kuenen (1941).
Bramlette (1958), Berger and Winterer (1974), Sou-
tham and Hay (1977), Sclater et al. (1979), and Hay
(1988) have largely interpreted this pattern as re-
cording the transfer of sites of carbonate accumu-
lation from shallow-epicontinental to deeper-oce-
anic settings. Lower accumulation of carbonate in
shallow waters forward in time is presumably bal-
anced by greater accumulation of carbonate in the
deep sea. Such an eon-scale change in the locus of
shallow-marine carbonate accumulation is sup-
ported by estimates of deep-marine carbonate
masses by Milliman (1974), Davies and Worsley
(1981), Gregor (1985), and Hay (1985, 1988). All of
these studies indicate that shelfal deposits ac-
counted for a significantly larger portion of the total
global carbonate flux in the Paleozoic and Mesozoic
than they have over most of the Cenozoic.

Mechanisms of Craton-to-Ocean
Carbonate Transfer

Eustatic Partitioning. One scenario for the Phan-
erozoic transfer of carbonate from shelfal/cratonic
to pelagic/oceanic reservoirs maintains that the de-
cline of shallow-water carbonates through time re-
flects a decrease in shelf area available for deposi-
tion and that this reduction is largely associated
with a lowering of global sea level. Patterns of
change in Mesozoic-Cenozoic positions of global
sea level (Haq et al. 1987) and the CCD (Van Andel
1975) suggest the efficacy of this mechanism for at
least the past 120 m.yr. However, most longer-term
reconstructions of Phanerozoic change in conti-
nental freeboard (e.g., Vail et al. 1977; Hallam 1984;
Algeo and Seslavinskiy 1995) depict two major in-
tervals of continental flooding spanning Early to
Middle Paleozoic and Middle to Late Mesozoic in-
tervals. This bimodal pattern is somewhat apparent
in data on surviving carbonate abundance from
North America (e.g., fig. 1H–1J) but is not nearly
as similar to the rather monotonic long-term trends
in global data.

While Phanerozoic change in global sea level al-
most certainly had some influence on patterns of
carbonate accumulation in shallow- versus deep-
marine settings, this process alone seems incapable
of explaining the longer-term trends of increasing
amount with increasing age apparent in figures 1B
and 1D. In addition, data on the nature of sedi-
mentary components of Phanerozoic ophiolite
suites and on the Phanerozoic distribution of
chalks suggest that despite continental emergence
during the Middle to Late Paleozoic, pelagic car-
bonate did not begin to accumulate in any signif-
icant quantities in deep-sea settings until the Late
Mesozoic (Boss and Wilkinson 1991). It therefore
seems clear that factors in addition to net area of
continent flooded by shallow marine water have
served to regulate the amounts of carbonate de-
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Table 1. Cycling Rates for Terrigenous-Clastic and Carbonate Sediments on the Major Continents

k
(%/m.yr.)

Residence times
(m.yr.) Figure R2 P

Clastics by volume:
All continents .124 804 1A .110 .1048
Eurasia .127 786 … .097 .1294
North America:

Ronov 1980 .058 1719 … .012 .5021
Cook and Bally 1975 .352 284 … .281 .0004

Clastics by area:
All continents .105 950 1C .117
Eurasia .106 942 1E .079 .1723
North America:

Ronov 1980 .142 705 1G .091 .1439
Cook and Bally 1975 .143 701 1I .053 .1533

Carbonates by volume:
All continents �.164 �610 1B .194 .0276
Eurasia �.227 �440 … .201 .0246
North America:

Ronov 1980 �.406 �246 … .322 .0032
Cook and Bally 1975 �.103 �966 … .009 .5544

Carbonates by area:
All continents �.193 �519 1D .263 .0087
Eurasia �.322 �311 1F .296 .0049
North America:

Ronov 1980 �.413 �242 1H .260 .0092
Cook and Bally 1975 �.030 �330 1J .080 .0776

posited in shallow- and deep-marine settings
throughout the Phanerozoic.

Biologic Partitioning. Kuenen (1941) proposed
another idea concerning the partitioning of carbon-
ate sediment between shallow- and deep-marine
settings, that the post-Paleozoic evolution and di-
versification of planktonic calcifiers may have
given rise to an oceanic “lime famine,” which then
led to a substantial decrease in rates of epicratonic
limestone and dolostone accumulation since that
time (see also Kuenen 1950; Poldervaart 1955; Hay
and Southam 1976; Sibley and Vogel 1976). Because
planktonic foraminifera and coccolithophorids are
primarily responsible for the generation of calcar-
eous oozes in modern oceans, their absence in pre-
Mesozoic oceans would have had a profound effect
on the mechanism, and perhaps rate, of carbonate-
sediment generation.

However, areas and volumes of shelfal carbonate
began to decline early in the Phanerozoic (fig. 1).
Although global subduction has resulted in a rarity
of pre-Jurassic pelagic sediment, there is little ev-
idence to suggest that pelagic calcifiers played any
significant role in carbonate sedimentation prior to
their explosive radiation in the later part of the
Mesozoic (Lipps 1970; Tappan and Loeblich 1973).
Unconfirmed reports of Late Paleozoic coccolith-
ophorids exist (e.g., Pirini-Radrizzani 1971; Gartner
and Gentile 1972; Minoura and Chitoku 1979; Sies-
ser and Haq 1987), but true calcareous nannoplank-

ton are not seen until the Triassic (DiNocera and
Scandone 1977; Jafar 1983) and do not become vol-
umetrically significant until the Jurassic (Siesser
and Haq 1987). Similarly, planktonic foraminifera
do not appear until the Middle Jurassic (Grigelis
and Gorbatchik 1980; Culver 1987). Although mea-
sures of taxonomic abundance are a rather unsat-
isfactory proxy for carbonate-producing biomass,
this lack of concordance between diversity of
planktonic calcifiers and the decreasing area of
shallow-water carbonates prior to the Cretaceous
necessitates an additional control on the partition-
ing of carbonate between shallow and deep depo-
sitional settings.

Phanerozoic Paleogeography. If available data on
Phanerozoic sea levels and the diversity of pelagic
calcifiers are insufficient to explain fully Phaner-
ozoic-scale trends in amounts of surviving shallow-
and deep-marine carbonate deposits, what other
earth surface process might exhibit a pattern of var-
iation similar to that seen in surviving platform-
carbonate sequences? Modern carbonates accu-
mulate preferentially on tropical to subtropical
shelves (Emery 1968; Lees 1975) where seawater
reaches its highest degree of saturation with respect
to calcite and aragonite (Morse et al. 1980). Avail-
able data suggest that ancient limestone and do-
lostone deposits exhibit a similar distribution (e.g.,
Briden and Irving 1964; Parrish 1982; Ziegler et al.
1984), accumulating within ∼30� of the equator. It
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Figure 2. Areas of shallowly flooded global shelf area
versus age; each interval represents cumulative shelfal
area equatorward of each successive 10� band of latitude.
The dark heavy line is total shelf area within 30� of the
equator, here taken as generally equivalent with the zone
of potential carbonate generation. Note the generally lin-
ear decrease in tropical shelf areas over Phanerozoic time.

therefore follows that net accumulation of shallow-
water carbonate might be linked to areas of low-
latitude continental crust flooded by shallow seas.
As noted above, data on amounts of surviving car-
bonate from North America (fig. 1H, 1J) exhibit a
pattern similar to reconstructions of positions of
global sea level, suggesting that some amount of
change in shelf-carbonate accumulation may in-
deed be linked to differences in low-latitude areas
of flooded craton. Moreover, paleomagnetic and
other paleogeographic data indicate a more or less
continuous northward migration of the major con-
tinental blocks over much of the last 500 m.yr. (e.g.,
Denham and Scotese 1988; Allison and Briggs
1993), with the major continents crossing up to
110� of latitude. Given this significant displace-
ment through time, areal extents of low-latitude
shelves may have been related to the paleopositions
of continental plates.

In the following section, we test the hypothesis
that abundance of shallow-marine carbonate sedi-
ments in the oceans throughout the Phanerozoic is
correlated with paleogeography and continental
drift. We first ask how much areas of low-latitude
shelves have changed during the general northern
migration of continents. We can then ask how the
area of low-latitude carbonate shelves has changed
over this same interval. If there is concordance in
the two trends, then there is strong evidence to
support the importance of plate tectonics in deter-
mining where carbonate sediments accumulated
through the Phanerozoic.

Shelf Areas, Latitude, and Lithology

Paleogeographic Database. We used Scotese and
Golonka’s (1992) paleogeographic atlas of the world
as a source of data on latitudinal distributions of
flooded continental crust over the past 547 m.yr.
The atlas integrates plate tectonic, paleomagnetic,
and paleogeographic data compiled over the last 25
yr and includes data on areal distributions of deep
ocean, shallow shelves, subaerial low lands, and
mountain ranges. The 29 reconstructions in the at-
las are available in a digital format; we imported
files into a commercially available image analysis
software package (Adobe Photoshop), tabulated ar-
eas of these four paleogeographies at intervals of
10� latitude, and then normalized each by the ac-
tual area of that band at the earth’s surface. Spe-
cifically, contiguous areas of open ocean, shallow
shelves, continental landmasses, and mountain
ranges were identified within each latitudinal band,
and the number of pixels within that region was
recorded. We assumed that total area of the globe

has remained constant throughout the Phanerozoic
and then converted pixelated map areas for each of
the 18 latitudinal bands to actual areal extents.
This process was repeated for all of the 29 paleo-
geographic reconstructions. The net result is a tab-
ulation of global areas of deep ocean, shallow shelf,
land, and mountains over Phanerozoic time.

Areas of Low-Latitude Shelves and Shelf Carbonates
through Time. Shelf area within 30� of the equator
(fig. 2) declines more or less monotonically
throughout the Phanerozoic, defining a trend that
is qualitatively similar to that exhibited by shal-
low-marine carbonate successions (fig. 1B, 1D).
However, the direct comparison of secular varia-
tion in low-latitude shelf area with trends based on
surviving volumes or areas of shelfal carbonate
rocks is inappropriate because variable portions of
the carbonate reservoir have presumably been de-
stroyed by erosion. Even though older Phanerozoic
carbonate sequences cover greater areal extents (fig.
1D), they almost certainly underrepresent amounts
of carbonate that accumulated over these time in-
tervals. Older portions of the reservoir have been
subjected to exogenic cycling processes for consid-
erably greater spans than experienced by younger
successions, thereby producing a bias toward
younger rocks (e.g., Tardy et al. 1989). This bias
must be corrected to make meaningful compari-
sons between low-latitude shelf area and area of
shallow-marine carbonates through time.
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Figure 3. A, Restored areal extents of Phanerozoic cratonic carbonate accumulation (heavy black line) inferred from
present distributions of limestone and dolostone sequences (white line) assuming postdepositional destruction by
subaerial erosion at a rate of 0.105%/m.yr. Areas of shelfal carbonate accumulation have decreased from an inferred
lower Cambrian extent of ∼ km2 (∼18% of continental crust, the size of continental Africa) to a present636.0 # 10
extent of some km2. B, Areal extents of tropical (!30� lat.) Phanerozoic shelves. These have decreased from60.6 # 10
a lower Cambrian extent of ∼ km2 to a present area of ∼ km2.6 644.0 # 10 15.1 # 10

If exogenic cycling of terrigenous-clastic and ma-
rine-carbonate successions have proceeded at com-
parable rates over the Phanerozoic, the sedimentary
cycling rate derived from surviving areas of global
terrigenous-clastic sequences can be used to esti-
mate original areas of Phanerozoic low-latitude
shelf-carbonate sequences. Based on area-versus-
age relations from terrigenous sandstones and
shales, this rate is ∼0.105%/m.yr. (table 1). These
restored values decrease, albeit irregularly, from a
Lower Cambrian depositional area of ∼ 636.0 # 10
km2 to a Pliocene extent of some km2.60.6 # 10

This trend compares quite well with that defined
by the entire area of low-latitude shelf through the
Phanerozoic. Global areas of shallow-marine car-
bonate accumulation have decreased over the

Phanerozoic at a rate of ∼ km2/m.yr. (fig.363.0 # 10
3A). Similarly, areas of low-latitude shelves de-
crease from a Cambrian high toward the present at
a rate of ∼ km2/m.yr. (fig. 3B). On the352.6 # 10
basis of this correlation, we suggest that the de-
crease in low-latitude shelf area associated with
Phanerozoic poleward drift of the major continental
land masses was likely responsible for the observed
decrease in the areal extent of shallow-water car-
bonate accumulation through the Phanerozoic.

Shelf Sedimentation. Globally, the area of Phan-
erozoic flooded shelf has averaged ∼ km3664 # 10
but exhibits a distinct bimodality with Silurian and
Cretaceous maxima of ∼ km3 (fig. 4A), a680 # 10
pattern similar to that in Phanerozoic sea levels of
Vail et al. (1977) and Hallam (1984). On the basis
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Figure 4. Phanerozoic variation in inferred (see fig. 3)
areas of shallowly flooded continent (thick black lines
and diamonds), tropical flooded continent (thin black
lines; cf. fig. 3B), and carbonate accumulation (gray lines;
cf. fig. 3A) for global continents (A), Eurasia (B), and
North America (C). Note similar patterns of variation in
all three panels with respect to all three types of earth
surface area.

Figure 5. Log-log plot of relative proportion of total
global shelves as tropical shelf (light gray) and carbonate-
covered shelves (dark gray) versus sequence age. Note
generally similar rates of decrease of low-latitude and
carbonate shelf areas until ∼100 Ma and an ever greater
loss of carbonate extent since that time. Note that
∼ km2 of lower Cambrian limestone and do-636.0 # 10
lostone occupied ∼56% of low-latitude shelves, whereas
∼ km2 of Pliocene deposits cover some 1.4% of60.6 # 10
tropical platforms.

of this apparent agreement, absolute area of shal-
lowly flooded continental crust was more closely
related to global tectono-eustasy than to the aggre-
gate effect of localized tectonism along individual
margins. Comparison of total low-latitude shelf
area and estimated extent of carbonate sediment
indicates that limestone and dolostone accumula-
tion predominated on global shelves throughout
much of the Early Phanerozoic, at times blanketing
some 80%–90% of tropical shelves (fig. 4A). This
pattern is equally apparent for Eurasia (fig. 4B) and
North America (fig. 4C), where independent esti-
mates of carbonate amounts are available from both
Cook and Bally (1975) and the Ronov data.

What is somewhat surprising, however, is that
although the proportion of tropical shelves serving
as sites of carbonate accumulation has decreased at
a constant rate over the past ∼100 m.yr., the area
of shelfal carbonate accumulation has decreased
much more rapidly than has the rate of drift to
northern latitudes (fig. 5). Whereas rate of change
in area of tropical shelf has remained generally con-
stant over the past 540 m.yr., decrease in carbonate
accumulation has been significantly greater since
the Cretaceous. The percentage of tropical shelf re-
ceiving carbonate sediment (PSC) is best repre-
sented as a power function wherein

0.414PSC p 0.0556 # age .

Such a relation suggests that even though eon-scale
change in areas of low-latitude shelves has occurred
at rates comparable to decrease in inferred areas of
carbonate accumulation, rate of transfer to deep
oceans over the past ∼100 m.yr. has increasingly
exceeded that anticipated solely from change in
tropical shelf area.

The reasons for this difference most probably re-
late to the importance of changing sea level and
diversification of planktonic calcifiers in augment-
ing carbonate accumulation as deep-sea calcareous
ooze. Although low-latitude and carbonate-covered
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Figure 6. Summary of eon-scale trends in total and trop-
ical shelf areas and extents of low-latitude carbonate ac-
cumulation. Total shelf area (fig. 2) ranges over ∼30 #

km2. Based on hypsometric data in Harrison et al.610
(1983), this suggests ∼300 m of Phanerozoic sea level
change. Low-latitude shelf (fig. 3B) decreases linearly from
a lower Cambrian extent of km2 at a rate of643.9 # 10

km2/m.yr. Carbonate shelf area changes more352.6 # 10
irregularly but generally decreases from a lower Cambrian
extent of km2 as .6 0.67336.0 # 10 area p 0.407 # age

shelf areas decreased at comparable rates over most
of the Phanerozoic (fig. 6), loss of shelfal carbonate
accumulation has accelerated significantly since
∼100 Ma (fig. 5), an interval that corresponds with
the onset of Cretaceous-Cenozoic fall of sea level
as well as the diversification of planktonic fora-
minifera and calcareous nannoplankton. These fac-
tors may have served to exacerbate the loss of shal-
low-water carbonate related to the poleward drift
of continental crust.

Modern versus Ancient Accumulation Rates. The
potential for carbonate generation over low-latitude
shelves is widely perceived as significantly exceed-
ing rates of passive-margin shelf subsidence (e.g.,
Sadler 1981; Schlager 1981; Enos 1991; Bosscher and
Schlager 1993). Many Proterozoic and Phanerozoic
successions comprise relatively thick intervals, re-
flecting millions of years of carbonate accumulation,
that are composed entirely of subtidal lithofacies (El-
rick and Read 1991; Osleger 1991; Holland et al.
1997). If the potential for sediment generation has
always generally exceeded subsidence, how then
was it that accommodation space was never filled
during the accumulation of many Phanerozoic car-
bonate successions?

In light of available data on change in Phan-
erozoic low-latitude shelf area, one possibility is
that carbonate accumulation rates determined
from Holocene settings are not at all typical of
those that existed throughout much of the past
540 m.yr. Estimates of areal extent of carbonate
in the Ronov data indicate that Pliocene carbonate
deposits occupy some 2.35% of their Paleozoic
maxima and that these values are 0.60% and
1.85% for Eurasia and North America, respec-
tively. The latter value is virtually identical to
that derived for North America from data in Cook
and Bally (1975). Regardless of period-scale differ-
ences in areal extent (fig. 4), it seems apparent that
areal extents of shallow-marine carbonate accu-
mulation are now only a small fraction of earlier
Phanerozoic maxima. Data on surviving terrige-
nous successions suggest that this decrease in ex-
tent of carbonate accumulation was not the result
of any eon-scale change in weathering rate, and
the delivery of calcium and carbonate ions to
global oceans’ net rates of carbonate generation
have remained more or less constant over Phan-
erozoic time. It therefore follows that in addition
to the greater delivery of carbonate sediment to
the deep sea, lesser Holocene areal extents of low-
latitude carbonate accumulation may also be bal-
anced in part by significantly higher rates of ver-
tical accumulation. Conversely, the greater area
of tropical shelves in the Paleozoic would have

given rise to lower rates of vertical accumulation.
Under such conditions, long-term subsidence and
sedimentation rates would be more similar, and
significant successions of subtidal carbonate could
accumulate.

Conclusions

We suggest that extratropical migration of conti-
nental landmasses has had a profound influence on
the sites of carbonate accumulation in Phanerozoic
oceans. Long-term decreases in areas of tropical
shelf and in areal extent of cratonic carbonates were
similar throughout the Paleozoic and much of the
Mesozoic, which suggests that continental drift has
limited the size of depositional surfaces available
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for shallow-water carbonate accumulation. On the
scale of eons, poleward migration of the major con-
tinental blocks has been significantly more impor-
tant in predicting sites of carbonate accumulation
in shallow- and deep-marine settings than either
biologic evolution or eustatic change in sea level.
Only since the Cretaceous has the rate of loss of
carbonate shelves (and hence the transfer of car-
bonate to deep-sea settings) significantly exceeded
the loss of tropical shelfal platforms. This offset in
rates is likely due to the combined effects of eu-
static sea level fall and evolutionary radiation of
planktonic calcifiers, both of which can augment
the transfer of carbonate from shallow shelves to
the deep sea.

The decrease in low-latitude shelf area associated
with poleward migration of the continents, and
concomitant decrease in areal extent of shallow-
water carbonate accumulation, may have increased
the carbonate saturation state of the oceans. This
may have been the trigger for the evolution of
planktonic calcifying organisms. Increasing avail-
ability of carbonate through the Paleozoic may
have reached a threshold above which it was pos-
sible to exploit the resource. High atmospheric
Pco2 (e.g., Berner 1994) and low saturation states
of the oceans prior to the latest Paleozoic would

have discouraged colonization of the surface ocean
by calcareous plankton. The appearance of the first
calcareous nannofossils appears roughly to coincide
with the major sea level fall near the Permo-
Triassic boundary and the associated drop in area
of shelfal carbonate accumulation below the over-
all Phanerozoic trend (fig. 4A). Weathering of ex-
posed carbonates would have enhanced the effect
of decreasing shelf area to further boost the car-
bonate saturation of the ocean, making calcifica-
tion more feasible. The combined effects of eustatic
sea level fall and loss of low-latitude shelf area may
therefore have permitted, if not facilitated, the evo-
lution of open-ocean planktonic calcifiers.
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