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The long-term climate of Earth alternates between warmer and cooler periods, for
which atmospheric CO2 content is often viewed as a primary control. Although
silicate weathering feedback governs this long-term equilibrium, the partitioning
of carbonate burial between neritic and pelagic environments can influence how
rapidly the carbon cycle adjusts to perturbations. The impact of neritic carbonates
accumulation on oceanic calcium and alkalinity fluxes, nannoplankton productivity,
and carbon reservoirs is overlooked. To investigate this role, we combine plate-
tectonic reconstructions with climatic and physiographic simulations and apply a
macroecological model to estimate Meso-Cenozoic neritic warm-water carbonate
habitats and productivity. We find that only during the Early Cretaceous and Cenozoic
did geochemical influxes exceed the carbonate accumulation potential of neritic
platforms, while for most of the interval they fell short. These alternating states
define two regimes: i) habitability-limited periods, where environmental conditions
restrict the development of neritic carbonate factories, and ii) alkalinity-limited periods,
where ocean chemistry restricts carbonate precipitation. By alternating between these
regimes, neritic platforms modulate the buffering capacity and the timescales (103 to
105 years) of carbon cycle recovery and regulate the development and productivity
of nannoplankton, and therefore the biological pump. This framework highlights the
role of shallow-water carbonate systems as important modulators of the Earth’s climate
system and pelagic ecosystems.

carbonate productivity | species distribution model | paleo-climate

While the silicate-weathering feedback sets the long-term equilibrium of atmospheric
CO2 (1–3), other components of the carbon cycle influence how rapidly the system
adjusts to perturbations. In particular, the capacity of the oceans to precipitate and
sequester calcium carbonates contributes to buffering climate variability. Cenozoic
cooling, for example, has been associated with an increase in deep-sea carbonate
deposition, driven by interactions between Ca2+ and HCO−3 fluxes, pelagic carbonate
accumulation, and changes in atmospheric CO2 levels (4–6). These processes collectively
influenced long-term climate trends.

Here, we hypothesize that over millions of years, the accumulation of shallow-water
carbonates can influence the partitioning of calcium and carbonate ions between neritic
and pelagic reservoirs. By trapping these ions in shallow environments, neritic carbonates
reduce deep-sea burial and alter the buffering capacity of the oceans, thus modulating the
timescales (103 to 105 y) over which the carbon cycle recovers from perturbations. This
dynamic system is well exemplified by the fluctuating depth of carbonate accumulation
due to changes in both ocean chemistry and the balance between neritic and pelagic
burial (7). We frame this effect in terms of two contrasted regimes: i) habitability-limited
periods, where environmental constraints restrict carbonate factory development, and
ii) alkalinity-limited periods, where ocean chemistry constrains carbonate precipitation.
This two-regime perspective provides a framework for linking the dynamics of climate
evolution to neritic carbonate productivity (although additional processes interact with
this partitioning). The efficiency of the biological pump and variations in the burial of
organic carbon can strongly influence atmospheric CO2, particularly during periods of
widespread anoxia (8, 9). In the long-term, the biological pump should also depend on
the productivity capacity of pelagic nannoplanktonic life, the evolution of which is itself
contingent on partitioning of chemical fluxes between neritic and pelagic reservoirs.

To test our hypothesis, we quantify the long-term accumulation of warm-water neritic
carbonates (10, 11), which include both tropical carbonate shelves and isolated rimmed
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platforms [collectively referred to as the photozoan-T carbonate
factory (12, 13)]. In the modern ocean, warm-water carbonates
are mostly confined to the intertropical zone, but their spatial
distribution has fluctuated over time (14–16) as paleogeography,
plate tectonics, and paleoclimatic conditions have changed (17).
Although general concepts and broad evolutionary trends have
been identified (14, 18, 19), reconstructing the dynamics of
the carbonate system remains challenging (20, 21) due to the
incompleteness of the geological record, sampling heterogeneity,
and the complexity of biotic and abiotic associations (15).

To address these limitations, we used recently published paleo-
geographic (22), paleoclimatic (23), and paleophysiographic (24)
datasets to drive a macroecological model (25) and reconstruct
past carbonate factories. Species distribution models (SDM) have
proven to be effective tools to describe the relationships between
physical environments and life, as well as to predict the impacts
of environmental changes on marine organisms (26, 27). Here,
we extend this approach to deep time by applying the modern
environmental tolerances of warm-water carbonates to ancient
conditions, thereby quantifying their productivity potential
over time (SI Appendix, Fig. S1). We begin by empirically
analyzing the environmental niches of warm-water carbonates.
We then used these results to infer past potential habitats from
paleoenvironmental reconstructions. Next, we benchmark our
predictions against the fossil record. We then calculated the
shallow-water carbonate productivity potential through time,
constraining it with environmental factors and fluvial and
hydrothermal chemical fluxes, and compared our results with
independent observations and models. Finally, we convert these
estimates into Meso-Cenozoic carbonate productivity curves and
compare them to the Meso-Cenozoic climate and nannoplank-
tonic diversification trends, which, we hypothesize, also depend
on calcium concentration and alkalinity as well as evolutionary
innovations that enhanced pelagic calcification capacity (e.g., the
rise of coccolithophores in the Late Cenozoic), themselves also
dependent on the chemical concentration of pelagic reservoirs.
Our results show that neritic carbonates, although not primary
regulators of atmospheric CO2, were important modulators of
buffering capacity, nutrient fluxes, and recovery timescales within
the Earth system.

Shifts in Warm-Water Carbonate Habitability

To evaluate the habitability-limited regime, we first recon-
struct how the distribution of suitable environments for neritic
carbonate production evolved through time in response to
tectonic and climatic forcing. Past latitudinal shifts in habitat
are often interpreted as responses to changing climatic con-
ditions (10, 15, 27, 28). However, plate tectonics also plays
a crucial role in shaping the geomorphology of continental
shelves (22), thereby regulating the availability of suitable habitats
for neritic carbonate communities (27) and influencing patterns
of marine biodiversity (19). Fossil records, lithofacies maps,
paleogeography, and plate reconstructions suggest that warm-
water carbonates were less tightly confined to the tropics in
the geological past than they are today (15). However, fossil
databases (29) are strongly biased by the uneven nature of
the record (30) and by preferential sampling in the Northern
Hemisphere (16). These biases limit the ability to robustly
correlate carbonate paleodistributions with abiotic factors across
space and time (16, 27, 31). To overcome these limitations, we
applied a modeling framework that integrates paleogeographic,
climatic, and physiographic reconstructions. Specifically, we use

the BIOMOD2 metamodel (25), first to infer the modern
environmental suitability of warm-water carbonates with respect
to key environmental predictors (sea surface salinity and tem-
perature, bathymetry, large-scale oceanic circulation, terrigenous
flux, and ocean surface currents), and second to project this
habitat suitability over the past 265 My (Fig. 1 and SI Appendix,
Fig. S2).

The ensemble model reveals that environmentally suitable
habitats for warm-water carbonates were largely concentrated in
the Northern Hemisphere—particularly between 5◦ and 20◦N—
throughout much of the Mesozoic and early Cenozoic (Fig.
2A and SI Appendix, Fig. S3). This modeled distribution is
independent of sampling biases in the reef fossil record but
is regardless consistent with the geographic distribution of
fossil occurrences (Fig. 2) which is indeed unevenly distributed
toward the Northern Hemisphere. To track long-term trends, we
calculate the centroid of predicted suitable habitats, defined here
as the average latitude of all suitable areas. This provides a simple
measure of whether habitats are preferentially concentrated
in tropical or subtropical belts. More broadly, during the
Mesozoic, the centroids (Fig. 2B) repeatedly shifted between
the tropical and subtropical zones, indicating reorganizations of
the carbonate-producing regions (27) contingent on continental
drift and climatic changes (32). During the Late Permian and
Middle Triassic, continental drift shifted suitable habitats from
subtropical to higher northern latitudes (10◦ to 30◦N), reducing
low-latitude shallow habitats in the Southern Hemisphere.

Modest latitudinal expansions occurred during the Late
Jurassic and Late Cretaceous, when warm-water carbonate
habitability reached its maximum extent (SI Appendix, Fig.
S3). This expansion was driven by the combined effects of
the rise in sea level—which increased the shelf area (33)—and
elevated sea surface temperatures (34, 35) (SI Appendix, Fig.
S4 A and C ). At the Jurassic-Cretaceous boundary, suitable
habitats decreased substantially due to a major fall in global sea
level (33), probably related to brief cooling events and potential
polar ice development (34, 36) (Fig. 2A). The Cretaceous thermal
optimum, evident in both fossil records and inferred carbonate
production maxima (15) (SI Appendix, Table S1), is exemplified
by expansive carbonate platforms in the Mediterranean Tethys,
North America, Russia, and Siberia (37), and extensive rudist-
dominated buildups on Pacific oceanic rises (38). The Cenozoic
marks a general contraction of habitable areas toward the tropics
and subtropics and a decline in habitat density, coinciding with
falling sea surface temperatures (35, 39), lower sea levels, and the
replacement of broad passive margins by narrow active ones. This
trend includes a pole-to-equator shift in suitable habitat centroids
during the Paleocene, reflecting the increasing dominance of
tropical environments as temperate regions cooled.

These changes support the hypothesis that the modern
latitudinal biodiversity gradient emerged in the late Paleogene
with the onset of cooler icehouse conditions (19, 40). Shifts in
continental configuration further contributed to this transition:
the equatorward movement of the Australian Plate and its con-
vergence with the Eurasian and Philippine plates (41) expanded
shallow tropical marine habitats, forming biodiversity hotspots
such as the Indo-Australian Archipelago (19, 41) and promoting
the tropical concentration of reefal biota (42). Together, these
results suggest that steep latitudinal biodiversity gradients became
established from the late Paleogene onward (Fig. 2A), while flatter
gradients characterized the Mesozoic and early Paleogene (27).
Although hemispheric habitat centroids generally mirror each
other over the Meso-Cenozoic, the northern centroid remains
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Fig. 1. Modeling the warm-water carbonate habitability across time. Snapshots of the geographical distribution since the Triassic from macroecological
ensemble models [species distribution modeling (25)]. Distribution maps of suitable habitats are weighted by ensemble model agreement. Paleontological
observations of ancient reefs [white stars, PaleoReef Database PARED (29)] of given geological ages were spatially migrated to their ancient locations, within
the limits of their positions on shelves based on paleo-coastlines and continental flooding reconstructions (22). Latitudinally and longitudinally integrated areas
of habitable regions (0.5◦ bins) are shown above and to the right of each map.

more stable, while the southern centroid oscillates (Fig. 2B).
These shifts predominantly reflect the expansion and contraction
of continental shelves (22, 27), and are largely decoupled from

atmospheric pCO2 levels, as the latitudinal drifts of habitat
suitability centroids remain similar across alternative pCO2
scenarios (Fig. 2B and SI Appendix, Fig. S4B). Last, the latitudinal
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A

B

Fig. 2. Latitudinal and temporal evolution in warm-water carbonate habitability over the Meso-Cenozoic [species distribution ensemble model (25)]. (A)
Paleolatitudinal (1◦ bins) estimates of environmentally suitable habitat area, based on plate tectonic and bathymetric and climatic reconstructions (23) [based
on Foster et al. (39) pCO2 reconstruction, see SI Appendix for an alternative, smoothed-pCO2 scenario (23)]. Paleontological observations of ancient reefs [white
circles, PaleoReef Database (PARED) (29)] were spatially migrated to their ancient latitudes and grouped by geological stages. Isocontours of suitable habitat
areas (dashed lines) are given every 200,000 km2. (B) Paleolatitudinal shifts in the centroids of suitable habitats for warm-water carbonates under two pCO2
scenarios [Foster et al. (39) and smoothed CO2 (23)]. Paleolatitudinal shifts in the centroid of suitable habitats are first calculated globally and curves for each
pCO2 scenario are color-coded based on suitable habitat areas. The centroid represent the mean paleolatitude of suitable habitat area. The centroids are also
computed for each hemisphere based on northern (navy blue) and southern (light blue) suitable habitat areas. All the centroids calculations are carried out
with weights proportional to the area of each suitable cell to account for variable cell area with latitude. Triassic (Tr), Jurassic (J), Cretaceous (K), Paleogene (Pg),
and Neogene (Ng).

distribution of predicted suitable habitats aligns well with known
fossil occurrences (29) (Fig. 2A), validating our approach for
producing a continuous, quantitative reconstruction of the
warm-water carbonate distribution over time.

The spatial integration of habitable regions yields a measure
of the cumulated suitable area at any given time, which reaches
a maximum extent during the Triassic, Late Jurassic, and Late
Cretaceous periods and which declines more than twofold in
the intervening periods (magenta line in Fig. 3A). Overall,
these predicted trends are consistent with available model
estimates of neritic carbonate deposition and tropical coral reef
development, including probabilistic approaches (27, 43) and
physical models (37) (Fig. 3A). This agreement is particularly
strong for the Cretaceous, where a plateau during the Aptian–
Albian interval (115 to 100 Ma) is followed by a nearly

continuous rise that culminates in a peak during the Campanian
(80 Ma). Discrepancies in magnitude compared to Jones et al.
(27) likely arise from its coarser spatial resolution and simplified
environmental predictors.

However, the general agreement between models is challenged
by geological observations. While the modeled peak in Late Cre-
taceous warm-water carbonate habitability and the subsequent
Cenozoic decline align with trends derived from paleogeographic
lithofacies analyses (15, 44) (Fig. 3A), this congruence weakens
for earlier intervals. In deeper times, model-predicted habitability
increasingly exceeds what is observed in the geological record,
which does not show the modeled peaks during the Triassic and
Jurassic. We suggest that these discrepancies reflect preservation
biases rather than model failure. To test this hypothesis and
validate our estimates, we compute the loss of carbonate units
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Fig. 3. Warm-water carbonates habitability and productivity. (A) Model-predicted suitable habitat area at corresponding time intervals (total, magenta) and
preserved at present-day [reconstructed using PALEOMAP plate model (45), red]. Alternative model predictions are provided for comparison: JO22 is modeled
using Maxent algorithm (27); PO19 models Cretaceous carbonate platforms area based on fuzzy logic (43); PO20 corresponds to shallow-marine areas available
to neritic Cretaceous carbonate deposition (37). The two other trends [KI03 (15) and WA02 (44)] are derived from paleogeographical lithofacies analysis. (B)
Maximum productivity potential (thin dash-dotted magenta curve) from modeled suitable habitat area (magenta curve, panel A); Actual productivity (thick
magenta curve), constrained by maximum Ca2+ and HCO−3 influx from hydrothermal, riverine, and groundwater sources (black dash-dotted curve). (C)
Comparison of carbonate productivity (maximum accumulation rate limited by maximum calcium influx) to alternative model predictions (PO20) (37) and
observations [DU19 (5), SK03 (52)]. Triassic (Tr), Jurassic (J), Cretaceous (K), Paleogene (Pg), and Neogene (Ng).

due to subduction by reconstructing the fraction of model-
predicted units preserved at present-day [using PALEOMAP
plate model (45), SI Appendix, Fig. S5]. As expected, preservation
declines with age: more than 50% of Triassic and Jurassic units
are lost by today. Additional loss may result from chemical and
physical weathering (46), while tectonic burial in foreland basins
and fold-and-thrust belts can conversely enhance preservation
by shielding carbonate units from erosion. These processes are
expected to represent only a minor effect and are not considered
in our model. At present-day, preserved predicted suitable areas

substantially overlap with known Mesozoic carbonate outcrops—
particularly in the Northern Hemisphere (29, 47)—and corre-
spond to Cenozoic carbonate-rich stratigraphic sequences (48)
(SI Appendix, Fig. S5B). When we compare the preserved
predicted areas with lithofacies-based estimates (15, 44), we
find good agreement in both trend and magnitude (red line
in Fig. 3A), albeit for contrasting reasons. For instance, the Late
Cretaceous-Early Paleogene maximum reflects a true peak in
warm-water carbonate habitability that is well preserved in the
rock record. In contrast, the low observed Triassic habitability
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Fig. 4. Habitability- and alkalinity-limited regimes and implications on the carbonate compensation depth and Meso-Cenozoic climate regulation. (A)
Habitability-limited regime. When neritic habitats are restricted, calcium ions saturate the water column, the carbonate compensation depth (CCD) deepens,
and carbonate precipitation increases in deep waters. This regime is associated with enhanced deep-sea carbonate burial and relative atmospheric CO2
drawdown. (B) Alkalinity-limited regime. When weathering and hydrothermal alkalinity inputs are low, carbonate ion availability becomes the limiting factor.
Neritic precipitation depletes alkalinity, the CCD shoals, and deep-sea carbonates dissolve, weakening ocean buffering and allowing transient atmospheric CO2
buildup. (C) Habitability-limited and alkalinity-limited regimes (green and orange, respectively) identified by the habitability excess, i.e., the difference between
the maximum productivity potential of shallow-water carbonates and the Ca2+ and HCO−3 influx. Habitability-limited and alkalinity-limited regimes match
cooler-than-average and warmer-than-average periods of time, and habitability excess correlates to global average atmospheric (64) and low latitude sea
surface (65) temperatures (Pearson (r) and Spearman (rs) correlation coefficients of 0.6 to 0.7). Compiled nannofossil accumulation rates and associated LOESS
curve [smoothing factor of 0.1, (74)] highlight several phases of calcifying pelagic algae evolutionary dynamic matching habitability-limited and alkalinity-limited
regimes. Deep-sea sedimentary carbonate carbon storage since the Early Cretaceous (120 Ma to present) (5) and modeled global CCD (61). Triassic (Tr), Jurassic
(J), Cretaceous (K), Paleogene (Pg), and Neogene (Ng).

is mainly due to a preservation bias, as only ∼40% of modeled
suitable areas remain at the surface of the Earth.

Shallow-Water Carbonate Productivity
Through Time

Habitability sets the stage for shallow-water carbonate pro-
duction but does not alone determine it. In other words,
suitable habitat areas define where neritic carbonates could
exist, but productivity—a mass per unit time—depends on
how much carbonate actually accumulates. We next quantify
the alkalinity-limited regime by estimating how ion supply
and accommodation constrained carbonate accumulation. To
translate suitable areas into carbonate productivity, we estimate
deposition using stratigraphic accumulation rates. This yields the
past productivity potential of warm-water carbonates. Because

average accumulation rates inferred from deep-time records
are orders of magnitude lower than modern rates and likely
underestimate actual deposition (14, 37, 49), we use maximum
accumulation rates (15) to provide an upper bound on pro-
ductivity potential (SI Appendix). Productivity potential peaked
during the Triassic (∼8 Gt/y CaCO3), the Late Jurassic (∼5
Gt/y), and the Cretaceous (∼7 Gt/y) (maximum productivity
potential, Fig. 3B and SI Appendix, Fig. S6B), and reached the
lowest values at the Eocene–Oligocene transition and∼2 Gt/yr in
the Quaternary. These estimates may be inflated since carbonate
accumulation also depends on accommodation space, which is
controlled by shelf depth and sea-level (14, 49). For example,
passive margins and rimmed platforms respond differently to
sea-level changes, affecting the balance between potential and
realized productivity (15, 16, 18). To bracket the plausible
range of potential productivity, we also consider an alternative,
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depth-limited scenario, in which deposition is capped by recon-
structed paleo-shelf depths (22, 45). This provides a conservative
lower bound (SI Appendix, Fig. S6 A and B; yellow lines),
that likely underestimates actual accumulation since it does not
include subsidence or compaction.

A more serious limitation is the availability of dissolved ions—
Ca2+ and HCO−3 —necessary for carbonate precipitation (SI
Appendix, Fig. S6C ). Our maximum estimates assume unlimited
supply, yet ion inputs varied over time. To account for chemical
constraints, we scale riverine fluxes to sediment and water
discharge (24), and hydrothermal fluxes to mid-ocean ridge
length and spreading rates (50). Although it inevitably involves
uncertainties due to limited constraints on reconstructed past
fluxes, this provides a first-order constraint on productivity (Fig.
3B and SI Appendix, Fig. S6C ), adequate for capturing long-term
trends rather than precise values.

Curbing the predicted productivity with these constraints, it
follows that Triassic and Jurassic productivity would have been
chemically limited to 25% of its potential, due to riverine fluxes
two to four times lower than today (24) (Fig. 3 B and C ). In
contrast, a mid-Cretaceous (125 to 100 Ma) maximum of 4.2
Gt/y reflects high riverine inputs, ridge length, and spreading
rates following the breakup of Pangea (50), and widespread
habitat availability (Figs. 2 and 3A). Enhanced pelagic carbonate
fluxes during the Early Cretaceous, as documented from nanno-
fossil records (51), further support the view that neritic-pelagic
partitioning strongly influenced global carbonate burial during
this interval. During the Cenozoic, productivity declined due to
mid-ocean ridge subduction, reduced hydrothermal fluxes, and
the contraction of warm-water subtropics associated with long-
term climate cooling, all of which restricted neritic habitability
(50). Taken together, our results indicate that shallow-water
carbonate productivity was shaped by three dominant drivers
through time: i) weathering and riverine fluxes during the Triassic
and Jurassic, ii) geodynamic activity and hydrothermal inputs
during the Late Cretaceous, and iii) neritic habitat extent during
the Early Cretaceous and Cenozoic.

In general, when chemical limits are applied together with
habitability forcings, our productivity estimates converge with
previous models for the Cretaceous (37) and also align with
observational estimates for the Paleogene and Neogene (5) (Fig.
3C ). While our estimates exceed field-based observations for the
Cretaceous (5, 52), this reflects differences in spatial coverage:
field data are restricted to the Tethyan realm (52) or preserved
carbonate platforms (5), whereas our model predicts a more
extensive global distribution of suitable environments (Fig. 1
and SI Appendix, Fig. S2B).

Warm-Water Carbonates as Modulators of
Ocean Chemistry and Recovery Timescales

Chemical fluxes and neritic habitability regulate oceanic Ca2+

and HCO−3 concentrations, with potentially far-reaching im-
plications for atmospheric pCO2 (18, 53–55). When neritic
habitability is limited, calcium and alkalinity build up in the
global ocean reservoir, increasing saturation states and leading to
a deepening of both carbonate compensation depth (CCD, here
and throughout this term is used in a broad sense to encompass
both the calcite and aragonite compensation depths) and lyso-
cline (56). Under these conditions, carbonate precipitation shifts
to the deep ocean, promoting pelagic carbonate accumulation
(Fig. 4A). Based on our predicted productivity trends (Fig.
3C ), this habitability-limited regime intensified during the

Paleogene—peaking around the Eocene–Oligocene transition—
and also characterized parts of the Early Cretaceous (Fig. 4C ).
Conversely, during intervals when hydrothermal and riverine
inputs of Ca2+ and HCO−3 are low, oceanic ion concentrations
are depleted by efficient uptake into shallow-water carbonates. In
this alkalinity-limited regime, carbonate precipitation is restricted
to neritic environments, and the CCD and lysocline lie at
shallow depths (Fig. 4B). This regime dominates during the
Triassic, Middle Jurassic, and Late Cretaceous, reflecting periods
of limited chemical influx.

In the habitability-limited regime, elevated calcium concentra-
tions, increased seawater alkalinity and pH , and a deepened CCD
collectively enhance the efficiency of the carbonate pump. This
state corresponds to the Cretan Ocean mode, characterized by low
carbonate saturation and dominated by biogenic pelagic CaCO3
precipitation (54). In contrast, the alkalinity-limited regime is
marked by a shallow CCD and dissolved deep-water carbonates.
This mode aligns with the Neritan Ocean, where CaCO3
saturation is controlled by biogenic shallow-water carbonate
precipitation (54). As proposed by Zeebe and Westbroek (54),
both modes exert a significant influence on ocean carbonate
chemistry and atmospheric pCO2, thereby modulating global
surface temperatures over geologic time. We propose that the
alternation between habitability-limited and alkalinity-limited
regimes, and their CaCO3 saturation states, is not merely a
mechanism for shifting the locus of carbonate deposition between
shelves and the deep sea. Instead, it represents a fundamental
regulatory process that modulates Earth’s climate on 103-105 year
timescales, by shaping recovery from perturbations, while inter-
acting with slower 105 to 106 y silicate weathering feedbacks (54).

A key implication of this framework is that neritic carbonates
modulate the recovery timescalesof thecarboncycle (103 to105 y).
Carbonate burial can occur either in shallow-water (neritic)
platforms or in the deep ocean (pelagic) and both systems are
tightly coupled through their shared influence on the ocean’s
alkalinity balance and saturation state. Accumulation of CaCO3
on continental shelves draws down alkalinity from surface waters,
lowering carbonate ion concentration and surface saturation,
which in turn decreases pelagic carbonate production and shoals
the compensation depth. Conversely, efficient export of pelagic
CaCO3 to the deep ocean also reduces surface saturation,
potentially limiting neritic precipitation. Thus, neither shallow-
nor deep-water carbonate deposition is the sole driver of global
carbonate burial; rather, they are in a dynamic equilibrium that
governs ocean buffering and long-term CO2 regulation (46, 57).
Pelagic carbonate burial provides a globally integrated buffering
mechanism: if atmospheric CO2 rises, enhanced dissolution
deepens the CCD until balance is restored. Neritic burial, by
contrast, is spatially patchy, episodic, and sensitive to sea level
and ecology, making the system less flexible. In neritic-dominated
intervals, perturbations such as volcanic CO2 release or enhanced
weathering fluxes take longer to neutralize. This partitioning
does not alter the ultimate CO2 balance, which is set by silicate
weathering on 105 to 106 y timescales, but it does shape the
intermediate recovery window: pelagic-dominated states—the
Cretan mode of Zeebe and Westbroek (54)—shorten recovery to
tens of thousands of years, whereas neritic-dominated states—the
Neritan mode (54)—prolong perturbations into the 105 y range
(58–60).

Estimates of past atmospheric pCO2 (39, 53) remain too un-
certain to directly validate our hypothesis. Nonetheless, previously
observed trends—such as the variability in the carbonate compen-
sation depth (CCD) and deep-water carbonate accumulation
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during the Paleogene—are broadly consistent with our proposed
framework (5, 61) (Fig. 4C ). In particular, the CCD was
relatively deep in the Paleocene but shoaled markedly during the
Early to Mid Eocene greenhouse before deepening again in the
Oligocene (62, 63), a pattern that parallels long-term Cenozoic
cooling and changing carbonate burial regimes. However, only
the most recent habitability-limited interval is well documented
(4, 5, 61), making deeper-time validation difficult. Support for
our hypothesis comes from the habitability excess—defined as
the difference between the potential productivity of shallow-
water carbonates (Fig. 3B) and the estimated chemical influx.
This excess closely tracks global mean atmospheric temperatures
(64) and low-latitude sea surface temperatures (65) (Fig. 4C,
Pearson and Spearman correlation coefficients > 0.6). Periods of
habitability limitation correspond to cooler-than-average climatic
phases—such as the Early Cretaceous and the Late Paleogene to
Neogene—whereas alkalinity-limited regimes align with warmer-
than-average intervals, including the Triassic, Middle and Late
Jurassic, and the Cretaceous (Fig. 4C ). These polarity matches
hold true 72% of the time for the global mean temperature
and 86% for sea surface temperature. One might argue that
habitability is itself dependent on temperature, and therefore on
pCO2, potentially introducing a circular logic. However, our
results show that this is unlikely: habitability is largely insensitive
to pCO2 variations in the climate simulations (Fig. 2B and SI
Appendix, Fig. S3) and that neither the potential nor the actual
productivity curves resemble the global mean (64) or tropical
sea surface temperatures (65). This decoupling rules out circular
reasoning.

As carbonate precipitation and dissolution respond sensitively
to saturation state and climate feedback (66), the system self-
adjusts and modulates Earth’s climate and carbon cycle (54).
In alkalinity-limited conditions, the ocean’s buffering effect
is hampered by low saturation and low pelagic productivity,
which in turn could increase atmospheric pCO2 (and con-
versely in habitability-limited conditions), while keeping the
fluxes balanced between surficial and carbonate rock reser-
voirs, i.e., a succession of dynamic equilibrium that prevail
as long as the boundary conditions—here set by habitability
and fluxes—remain unchanged. However, the timescale of this
feedback mechanism is thus critical, and additional constraints
from carbon cycle modeling are essential to disentangle the
causal relationships linking carbonate deposition regimes, ocean
chemistry and climate, and in fine to quantify the impact of
habitability- and alkalinity-limited regimes on long-term carbon
cycling (60, 66, 67). A comprehensive evaluation should integrate
the interactions between alkalinity, dissolved inorganic carbon,
pH, lysocline and CCDs (68, 69), calcite saturation state, Mg/Ca
ratios, organic matter burial, and biological pumping (46). For
example, during the Mesozoic—particularly in the Triassic,
Middle Jurassic, and Middle Cretaceous—global warming and
elevated atmospheric pCO2 likely intensified silicate weather-
ing (24), especially in tectonically active and humid tropical
regions. In this process, atmospheric CO2 reacts with silicate
minerals to produce bicarbonate ions that are transported to the
oceans, raising alkalinity. This, in turn, improves the buffering
capacity of the ocean against CO2, increases and promotes
carbonate precipitation, and contributes to long-term carbon
sequestration (67, 70, 71). The silicate weathering feedback
serves as one of several critical negative feedbacks that moderate
extreme fluctuations in pCO2 (3), ultimately helping to stabilize
the climate by regulating marine carbonate deposition (72, 73).
Among the many interactions, we identified two of them that

depend on the alternation between habitat-limited and alkalinity-
limited regions and that could have profound consequences for
marine life and climate.

First, warm-water carbonate habitability modulates, among
other factors, nutrient delivery to the oceans, with potentially
profound consequences for marine biodiversification (24). Cal-
cium and alkalinity are crucial to pelagic calcifiers, which in turn
contribute to set the carbonate regimes at play (54). The rise
of pelagic calcifiers during the Meso-Cenozoic period (46) is
therefore particularly relevant: nannofossil accumulation rates
show phases of variability—alternating increases and stasis—
rather than a long-term monotonic trend (74) (Fig. 4C );
these fluctuations align with our predicted shifts in carbonate
regimes and provide a framework to reinterpret the underly-
ing evolutionary controls. During the Triassic and Jurassic, a
prolonged alkalinity-limited, Neritan regime restricted terrestrial
fluxes to the oceans (54), inhibiting the development of pelagic
calcifiers. During this “regulation-phase” (74) their productivity
was therefore too low to accumulate and fossilize as rock units.
In contrast, the habitability-limited, Cretan interval spanning
the Upper Jurassic to Lower Cretaceous promoted nutrient
export to the open ocean, triggering a phase of nannoplankton
expansion. A subsequent return to alkalinity-limited, Neritan
conditions through the remainder of the Cretaceous coincides
with a phase of stasis (or even slight decline) in nannofossil
accumulation and the onset of a specialization phase, potentially
driven by increased environmental stress—specifically, nutrient
limitation from reduced terrestrial inputs. Following the K-Pg
extinction, nannofossil accumulation rates increased markedly
from the Eocene to the Neogene, corresponding to platform
progradation and a renewed phase of nannoplankton expansion
consistent with the ultimate habitability-limited, Cretan phase.
These processes act together with other biotic factors that
introduced evolutionary innovations and additional ecological
complexity. For example, the diversification of foraminifera
and diatoms that reshaped the pelagic food webs and the
cycling of nutrients during the Cretaceous and through the
Neogene (75, 76), as well as the evolutionary constraints that
limited the ecological niche of nannoplankton until the later
Jurassic (8), probably contributed to the development of pelagic
calcifiers. While the alignment of these evolutionary phases
with our carbonate regimes is striking, further geochemical
validation is required to confirm the link between nutrient
fluxes and biotic evolution. This evolution highlights that across
the Meso-Cenozoic, alternation between habitability-limited and
alkalinity-limited regimes did not correspond to a simple switch
between low and high nannofossil accumulation rates. Instead,
these intervals reflect dynamic phases of “regulation, invasion,
specialization, and establishment” of pelagic calcifiers (74). As a
result, while the partitioning of carbonate burial between neritic
and pelagic environments influenced the ecological expansion
of nannoplankton, the rise and diversification of these pelagic
calcifiers also progressively modified the biological pump and
feedbacks within the carbon cycle.

Second, neritic carbonates also indirectly modulate the pelagic
carbonate pump and the organic carbon cycle. Expanded neritic
platforms enhance nutrient leakage to the open ocean, stimu-
lating pelagic productivity and reinforcing the efficiency of the
carbonate pump (46, 54). At the same time, increased nutrient
delivery promotes organic carbon burial in marine sediments,
providing an additional sink for atmospheric CO2 (77, 78).
This link implies that shifts in neritic habitability not only
affected carbonate deposition partitioning but also the balance
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between silicate weathering and organic carbon burial in the
long-term carbon cycle. In steady state, the carbon budget
can be expressed as CO2 outgassing plus kerogen weathering
balanced by silicate weathering plus organic carbon burial (3, 79).
By modulating nutrient fluxes, neritic carbonates could there-
fore influence the silicate weathering “set-point”: higher rates
of organic carbon burial would reduce the required silicate
weathering flux, potentially leading to lower atmospheric pCO2
and cooler climates. This feedback highlights a more complex
interplay between carbonate deposition, nutrient dynamics, and
the regulation of steady-state CO2 than previously considered,
with implications for both the evolution of pelagic calcifiers and
the coupling of inorganic and organic carbon cycles across the
Meso-Cenozoic. Moreover, the expansion of nannoplankton—
and biotic carbonate precipitation more broadly—may itself
represent an important feedback in the global carbon cycle.
Incorporating this biological component into future carbon cycle
models could improve reconstructions of past atmospheric pCO2
and temperature dynamics.

Carbonate burial is a well-identified regulator of Earth’s
climate (60, 66), but our study refines this view by identifying
two alternating regimes—habitability-limited and alkalinity-
limited—that structured the Meso-Cenozoic carbon cycle. We
show that weathering and geodynamic fluxes, together with
neritic habitability, controlled the partitioning of carbonate
deposition between shallow-water platforms and the deep ocean.
This partitioning not only established the locus of long-term
carbonate sequestration but also modulated the efficiency of
ocean buffering, thus regulating the recovery timescales of the
carbon cycle (103 to 105 y). Pelagic-dominated burial improved
buffering and allowed faster recovery from CO2 perturbations,
whereas neritic-dominated burial reduced buffering capacity,
prolonging climatic impacts until silicate weathering restored
balance on multimillion-year timescales (58, 59).

This sink-focused perspective complements source-driven ex-
planations of long-term climate change and helps reconcile major
transitions: for example, Cenozoic cooling linked to enhanced
pelagic burial (4–6), and Quaternary fluctuations tied to shallow-
water productivity (31, 80, 81). Our framework also offers a
lens on biotic evolution, suggesting that regime shifts interacted
with ecology and competition and influenced the diversification
of pelagic calcifiers, culminating in the Neogene dominance of
coccolithophores (74), in line with broader patterns of evolution
and diversity of calcareous nannoplankton (8, 82).

By combining geodynamic, climatic, and physiographic re-
constructions with macroecological simulations, we provide con-
tinuous reconstructions of neritic habitability and productivity
over the past 265 My. Together, these results confirm our
central hypothesis: Earth’s long-term carbon cycle oscillated
between habitability-limited and alkalinity-limited states, with
the transition between them governing how efficiently the

ocean buffered climatic perturbations. Produced datasets go
beyond the spatial and temporal gaps of the fossil record and
open the way to more quantitative assessments of the cou-
pled evolution of carbonate deposition, atmospheric CO2, and
biodiversity.

Materials and Methods

We integrated global reconstructions of plate tectonics and paleogeog-
raphy (22, 45), climate simulations from the HadCM3BL-M2.1aD model
(23), and modeled sediment fluxes from the goSPL landscape evolution model
(24, 83) to explore the evolution of warm-water carbonate systems over the past
265 My. Environmental variables including sea surface temperature, salinity,
ocean currents, shelf extent, and sediment input were extracted, regridded at
0.1◦ resolution, and used to build species distribution models (SDMs) with
the Biomod2 package (25, 84, 85). These SDMs estimate the distribution of
suitable habitats by linking modern carbonate occurrences (12) to environmental
parameters and were evaluated through cross-validation and comparison with
the PaleoReef fossil database (29). Predicted habitat areas were combined
with published carbonate accumulation rates (14, 15) and estimates of calcium
and alkalinity flux from weathering, groundwater, and hydrothermal inputs
(18, 86–89) to reconstruct carbonate productivity and carbon sequestration
potential through time.

Data, Materials, and Software Availability. Paleo-environmental oceanic
variables are available from the BRIDGE website: https://www.paleo.bristol.ac.
uk. The paleo-coastlines dataset is compiled in a Zenodo repository: https://doi.
org/10.5281/zenodo.3903163. Sediment flux from the global-scale landscape
evolution is available from HydroShare (90). The scientific software used in this
study, BIOMOD2, can be found in https://biomodhub.github.io/biomod2. Our
simulation inputs and outputs (ensemble models) are available from Zenodo
(https://doi.org/10.5281/zenodo.10073627). R and Python scripts as well as the
Jupyter notebooks used in our pre- and postprocessing workflows are available
from the following GitHub link: https://github.com/Geodels/paleoReef. Sedi-
ment flux is available from HydroShare (https://www.hydroshare.org/resource/
0106c156507c4861b4cfd404022f9580/).
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