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Abstract

Deep-sea carbonate records serve as essential archives for reconstructing long-term global
carbon cycle dynamics, providing direct evidence of variations in ocean chemistry, carbon
sequestration, and climate evolution through geological time. The distribution of pelagic
carbonates is primarily governed by the carbonate compensation depth (CCD), the depth at
which carbonate supply from the surface equals its dissolution. Therefore, the CCD acts as a
sensitive proxy for oceanic carbonate saturation state, surface productivity, and deep-water
chemistry. However, regional CCD reconstructions across the Pacific and Indian oceans remain
poorly constrained due to limited data coverage and methodological constraints in previous
studies.

This thesis addresses these limitations by reconstructing the evolution of the CCD across the
Pacific and Indian oceans on regional scales during the Cenozoic. A comprehensive dataset,
including lithology core logs, age-depth relationships, and carbonate contents and dry bulk
density data, was compiled using drill sites of the Deep Sea Drilling Project (DSDP), Ocean
Drilling Program (ODP), and International Ocean Discovery Program (IODP) expeditions.
Variations in CCD were estimated using linear reduced major-axis regressions of carbonate
accumulation rate (CAR) versus paleo-water depth at 0.5 Ma intervals. Paleo-water depths
were reconstructed using pyBacktrack 1.4 software, accounting for both dynamic topography
and eustatic sea-level changes. The Cenozoic CCD was modelled across six regions of the
Pacific: western and eastern North Pacific, western tropical Pacific, eastern equatorial Pacific,
and western and eastern South Pacific, and three regions of the Indian Ocean: western
equatorial Indian, southeast Indian, and Southern Ocean. The results reveal pronounced
regional CCD variability, with deeper CCDs in equatorial regions relative to higher latitudes,
closely linked to changes in ocean circulation, gateway evolution, ice-sheet expansion, and
climate transitions throughout the Cenozoic.

The results show that the Pacific CCD experienced pronounced variability of ~1-1.2 km during
the Neogene period. Regional reconstructions since the early Miocene highlight the roles of
Antarctic ice-sheet expansion, climate shifts, and Pacific gateway restructuring in shaping
deep-water circulation and carbonate preservation. A marked west—east contrast emerges, with
a distinct post-24 Ma deepening in the western Pacific linked to delayed oceanographic
adjustments following West Antarctic ice-sheet expansion. The new CCD models also capture
the late Miocene carbonate crash and biogenic bloom across the equatorial Pacific, with a ~1
Myr lag in the western tropical Pacific likely linked to the Panama Gateway constriction and
Western Pacific Warm Pool (WPWP) dynamics. The absence of the carbonate crash in the
western North Pacific underscores its predominantly equatorial expression.

In the Indian Ocean, the CCD exhibits regionally variable fluctuations of ~1—1.5 km over the
past 15 Ma, with a long-term deepening from ~3.5 km in the late Oligocene to ~4.4 km by the
Pliocene in the western equatorial basin. In contrast, the southeast and Southern Ocean sectors
remained consistently shallower, oscillating between ~2.7-3.5 km and 3.4—4 km, respectively,
reflecting latitudinal gradients in carbonate flux and seafloor bathymetry. The equatorial CCD
fluctuations are variably attributed to atmospheric CO: changes, evolving Tethyan and
Indonesian gateway dynamics, and the development of the Indo-Pacific water exchange.
Elevated carbonate production aligns with the emergence of the Pacific Warm Pool and
strengthened Indian monsoon circulation since the middle Miocene, culminating in the late
Miocene biogenic bloom.

This research further presents the first basin-specific synthesis of CAR for the Atlantic, Pacific,
and Indian oceans since the Cretaceous, providing a first-order reconstruction of global
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carbonate flux maps derived from basin-based computations. This approach addresses a
significant gap in earlier global assessments, which largely overlooked inter-basin variability.
The Cretaceous CAR analysis reveals an unstable, spatially heterogeneous pelagic carbonate
system that could reflect a greenhouse-world climate, episodic volcanic CO: inputs, and
repeated carbon-cycle disruptions. Although constrained by sparse site coverage, particularly
in the Pacific and Indian oceans, the sedimentary records reflect elevated mid-Cretaceous
carbonate accumulation across the Atlantic and Pacific, followed by reductions in burial rates
in the Late Cretaceous linked to major Ocean Anoxic Events (OAEs) and transient CCD
shoaling. Basin-specific differences in CAR underscore contrasting oceanographic states: the
Atlantic and Indian sectors display late-Cretaceous increases associated with emerging
Southern Hemisphere deep-water formation and improved basin ventilation, whereas the
Pacific remains persistently undersaturated and characterized by muted carbonate burial.
Collectively, these patterns highlight the sensitivity of pelagic carbonate burial to rapid changes
in ocean chemistry and circulation, reflecting the broader transition towards a more ventilated,
carbonate-preserving global ocean system near the end of the Cretaceous period.

The Cenozoic deep-sea records reveal a fundamental shift from the heterogeneous carbonate
burial patterns of the Cretaceous to a more stabilized Cenozoic system shaped by major
gateway reorganizations and the establishment of modern thermohaline circulation. Although
global CARs remained relatively stable, basin-specific trajectories diverged substantially. The
Pacific shows the strongest and most sustained rise in carbonate burial since the early
Oligocene, coinciding with widespread deepening of the CCD. The Atlantic Ocean shows two
distinct peaks: one in the late Eocene, associated with Northern Component Water (NCW)—
driven enhancement, and a second spanning the middle Miocene to early Pliocene, linked to
Antarctic reglaciation, intensified North Atlantic Deep Water (NADW) formation, and the
biogenic bloom. The Indian Ocean exhibits a pronounced intensification during the Neogene,
driven by evolving Indo-Pacific circulation and Indonesian Seaway constriction, and the onset
of a modern-like South Asian Monsoon. Across all major oceans, a coherent global rise in CAR
between ~15 and ~5 Ma reflects the combined effects of major reorganizations in ocean
circulation, Antarctic ice sheet expansion, and declining atmospheric CO.. This interval is
followed by a pervasive reduction in CAR since the Pliocene, most strongly aligned with the
termination of the biogenic bloom and amplified by late Neogene-Quaternary reorganisations
in ocean circulation and the onset of Northern Hemisphere glaciation. These results confirm
that Cenozoic pelagic carbonate burial was shaped by strong inter-basin contrasts and
sensitivity to tectonic evolution, water-mass ventilation, and major climatic transitions, rather
than by a simple progressive increase through time.

This global synthesis of deep-sea carbonate accumulation rates provides an integrated
perspective on how tectonic evolution, water-mass circulation, and productivity regimes have
jointly regulated long-term variations in pelagic carbonate flux and CCD across the major
ocean basins. Together, the results offer the most comprehensive view of the evolution of the
deep-sea carbonate reservoir through geological time. By delivering basin-resolved constraints
on carbonate burial and CCD dynamics, this study significantly advances the quantitative
framework for reconstructing long-term oceanic carbon storage and establishes a robust
foundation for evaluating how pelagic carbonate processes modulate Earth’s climate system
over deep time.
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1 ‘ Introduction

1.1. Background: Earth’s long-term carbon cycle and marine carbonate burial

The long-term evolution of Earth’s climate is governed by the exchange of carbon among the
atmosphere, oceans, biosphere, and solid Earth. Central to this system is the deep carbon cycle,
which transfers carbon between Earth’s surface and interior through subduction-related
ingassing and volcanism-dependent degassing, thereby exerting first-order control over
atmospheric carbon dioxide (CO:) concentrations, ocean chemistry, and long-term climate
stability across geological timescales (Dasgupta, 2013; Isson et al., 2020; Miiller et al., 2022;
Sleep & Zahnle, 2001). Variations in atmospheric CO: reflect the dynamic redistribution of
carbon among interconnected reservoirs, including deep-sea sediments, the oceanic
lithosphere, and the mantle, which collectively regulate the balance between long-term carbon
sources and sinks (Berner, 2004; Miiller et al., 2022; Omta et al., 2018; Wong et al., 2019;
Zhang et al., 2024a).

Sediments entering subduction zones show pronounced compositional and stratigraphic
heterogeneity, ranging from calcareous and siliceous ooze to clay-rich and terrigenous
sediments, and exhibit substantial variations in thickness along downgoing plates (Dutkiewicz
et al., 2017; Dutkiewicz et al.,, 2016). Among these lithologies, pelagic carbonate
overwhelmingly dominates the subducting carbon inventory (Clift, 2017; Miiller et al., 2022;
Plank & Manning, 2019; Ridgwell & Hargreaves, 2007), contributing ~277 Mt C yr* to the
total present-day deep carbon input of ~311 Mt C yr! through the oceanic plate settings (Miiller
et al., 2022). Pelagic carbonate is produced in the surface ocean (euphotic zone) primarily by
planktonic calcifiers (e.g., coccolithophores and planktonic foraminifera) and exported to depth
as particulate calcium carbonate (CaCOs), commonly known as “carbonate rain” (Honjo, 1976;
Honjo et al., 2008). A fraction of this exported carbonate is ultimately preserved in sediments
that enter the Earth’s interior; the remainder dissolves in the water column or at the sediment—
water interface, returning carbon and alkalinity to the ocean (Archer, 1996; Ridgwell & Zeebe,
2005).

1.2. The carbonate compensation depth (CCD)

A primary control on deep-sea carbonate preservation is the CCD, which governs the balance
between CaCOs dissolution and accumulation, and thus acts as a negative feedback that buffers
changes in ocean alkalinity and atmospheric CO: over timescales of ~10°~10° years (Broecker
& Peng, 1987; Cartapanis et al., 2018; Dutkiewicz et al., 2018; Omta et al., 2018). The CCD is
defined as the water depth at which the supply of carbonate to the seafloor equals its rate of
dissolution, such that carbonate is absent from sediments below this level (Figure 1) (Lyle,
2003; Rae et al., 2021; van Andel, 1975). Changes in the position of the CCD integrate long-
term interactions among multiple components of the Earth system, including the carbonate
saturation state of the ocean, biological productivity and export, alkalinity input from
weathering, deep-water circulation, climate and sea-level change (Boss & Wilkinson, 1991;
Boudreau et al., 2019; Dutkiewicz et al., 2016; Komar & Zeebe, 2021; Stuecker & Zeebe, 2010;
van Andel, 1975; Xiao et al.,, 2024). CCD reconstructions, therefore, provide a critical
parameter for exploring the dynamics of the deep carbon reservoir and the functioning of the
global carbon cycle across geological timescales.
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Figure 1: Schematic of the carbonate compensation depth (CCD) modified after Pilike et al. (2012),
illustrating interplay between atmospheric CO- and ocean carbonate chemistry on ocean saturation state,
and on CaCOs preservation and dissolution. The blue line represents the carbonate accumulation rate,
whereas the dotted black line shows the CaCOj3 content of sediments. Q denotes the carbonate saturation
state, where Q) > 1 indicates supersaturated conditions favourable for CaCOs precipitation /preservation,
Q = 1 represents saturation equilibrium, and Q < 1 indicates undersaturated conditions favourable for
carbonate dissolution.

1.3. Carbonate burial, global and basin heterogeneity

The marine carbonate system is regulated by the interplay between dissolved inorganic carbon
(DIC) and seawater alkalinity, which together determine carbonate ion concentrations and the
distribution of carbon species (CO2, HCOs~, and COs*"), and thereby determine the carbonate
saturation state (). This saturation state controls the thermodynamic stability of marine
carbonates, such that calcium carbonate tends to precipitate when Q > 1 and dissolve when Q
<1 (Figure 1) (Rae et al., 2021; Ridgwell & Zeebe, 2005; Zeebe & Wolf-Gladrow, 2001). Deep
waters have lower carbonate ion concentrations due to accumulated respired CO-, creating a
vertical saturation gradient (Broecker & Peng, 1982). This gradient establishes the lysocline,
the depth marking a sharp transition to elevated carbonate dissolution rates due to reduced
carbonate saturation, above the CCD, where carbonate supply and dissolution become balanced
(Broecker, 2003). The position of the CCD therefore reflects integrated effects of surface
productivity, organic carbon remineralisation, deep-water chemistry, and alkalinity supply.
Xiao et al. (2024) provide a synthetic review of Cenozoic CCD evolution and its driving
mechanisms, noting a general deepening trend across the major oceans (Atlantic, Pacific and
Indian) over the Cenozoic. The authors argue that CCD variations reflect the combined effects
of productivity, shallow—basin carbonate fractionation, alkalinity input and pelagic calcifier
evolution. However, questions remain about the evolution of the CCD and carbonate burial
linked to the major identified drivers.
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On multimillion-year timescales, ocean alkalinity is regulated primarily by continental silicate
weathering, which delivers bicarbonate and Ca** to the oceans, promoting carbonate
precipitation and burial (Berner et al., 1983; Walker et al., 1981). Tectonic processes such as
mountain building, continental uplift, and volcanism modulate weathering fluxes, thereby
influencing ocean alkalinity and CCD depth (Kent & Muttoni, 2013; Wallmann, 2001).
However, Cenozoic studies show that on orbital to multi-million year timescales, CCD trends
can be decoupled from silicate weathering and even from global carbonate burial, because
ocean circulation, organic matter remineralisation, and shelf—basin partitioning modulate deep-
sea carbonate saturation (Boudreau et al., 2019; Cartapanis et al., 2018; Greene et al., 2019;
Kerr et al., 2017; Komar & Zeebe, 2021). This contrasts with earlier assumptions of a tight link
between CCD variability and weathering.

Furthermore, the extent to which the partitioning of carbonate burial between shallow platforms
and the deep ocean controls the long-term evolution of the global carbonate system remains
unresolved. Earlier works have proposed a progressive, monotonic increase in deep-sea
carbonate accumulation throughout the Cenozoic, often grounded in globally averaged
compilations (e.g., Hay, 1999; Kump & Arthur, 1997; Mackenzie & Morse, 1992; Opdyke &
Wilkinson, 1988). Recent quantitative modelling advances a regime-based framework in which
carbonate burial dynamics are governed by the coupled evolution of alkalinity input and
shallow-platform accommodation space (Salles et al., 2025). In this framework, major
palacoceanographic reorganisations may trigger inverse responses between neritic and pelagic
burial, implying a dynamic reallocation of carbonate sinks rather than uniform global change.
By comparison, newly developed bias-adjusted reconstructions indicate that pelagic sediment
burial rates were considerably lower and characterised by strong regional variability rather than
a uniform global trend (Renaudie & Lazarus, 2025). The proposed regime-shift framework,
therefore, has yet to be rigorously evaluated using basin-scale empirical records, as such
constraints are not adequately represented in current datasets.

From an evolutionary perspective, Suchéras-Marx and Henderiks (2014) highlight the
importance of calcareous nannoplankton evolution for carbonate burial, in addition to
oceanographic and climatic influences. Later Suchéras-Marx et al. (2019) contend that after
the Late Cretaceous peak in speciation, calcareous nannoplankton entered an establishment
phase characterised by elevated raw nannofossil accumulation rates but reduced species
richness, a pattern interpreted as consistent with the rise in carbonate burial during the
Cenozoic. Nevertheless, reassessing the relationship between pelagic calcifier evolutionary
dynamics and carbonate burial trajectories over the Cenozoic is essential, as discrepancies
between biological production indicators and sedimentary accumulation records may indicate
that increased calcifier proliferation does not necessarily translate into proportional gains in
long-term carbonate sequestration. Such offsets highlight the decisive influence of preservation
thresholds, dissolution intensity, and basin-scale redistribution processes in modulating the
transfer of biogenic carbonate to the sedimentary archive. Moreover, because preservation
conditions are spatially heterogeneous, controlled by basin-specific water-mass chemistry,
circulation structure, and saturation state through time (e.g., Archer, 1996; Bostock et al., 2011;
Feely et al., 2004; Gerhardt & Henrich, 2001; Li et al., 2022; Ridgwell & Zeebe, 2005; Sulpis
et al., 2018), interpretations derived from globally integrated biological datasets require
systematic re-evaluation within a basin-resolved framework.

1.4. Deep-sea carbonate burial shifts and spatiotemporal CCD variability

From the Cretaceous to the Cenozoic, Earth underwent a major climatic transformation,
shifting from a high-CO: greenhouse world to a Cenozoic icehouse state marked by the onset
of Antarctic glaciation (Foster et al., 2017; Zachos et al., 2001; Zachos et al., 2008). This
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transition involved large-scale reorganisation of ocean circulation, gateway evolution, and a
shift in deep-water formation from low-latitude to high-latitude sources, thereby driving
substantial changes in carbonate saturation state and CCD depth (e.g., Cramer et al., 2009;
Dutkiewicz et al., 2019; Friedrich et al., 2012; Zachos et al., 2001). With the progression of
tectonic reconfiguration and climatic transition, deep-sea carbonates evolved to constitute the
principal long-term reservoir of oceanic carbon, reshaping ocean alkalinity budgets and
contributing to atmospheric CO: variability within the broader framework of long-term carbon
cycle feedbacks (e.g., Miiller et al., 2022; Poulsen et al., 2001; Scotese et al., 2025; Wallmann,
2001). Importantly, pelagic carbonate evolution was not uniform worldwide. Distinct
circulation patterns, productivity gradients, and sedimentary regimes across the Atlantic,
Pacific, and Indian oceans (e.g., Chiarella et al., 2017; Ladant et al., 2020; Michel et al., 2018)
likely generated substantial spatial heterogeneity in carbonate burial budgets within and
between these basins.

Over the Cenozoic, most studies infer an overall global CCD deepening of ~1-2 km across
major ocean basins, punctuated by large transient shoaling and deepening events (e.g., Berger,
1973; Boss & Wilkinson, 1991; Dutkiewicz & Miiller, 2022; Komar & Zeebe, 2021; Peterson
& Backman, 1990; Sclater et al., 1977; van Andel, 1975). However, the CCD can differ
substantially between major ocean basins and within a single basin due to contrasts in
oceanographic characteristics (Campbell et al., 2018; Dutkiewicz & Miiller, 2022; Pilike et al.,
2012; Rea et al., 1995; van Andel, 1975). Observations demonstrate substantial inter-basin
variability in CCD depth at present. The Pacific Ocean, characterised by older, more COz-rich
deep waters, generally exhibits a shallower CCD than the Atlantic, which receives younger,
more alkaline deep waters formed in the North Atlantic (Broecker & Peng, 1982; Feely et al.,
2004). Intra-basin variability further complicates the picture. Latitudinal productivity
gradients, distinct water-mass circulation pathways and characteristics, and regional variations
in alkalinity generate spatially variable CCD within individual basins, often deviating markedly
from a single basin-wide mean CCD (e.g., Dutkiewicz & Miiller, 2022; Lyle, 2003; Pilike et
al., 2012; Peterson & Backman, 1990; Rea et al., 1995; Rea & Leinen, 1986; Sclater et al.,
1977; van Andel, 1975).

These observations indicate that treating the mean CCD as a basin-wide representative (van
Andel, 1975) does not capture the substantial regional variability that exists within individual
ocean basins. In the equatorial Pacific, high-resolution records suggest a ~1.8 km of CCD
deepening since the Eocene, broadly tracking Cenozoic global cooling and enhanced silicate
weathering, but also significant CCD fluctuations, ranging from ~3 km to ~4.8 km, that require
explanation by multiple interacting oceanographic drivers (Pélike et al., 2012). Regionally
resolved CCD reconstructions from the northern, central, and southern Atlantic reveal
pronounced spatial variability of approximately 1.5 km, with depths generally oscillating
between ~3 and 4.5 km since the early Cenozoic (Dutkiewicz & Miiller, 2022). These basin-
scale fluctuations correspond to a ~2.5-fold increase in carbon sequestered in pelagic carbonate
during this period. South Atlantic CCD reconstructions, corrected for dynamic topography and
eustatic sea-level, indicate ~500 m of deepening between the Late Cretaceous and early
Cenozoic, followed by ~200 m of deepening to the present, when these components are
explicitly incorporated (Dutkiewicz & Miiller, 2021). Regional CCD variability throughout the
Cenozoic has been attributed to the interplay of multiple climatic and basin-specific
oceanographic forcings, including global atmospheric CO: perturbations, progressive global
cooling and Antarctic glaciation, oceanic gateway reconfigurations, and shifts in deep-water
formation and large-scale ocean circulation patterns (e.g., Dutkiewicz & Miiller, 2022; Komar
& Zeebe, 2021; Pilike et al., 2012; Taylor et al., 2023).
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Short-term CCD variability provides further insights into the mechanisms governing its
evolution. Late Palacocene—early Eocene (58—49 Ma) pelagic carbonate compilations show
that, despite >3 °C global warming within this period, CCD deepening was modest, implying
partial decoupling of CCD from temperature and underscoring the roles of ocean circulation
and organic carbon respiration in masking a simple weathering—CCD relationship (Greene et
al., 2019). Across the Indian Ocean, CCD changes are comparable in timing and magnitude to
those in the Atlantic and Pacific records during specific events, such as the Palacocene—Eocene
Thermal Maximum (PETM) and the early Eocene Climatic Optimum (Greene et al., 2019;
Penman et al., 2016; Slotnick et al., 2015). Slotnick et al. (2015) show that the CCD was deep
between ~59 and 52 Ma, followed by rapid shoaling at ~51-50 Ma, marked by a decline in
carbonate accumulation and a shift from calcareous ooze to clay accumulation. This event is
interpreted as reflecting a major reduction in '*C-depleted carbon flux and a significant
reorganisation of exogenic carbon cycling. During the PETM, CCD modelling reveals
pronounced shoaling at the onset of the event, followed by a post-event overshoot (over-
deepening) in the North Atlantic, interpreted as evidence for intense silicate weathering and
excess calcite burial above and below the pre-event CCD during recovery (Penman et al., 2016;
Ridgwell, 2007). Using high-resolution depth-transect records from the Pacific and South
Atlantic, Taylor et al. (2023) document a short-lived (~300 kyr) CCD shoaling across the
Eocene—Oligocene transition, associated with a negative carbon isotope excursion, followed
by rapid two-stage deepening, including transient overdeepening beyond 5 km, linked to
Antarctic glaciation and a major reorganisation of global seawater chemistry. Lyle et al. (2019)
differentiate productivity-driven dilution from genuine dissolution across five Pliocene—
Pleistocene low-CaCOs intervals, and caution that reliance on simple CaCOs thresholds can
misinterpret productivity fluctuations as CCD shoaling (Lyle et al., 2019; Preiss-Daimler et al.,
2021). These findings underscore the importance of resolving CCD variability across both
short-term perturbations and long-term geological evolution, as only regionally constrained,
basin-specific CCD reconstructions can accurately capture the spatial heterogeneity and
temporal dynamics necessary to interpret carbonate burial patterns and their role in the global
carbon cycle.

1.5. Advances in CCD reconstructions

Early global and basin-scale CCD reconstructions collectively indicate that large-amplitude
Cenozoic CCD shifts are fundamentally linked to major climate transitions, reflecting changes
in ocean chemistry, circulation, and carbonate burial efficiency (e.g., Berger, 1973; Boss &
Wilkinson, 1991; Peterson & Backman, 1990; Sclater et al., 1977; van Andel, 1975). As
geochemical and stratigraphic datasets expanded, CCD variability became increasingly
interpreted as a proxy for long-term changes in ocean carbonate saturation and burial efficiency,
highlighting the need to integrate CCD reconstructions with quantitative constraints on
carbonate accumulation (Delaney & Boyle, 1988). Further work by Boss and Wilkinson (1991)
linked CCD behaviour to biological evolution and sea-level-driven shifts between shallow-
and deep-marine carbonate deposition, underscoring the combined influence of biotic and
physical processes on pelagic carbonate burial since the Mesozoic. These reconstructions
established the CCD as a first-order integrator of Earth-system change, responding to long-
term cooling, evolving weathering fluxes, and shifts between shallow- and deep-marine
carbonate burial. However, early syntheses implicitly assumed broad spatial coherence,
limiting their ability to resolve regional variability in carbonate preservation and dissolution.

Subsequent quantitative regional compilations demonstrated that carbonate accumulation rates
and CCD evolution can vary substantially within individual ocean basins, underscoring that
basin-wide or global averages obscure pronounced spatial heterogeneity (Lyle, 2003). Palike
et al. (2012) subsequently produced a high-resolution Cenozoic equatorial Pacific CCD
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transect that quantitatively links CCD deepening and large-amplitude Eocene fluctuations to
changes in weathering fluxes and organic-carbon burial, demonstrating how integrated core
data and Earth system modelling can constrain the mechanisms driving long-term CCD
evolution. Improvements in regionally resolved CCD reconstructions that integrate carbonate
accumulation data with paleobathymetric backtracking further illustrate that vertical seafloor
motions, driven by tectonic subsidence, sediment compaction, dynamic topography, and
eustatic sea-level change, exert first-order control on inferred CCD histories (Campbell et al.,
2018; Dutkiewicz & Miiller, 2021) and have enabled more robust regional CCD
reconstructions with improved constraints on deep-sea carbonate sequestration and long-term
deep carbon-cycle budgets (Dutkiewicz & Miiller, 2022).

1.6. Thesis motivation and significance

Recent high-resolution reconstructions demonstrating pronounced regional variability in the
CCD throughout the Cenozoic fundamentally challenge the long-standing reliance on globally
averaged representations of carbonate system evolution. These may imply that extrapolating
regional CCD reconstructions and basin-specific carbonate burial estimates to global scales
introduces significant uncertainty into long-term carbon flux calculations and carbon cycle
models. This thesis is founded on the premise that carbonate burial and CCD evolution must
be treated as spatially dynamic, process-sensitive proxies rather than globally uniform
thresholds. Resolving this complexity requires basin-resolved, depth-stratified carbonate
analyses capable of capturing inter-basin contrasts and intra-basin heterogeneity. Many global
syntheses infer a steady Cenozoic increase in pelagic burial from globally averaged carbonate
budgets (e.g., Hay, 1999; Kump & Arthur, 1997; Mackenzie & Morse, 1992; Opdyke &
Wilkinson, 1988), in contrast to the recent finding of the Cenozoic subdued and spatially
heterogeneous deep-sea sediment accumulation history (Renaudie & Lazarus, 2025) and non-
monotonic calcareous nannoplankton evolutionary records since the Cretaceous (Suchéras-
Marx et al., 2019). Thus, a critical uncertainty remains about how pelagic carbonate burial
evolved within and among ocean basins from the Cretaceous to the present. Motivated by this
need, I present the first systematic computation of basin-scale carbonate burial rates across the
Atlantic, Pacific, and Indian oceans from the Cretaceous to the present.

Furthermore, while regionally resolved CCD frameworks are relatively well developed in the
Atlantic (Dutkiewicz & Miiller, 2022), equivalent reconstructions for the Pacific and Indian
oceans remain limited. The Pacific and Indian oceans together represent a large fraction of
Earth’s ocean surface and play central roles in ocean circulation, climate dynamics, and deep-
sea carbon cycling. Occupying approximately 46% of the present-day ocean surface, the
Pacific Ocean is the largest ocean basin and constitutes a key component of the Earth system,
playing a central role in regulating global heat distribution and deep-water circulation, and
thereby influencing long-term climate dynamics and global climate variability (Lyle et al.,
2008). The equatorial Pacific constitutes one of the most productive regions of the modern
ocean, with new production of the order of 1 x 10" g C yr!, accounting for roughly 18-56%
of modern global production (Chavez & Barber, 1987). This exceptional productivity
underpins the Pacific’s critical role as a major carbon sink in the global carbon cycle (Lyle et
al., 2008). The Pacific exhibits strong latitudinal and longitudinal heterogeneity in productivity,
upwelling, and carbonate preservation, and pronounced regional variability in carbonate
accumulation patterns (e.g., Gray et al., 2018; Lyle, 2003; Ma et al., 2018; Pennington et al.,
2006; Yin et al., 2022). Compilation of Neogene carbonate mass accumulation rates shows that
changes in Pacific carbonate deposition are both regionally heterogeneous and globally
influential, with latitude-dependent productivity and dissolution patterns tightly linked to CCD
structure and evolution (Lyle, 2003). Despite its significance and extensive drilling history,
CCD reconstructions in the Pacific have often been dominated by records from the eastern
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equatorial region (e.g., Campbell et al., 2018; Komar & Zeebe, 2021; Pilike et al., 2012; Rea
& Lyle, 2005; Taylor et al., 2023), and poorly resolved reconstructions in the northwestern
Pacific (Rea et al., 1995) and the southeastern Pacific (Rea & Leinen, 1986). Consequently, the
extent to which existing CCD curves capture variability across the wider basin remains unclear.

The Indian Ocean is particularly important because it forms an essential part of Earth system
climate feedbacks via its tropical warm pool and acts as a key conduit within the global
thermohaline circulation, facilitating interbasin exchange of water masses between the Atlantic
and Pacific via the Southern Ocean (Piotrowski et al., 2009; Schott et al., 2009). Spanning a
broad tropical domain and dynamically linked to the eastern tropical Pacific (Valsala et al.,
2020), the Indian Ocean is a key component of the low-latitude ocean system. It also has
comparatively high concentrations of dissolved inorganic carbon relative to other major ocean
basins (Sarma et al., 2007), a feature that exerts significant influence on global carbon cycling
and oceanic carbon storage. This basin marks meridional gradients in hydrochemical
characteristics, carbonate saturation state and circulation properties (e.g., Kolla et al., 1976;
Phillips et al., 2021; Sabine et al., 2002; Wyrtki, 1973; Zhang et al., 2022b), which requires
robust regional carbonate synthesis. Nevertheless, CCD reconstructions in the Indian Ocean
remain limited in both spatial coverage and temporal resolution. Apart from the early Paleogene
record derived from the Ninetyeast Ridge (Slotnick et al., 2015), most existing reconstructions
are restricted to the equatorial sector (Campbell et al., 2018; Peterson & Backman, 1990) and
remain far less comprehensive than those available for the Atlantic and equatorial Pacific. This
limitation partly reflects the basin’s complex and heterogeneous sedimentary settings,
including substantial siliciclastic and terrigenous inputs and the widespread occurrence of
turbidite systems, which complicate the extraction of continuous pelagic carbonate records
(Davies et al., 1995; Kolla et al., 1976). As a result, the basin-scale Indian Ocean contribution
to deep-sea carbonate sequestration remains relatively under-constrained.

This thesis, therefore, addresses these gaps by presenting the first systematic regional CCD
reconstructions of the Pacific and Indian oceans. By integrating CCD evolution with carbonate
accumulation records, this study establishes a quantitative framework to reassess key
hypotheses concerning long-term pelagic carbonate evolution, shelf-basin partitioning,
alkalinity supply controls, and the role of pelagic calcifier evolution in regulating carbonate
export and preservation. Through this basin-spanning approach, the CCD reconstructions will
help better constrain long-term carbon-cycle models while also advancing a more mechanistic
understanding of deep-time carbonate-system dynamics.

1.7. Thesis overview

This thesis comprises three chapters (presented as journal articles) on CCD reconstruction and
the evaluation of deep-sea carbonate accumulation rates (CARs). The first chapter (Article 1,
published in Frontiers in Earth Science) quantifies regional CCD variability in the Pacific
Ocean across six regions and evaluates how CCD evolution relates to Pacific oceanographic
structure and climate variability. The second chapter (Article 2, published in Geo-Marine
Letters) advances CCD modelling in the Indian Ocean across three regions over the Neogene.
This article addresses a major gap in basin coverage and tests the extent to which regional
hydrographic domains require distinct CCD histories. The third chapter (Article 3 under review
in Marine Geology) integrates basin-resolved CAR datasets into a single global compilation
spanning the Atlantic, Pacific, and Indian oceans over the last ~120 Myr. It quantifies temporal
trends, spatial evolution, and depth-dependent burial regimes, providing the first unified
empirical framework for evaluating inter-basin heterogeneity and comparing competing
interpretations of global pelagic carbonate burial evolution.
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Article 1

Article 1 reconstructs the CCD across six regions of the Pacific Ocean, including the western
and eastern North Pacific, the western tropical and eastern equatorial Pacific, and the western
and eastern South Pacific during the Neogene. The Pacific is the largest ocean basin and
exhibits pronounced spatial heterogeneity in productivity, circulation, and carbonate
preservation. Yet CCD reconstructions for this basin have historically relied on a small number
of records from the eastern equatorial Pacific. These reconstructions are often assumed to
represent the basin as a whole, despite growing evidence of strong regional variability.

In this article, the Pacific Ocean is subdivided into distinct oceanographic regions based on
latitudinal and longitudinal gradients in carbonate production and deep-water structure. New
CCD reconstructions are developed for each region using a consistent backtracking and
regression framework, enabling direct comparison of CCD evolution within the basin. By
quantifying spatio-temporal CCD variability across the Pacific Ocean, I investigate how
regional CCD histories diverge from commonly used equatorial reconstructions. The results
establish a spatially resolved baseline for Pacific carbonate preservation and demonstrate that
basin-wide carbonate burial estimates require regionally explicit CCD constraints. I find
Neogene CCD fluctuations of ~1-1.2 km across the Pacific, with distinct regional responses to
major climate and oceanographic shifts. Early Miocene West Antarctic ice-sheet growth and
ocean reorganisation resulted in pronounced western tropical Pacific CCD deepening after ~24
Ma, which was not mirrored in the eastern equatorial Pacific. Both the late Miocene carbonate
crash and biogenic bloom are evident across equatorial Pacific regions, with a ~1 Myr lag in
the western equatorial CCD likely tied to Panama Gateway constriction and Western Pacific
Warm Pool (WPWP) shifts. This paper presents a new, spatially explicit CCD framework for
the Pacific that can be used to evaluate the evolution of deep-sea carbonate burial and its
coupling to climate, ocean circulation, and carbon cycling on geological timescales.

Article 2

Article 2 extends CCD reconstructions to the Indian Ocean, an ocean that exerts a significant
influence on global thermohaline circulation yet remains comparatively underrepresented in
quantitative CCD studies. This article presents new CCD reconstructions for selected regions
of the Indian Ocean that preserve reliable pelagic carbonate records, including the western
equatorial Indian Ocean, the southeast Indian Ocean, and the Southern Ocean. By expanding
spatial coverage beyond a small number of localised sites and extending temporal constraints
wherever possible, Article 2 addresses a major gap in global CCD coverage. The resulting
regional CCD models are used to assess how ocean circulation patterns, water-mass properties,
and basin geometry influence carbonate preservation in the Indian Ocean, and how these
controls vary regionally.

The results indicate that the Indian Ocean CCD exhibits pronounced regional variability, with
several hundred meters of deepening and shoaling associated with major Cenozoic climate and
oceanographic events, including the growth of Antarctic ice sheets, reorganization of
deep-water masses driven by gateway closures and openings (e.g., loss of Tethyan connections,
changes in Pacific and Southern Ocean inflow), and intervals of intensified continental
weathering and riverine input. The CCD reconstruction captures a pronounced middle—late
Miocene shoaling linked to the global carbonate crash, followed by later deepening episodes
as circulation and carbonate burial patterns adjusted. By applying a similar conceptual and
quantitative framework to that used in Article 1 to a different basin, the analysis provides
a comparative test of CCD reconstruction approaches, strengthens the thesis’ broader argument
that regional CCD histories are key to understanding how the deep-sea carbonate reservoir
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interacts with climate and ocean circulation on million-year timescales, and establishes a
quantitative basis for future carbon-cycle modelling.

Article 3

Article 3 integrates basin-resolved CAR datasets from the Atlantic, Pacific, and Indian oceans
into a unified global synthesis spanning the last ~120 million years. Building on the CCD
reconstructions developed in Articles 1 and 2 and on existing Atlantic work of Dutkiewicz and
Miiller (2022), this chapter provides a comprehensive assessment of the distribution of deep-
sea carbonate across the global oceans over deep time. I compiled CAR records from 335 deep-
sea drill sites and used a consistent temporal framework to evaluate long-term trends in pelagic
carbonate burial within and between ocean basins. The analysis explicitly incorporates a
paleobathymetry assessment of carbonate accumulation across shallow, intermediate, and deep
oceanic regimes. This approach enables a direct evaluation of how the vertical structure of
carbonate burial evolved through major climatic transitions and oceanographic reorganisations.

My results suggest that the Cretaceous carbonate system was highly heterogeneous and
variable, whereas the Cenozoic evolved towards a more stable carbonate burial regime across
the three ocean basins. I further find that pelagic carbonate burial exhibits strongly basin-
differentiated patterns rather than a monotonic increase through the Cenozoic. In the Cenozoic,
the Pacific responded most strongly to the Eocene—Oligocene transition (EOT); the Atlantic
showed late Eocene and the late Miocene—early Pliocene maxima tied to Northern Component
Water (NCW) and North Atlantic Deep Water (NADW) impacts; and the Indian Ocean’s largest
CAR increase occurred after ~20 Ma, linked to CCD deepening, monsoon intensification and
gateway reorganisations. By resolving basin-scale and depth-dependent patterns, Article 3
provides the first comprehensive empirical framework for reconciling competing
interpretations of global pelagic carbonate burial evolution.

1.8. Methodological framework and thesis approach

In this thesis, I used a large set of drill sites (92 in Article 1, 70 in Article 2, and 335 in Article
3) from the Deep Sea Drilling Project (DSDP), the Ocean Drilling Program (ODP), and both
phases of the IODP, the Integrated Ocean Drilling Program and the International Ocean
Discovery Program. I extracted lithology, carbonate contents (CaCOs wt%) and dry bulk
densities from the expeditions’ archives for multiple depths for each of these drill sites,
comprising a large dataset of thousands of points. The datasets are available as digital
supplements with each journal article via the Zenodo archive. In addition, the age—depth
models utilised in these compilations are primarily sourced from the Neptune Sandbox Berlin
(NSB; https://nsb.mfn-berlin.de/, Renaudie et al., 2020; accessed January—March 2023). Where
unavailable, age-depth models are derived from initial/preceding expedition reports, and Lyle’s
(2002) dataset, and all are calibrated to the Gradstein et al. (2020) timescale.

The overall framework comprises the following steps. First, drill sites are backtracked to
reconstruct paleo-water depth through time using pyBacktrack 1.4 sofiware (Miiller et al.,
2018), which accounts for sediment decompaction and tectonic subsidence (Sclater et al., 1985;
Stein & Stein, 1992), dynamic topography (Braz et al., 2021), and eustatic sea-level change
(Miller et al., 2024). Backtracking involves lithology-specific decompaction of the sediment
column at 10 m or less intervals for each drill site. Second, I calculate CAR at each drill site
by multiplying the CaCO; weight % of a sample by its dry bulk density and the linear
sedimentation rate (Lyle, 2003), and then partitioned into 1 Myr-wide moving windows with
0.5 Myr time steps, balancing temporal resolution and data coverage. Third, the CCD is
quantified from CAR vs paleo-water depth relationships, assuming that CAR extrapolates to
zero (Lyle, 2003) and using a reduced major axis regression with explicit outlier detection to
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reduce bias from localised processes such as downslope transport or atypical productivity
(Articles 1 & 2). Finally, basin-scale CAR datasets are synthesised into a global compilation to
quantify temporal trends and spatial evolution (including plate reconstructions via pyGPlates
software), and further depth-resolved analysis (Article 3). Comprehensive methodological
descriptions, datasets and full citation details are provided in Articles 1-3.
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Regional carbonate
compensation depth variability in
the Pacific Ocean since the
Oligocene

Faranak Dalvand*, Adriana Dutkiewicz, Nicky M. Wright,
Ben R. Mather and Dietmar Muller

EarthByte Group, School of Geosciences, University of Sydney, Sydney, NSW, Australia

Deep-sea carbonates constitute the primary deep carbon reservoir, playing a
critical role in regulating the long-term global carbon cycle. Reconstructing the
temporal evolution of carbonate flux to the seafloor requires estimating the
changes in carbonate compensation depth (CCD), a key proxy, revealing the
depth where the rate of calcium carbonate supply from biogenic ooze equals
the rate of dissolution. However, regional CCD estimates across the Pacific,
the deepest and largest ocean basin, remain poorly constrained, except for the
eastern equatorial region. Here, we present six new regional reconstructions of
the CCD across the Pacific Ocean, using a linear reduced major-axis regression
of the carbonate accumulation rate (CAR) versus paleo-water depth, that include
the effects of dynamic topography and eustasy. The CCDs show significant
fluctuations of ~1-1.2 km across the Pacific over the Neogene. Regional CCD
models since the early Miocene suggest the influence of climate perturbations,
Antarctic ice-sheet growth, and Pacific gateway reorganization on Pacific deep-
water circulation and carbonate production. The western Pacific CCD shows a
distinct deepening after ~24 Ma, not seen in the eastern tropical Pacific, which
we interpret as a delayed consequence of changes in deep water circulation
in response to the expansion of the West Antarctic ice sheet into the marine
realm at ~26 Ma. Our models also reveal two significant late Miocene events,
the carbonate crash and biogenic bloom, across both the western and eastern
equatorial Pacific. However, a ~1 Ma lag is noted for both events in the western
tropical CCD, likely attributed to the successive effects of Panama Gateway
constriction and shifts in the Western Pacific Warm Pool, respectively. The
absence of the carbonate crash event from the western North Pacific reflects the
regional nature of this event, predominantly influencing the Pacific equatorial
region. Our analysis offers new insights into regional CCD variability across the
Pacific Ocean and can be used to evaluate the evolution of deep-sea carbonate
carbon reservoirs in the context of the long-term carbon cycle.

KEYWORDS

Pacific Ocean, Neogene, carbonate compensation depth, carbon cycle, paleowater
depth, carbonate accumulation
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1 Introduction

The burial of marine planktic organism remains on the seafloor
represents the capture and storage of carbon from the atmosphere,
and a significant component of the long-term carbon cycle (Ridgwell
and Hargreaves, 2007). A recent study indicates that carbon
sequestered through pelagic sediments has become the dominant
source of the deep carbon cycle since the early Cenozoic, peaking
at ~277 Mt C/yr of carbonate carbon flux at present, out of a
total deep carbon input of 311 Mt C/yr across the oceanic plate
system (Miiller et al., 2022). These computations are based on
the global carbonate compensation depth (CCD) estimates of Boss
and Wilkinson (1991). The CCD is defined as the water depth
at which the supply of carbonate is balanced by its dissolution,
leading to the absence of carbonate-bearing sediments below the
CCD (Lyle, 2003; Rea and Lyle, 2005). The amount of carbonate
deposited in deep-sea sediments over time is critically linked to CCD
variations over geological time because the position of the CCD
determines the area of seafloor available for carbonate sedimentation
(Dutkiewicz et al., 2018). Factors affecting carbonate burial, such as
ocean saturation state and alkalinity feedback, the biological pump,
and atmospheric CO,, exhibit strong links to CCD shifts (Xiao et al.,
2024). All these factors result in significant variability of the CCD
between ocean basins (e.g., Campbell et al., 2018; van Andel, 1975;
Xiao et al., 2024). For example, Campbell et al’s (2018) results
indicate that the CCD has varied by ~300 m in the equatorial Pacific
Ocean since the Pliocene, whereas the equatorial Indian Ocean
has experienced fluctuations of ~1km during the same period.
Recent reconstructions of regional CCDs within the Atlantic Ocean
demonstrate that the CCD can differ contemporaneously by as
much as 1.2 km even within a single ocean basin due to regional
variabilities in productivity and ocean chemistry (Dutkiewicz
and Miiller, 2022). This highlights the importance of regional
CCD reconstructions for robust calculations of deep-sea carbonate
storage across the global ocean, which provide significantly more
accurate inputs for solid Earth carbon cycle modeling (e.g.,
Miller et al.,, 2022). To date, such detailed computations have
only been carried out for the Atlantic Ocean (Dutkiewicz and
Miiller, 2022).

The Pacific occupies a vast area of the Earth’s total surface
covered by oceans, and plays a critical role in the recycling of carbon
via its associated network of subduction zones (Miiller et al., 2022).
Yet, despite its latitudinally-variable accumulation of carbonate
(Lyle, 2003) related to productivity (Pennington et al, 2006),
upwelling (Gray et al, 2018), oceanic gateway configurations
(Straume et al., 2020), geochemistry (Ma et al., 2018) and deep
water circulation (Yin et al., 2022), our understanding of regional
long-term variations of the CCD and carbonate flux throughout
the Pacific is incomplete. The eastern equatorial Pacific is the only
region that has been extensively studied (e.g., Campbell et al,
2018; Komar and Zeebe, 2021; Leon-Rodriguez and Dickens, 2010;
Pilike et al., 2012; Rea and Lyle, 2005; van Andel, 1975), exhibiting
slightly divergent CCD reconstructions for this region spanning
the Cenozoic. Limited low-resolution CCD reconstructions based
on a small number of deep-sea drill sites also exist for the
northwestern Pacific (Rea et al., 1995) and the southeastern Pacific
(Rea and Leinen, 1986). However, in the absence of regional
CCDs, the high-resolution CCD of Pilike et al. (2012) in an
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unusually high-productivity region of the eastern equatorial is
usually taken to represent the entire Pacific. Here, we present new
CCD reconstructions for six regions of the Pacific spanning the
Neogene and examine the influence of climate and oceanography
changes on carbonate burial and CCD variability over time. The
new CCD models will improve constraints on deep carbon cycling
computation across the Pacific Ocean.

2 Methods and procedure
2.1 Drill sites and data sources

Our analysis uses 92 scientific ocean drilling sites from the
Pacific Ocean (Figure 1), comprising 44 Deep Sea Drilling Project
(DSDP) sites, 40 sites from Ocean Drilling Program (ODP) and 8
sites from Integrated Ocean Drilling Program (IODP). Drill sites are
primarily located on oceanic crust, with nine sites on continental
crust at water depths greater than 1,100 m (Supplementary Material,
Table 1). These were chosen based on complete data availability
consisting of good core recovery, reliable age-depth models,
CaCO; content, and dry bulk density measurements from http://
deepseadrilling.org/, http://www-odp.tamu.edu/ and http://web.
iodp.tamu.edu/LORE/ databases (accessed November 2022-July
2023). Age-depth models were obtained from the Neptune Sandbox
Berlin (NSB; https://nsb.mfn-berlin.de/, Renaudie et al., 2020;
accessed January—March 2023). The NSB data are also available as an
archive at https://zenodo.org/records/10057363. For drill sites where
the NSB database lacked age-depth models, age-depth plots from
Lyle (2002) and initial reports were used. All age-depth models were
converted to the Gradstein et al. (2020) timescale. All input data files
are available via https://doi.org/10.5281/zenodo.15116747 and the
digital supplement.

Significant portions of the South Pacific and central North
Pacific have not been sampled because scientific ocean drilling
expeditions predominantly focus on deep basins with high probable
carbonate content (Wade et al., 2020). Hence, our study includes
relatively few deep-sea drill sites from these regions.

2.2 CCD reconstruction

In order to reconstruct the regional CCDs, we split the
Pacific Ocean into six regions (western North Pacific, eastern
North Pacific, western tropical Pacific, eastern equatorial Pacific,
western South Pacific and eastern South Pacific; Figure 1)
following Lyle’s (2003) approach based on careful considerations
of north-south and west-east oceanographic variations such
as carbonate productivity and the thermocline. This approach
aligns with our assessment of regional CCD reconstructions,
ensuring a division of the Pacific into sub-regions based on distinct
oceanographic domains.

For computing the CCD through time, we use the workflow
developed by Dutkiewicz and Miiller (2021), age-depth models
and lithological data from each drill site, and pyBacktrack
1.4 software (Miiller et al., 2018) to backtrack each site and
compute the paleowater depth (Supplementary Material, Figure 1).
Paleobathymetry is computed by isostatically decompacting the
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sediment column for each drill site while considering the effects
of tectonic subsidence (Sclater et al., 1985) on both oceanic
and continental crusts, time-dependent dynamic topography
(Braz et al., 2021) and eustatic sea level (Haq et al, 1987) as
modified by Miller et al. (2005), following Braz et al. (2021).
Lithology-specific decompaction of the sediment column was
carried out in 10m intervals or less in order to capture
lithology variations using the lithology library in pyBacktrack 1.4
(Miiller et al., 2018).

We combine the paleowater depths with computations of
carbonate accumulation rates (CAR) from multiple drill sites in
each region to reconstruct the CCD through time. For each drill
site, the CAR value is computed by multiplying the weight %
of CaCO; of a sample by its dry bulk density and the linear
sedimentation rate (Lyle, 2003). All data on carbonate content (with
an average error of <0.8%) and dry bulk density are provided in
Supplementary Material. For each drill site, the CAR values are
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partitioned into 1 Myr-wide moving window and 0.5 Myr time
steps. For times where data points are sparse, the CAR values
are averaged into a 1 Myr-wide moving window with 1 Myr time
steps. We follow Campbell et al. (2018) method and use a linear
reduced major axis regression on the CAR values versus paleo-water
depth, while also detecting using GMT 6.4.0 gmtregress (https://
docs.generic-mapping-tools.org/6.4/gmtregress.html; Wessel et al.,
2019) to define the CCD for each time step, at 95% confidence.
It is essential to exclude statistical outliers when combining data
from many sediment cores across broad oceanic regions. Since
the CCD is inferred as the depth at which CAR approaches zero,
the presence of anomalously high CAR values at great depths, or
small accumulation rates at shallow depths, produce outliers which
can bias the slope and intercept of regression models, resulting
in unrealistic or physically implausible CCD estimates. Outliers
often reflect local rather than regional processes. These may include
enhanced or anomalously low carbonate productivity or reworking
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TABLE 1 Comparison of published present-day CCD reconstructions and this study.

CCD (m) at CCD at 0 Ma CCD at 0 Ma CCD at 0 Ma CCD at 0 Ma CCD at 0 Ma
0.5 Ma (this (this study) ( ( (
study) ) ) )
western North 3,624 + 174 3,688 + 377 n.d. 4,000 + 300 n.d. ~2,400*
Pacific
eastern North Pacific 4,473 + 230 4,384 + 142 4,422 + 990 n.d. n.d. n.d.
western tropical 4,499 + 568 n.d. 4,671 + 400 4,500 + 400 4,500 + 300 n.d.
Pacific
~4,600°
) 4650°
eastern equatorial central: 4,432 + 386
R 4,225 + 161 4,192 + 326 5,100 + 400 4,600 = 100
Pacific eastern: 3,895 + 377 4
~4,550'
~4,400°
western South 4,357 + 54 n.d. 4,320 + 308 n.d. ~3700-4800° n.d.
Pacific
eastern South Pacific 3,670 + 499 n.d. 4,036 + 195 n.d. n.d. ~4,0008

Note: Computation of the present-day CCD in the western tropical Pacific and western and eastern South Pacific is not possible due to disturbed or missing core tops at older drill sites.
Therefore, for these regions, the CCD at 0.5 Ma is taken as the closest estimate. n.d., not determined.

*Variable CCD values across the western South Pacific.
PRea et al. (1995).

“Lyle (2003).

dpilike et al. (2012).

¢Campbell et al. (2018).

fKomar and Zeebe (2021).

8Rea and Leinen (1986).

of sediments. Their exclusion from regional analyses is important to
avoid violating assumptions of regional environmental homogeneity
and erroneous generalizations about basin-scale CCD evolution.

To estimate the CCD, we assume that CAR approaches zero due
to a progressive increase in dissolution below the lysocline (Lyle,
2003). Therefore, the y-intercept of the regression line determines
the CCD at each time step (Figure 2). However, it should be noted
that the variability in the shape of the lysocline over time, driven
by changes in rates of surface carbonate productivity (Broecker,
2008) and dissolution (Broecker, 2008; Pilike et al., 2012), remains
poorly understood. For instance, Broecker (2008) highlighted a
greater offset between the carbonate undersaturation and saturation
horizons at higher carbonate burial rates compared to the smoother
transition of the saturation horizon at lower carbonate deposition
rates. Furthermore, determining carbonate dissolution rates in deep-
sea sediments presents challenges due to insufficient knowledge of
the different factors involved, such as the hydrodynamic boundary
layer’s (bottom water layer) role in resisting seafloor dissolution and
the duration over which carbonate can resist dissolution on the
seafloor. Thus, our computations follow the simple linear regression
approach of Pilike et al. (2012) and Campbell et al. (2018).

Linear reduced major axis regression analysis is employed
to account for uncertainties both in the CAR value and in the
paleowater depth. The primary uncertainty in CCD reconstruction
arises from paleobathymetry computations, while additional
sources of uncertainty include sediment decompaction, the presence
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of unconformities, and carbonate measurements (Dutkiewicz et al.,
2018). The total uncertainty resulting from regression analysis
for each reconstruction time and sub-region reflects various
error sources such as age-depth errors, carbonate content,
and sedimentation rates (see also Dutkiewicz et al., 2018;
van Andel et al., 1975). Additionally, following a similar approach
to Dutkiewicz and Miiller (2022), we consider a cutoff for CAR
values of <1,500 mg/cm?/kyr for paleo-water depths <2.5 km (i.e.,
water depth above the mid-ocean ridge). CAR values exceeding
2,000 mg/cm?/kyr at paleo-water depths >4.5 km are also excluded
following the approach of Dutkiewicz and Miiller (2022), because
they represent anomalies related to processes such as downslope
transport of carbonate sediments.

We perform a linear regression on CAR values versus paleo-
water depth (Figure 2) using three approaches, incorporating two
recently published dynamic topography methods. The first approach
uses the “D10” dynamic topography model (Braz et al., 2021)
combined with eustatic sea level from Haq et al. (1987) with
modifications by Miller et al. (2005). The second approach uses the
“M6” model, which is a dynamic topography model from which
long-term sea-level fluctuations are computed (Miiller et al., 2018),
while the third approach excludes the effects of dynamic topography
and sea level. Our preferred model, D10 (a compressible mantle
flow model) was used because it accounts for mantle plumes, which
are essential for Pacific dynamic topography estimations due to the
significant mantle upwelling in the Pacific.
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FIGURE 2
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Examples of CCD computations using linear reduced major-axis regression analysis with outlier detection. This regression analysis includes the
dynamic topography model D10 (Braz et al., 2021). The CCD is defined by the carbonate accumulation rate (CAR) values extrapolating to zero as a
function of the paleowater depth (i.e., the y-intercept). Data points (blue and red circles) represent multiple drill sites at each time interval. Red circles
represent outliers. Gray band indicates 95% confidence envelope. Note that the slope of the line is only used to determine the location of the CCD
Multiple times have been excluded from the analysis due to insufficient data to generate regression plots. Our robust regression approach detects
outliers based on the mean of the squared residuals across three thresholds: the standard approach identifies outliers for the absolute value of
standardized residuals >2.5, with two narrower thresholds set at >1.5 and >0.5. We also examine the standard regression analysis without identifying
outliers, particularly in cases of oddly distributed sparse data points, where three thresholds of outlier detection result in incorrectly identified outliers

(Continued,
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FIGURE 2 (Continued)
(by visual inspection). For example, during the time interval centered at 19.5 Ma in the eastern equatorial region, regression analysis identified drill

sites DSDP 70, 574 (and 574-hole C) as outliers due to deviations in CAR values from the standardized residuals (>2.5). Sites 574 and 574C exhibited
anomalously high CAR values exceeding 2,600 mg/cm?/k.y at a paleowater depth of ~4.2 km. These anomalies fell outside the CAR value cutoff for
exclusion through the computational analysis. Site 70 is represented at this time by two distinct CAR values: CAR value 99 mg/cm?/ky at a
paleowater depth of 4,580 m and CAR value 1,109 mg/cm?/ky at a paleowater depth of 4,571 m, with the latter value reflecting a notable CAR
anomaly considering the relatively similar paleowater depth at the same sampling window with the CCD located at a paleowater depth of ~4.6 km
While these sites were consistently flagged as outliers in earlier intervals before 19.5 Ma, only site 574 continued to exhibit anomalies after 19.5 Ma.
Site 574 (and 574C) exhibited higher CAR values during the early Miocene despite being located farther from the narrow equatorial high-productivity
zone compared to other drill sites, such as site 573 (with significantly lower CAR values < 1,100 mg/cm?/k.y at a shallower paleowater depth ~3.8
km). The anomalously high CAR values at these drill sites during this time period may be attributable to downslope carbonate transport processes.

The regression analysis without accounting for outliers at this time interval resulted in a ~100 m shallower CCD.

3 Results: regional CCD
reconstructions in the Pacific

The Pacific CCD of van Andel et al. (1975) over the Cenozoic
generally tracks the global CCD variations (e.g., Boss and Wilkinson,
1991; Delaney and Boyle, 1988). Van Andel et al. (1975) described
the CCD in the equatorial Pacific as distinct from the entire
Pacific CCD since 50 Ma, primarily in terms of the magnitude
of fluctuations (~500 m deeper), which aligns with the overall
trend of the equatorial Pacific CCD of Berger (1973). However,
our results show significant regional variability in the CCD
fluctuations across the entire Pacific Ocean, highlighting the
shortcomings of a single representative CCD over the entire Pacific
(Figures 3, 4, 6). However, given that the eastern equatorial CCD
is the most detailed and intensely studied CCD in the Pacific
(Campbell et al., 2018; Lyle, 2003; Pilike et al., 2012), and is
also well-defined in our reconstructions, we explore regional CCD
changes in the Pacific in relation to the CCD model of the eastern
equatorial area.

3.1 North Pacific CCD modeling

3.1.1 Eastern North Pacific

Due to data scarcity, our CCD reconstruction in the eastern
north area cannot extend before the middle Miocene, as the
regression analysis fails to provide the CCD estimates. During
the late middle Miocene, considering the associated errors of
~+100-700 m, rarely exceeding ~1 km, the CCD in this region is
relatively shallow, between ~3.2 and 3.9 km (Figure 3A), compared
to the much deeper CCD of ~4.4-4.8km observed in the
eastern equatorial region during this interval (Figure 4A). However,
the CCD of ~3.5km at ~8.5Ma gradually deepens, reaching a
maximum depth of ~4.5 km in the Pliocene in this region. Since
4.5 Ma, the CCD model exhibits a lower level of uncertainties
(<+400 m) compared to uncertainties of earlier segments (~+700 m
and occasionally > +1 km). The CCD has remained relatively stable
between ~4.3 and ~4.4 km since 4 Ma. The present-day CCD in
the eastern North Pacific, at ~4.3 km, is comparable with the
modern CCD of ~4.4 km determined by Sulpis et al. (2018) for
this region (Table 1).

3.1.2 Western North Pacific

In the western North Pacific, our model estimates the CCD
at ~4.2 km by ~19 Ma, which gradually shoals to ~3.4 km during
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the middle Miocene, as also indicated by Rea et al. (1995),
Figure 3B. The middle Miocene shallow CCD is followed by a
series of smaller deepening and shoaling episodes (ranging between
~3.5-4 km) towards the Pliocene, which broadly correlates with
the shoaling trend of the CCD observed by Rea et al. (1995)
for this region within this period. The western North Pacific
CCD remains at ~3.8-3.9 km between 12 Ma and 8.5 Ma, with
no evidence for the sharp CCD shoaling attributed to well-known
carbonate crash of the late Miocene in the eastern equatorial
region (e.g., Lyle et al, 1995). The CCD has remained shallow
since the Pliocene, varying between ~3.4 and 3.7 km, with smaller
uncertainties (<+200 m) than prior to the Pliocene (up to ~+700 m).
In this study, the present-day CCD of the western North region, at
~3.6 km, appears to be the shallowest modern CCD modeled in
all the regions of the Pacific. This is consistent with Zhang et al’s
(2022) findings of a shallower CCD (~4km) in this region
compared to a CCD of ~5.1 km and ~4.5km in the western
and central equatorial Pacific, respectively (Table 1). The shallow
CCD from our model is much deeper (~1.2 km) than Rea et al’s
(1995) estimate of present-day CCD of ~2.4km in the western
North Pacific.

3.2 Eastern equatorial Pacific CCD
modeling

The CCD across the eastern equatorial Pacific has been the
subject of multiple reconstructions (e.g., Campbell et al., 2018; Lyle,
2003; Pilike et al., 2012). Our eastern equatorial CCD spans 35 Ma
to 0 Ma and exhibits a comparable long-term trend with that of
Berger (1973), van Andel (1975), Lyle (2003), Palike et al. (2012)
and Campbell et al. (2018), with some differences in short-term
fluctuations (Figure 4A). Our regression analysis indicates the early
Oligocene CCD deepening from ~4 km at ~35 Ma to ~4.6 km at
~31.5 Ma. The deep CCD throughout the Oligocene experiences
some modest fluctuations (~300 m) up to the early Miocene. The
CCD shoaling between 19 and 16 Ma (Figure 4A), agrees with
that modeled by Pilike et al. (2012) and Lyle (2003). After 16 Ma,
the CCD deepens to ~4.8 km by 12 Ma, the deepest Cenozoic
CCD in this region. In the latest Neogene, the CCD shallows to
~4 km. Previously modeled shallow CCD maxima in the latest
Neogene (e.g., Campbell et al., 2018; Lyle et al., 1995; Pilike et al.,
2012) are observed in our model at 10-9 Ma and 7-6.5 Ma, along
with the shoaling episode in the Pliocene-Pleistocene (reaching
~3.9 km by 2.5 Ma).
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FIGURE 3

CCD reconstructions for the North Pacific spanning the last 20 Ma, covering the regions defined in Figure 1, including (A) eastern North Pacific and (B)
western North Pacific. The northwest Pacific CCD curve from Rea et al. (1995) is shown in (B). Solid black line is the portion of the CCD reconstructed
using regression analysis, and error bars indicate uncertainty represented by the gray envelope as shown in Figure 2. The timing of Miocene Climate
Optimum (MCO) from Westerhold et al. (2020) and the Miocene Carbonate Crash (MCC) in the equatorial Pacific from Lyle et al. (1995). Timing of ocean
gateway closing from Schmittner et al. (2004) for the Panama Gateway, and from Bahr et al. (2023) and Kuhnt et al. (2004) for the Indonesian Seaway.

Our present-day CCD of ~4.2km in the eastern equatorial
region is in good agreement with independent estimates such
as ~4.4km for the central equatorial Pacific from Sulpis et al.
(2018), ~4.6 km from Bostock et al. (2011), and ~4.6 km from
Pilike et al. (2012) (Table 1).
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3.2.1 Reproducibility of the eastern equatorial
CCD reconstruction

The CCD reconstruction of Pilike et al. (2012) for the
eastern equatorial region extending back to the early Eocene is
extremely detailed and shows major and frequent fluctuations on
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FIGURE 4
CCD reconstructions for the equatorial Pacific spanning the last 35 Ma, covering the regions defined in Figure 1, including (A) eastern equatorial Pacific
and (B) western tropical Pacific. Regional CCD curves from published studies are shown in A. Solid black line is the portion of the CCD reconstructed
using regression analysis, and error bars indicate uncertainty represented by the gray envelope as shown in Figure 2. The timing of Eocene/Oligocene
Transition (EOT), Oligocene/Miocene Transition (OMT), Miocene Climate Optimum (MCO), and the Southern Hemisphere (SH) glaciation from
Westerhold et al. (2020). Approximate timing of the Miocene Carbonate Crash (MCC) in the equatorial Pacific from Lyle et al. (1995). Timing of ocean
gateway opening and closing from Eagles and Jokat (2014) for the Drake Passage, from Straume et al. (2020) for the Tasmanian Gateway, from
Schmittner et al. (2004) for the Panama Gateway, and from Bahr et al. (2023) and Kuhnt et al. (2004) for the Indonesian Seaway.

250 kyr timescales. However, their analysis does not include a
computation of uncertainties, which prohibits an evaluation of
the true significance of some of these fluctuations. Because the
Pilike et al. (2012) reconstruction used a similar approach to ours
we are able to reproduce their CCD and show that their errors
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are large and comparable to those in our model, which includes
a subset of drill sites used in the Pilike et al. (2012) dataset. In
order to assess the associated errors in Pilike et al’s. (2012) model,
we reconstruct the CCD based on the authors’ dataset. We use
our preferred regression analysis, together with three alternative
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FIGURE 5
Assessment of uncertainties in the eastern equatorial Pacific CCD model of Palike et al. (2012), which was reported without errors (blue curve) and
without details of their regression method. Our re-assessment is based on carbonate accumulation data (CAR) and paleo-water depths used by
Palike et al. (2012) and applies four different regression methods to produce a CCD curve (orange line) with an uncertainty envelope (light orange). (A)
LSR—least squares with reduced axis regression calculating errors on the x-axis (CAR) and the y-axis (paleo-water depth), (B) LSY method—least squares
regression computing errors on the y-axis, (C) LWR—weighted least squares with reduced axis regression and outlier detection, (D) LWY—weighted
least squares with outlier detection and error computation on the y-axis. Note that LWR results in the best match to the published curve of Palike et al
(2012) with a large error envelope between 33 Ma and O Ma. Smaller errors prior to 33 Ma reflect fewer data points used in the regression.

methods (Figure 5) to find the regression method that best fits the
Pilike et al. (2012) CCD curve because the exact method that they
used is not described. Similar to Campbell et al. (2018), we were
not able to reproduce the Pilike et al. (2012) CCD exactly using
their dataset, but we find a close match with the published curve
using the least squares with reduced axis regression (LSR; Figure 5A)
and the standard least squares regression with y-axis errors only
(LWR; Figure 5C). However, the uncertainties are substantial for
the period 33-0 Ma, ranging between +100 m and +1,783 m (mean
= +490 m) for LSR, and +35m to +1,750 m (mean = *355m)
for LWR. The LSY method produces a relatively poor match with
the published curve and relatively large errors (Figure 5B), while
the LWY regression (Figure 5D) produces smaller errors but worse
fit than either LSR and LWR. The uncertainties for older times
are smaller because fewer data points are used in the regression,
resulting in tighter fits to sparse data. However, this does not imply
that the model is more accurate, as regressions based on sparse
data points reduce the confidence in resulting interpretations, which
should be used with caution.
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Our eastern equatorial CCD broadly tracks Pilike et al's. (2012)
CCD, with a slight divergence from the Oligocene to the early
Miocene and a notable decoupling between the late Pliocene and
the Pleistocene (Figure 4A). The disparity in these results can be
attributed to a larger dataset of drill sites used in our CCD model
versus that of Pilike et al. (2012) for this region. However, the
uncertainties in our CCD are generally smaller (+75-345 m; mean
= +184 m) than those calculated for the Pilike et al. (2012) CCD.
Our results illustrate that CCD fluctuations over timescales less than
~0.5 million years are typically within the errors of the data used for
this purpose, even if high-resolution stratigraphic data are used, and
irrespective of the type of regression analysis.

3.3 Western tropical Pacific CCD modeling
In the western tropical region, the CCD between 32 Ma and

29 Ma is inferred to have deepened from ~3.2 to 3.9 km within
this period (Figure 4B). The CCD drop at the beginning of the
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Oligocene shows a delay of ~2 Ma in the western tropical region
compared to the eastern equatorial area. The CCD of ~3.2km
during the latest Oligocene deepens to ~4 km toward the early
Miocene. Compared to other regions of the Pacific, the western
tropical area has experienced significant CCD fluctuations during
the Neogene, although the uncertainties are quite large (up to
~+700 m). Throughout the Miocene, the western tropical Pacific
exhibits various CCD fluctuations, marking a significant deepening
between 12.5 Ma and 10.5 Ma, succeeded by a lowered CCD in
the late Miocene. Notably, an ~0.5-1 km shallower CCD compared
to the eastern equatorial Pacific is evident in this region during
the latest Miocene. This is followed by a CCD deepening in the
early Pliocene and a shallower CCD during the latest Pliocene.
Since the Pleistocene, there has been a gradual deepening of the
CCD to ~4.5km at 0.5Ma. The 0.5Ma CCD from our study
is comparable with the present-day CCDs of ~4.5-4.6 km from
Sulpis et al. (2018), Zhang et al. (2022), and Bostock et al. (2011)
across this region (Table 1).

3.4 South Pacific CCD modeling

3.4.1 Eastern South Pacific

Data limitation makes it challenging to compute the CCD
prior to the middle Miocene using regression analysis. The CCD
in the eastern South Pacific has remained above ~4 km since the
middle Miocene (uncertainties are generally < +300 m, Figure 6A).
Similar to the CCD shoaling of the eastern equatorial region,
this area shows a shallower CCD between 19.5 Ma and 17 Ma
(~3.5-3.6 km) compared to the middle Miocene segment, followed
by a significant shoaling to ~3.2 km at 10.5 Ma. The CCD deepening
reconstructed between 15 Ma to 11 Ma across the equatorial region
(Lyle, 2003; Pilike et al., 2012; and this study; Figure 4A) correlates
with the CCD shoaling (~700 m) in this region. While the data
are insufficient between 10.5 Ma to 8.5 Ma to generate regression
plots, interpolation suggests a deepening CCD, reaching around
4km by 8.5Ma. The CCD has remained shallow since the late
Neogene, ranging between ~3.6 and 3.9 km, with minor fluctuations,
consistent with the CCD of Rea and Leinen (1986). Our modern
CCD at 0.5 Ma is ~400 m shallower than the present-day CCD of
Sulpis et al. (2018) and Rea and Leinen (1986) estimated to be
~4 km (Table 1).

3.4.2 Western South Pacific

Owing to the complexity of the seafloor topography and
deep ocean circulation in the western South Pacific over time
(Bostock et al., 2011), it would be advantageous to reconstruct
the CCD at sub-basin scales in this region. However, sparse data
coverage only allows us to model the CCD for the entire western
South Pacific. Our CCD model is confined to the late Neogene
(Figure 6B). The late Miocene CCD is between ~4.1 and 4.2 km, with
no evidence of shoaling that is associated with the eastern equatorial
Pacific between ~12 Ma and 8 Ma (Figure 4A). A brief CCD rise of
~300 m from 7.5 Ma to 6.5 Ma coincides with a shoaling episode of
the eastern equatorial Pacific (Figures 4A, 6B). A CCD of ~4.3 km at
0.5 Ma is significantly deeper than that of the eastern south region
(~3.6 km).
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4 Causes of regional CCD variations in
the Pacific over the Neogene

Our CCD reconstructions provide new insights into regional
CCD variations across the Pacific since the early Miocene,
particularly in the equatorial region that includes the first CCD
model for the western tropical Pacific. Distinct CCD fluctuations
in the western and eastern equatorial regions of the Pacific
(Figures 4A,B) highlight the importance of longitudinal CCD
variability beyond the previously discussed latitudinal gradient
(Lyle, 2003). Previous studies (Campbell et al., 2018; Lyle, 2003;
Palike et al., 2012) have documented the eastern equatorial Pacific
CCD evolution in detail. However, our complementary western
tropical CCD model represents a new CCD reconstruction in
this region (Figure 4B), revealing two significant (~1 km) CCD
deepening pulses from the early Oligocene to the early Miocene
not seen in the eastern equatorial region. The first deepening,
from ~3.2 km at 30.5 Ma to ~4 km at 29 Ma, remains enigmatic.
It cannot be linked to regional gateway modifications due to a
lack of any significant changes in tropical Pacific gateways before
the Miocene (Lyle et al., 2008), nor to the early Oligocene East
Antarctic glaciation, as this continental glaciation did not lead to
deep ocean circulation changes or associated cooling (Lear et al.,
2000; Mackensen, 2004). Further constraints from additional drill
sites with reliable age models covering the earliest Oligocene, which
are currently not available, are essential to determine whether
this shift represents a regional response to primary carbonate
productivity (e.g., Lyle et al., 2008; Moore Jr et al., 2004; Van Andel
and Moore Jr, 1974).

The second CCD deepening in this region, from ~3.2km
at 23.5Ma to ~4.1km at 20.5 Ma following a gradual rise, may
be associated with the significant growth of West Antarctic Ice
Sheet (WAIS) at this time. A recent study by Klages et al. (2024)
based on Earth system and ice sheet models, utilizing multiproxy
data from both terrestrial and marine microfossils from West
Antarctica’s Pacific margin, revealed that the West Antarctic ice
sheet initially expanded into the marine realm at ~26 Ma, lagging
the East Antarctic glaciation by ~7-8 Ma. A delayed response
to this late Oligocene growth in Antarctic ice sheet has also
been observed in ocean cooling of ~1°C after ~24 Ma based
on geochemical proxies (Billups and Schrag, 2002). Thus, the
western tropical CCD deepening after ~24 Ma may be ascribed
to the ocean’s delayed cooling in response to the late Oligocene
WALIS, coinciding with a notable decrease in atmospheric CO,
during the earliest Miocene (Honisch et al., 2023). Our results
suggest that the early Miocene Antarctic Bottom Water (AABW)
formation (Woodruff and Savin, 1989), following the expansion
of the WAIS and its northward flow along the western South
Pacific, may have impacted the western tropical Pacific during the
earliest Miocene. This glacial cooling may be incorporated with low
sea surface temperature (SST) affected by the distributed Western
Pacific Warm Pool (WPWP) to the Indian Ocean during this
time, resulting in this early Miocene CCD deepening. Episodes
of higher nutrient concentration favoring carbonate productivity
(small-size coccolith production) in the western tropical Pacific over
the Miocene correspond to cooling and a shallower thermocline
affected by the Western Pacific Warm Pool (WPWP) dynamics
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FIGURE 6

CCD reconstructions for the South Pacific spanning the last 20 Ma, covering the regions defined in Figure 1, including (A) eastern South Pacific and
(B) western South Pacific. The southeast Pacific CCD curve from Rea and Leinen (1986) is shown in A. Solid black line is the portion of the CCD
reconstructed using regression analysis, and error bars indicate uncertainty represented by the gray envelope as shown in Figure 2. The timing of
Miocene Climate Optimum (MCO) from Westerhold et al. (2020) and the Miocene Carbonate Crash (MCC) in the equatorial Pacific from

Lyle et al. (1995)

(Imai et al, 2015; Yuwono and Sato, 2020). During the early
Miocene, when the Indonesian Seaway was still open, the Indo-
Pacific water exchange and westward WPWP flow to the Indian
Ocean created a shallow thermocline across the western tropical
region (Von Der Heydt and Dijkstra, 2011), which could possibly
contribute to carbonate accumulation. The role of the thermocline
in calcareous biogenic productivity across the western tropical and
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western North Pacific during the Miocene and Pliocene (Imai et al.,
2015; Pratiwi and Sato, 2016) suggests that it may have played a
major role in driving CCD variations in the western tropical Pacific
since the Miocene. For instance, the cooling and shoaling of the
thermocline and enhanced water mixing across the western tropical
Pacific since 4 Ma, with intensified episodes between ~3.1 Ma
and ~0.7 Ma (Dang et al., 2024), agree with our modelled CCD
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deepening from ~3.8 km at 3 Ma to ~4.5 km at 0.5 Ma in this region.
The western tropical Pacific thermocline and its vertical changes,
affected by the East Antarctic glaciation and the progressively
reduced Indo-Pacific water exchange through the Indonesian
Seaway constriction during the Miocene (Gallagher et al., 2009;
Gasperi and Kennett, 1993; Nathan and Leckie, 2009), and its effect
on the CCD variability of this region require further investigation.

Although Imai et al. (2015) described a similar effect of the
thermocline changes on carbonate production in the western North
Pacific over the Neogene, the inferred timing by the authors (e.g.,
shoaling of the thermocline since 5 Ma) does not exhibit a clear
pattern correlative with our western North Pacific CCD fluctuations.
In the middle Miocene, a CCD shoaling in the western North
Pacific, peaking at ~3.5 km between 15 Ma and 14.5 Ma (Figure 3B),
could be associated with the Miocene Climate Optimum (MCO:
17-14 Ma; Westerhold et al., 2020). Holbourn et al. (2014) used
benthic foraminiferal isotope signatures from the eastern equatorial
Pacific during the MCO combined with astronomically tuned
8'80 and 8"C proxies from the southeast and northwest Pacific
covering the same interval from an earlier study (Holbourn et al.,
2007) to suggest that the Southern Hemisphere warming led to an
~5 °C increase in Pacific deep ocean temperature between 15.7 and
14.7 Ma, which in turn resulted in enhanced deep-sea carbonate
dissolution and a CCD rise. According to the authors, carbonate
preservation recovered during the next cooling phase at ~13.8 Ma,
associating with Antarctic ice sheet expansion, which correlates with
a reduction in atmospheric CO, (Honisch et al., 2023). This pattern
and subsequent recovery are reflected in a CCD shoaling within
MCO, peaking at ~3.5 km between~15 and ~14.5 Ma, followed by a
deepening to ~4 km at 13.5 Ma in our model from the western North
region. A recent study by Holbourn et al. (2024) based on a multi-
proxy record from Site U1490 in the western equatorial Pacific shows
an increased carbonate accumulation over the MCO followed by a
decrease during the Middle Miocene Climate Transition (MMCT).
These excursions agree with our CCD model for the western tropical
Pacific (Figure 4B), which shows a CCD deepening from ~3.6 km
at ~16.5 Ma to ~4.1 km at its end, followed by a short-lived CCD
shallowing to 3.5 km at the start of the MMCT. Holbourn et al.
(2024) attribute the carbonate accumulation high during the MCO
to increased primary productivity, possibly related to an increase
in weathering (Bolton et al, 2016; Si and Rosenthal, 2019),
which compensated for increased carbonate dissolution related to
the increased formation and northward expansion of corrosive
deep waters in the western tropical Pacific. During the MMCT,
carbonate preservation improved due to reduced CO, uptake at
deep-water formation sites in the Southern Ocean, while carbonate
accumulation decreased (Holbourn et al., 2024) suggesting that
primary productivity also decreased at this time.

Since the late Miocene, the CCD fluctuated between ~3.4 km
and ~3.9 km in the western North Pacific (Figure 3B), which could
be linked to the impact of the Panama Gateway constriction on the
deep-water chemistry of the Pacific. At present, the Pacific deep
water is becoming enriched in dissolved silica, while displaying
relatively low carbonate ion concentrations as deep water flows and
ages toward the North Pacific (Zhang et al., 2022). This northward
silica gradient across the Pacific mirrors the late Miocene pattern,
following the formation of AABW and its northward flow to the
North Pacific (Woodruff and Savin, 1989). This silica gradient
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is triggered by reduced Atlantic-Pacific water exchange through
the restriction of the Panama Gateway and enhanced nutrient
concentration and productivity across the eastern equatorial Pacific
(Schneider and Schmittner, 2006). Productivity increases result
in opal sedimentation due to faster rain of opal and its higher
preservation compared to carbonate (Lyle and Baldauf, 2015).
Recycling and dissolution of biogenic opal before complete burial
(Ragueneau et al., 2000) could result in enhanced dissolved silica
(DSi) toward the North Pacific. Additionally, Panama Gateway
constriction enhanced the North Atlantic Deep Water (NADW)
production (Butzin et al., 2011; Schneider and Schmittner, 2006)
and accompanied by Antarctic cooling, led to an increased AABW
flow to the Pacific enriched in dissolved silica (Keller and Barron,
1983), triggering the DSi pool to the North Pacific (Cortese et al.,
2004). All these occurrences have resulted in enhanced silica burial
in the western North Pacific over the late Neogene (Barron, 1998;
Rea et al,, 1995), which is reflected in the overall shoaling trend
of our CCD model since the late Miocene. We interpret this
CCD rise in relation to silica flux because diatom productivity
surpasses coccolith accumulation under relatively high nutrient
supply conditions (Litchman, 2007), and higher silica productivity
intervals coincide with carbonate dissolution (Lyle and Baldauf,
2015), which leads to a shoaling trend of the CCD. This is supported
by the stratigraphy of ODP sites 881, 882, 883 and 884 from the
western North region (Figure 1), which is dominated by post-late
Miocene diatom ooze. In addition, our CCD reconstruction in the
western North Pacific shows shoaling peaks at 6.5 Ma and 3 Ma,
which correlate with two notable peaks of silica accumulation (at
~6 Ma and ~3 Ma) in this region (Rea et al., 1995).

Our eastern equatorial CCD model shows two shallowing pulses
in relation to two major events of the late Miocene, encompassing
the carbonate crash and biogenic bloom, in this region (Figure 4A).
The first shoaling, with an onset at ~11.5Ma, corresponds to
the carbonate crash event recognized by Lyle et al. (1995) in
different parts of the eastern equatorial Pacific between 11 and
8 Ma. Lyle and Baldauf (2015) determined that this event occurred
between 13.2 and 8 Ma in the Pacific eastern equatorial region.
Our CCD reconstructions suggest that the peak of the carbonate
crash occurred between 10.5 and 9 Ma over a regional scale across
the eastern equatorial Pacific, coinciding with the lowest carbonate
preservation of ~9.7 Ma from Lyle et al. (2019). This event is reflected
in the CCD shoaling of ~800 m from ~4.8 km at 12 Ma to ~4 km
at 10 Ma in our model, ~300 m shallower than the value computed
by Pilike et al. (2012) for this period (Figure 4A). The carbonate
crash may be explained as a consequence of the Panama Gateway
constriction by enhanced carbonate dissolution due to intensified
AABW flow and corrosive water circulation to the Pacific (Lyle et al.,
1995; Roth et al., 2000). Furthermore, in the western tropical Pacific,
the CCD shoals by ~900 m, from ~4.2 km at ~11 Ma to ~3.2 km
at ~8 Ma (Figure 4B), indicating the occurrence of the carbonate
crash event in this region. This marked shift further suggests that
the equatorial region of the Pacific has experienced a substantial
response to the carbonate crash event during the late Miocene. Based
on our CCD data, we propose the initiation of carbonate crash
in the eastern equatorial Pacific at ~11.5 Ma and in the western
tropical Pacific at ~10.5 Ma. Additionally, the CCD shallowing
corresponding to the carbonate crash peaks at ~8 Ma in the western
tropical region, compared to that of the eastern equatorial of
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~10-9.5 Ma. These patterns may offer the east-west lag in the onset
and intensification of the carbonate crash. Nathan and Leckie (2009)
described a ~1 Ma delay in the initiation of the carbonate crash event
from the Caribbean to the eastern equatorial Pacific, which we argue
may have further extended into the western tropical region of the
Pacific. However, considering the 0.5 Ma resolution of our analysis,
this interpretation should be regarded with caution. We also note
a signal of this event in our model for the eastern South Pacific
expressed by a rise of the CCD from ~3.5 to ~3.2 km between 12 and
10.5 Ma (Figure 6A). The carbonate crash event was also inferred in
the eastern South Pacific by Preiss-Daimler et al. (2021) based on a
carbonate accumulation decline at ~11 Ma. The occurrence of the
carbonate crash event in the eastern South Pacific suggests that the
oceanographic effect of the Panama Gateway constriction extended
beyond the Pacific equatorial region. However, our findings indicate
that the carbonate crash may not have occurred as a basin-wide
event across the Pacific Ocean. The spatially variable expression of
the carbonate crash within the Pacific broadly corresponds to the
carbonate crash signals observed in the low-to mid-latitude Atlantic
and Indian Oceans (Liibbers et al., 2019; Preiss-Daimler et al., 2021).
Notably, our CCD model reveals no evidence of this occurrence
in the western North Pacific, where the CCD remained relatively
stable between ~3.9 and ~3.8 km from ~12 to ~8.5 Ma (Figure 3B).
Moreover, examining core sediments from deep-sea drill sites in this
region, like those from the Shatsky Rise (Figure 1), which extend
into the middle Miocene, demonstrate well-preserved carbonate
sequences predominantly composed of nannofossil ooze, with
CaCOj; concentrations averaging ~60-70% during this interval.
The subsequent CCD shallowing in the eastern equatorial
region of the latest Miocene, peaking between ~7 and ~6.5 Ma
(Figure 4A), corresponds to the late Miocene biogenic bloom
event of the eastern equatorial Pacific, which may be another
response to the Panama Gateway constriction and the resulting
differentiation in Atlantic-Pacific deep water (Farrell et al., 1995;
Lyle and Baldauf, 2015; Lyle et al., 2019; Pillot et al., 2023). The
occurrence of the biogenic bloom from our model is coeval with
the late Miocene carbon isotope shift between 7.7 and 6.4 Ma
(Drury et al, 2017). While the underlying mechanisms of the
late Miocene biogenic bloom remain debated, Pillot et al. (2023)
argue that the heterogeneous distribution of biogenic bloom (with
peak intensity at ~7 Ma) across the global ocean may be driven by
the strengthening of thermohaline circulation or intensified wind-
driven upwelling on a global scale, both influenced by climate
variability and gateway dynamics. Here, our CCD record correlates
with the highest biogenic opal accumulation rates recorded between
7.1 and 6.4 Ma from Lyle and Baldauf (2015), and between 7
and 6.5Ma from Lyle et al. (2019) in the eastern equatorial
region. Lyle et al. (2019) suggest that despite high carbonate burial
since 14 Ma (apart from the carbonate crash interval), enhanced
diatom productivity during the biogenic bloom was accompanied
by reduced carbonate accumulation across the equatorial high-
productivity region of the Pacific. Supporting this, Lyle et al’s
(2019) data indicate that an average of ~20% increase in biogenic
opal wt% corresponded with a ~20% decrease in CaCO; wt%
between ~7 and ~6.5 Ma at drill site U1338, which is part of a
cluster of eight drill sites, identified within the biogenic bloom
manifestation zone in the eastern equatorial Pacific (Pillot et al.,
2023). Within this period, opal wt% peaked at ~39%, while
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carbonate content declined to ~44%, representing a ~35% reduction
from ~7.5 Ma. These observations may suggest that enhanced
opal accumulation is captured in our CCD model by a peak
of shoaling (~7-6.5Ma) across the eastern equatorial region.
However, in the western tropical region, CCD shoaling reached
its peak between ~5.5 and ~5 Ma (~3.3-3.2 km), when the eastern
equatorial CCD deepened to ~4.5km by ~5Ma (Figures 4A,B).
The observed offset in CCD trends between the western and
eastern equatorial Pacific until ~4 Ma may reflect perturbations
between biogenic opal production and carbonate accumulation,
modulated by thermocline variability across the equator. The
thermocline shifts, influenced by the Pacific warm pool dynamics,
contributed to longitudinal asymmetry in species distribution
across the equatorial Pacific during the late Miocene (Nathan and
Leckie, 2009). Our results also represent a subsequent relative
convergence of CCD patterns across the western tropical and eastern
equatorial regions between ~4 Ma and ~1 Ma, which coincides with
a diminished west-east thermocline gradient (Wara et al., 2005)
and the disappearance of a nannofossil content gradient across
the equatorial Pacific during this interval (Bolton et al., 2010).
Nevertheless, a more comprehensive understanding of the interplay
between CCD variability, Pacific warm pool fluctuations, and the
differential contributions of opal and carbonate productivity across
the equatorial Pacific necessitates further examination of high-
resolution proxy data.

5 Conclusions

We present new models of the CCD across the entire Pacific
Ocean, split into six regions (western North Pacific, eastern North
Pacific, western tropical Pacific, eastern equatorial Pacific, western
South Pacific, and eastern South Pacific). Our results demonstrate
distinct regional variability in CCD fluctuations across the Pacific,
which differ from the reconstructed average CCD that characterizes
the overall Pacific basin. We find the deepest CCD in the eastern
equatorial area, ranging between ~3.7 and ~4.7 km prior to the
middle Miocene. In contrast, the western North Pacific region
features a relatively shallow CCD (~2.3-4 km) over the majority of
the Neogene, rarely exceeding 4 km. Coupled with the diverse CCD
changes between the eastern equatorial and western tropical regions
of the Pacific, our CCD models highlight substantial latitude-
longitude heterogeneity in carbonate flux across the Pacific Ocean
over the late Cenozoic. We interpret the CCD changes across
the Pacific regions to reflect the effect of climate variability, the
Antarctic glaciation, and the configurations of the Indonesian and
the Panama gateways on regional carbonate productivity across
the Pacific over the Neogene. Our model of the western tropical
Pacific CCD, the first of its kind, demonstrates a distinct drop at
the earliest Miocene that may be related to marine West Antarctic
ice sheet growth at 26 Ma (Klages et al., 2024), suggesting a
delayed deep ocean cooling after ~2 Ma. We propose the peaks of
CCD shoaling ~10-9.5 Ma and ~7-6.5 Ma corresponding to the
carbonate crash and biogenic bloom events, respectively, in the
eastern equatorial Pacific. These occurrences are also observed in
the western tropical region from our CCD models, which may
imply these events are characterized over the equatorial region of
the Pacific.
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Our study provides constraints on CCD perturbations on
regional scales. The particularly deeper CCD of the eastern
equatorial Pacific, compared to the western tropical and western
North regions during the Miocene, offers a caution against the
common practice of using the eastern equatorial CCD to represent
the entire Pacific (e.g., Bogumil et al., 2024; Boudreau and Luo, 2017)
in long-term carbon cycle modeling. However, there is a vital need
for future drilling targeting oceanic crust older than 60 Ma in the
western Pacific to gain deeper insights into CCD behavior during the
warm intervals of the Cretaceous and Paleogene. Additionally, future
research could focus on better constraining the CCD and carbonate
accumulation in other regions of the global ocean, noting that their
evolution is poorly-defined in the Indian and Southern oceans.
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Abstract

The carbonate compensation depth (CCD), defined as the depth in the ocean where the supply rate of pelagic carbonate is
balanced by its dissolution, provides an important parameter for estimating the amount of calcium carbonate-bound car-
bon that is stored in deep-sea sediments. The CCD is reasonably well-constrained across the Atlantic and Pacific oceans;
however, our understanding of the regional CCD evolution across the Indian Ocean is limited to very broad relationships
and a tightly confined region of the western equatorial sector. Here, we reconstruct the evolution of the CCD since the late
Oligocene in three key regions of the Indian Ocean: the western equatorial Indian Ocean, the southeast Indian Ocean, and
the Southern Ocean. We find that the CCD shows region-specific fluctuations of ~1-1.5 km over the last 15 Ma, marked
by a long-term deepening pattern from ~3.5 km in the late Oligocene to ~4.4 km in the Pliocene across the western equa-
torial region, which was at its shallowest (~3.6 km) by ~27.5 Ma, and at its deepest (~4.4 km) by ~7.5-7 and ~4.5 Ma.
In comparison, the southeast Indian and Southern oceans maintained relatively shallower CCDs, fluctuating between ~2.7
and 3.5 km and 3.4 and 4 km, respectively, since the late Miocene, consistent with the latitudinal gradient in carbonate
flux and seafloor bathymetry. We propose that CCD variability across the equatorial Indian Ocean is driven by atmospheric
CO, fluctuations, the dynamics of the Tethyan and Indonesian seaways, and the development of the Indo-Pacific water
exchange since the late Oligocene. Peaks in carbonate productivity align with the establishment of the Pacific warm pool
and the intensification of the Indian monsoons since the middle Miocene, with peak intensity contributing to the biogenic
bloom interval of the late Miocene. The new regional CCD models provide a foundation for estimating the evolution of
deep-sea carbonate carbon reservoirs across the Indian Ocean within the framework of the long-term global carbon cycle.

Introduction the CCD represents the depth in the ocean below which the

rate of carbonate dissolution exceeds the rate of accumula-

Deep-sea carbonate records are critical archives for recon-
structing the long-term dynamics of the global carbon cycle,
offering direct evidence of variations in oceanic chemistry,
carbon sequestration, and climate evolution over geologi-
cal timescales. As the dominant long-term sink of carbon,
deep-sea carbonates facilitate the transfer of surface car-
bon into the Earth’s interior via the carbon conveyor belt
(Miiller et al. 2022). The distribution of pelagic carbon-
ates is primarily controlled by the carbonate compensation
depth (CCD) (e.g., Dutkiewicz et al. 2019; Woosley 2016),
a dynamic boundary that reflects the equilibrium between
the supply of carbonate and its dissolution. This means that
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tion (Lyle 2003), making it a sensitive indicator of changes
in oceanic carbonate saturation state, surface productivity,
and deep-water chemistry (e.g., Ridgwell and Zeebe 2005).
Thus, the robust reconstruction of the CCD in global ocean
basins over time is fundamental to advancing the quantifica-
tion of long-term deep-ocean carbon storage.

Significant advances have been achieved in under-
standing CCD variations throughout the Cenozoic in both
the Atlantic and Pacific oceans, where extensive ocean
drilling efforts and high-resolution datasets have facili-
tated the development of regional CCD models (e.g.,
Dalvand et al. 2025; Dutkiewicz and Miiller 2022; Pilike
et al. 2012). In contrast, the Indian Ocean remains rela-
tively understudied despite its crucial role in global ther-
mohaline circulation by facilitating water mass exchange
between the Atlantic and Pacific oceans (Piotrowski et
al. 2009), and its major contribution to the climate sys-
tem through its tropical warm pool (Schott et al. 2009),

@ Springer
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making it a particularly sensitive domain for investi-
gating carbon-climate feedbacks. Previous CCD recon-
structions for the Indian Ocean have focused on limited
drilling records distributed across the basin, providing
generalised basin-wide CCD trends (Sclater et al. 1977,
van Andel 1975). However, the Indian Ocean exhibits
pronounced latitudinal variability in carbonate satura-
tion states (Sabine et al. 2002) and regional changes in
water mass properties (e.g., age, source, chemistry) and
carbonate distribution (e.g., Kolla et al. 1976; Zhang et
al. 2022), requiring CCD assessments at regional scales.
Existing regional CCD studies are restricted to localised
sites, such as the early Paleogene CCD from Ninetyeast
Ridge (Slotnick et al. 2015) and the late Cenozoic from
Ocean Drilling Program (ODP) Leg 115 drill sites in the
western equatorial Indian (Campbell et al. 2018; Peterson
and Backman 1990), collectively representing a small
portion of the Indian basin.

Our objective in this study is to advance CCD model-
ling by broadening the spatial scope of the analysis within
the western equatorial Indian Ocean, incorporating mul-
tiple locations in this region to refine the CCD model in
previously underexplored areas, and extending temporal
resolution back to the Oligocene. We also provide a new
assessment of CCD variability in the southeast Indian
Ocean and the Southern Ocean over the Neogene. The
outcomes of this research will support the development
of more accurate models of long-term carbon sequestra-
tion and enhance understanding of global carbon cycle
mechanisms.

Data and methods
Data compilation

To optimise regional spatial coverage while ensuring data
reliability, we identified three key regions for CCD mod-
elling: the western equatorial Indian Ocean, the southeast
Indian Ocean, and the Southern Ocean. These regions are
defined based on the distribution of drill sites reliable for
pelagic carbonate system studies, and are representative
of broader oceanographic and latitudinal gradients. The
CCD modelling in the northern Indian Ocean (Bay of
Bengal and Arabian Basin) and the southwestern Indian
region is hindered by complex stratigraphic sequences
dominated by terrigenous and siliciclastic influx, turbi-
dites, and reworked sediments throughout the Cenozoic
(see also Davies et al. 1995; Kolla et al. 1976). Such dep-
ositional complexities obscure primary pelagic carbonate
records, compromise the reliability of carbonate accu-
mulation estimates, and constrain the use of regression

@ Springer

analysis. Thus, we excluded these regions from our anal-
ysis and limited our CCD reconstruction to parts of the
Indian Ocean with deep-sea drill sites containing undis-
turbed, well-preserved pelagic sequences. Similarly, the
eastern equatorial region is excluded from this study due
to the lack of drill cores suitable for regression analy-
sis. In addition, CCD modelling for the early Cenozoic
is constrained by poor Paleogene core recovery, along
with the presence of unconformities, tectonic disruption,
and bottom-water erosion, resulting in discontinuous
and disturbed sediment records across the Indian Ocean
(Davies et al. 1995; Peterson et al. 1992). Our criteria
to define the southeast Indian Ocean, spanning from
~10°S to the southern Australian margin, is based on
consistent regional hydrochemical characteristics, such
as temperature, oxygen, and nutrient distributions, within
the subtropical gyre between the hydrochemical front
(~10-15°S) and the Antarctic Polar Front (~53°S) across
the eastern Indian Ocean (Phillips et al. 2021; Wyrtki
1973). Drill sites within this region (including the Nine-
tyeast Ridge, Broken Ridge, the northwestern Australian
region, the Great Australian Bight, and the South Aus-
tralian margin) are bathed in intermediate-depth waters,
sourced primarily from Antarctic Intermediate Water
(AAIW) (Glaubke et al. 2024), with additional contri-
butions from locally formed Subantarctic Mode Water
(SAMW) (e.g., Li et al. 2021; Sallée et al. 2010). The
latter originates through convective overturning near the
Subantarctic Front south of Australia and subsequently
spreads westward into the southeast Indian Ocean (Sallée
et al. 2010). These intermediate waters are further influ-
enced by Pacific-derived water circulation (through the
Indonesian Throughflow and Tasman leakage), sharing
a similar oceanographic regime distinct from the South-
ern Ocean setting (e.g., Phillips et al. 2021; Speich et al.
2002; van Sebille et al. 2014).

We utilised 70 deep-sea drill holes from the three defined
regions selected for data availability, including lithology
core logs, age-depth relationship, and carbonate and dry bulk
density data (Fig. 1 and Supplementary Table 1). The drill
sites span expeditions from the Deep Sea Drilling Project
(DSDP), Ocean Drilling Program (ODP), and International
Ocean Discovery Program (IODP). All data (available at ht
tps://doi.org/10.5281/zenodo.15780673) were sourced from
the expeditions databases (http://deepseadrilling.org/, http:
//www-odp.tamu.edu/ and http://web.iodp.tamu.edu/LOR
E/), with age-depth models from initial/proceeding reports
and Neptune Sandbox Berlin (NSB; https://nsb.mfn-berlin.
de/, Renaudie et al. 2020; accessed February 2021), which
are calibrated to the Gradstein et al. (2020) timescale. An
archived version of the NSB dataset is also available at http
s://zenodo.org/records/10057363.
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Fig. 1 Map of the Indian Ocean showing the location of 70 drill holes
used in this study from the Deep Sea Drilling Project (DSDP), the
Ocean Drilling Program (ODP), and the International Ocean Discov-
ery Program (IODP) expeditions. Three regions for carbonate compen-

sation depth (CCD) modelling are outlined by black dashed lines. Ele-
vation shown is from ETOPO1 global relief model (https://www.ngdc.
noaa.gov/mgg/global/; Amante and Eakins 2009). Mercator projection
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Reconstructing the carbonate compensation depth
(CCD)

We compute the CCD following the method employed in
Dutkiewicz and Miiller (2021) and Dalvand et al. (2025).
Specifically, we use pyBacktrack 1.4 (Miiller et al. 2018) to
perform drill site backtracking and determine paleo-water
depth through time, including changes in dynamic topog-
raphy (Braz et al. 2021) and eustatic sea level (Miller et al.
2024). Within pyBacktrack 1.4, the paleobathymetry recon-
struction on oceanic and continental crusts involves iso-
static decompaction of sediment columns at each drill site,
accounting for the effects of tectonic subsidence (Sclater et
al. 1985; Stein and Stein 1992). For backtracking, we exam-
ine paleo-water depth computation using two age-depth
relationships from Stein and Stein (1992)-GDH-1-and from
Richards et al. (2018) along with estimates of oceanic litho-
sphere temperature and plate thickness. Although GDH-1
underestimates the subsidence of old oceanic lithosphere
compared to areas of oceanic lithosphere unaffected by
intraplate volcanism, it is more appropriate for paleodepth
reconstruction in regions like the Indian Ocean, which fea-
tures numerous oceanic plateaus, hotspot tracks, and sea-
mounts associated with thermal rejuvenation and uplift.
These areas bias the empirical data used in model fitting,
leading to enhanced flattening in the age-depth relationship
for ages older than 80 Myr. Thus, GDH-1 is utilised as the
most appropriate model for backtracking the paleodepth
of the ocean floor in this study. For backtracking, we also
perform lithology-specific decompaction of the sediment
column (from DSDP/ODP/IODP initial and proceeding
reports) at 10 m intervals or finer using the lithology library
in pyBacktrack 1.4, for which proportional estimates were
applied to mixed lithologies (Miiller et al. 2018).

At each drill site, carbonate accumulation rates (CARs)
are calculated following Lyle (2003) by multiplying the
weight% of CaCO; in a sample by its dry bulk density and
the linear sedimentation rate. CAR values from multiple
drill sites, partitioned into 1 Myr-wide moving windows
and 0.5 Myr time steps, are integrated with computed paleo-
water depths to reconstruct the CCD in the three regions.
The CCD is quantified based on the assumption that the
CAR value extrapolates to zero (Lyle 2003) below the lyso-
cline, a depth at which a noticeable increase in CaCOj; dis-
solution occurs (Broecker 2003), given the variability in
lysocline shape over time (Broecker 2008). At each time
step, following Campbell et al.‘s (2018) approach, we per-
form a linear reduced major axis regression of CAR values
against paleo-water depth to define the CCD (the y-intercept
of the regression line, Fig. 2 and Supplementary Fig. 1) at
95% confidence, following the methodology of Dutkie-
wicz et al. (2019). Outliers are detected using GMT 6.4.0
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Fig.2 Examples of regression analysis for CCD computation account- }
ing for outliers, which incorporates the dynamic topography model
from Braz et al. (2021) and the eustatic sea-level model from Miller et
al. (2024). The paleo-water depth at which the carbonate accumulation
rate (CAR) values become negligible (approach zero) with increas-
ing depth determines the CCD, corresponding to the y-intercept. The
regression plots highlight the evolution of the CCD across the western
equatorial Indian Ocean since the latest Oligocene. Blue and red data
points within each time window display data from multiple drill sites,
with red circles indicating identified outliers. The 95% confidence
envelope is depicted as a grey band. Regression plots from the south-
east Indian Ocean and Southern Ocean are provided in the Supplemen-
tary Fig. 1

gmtregress (https://docs.generic-mapping-tools.org/6.4/gm
tregress.html; Wessel et al. 2019). Additionally, adopting
the approach of Dutkiewicz and Miiller (2022), we apply
cutoffs to exclude CAR values <1500 mg/cm?/kyr at paleo-
water depths <2.5 km (above the mid-ocean ridges) and val-
ues>2000 mg/cm?/kyr at depths>4.5 km, thereby reducing
the influence of anomalous local signals such as dilution by
non-carbonate or detrital material and downslope carbonate
transport.

Results and discussion: CCD variability since
the late Oligocene across the Indian Ocean

The incorporation of the GDH-1 age-depth relationship
from Stein and Stein (1992) for backtracking the paleodepth
of the ocean floor yields higher estimates of paleo-water
depths and CCD compared to the Richards et al. (2018)
model (see Data and Methods section). This difference
reaches up to ~220 m in older intervals back to ~30.5 Ma
across the western equatorial Indian region (Fig. 3). The
GDH-1 model suggests comparatively greater depths for
older oceanic lithosphere, relative to other age-depth rela-
tionships, such as that of Richards et al. (2018), partly due
to its accounting for thermally rejuvenated seafloor, particu-
larly in regions influenced by hotspot volcanism. However,
the southeast region and the Southern Ocean demonstrate
negligible deepening up to ~50 m in the middle Miocene
intervals.

Our CCD reconstructions, which include the first CCD
models in the southeast Indian and Southern oceans, reveal
notable regional variation across the Indian Ocean, with
comparatively shallower CCDs in these southern regions
relative to the deeper estimates in the western equatorial
Indian Ocean since the late Miocene (Fig. 4b—d). These
patterns suggest substantial regional changes in carbon-
ate flux throughout the Indian Ocean, primarily driven by
surface and deep-water circulation, which appears to be the
dominant control on the carbonate system within this ocean
basin at present (Zhang et al. 2022). Here, we investigate
the evolution of the CCD across the Indian Ocean in three
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Fig. 3 Comparison of the CCD reconstructions in the western equato-
rial Indian Ocean using two oceanic basement age-depth relationships:
GDH-1 model from Stein and Stein (1992), and the model of Richards
et al. (2018) shown in (a). (b) CCD reconstructions for the western

main episodes since 30.5 Ma. Given the greater spatial and
temporal coverage of drill sites from the western equato-
rial Indian Ocean, our discussion primarily focuses on the
Oligocene and Miocene history of the CCD this region. Our
discussion of CCD variability in the southeast Indian and
Southern oceans is restricted to the late Miocene due to lim-
ited data coverage and higher associated uncertainties.

Late Oligocene to early Miocene

The Oligocene is marked by a major deepening of the car-
bonate compensation depth (CCD) by as much as 1-1.5 km,
linked to global cooling, the onset of Antarctic glaciation,
and changes in the carbon cycle (e.g., Taylor et al. 2023;
van Andel and Moore Jr 1974; Zhifei et al. 2004). However,
our CCD reconstruction in the western equatorial region
shows that the CCD was relatively shallow (~3.6—4 km;
Fig. 4b) during the latest Oligocene. Peterson and Back-
man (1990) estimated the CCD to be ~4.2 km for the same
interval (Fig. 4b) but regarded this estimate as uncertain
due to insufficient data. The shallow nature of our CCD
can be explained by examining the subsidence history of
each drill site used in the CCD reconstruction. Backtracking
of the western equatorial sites shows that the latest Oligo-
cene paleo-water depths are on average~300—400 m shal-
lower than those inferred in Peterson and Backman’s (1990)
reconstruction. Campbell et al. (2018) also demonstrated
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equatorial Indian Ocean using GDH-1 (blue line) and Richards et al.
(2018) (black line). (¢) and (d) CCD reconstructions with associated
uncertainties using GDH-1 and Richards et al. (2018), respectively

that drill sites were consistently offset to shallower depths,
by approximately 400-800 m, relative to estimates derived
from backtracking using Sclater et al.’s (1985) now outdated
subsidence model. Because these sites were at relatively
shallow water depths (between ~2.2-3.5 km; Supple-
mentary Fig. 2), they invariably yield a relatively shallow
CCD meaning that the seafloor at the sites may have been
above the CCD. Therefore, the CCD in our model should
be regarded as a minimum for this time (see dashed line in
Fig. 4b).

At the earliest Miocene, the western equatorial Indian
CCD shoals by ~300 m, from ~4 km at ~23.5 to ~3.7 km at
~20 Ma (Fig. 4b). While this shoaling has uncertainties up
to £280 m, it is consistent with previously documented CCD
variations in the entire Indian Ocean CCD (van Andel 1975)
and the western equatorial CCD (Peterson and Backman
1990) (Fig. 4b). This CCD change coincides with the late Oli-
gocene—early Miocene transition (OMT; ~23.7-22.7 Ma),
as documented in the northern Indian Ocean. In this record,
the OMT spans a glaciation phase (~23.7-23 Ma) followed
by deglaciation after ~23 Ma, and is recognized as a tran-
sient boundary marked by enhanced terrigenous flux and
reduced carbonate preservation linked to the South Asian
proto-monsoon (Beasley et al. 2021). The early Miocene
CCD shoaling also correlates with the rise in atmospheric
CO, (Hoénisch et al. 2023; Fig. 4a), and is associated with
reduced carbonate accumulation rates, driven by the relative



3 | ARTICLE 2

Geo-Marine Letters (2025) 45:38

35

Page 7 of 14 38

CO, [ppm]

CCD [m]

CCD [m]

CCD [m]

500

3500

4000

4500

5000

5500
2000

2500

3000

3500

4000

2500

3000

3500

4000

4500

5000

5500

Age [Ma]

30 25 20 15 10 5 0
PN T T T T T T T T YT AT T A A N
oMmT MCO BB

Onset of Modern-like SAM
WPWP Decline ms—
a

IS closes p—
TS closes

West Antarctica

Sclater et al. (1977), Indian Ocean o

4 Peterson & Backman (1990), wel
van Andel (1975), Central / Eastern Indian Ocean

East Antarctica

Campbell et al. (2018), wel
This study

SH

~
van Andel (1975), Indian Ocean
western equatorial Indian Ocean b
—_— —
N I Ll | L L
southeast Indian Oce o c

L L s B B B B L B L B B

Southern Ocean | dl
Oligocene Miocene | Pl | Q|-
| Paleogene Neogene Q|
LI B L L
30 25 20 15 10 5 0
Age [Ma]

{ Fig. 4 (a) Atmospheric CO, estimates and error bars with 95% con-
fidence intervals, shown at 500-kyr mean resolution since ~32 Ma
from Honisch et al. (2023). (b—d) Modelled CCDs within the Indian
regions, as specified in Fig. 1, including (b) the western equatorial
Indian Ocean, also showing earlier CCD reconstructions, (¢) the south-
east Indian Ocean, and (d) the Southern Ocean. Regression-derived
CCD estimates from this study are shown as solid black lines. Each
curve is accompanied by error bars indicating the range of uncertainty
(derived from the grey envelope in Fig. 2). The timing of the Oligo-
cene/Miocene transition (OMT), Miocene Climate Optimum (MCO)
and the Southern Hemisphere (SH) glaciation from Westerhold et al.
(2020), the Tethyan Seaway closure from Straume et al. (2024), and
the Indonesian Seaway closure from Bahr et al. (2023) and Kuhnt et
al. (2004). Approximate timing of the late Miocene-early Pliocene
biogenic bloom (BB) in the equatorial Indian Ocean from Dickens
and Owen (1999), the onset of the modern-like South Asian monsoon
(SAM) from Gupta et al. (2015), and the Western Pacific Warm Pool
(WPWP) decline from Nathan and Leckie (2009). The wel refers to the
western equatorial region of the Indian Ocean, and IS and TS indicate
the Indonesian and Tethyan seaways, respectively. The dashed por-
tions of the CCD curve in the late Oligocene (panel b) from Peterson
and Backman (1990) and from this study represent a minimum CCD,
reflecting the shallower paleowater depths of the drill sites within this
period. The Quaternary interval is also shown with a distinct dashed
line, indicating the discrepancy with earlier studies. Considering the
large associated uncertainties (+430 m at present), this portion should
be interpreted with caution

influence of carbonate dissolution, reduced carbonate pro-
ductivity, and winnowing of fine carbonates (corresponding
to vigorous intermediate water circulation) in this region
(Peterson et al. 1992). The early Miocene reduction in car-
bonate burial has been attributed to the intrusion of warm,
saline Tethyan waters into the Indian Ocean (Woodruff and
Savin 1989) along with the presence of well-oxygenated
intermediate and deep water masses across the equatorial
Indian Ocean during the early to middle Miocene (Boersma
1990). Circulation of Tethyan-derived waters influenced the
western equatorial Indian Ocean (Bialik et al. 2019) until
the closure of the deep Tethyan Seaway at ~20-19 Ma
(Straume et al. 2024, 2025), despite a temporary re-flood-
ing during the early middle Miocene through the shallow
Mesopotamian Seaway, until its full closure at ~13.8 Ma
(Bialik et al. 2019; Straume et al. 2024). Moreover, the ini-
tial Arabia-Eurasia collision at ~27 Ma (McQuarrie and van
Hinsbergen 2013) led to enhanced terrigenous input to the
northwestern Indian Ocean between ~24 and 21 Ma (Torf-
stein and Steinberg 2020). A comparable signal is observed
across the western equatorial Indian Ocean, evidenced by
increased clay accumulation and a concurrent reduction in
carbonate content at drill sites such as DSDP Leg 24 Site
235, ODP Leg 115 Sites 709, 710, and 711 during this time.

The early Miocene CCD shallows further to ~3.6 km at
~18 Ma, before deepening to ~4.1 km at ~17 Ma (uncer-
tainties £90 to 250 m). This shallow interval (~19—18 Ma)
coincides with a period of reduced carbonate flux and a
shallower CCD in the equatorial Pacific, described as “car-
bonate famine” by Lyle (2003) linked to lowered carbonate
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productivity and increased dissolution, which likely reflects
Indo-Pacific water exchange due to the wide Indonesian
Seaway before ~ 14 Ma (Gourlan et al. 2008).

Middle to late Miocene

Between ~ 17 and 14.5 Ma, the CCD shoals from ~4.1 km to
~3.7 km (uncertainties up to £120 m, increasing to +260 m
at ~ 16 Ma, Fig. 4b), potentially reflecting a response to the
climate shift over the Miocene Climate Optimum (MCO:
17-14 Ma; Westerhold et al. 2020), associated with ele-
vated atmospheric CO, concentrations (Honisch et al. 2023;
Fig. 4a). The Monterey Excursion (carbon isotope maxima;
Vincent and Berger 1985) between ~16.5 and 13.5 Ma
across the eastern equatorial Indian Ocean is marked by a
shift from carbonate deposition to siliceous productivity
peaks at ~15.6 Ma, recorded by Kochhann et al. (2021).
However, drill sites in the western equatorial Indian Ocean
show increased clay deposition and a simultaneous decrease
in carbonate burial during the CCD shoaling related to the
MCO (peaking at ~3.7 km between ~15 and ~14.5 Ma),
with no evidence of silica burial.

The CCD deepening from ~3.6 km at ~14.5 Ma to
~4.2 km at ~ 11.5 Ma (with uncertainties of £110-210 m)—
including a pronounced drop between ~12.5 and 11.5 Ma—
indicates a transitional phase in carbonate flux in the
western equatorial Indian Ocean, likely driven by multiple
concurrent processes (Fig. 4b). This transition followed
the surface and deep-water cooling and resulting thermo-
cline shoaling, from ~14.7 Ma across the equatorial Indian,
attributed to the constriction of the Indonesian Seaway
(Podder et al. 2024). However, Podder et al. (2024) high-
light the significant water mass change by ~12.9 Ma, linked
to the initiation of the modern-like South Asian monsoon
(SAM) at this time (Gupta et al. 2015), which coincided
with the expansion of the Indian oxygen minimum zone
(Betzler et al. 2016) and a significant 8'3C decline (Zachos
et al. 1992). The onset of the modern-like SAM intensified
upwelling and productivity in the western Indian Ocean
(Sarr et al. 2022), with further contributions from global
cooling and enhanced formation of Antarctic Bottom Water
(AABW) and Northern Component Water (NCW), leading
to increased foraminifera productivity in this region (Smart
et al. 2007). Moreover, the primary evolution of the Western
Pacific Warm Pool (WPWP) following the Middle Miocene
Climate Transition (MMCT) is attributed to the progres-
sive constriction of the Indonesian Seaway, which reduced
Indo-Pacific water exchange and, in turn, promoted regional
cooling and enhanced surface productivity in the eastern
equatorial Indian Ocean (Sosdian and Lear 2020). The
post-MMCO development of the WPWP may have poten-
tially influenced the western equatorial Indian Ocean, as
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suggested by comparable water mass characteristics in these
regions between ~14 Ma and ~3 Ma, supported by similar
Nd isotope signatures (Gourlan et al. 2008). However, we
argue that the major influence of the WPWP decline on the
western equatorial Indian Ocean at ~11.5 Ma is reflected in
a marked CCD drop (to ~4.2 km), coinciding with the stabi-
lisation of the WPWP position across the equatorial Pacific
by ~11.6 Ma (Nathan and Leckie 2009). This is consistent
with the stepwise CCD shoaling observed after ~11.5 Ma
across the equatorial Pacific (Dalvand et al. 2025). Dalvand
et al. (2025) recorded a peak of CCD deepening across
the eastern equatorial Pacific at ~12 Ma and in the west-
ern tropical Pacific at ~12.5 Ma— patterns not mirrored in
other Pacific sectors. A contemporaneous CCD drop across
the western equatorial Indian Ocean suggests a broader
equatorial response spanning the Pacific and Indian oceans.
Nevertheless, we believe that the post—-12 Ma CCD shoal-
ing in the equatorial Pacific (Dalvand et al. 2025) reflects
the WPWP stabilisation at ~11.6 Ma in the Pacific, while
the coeval peak of CCD deepening in the western equatorial
Indian Ocean may signal a diminishing WPWP influence in
this region.

The deep CCD of ~4.2 km at ~11.5 Ma in the western
equatorial region was interrupted by subsequent shoaling
to ~3.8 km at 10.5 Ma (with uncertainties of £130-300 m,
Fig. 4b), likely linked to the carbonate crash globally occur-
ring between ~ 11 and 10 Ma (Torfstein and Steinberg 2020).
While the carbonate crash in the equatorial Indian Ocean has
been constrained to ~13.5-8.2 Ma, peaking between ~11.5
and 10 Ma, based on records from a single site IODP-U1443
located above the regional CCD in the eastern equatorial
Indian Ocean (Liibbers et al. 2019), our regional model
from the western equatorial sector reveals only a short-lived
CCD shoaling episode culminating at ~10.5 Ma, followed
by a recovery to ~4.1 km at ~10 Ma.

Since the latest Miocene

Tha western equatorial Indian Ocean involved a~500 m
deepening from ~3.9 km at ~8.5 Ma to ~4.4 km by ~7 Ma,
with associated uncertainties of £120—-160 m. Subsequently,
the CCD exhibits modest variability between ~4.1 and
4.3 km before stabilising at its modern depth of ~4.2 km
(Fig. 4b). The overall deepening trend since ~8.5 Ma cor-
responds to enhanced carbonate flux in this region within
this time (Peterson and Backman 1990; Peterson et al.
1992). This transition also aligns with the onset of mod-
ern deep-water circulation in the Indian Ocean during
this time (Woodruff and Savin 1989), consistent with the
global increase in deep-sea carbonate flux driven by intensi-
fied continental weathering and alkalinity input to pelagic
realms (van der Ploeg et al. 2019). We also suggest that the



3 | ARTICLE 2

Geo-Marine Letters (2025) 45:38

37

Page90of 14 38

Central American Seaway (CAS) constriction may have
played a role in the late Miocene CCD shift. Prabhat et
al. (2022) linked changes in deep-water circulation in the
western North Indian Ocean to CAS narrowing, document-
ing a shift from Pacific-derived water mass (PDW) prior
to ~9 Ma to an increasing influence from North Atlantic
Deep Water NADW) and NCW post-9 Ma, associated with
CAS constriction, based on neodymium isotopic records.
This transition signifies a substantial reorganisation of the
Indian Ocean deep-water regime, increasingly dominated
by AABW and NCW between 9 and 6 Ma. Synchronous
CCD deepening after ~9 Ma in the central North and South
Atlantic (Dutkiewicz and Miiller 2022) further supports the
role of CAS constriction and NADW formation in regulat-
ing inter-basin carbonate dynamics.

We propose that the major Neogene CCD deepening of
~400 m between ~9 and 7 Ma (peaking at ~7.5-7 Ma) in
the western equatorial Indian Ocean may be linked to the
Indian biogenic bloom event. The occurrence of the bio-
genic bloom across the western Indian Ocean, resulting from
enhanced marine productivity and carbonate accumulation
between ~7.6 and 7 Ma, is marked by a decline in forami-
niferal 3'3C at ~7.6 Ma (Diester-Haass et al. 2006). This
elevated productivity has been attributed to the strengthen-
ing of the East Asian monsoon, enhanced continental weath-
ering, and increased nutrient flux to the oceans (Bolton et
al. 2022; Filippelli 1997), likely driven by Antarctic glacia-
tion and climate cooling (Holbourn et al. 2018). This phase
also coincides with a sustained decline in sea surface tem-
perature (SST) from ~7.5 to ~5.8 Ma across the equatorial
Indian Ocean (Martinot et al. 2022), attributed to reduced
atmospheric CO, levels (Tanner et al. 2020).

We further suggest that the subsequent modest CCD
shoaling of ~200 m from ~7 Ma to ~5 Ma, with a maxi-
mum shoaling during ~6-5.5 Ma (~4.4—4.2 km, consider-
ing uncertainties up to £120 m) in this region may reflect
the influence of the late Miocene-early Pliocene biogenic
bloom (Bolton et al. 2022; Dickens and Owen 1999; Kar-
atsolis et al. 2022; Pillot et al. 2023). The occurrence of
biogenic bloom in the Indian Ocean is recorded between
~9 and ~3.5 Ma, peaking at ~6—5 Ma (Dickens and Owen
1999), corresponding to enhanced carbonate and silica pro-
ductivity and supply of organic carbon at various drill sites
in the western Indian Ocean (Baldauf et al. 1992; Dickens
and Owen 1999; Mikkelsen 1990; Peterson et al. 1992).
Dickens and Owen (1999) associated enhanced carbonate
production of the biogenic bloom in the western equatorial
Indian Ocean with an expanded oxygen minimum zone.
However, the biogenic bloom period was also accompa-
nied by intensified carbonate dissolution driven by elevated
organic carbon flux due to higher productivity intensifi-
cation in this region (Dickens and Owen 1999; Peterson

et al. 1992), which is reflected in the brief shallowing at
~6.5-5 Ma (peaking at ~6—5.5 Ma) in our CCD model. Lyle
et al. (1995) examined the relationship between productiv-
ity levels and CCD variability across the eastern Pacific. He
argued that an initial enhancement of productivity promotes
carbonate burial and CCD deepening. However, with fur-
ther intensification of productivity, the associated rise in
organic carbon flux enhances carbonate dissolution, ulti-
mately leading to CCD shoaling. Dalvand et al. (2025) also
reported a peak in CCD shoaling between ~7 and ~6.5 Ma
(following a CCD deepening at ~8.5 Ma), which they inter-
preted to correspond to reduced carbonate burial alongside
enhanced silica production during the biogenic bloom in the
eastern equatorial Pacific. In the western equatorial Indian
Ocean, Dickens and Owen (1999) identified late Miocene—
early Pliocene biogenic bloom signals comparable to those
in the Pacific. Evidence from ODP Leg 115 in this region
shows reduced carbonate burial at deep drill sites (708,
710, and 711) between ~6 and ~5 Ma, subsequent to an
earlier phase of enhanced productivity and carbonate burial
between ~9 and ~7 Ma. Dickens and Owen (1999) further
discussed a productivity peak during ~6—5 Ma, coincident
with diminished carbonate burial at these sites, attributed
to elevated organic carbon flux and intensified carbonate
dissolution(see also Peterson and Backman 1990). Pillot et
al. (2023) also recorded a peak in carbonate accumulation
at ~7+0.25 Ma, followed by a decline at ~5.5+0.25 Ma in
the western equatorial Indian Ocean. We therefore suggest
that this CCD shoaling was largely driven by carbonate dis-
solution triggered by intensified productivity and organic
carbon input during the latest Miocene-early Pliocene bio-
genic bloom. This interval also corresponds with diatom-
rich sedimentation observed between ~6 and 4.5 Ma in the
western equatorial Indian Ocean (Mikkelsen 1990). Thus,
based on the biogenic bloom interval of ~9-3 Ma identified
by Dickens and Owen (1999), we interpret the major CCD
deepening between ~8 and ~7 Ma, followed by the shoal-
ing to ~4.5 Ma, as a regional manifestation of this event in
our CCD model. These variations likely represent differen-
tial CCD responses to elevated carbonate and siliceous pro-
ductivity, coupled with modest carbonate dissolution. This
pattern closely correlates with the CCD trends modelled by
Peterson and Backman (1990) and Campbell et al. (2018)
during the same interval, highlighting a strong agreement
between the biogenic bloom records and observed CCD
variability. Karatsolis et al. (2022) estimates the biogenic
bloom to span~5.5 to ~4.2 Ma in the Indian Ocean, with
its termination (~4.6—4.4 Ma globally) attributed to nutrient
input decline triggered by the weakening of the East Asian
monsoon, rather than the reduction of upwelling intensity
and ocean circulation variability affected by tectonic activi-
ties and reconfiguration of oceanic gateways, as dominant
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controls on the biogenic bloom occurrence (Pillot et al.
2023).

Additionally, the apparent CCD deepening of ~800 m
between ~5.5 and ~4 Ma in the southeast Indian Ocean
(south of 15°S), a region generally characterized by low
productivity (Hermoyian and Owen 2001; Peirce et al.
1989), should be interpreted with caution given the asso-
ciated uncertainties in the reconstruction (£500-700 m;
Fig. 4c). Nonetheless, its timing aligns with the late Mio-
cene—early Pliocene biogenic bloom records across the
Ninetyeast and Broken ridges (Dickens and Owen, 1999;
Hermoyian and Owen 2001), supporting the interpretation
that this signal may represent a broader regional expression
of this occurrence and a noteworthy focus for further stud-
ies in the southeast Indian Ocean. The records of biogenic
bloom in this region have been linked to monsoon inten-
sity and the expansion of the oxygen minimum zone in this
region, which promoted enhanced foraminifera productivity
and carbonate accumulation. Hermoyian and Owen (2001)
highlight the extension of the biogenic bloom into the low-
productivity region of the southeast Indian Ocean, support-
ing its recognition as a potentially global phenomenon.

Since the late Miocene, the western equatorial Indian
Ocean has exhibited a deeper CCD (~3.9-4.4 km; Fig. 4b)
compared to the relatively shallower CCDs in the south-
east Indian Ocean (~2.7-3.5 km; Fig. 4c) and the Southern
Ocean (~3.4—4 km; Fig. 4d). This pattern correlates with
the current latitudinal gradient in seawater calcite saturation
(Sabine et al. 2002) and increased carbonate accumulation
towards the equator of the Indian Ocean (e.g., Kolla et al.
1976). North of the hydrochemical front, a chemical transi-
tion zone marking shifts in nutrient levels and oxygen con-
tent between the subtropical regions and the northern gyres
of the Indian Ocean (~10-15°S; Wyrtki 1973), elevated
nutrient supply supports high productivity across the equato-
rial Indian Ocean (Phillips et al. 2021). In contrast, the low-
productivity area of the southeast Indian Ocean is affected
by corrosive AABW and carbonate dilution, leading to
intensified dissolution and reduced carbonate flux (Kolla et
al. 1976). At present, carbonate preservation decreases from
the Southern Indian Ocean toward the northern region due
to a decline in deep water CO; 2 (from ~ 115 pmol/kg south
of 40°S to ~80 pumol/kg in Central Indian and Wharton
Basin) (Zhang et al. 2022). A similar pattern likely existed
since the late Miocene, coinciding with the establishment of
a modern-like ocean circulation (e.g., Prabhat et al. 2022;
Woodruff and Savin 1989; Wright et al. 1991). Our rela-
tively shallow CCD estimates in in this region reflect that
most sites from the Great Australian Bight, the Nintyeast
Ridge, and Broken Ridge were located at relatively shallow
depths during the Neogene (e.g., Feary et al. 2000; Lyu et al.
2023; Peirce et al. 1989). Paleowater depths for these sites
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range between ~1600 m to ~3500 m from the late Oligo-
cene to the present (Supplementary Fig. 3). Our modelled
present-day CCD is therefore biased by the lack of relatively
deep sites below the CCD. This biases our CCD estimates
for recent times towards shallow depths. In contrast, the
Southern Ocean exhibits better carbonate preservation due
to younger water mass flow (Zhang et al. 2022). However, it
is also marked by high biogenic opal productivity (Honjo et
al. 2008), experiencing a significant transition to enhanced
opal accumulation during the late Miocene cooling around
the Kerguelen Plateau (Bohrmann and Ehrmann 1991).

Our CCD model for the western equatorial Indian Ocean
yields a present-day CCD of ~4.2 km (¥430 m), which is
shallower than earlier estimates, such as ~4.8 + 0.13 km at
~0.5 Ma computed by Campbell et al. (2018) and ~5 km
calculated by Peterson and Backman (1990). It is also shal-
lower than the present-day CCD of ~4.9 km computed by
Zhang et al. (2022) in the Central Indian Basin, and the Ara-
bian and Somali basins using a simple carbonate accumu-
lation model. However, a recent compilation by Panchang
and Ambokar (2021) shows that the present-day CCD varies
between >5.1 km and 3.9 km across the Indian Ocean. It
is difficult to compare results from vastly different method-
ologies. The difference between our and Campbell et al.’s
(2018) Quaternary CCD based on similar methodology and
sites may be due to different CAR computations, which are
dependent on the computed sedimentation rates and hence
the age-depth model used. Campbell et al. (2018) used
CAR values from Peterson and Backman (1990), whereas
we used updated age-depth models from NSB calibrated to
the Gradstein et al. (2020) timescale. However, given the
discrepancy between the various CCD estimates and the
errors in our Quaternary CCD (Fig. 4b), we suggest that the
2-0 Ma segment of the CCD should be viewed with cau-
tion pending re-evaluation of the CCD should relevant data
become available in the future.

Conclusions

This study offers distinct CCD models for three defined
regions of the Indian Ocean: the western equatorial, the
southeast Indian, and the Southern oceans. Spatial-tempo-
ral variability in CCD estimates across the Indian Ocean,
fluctuating by ~1-1.5 km, suggests the intricate influence
of global and regional controls on carbonate productivity,
including shifts in atmospheric CO,, ocean water mass
chemistry, circulation, and reorganisation as well as paleo-
bathymetry since the late Oligocene. The relatively deeper
CCD between ~3.5 and ~4.4 km in the western equato-
rial Indian Ocean since the late Oligocene, compared to
the other two regions, correlates with enhanced carbonate
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burial across the equatorial Indian Ocean. The CCD pattern
in this region has been influenced by the development of
the Indo-Pacific water exchange and the evolution of the
Indian monsoon system, both of which have been modu-
lated by the progressive constriction of the Indonesian Sea-
way throughout the Neogene. Since the middle Miocene,
the intensification and reorganisation of the South and East
Asian monsoons have influenced the Indian pelagic carbon-
ate dynamics, contributing to the deepening of the CCD
across the equatorial region of the Indian Ocean.

Our results provide a basis for evaluating deep carbon
reservoirs across the Indian Ocean. Nevertheless, achieving
robust CCD estimates for long-term carbon computations
extending into the earliest Cenozoic in the Indian Ocean
requires advanced databases including improved core
recovery and extended age models from well-preserved
deep-sea records.
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Abstract

Marine carbonate burial is the primary long-term process that regulates ocean carbon and
alkalinity, yet how carbonate accumulation rates (CARs) vary across different ocean basins is
still not well understood. We present the first global synthesis of deep-sea CAR from 120 Ma
to the present, combining records from 335 DSDP/ODP/IODP drill sites in the Atlantic, Pacific,
and Indian oceans with paleobathymetric models. The results reveal stark differences in
carbonate accumulation patterns between the Cretaceous and the Cenozoic. The Cretaceous is
marked by highly heterogeneous and variable carbonate burial, reflecting greenhouse climate
conditions, episodic volcanic CO: inputs, evolving deep-water formation, and limited
connectivity among ocean basins. The Atlantic shows pronounced mid-Cretaceous peaks in
CAR, followed by Ocean Anoxic Event (OAE)-linked reductions; the Indian Ocean remains
carbonate-poor until a Late Cretaceous rise tied to enhanced Southern Ocean influence; and the
Pacific is persistently undersaturated with respect to calcium carbonate, with suppressed CAR
into the early Paleogene. During the Cenozoic, CAR evolves toward a more stable but strongly
differentiated system. The Pacific records the most pronounced response to the Eocene—
Oligocene transition through a major deep-water CAR increase, whereas the Atlantic features
late Eocene and late Miocene—early Pliocene maxima associated with strengthened Northern
Component Water (NCW) and later North Atlantic Deep Water (NADW) formation. The Indian
Ocean exhibits its largest CAR increase after ~20 Ma, linked to CCD deepening, monsoon
intensification, and gateway reorganisations. A late Miocene—early Pliocene biogenic bloom
enhanced carbonate burial in the Atlantic and Indian oceans more than in the Pacific, and all
basins show declining CAR in the Plio-Quaternary as global circulation reorganised and the
Northern Hemisphere glaciation initiated. These basin-resolved trends revise earlier
assumptions of a monotonic Cenozoic increase in pelagic carbonate burial and provide a
quantitative foundation for future carbon-cycle modelling.

Introduction

Carbonate burial in marine sediments is the primary long-term mechanism by which carbon is
removed from the ocean, exerting first-order control over the buffering capacity of the marine
carbon reservoir, atmospheric CO: levels, and Earth’s climate state over millions of years
(Broecker & Peng, 1982; Ridgwell & Zeebe, 2005; Zeebe & Westbroek, 2003). The rate at
which carbonate accumulates on the seafloor records the dynamic interplay among biological
productivity, ocean chemistry and circulation, the atmosphere-ocean carbon balance, and the
calcite compensation depth (CCD) (Broecker, 2003; Broecker & Peng, 1982; Dutkiewicz et al.,
2016; Ridgwell & Zeebe, 2005; Xiao et al., 2024). Understanding the spatial and temporal
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evolution of marine carbonate accumulation is therefore essential for reconstructing past
carbon-cycle dynamics and constraining the feedbacks that regulate Earth's climate system
across greenhouse-to-icehouse states.

The Cretaceous through Cenozoic interval encompasses one of the most profound climate
transitions in Earth’s history, from extreme greenhouse conditions with atmospheric CO:
concentrations 3—5 times those of modern levels and a nearly ice-free world, to the bipolar
glaciated icehouse of the Quaternary (Foster et al., 2017; Zachos et al., 2001; Zachos et al.,
2008). This long-term transition was accompanied by fundamental reorganisations of ocean
circulation, progressive opening and closure of oceanic gateways, major shifts in the loci of
deep-water formation from low-latitude Tethyan sources to high-latitude Southern and
Northern Component Waters, and dramatic changes in carbonate saturation states and CCD
depths (e.g., Cramer et al., 2009; Dutkiewicz et al., 2019; Friedrich et al., 2012; Zachos et al.,
2001). As Earth evolved from a greenhouse climate with vigorous tectonism and restricted
gateways to an icehouse state characterised by continental collision, mountain building, and
more efficient thermohaline circulation, pelagic carbonate sediments became the dominant
long-term carbon reservoir (e.g., Abelson & Erez, 2017; Miiller et al., 2022; Poulsen et al.,
2001; Scotese et al., 2025; Wallmann, 2001; Zhang et al., 2011). Together, these processes
fundamentally altered carbonate sequestration, with profound implications for ocean alkalinity
budgets and Earth’s long-term CO: regulation. Furthermore, this global transition is expected
to vary markedly across the Atlantic, Pacific, and Indian Oceans due to basin-specific
differences in ocean circulation, carbonate saturation state, and productivity, and sedimentation
regimes (e.g., Chiarella et al., 2017; Katavouta & Williams, 2021; Ladant et al., 2020; Michel
et al., 2018), potentially leading to basin-scale heterogeneity in carbonate sequestration.
Carbonate compensation depth (CCD) reconstructions suggest that the CCD can differ by as
much as ~1.5 km between major ocean basins owing to regional contrasts in productivity,
water-mass chemistry, and deep-ocean circulation (e.g., Campbell et al., 2018; Dalvand et al.,
2025a; Dalvand et al., 2025b; Dutkiewicz & Miiller, 2022; van Andel, 1975), underscoring the
need for basin-resolved carbonate analyses.

Despite decades of research on marine carbonate systems, a fundamental gap remains in
quantifying how pelagic carbonate accumulation evolved within and between ocean basins
throughout the Cretaceous and Cenozoic. Existing global compilations largely infer a
progressive Cenozoic increase in pelagic carbonate burial from aggregated budgets (e.g., Hay,
1999; Kump & Arthur, 1997; Mackenzie & Morse, 1992; Opdyke & Wilkinson, 1988),
proposing proportional evolution between shallow and basin carbonate accumulation (Kump
& Arthur, 1997; Salles et al., 2025; van der Ploeg et al., 2019). In contrast, a recent bias-
corrected study suggests a far more muted and spatially heterogeneous pelagic accumulation
history (Renaudie & Lazarus, 2025). Evolutionary syntheses of calcareous nannoplankton also
document complex, non-monotonic accumulation histories, with peak richness and size during
the Late Cretaceous followed by stabilised accumulation rates toward the present (Suchéras-
Marx et al., 2019). These inconsistencies between inferred monotonic increases in global
budgets and muted or non-monotonic trends in bias-corrected and evolutionary records
underscore the need for basin-resolved quantitative constraints on pelagic carbonate
accumulation to reconcile global burial models with evolutionary and oceanographic evidence.

Additionally, the role of the relative distribution of carbonate burial between the shallow
platform and the deep ocean in governing global carbonate system evolution remains debated,
largely due to the absence of a comprehensive, quantitative synthesis of basin-scale variability
in deep-marine carbonate burial through deep time. Recent modelling work by Salles et al.
(2025) proposes that deep-time carbonate burial regimes are regulated by the interplay between
alkalinity supply and shallow-platform accommodation, predicting inverse behavior between
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neritic and pelagic carbonate burial during major paleoceanographic reorganisations. Yet this
regime-switching hypothesis requires testing against basin-resolved, depth-stratified records
using direct measurements that existing datasets do not capture. A robust assessment of these
predictions demands (1) basin-resolved records capable of distinguishing globally coherent
signals from regional oceanographic responses, (2) depth-stratified data to quantify vertical
carbonate variability over time, particularly during major climatic transitions, and (3)
temporally continuous coverage spanning both greenhouse and icehouse states to capture long-
term carbonate accumulation regime shifts. Global estimates lack depth resolution and basin-
scale specificity by averaging carbonate burial across the global ocean, and Cenozoic studies
generally focus on relatively small regions and/or short time periods (e.g., Cartapanis et al.,
2018; Carter et al., 2000; Cornuault et al., 2023; Drury et al., 2021; Hagelberg et al., 1995;
Hodell et al., 2001; Kasuya et al., 2024; Lyle, 2003), leaving a critical gap in our understanding
of deep-time basin-wide carbonate burial dynamics.

Here, we present the first CAR synthesis spanning all major ocean basins and quantify depth-
dependent changes in carbonate burial at 1 Myr resolution across the Atlantic, Pacific, and
Indian oceans over the last 120 Myr. By synthesizing an extensive compilation of deep-sea
sediment cores and applying a consistent quantitative framework, we construct basin-specific
temporal trends and carbonate flux maps, and identify depth-dependent changes in carbonate
burial. This study provides the first empirical framework for evaluating how deep-sea
carbonate burial responded to large-scale global and regional forcing and for assessing the
extent to which oceanographic processes governed long-term carbonate system evolution.
More broadly, this framework enables future quantitative assessments of platform—basin
carbonate partitioning within a unified, basin-scale perspective.

Methods
Data Compilation and Computing Carbonate Accumulation Rates

This study synthesizes carbonate accumulation rate (CAR) records from a total of 318 globally
distributed scientific ocean drilling sites spanning the Pacific (117 sites), Atlantic (107 sites),
and Indian Oceans (94 sites) (Figure 1, Supplementary Tables 1 to 3). The dataset integrates
CAR computations for the Atlantic Ocean (Dutkiewicz & Miiller, 2022), the Pacific Ocean
(Dalvand et al., 2025a), and the Indian Ocean (Dalvand et al., 2025b), which together provide
basin-resolved coverage of pelagic carbonate burial over the past 120 Ma. These sites include
expeditions from the Deep Sea Drilling Project (DSDP), Ocean Drilling Program (ODP), and
both phases of the IODP, the Integrated Ocean Drilling Program and the International Ocean
Discovery Program. Carbonate accumulation rates were calculated in the basin-specific studies
cited above, following the methodological workflow developed by Dutkiewicz and Miiller
(2021) and employing Lyle’s (2003) carbonate accumulation formulation. CAR was computed
at each site by combining the CaCOs content and dry bulk density of sediment at a given depth
in the drill core, and the linear sedimentation rate from age-depth models at each site, using the
relationship from Lyle (2003):

CAR = (CaCO3%/100)(pary)(S),

where CaCO3% is carbonate content, pary is dry bulk density, and S is linear sedimentation rate.
Paleobathymetric reconstruction and sediment decompaction were performed using
pyBacktrack 1.4 software (Miiller et al., 2018), accounting for tectonic subsidence (Sclater et
al., 1985; Stein & Stein, 1992), dynamic topography (Braz et al., 2021), and eustatic sea-level
change (Miller et al., 2024). Site-level CAR time series were aggregated into 1 Myr-wide
moving windows with 0.5 Myr step increments, producing temporally continuous basin-scale
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and global CAR reconstructions from 120 Ma to the present. All input data files are available
via: https://doi.org/10.5281/zenodo.18755594.
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Figure 1: Global distribution of 335 drill sites used in this study from the DSDP, ODP, and IODP (red circles for
Integrated Ocean Drilling Program and pink stars for International Ocean Discovery Program) expeditions. The
map incorporates elevation from the ETOPO1 global relief model (https://www.ngdc.noaa.gov/mgg/global/;
Amante & Eakins, 2009). More detailed maps of the drill sites are provided in the Supplementary Figures 1 to 3.
Mercator projection.

Spatiotemporal Mapping and Pattern Analysis of CAR

To investigate spatial patterns of carbonate burial evolution through time, site-specific CAR
time series were merged with paleo-coordinates reconstructed from a plate-tectonic model of
Zahirovic et al. (2022) to produce reconstructed CAR maps for individual sites (Figures 2 and
3, Supplementary video). To quantify long-term trends and explore inter-basin variability in
CAR, we conducted a series of statistical analyses. CAR values were grouped into 5 Myr bins
to generate boxplots summarising the median, interquartile range, whiskers, and outliers for
each ocean basin over the past 120 Ma (Figures 4). To assess how carbonate accumulation
varied with bathymetry within basin-scale oceanographic regimes, CAR data were further
binned at 1 Myr intervals to compute median CAR values and 10th—90th percentile spreads for
three water-depth classes: <2000 m (shallow), 2000—3500 m (intermediate), and >3500 m
(deep) (Figure 5).

Results

Our new compilation of carbonate data spans the mid-Cretaceous to the present across the
Atlantic, Pacific, and Indian Ocean basins. Analysis of the Cretaceous interval (12066 Ma)
requires caution due to spatially uneven drill-site coverage and temporally fragmented drilling
records compared to the Cenozoic (Figures 2 & 3).
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Figure 2: Carbonate accumulation rate (CAR) across the Atlantic, Pacific, and Indian Oceans from 120 Ma to 70
Ma at 10 Ma intervals, generated by merging site-specific CAR measurements from DSDP, ODP, and IODP drill
sites with reconstructed paleo-coordinates based on the plate-tectonic model of Zahirovic et al. (2022). For each
panel, CAR values correspond to the nearest sample within a 1 Myr bin. Black lines show reconstructed plate
boundaries, with toothed segments indicating subduction zones and convergence direction. Grey lines exhibit
reconstructed continent—ocean boundaries. Igneous provinces are represented by outlines. Robinson projection.
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Figure 3: Carbonate accumulation rate (CAR) across the Atlantic, Pacific, and Indian Oceans from 66 Ma to 0
Ma at 10 Ma intervals. See Figure 2 for details. Robinson projection.

Atlantic Ocean

The Atlantic Ocean CAR record demonstrates a long-term transition from highly
heterogeneous carbonate accumulation during the Cretaceous to a more uniform and stable
depositional regime through the Cenozoic (Figure 2). Despite sparse coverage, the Cretaceous
data reveal pronounced variability, with 5 Myr median CAR values ranging from < 500 to
~4000 mg cm2 kyr' and 10th-90th percentiles, extending to ~8000 mg cm™ kyr'. Major
spikes occur during the mid-Late Cretaceous, including a distinct rise in CAR to ~4000 mg
cm 2 kyr' at 105-100 Ma, followed by a continuous decline to ~1500 mg cm™2 kyr' at ~95—
90 Ma. CAR maps for this interval point to a basin-wide reduction in carbonate burial,
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particularly in the North Atlantic (Figure 2; Supplemental video). Depth-resolved 1-Myr
analyses show that the most pronounced CAR declines at ~100—95 Ma occur in shallow settings
(<2000 m), whereas intermediate depths (2000—3500 m) retain comparatively elevated burial
fluxes until ~95 Ma (Figure 5). After a modest Late Cretaceous recovery, median CAR
stabilises at moderate levels, fluctuating between ~2000 and ~1200 mg cm™ kyr™' up to the
Cretaceous—Paleogene boundary. Violin plots show broad, often skewed distributions and
multimodality, reflecting strong spatial heterogeneity and episodic depositional pulses in the
pre-Cenozoic Atlantic (Supplementary Figure 4); CAR maps confirm large regional contrasts
in carbonate accumulation (Supplemental video).

During the Cenozoic (66—0 Ma), Atlantic median CAR values are more moderate and
temporally stable, generally between ~1000 and 2000 mg cm2 kyr'. Percentile envelopes
narrow markedly relative to the Cretaceous, with the 10th—90th percentiles mostly confined to
~3500-7500 mg cm™ kyr' (Figure 4), and violin plots indicate predominantly unimodal,
narrower distributions (Supplementary Figure 4), implying more homogeneous basin-scale
accumulation. Two broad Cenozoic maxima occur at ~40-35 Ma and 10-5 Ma, where median
CAR approaches ~2500 mg cm2 kyr'. Depth-resolved analyses indicate that the late Eocene
increase in CAR is dominated by shallow and intermediate sites, whereas the late Miocene
enhancement is expressed across all depth classes (Figure 5). Regional CCD reconstructions
indicate that the CCD remained below ~4 km across the North and Central Atlantic during the
late Miocene (Dutkiewicz & Miiller, 2022). When integrated with the spatial distribution of
CAR (Supplemental video), this pattern suggests that the late Miocene CAR increase in the
South Atlantic may have been driven by enhanced shallow-water carbonate burial, while in the
Central and North Atlantic, the enhancement extended to deeper depositional environments.
This correlates with the lower seafloor area above the CCD across the South Atlantic during
the Miocene (Dutkiewicz & Miiller, 2022). Thereafter, median CAR decreases from ~2200 mg
cm 2 kyr ' at 10-5 Ma to ~1200 mg cm 2 kyr™' in the 5-0 Ma bin (Figure 4), a decline expressed
consistently in shallow, intermediate, and deep settings and aligned with late Pliocene CCD
shoaling (Dutkiewicz & Miiller, 2022).
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Figure 4: Statistical distributions of carbonate accumulation rates (CAR) across the Atlantic, Pacific, Indian, and
the global ocean over the past 120 Myr. For each ocean basin, panels a, c, e, and g display 5 Myr boxplots of CAR
values, illustrating the full distribution of measurements within each time bin, including the median, interquartile
range (25th—75th percentile), whiskers (£1.5%IQR), and outliers. Panels b, d, f, and h show the corresponding
10th—90th percentile of CAR ranges (vertical bars) and median CAR trajectories (orange line) for the same 5 Myr
bins, illustrating the central tendency and variability of carbonate accumulation through time.
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Figure 5: Carbonate accumulation rates (CAR) across the Atlantic (a), Pacific (b), Indian (c), and global ocean
(d) since ~120 Ma at different water depths. The figure illustrates median CAR binned at 1 Myr intervals,
partitioned into three paleowater depth categories: shallow (<2000 m, red), intermediate (2000-3500 m, teal), and
deep (>3500 m, blue), for each ocean basin and globally. For each depth class, the shaded regions represent the

10th—90th percentile CAR range, and the solid lines denote the median CAR within 1 Myr bins.
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Pacific Ocean

Cretaceous CAR patterns in the Pacific are strongly influenced by limited, spatially restricted
sampling, with sites concentrated in the central Pacific (Figure 2). Within these constraints,
median CAR values range from <500 to ~6000 mg cm2 kyr™' (Figure 4), with a prominent
peak (~6000 mg cm™ kyr™') in the 120—-110 Ma bins, followed by sharp declines to <500 mg
cm2 kyr' in subsequent intervals. These large excursions should be interpreted with caution,
as they may reflect genuine local variability and/or central Pacific sampling bias. A more
moderate rise to ~2000 mg cm™ kyr' at ~80—75 Ma points to localized enhancement of
carbonate burial, but CAR then declines toward persistently low values (<500 mg cm™ kyr™)
into the latest Cretaceous (Figure 4). Cretaceous violin plots also display broad, often highly
skewed distributions with long upper tails, which may reflect pronounced episodic and spatially
restricted carbonate accumulation, in contrast to the Cenozoic distributions, which are narrower
and more unimodal, indicating reduced variability in carbonate accumulation rates through
time (Supplementary Figure 4).

The Cenozoic Pacific is characterised by a long-term recovery and stabilisation of CAR
beginning in the late Eocene—early Oligocene. From ~65 to 35 Ma, median CAR remains low
(<~800 mg cm™2 kyr'), with relatively modest temporal variability, indicating broadly
suppressed carbonate burial. Occasional widening of the 10th-90th percentile to ~6000 mg
cm2 kyr! (Figure 4), particularly in the central and western equatorial Pacific (Figure 3),
indicates intermittent local accumulation despite low basin-wide means. A major transition
occurs across the late Eocene—early Oligocene, when median CAR rises from <500 mg cm™
kyr! in the 40-35 Ma bin to ~1000 mg cm™ kyr' in the early Oligocene, then remains at
moderate levels (~1000-2000 mg cm ™ kyr ') through much of the Neogene. Depth-resolved
1-Myr analysis shows that deep-water sites (>3500 m) respond most strongly during the late
Eocene-early Oligocene transition: median CAR increases from ~100 mg cm 2 kyr at ~35 Ma
to >1200 mg cm? kyr!' by ~33 Ma, fluctuating between ~500 and 2000 mg cm™2 kyr!
thereafter (Figure 5). This shift is consistent with early Oligocene CCD deepening and a
fundamental reorganisation of deep-water ventilation and carbonate preservation in the Pacific
(e.g., Dalvand et al., 2025a; Pilike et al., 2012; van Andel, 1975).

Neogene CAR evolution is spatially complex. Between 20 and 15 Ma, median CAR approaches
~2000 mg cm™ kyr!, with maps showing enhanced accumulation in the equatorial and
southern Pacific, largely at shallow depths (Figure 5; Supplemental video). The mid-late
Miocene is also marked by elevated CAR, especially in the western equatorial and South
Pacific. However, between ~11 and 9 Ma, CAR declines sharply at intermediate and deep sites
while remaining high in shallow settings (Figure 5). This pattern corresponds to the Pacific
“carbonate crash” (Lyle et al., 1995), with reduced accumulation in the eastern—central
equatorial Pacific and relatively stronger burial in the western equatorial and South Pacific
(Figure 3). We infer shallower preservation conditions in the western Pacific compared with
enhanced dissolution in deeper eastern equatorial regions during this interval, where
dissolution was intensified within this interval (Lyle et al., 1995). Median Pacific CAR
decreases from ~1600 mg cm™ kyr™' in the 10—5 Ma interval to ~500 mg cm 2 kyr™! in the 5-0
Ma bin, mirroring the late Neogene—Quaternary decline observed in the Atlantic. Throughout
the Cenozoic, the North Pacific remains characterised by consistently lower carbonate
accumulation than lower-latitude regions (Supplemental video).

Indian Ocean

The Indian Ocean CAR record shows a subdued yet distinctive Cretaceous evolution, with sites
restricted to the southern Indian Ocean along the western Australian margin (Figure 3). The
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available records indicate that between ~120 and 95 Ma, the median CAR remains consistently
low (<500 mg cm™ kyr'), and the 10th-90th percentile is generally <~2000 mg cm™ kyr™*
(Figure 5), reflected in narrow, truncated violin plots (Supplementary Figure 4). A major
increase occurs between ~80 and 70 Ma, when the median CAR rises to ~2000 mg cm™2 kyr™!
and the 10th—90th percentile expands dramatically, with maxima approaching 10,000 mg cm™
kyr. Depth-resolved analyses indicate that this enhancement is expressed at intermediate and
deep sites, but the largest excursions in the upper envelope are associated with very high
shallow-water (<2000 m) accumulation (Figure 5).

During the Cenozoic, the Indian Ocean exhibits higher and more variable CAR (Figure 4).
Paleocene—Eocene median CAR ranges from ~1000 to ~1800 mg cm2 kyr™', then declines to
~500 mg cm™ kyr! in the late Eocene. A progressive increase begins in the Oligocene and
continues into the Neogene, with median CAR fluctuating from ~1000 to ~2200 mg cm 2 kyr".
This long-term rise broadly tracks regional CCD deepening in the Indian Ocean since the early
Oligocene (Dalvand et al., 2025b; Peterson & Backman, 1990; van Andel, 1975). Two
Cenozoic median CAR minima occur between ~45-35 Ma (~500 mg cm™ kyr™') and 25-20
Ma (~800 mg cm™2 kyr™'), with the latter briefly interrupting the general upward trajectory
beginning in the early Oligocene. The highest CAR values occur in the Late Neogene (~15 Ma
to 5 Ma), when median CAR approaches ~2200 mg cm™ kyr and the 10th—90th percentile
reaches ~8500 mg cm2 kyr .

Depth-resolved CAR patterns show that maximum CAR values are commonly associated with
shallow—intermediate depths (<3500 m) in the Indian Ocean over the Cenozoic (Figure 4).
However, notable intervals of exceptionally high deep-water accumulation occur between ~55—
50 Ma and ~35-30 Ma, when median deep-water CAR (>3500 m) reaches ~2000 mg cm™
kyr!, while shallow and intermediate sites are comparatively suppressed. In the late Neogene,
elevated median CAR reflects high accumulation in shallow to intermediate settings,
accompanied by a modest deep-water increase between 10 and 5 Ma (Figure 5). The Indian
Ocean also exhibits a reduction in carbonate accumulation during the latest Cenozoic, with
median CAR decreasing by ~400 mg cm™ kyr™ in the 5-0 Ma bin, from ~2200 mg cm2 kyr™!
in the 10-5 Ma bin. However, the magnitude of this decline is notably smaller than the
contemporaneous decreases observed in both the Atlantic and Pacific Oceans, indicating a
comparatively more subdued late Cenozoic reduction in carbonate burial across the Indian
Ocean.

Global Ocean

The global CAR record integrates signals from the Atlantic, Pacific, and Indian Oceans,
reflecting regional heterogeneity in carbonate productivity and preservation. The analysis of
CAR variability on the global scale from the Cretaceous to the present reveals a fundamental
shift from a Cretaceous dominated by high-magnitude, extreme median CAR variability to the
Cenozoic, characterized by moderate, persistent median accumulation and a more stable CAR
regime (Figure 4). Global CAR during the pre-Cenozoic is marked by large inter-basin
contrasts, with 5-Myr median values ranging from <500 to ~3000 mg cm™ kyr™', and 10th—
90th percentiles extending beyond ~8000 mg cm™ kyr'. The early lowest global rates occur
between ~120 Ma and 105 Ma (<1000 mg cm2 kyr "), followed by a sharp increase between
~105 and ~100 Ma, when the median CAR rises to ~3000 mg cm 2 kyr™' and the 10th-90th
percentile widens considerably to ~7800 mg cm™ kyr’!, indicating a major, sustained
enhancement of global burial. CAR values decline sharply in the 95-90 Ma bin to below 1000
mg cm 2 kyr'. During the Late Cretaceous (~90 Ma to 65 Ma bins), there is modest fluctuation
with a moderate median CAR between ~1500-2000 mg cm™ kyr'. Given limited Indian and
Pacific data coverage, the great variability in the global ocean budget during the pre-Cenozoic
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is primarily driven by the Atlantic Ocean, which is represented by more data points (Figure 2)
and more continuous temporal coverage.

In contrast, the Cenozoic record shows progressive stabilisation, with global median values
typically between ~1000 and 2000 mg cm 2 kyr ' and a wide stable percentile (spanning ~4000-
7000 mg cm 2 kyr ") across the entire Cenozoic record. The Atlantic Ocean maintains moderate
medians (~1000-2300 mg cm2 kyr™') over the Cenozoic (Figure 4). The Pacific and Indian
Oceans exert an increasing regional influence after ~35 Ma, rising from lower earlier values,
and contributing to elevated Neogene carbonate. At the global scale, the highest Cenozoic
median CARs (~1600-2000 mg cm 2 kyr') occur between ~20 and 5 Ma, with a peak at ~5—
10 Ma (Figure 4), followed by a decline in the subsequent age bin.

Discussion

This synthesis presents novel insights into the temporal evolution of marine carbonate
accumulation across the Cretaceous and Cenozoic, revealing two fundamentally distinct CAR
regimes. Given the limitations of our Cretaceous dataset, our interpretation is tentative. The
available Cretaceous records exhibit pronounced temporal heterogeneity, with irregular, high-
amplitude fluctuations in median CAR values and spatially variable carbonate flux, reflecting
a carbonate system influenced by climatic and tectonic changes. In contrast, the Cenozoic CAR
record demonstrates a transition toward comparatively stable carbonate burial with reduced
temporal variability, yet strongly basin-differentiated regimes.

Cretaceous Carbonate System: Temporal and Spatial Heterogeneity

First-order insights from the Cretaceous CAR data, constrained by limited core recovery and
incomplete stratigraphic coverage, show pronounced interbasin heterogeneity and high
temporal variability, reflecting strong spatial contrasts and frequent fluctuations in carbonate
accumulation rates across basins, even under broadly greenhouse climate conditions. Across
all basins, CARs fluctuate strongly throughout the mid-Late Cretaceous, indicating distinct
basin-specific trajectories rather than a coherent global signal (Figure 4). We argue that the
Cretaceous CAR records reflect the interplay between sustained greenhouse forcing, while
their pronounced variability arises from basin-specific modulation by ocean circulation, and
episodic perturbations such as Oceanic Anoxic Events (OAEs). Elevated atmospheric COx,
driven by intensified volcanism and crustal decarbonation, promoted high pelagic carbonate
production during the mid-Cretaceous greenhouse (Lee et al., 2013; Steuber et al., 2023).
However, this carbonate production was repeatedly disrupted by globally OAEs, which
induced transient acidification, lowered carbonate saturation, and widespread CCD shoaling
(Jenkyns, 2018; Jones et al., 2023).

In the Atlantic, the decline in CAR from ~100-90 Ma (Figure 4) likely reflects a compound
response to OAE-related chemical perturbations and to contemporaneous reorganisation of
deep-water circulation. During the Late Cretaceous, vigorous southern deep-water formation
(Donnadieu et al., 2016) and the progressive replacement of Tethyan-sourced deep waters by
southern-sourced water masses across the Early—Late Cretaceous transition (Liu et al., 2023),
fundamentally reorganized Atlantic deep-water circulation. This reorganization was aided by
strengthened interbasin connectivity following the opening of the Equatorial Atlantic Gateway
between ~100 and 90 Ma (Dummann et al., 2023), which altered carbonate saturation states
and preservation patterns across the Atlantic Ocean. The depth-dependent decline in shallow
Atlantic CAR (<2000 m) across this interval (Figure 5) is consistent with intensified upper-
ocean acidification and planktonic ecosystem disruption, and with suppressed shallow
carbonate preservation during OAE1d documented in the western North Atlantic (Watkins et
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al., 2005). By contrast, the comparatively buffered intermediate-water CAR suggests that
OAE!1 burial suppression was dominated by shallow-water dissolution, consistent with
enhanced deep-water carbonate preservation reported for Cretaceous dissolution intervals
(Roth & Krumbach, 1986).

The intensified decline in Atlantic CAR from ~95-90 Ma (median ~800 mg cm 2 kyr ™) likely
corresponds to OAE2, reflecting widespread volcanic CO: outgassing, transient acidification,
and reduced carbonate burial (Jenkyns, 2018; Jenkyns et al., 2017; Leckie et al., 2002). Post-
90 Ma, CAR values recover as atmospheric CO: declines and enhanced silicate weathering
stabilises ocean carbonate chemistry (Bléttler et al., 2011; Nufiez-Useche et al., 2020; Paris et
al., 2016). By the Late Cretaceous, Atlantic CAR stabilises at moderate levels, likely reflecting
improved carbonate preservation associated with progressive cooling, stronger export of
Southern Component Water into the basin (Friedrich et al., 2012), and reduced Pacific deep-
water input after ~80 Ma (Moiroud et al., 2016). This interval is also marked by the
proliferation of oceanic red beds, particularly in the Atlantic Ocean, indicating enhanced deep-
ocean oxygenation and strengthened meridional circulation (Ladant et al., 2020; Robinson et
al., 2010; Wang et al., 2011), conditions favourable for pelagic carbonate deposition (Mansour
& Wagreich, 2022; Wang et al., 2011).

The Indian Ocean record, derived from sites located in the southern Indian Ocean, reflects
similar forcing but with additional regional modulation. Persistently low mid-Cretaceous
CARs (Figure 4) likely record the cumulative imprint of multiple OAEs operating on
timescales finer than our binning resolution. Evidence from the southwest Australia basin
indicates marked reductions in carbonate accumulation during these OAE-related acidification
events, consistent with globally observed declines in deep-sea carbonate burial (Jones et al.,
2023; Petrizzo et al., 2022). Since the middle Cretaceous, the proto-Indian Ocean shared
common intermediate and deep-water masses with the South Atlantic, implying strong inter-
basin connectivity and circulation between the South Atlantic and Indian sectors (Moiroud et
al., 2016). However, the proximity of the Indian Ocean to volcanic and hydrothermal activity
associated with the Kerguelen Plateau, which underwent major emplacement during the mid-
Cretaceous (Coffin et al., 2002; Duncan, 2002; Frey et al., 2000), likely imposed local
perturbations to seawater chemistry that suppressed carbonate burial. The subsequent rise in
Indian CAR between ~80-70 Ma parallels Atlantic recovery and is consistent with
strengthened deep-water connectivity between the South Atlantic and Indian Oceans (Moiroud
etal., 2016).

The Pacific exhibits persistently low CAR throughout much of the Cretaceous. Suppressed
carbonate accumulation from ~110-85 Ma, followed by a modest recovery between ~85 and
75 Ma, is also evident in the Indian Ocean, likely reflecting the global post-OAE rebound in
pelagic carbonate production (Wang et al., 2011). Nonetheless, Pacific CARs remain markedly
lower than coeval Atlantic and Indian values throughout the Late Cretaceous, consistent with
inherently lower carbonate saturation in Pacific deep waters, a condition that persists today
(Archer, 1996). Limited southern-sourced deep-water influence and the dominance of older,
less saturated Pacific water masses maintained low carbonate saturation and enhanced
dissolution relative to the Atlantic and Indian Oceans (Ladant et al., 2020; Roth, 1989).
Strengthened Southern Ocean deep-water export preferentially ventilated the Atlantic—Indian
system while reducing Pacific inflow to the Atlantic (Moiroud et al., 2016), amplifying
interbasin contrasts in carbonate burial. Our Pacific dataset also captures a sharp CAR decline
(<200 mg cm 2 kyr ") across the Cretaceous—early Paleogene boundary (~70—65 Ma), reflecting
reduced productivity and enhanced dissolution, likely linked to Deccan Traps volcanism and
associated environmental stress, resulting in diminished carbonate burial during this period, as
recorded in tropical Pacific sediments (Dameron et al., 2017; Jouini et al.,, 2023). A
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contemporaneous CAR decline in the Indian Ocean may suggest a coordinated response across
basins interconnected by intermediate- and deep-water flow at this time (Ladant et al., 2020).

Cenozoic Carbonate System: Stabilisation and Basin-Scale Divergence

Our compilation reveals that the Cenozoic carbonate burial system is relatively stable
compared to the Cretaceous, yet strongly differentiated among ocean basins. At the global
scale, median CAR remains modest throughout the Paleogene, increases in the late Neogene,
and declines towards the present. Critically, this aggregate trajectory does not exhibit an order-
of-magnitude increase in pelagic carbonate burial toward the present. Instead, the apparent
long-term trend masks pronounced basin-scale divergence. While Opdyke and Wilkinson
(1988) inferred an approximately eightfold increase in pelagic carbonate accumulation from
the latest Cretaceous to the present, our site-based reconstruction indicates a more moderate
global rise (Figure 4), with much of the variability arising from differences in how the Atlantic,
Pacific, and Indian basins responded to Cenozoic climatic and gateway forcing. These varied
responses influence the global budget differently than a steady increase in global carbonate
production.

In the Atlantic, we identified the first major Cenozoic CAR peak in the late Eocene, which
likely reflects intensified Northern Component Water (NCW) formation. Coxall et al. (2018)
linked the late Eocene strengthening of NCW to tectonic reorganisation of subarctic basins,
which enhanced weathering and nutrient delivery and exported well-oxygenated deep-water
southward ~1-2 Myr before the onset of Antarctic glaciation. Consistent with this, Dutkiewicz
and Miiller (2022) inferred elevated carbonate carbon fluxes in the Atlantic at ~38 Ma,
preceding the opening of major Southern Ocean gateways (Straume et al., 2020) and the onset
of global cooling and Antarctic glaciation (Westerhold et al., 2020).

Across the Pacific, which maintained the lowest CAR among the three basins during the
Paleocene—Eocene, we record the clearest expression of the EOT reorganisation, as evidenced
by pronounced intensification of carbonate burial (CAR) during this interval. Recent high-
resolution paleoceanographic reconstructions by Wade et al. (2020) provide critical context for
interpreting this Pacific transformation. The authors synthesized global deep-sea lithofacies
distributions across key Paleogene climate boundaries, documenting a striking expansion of
calcareous sediment deposition across the equatorial Pacific during the early Oligocene, where
our data coverage is primarily concentrated. Their lithofacies compilations indicate that Pacific
regions previously dominated by pelagic clay and siliceous ooze transitioned to widespread
carbonate-rich deposition across the EOT, whereas the Atlantic and Indian Oceans retained
more persistent carbonate-rich sedimentation with minor spatial adjustments. According to
Wade et al. (2020), this pattern is consistent with pronounced deepening of the Pacific CCD at
the EOT (e.g., Dalvand et al., 2025a; Pilike et al., 2012; Taylor et al., 2023; van Andel, 1975),
and comparatively subdued CCD changes in the other basins. This pattern aligns with findings
of Renaudie and Lazarus (2025), who document a strong increase in pelagic accumulation rates
in the Pacific, a more subdued increase in the Indian Ocean, and no detectable shift in
sedimentation rates during the early Oligocene. Our CAR estimates further provide rate-based
support for this framework: throughout the Paleogene, the Atlantic and Indian Oceans maintain
higher CARs (~1500-2000 and ~500-1800 mg cm™ kyr™', respectively), while the Pacific
remains strongly suppressed (<500 mg cm 2 kyr ') until the latest Eocene (Figure 4). The early
Oligocene (~35-30 Ma) CAR jump to ~1200 mg cm™2 kyr " in the Pacific, therefore, represents
the most pronounced Paleogene change among the major basins and captures the strongest
expression of EOT-related influence in our dataset. Our depth-resolved Pacific results reveal a
strong increase in deep-water CAR during the early Oligocene (~34 Ma), a pattern also
observed in the Indian Ocean, albeit at slightly lower intensity (Figure 5).
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The early Miocene marks a more modest yet globally coherent inflection in carbonate
accumulation. Our compilation reveals a synchronous reduction in median CAR across the
Pacific and Indian Oceans between ~25-20 Ma, briefly interrupting the long-term Oligocene
rise (Figure 4). This pattern aligns with the Pacific basin-wide early Miocene declines in CAR
documented by Lyle (2003), who attributed this reduction, and the contemporaneous CCD
shoaling (also observed globally), to early Neogene warming, deglaciation, and brief sea-level
rise (Lear et al., 2000; Miller et al., 2020; van Andel, 1975). In contrast, the Atlantic preserves
broadly stable median CAR from the early Oligocene through the early Miocene, though with
wide percentile ranges indicative of greater spatial heterogeneity (Figure 4; Supplemental
video). Our depth-binned analyses further substantiate the depth dependence of this signal,
showing that the early Miocene CAR decline is most pronounced in deep-water settings (>3500
m) across all three basins (Figure 5). The Atlantic, however, offsets this deep-water decline
through substantial increases in shallow and intermediate CAR, resulting in an overall stable
median CAR during this transitional interval. These observations correlate with early Miocene
climate—ocean adjustments, suggesting weakened deep-water carbonate preservation and
reduced deep carbonate burial, while simultaneously promoting expanded shallow-water
carbonate production under rising sea level (e.g., Miller et al., 2005; Tcherepanov et al., 2008).

From the middle Miocene through the early Pliocene (~15-5 Ma), our results document a
globally coherent rise in CAR across all three ocean basins, despite inter-basin variability,
followed by a decline thereafter (Figure 4). In the Atlantic, median CAR rises from ~15 Ma,
reaching its second Cenozoic maximum between ~10 and 5 Ma. Depth-resolved patterns
indicate that this enhancement is most pronounced at intermediate water depths after ~13 Ma
(Figure 5). We interpret this pattern to be consistent with southeast Atlantic records reported
by Drury et al. (2021), who attribute intensified carbonate burial to enhanced deep-water
ventilation and cooling associated with Antarctic reglaciation, following elevated carbonate
dissolution during the Miocene Climate Optimum (MCO: 17—14 Ma; Westerhold et al., 2020).
The mid- to late Miocene rise in Atlantic CAR further coincided with strengthened North
Atlantic Deep Water (NADW) formation driven by Greenland ice-sheet expansion (Pillot et
al., 2022), and with the gradual constriction of the Panama Gateway from ~14 Ma (Schneider
& Schmittner, 2006).

The MCO interval (~17—14 Ma) in the Pacific appears to have been moderated by spatial
heterogeneity in carbonate-ion concentrations, with regional variability in [COs*7] offsetting
localized dissolution during the MCO (Holbourn et al., 2024), likely preventing basin-scale
CAR collapse in our ~20—15 Ma record (Figure 4). Following the MCO, Pacific CARs remain
relatively high, consistent with evidence for Antarctic ice-sheet expansion, global cooling, and
improved deep-water ventilation (e.g., Holbourn et al., 2024; Sutherland et al., 2022). By
contrast, the Indian Ocean displays a stronger and more sustained post-MCO increase in
carbonate burial. This trend aligns with documented overall CCD deepening in the equatorial
Indian Ocean since the middle Miocene (Dalvand et al., 2025b), driven by multiple
interconnected forcing mechanisms. These include the evolution of the Western Pacific Warm
Pool (WPWP), reduced Indo-Pacific water exchange associated with Indonesian Seaway
constriction, which together promoted cooler surface and deep-water conditions, as well as the
initiation of a modern-like South Asian Monsoon (SAM), and the strengthening of AABW and
NCW influence (e.g., Gupta et al., 2015; Podder et al., 2024; Sarr et al., 2022; Smart et al.,
2007; Sosdian & Lear, 2020). Together, these processes appear to have created especially
favourable conditions for carbonate burial in the Indian Ocean, explaining the systematic offset
toward higher Indian CAR relative to the Pacific between ~15 and 5 Ma.

Superimposed on these long-term trends is the globally recognized late Miocene—early
Pliocene biogenic bloom, during which both carbonate and silica accumulation increased (e.g.,
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Bolton et al., 2022; Lyle & Baldauf, 2015; Pillot et al., 2023). However, the proportional
enhancement of calcareous versus siliceous accumulation varied substantially across ocean
basins and even within individual regions (e.g., Cornuault et al., 2023; Dickens & Owen, 1999;
Drury et al., 2021; Jianru et al., 2002; Lyle et al., 1995; Lyle et al., 2019; Mora, 2002). Our
results capture this event as a strong CAR increase between ~10 and 5 Ma in all three basins,
yet with distinct amplitude and character. The Atlantic and Indian Oceans display the highest
CARs during this interval, whereas the Pacific shows a more muted response and even a slight
decline relative to the preceding 15—10 Ma interval. When considered alongside the regionally
heterogeneous sedimentological evidence from this period, such as enhanced carbonate burial
in the southwest Pacific (Sutherland et al., 2022), increased biogenic silica fluxes in the North
Pacific (Rea et al., 1995), and spatially variable opal-to-carbonate ratios in the eastern
equatorial Pacific (e.g., Lyle & Baldauf, 2015; Lyle et al., 2019), these observations suggest
that the Pacific biogenic bloom was likely expressed as a disproportionately higher silica
contribution relative to carbonate burial at the basin scale. By contrast, the Atlantic and Indian
Oceans show regional evidence of intensified carbonate accumulation during the biogenic
bloom interval (e.g., Cornuault et al., 2023; Dickens & Owen, 1999; Drury et al., 2021;
Peterson & Backman, 1990), helping to explain the comparatively subdued Pacific CAR
response during the ~10-5 Ma interval (Figure 4).

The contrasting Pacific response likely reflects gateway-driven reorganisation of global ocean
circulation, particularly the progressive restriction of the Central American Seaway, which
reduced Atlantic—Pacific exchange and altered deep-water mass pathways (Lyle et al., 1995;
Roth et al., 2000; Schneider & Schmittner, 2006). This promoted the development of a
northward silica gradient in the Pacific through enhanced influence of silica-rich deep waters
and circulation of Antarctic Bottom Water, which carries elevated dissolved silica into the
Pacific basin (Cortese et al., 2004; Keller & Barron, 1983; Woodruff & Savin, 1989; Zhang et
al., 2022a). Additional recycling and dissolution of biogenic opal further contributed to
dissolved silica enrichment toward the North Pacific (Ragueneau et al., 2000), favouring
diatom productivity over carbonate producers (Litchman, 2007; Lyle & Baldauf, 2015). As a
result, biogenic production was preferentially partitioned into opal rather than carbonate,
suppressing carbonate accumulation despite high overall productivity. In contrast, the Atlantic
and Indian oceans, characterised by different circulation regimes and lower silica supply,
maintained more carbonate-favourable conditions during the biogenic bloom interval.

Our compilation also shows a major decline in global CAR between ~5 Ma and 0 Ma,
expressed across all three ocean basins (Figure 4). Regional records document a gradual decline
in carbonate burial from the Pliocene through the Quaternary, following the biogenic bloom
peak (e.g., Cornuault et al., 2023; Dickens & Owen, 1999; Lyle & Baldauf, 2015; Lyle et al.,
2019; Sutherland et al., 2022), superimposed on glacial-interglacial variability (e.g., Cornuault
et al., 2023; Farrell & Prell, 1989; Groger et al., 2003; Hodell et al., 2001). This downturn
coincides with the weakening of NADW and Atlantic Meridional Overturning Circulation
(AMOC) during the early Pliocene (Pillot et al., 2023) and with the subsequent intensification
of Northern Hemisphere glaciation after ~2.7 Ma (Haug et al., 1999), which correlates with a
sustained reduction in global marine productivity since the Pliocene (Karatsolis et al., 2022).
The progressive shoaling and final closure of the Panama Gateway between ~4.6 and 2.5 Ma
represents a key tectonic driver of these changes, fundamentally reorganising inter-basin
exchange of water masses and carbonate saturation states (Bartoli et al., 2005; Haug &
Tiedemann, 1998). Initial Panama Gateway shoaling between ~4.6 and 4.2 Ma reduced
Pacific—Atlantic communication and established modern-day contrasts—with higher carbonate
saturation and burial in the Atlantic and relatively corrosive conditions in the Pacific (e.g.,
Cannariato & Ravelo, 1997; Haug & Tiedemann, 1998; Haug et al., 2001). Our CAR data
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reflect this divergence over the 5-0 Ma interval, the Atlantic median CAR (~1300 mg cm™
kyr™!, with 10th-90th percentiles extending to ~7500 mg cm2 kyr') far exceeds the Pacific
median (~500 mg cm™? kyr'). Additionally, the initiation of the Northern Hemisphere
Glaciation (NHG), facilitated by the final closure of the Panama Gateway between ~3 and 2.5
Ma (Bartoli et al., 2005), enhanced meridional temperature gradients and upwelling, driving a
shift toward a more “Pacific-like” ocean state characterised by elevated silica preservation and
nutrient regimes favouring opal export over carbonate, thereby constraining calcareous
nannoplankton productivity to only the most ecophysiologically competitive taxa (Cortese et
al., 2004; Suchéras-Marx et al., 2019). The associated long-term reduction in CAR recorded in
our compilation thus reflects the combined effects of gateway-driven circulation changes, the
transition to a bipolar glaciated climate, and a productivity regime unfavourable for pelagic
carbonate burial.

Global Implications

Our reconstruction reveals a previously unresolved reorganisation of the global carbonate
burial system from the mid-Cretaceous to the present, challenging first-order assumptions of a
monotonic, order-of-magnitude intensification of Cenozoic pelagic carbonate burial (Boss &
Wilkinson, 1991; Hay, 1999; Opdyke & Wilkinson, 1988). This global pattern has been linked
to proportional shallow—deep carbonate differentiation (Boss & Wilkinson, 1991; Dutkiewicz
et al., 2019; Opdyke & Wilkinson, 1988; Pohl et al., 2020; Salles et al., 2025), sea-level fall
(Miller et al., 2005), calcareous plankton evolution (Hay, 2004; Komar & Zeebe, 2021;
Suchéras-Marx et al., 2019; Wilkinson & Walker, 1989), changes in ocean chemistry and
weathering input, and CCD shifts (Boudreau et al., 2019; Dutkiewicz et al., 2019; Komar &
Zeebe, 2021; van der Ploeg et al., 2019). Kump and Arthur (1997) argued for shallow—deep
partitioning as the primary control on Cenozoic carbonate burial, estimating an approximately
eightfold fractionation between shallow and deep accumulation rates since the Oligocene
(Figure 6a), with alkalinity supply exerting a secondary influence. More recently, Salles et al.
(2025) reframed this evolution as an alkalinity-driven reorganisation of the carbonate system,
whereby excess alkalinity exceeded shallow-platform accommodation, promoting
redistribution toward pelagic settings and modulating CCD fluctuations.

In contrast to shallow-carbonate productivity estimates of Salles et al. (2025) which indicate a
sharp decline during the Paleocene—Eocene, our global pelagic CAR record remains
comparatively steady across this interval and instead exhibits a progressive, modest increase
from the early Oligocene through the Pliocene (Figure 6: a & ¢). This trend is broadly consistent
with independent deep-sea carbonate accumulation compilations (Figure 6b), which show a
long-term increase punctuated by variability through the Cenozoic (Hay et al., 1988), and with
sediment accumulation patterns (Figure 6¢), which indicate a general decline from the Late
Cretaceous into the Cenozoic (Renaudie and Lazarus, 2025). Crucially, our basin-resolved
synthesis demonstrates pronounced Paleocene inter-ocean divergence, showing that global
carbonate accumulation rates emerge from integrating heterogeneous regional responses to
common climatic and geochemical forcings. During the Paleocene—Eocene interval of shallow-
platform collapse, the Atlantic and Indian Oceans maintain higher pelagic CARs, whereas the
Pacific persistently exhibits the lowest carbonate accumulation. This muted Pacific response
implies partial inter-basin compensation that buffers the global burial signal—a pattern also
evident across the Eocene—Oligocene transition, when intensified deep-sea carbonate burial in
the Pacific and Indian Oceans coincides with steadier Atlantic rates and only modest increases
in global CAR. Together, these results indicate that although alkalinity-driven reorganisation
defines the first-order structure of the Cenozoic carbonate system, it did not generate a
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monotonic intensification of deep-sea carbonate burial at the global scale, as previously
suggested (Opdyke & Wilkinson, 1988). Basin-scale contrasts in median CARs (Figure 6f)
further emphasise that this evolution was strongly non-uniform, with asynchronous
intensification across the Atlantic, Pacific, and Indian Oceans. Our results highlight basin-
specific oceanographic controls—including circulation pathways, carbonate saturation
gradients, and gateway evolution—that govern the long-term partitioning of alkalinity and
carbonate burial between ocean basins.

Nannoplankton evolutionary patterns provide additional constraints on the relative roles of
biological production in governing carbonate burial. Although partial correlation exists
between nannofossil evolution from Suchéras-Marx et al. (2019) and our global CAR (Figure
6d), several intervals exhibit clear decoupling between biological innovation and carbonate
burial intensity. Peaks in nannofossil accumulation during the Late Cretaceous coincide with
highly variable global CARs, which we interpret as reflecting the dominance of basin-specific
preservation conditions over production. The pronounced CAR reduction at ~95-90 Ma
persists despite elevated nannoplankton abundance, suggesting that acidification and
circulation-driven dissolution suppress carbonate burial at this time. While Cretaceous
diversification established the potential for pelagic carbonate production, major shifts in the
global record appear to be unaligned with evolutionary thresholds before the Neogene. The
Cenozoic provides clear evidence for basin-scale intensification of deep-sea carbonate
accumulation to occur during the nannoplankton “establishment phase”. During this phase,
evolutionary innovation (invasion and specialization) was muted, and global CARs remained
relatively stable, pointing to regional oceanographic forcing as the primary control. Similarly,
a synchronous global decline in CARs at 5-0 Ma contrasts with contemporaneous increases in
nannofossil accumulation, underscoring a fundamental decoupling between biological
productivity and carbonate burial.



4 | arTicLE 3 62

1.20 1? 0 1(.)0 90 8.0 7|0 610 5.0 4.0 3|0 2|0 1.0
Early Cretaceous | Late Cretaceous |Pa|eoeene| Eocene | Oligocene | Miocene |PI|O|
a 20 '_F\
> o
£ _ 104 >
3 - 40 -15 =
S s , ©
8 5 w- Pelagic CAR from Kump & Arthur (1987) - 10 £
s E Shallow CaCO, productivity from Salles et al. (2025) 9 P -
3% e
Q220+ -5 =
8 ©
Shelf CAR from Kump & Arthur (1997) <
105 | | | | | | | | | | | 0 o
120 110 100 90 80 70 60 50 40 30 20 10 0
5=
b
T
S 4-
-2
°
£ 3-
; Pelagic CAR from Hay et al. (1988)
E(: 2- Indonesian Seaway closes ———
o Panama Gateway closes mm—
15 i i i I | i i I | | | 1
120 110 100 90 80 70 60 50 40 30 20 10 0
C
o
I‘_ 3=
>
x
"
£ 2-
G
° /
o
f,() Sediment AR from Renaudie & Lazarus (2025)
19 I | | | | | | I | | | 1
120 110 100 90 80 70 60 50 40 30 20 10 0
10‘3 T d " > .
Phase Establishment Phase .oy {J .
1
<
@
w0
g €
€2
& <
z 8 . N
- 107 4 « + ° Nannofossil AR from Suchéras-Marx et al. (2019)
1 1 1 | 1 1 1 1 1 1 1 1 1
120 110 100 90 80 70 60 50 40 30 20 10 0
o Age (Ma) =100
e OAE2 EOT  OMT McO BB
— —mmll Equatorial Atlantic Gateway opening P ;\3
. A \ S
>
o= - =60 8
cY 20004 / \ Global Median CaCO, (%) 8
© =
5 5 N\ ka0 c
o 2 \ o
2 % ' | A \’w §
= < ~20 @
/ \/ Global Median CAR ) =
- This study 0
6000 —
-~ 5000 - Atlantic Ocean
[V )
Z() 2 4000 - Indian Ocean Pacific Ocean
€ 3000~
5 £
® 2 2000 -
s o
£
~ 1000 -

This study
0-
S b o 5 & K @ & © o @ o8 o K o @ o © o B S 6
N::oommoocor\r\ommmvw:mmmmvwo.
TL . T .89y g8 S 8 9 83 8 o 8w o ©w S ©w oS w8 o=
w O VW O W O ®W O N~ N © © OV v g T O O N N - - -
- - 0 8 o = 2 =T T T =T T 2 T T S - T o
T2 ¢g¢e

Age bins (Ma)

Figure 6: Evolution of shallow and pelagic carbonate burial, sediment accumulation, and nannofossil production
over the last 120 Ma. (a) Global CaCOs production estimates, showing shallow-water carbonate production
derived from model-based alkalinity and platform-area reconstructions (black; Salles et al., 2025), alongside deep-
sea and shelf carbonate accumulation rates estimated using geochemical mass-balance modelling from Kump and
Arthur (1997). (b) Deep-sea carbonate accumulation rates compiled from sediment-core measurements and mass-
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accumulation calculations from Hay et al. (1988). (¢) Measured sediment accumulation rates from Renaudie and
Lazarus (2025). (d) Nannofossil accumulation rates (AR) from Suchéras-Marx et al. (2019), shown as individual
data points smoothed with LOWESS (SF=0.1). (e) Global median deep-sea carbonate accumulation rates (orange),
plotted together with median carbonate content (CaCOs %) (green) calculated within 5 Myr bins across all sites
in this study. (f) Median carbonate accumulation rates for the Atlantic, Pacific, and Indian Oceans, computed
within 5 Myr bins from this study. The timing of the Oceanic Anoxic Event 2 (OAE 2) is from Jenkyns (2018),
the Eocene/Oligocene transition (EOT), the Oligocene/Miocene transition (OMT), and the Miocene Climate
Optimum (MCO) are from Westerhold et al. (2020), the Equatorial Atlantic Gateway opening is from Dummann
et al. (2023), the Indonesian Seaway closure is from Bahr et al. (2023) and Kuhnt et al. (2004), and the Panama
Gateway closure is from Schmittner et al. (2004). Approximate span of the late Miocene-early Pliocene biogenic
bloom (BB) across the global oceans is from Pillot et al. (2023).

Conclusions

This study presents a comprehensive, basin-resolved synthesis of pelagic carbonate
accumulation rates across the Atlantic, Pacific, and Indian Oceans from the mid-Cretaceous to
the present. We present the first large-scale, basin-specific reconstruction of marine carbonate
burial, providing new constraints on the long-term evolution of the Earth system, including
connections between the carbon cycle, ocean circulation, and climate. Our results delineate two
contrasting modes of carbonate accumulation: a highly dynamic, environmentally volatile
Cretaceous regime associated with greenhouse conditions, and a comparatively stabilised but
strongly differentiated Cenozoic regime shaped by tectonic reorganisation, climate cooling,
and the evolution of ocean gateways.

Beyond documenting regional variability, our findings carry global implications for
understanding long-term climate sensitivity, shelf-basin carbonate fractionation, biological
evolution, and carbon sequestration. The transition from greenhouse to icehouse conditions is
reflected in systematic basin-wide shifts in carbonate burial patterns, with direct consequences
for oceanic carbon storage and atmospheric CO: regulation. These results highlight the central
role of basin-scale carbonate burial in modulating the global carbon cycle, demonstrating how
spatial differences in ocean chemistry, biological productivity, and deep-water circulation
propagate into global carbon fluxes over geological timescales.

Our synthesis revises earlier conceptual models that invoked a uniformly increasing global
carbonate burial through time. Instead, we show that long-term carbonate accumulation
emerges from complex, asynchronous interactions between ocean basins, tectonic events, and
climatic transitions. Distinct basin-specific responses, such as Late Cretaceous instability in the
Pacific and pronounced Oligocene intensification in the Pacific and Indian Oceans, contrast
with regime changes in the Atlantic, underscoring the spatial heterogeneity of marine carbon
sinks and their sensitivity to deep-time oceanographic-climate reorganisations. This framework
demonstrates that the long-term trajectory of pelagic carbonate burial is neither monotonic nor
spatially coherent. These findings underscore the need for next-generation carbon cycle models
to explicitly incorporate inter-basin heterogeneity, with implications for reconstructing past
climate states and anticipating future responses of the ocean—carbon system to anthropogenic
forcing.
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5 ‘ Discussion

In this thesis, I present the regional variability of the CCD across the Pacific and Indian oceans
since the Oligocene. I also examine the spatiotemporal distribution of deep-sea carbonate
(CAR) across three major ocean basins, the Atlantic, Pacific and Indian oceans, to investigate
the long-term evolution of pelagic carbonate flux since the Late Cretaceous. These records
provide new constraints on how the locus and intensity of deep-sea carbonate burial have
shifted between basins. They further reveal that such reorganisations arise from the interplay
of palacoceanographic processes, including changes in deep-water circulation, ocean chemistry
and saturation state, productivity regimes, and gateway configuration. The combined influence
of these factors imposes persistent spatial heterogeneity on carbonate burial efficiency.
Quantifying how shifts in the CCD translate into changes in carbonate accumulation is
therefore essential for constraining long-term carbon fluxes, ocean alkalinity budgets, and
feedback within the global carbon cycle.

This chapter synthesises the three thesis articles to develop an integrated interpretation of the
evolution of the deep-sea carbonate system from the Cretaceous to the present, with particular
focus on Neogene CCD variability and its coupling with CAR across the Pacific, Indian, and
Atlantic oceans. By coupling CCD reconstructions with CAR synthesis, this thesis provides a
mechanistic framework for interpreting carbonate-system reorganisations and for evaluating
changes in burial magnitude against the physical and chemical drivers that shift saturation state.
I organise the discussion around three key frameworks that integrate the results of the three
thesis chapters. The first two sections explore global and basin-scale patterns in carbonate
burial and CCD variability from the Cretaceous into the Cenozoic, emphasising the
greenhouse—icehouse transition and its impact on the deep-sea carbonate system and inter-basin
heterogeneity. The third section synthesises these results to examine Neogene carbonate-
system reorganisation and CCD shifts, explicitly addressing regional asymmetry in timing and
magnitude across ocean basins.

5.1. Global and basin-wide carbonate burial variability over the Cretaceous

Deep-sea carbonate burial has been the dominant long-term sink for marine carbon and
alkalinity since the Late Cretaceous, with its magnitude and distribution closely coupled to
variations in the CCD. Global synthesis estimates a CCD of ~3-3.5 km during the middle to
Late Cretaceous, deepening towards the Cenozoic CCD (Dutkiewicz et al., 2019), which tracks
the progressive enhancement of deep carbonate burial through deep time (e.g., Boss &
Wilkinson, 1991; Boudreau & Luo, 2017; Ridgwell & Zeebe, 2005). The relatively shallow
CCD (<~4 km), characteristic of much of the Cretaceous, has been attributed to carbonate
burial dominated by extensive neritic and epicratonic platforms (Boss & Wilkinson, 1991; van
Andel, 1975), with episodic shoaling during transient acidification events such as Oceanic
Anoxic Event 2 (OAE2: ~94.5 Ma) driven by large CO: inputs that reduced deep-sea carbonate
saturation and suppressed pelagic carbonate accumulation (Jones et al., 2023). Since ~80 Ma,
the progressive increase in seafloor area above the CCD (Dutkiewicz et al., 2019) and the
contraction of flooded shelf areas shifted carbonate burial from shelves to deep basins, thereby
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preconditioning a long-term trend towards a deeper CCD (Bogumil et al., 2024; Opdyke &
Wilkinson, 1988).

However, a major insight from the CAR synthesis in this thesis is that, even within the broad
Cretaceous greenhouse regime, pelagic carbonate burial was neither spatially nor temporally
uniform. Rather than a single coherent global trajectory, the Cretaceous record is characterised
by strong inter-basin contrasts and high temporal variability, implying that regional modulation
by ocean circulation and basin geometry exerted a first-order control on deep-sea carbonate
preservation. This is important because it reframes the Cretaceous carbonate system not as a
relatively steady baseline punctuated by OAEs, but as a dynamically partitioned system in
which the capacity for carbonate preservation differed markedly among basins and changed as
tectonic gateways evolved.

Model-proxy syntheses indicate that since the mid-Cretaceous, as Equatorial Atlantic Gateway
(EAG) deepened and improved communication with high-latitude source regions, basins
became more effectively ventilated by dense southern deep waters, favouring improved deep-
sea carbonate preservation and a deeper regional CCD relative to earlier, more restricted,
sluggish-circulation stages (Dummann et al., 2023; Steinig et al., 2024). In this context, the key
contribution of Article 3 is to show that the timing and magnitude of increased pelagic burial
were not globally synchronous but were mediated by basin-specific circulation trajectories. In
particular, the Atlantic Ocean’s comparatively higher mid-Late Cretaceous median CAR can
be interpreted as reflecting improved ventilation and higher carbonate saturation relative to the
Pacific with lower CAR, where older deep waters enriched in respired CO2 maintained lower
carbonate ion concentrations, more corrosive conditions, and suppressed carbonate
preservation. This spatial structure is consistent with the modern ocean, where the Pacific’s
deep waters typically have lower carbonate ion concentrations than the Atlantic due to ageing
along the overturning pathway (Archer, 1996; Ladant et al., 2020; Roth, 1989). The results
from Article 3 highlight that analogous gradients were established, at least intermittently,
during the Cretaceous as ocean circulation and basin geometry evolved.

Article 3 further indicates strongly fluctuating global CARs, with persistently low values
(commonly <1000 mg cm kyr') between ~120 and 80 Ma, despite superimposed episodic
perturbations. Importantly, this first basin-resolved synthesis of deep-sea carbonate
accumulation across the Atlantic, Pacific, and Indian oceans reveals pronounced spatial and
temporal heterogeneity during the mid—Late Cretaceous, as well as a fundamental contrast
between Cretaceous and Cenozoic carbonate-system behaviour. The Atlantic Ocean exhibits
comparatively higher CARs throughout much of the mid-Late Cretaceous, between ~800—
2000 mg cm™ kyr', shaped by the reorganisation of Atlantic deep-water circulation as
southern-sourced water masses replaced Tethyan-sourced deep waters (Dummann et al., 2023;
Liu et al., 2023), with abrupt reductions in carbonate burial during major perturbations, most
notably during OAE2. For example, median Atlantic CAR values decrease to ~800 mg cm™
kyr™ during the ~95-90 Ma interval, consistent with widespread carbonate dissolution and
reduced preservation during OAE2 (Jenkyns, 2018; Jenkyns et al., 2017; Leckie et al., 2002).
These transient declines indicate that carbonate burial in the Atlantic, despite relatively
favourable preservation conditions, was highly sensitive to episodes of ocean acidification
driven by volcanic CO: input (Steuber et al., 2023) and reduced carbonate saturation.

The Pacific Ocean maintains consistently low CARs throughout much of the Cretaceous,
commonly remaining below ~500 mg cm kyr™' and declining to <200 mg cm2 kyr ' near the
Cretaceous—Paleogene boundary. These low values reflect the long-standing corrosiveness of
Pacific deep waters, driven by limited ventilation from southern-sourced deep waters and the
dominance of older, low-saturation water masses (Ladant et al., 2020; Roth, 1989). This finding
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supports the interpretation that older deep waters in the Pacific accumulate respired CO: along
circulation pathways, reducing carbonate ion concentration and saturation state, and thereby
promoting dissolution despite elevated surface carbonate production (Bradtmiller et al., 2010;
Umling & Thunell, 2018; Yu et al., 2013). However, episodes of elevated CAR, such as ~1000
mg cm 2 kyr ! between ~85 and 75 Ma, correlate with global pelagic carbonate recovery stages
following the OAEs (Wang et al., 2011). The Pacific shows the greatest CAR decline over the
Late Cretaceous, with the lowest values during the latest Cretaceous-early Paleocene,
compared with the coeval higher steady-state CAR of the Atlantic. The thesis results suggest
that by the Late Cretaceous, the Pacific was already predisposed to lower carbonate
preservation efficiency than the Atlantic, implying that basin geometry and ocean circulation,
and not just climate, determined the partitioning of carbonate burial.

The Indian Ocean shows intermediate median CAR values, ranging from <500 to 2000 mg
cm2 kyr', generally lower than those in the Atlantic but higher than those in the Pacific. This
reflects the Indian Ocean’s partial deep-water connectivity with the Atlantic and its shared
intermediate- and deep-water masses with the South Atlantic, but with regional suppression of
carbonate preservation likely linked to south Indian volcanic and hydrothermal influences. In
the Indian Ocean, using a dataset from the southern sector of the basin in this study (Article 2),
the imprint of magmatism and hydrothermal activity associated with the Kerguelen Plateau
(Coffin et al., 2002; Duncan, 2002) likely altered ocean pH, alkalinity, and dissolved carbon
content, thereby generating spatially heterogeneous carbonate chemistry. These processes may
have locally reduced carbonate preservation, even during intervals when improved ventilation,
linked to evolving connectivity with the Atlantic, could otherwise have enhanced carbonate
flux. However, the Indian Ocean records a Late Cretaceous decline in CAR values synchronous
with that of the Pacific, likely reflecting exchange of intermediate and deep waters between the
two basins during this interval (Ladant et al., 2020).

These highly variable Cretaceous CAR records reveal that, even under sustained greenhouse
conditions with elevated atmospheric CO:, carbonate burial followed distinct basin-specific
pathways, indicating strong regional modulation by circulation dynamics and transient
perturbations such as OAEs. This matters for carbon-cycle interpretation because it implies that
the ocean's buffering capacity is unevenly distributed, with certain basins acting as stronger
sinks during some intervals and weaker sinks during others, and that the global carbonate sink
may be stabilised through compensation between basins rather than by a uniform response.

5.2. Cenozoic carbonate burial transition: Paleogene CCD and basin-specific
CAR variabilities

One of the principal findings from the CAR records of this thesis is that the highly variable
Cretaceous carbonate system transitioned into a Cenozoic regime characterised by greater
overall stability yet pronounced inter-basin differentiation among the Atlantic, Pacific, and
Indian oceans (Article 3). This transition is often framed as a long-term deepening of the CCD
over the Cenozoic, attributed to changes in alkalinity distribution, carbonate burial partitioning
between shelves and the deep ocean, and evolving bathymetry, which together raised deep-
ocean carbonate saturation and promoted greater pelagic CaCOs accumulation (e.g., Bogumil
et al., 2024; Boudreau et al., 2019; Derry, 2022; Komar & Zeebe, 2021; Salles et al., 2025).
Yet, the basin-resolved reconstruction in this thesis shows that this long-term framing is
incomplete when evaluated against rate-based burial evidence and spatially resolved CCD
behaviour. Rather than a monotonic increase in pelagic carbonate burial and progressive
deepening of the CCD, the results reveal persistently variable accumulation patterns and
regionally distinct CCD evolution.
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Early Cenozoic reconstructions indicate that the CCD remained relatively shallow (~3.0-3.5
km) and highly variable (Pélike et al., 2012; van Andel, 1975). Short-lived perturbations during
this interval, such as the Paleocene—Eocene Thermal Maximum (~56 Ma), are known from
high-resolution records to have produced rapid CCD shoaling followed by recovery through
enhanced dissolution and weathering feedbacks (Zachos et al., 2005). Although such transient
events occur at timescales shorter than those resolved in this study, they demonstrate the
inherent sensitivity of the carbonate system to carbon-cycle disturbances. At the same time,
global syntheses for the latest Paleocene—earliest Eocene suggest that, despite substantial
warming, the area-weighted global CCD may have changed little in some reconstructions
because regional CCD changes were offset by circulation and respiration (remineralization of
sinking organic carbon) effects; models requiring >1 km CCD deepening to balance outgassing
and weathering are supported only regionally (Greene et al., 2019; Komar et al., 2013; Slotnick
et al., 2015). This underscores that global CCD estimates can mask compensating regional
responses, and that global CCD stability may reflect spatial compensation rather than true
uniformity.

During the Paleogene, the Atlantic is characterised by persistently higher median carbonate
accumulation rates, generally between ~1200 and 2000 mg cm™2 kyr™', reflecting sustained
carbonate preservation under progressively improved deep-water ventilation. This pattern
correlates with the documented regional deep CCD below ~4 km across the North and South
Atlantic Ocean from the latest Cretaceous to the middle Eocene (Dutkiewicz & Miiller, 2022;
Norris et al., 2012). The Indian Ocean shows slightly lower but still elevated accumulation,
ranging from ~1000 to ~1800 mg cm™ kyr™!, whereas the Pacific remains strongly suppressed,
with carbonate burial remaining limited until the late Eocene (<~800 mg cm™ kyr™'). The
Indian Ocean’s response is consistent with its intermediate carbonate saturation regime, which
lies between the more corrosive deep waters of the Pacific and the comparatively higher
saturation state of the Atlantic (Bostock et al., 2013; Sabine et al., 2002; Zeebe & Westbroek,
2003). In particular, across the Cretaceous—Paleogene (K-Pg) boundary, the end-Cretaceous
mass extinction caused an abrupt collapse in pelagic carbonate production (Henehan et al.,
2016; Henehan et al., 2019). The resulting reduction in pelagic carbonate export led, over the
subsequent ~1 Ma, to enhanced deep-sea carbonate preservation and deepening of the CCD as
ocean alkalinity and the global carbon cycle re-equilibrated (Henehan et al., 2019). Despite the
substantial difference in temporal resolution between the short-lived K—Pg perturbation (~1
Myr) and the 5-Myr binning applied in this study, the coarse resolution precludes direct
attribution of inter-basin carbonate burial variability to the extinction-driven collapse and
recovery of pelagic carbonate production. The 5-Myr bins instead capture an integrated basin-
scale signal over a broader late Maastrichtian—early Paleocene interval, within which the
transient suppression and subsequent re-equilibration of the carbonate system are temporally
averaged. My CAR results reveal a marked reduction in carbonate burial across the Pacific (at
~<200 mg cm? kyr') and Indian oceans (at ~1000 mg cm™2 kyr') between ~70—65 Ma,
whereas the Atlantic shows no comparable response (at ~1500 mg cm 2 kyr'). Consistent with
this pattern, CCD reconstructions from both the North and South Atlantic indicate a persistently
deep CCD (~4.5-5 km) in the earliest Palacocene (Dutkiewicz & Miiller, 2022). Nevertheless,
the global signal shows a relatively smooth transition, with median CAR values clustering near
those of the Atlantic. This pattern suggests that comparatively steady Atlantic carbonate burial
exerts a disproportionate influence on the integrated global signal during certain intervals,
whereas the Pacific appears more sensitive to perturbations, thereby intensifying dissolution
and reducing carbonate burial under stressed conditions.

Many studies place the major Cenozoic shift from a shallow (~3—4 km) to deep (~4.5 km) CCD
at or around the Eocene—Oligocene transition (~34 Ma), broadly linked to Antarctic glaciation
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and a reorganised carbon cycle (e.g., Pilike et al., 2012; Taylor et al., 2023; van Andel, 1975).
However, my results show that the late Eocene—early Oligocene interval elicited strongly basin-
asymmetric responses (Article 3), rather than a uniform global deepening of the CCD. In the
Atlantic, the initial significant Cenozoic CAR peak (from ~1700 to ~2300 mg cm™2 kyr™)
occurred in the late Eocene (~40-35 Ma), likely reflecting intensified NCW formation, driven
by subarctic tectonic reorganisation that enhanced deep-water ventilation prior to Antarctic
glaciation (Straume et al., 2020; Westerhold et al., 2020). This peak correlates with an increase
in carbonate carbon flux in the Atlantic at ~38 Ma (Dutkiewicz & Miiller, 2022). In contrast,
the Pacific underwent the most pronounced intensification of carbonate burial in the early
Oligocene, from ~<200 to ~1200 mg cm™2 kyr™', coincident with a shift from non-calcareous
to carbonate-rich lithofacies (Wade et al., 2020).

In this framework, the Pacific emerges as a primary locus of Cenozoic deep-sea carbonate
reorganisation during the greenhouse-to-icehouse transition, analogous to the reorganisation
inferred across the EOT. High-resolution reconstructions by Wade et al. (2020) show a major
early Oligocene expansion of carbonate deposition across the equatorial Pacific, overlapping
with the most densely sampled region of my dataset. Their lithofacies synthesis documents a
transition from clay- and silica-dominated sediments to widespread carbonate accumulation
across the EOT in the Pacific Ocean, while the Atlantic and Indian oceans maintained
comparatively continuous carbonate-rich regimes. This pattern is supported by deep-sea
sedimentation-rate reconstructions of Renaudie and Lazarus (2025) and by my CAR estimates,
which indicate persistently higher Paleogene CARs in the Atlantic (~1500-2000 mg cm 2 kyr™")
and Indian (~500-1800 mg cm 2 kyr ') oceans, and strongly suppressed carbonate burial in the
Pacific until the latest Eocene. The early Oligocene intensification of carbonate burial
correlates with substantial CCD deepening in the equatorial Pacific, reflecting enhanced
carbonate preservation driven by improved deep-water ventilation and cooling associated with
Antarctic glaciation (Article 1, Pélike et al, 2012; van Andel, 1975). By contrast,
comparatively smaller changes in the Atlantic and Indian oceans across the same interval are
consistent with smaller CCD shifts (Dutkiewicz & Miiller, 2022; Peterson & Backman, 1990;
Sclater et al., 1977).

The observed asymmetry in carbonate burial rates across the Pacific, Atlantic, and Indian
oceans during the late Eocene-early Oligocene period highlights pronounced inter-basin
differences in carbonate system response to Antarctic glaciation. Rather than producing a
uniform adjustment, Antarctic glaciation altered the spatial distribution of deep-sea carbonate
preservation, with the strongest effects in basins that had previously been more dissolution-
prone. These patterns suggest that the large-scale reorganisation of the carbonate system during
the EOT was mediated by basin-specific ocean chemistry and circulation, yielding divergent
carbonate burial outcomes under shared climatic forcing. These results reinforce the thesis’s
broader argument that the carbonate system’s response to global climate transitions varies
according to existing oceanographic and basin-scale boundary conditions. Basins starting in a
dissolution-prone state (low saturation state) show high sensitivity to ventilation and cooling,
whereas those starting in a preservation-favourable state show muted sensitivity (Crowley,
1983; Ridgwell & Zeebe, 2005). This basin-resolved perspective also reframes debates about
the critical role of shallow—deep carbonate burial fractionation and alkalinity-driven
reorganisation over the Cenozoic. (e.g., Armstrong McKay et al., 2016; Cartapanis et al., 2018;
Salles et al., 2025; van der Ploeg et al., 2019). While enhanced alkalinity supply and changing
shelf accommodation likely contribute to long-term trends (Salles et al., 2025), the spatial
pattern of burial change across the EOT suggests that circulation-mediated redistribution of
carbonate saturation gradients is essential to explaining where burial intensified. Therefore,
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models that treat the CCD as a near-global equilibrium response to weathering may miss the
core mechanism by which the CCD and carbonate burial evolve differently across basins.

5.3. Neogene carbonate system and CCD shifts

Results from the first multi-regional CCD reconstructions since the late Oligocene reveal
pronounced regional variability, with ~1—-1.2 km CCD fluctuations across six Pacific regions
(western North Pacific, eastern North Pacific, western tropical Pacific, eastern equatorial
Pacific, western South Pacific, and eastern South Pacific, Article 1) and ~1-1.5 km CCD
variations across three sectors of the Indian Ocean (western equatorial, southeast Indian,
and Southern Ocean sectors, Article 2). I find that CCD shifts in both the Pacific and Indian
oceans are closely linked to climate perturbations, Antarctic ice-sheet growth, and
reorganisations of ocean circulation associated with the opening and closure of major gateways,
including the Tethyan, Indonesian, and Panama gateways, and evolving Indo-Pacific water
exchange. Both basins exhibit pronounced longitudinal-latitudinal variability throughout the
Neogene, with the deepest CCDs consistently developed in equatorial regions, ranging between
~3.7-4.7 km in the eastern equatorial Pacific and ~3.6—4.4 km in the western equatorial Indian
Ocean.

A major implication of these reconstructions is that the Neogene CCD cannot be treated as a
single curve within a single basin. In the Pacific, pronounced east-west differences across the
equator show that carbonate preservation responds to zonal structure in thermocline depth,
productivity patterns, and the chemistry of intermediate and deep waters, not only to the long-
recognised north—south gradient. This conclusion is particularly important because much of the
existing CCD framework for the Neogene Pacific is derived from eastern equatorial records
(e.g., Campbell et al., 2018; Komar & Zeebe, 2021; Pélike et al., 2012; Rea & Lyle, 2005),
while the western tropical Pacific has been underrepresented despite its central role in Indo-
Pacific heat and water exchange (Nathan & Leckie, 2009). By providing the first CCD
reconstruction for the western tropical Pacific, Article 1 demonstrates that equatorial carbonate
preservation has a fundamentally zonal component, likely implying the dynamic interplay
among Indonesian Throughflow history, WPWP evolution, and water-mass sourcing.

At the basin scale, the early Miocene is characterised by a synchronous decline in median CAR
(~25-20 Ma age bin) in the Pacific and Indian oceans, accompanied by a pronounced
suppression of deep-water (>3500 m) carbonate burial across all three basins (Article 3). This
decline coincides with equatorial CCD shoaling in the Pacific (~200 m, Article 1) and the
Indian oceans (~300 m, Article 2), indicating reduced preservation driven by early Neogene
warming and elevated atmospheric CO: (Lear et al., 2000; Miller et al., 2020; van Andel, 1975).
Neogene syntheses of Pacific CaCOs; mass-accumulation rates highlight strong regional
variability and a globally expressed decline in pelagic carbonate burial during the early
Miocene, likely tied to rising sea level (Lyle, 2003). Unlike the Pacific, where early Miocene
variability is often discussed primarily in terms of equatorial productivity and the global
climate state, the Indian Ocean carbonate accumulation is interpreted in terms of the fate of the
Tethyan Seaway, the initiation and evolution of monsoon-driven terrigenous input, and the
development of oxygenated water masses (Beasley et al., 2021; Boersma, 1990; Peterson et al.,
1992; Torfstein & Steinberg, 2020; Woodruff & Savin, 1989). In contrast, Atlantic median CAR
values remain broadly stable across this interval, despite evidence of reduced deep-water
burial, indicating compensatory increases in shallow and intermediate burial. Regional CCD
reconstructions from the Atlantic show that shoaling was confined to the basin's northern
sector, where a relatively deep CCD (~4.7 km) shoaled to ~4.3 km (Dutkiewicz & Miiller,
2022). This thesis further extends this interpretation by showing that the reduction in carbonate
burial is evident in deep-water settings across all basins in the depth-binned CAR synthesis,
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which captures interbasin variability and emphasises that the primary imprint of this interval is
a reduction in deep-water preservation. Nevertheless, global carbonate records indicate an
overall decline of carbonate burial accumulation during the early Miocene, underscoring the
importance of cross-basin interactions in regulating the global carbonate budget and the global
manifestation of the early Miocene carbonate decline in the deep ocean.

However, superimposed on this broadly coherent early Miocene weakening of the deep
carbonate sink, the new regional CCD reconstructions reveal strongly asymmetric behaviour
that helps explain why global Neogene trends can be misleading. Across the equatorial Pacific,
the first CCD reconstruction in this study, from the western tropical region, reveals pronounced
east—west asymmetry, with a distinct CCD deepening from ~3.2 km at ~23.5 Ma to ~4.1 km at
~20.5 Ma in the west, not observed in the eastern Pacific. This is interpreted as a delayed
response (after ~24 Ma) to West Antarctic Ice Sheet expansion at ~26 Ma (Billups & Schrag,
2002; Klages et al., 2024). The deepening of the western tropical Pacific CCD after ~24 Ma is
consistent with the idea that improvements in deep-water ventilation and cooling propagated
into the Pacific in a spatially structured way, potentially via strengthened southern-sourced
deep-water influence along the western South Pacific margin and into the western equatorial
domain (e.g., Foppert et al., 2021; Silvano et al., 2023; Sloyan et al., 2013; Yi, 2023).
Importantly, this deepening occurs during the broader early Miocene interval when depth-
stratified CAR synthesis indicates reduced deep-water burial at the basin scale. Similarly,
Dutkiewicz and Miiller (2022) document CCD deepening in the South Atlantic, from ~3.4 km
to ~3.8 km over the same interval, contrasting with the shoaling observed in the North Atlantic.
The coexistence of regionally varied CCD patterns in the Pacific and Atlantic, coupled with an
overall reduction in deep carbonate burial, suggests that preservation changes were not
uniform. Certain regions may have experienced improved deep-water saturation due to changes
in ocean circulation or water-mass sourcing, while the basin-integrated deep sink weakened
due to global warming, sea-level rise, and broader dissolution.

Furthermore, the interpretation of the west-east asymmetry in the equatorial Pacific in terms of
carbonate accumulation and CCD variability naturally highlights the roles of upper-ocean
structure and thermocline dynamics. The western tropical Pacific lies within the WPWP
influence and is sensitive to shifts in thermocline depth and nutrient supply that regulate
carbonate export (Nathan & Leckie, 2009; Shi et al., 2022). Episodes of enhanced nutrient
concentrations favouring coccolith productivity in this region have been linked to cooling and
shoaling of the thermocline associated with WPWP dynamics (Imai et al., 2015; Liang & Liu,
2018; Shi etal., 2022; Yuwono & Sato, 2020). This correlates with a shallow thermocline across
the western tropical Pacific driven by a relatively open Indonesian Seaway and Indo-Pacific
water exchange (Von Der Heydt & Dijkstra, 2011).

During the late early Miocene, the co-occurrence of equatorial CCD shoaling in both the Pacific
and Indian oceans (Articles 1 & 2) at ~19—18 Ma is notable because it overlaps with earlier
CCD reconstructions (Campbell et al., 2018; Lyle, 2003; van Andel, 1975) and Lyle’s (2003)
concept of a “carbonate famine” in the equatorial Pacific within this interval, attributed to
reduced productivity and increased dissolution, potentially linked to wide Indonesian Seaway
connectivity. In this context, the thesis suggests that Indo-Pacific exchange may have had a
basin-wide effect. Vigorous intermediate-water throughflow and evolving thermocline
structure during the early-middle Miocene likely influenced nutrient delivery and surface
productivity in both the equatorial Pacific and Indian oceans, contributing to reduced carbonate
export and elevated regional dissolution, thereby paralleling mechanisms for the later middle—
late Miocene carbonate crash interval (e.g., Liibbers et al., 2019; Lyu et al., 2023; Preiss-
Daimler et al., 2021). This inference remains interpretative, but it highlights the value of pairing
Pacific and Indian CCD reconstructions, as similar timing of CCD shifts across basins can point
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to a shared driver (e.g., Indo-Pacific exchange, global atmospheric CO2), while differences in
amplitude or sign can reveal how local circulation and productivity regimes modulated the
response.

Since the middle Miocene, the integrated CCD and CAR records capture a transitional interval
in which changes in climate state, ocean circulation, and biological productivity interacted
within a complex framework. Regional CCD shoaling during the Miocene Climatic Optimum
(MCO: 17-14 Ma; Westerhold et al., 2020) in both the Pacific and Indian oceans reflects
enhanced carbonate dissolution under warmer deep-water conditions, whereas subsequent
CCD deepening coincides with global cooling and the expansion of the Antarctic ice sheets
(Articles 1 & 2). Previous studies indicate that the MCO in the equatorial Pacific was
characterised by elevated deep-ocean temperatures and intensified carbonate dissolution,
followed by progressive CCD deepening after ~16 Ma, as atmospheric CO; declined, and
global cooling and Antarctic ice-sheet advanced (Holbourn et al., 2024; Holbourn et al., 2014;
Honisch et al., 2023). Expanding on this framework, this thesis identifies a spatially coherent
phase of CCD deepening across the late MCO interval in the western North Pacific and the
equatorial Pacific. A comparable deepening signal is also resolved in my CCD model for the
western equatorial Indian Ocean. These observations align with previously published
reconstructions from the eastern equatorial Pacific (Campbell et al., 2018; Lyle, 2003; Pélike
et al., 2012), the western equatorial Indian Ocean (Campbell et al., 2018), and the central North
Atlantic (Dutkiewicz & Miiller, 2022). Crucially, the results presented here show that this CCD
reorganisation extended beyond equatorial regions, indicating a more extensive, basin-wide
restructuring of the carbonate system during the MCO.

In the Pacific and Indian oceans, my CCD models reveal pronounced post-MCO regional
variability, including longitudinal asymmetry across the equator and heightened sensitivity to
thermocline dynamics and silica—carbonate competition. A particularly valuable cross-basin
link emerges around ~12—11.5 Ma. In the Indian Ocean, the western equatorial CCD reaches
~4.2 km at ~11.5 Ma, while in the equatorial Pacific, Article 1 documents a peak in CCD
deepening around ~12 Ma in the eastern equatorial Pacific and ~12.5 Ma in the western tropical
Pacific, followed by stepwise shoaling after ~11.5 Ma. Article 2 proposes that the western
equatorial Indian CCD behaviour may reflect a broader equatorial response spanning the
Pacific and Indian oceans, potentially linked to stabilisation of the WPWP position around
~11.6 Ma (Nathan & Leckie, 2009) and to the progressive restriction of the Indonesian Seaway
and associated changes in Indo-Pacific water-mass exchange (Sosdian & Lear, 2020; Zhang et
al., 2024b). Although the specific mechanism may differ between basins, with WPWP
stabilisation in the Pacific versus diminishing warm-pool influence and monsoon-driven
productivity in the Indian (Gupta et al., 2015; Sarr et al., 2022), the near-synchronous timing
suggests that the equatorial Indo-Pacific carbonate system underwent a coordinated
reorganisation in the mid-late Miocene. This interpretation is important because it provides a
mechanistic bridge between the Pacific and Indian CCD curves. Rather than treating them as
independent regional records, I propose that their coupled behaviour reflects the shared
evolution of equatorial circulation, thermocline structure, and water-mass chemistry.

The integrated CAR and CCD analyses presented here further reveal basin-scale carbonate
dynamics during this interval. CCD reconstructions indicate a pronounced deepening in the
eastern equatorial Pacific, reaching ~4.8 km at ~12 Ma, the deepest equatorial Pacific CCD of
the Cenozoic, consistent with estimates by Pélike et al. (2012). This deepening likely reflects
enhanced Antarctic glaciation and strengthened deep-water ventilation (e.g., Holbourn et al.,
2024; Sutherland et al., 2022), coupled with post-middle Miocene Climate Transition (MMCT)
cooling, reduced volcanic CO: input from the Columbia River Basalt (Sosdian & Lear, 2020),
and intensified alkalinity removal through deep-sea carbonate burial (van der Ploeg et al.,
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2019). Despite this, Pacific basin-wide CAR values between ~15 and 10 Ma remain
comparatively lower than those of the Indian Ocean, highlighting the dominant influence of
WPWP development on carbonate budgets during this interval, beyond the effects of global
climatic and tectonic drivers.

In the Indian Ocean, the post-MCO CCD evolution, characterised by progressive deepening in
the western equatorial sector, closely aligns with the basin-scale CAR synthesis, which
documents a sustained increase in carbonate accumulation after ~15 Ma, peaking between ~10
and 5 Ma (Articles 2 & 3). This interval encompasses the late Miocene—early Pliocene biogenic
bloom (e.g., Bolton et al., 2022; Lyle & Baldauf, 2015; Pillot et al., 2023), recorded as CCD
deepening in both western equatorial and eastern South Indian Ocean reconstructions, and
reflects the combined influence of Indonesian Seaway constriction, strengthening Antarctic
glaciation, monsoon intensification, evolution of the WPWP, and enhanced surface
productivity linked to thermocline shoaling and expansion of oxygen zones (Betzler et al.,
2016; Bolton et al., 2022; Dickens & Owen, 1999; Filippelli, 1997; Gupta et al., 2015;
Holbourn et al., 2018; Martinot et al., 2022; Nathan & Leckie, 2009; Sarr et al., 2022). Across
the Pacific, the late Miocene biogenic bloom shows pronounced regional heterogeneity, with a
~1 Myr offset between the western and eastern equatorial sectors and a complete absence in
the western North Pacific (Article 1). The equatorial CCD variability across the Pacific and
Indian oceans during this interval is similarly best interpreted in terms of regional circulation
patterns and zonal asymmetry associated with WPWP dynamics and Indo-Pacific exchange
(Articles 1 & 2).

The western North Pacific record highlights another major mechanism shaping Neogene CCD
variability, reflecting silica—carbonate competition and the development of a northward silica
gradient. The western North Pacific CCD has remained comparatively shallow since the mid-
Miocene (typically ~2.8—4 km), owing to enhanced siliceous productivity and burial that
exceeded carbonate accumulation, generating a persistent northward silica gradient across the
Pacific (e.g., Cortese et al., 2004; Ragueneau et al., 2000; Woodruff & Savin, 1989; Zhang et
al., 2022a). Here, my findings link this regime to gateway forcing, whereby Panama’s
restriction reduced Atlantic—Pacific exchange, strengthened the NADW, and influenced
Antarctic Bottom Water (AABW) pathways, indirectly increasing silica delivery and
preservation patterns in the North Pacific (Cortese et al., 2004; Rea et al., 1995). The observed
CCD shoaling peaks at ~6.5 Ma and ~3 Ma, corresponding to known silica accumulation peaks
in the region (Rea et al., 1995).

The late Miocene biogenic bloom interval further illustrates this non-linear behaviour,
illustrating how CCD responses to changes in productivity diverge among basins. In the eastern
equatorial Pacific, the carbonate crash (~10.5-9 Ma) represents the shallowest Neogene CCD.
Subsequently, during the late Miocene (~7-6.5 Ma), a renewed phase of CCD shoaling
occurred (Article 1), coinciding with elevated opal accumulation and declining CaCOs wt% at
key sites, indicating intensified silica deposition and reduced carbonate preservation (Lyle &
Baldauf, 2015; Lyle et al., 2019). The thesis interprets this shoaling as indicating enhanced
silica productivity and reduced carbonate preservation, despite elevated overall productivity.
This interpretation helps reconcile the apparent paradox that the biogenic bloom is often
associated with increased biogenic production yet can coincide with reduced carbonate burial
in some regions. These observations show that increased productivity does not necessarily lead
to greater carbonate burial or deeper CCDs. Instead, the balance between carbonate and organic
carbon fluxes, mediated by CCD position (Lyle et al., 1995), determines whether productivity
enhances or suppresses long-term carbonate burial.
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The Indian Ocean CCD record provides complementary evidence of the biogenic bloom and
strengthens the thesis’ cross-basin synthesis. In the western equatorial Indian Ocean, a major
CCD deepening of ~400 m between ~9 and 7 Ma, peaking near ~7.5—7 Ma, coincides with the
identified Indian biogenic bloom and the establishment of modern deep-water circulation
patterns (e.g., Dickens & Owen, 1999; Prabhat et al., 2022; Woodruff & Savin, 1989; Wright
et al., 1991). This deepening aligns with evidence of enhanced productivity and carbonate
accumulation in the western Indian Ocean, and with broader circulation reorganisation
potentially linked to Central American Seaway constriction, increasing NADW/NCW
influence, and the strengthening of the East Asian monsoon (Bolton et al., 2022; Filippelli,
1997; Peterson et al., 1992; Prabhat et al., 2022). Yet, the Indian record also shows a subsequent
modest shoaling (~200 m) between ~7 and 5 Ma, interpreted as reflecting intensified
dissolution driven by elevated organic carbon flux during the late Miocene—early Pliocene
productivity peak.

When these CCD reconstructions are integrated with the basin-resolved CAR synthesis, a
clearer picture emerges. Article 3 shows that from the middle Miocene through the early
Pliocene (~15-5 Ma), all three basins experienced enhanced carbonate accumulation,
underscoring the global significance of the biogenic bloom interval. However, the amplitude
and expression vary. The Atlantic and Indian oceans show the strongest CAR increase, whereas
the Pacific response is comparatively muted and, in some intervals, even lower than in the
preceding 15—10 Ma window. This pattern aligns with the CCD evidence. In the Atlantic and
Indian oceans, late Miocene CCD deepening indicates enhanced preservation and higher burial
efficiency (Article 2, Campbell et al., 2018; Dutkiewicz & Miiller, 2022). Whereas, in the
Pacific, regional CCD shoaling in equatorial sectors indicates dissolution impact and silica
competition, which can suppress preserved carbonate burial even under high productivity
(Article 1). This nonlinear behaviour likely represents a key feature of the late Cenozoic
carbonate system and highlights the importance of integrating CCD dynamics with CAR
patterns.

The latest Cenozoic evolution of carbonate systems is characterised by a basin-wide decline in
CAR across all three oceans from the Pliocene to the present, with the Pacific experiencing a
higher drop. This widespread decrease in carbonate accumulation rates since the Pliocene is
accompanied by an overall trend of CCD shoaling across large parts of the Pacific (Article 1),
Indian (Article 2) and Atlantic (Dutkiewicz & Miiller, 2022) oceans. This pattern likely reflects
the combined effects of ocean gateway reorganisation, changes in deep-ocean overturning
linked to the Atlantic meridional overturning and Antarctic ice-sheet expansion, intensification
of Northern Hemisphere glaciation, and a late Neogene reorganisation of nutrient and
productivity regimes that shifted export production and burial patterns between siliceous and
calcareous biota (e.g., Derry, 2022; Kerr et al., 2017; Komar & Zeebe, 2021; Preiss-Daimler et
al., 2021; Qin et al., 2022; Si & Rosenthal, 2019). In this context, the thesis adds two important
insights. First, the decline in carbonate accumulation is not simply a uniform suppression of
carbonate production as it is accompanied by increased expression of glacial-interglacial
variability and by persistent basin divergence (e.g., Atlantic remaining more carbonate-rich
than the Pacific). Second, the CCD reconstructions show that late Neogene to Quaternary CCD
behaviour retains large regional swings of several hundred metres to more than 1 km
superimposed on the longer-term shoaling trend, consistent with glacial-interglacial shoaling—
deepening cycles associated with orbital-scale changes in deep-water formation, regional ocean
circulation, and the productivity/dissolution balance (e.g., Karlin et al., 1992; Lee et al., 2000;
Xu et al., 2022). In the western tropical Pacific, for example, CCD deepening from ~3.8 km at
~3 Ma to ~4.5 km at ~0.5 Ma is consistent with intensified cooling, thermocline shoaling, and
enhanced mixing in the region during the late Pliocene to Quaternary. This illustrates that even
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as the global system shifts towards lower average burial, some regions can experience
deepening due to local circulation and productivity structure.

5.4. Significance and future research

The findings presented in this thesis represent a significant contribution to the field, advancing
our mechanistic understanding of the processes and feedbacks that regulate pelagic carbonate
burial and the long-term evolution of the deep-sea carbonate system. My results demonstrate
that regional CCD behaviour and basin-scale carbonate burial are closely coupled yet highly
non-uniform across space and time, with important implications for the deep carbon cycle. In
contrast to the alkalinity-driven regime framework proposed by Salles et al. (2025), which
attributes Cenozoic carbonate system evolution primarily to excess alkalinity overwhelming
shallow-platform accommodation and promoting progressive redistribution towards pelagic
burial, our basin-resolved reconstruction reveals a more complex and spatially heterogeneous
trajectory. Rather than a monotonic intensification of deep-sea carbonate accumulation, the
pelagic CAR record demonstrates compensating inter-basin behaviour and temporal
asymmetry, particularly during the major transition intervals. Moreover, comparisons with
nannoplankton evolutionary trajectories (Suchéras-Marx et al., 2019) reveal repeated
decoupling between biological innovation and carbonate burial intensity. These findings
indicate that although alkalinity supply and pelagic calcifier evolution exert fundamental, first-
order controls on the spatial distribution of the marine carbonate, the trajectory of long-term
carbonate sequestration is strongly modulated by basin-specific ocean circulation patterns,
spatial gradients in carbonate productivity and saturation state, and depth-dependent
preservation thresholds.

The basin-resolved framework developed in this thesis opens several avenues for future
research. First, extending regional CCD reconstructions into undersampled sectors of the
global oceans will be essential for refining inter-basin contrasts and testing the robustness of
the compensatory burial patterns identified here. Improved age-depth models for drill sites,
together with higher-temporal-resolution carbonate system proxies (e.g., boron isotopes,
foraminiferal 8''B, or carbonate ion reconstructions) and expanded depth transects of sediment
cores spanning above and below the CCD, would provide tighter constraints on carbonate
preservation thresholds and the position of the lysocline and CCD. Second, integrating basin-
scale CAR reconstructions with fully coupled Earth system and carbon cycle models would
enable a quantitative evaluation of how regional preservation regimes propagate into global
alkalinity budgets and atmospheric CO: feedback. Finally, linking carbonate burial dynamics
more explicitly to evolving deep-water formation patterns, silicate weathering fluxes, and
calcareous nanoplankton patterns will help resolve the relative contributions of circulation,
chemistry, and biological evolution to long-term carbonate sequestration. Together, these
directions will advance a mechanistic, spatially explicit understanding of the deep-time
evolution of the carbon cycle.
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6 ‘ Conclusions

In this thesis, based on three articles, I presented new regional reconstructions of the carbonate
compensation depth (CCD) in the Pacific and Indian oceans, along with the first global
carbonate burial maps over time. These results provide new quantitative constraints on the
evolution of the CCD and deep-sea carbonate flux through time. I employed a consistent
methodological framework that integrates large-scale drill-site compilations (from
DSDP/OPD/IODP expeditions), backtracked paleo—water depth reconstructions that explicitly
account for sediment compaction, tectonic subsidence, dynamic topography, and eustatic sea-
level change, and regression-based CCD computation from CAR—depth relationships. This
integrated strategy enables direct comparison of CCD evolution and carbonate burial across
basins and through time, overcoming limitations of earlier studies based on sparse depth
transects or basin-averaged assumptions.

My results demonstrate that shifts in the CCD exert a first-order control on both the magnitude
and spatial distribution of pelagic carbonate burial, while the relationship between CCD
variability and carbonate accumulation is regionally modulated by deep-water circulation,
productivity regimes, and tectonic gateway evolution. During the Cretaceous, pelagic
carbonate burial was highly unstable and spatially heterogeneous across all three ocean basins,
reflecting a greenhouse-world ocean characterised by episodic perturbations, variable
ventilation, and strong sensitivity to transient events such as OAEs. Basin-resolved CAR
records show that elevated atmospheric CO: did not generate uniform carbonate burial
responses across ocean basins. The Atlantic experienced comparatively higher burial rates but
showed strong variation in response to shifts in circulation and saturation state. In contrast, the
Pacific remained persistently undersaturated and corrosive, resulting in suppressed carbonate
accumulation, while the Indian Ocean exhibited intermediate behaviour consistent with its
partial connectivity to southern-sourced deep waters. These patterns indicate that effective
deep-water ventilation and enhanced carbonate preservation emerged asynchronously among
basins, and that global carbonate burial cannot be inferred from single-basin or globally
averaged records.

Across the Cenozoic, the marine carbonate system shifted towards greater overall stability yet
remained strongly differentiated between basins. Although long-term deepening of the CCD is
evident, this thesis challenges the prevailing assumption of a progressive increase in pelagic
carbonate burial through time. Instead, basin-specific trajectories dominate, with the Pacific
exhibiting the strongest response to the Eocene—Oligocene transition and early Neogene
climate change, the Atlantic showing episodic maxima linked to the development of NCW and
intensified NADW formation, and the Indian Ocean recording a pronounced Neogene
intensification tied to Indo-Pacific exchange, monsoon strengthening, and gateway
reorganisation. The first multi-regional CCD reconstructions reveal large-amplitude Neogene
variability of ~1-1.2 km across the Pacific and ~1-1.5 km across the Indian Ocean, with
consistently deeper CCDs in equatorial regions and pronounced longitudinal-latitudinal
asymmetry. These results demonstrate that CCD evolution is not spatially coherent even within
individual basins.

My results further document the late Miocene biogenic bloom and the complex interplay
among productivity, dissolution, burial, and CCD dynamics. Despite enhanced carbonate
production across all basins, burial responses diverged markedly, with CCD deepening and
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elevated CARs in the Atlantic and Indian oceans, whereas burial remained muted or declined
in parts of the Pacific, where increased siliceous productivity and intensified dissolution offset
carbonate export. The subsequent Pliocene—Recent decline in CAR across all basins was
accompanied by widespread shoaling of the CCD through large portions of the Pacific, Indian,
and Atlantic oceans. These results indicate that long-term carbonate burial arises from basin-
scale responses that compensate and contrast, rather than from a uniform global trend. The
central outcome of this thesis is that the global carbonate burial signal emerges from spatially
differentiated responses to climate forcing, mediated by basin-scale oceanographic structure
and evolving carbonate system dynamics. This integrated framework highlights the importance
of considering the spatial distribution of carbonate burial among ocean basins in regulating
long-term carbon sequestration in the ocean and the global carbon cycle, and provides a revised
perspective on how tectonic and climatic boundary conditions control the deep-sea carbonate
system through time.
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1237B, and 1172A). Each plot includes a black curve representing backtracking without the inclusion
of dynamic topography and eustatic sea level. The blue curve shows backtracking incorporating sea

level, while the purple curve incorporates dynamic topography only. The orange curve shows
backtracking that includes both dynamic topography and sea level. Dynamic topography and sea level
used in these examples are based on the M6 model from Miiller et al. (2018).
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Supplementary Figure 2. Regression plots using the dataset of Palike et al. (2012) to reconstruct the
CCD based on four regression methods. The CCD is defined by the carbonate accumulation rate
(CAR) values extrapolating to zero as a function of the paleo-water depth (i.c., the y-intercept). Data
points (blue and red circles) represent various deep-sea drill sites at each time interval. Red circles
indicate outliers. The gray envelope indicates uncertainty with 95% confidence. The regression
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methods include LSR — least squares with reduced axis regression calculating errors on the x-axis

(CAR) and the y-axis (paleo-water depth), LSY— least squares regression computing errors on the y-
axis, LWR — weighted least squares with reduced axis regression and outlier detection, and LWY —
weighted least squares with outlier detection and error computation on the y-axis.

Supplementary Table 1. Deep-sea drill sites from the Deep Sea Drilling Project (DSDP), Ocean
Drilling Program (ODP), and Integrated Ocean Drilling Program (IODP) used in the study of the
Regional Carbonate Compensation Depth variability in the Pacific Ocean since the Oligocene.

Note: Drill sites locality include EN for the eastern North Pacific, WN for the western North Pacific,
EEQ for the eastern equatorial Pacific, WT for the western tropical Pacific, ES for the eastern South
Pacific, and WS for the western South Pacific. NSB refers to Neptune Sandbox Berlin (NSB;

https://nsb.mfn-berlin.de/, Renaudie et al., 2020).

Site name Locality Longitud Latitude Water bagrclf::ti cage fﬁi‘l:?l:: Basement Depth below Agl::)?:;th
e(®) ©) depth (m) (Ma) penetrated (m) reached seafloor (m) source
DSDP 5-33 EN -127.5 39.5 4284 26.5 287 No 295 Lyle (2002)
DSDP 5-37 EN -140.7 41.0 4682 27.8 30.6 Yes 30 Lyle (2002)
DSDP 6-55 WT 1425 9.3 2850 154.4 119.1 No 130.8 Lyle (2002)
DSDP 7-62A WT 141.9 1.9 2607 28.4 303.3 No 364 NSB
DSDP 7-65 WT 177.0 4.4 6142 137.7 130.5 No 145 Lyle (2002)
DSDP 8-70 EEQ -140.4 6.3 5059 52.6 98 No 113 Lyle (2002)
DSDP 9-84 EEQ -82.9 5.7 3096 10.5 2133 No 253.9 Lyle (2002)
DSDP 16-158 EEQ -85.2 6.6 1953 14.1 249.9 Yes 323 NSB
DSDP 17-170 WT 177.6 11.8 5792 147.3 30.7 Yes 196 NSB
DSDP 17-171 WT -169.5 19.1 2290 113.3 173.3 Yes 464 NSB
DSDP 18-173 EN -125.5 40.0 2927 20.6 196 Yes 3335 NSB
DSDP 18-178 EN -147.1 57.0 4218 39.4 212.5 Yes 794.5 NSB
DSDP 21-208 WS 161.2 -26.1 1545 - 255.4 No 594 NSB
DSDP 29-284 WS 167.7 -40.5 1166 - 166.8 No 208 Lyle (2002)
DSDP 30-289 WT 158.5 -0.5 2206 146.5 712.6 Yes 1271 NSB
DSDP 32-313 WT -171.0 20.2 3484 111.8 220.5 Yes 606 NSB
DSDP 33-317B WS -162.3 -11.0 2598 125.4 308 No 943.5 NSB
DSDP 34-319 ES -101.5 -13.0 4296 15.1 99.33 Yes 157 Lyle (2002)
DSDP 56-436 WN 145.6 39.9 5240 133.9 240.8 No 397.5 NSB
DSDP 58-446 WN 132.8 24.7 4980 76.9 197.1 No 420.5 ]I;égi:rlt
DSDP 59-448 WT 134.9 16.3 3483 39.4 234 No 584.5 NSB
DSDP 59-451 WT 1433 18.0 2060 6.5 280.1 No 930.5 ]I;égi:rlt
DSDP 60-458 WT 146.9 17.9 3453 146 97.83 Yes 465.5 NSB
DSDP 60-459B WT 147.3 17.9 4121 146.4 182.14 Yes 691.5 NSB
DSDP 62-463 WT 174.7 214 2525 150.4 301.8 No 822.5 NSB
DSDP 63-469 EN -120.5 32.6 3790 17.4 170.2 No 453.5 NSB
DSDP 63-470 EN -117.5 28.9 3549 15.1 90 Yes 168 NSB
DSDP 63-472 EN -114.0 23.0 3831 13.9 65.11 Yes 137.5 NSB
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Site name Locality Longitud Latitude Water bagrclf::ticage ﬁfill:?l:: Basement Depth below Ag[::)?gth
e (°) ©) depth (m) (Ma) penetrated (m) reached seafloor (m) source

DSDP 68-503A EEQ -95.6 4.1 3672 9.9 138 No 235 NSB
DSDP 85-572A EEQ -113.8 1.4 3893 15.7 154.35 No 154 NSB
DSDP 85-572D EEQ -113.8 1.4 3893 15.7 258.87 Yes 479.5 NSB
DSDP 85-573 EEQ -133.3 0.5 4301 37.0 159.4 No 158.6 NSB
DSDP 85-573B EEQ -133.3 0.5 4301 37.0 279.7 Yes 529 NSB
DSDP 85-574 EEQ -133.3 42 4561 36.0 208.93 No 206.5 NSB
DSDP 85-574C EEQ -133.3 42 4561 36.0 197.35 Yes 532.5 NSB
DSDP 86-578 WN 151.6 339 6010 145.7 165.02 No 176.8 NSB
DSDP 86-579A WN 153.8 38.6 5736.6 134.1 115.87 No 149.5 NSB
DSDP 86-581 WN 159.8 43.9 5476 126.3 77.59 Yes 3525 NSB
DSDP 90-587 WS 161.3 -21.2 1101 - 88.81 No 147 NSB
DSDP 90-590B WS 163.4 -31.2 1299 - 465.26 No 499.1 NSB
DSDP 90-591 WS 164.4 -31.6 2131 - 278.21 No 283.1 NSB
DSDP 90-594 WS 174.9 -45.5 1204 - 161.55 No 639.5 NSB
DSDP 92-597 ES -129.8 -18.8 4157.1 272 42.1 Yes 54.7 Lyle (2002)
DSDP 92-598 ES -124.7 -19.0 3699 18.1 41.2 No 52.4 Lyle (2002)
ODP 129-800A WT 152.3 21.9 5686 160.8 150.73 Yes 544.4 NSB
ODP 130-803D WT 160.5 2.4 3412.2 151.9 494.96 Yes 656 NSB
ODP 130-806B WT 159.4 0.3 2519.9 148.3 666.36 No 743.1 NSB
ODP 130-807C WT 156.6 3.6 2805.7 156.3 252.84 Yes 1528.4 NSB
ODP 133-823B WT 146.8 16.9 1638.4 147 123.73 No 119.8 Lyle (2002)
ODP 138-844C EEQ -90.5 7.9 3414.5 17.3 189.34 No 180.1 NSB
ODP 138-845A EEQ -94.6 9.6 3704.2 15.9 292.63 No 291.6 NSB
ODP 138-846D EEQ -90.8 -3.1 3295.8 16.9 247.85 No 249.4 NSB
ODP 138-847B EEQ -95.3 0.2 33343 9.8 242.19 No 247 NSB
ODP 138-848B EEQ -110.5 -3.0 3855.6 9.5 97.75 No 93.8 NSB
ODP 138-849B EEQ -110.5 0.2 3839.1 10.5 343.78 No 350.5 NSB
ODP 138-850B EEQ -110.5 1.3 3786.1 10.8 393.58 No 399.8 NSB
ODP 138-851B EEQ -110.6 2.8 3760.3 11.7 318.05 Yes 320.5 NSB
ODP 138-852C EEQ -110.1 5.3 3859.8 10.2 107.1 No 117.3 NSB
ODP 138-853B EEQ -109.8 7.2 3715.5 8.6 77.68 Yes 72.4 NSB
ODP 144-871A WT 172.3 5.6 1254.6 151.9 126.05 No 151.9 NSB
ODP 144-873B WT 164.9 11.9 1334 176.3 53.83 No 69 NSB
ODP 145-881C WN 161.5 47.1 5530.8 118.9 227.2 No 363.8 NSB
ODP 145-882A WN 167.6 50.4 3243.8 114.7 411.2 No 398.3 NSB
ODP 145-883B WN 167.8 51.2 2395.6 113.0 695 Yes 840.7 NSB
ODP 145-883E WN 167.8 51.4 2385.5 113.0 3443 Yes 856.5 NSB
ODP 145-884B WN 168.3 51.5 3824.8 112.7 791.76 Yes 853.9 NSB
ODP 145-885A EN -168.2 44.7 5713.3 83.8 67.1 No 72.4 ]I;éi;i:l}t
ODP 145-887C EN -148.4 54.4 3633.6 35.4 269.44 Yes 273.8 NSB
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. . Oceanic Sediment Age-depth
Site name Locality Long:tud Latl:“de d ‘V:;ltzn) basement age thickness Bras:l::e:;t l:ee;)t;:)lol:‘e(ll(:lv;' model
e(® ©) P (Ma) penetrated (m) cache source
ODP 181-1124C WS -176.5 -39.5 3962 127.5 473.1 No 583.7 Initial
Report
ODP 189-1171C WS 149.1 -48.5 2147.8 - 252.5 No 274.8 NSB
ODP 189-1171D WS 149.1 -48.5 2147.8 - 711 No 959 NSB
ODP 189- 1172A WS 149.9 -44.0 2620 - 508.9 No 552.6 NSB
ODP 191-1179C WN 160.0 41.1 5563.9 132.7 287.4 Yes 292.9 NSB
ODP 198-1207A WN 162.8 37.8 3100.8 138.1 243.4 No 223 NSB
ODP 198-1208A WN 158.2 36.1 3345.7 140.1 392.3 No 392.3 NSB
ODP 198-1209A WN 158.5 32.7 2387.2 146.2 263.6 No 259.6 NSB
ODP 198-1210A WN 158.3 322 2573.5 146.7 251.2 No 241.4 NSB
ODP 198-1211A WN 157.9 32.0 2907.5 147.2 169.9 No 158.9 NSB
ODP 198-1212A WN 157.7 324 2682.5 146.9 101.6 No 101.6 NSB
ODP 199-1218A EEQ -1354 8.9 4826.3 43.0 265.9 Yes 276.8 NSB
ODP 199-1219A EEQ -142.0 7.8 5063.4 56.0 236.8 Yes 250.8 NSB
ODP 199-1220A EEQ -142.8 10.2 5217.9 56.5 119.2 No 182.78 NSB
ODP 202-1236A ES -81.4 214 1323 39.1 167.7 No 164.5 Initial
Report
Initial
ODP 202-1237B ES -76.6 -16.1 3212 44.2 331.4 No 317.4
Report
IODP 320-U1331A EEQ -142.2 12.1 5120.92 53.9 154.4 Yes 190.6 NSB
IODP 320-U1332A EEQ -141.0 11.9 4917.62 51.1 145.7 Yes 152.4 NSB
IODP 320-U1333A EEQ -138.4 10.5 4858.82 46.4 176.1 Yes 184.1 NSB
IODP 320-U1334A EEQ -132.0 8.0 4793.22 38.9 288.6 Yes 285.5 NSB
IODP 320-U1335A EEQ -126.3 5.3 4333.02 25.3 421.6 No 421.1 NSB
IODP 320-U1336A EEQ -128.3 7.7 4291.02 343 258.9 No 302.9 NSB
IODP 321-U1337A EEQ -123.2 3.8 4465.62 22.1 419.6 Yes 449.8 NSB
IODP 321-U1338A EEQ -118.0 2.5 4204.52 18.4 345.6 Yes 410 NSB
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Figure 8 Examples of regression analysis for CCD computation across the southeast Indian Ocean and
the Southern Ocean, accounting for outliers, which incorporates the dynamic topography model from
Braz et al. (2021) and the custatic sea-level model from Miller et al. (2024). The paleo-water depth at
which the carbonate accumulation rate (CAR) values become negligible (approach zero) with increasing
depth determines the CCD, corresponding to the y-intercept. Blue and red data points within each time
window display data from multiple drill sites, with red circles indicating identified outliers. The 95%
confidence envelope is depicted as a grey band.
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Figure 9 Examples of backtracked paleo-water depths through time for multiple drill sites from the
western equatorial Indian Ocean, using pyBacktrack 1.4 software (Miiller et al., 2018), as described in
the Data and Method section. Dynamic topography and eustatic sea level models used in this study are
based on Braz et al. (2021) and Miller et al. (2024), respectively.
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Figure 10 Examples of backtracked paleo-water depths through time for multiple drill sites from the
southeastern Indian Ocean (panel a—f) and Southern Ocean (panel g—h), using pyBacktrack 1.4 software
(Miiller et al., 2018), as described in the Data and Method section. Refer to Figure 2 for details of

dynamic topography and eustatic sea level models.

Supplementary Table 1. Deep-sea drill sites used in the reconstruction of the Indian Ocean carbonate
compensation depth (CCD) since the late Oligocene from the Deep Sea Drilling Project (DSDP), Ocean
Drilling Program (ODP), and International Ocean Discovery Program (IODP) across three defined
regions: the western equatorial Indian (WEI), the southeast Indian Ocean (SEI) and the Southern Ocean
(SO). Drill site information, including longitude, latitude, water depth, penetrated sediment thickness,
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and basement reached, is sourced from initial reports archived in the DSDP, ODP, and 10DP
expeditions databases. Basement depths are computed using pyBacktrack 1.4 (Miiller et al., 2018).
Oceanic basement ages are derived from a combination of the oceanic crustal age grid of Seton et al.
(2020) and the age-depth relationship of Stein and Stein (1992) to compute tectonic subsidence. For
continental crust, stretching factors are obtained from the global grids of Miiller et al. (2019) (available
at

https://www.earthbyte.org/webdav/ftp/Data_Collections/Muller_etal 2019 Tectonics/Muller_etal 20
19 TotalStretchingFactors/) and the global plate tectonic model of Miiller et al. (2019). CC —
continental crust, NSB —Neptune Sandbox Berlin (NSB; https://nsb.mfn-berlin.de/, Renaudie et al.,
2020), and SedST refers to SedS&T chronostratigraphic database (http://sedst.org/#/home).

Siemame | Loty | Long) | Lt | depth | basement | CORU | CCRI | GIE | Buement | Agedepth
(m) age (Ma) penetrated (m)
DSDP 22213 SEI 93.9 -10.2 5611 58.2 173.5 Yes NSB
DSDP 23-219 WEI 72.9 9.0 1764 63.6 411 No Initial Report
DSDP 23-220 WEI 71.0 6.5 4036 52.6 350 Yes Initial Report
DSDP 23-221 WEI 68.4 8.0 4650 48.3 270 Yes Initial Report
DSDP 24-235 WEI 52.7 32 5130 55.7 684 No Initial Report
DSDP 24-236 WEI 57.6 -1.7 4487 59.6 3275 Yes NSB
DSDP 26-253 SEI 87.4 249 1962 457 546.5 No NSB
DSDP 26-258 SEI 1125 338 2793 161 130.1 1235 No NSB
DSDP 27-260 SEI 110.3 -16.1 5702 130.8 329.7 Yes Initial Report
DSDP 27-261 SEI 117.9 -12.9 5667 1532 570.89 Yes Initial Report
DSDP 28-265 SO 109.9 535 3581 139 462 Yes NSB
DSDP 28-266 SO 110.1 -56.4 4173 224 384 Yes NSB
DSDP 28-267 SO 104.5 59.3 4522 237 290 Yes NSB
DSDP 28-282 SEI 143.5 422 4202 161 34 3115 Yes Initial Report
ODP 115-708A WEI 59.9 55 4109.3 55.3 2362 Yes Initial Report
ODP 115-709A,B,C WEI 60.6 3.9 3047 55.2 353.7 No NSB
ODP 115-710A WEI 61.0 43 38225 52.9 209.7 No NSB
ODP 115-711A WEI 61.2 27 4439 51.8 249.6 No NSB
ODP 117-712 WEI 73.4 42 2904.3 52.4 115.3 Yes Initial Report
ODP 117-713 WEI 73.4 42 2920 524 191.7 Yes Nsif;;:tial
ODP 116-717C WEI 81.4 0.9 4734.7 80.1 828.2 No Initial Report
ODP 116-718C WEI 81.4 -1.0 47302 79.9 935 No Initial Report
ODP 116-719A WEI 81.4 -1.0 4736.8 80.0 4602 No Initial Report
ODP 119-738B,C SO 82.8 627 | 22527 128.3 533.8 No NSB
ODP 119-744A SO 80.6 616 | 23073 124.1 176.1 No NSB
ODP 119-745B SO 85.9 59.6 | 40825 127.7 215 No NSB
ODP 119-746A SO 85.9 59.6 | 4059.5 127.8 280.8 No NSB
ODP 120-747A,C SO 76.8 54.8 1695 116.3 350 No NSB
ODP 120-748A,B.,C SO 79.0 -58.4 1290 161 126 935 Yes NSB
ODP 120-749B SO 76.4 -58.7 1069.5 161 126 123.8 No NSB
ODP 120-751A SO 79.8 57.7 1988 1304 166.2 No NSB
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Water Oceanic . . Sediment
Site name Locality Long (°) | Lat (°) depth basement CC-Rift CC- Rift thickness Basement Age-depth
start (Ma) | end (Ma) reached model source
(m) age (Ma) penetrated (m)
ODP 121-752A SEI 93.6 309 1086.3 514 308 No NSB
ODP 121-753A SEI 93.6 308 1176.1 527 62.8 No Tnitial Report
ODP 121-754A SEI 93.6 309 1063.6 50.3 172.1 No Tnitial Report
ODP 121-756B SEI 87.6 274 1518.1 473 395.6 No Tnitial Report
ODP 121-757B SEI 88.2 -17.0 1650.2 51.0 369.3 Yes NSB
ODP 121-758A SEI 90.4 5.4 2923.6 78.1 527.1 Yes NSB
ODP 122-761B SEI 115.5 -16.7 2188.8 161 155 286 No NSB
ODP 122-762B,C SEI 1123 -19.9 1360 161 155 940 No NSB, SedST
ODP 122-763A,B SEI 112.2 206 1367.5 161 155 653.5 No NSB, SedST
ODP 122-764A SEI 115.5 -16.6 2698.6 161 155 69 No Tnitial Report
ODP 123-766A SEI 110.5 -19.9 3997.5 153.2 471 No NSB
ODP 182-1128 SEI 127.6 344 3876 161 34 280.7 No Tnitial Report
ODP 183-1133B SEI 128.9 335 1037.2 161 34 152.1 No Initial Report,
SedST
ODP 183-1135A SO 84.3 59.7 1566.6 161 126 526 No Tnitial Report
ODP 183-1136A SO 84.8 59.7 1930 161 126 128 Yes Tnitial Report
ODP 183-1137A SO 68.1 -56.8 1004.5 161 126 228.4 Yes Tnitial Report
ODP 183-1138A SO 76.0 536 1141.4 114.0 698.1 Yes NSB
ODP 183-1139A SO 63.9 -50.2 1415.3 73.0 469.9 No Tnitial Report
ODP 183-1140A SO 68.5 -46.3 2394.1 42.8 2373 Yes Tnitial Report
ODP 189-1168A SEI 144.4 426 2463.3 161 34 883.5 No NSB
ODP 189-1169A SEI 145.2 471 3568 161 37.1 2463 No Tnitial Report
ODP 189-1170A,D SEI 146.0 472 2704.7 161 34.0 4643 No NSB
10DP 369-U1514A,C SEI 113.1 -33.1 38382 161 129.4 515.59 No P“’RZ‘;ejr‘t“g
[ODP 369-U1516A,C SEI 112.8 343 | 267646 161 126.9 540.1 No P“’R?pe:r‘t“g
Supplementary Table 2. Comparison between previously published present-day CCD reconstructions
and this study. The Indian Ocean is divided into distinct regions, as identified in various studies listed
in this table, each based on differing criteria and objectives. CIB — Central Indian Basin, WB —
Wharton Basin, SWIB — Southwest Indian Basin, and SAB — South Australia Basin. n.d. — not
determined.
. Sclater et al. van Andel et al. Campbell et al. Peterson and Zhang et al. Sulpis et al. .
Defined regions/ CCD (1977) (1975) (2018) Backman (1990) (2022) (2018) This study
Indian Ocean ~4.5 km - 0 Ma ~53km-0Ma n.d. n.d. n.d. n.d. n.d.
Central Indian Ocean n.d. ~5.1km -0 Ma n.d. n.d. n.d. ~4'4i0]'3[3;m -0 n.d.
Western equatorial ~4.8+0.1 km- 0.5 ~4.2+0.4 km-
Indian Ocean n.d. n.d. Ma ~5km -0 Ma n.d. n.d. 0.5 Ma
CIB and WB n.d. n.d. n.d. n.d. ~4.8 km - 0 Ma n.d. n.d.
SWIB and SAB n.d. n.d. n.d. n.d. ~5km -0 Ma n.d. n.d.
Western Indian Ocean n.d. n.d. n.d. n.d. n.d. ~4'7i0]'3[3;m -0 n.d.
Eastern Indian Ocean n.d. n.d. n.d. n.d. n.d. ~5.1i0],3[211<m -0 n.d.
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~4.140.3km- 0 | ~3.8+0.5 km-
Southern Ocean n.d. n.d. n.d. n.d. n.d. Ma 0 Ma
Southeast Indian ~2.8+0.4 km-
Ocean n.d. n.d. n.d. n.d. n.d. n.d. 0 Ma
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Contents of this file
Supplementary Figures 1, 2, 3 & 4 and Tables 1, 2 & 3.

Additional supplementary data of global data files containing carbonate accumulation rate
(CAR) and carbonate percent input and output data files are available via
https://doi.org/10.5281/zenodo.18755594.

Introduction

The supplementary figures, tables and datasets enable independent validation of the results
and analysis. Making these data publicly available enhances transparency, reinforces
reproducibility, and promotes collaborative engagement within the scientific community.

Supplementary Figures
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Figure 11. Drill holes in the Atlantic Ocean used in this study. The map incorporates elevation from
the ETOPO1 global relief model (https://www.ngdc.noaa.gov/mgg/global/; Amante & Eakins, 2009).
Mercator projection.
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Figure 12. Drill holes in the Pacific Ocean used in this study. The map incorporates elevation from
the ETOPO1 global relief model (https://www.ngdc.noaa.gov/mgg/global/; Amante & Eakins, 2009).
Mercator projection.
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Figure 13. Drill holes in the Indian Ocean used in this study. The map incorporates elevation from the
ETOPOI1 global relief model (https://www.ngdc.noaa.gov/mgg/global/; Amante & Eakins, 2009).
Mercator projection.
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Figure 14. Violin plots showing distribution of carbonate accumulation rates (CAR) resolved in 5
Myr age bins from 0 to 120 Ma for the Atlantic (a), Pacific (b), Indian (c), and Global (d) oceans.
Violin plots summarize the full probability density of CAR values (mg cm™ kyr') within each bin,
where violin width reflects the relative concentration at a given accumulation rate. Narrow violins
indicate temporally stable carbonate burial with limited dispersion, whereas broader violins and
elongated upper tails signify increased variability and episodic high-accumulation events.

Supplementary Tables

Table 1. Deep-sea drill sites used in this study from the Deep Sea Drilling Project (DSDP), Ocean
Drilling Program (ODP), and International Ocean Discovery Program (IODP) across the Atlantic
Ocean. Drill site information, including longitude, latitude, water depth, penetrated sediment
thickness, and basement reached, is sourced from initial reports archived in the DSDP, ODP, and
IODP expeditions databases. Basement depths are calculated utilizing pyBacktrack 1.4 (Miiller et al.,
2018). Oceanic basement ages are constrained using the oceanic crustal age grid of Seton et al. (2020)
combined with the age-depth relationship of Stein and Stein (1992) to compute tectonic subsidence.
For continental crust, stretching factors are obtained from the global grids of Miiller et al. (2019)
(available at

https://www.earthbyte.org/webdav/ftp/Data_Collections/Muller_etal 2019 Tectonics/Muller_etal 20
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19_TotalStretchingFactors/) and the global plate tectonic model of Miiller et al. (2019). NN—Northent

North Atlantic, CN—Central North Atlantic, SA— South Atlantic.

Site name Locality Lon(goi)t ude Lat(i:)u de Wate(ll‘n()lepth tslfl(lll?lll?slst bas(Zlcne::tl cage sg\(l;t- (l;/i[f;) gl(é-(g[i;t) ]i_iiecl:::;t
penetrated (m) (Ma)

DSDP 14-141 CN -24.0 19.4 4148 298 134.2 Yes
DSDP 36-327A SA -46.8 -50.9 2400 469.5 151 126 No
DSDP 36-328 SA -36.7 -49.8 5095 397 127.0 No
DSDP 38-338 NN 5.4 67.8 1297 427.5 589 Yes
DSDP 39-354 CN -44.2 59 4052 900 71.4 Yes
DSDP 39-355 SA -30.6 -15.7 4901 461.5 80.5 Yes
DSDP 39-356 SA -41.1 -28.3 3175 741 101.3 No
DSDP 39-357 SA -35.6 -30.0 2086 797 92.6 No
DSDP 40-361 SA 15.4 -35.1 4549 1314 131.0 No
DSDP 40-362 SA 10.5 -19.8 1325 1081 126.0 No
DSDP 40-363 SA 9.0 -19.6 2248 715 115.7 No
DSDP 40-364 SA 12.0 -11.6 2448 1086 123.5 No
DSDP 41-366/366A CN -19.9 5.7 2853 850.5 78.4 No
DSDP 43-384 NN -51.7 40.4 3909 195.3 129.6 Yes
DSDP 43-386 CN -64.2 31.2 4782 973.8 118.4 Yes
DSDP 44-390A CN -76.1 30.1 2665 142.5 179.6 No
DSDP 47-398D NN -10.7 41.0 3910 1298 201 121 No
DSDP 48-406 NN -22.1 553 2907 489.5 121 56 No
DSDP 49-407 NN -30.6 63.9 2472 439.5 33.8 Yes
DSDP 49-408 NN -28.9 63.4 1624 361 19.5 Yes
DSDP 49-410 CN -29.5 455 2975 387.5 11.1 Yes
DSDP 71-511 SA -47.0 -51.0 2589 632 151 126 No
DSDP 71-513A SA -24.6 -47.6 4373 380.5 349 Yes
DSDP 71-514 SA -26.9 -46.0 4318 150.8 36.2 No
DSDP 72-516/516F SA -353 -30.3 1313 1270.6 92.1 Yes
DSDP 72-517 SA -38.0 -30.9 2963 50.9 98.8 No
DSDP 73-519 SA -11.7 -26.1 3769 151.6 12.3 Yes
DSDP 73-522 SA -5.1 -26.1 4441 146.7 35.0 No
DSDP 73-524 SA 3.5 -29.5 4796 348.5 92.7 No
DSDP 74-525A SA 3.0 -29.1 2467 574.6 88.3 Yes
DSDP 75-530 SA 9.4 -19.2 4629 996 117.1 No
DSDP 76-534A CN -75.4 28.3 4971 1666.5 169.7 No
DSDP 79-545 CN -9.4 33.7 3142 701 241 155 No
DSDP 79-547A CN 93 33.8 3938 744.5 241 155 No
DSDP 80-548 NN -12.2 48.9 1251 211 201 84 No
DSDP 80-548A NN -12.2 48.9 1251 345.5 201 84 Yes
DSDP 80-549A NN -13.1 49.1 2515 196 201 84 No
DSDP 81-552A NN -23.2 56.0 2301 183.5 60.5 Yes
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. . Sediment Oceanic . .
Site name Locality Lon(gol)t ude Lat(l:)u de Wate(ll‘n()lepth thickness basement age sg\(l;t- (112\/1[2) gl(é-(g[l;t) ]i_iiecl:::;t
penetrated (m) (Ma)

DSDP 82-563 CN -43.8 33.6 3786 382.5 335 Yes
DSDP 93-603 CN -70.0 355 4633 832.6 162.1 No
DSDP 93-605 CN -72.6 38.7 2194 816.7 188.7 No
DSDP 94-607 NN -33.0 41.0 3427 284.4 232 No
DSDP 94-608 NN -23.1 42.8 3526 530.9 38.6 Yes
DSDP 94-609 NN -24.2 49.9 3884 399.4 34.1 No
DSDP 94-610 NN -18.9 532 2417 259.2 201 1233 No
DSDP 94-606 CN -35.5 37.3 3007 165.75 18.9 No
DSDP 95-612 CN -72.8 38.8 1386 675.3 189.7 No
ODP 104-643A NN 1.0 67.7 2769 565.2 48.5 No
ODP 105-646B NN -48.4 582 3440 766.7 55.2 No
ODP 105-647A NN -45.3 533 3869 716.6 54.0 Yes
ODP 108-658A CN -18.6 20.7 2264 300.4 180.3 No
ODP 108-659A CN -21.0 18.1 3071 273.8 153.3 No
ODP 108-664D CN -23.2 0.1 3802 296.8 10.4 No
ODP 114-699A SA -30.7 -51.5 3705.5 518.1 79.8 No
ODP 114-700B SA -30.3 -51.5 3601 489 78.2 No
ODP 114-704B SA 7.4 -46.9 25323 671.7 67.8 No
ODP 150-902D CN -72.8 389 808 740.1 190.5 No
ODP 150-903A CN -72.8 389 444 702.8 190.6 No
ODP 150-903C CN -72.8 389 446 1149.7 190.6 No
ODP 150-904A CN -72.8 389 1123 576.7 190.0 No
ODP 150-905A CN -72.3 38.6 2698 910.6 186.8 No
ODP 150-906A CN -72.8 39.0 913 602.4 190.7 No
ODP 151-911A NN 8.2 80.5 902 505.8 69 19 No
ODP 151-913B NN -6.9 75.5 3318 684.3 53.4 No
ODP 152-915A NN -39.8 63.5 533 209.4 80 56 Yes
ODP 152-918A NN -38.6 63.1 1869 332.7 55.0 No
ODP 152-918D NN -38.6 63.1 1868 1012.8 55.0 Yes
ODP 154-925A CN -43.5 4.2 3042 930.4 76.7 No
ODP 154-927A CN -44.5 5.5 3314 312.5 72.7 No
9(;9])15/;;3;5 CN -43.7 6.0 4358 527.5 69.3 No
ODP 164-997A CN -75.5 31.8 2770 4343 183.3 No
ODP 164-997B CN -75.5 31.8 2770 750.7 183.3 No
ODP 171-1049A CN -76.1 30.1 2656 191.9 179.6 No
ODP 171-1050C CN -76.2 30.1 2297 606 179.8 No
ODP 171-1051A CN -76.4 30.1 1983 644.6 179.9 No
ODP 171-1052A CN -76.6 30.0 1345 174.5 180.2 No
ODP 171-1052E CN -76.6 30.0 1344 684.8 180.2 No
ODP 171-1053A CN -76.5 30.0 1630 183.2 180.1 No
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Site name Locality Lon(gol)t ude Lat(l:)u de Wate(ll‘n()lepth thickness basement age sg\(l;t- (112\/1[2) gl(é-(g[l;t) ]i_iiecl:::;t
penetrated (m) (Ma)

ODP 173-1067A NN -11.6 40.7 5021 855.6 201 123.1 Yes
ODP 173-1068A NN -11.6 40.7 5044 955.8 201 124.0 Yes
ODP 173-1069A NN -11.8 40.7 5075 959.3 201 127.5 No
AR SA 13.6 411 20812 2334 109.0 No
ODP 177-1089B SA 9.9 -40.9 4623.8 264.9 100.9 No
ODP 177-1090B SA 8.9 -42.9 3699.4 397.5 922 No
ODP 177-1091A SA 5.9 -47.1 4360.5 310.9 543 No
ODP 177-1092A SA 7.1 -46.4 1976.3 188.5 66.6 No
10(3]3);/11(7)3313 SA 5.9 -50.0 3623.9 597.7 43.0 No
ODP 177-1094A SA 5.1 -53.2 2807.6 158.6 23.9 No
ODP 208-1262B SA 1.6 -27.2 4753.6 209.9 70.6 No
ODP 208-1263A SA 2.8 -28.5 2717.1 345.6 87.6 No
ODP 208-1264A SA 2.8 -28.5 2507 280.7 87.8 No
ODP 208-1265A SA 2.6 -28.8 3059.8 321 87.0 No
12(26]);/%3262C SA 2.3 -28.5 3796.6 334.2 85.7 No
ODP 208-1267B SA 1.7 -28.1 4355.1 329 71.0 No
I0DP 303-U1302A NN -45.6 50.2 3569 107.1 201 84 No
I0DP 303-U1304A NN -33.5 53.1 3069 239 12.0 No
I0DP 303-U1308A NN -24.2 49.9 3871 341.1 34.1 No
I0DP 306-U1313A NN -33.0 41.0 3412 308.6 232 No
IODP 306-U1314A NN -27.9 56.4 2799 258.4 389 No
IODP 342-U1403A NN -51.8 39.9 4944 2533 127.1 No
IODP 342-U1404A NN -51.8 40.0 4742 308.8 127.6 No
I0ODP 342-U1405A NN -51.8 40.1 4286 308.6 128.6 No
IODP 342-U1406A NN -51.7 40.4 3815 283.3 129.4 No
I0ODP 342-U1407A NN -49.8 414 3073 308.7 129.9 No
IODP 342-U1408A NN -49.8 414 3022 246.5 129.9 No
IODP 342-U1410A NN -49.2 41.3 3387 259.8 126.4 No
1I0DP 342-U1411B NN -49.0 41.6 3299 254.2 129.5 No

Table 2. Deep-sea drill sites used in this study from the Deep Sea Drilling Project (DSDP), Ocean
Drilling Program (ODP), and Integrated Ocean Drilling Program (IODP) across the Pacific Ocean.
Drill site information, including longitude, latitude, water depth, penetrated sediment thickness, and
basement reached, is sourced from initial reports archived in the DSDP, ODP, and IODP expeditions
databases. Basement depths are calculated utilizing pyBacktrack 1.4 (Miiller et al., 2018). Oceanic
basement ages are constrained using the oceanic crustal age grid of Seton et al. (2020) combined with
the age-depth relationship of Stein and Stein (1992) to compute tectonic subsidence. For continental

crust, stretching factors are obtained from the global grids of Miiller et al. (2019) (available at

https://www.earthbyte.org/webdav/ftp/Data_Collections/Muller_etal 2019 Tectonics/Muller_etal 20

19_TotalStretchingFactors/) and the global plate tectonic model of Miiller et al. (2019). EN—Eastern

North Pacific, WN—Western North Pacific, EEQ—Eastern Equatorial Pacific, WT—Western Tropical
Pacific, ES—Eastern South Pacific, WS—Western South Pacific.
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. ; Longitude | Latitude | Water depth Sediment Oceanic CC-Rift | CC-Rift | Basement
Site name Locality ©) © (m) thickness basement age start (Ma) | end (Ma) reached
penetrated (m) (Ma)

DSDP 5-33 EN -127.5 39.5 4284 287 26.5 No
DSDP 5-37 EN -140.7 41.0 4682 30.6 27.8 Yes
DSDP 6-55 WT 142.5 9.3 2850 119.1 154.4 No
DSDP 7-62A WT 141.9 1.9 2607 303.3 28.5 No
DSDP 7-65 WT 177.0 4.4 6142 130.5 137.7 No
DSDP 8-70 EEQ -140.4 6.3 5059 98 52.8 No
DSDP 9-84 EEQ -82.9 5.7 3096 2133 10.3 No
DSDP 16-158 EEQ -85.2 6.6 1953 249.9 14.0 Yes
DSDP 16-161 EEQ -140.0 10.7 4939 245.1 49.1 Yes
DSDP 17-170 WT 177.6 11.8 5792 30.7 147.3 Yes
DSDP 17-171 WT -169.5 19.1 2290 173.3 113.8 Yes
DSDP 18-173 EN -125.5 40.0 2927 196 20.5 Yes
DSDP 18-178 EN -147.1 57.0 4218 212.5 39.3 Yes
DSDP 19-183 EN -161.2 52.6 4708 344 54.6 Yes
DSDP 21-205 ES 177.9 -25.5 4320 42.1 29.8 Yes
DSDP 21-208 WS 161.2 -26.1 1545 255.4 101 59 No
DSDP 29-284 WS 167.7 -40.5 1166 166.8 101 59 No
DSDP 30-289 WT 158.5 -0.5 2206 712.6 146.5 Yes
DSDP 32-305 WN 157.9 32.0 2903 631 147.2 No
DSDP 32-313 WT -171.0 20.2 3484 220.5 111.9 Yes
DSDP 33-317B WS -162.3 -11.0 2598 308 125.4 No
DSDP 34-319 ES -101.5 -13.0 4296 99.33 15.1 Yes
DSDP 56-436 WN 145.6 39.9 5240 240.8 134.0 No
DSDP 57-438A WN 143.2 40.6 1558 878 31.3 0 No
DSDP 57-440 WN 143.9 39.7 4509 814 22 0 No
DSDP 58-442A WN 136.1 29.0 4649 3135 19.9 No
DSDP 58-444 WN 137.7 28.6 4852 91.5 17.0 No
DSDP 58-445 WN 133.2 255 3377 892 82.2 No
DSDP 58-446 WN 132.8 24.7 4980 197.1 77.0 No
DSDP 59-448 WT 134.9 16.3 3483 234 83.9 No
DSDP 59-451 WT 143.3 18.0 2060 280.1 75.0 No
DSDP 60-458 WT 146.9 17.9 3453 97.83 67.1 Yes
DSDP 60-459B WT 147.3 17.9 4121 182.14 67.1 Yes
DSDP 62-463 WT 174.7 214 2525 301.8 150.2 No
DSDP 63-469 EN -120.5 32.6 3790 170.2 17.3 No
DSDP 63-470 EN -117.5 28.9 3549 90 15.1 Yes
DSDP 63-472 EN -114.0 23.0 3831 65.11 13.9 Yes
DSDP 66-493 EEQ -98.9 16.4 645 556.5 37.7 0 Yes
DSDP 67-495 EEQ -91.0 12.5 4140 446.5 24.6 Yes
DSDP 68-503A EEQ -95.6 4.1 3672 138 10.0 No
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. ; Longitude | Latitude | Water depth Sediment Oceanic CC-Rift | CC-Rift | Basement
Site name Locality ©) © (m) thickness basement age start (Ma) | end (Ma) reached
penetrated (m) (Ma)
DSDP 85-572A EEQ -113.8 1.4 3893 154.35 15.6 No
DSDP 85-572D EEQ -113.8 1.4 3893 258.87 15.6 Yes
DSDP 85-573 EEQ -133.3 0.5 4301 159.4 37.0 No
DSDP 85-573B EEQ -133.3 0.5 4301 279.7 37.0 Yes
DSDP 85-574 EEQ -133.3 4.2 4561 208.93 359 No
DSDP 85-574C EEQ -133.3 4.2 4561 197.35 359 Yes
DSDP 86-577 WN 157.7 324 2675 118.8 146.9 No
DSDP 86-578 WN 151.629 339 6010 165.02 140.5 No
DSDP 86-579A WN 153.8 38.6 5736.6 115.87 134.1 No
DSDP 86-581 WN 159.8 439 5476 77.59 126.5 Yes
DSDP 90-587 WS 161.3 -21.2 1101 88.81 101 59 No
DSDP 90-588 WS 161.2 -26.1 1533 236 101 59 No
DSDP 90-590B WS 163.4 -31.2 1299 465.26 101 59 No
DSDP 90-591 WS 164.4 -31.6 2131 278.21 101 59 No
DSDP 90-594 WS 174.9 -45.5 1204 161.55 41 0 No
DSDP 92-597 ES -129.8 -18.8 4157.1 42.1 273 Yes
DSDP 92-598 ES -124.7 -19.0 3699 41.2 18.1 No
DSDP 92-601 ES -116.9 -18.9 3433 204 4.9 No
ODP 125-786A WN 141.2 31.9 3058.1 166.5 134 Yes
ODP 127-794A WN 138.2 40.2 2811 3513 201 0 No
ODP 127-795A WN 139.0 44.0 3300.2 364.9 27.2 Yes
ODP 127-797B WN 134.5 38.6 2862.2 495.7 201 0 Yes
ODP 128-798A WN 134.8 37.0 903.1 495.7 201 0 Yes
ODP 129-800A WT 152.3 21.9 5686 150.73 160.8 Yes
ODP 130-803D WT 160.5 2.4 3412.2 494.96 151.9 Yes
ODP 130-806B WT 159.4 0.3 2519.9 666.36 148.2 No
ODP 130-807C WT 156.6 3.6 2805.7 252.84 156.3 Yes
ODP 132-810C WN 157.8 324 2623 136.1 146.8 No
ODP 133-815A WS 150.0 -19.2 465.5 473.5 123 48 No
ODP 133-819A WS 146.3 -16.6 565.2 400 123 48 No
ODP 133-823B WT 146.8 16.9 1638.4 123.73 69.5 No
ODP 138-844C EEQ -90.5 79 3414.5 189.34 17.3 No
ODP 138-845A EEQ -94.6 9.6 3704.2 292.63 15.9 No
ODP 138-846D EEQ -90.8 -3.1 3295.8 247.85 16.9 No
ODP 138-847B EEQ -95.3 0.2 33343 242.19 9.9 No
ODP 138-848B EEQ -110.5 -3.0 3855.6 97.75 9.5 No
ODP 138-849B EEQ -110.5 0.2 3839.1 343.78 10.5 No
ODP 138-850B EEQ -110.5 1.3 3786.1 393.58 10.8 No
ODP 138-851B EEQ -110.6 2.8 3760.3 318.05 11.7 Yes
ODP 138-852C EEQ -110.1 53 3859.8 107.1 10.2 No
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ODP 138-853B EEQ -109.8 72 37155 77.68 8.7 Yes
ODP 144-871A WT 172.3 5.6 1254.6 126.05 152.0 No
ODP 144-873B WT 164.9 11.9 1334 53.83 176.3 No
ODP 145-881C WN 161.5 47.1 5530.8 227.2 118.9 No
ODP 145-882A WN 167.6 50.4 3243.8 411.2 114.6 No
ODP 145-883B WN 167.8 51.2 2395.6 695 113.0 Yes
ODP 145-883E WN 167.8 51.4 2385.5 3443 112.6 Yes
ODP 145-884B WN 168.3 51.5 3824.8 791.76 112.6 Yes
ODP 145-885A EN -168.2 44.7 57133 67.1 83.7 No
ODP 145-887C EN -148.4 54.4 3633.6 269.44 353 Yes
ODP 146-889A EN -126.9 48.7 1311.2 325.8 20.5 No
ODP 181-1124C WS -176.5 -39.5 3962 473.1 127.5 No
ODP 184-1143A WT 113.3 9.4 2772 325.8 41 0 No
ODP 189-1171C WS 149.1 -48.5 2147.8 252.5 161 34 No
ODP 189-1171D WS 149.1 -48.5 2147.8 711 161 34 No
ODP 189- 1172A WS 149.9 -44.0 2620 508.9 161 34 No
ODP 191-1179C WN 160.0 41.1 5563.9 287.4 132.7 Yes
ODP 194-1192A WS 152.4 -20.6 4126 242.5 123 50 No
ODP 198-1207A WN 162.8 37.8 3100.8 243.4 138.1 No
ODP 198-1208A WN 158.2 36.1 3345.7 3923 140.2 No
ODP 198-1209A WN 158.5 32.7 2387.2 263.6 146.1 No
ODP 198-1210A WN 158.3 322 2573.5 251.2 146.7 No
ODP 198-1211A WN 157.9 32.0 2907.5 169.9 147.1 No
ODP 198-1212A WN 157.7 324 2682.5 101.6 146.9 No
ODP 199-1218A EEQ -135.4 8.9 4826.3 265.9 43.0 Yes
ODP 199-1219A EEQ -142.0 7.8 5063.4 236.8 56.0 Yes
ODP 199-1220A EEQ -142.8 10.2 5217.9 119.2 56.6 No
ODP 202-1236A ES -81.4 -21.4 1323 167.7 39.2 No
ODP 202-1237B ES -76.6 -16.1 3212 331.4 44.2 No
I0DP 320-U1331A EEQ -142.2 12.1 5120.92 154.4 54.0 Yes
I0DP 320-U1332A EEQ -141.0 11.9 4917.62 145.7 51.0 Yes
I0DP 320-U1333A EEQ -138.4 10.5 4858.82 176.1 46.3 Yes
I0DP 320-U1334A EEQ -132.0 8.0 4793.22 288.6 389 Yes
IODP 320-U1335A EEQ -126.3 53 4333.02 421.6 253 No
I0DP 320-U1336A EEQ -128.3 7.7 4291.02 258.9 344 No
I0DP 321-U1337A EEQ -123.2 3.8 4465.62 419.6 22.1 Yes
IODP 321-U1338A EEQ -118.0 25 4204.52 345.6 18.5 Yes

Table 3. Deep-sea drill sites used in this study from the Deep Sea Drilling Project (DSDP), Ocean
Drilling Program (ODP), and International Ocean Discovery Program (IODP) across the Indian
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Ocean. Drill site information, including longitude, latitude, water depth, penetrated sediment
thickness, and basement reached, is sourced from initial reports archived in the DSDP, ODP, and
IODP expeditions databases. Basement depths are calculated utilizing pyBacktrack 1.4 (Miiller et al.,
2018). Oceanic basement ages are constrained using the oceanic crustal age grid of Seton et al. (2020)
combined with the age-depth relationship of Stein and Stein (1992) to compute tectonic subsidence.
For continental crust, stretching factors are obtained from the global grids of Miiller et al. (2019)
(available at

https://www.earthbyte.org/webdav/ftp/Data_Collections/Muller_etal 2019 Tectonics/Muller_etal 20
19_TotalStretchingFactors/) and the global plate tectonic model of Miiller et al. (2019). WN—Western
North Indian, EE-Eastern Equatorial Indian, WE—Western Equatorial Indian, ES—Eastern South

Indian, WS— Western South Indian, SO—Southern Ocean.

Site name Locality Lon(goi)t ude Lat(i:)u de Wate(ll‘n(;epth tslfl(lllzllll?slst bas(:lc:::tl c:alge sgl(r:t- (];/ilf;) gl((i-(g[i:t) Brziecllr:::;t
penetrated (m) (Ma)
DSDP 22-213 ES 93.9 -10.2 5611 173.5 582 Yes
DSDP 22-216 WE 90.2 1.5 2262 477.5 71.6 Yes
DSDP 22-217 WE 90.5 8.9 3030 614 83.2 No
DSDP 23-219 WE 72.9 9.0 1764 411 65.0 No
DSDP 23-220 WE 71.0 6.5 4036 350 53.0 Yes
DSDP 23-222 WN 61.5 20.1 3546 1300 63.3 No
DSDP 23-223 WN 60.1 18.7 3633 740 61.2 No
DSDP 23-221 WE 68.4 8.0 4650 270 47.8 Yes
DSDP 24-234 WE 51.2 4.5 4721 247 129.6 No
DSDP 24-235 WE 52.7 32 5130 684 56.9 No
DSDP 24-236 WE 57.6 -1.7 4487 327.5 60.8 Yes
DSDP 24-238 WE 70.5 -11.2 2832 586.5 34.1 Yes
DSDP 25-245 SW 52.3 -31.5 4857 396.5 61.0 Yes
DSDP 25-248 WS 375 -29.5 4994 434 130.1 Yes
DSDP 25-249 WS 36.1 -29.9 2088 412 129.7 Yes
DSDP 26-253 ES 87.4 -24.9 1962 546.5 45.7 No
DSDP 26-258 ES 112.5 -33.8 2793 123.5 161.00 130.1 No
DSDP 27-260 ES 110.3 -16.1 5702 329.7 130.7 Yes
DSDP 27-261 ES 117.9 -12.9 5667 570.89 153.1 Yes
DSDP 27-263 ES 111.0 -233 5048 746 132.8 No
DSDP 28-265 SO 109.9 -53.5 3581 462 13.8 Yes
DSDP 28-266 SO 110.1 -56.4 4173 384 224 Yes
DSDP 28-267 SO 104.5 -59.3 4522 290 353 Yes
DSDP 29-281 ES 147.8 -48.0 1591 169 161.00 34 No
DSDP 29-282 ES 143.5 -42.2 4202 311.5 161.00 34 Yes
ODP 115-706A WE 61.4 -13.1 2504.3 47.5 46.2 No
ODP 115-708A WE 59.9 -5.5 4109.3 236.2 56.6 Yes
ODP 115-709A,B,C WE 60.6 -3.9 3047 353.7 55.4 No
ODP 115-710A WE 61.0 -4.3 3822.5 209.7 53.4 No
ODP 115-711A WE 61.2 -2.7 4439 249.6 51.2 No
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ODP 115-712 WE 73.4 -4.2 2904.3 115.3 52.8 Yes
ODP 115-713 WE 73.4 -4.2 2920 191.7 52.8 Yes
ODP 115-714A WE 73.8 5.1 2042 233 64.6 No
ODP 115-715A WE 73.8 5.1 2266.3 287.8 64.8 Yes
ODP 116-717C WE 81.4 -0.9 47347 828.2 80.7 No
ODP 116-718C WE 81.4 -1.0 4730.2 935 80.5 No
ODP 116-719A WE 81.4 -1.0 4736.8 460.2 80.5 No
ODP 117-720A WN 60.7 16.1 4037.5 414.3 57.8 No
ODP 117-721A WN 59.9 16.7 1955.3 86.4 58.4 No
ODP 117-721B WN 59.9 16.7 1944.8 424.2 58.4 No
ODP 117-722A WN 59.8 16.6 2027.8 280 58.2 No
ODP 117-728A WN 57.8 17.7 1427.8 346.4 31.4 No
ODP 117-729A WN 58.0 17.6 1398.5 109.1 32.0 No
ODP 117-730A WN 57.7 17.7 1065.8 403.9 31.2 No
ODP 117-731A WN 59.7 16.5 2365.8 409 57.0 No
ODP 119-737A WN 73.0 -50.2 574.5 273.2 76.7 No
ODP 119-738B,C SO 82.8 -62.7 2252.7 533.8 128.3 No
ODP 119-744A SO 80.6 -61.6 2307.3 176.1 124.2 No
ODP 119-745B SO 85.9 -59.6 4082.5 215 127.7 No
ODP 119-746A SO 85.9 -59.6 4059.5 280.8 127.7 No
ODP 120-747A,C SO 76.8 -54.8 1695 350 116.4 No
ODP 120-748A,B,C SO 79.0 -58.4 1290 935 161.00 126 Yes
ODP 120-749B SO 76.4 -58.7 1069.5 123.8 161.00 126 No
ODP 120-751A SO 79.8 -57.7 1988 166.2 130.4 No
ODP 121-752A ES 93.6 -30.9 1086.3 308 51.3 No
ODP 121-753A ES 93.6 -30.8 1176.1 62.8 53.6 No
ODP 121-754A ES 93.6 -30.9 1063.6 172.1 51.3 No
ODP 121-756B ES 87.6 -27.4 1518.1 395.6 47.4 No
ODP 121-757B ES 88.2 -17.0 1650.2 369.3 50.8 Yes
ODP 121-758A ES 90.4 5.4 2923.6 527.1 78.1 Yes
ODP 122-760A ES 115.5 -16.9 1969.7 284.9 161.00 155 No
ODP 122-761B ES 115.5 -16.7 2188.8 286 161.00 155 No
ODP 122-762B,C ES 112.3 -19.9 1360 940 161.00 155 No
ODP 122-763A,B ES 112.2 -20.6 1367.5 653.5 161.00 155 No
ODP 122-764A ES 115.5 -16.6 2698.6 69 161.00 155 No
ODP 123-766A ES 110.5 -19.9 3997.5 471 154.5 No
ODP 182-1128 ES 127.6 -34.4 3876 280.7 161.00 34 No
ODP 183-1133B ES 128.9 -33.5 1037.2 152.1 161.00 34 No
ODP 183-1135A SO 84.3 -59.7 1566.6 526 161.00 126 No
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penetrated (m) (Ma)
ODP 183-1136A SO 84.8 -59.7 1930 128 161.00 126 Yes
ODP 183-1137A SO 68.1 -56.8 1004.5 228.4 161.00 126 Yes
ODP 183-1138A SO 76.0 -53.6 1141.4 698.1 114.0 Yes
ODP 183-1139A SO 63.9 -50.2 1415.3 469.9 73.1 No
ODP 183-1140A SO 68.5 -46.3 2394.1 2373 43.0 Yes
ODP 183-1141A ES 97.1 -32.2 1196.9 185.6 45.5 Yes
ODP 189-1168A ES 144.4 -42.6 2463.3 883.5 161.00 34 No
ODP 189-1169A ES 145.2 -47.1 3568 246.3 161.00 36.8 No
ODP 189-1170A,D ES 146.0 -47.2 2704.7 464.3 161.00 34 No
IODP 353-U1443A EE 90.4 5.4 2929.45 344 78.1 No
IODP 354-U1451 EE 88.7 8.0 3607.28 582.1 82.3 No
IODP 355-U1456 WN 68.8 16.6 3639.23 426.6 64.9 No
IODP 361-U1474A WS 315 -31.2 3033.82 254.1 139.5 No
IODP 361-U1475B WS 253 -41.4 2669.46 243.9 90.2 No
IODP 361-U1476A WS 41.8 -15.8 2165.71 224.2 148.1 No
IODP 361-U1478A WS 34.8 -25.8 487.94 248.4 150.4 No
I0ODP 362-U1480 WS 91.6 3.0 4147.51 815 68.0 YES
IODP 362-U1481A WS 91.8 2.8 4178.32 1500 67.5 No
IODP 369-U1512A ES 128.0 -34.0 3070.87 700.8 161.00 34 No
IODP 369-U1513 ES 112.5 -33.8 2789.19 292.5 161.00 130.1 YES
IODP 369-1514A ES 113.1 -33.1 3838.2 515.59 161.00 129.1 No
IODP 369-U1516C ES 112.8 -34.3 2676.46 540.1 161.00 127.4 No
I0DP 392-U1579 ES 26.2 -40.0 2492.92 1165.4 104.3 YES
IODP 369-U1580 ES 26.6 -40.8 2560.33 611.7 94.8 YES
IODP 369-U1581 ES 29.7 -35.7 4591.35 1297.6 109.3 No
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