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Abstract

Constraining rates of marine carbonate burial through geologic time is
critical for interpreting reconstructed changes in ocean chemistry and un-
derstanding feedbacks and interactions between Earth’s carbon cycle and
climate. The Quaternary Period (the past 2.6 million years) is of particular
interest due to dramatic variations in sea level that periodically exposed and
flooded areas of carbonate accumulation on the continental shelf, likely im-
pacting the global carbonate budget and atmospheric carbon dioxide. These
important effects remain poorly quantified. Here, we summarize the impor-
tance of carbonate burial in the ocean–climate system, review methods for
quantifying carbonate burial across depositional environments, discuss ad-
vances in reconstructing Quaternary carbonate burial over the past three
decades, and identify gaps and challenges in reconciling the existing records.
Emerging paleoceanographic proxies such as the stable strontium and
calcium isotope systems, as well as innovative modeling approaches, are
highlighted as new opportunities to produce continuous records of global
carbonate burial.
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Carbonate
production:
precipitation of
biogenic carbonate by
shallow marine and
pelagic calcifiers (e.g.,
corals,
coccolithophores, and
foraminifera)

Carbonate
accumulation: vertical
export of carbonate to
the seafloor plus reef
production and
imported sediment,
less dissolution and
lateral transport; also
referred to as
carbonate burial

Carbonate
compensation depth
(CCD): the depth at
which carbonate
export from the
surface ocean is equal
to carbonate
dissolution, such that
no carbonate is
preserved below this
depth

Carbonate
preservation: the
difference between
carbonate export and
dissolution in the
water column or
sediments, which
ultimately determines
how much carbonate is
buried

Lysocline: the depth
at which carbonate
dissolution rapidly
increases as a function
of the carbonate ion
concentration in
seawater

1. INTRODUCTION

Marine carbonate burial is an important component of the global carbon cycle, with large quanti-
ties of carbonate stored in ocean sediments (∼5 × 103 Gt C) and the lithosphere (∼7 × 107 Gt C)
(Zeebe 2012). The carbonate flux influences atmospheric and oceanic inventories of carbon on
1,000- to 100,000-year timescales, playing a potentially important role in glacial/interglacial cli-
mate transitions during the Quaternary Period (the past 2.6 My) (Zeebe 2012). Indeed, carbonate
deposition has often been invoked to explain changes in Quaternary ocean chemistry and atmo-
spheric carbon dioxide (CO2) concentrations (e.g., Berger 1982, Brovkin et al. 2007, Kerr et al.
2017, Kohfeld & Ridgwell 2009, Opdyke & Walker 1992, Rickaby et al. 2010, Ridgwell et al.
2003, Vecsei & Berger 2004, Walker & Opdyke 1995). However, robust quantitative constraints
on global Quaternary carbonate burial remain elusive.

The last comprehensive review of carbonate production and accumulation over the past∼20 ky
(Milliman 1993) provided flux estimates across neritic environments (coral reefs, banks, bays, and
continental shelves) and pelagic environments [slopes, enclosed basins, and the deep sea above the
carbonate compensation depth (CCD)] (Table 1). Many of these estimates had uncertainties of
≥100% (Iglesias-Rodriguez et al. 2002,Milliman & Droxler 1996) due to the scarcity of deep-sea
(pelagic) records and lack of knowledge about carbonate accumulation and preservation in shallow
(neritic) marine settings. These gaps motivated further study of Quaternary carbonate fluxes over
the following decades.

This review incorporates updated proxy- and model-based estimates of global Quaternary car-
bonate burial and summarizes progress since the review by Milliman (1993). In the following
sections, we summarize the importance of carbonate burial in the modern and Quaternary ocean
(Sections 1.1–1.3) and review the methods commonly used to reconstruct past carbonate burial
fluxes in pelagic (Section 2) and neritic (Section 3) environments.We then evaluate new estimates
of global carbonate burial over the Quaternary (Section 4) and suggest areas for further work that
may address ongoing challenges (Section 5).

1.1. The Long-Term Carbon Cycle

Carbonate burial is a key flux in the global carbon cycle (Figure 1), which has been described in
several books, reviews, and publications (e.g., Archer 2010; Berner 2003, 2004; Isson et al. 2020;
Sundquist & Visser 2003; Wallmann & Aloisi 2012). Here, we provide a brief carbonate-centered
summary (Andersson 2014; Broecker 2003, 2009).

Dissolved calcium (Ca2+) and bicarbonate (HCO3
−) in seawater are supplied by continental

weathering and utilized by organisms (e.g., foraminifera, coccolithophores, and corals) to form
calcium carbonate (CaCO3) shells and skeletons. The three most abundant carbonate minerals in
marine sediments are (in order of increasing solubility) calcite, aragonite, and high-magnesium
calcite (Andersson 2014). In general, CaCO3 solubility increases with depth, and dissolution be-
comes thermodynamically favorable at the saturation horizon, below which lies the lysocline (the
depth at which dissolution increases dramatically). The CCD defines the depth where CaCO3

supply is balanced by dissolution and below which no CaCO3 is preserved (Figure 1). Where
the seafloor lies above the CCD, a fraction of the CaCO3 produced in the ocean is preserved
in sediments. Over millions of years, the sequestered carbon is returned to the atmosphere via
subduction and volcanism (Figure 1). The effects of carbonate burial on ocean chemistry and at-
mospheric CO2 (see the sidebar titled Effect of Carbonate Burial on Ocean Carbonate Chemistry
and Atmospheric CO2) have been thoroughly discussed by Ridgwell & Zeebe (2005) and Zeebe
(2012).
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Carbonate export:
the flux of biogenic
carbonate from the
surface ocean to the
deep sea or seafloor

Table 1 Updated global estimates of modern CaCO3 production and accumulation rates
across depositional environments

Environment
CaCO3 production

(Gt y−1)
CaCO3 accumulation

(Gt y−1) Reference
Coral reefs 0.9

0.9–1.68
1.3
0.9

0.65–0.83
1.6a

NA
NA

0.7
NA
NA
0.7
NA
1.3a

0.7
1.1b

Milliman 1993
Kleypas 1997
Ryan et al. 2001
Iglesias-Rodriguez et al. 2002
Vecsei 2004b
Smith & Mackenzie 2016
O’Mara & Dunne 2019
Hinestrosa et al. 2022

Banks/bays 0.4
0.4
0.2
NA

0.2
0.2
0.1
0.36

Milliman 1993
Iglesias-Rodriguez et al. 2002
Smith & Mackenzie 2016
O’Mara & Dunne 2019

Carbonate
shelves

0.75
0.37–1.17

2.4c

NA

0.45
0.47
0.7c

0.31

Milliman 1993
Iglesias-Rodriguez et al. 2002
Smith & Mackenzie 2016
O’Mara & Dunne 2019

Noncarbonate
shelves

0.4
0.4
NA

0.1
0.1

0.002

Milliman 1993
Iglesias-Rodriguez et al. 2002
O’Mara & Dunne 2019

Slopesd 0.83
0.85
0.83

0.58
0.6
0.57

Milliman 1993
Milliman & Droxler 1996
Iglesias-Rodriguez et al. 2002

Basins 0.03 0.1 Milliman 1993
Deep sea 2.4e

NA
NA
13.3
NA
NA
NA

1.1
0.86
1.08
1.1
1.14
1.05
1.13

Milliman 1993
Catubig et al. 1998
Dunne et al. 2012
Smith & Mackenzie 2016
Cartapanis et al. 2018 (sediment data)
Cartapanis et al. 2018 (metamodel)
Hayes et al. 2021

Abbreviation: NA, not applicable.
aExplicitly includes visible and submerged reef areas.
bReef accumulation plus contribution from Halimeda bioherms for 8–0 ka.
cTotal shelf production and accumulation, including tropical and extratropical shelves, as defined by Smith & Mackenzie
(2016).
dIncludes imported carbonate flux.
eFlux at approximately 1,000-m water depth.

1.2. Overview of Modern Carbonate Production and Burial

Carbonate accumulation depends on production by benthic and planktonic organisms, export
from the surface ocean to depth, and preservation on the seafloor (Figure 2). Relatively more
aragonite and high-magnesium calcite are produced in neritic environments by organisms such
as corals, algae, and echinoderms compared with the deep ocean, where calcite is the dominant
phase (Andersson 2014). In the modern ocean, pelagic carbonate accumulation varies by region
and seafloor depth, with higher rates in the Atlantic, eastern equatorial Pacific, and Indian Oceans,
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Lysocline

CO2

Carbonate compensation
depth

H2O + CO2

Silicate weathering
CaSiO3 + 2H2CO3

Carbonate precipitation
Ca2+ + 2HCO3

–

CO3
2– + H+

CO2

Pelagic CaCO3 burial

Neritic CaCO3 burial

No CaCO3 preserved

Dissolution

H2CO3

Ca2+ + 2HCO3
– + SiO2 + H2O

CaCO3 + H2O + CO2

H2O + CO2HCO3
– + H+

Figure 1

The long-term carbon cycle and ocean carbonate chemistry. Silicate weathering and the sequestration of carbon in carbonate sediments
balance volcanic release of CO2 to the atmosphere on million-year timescales (black arrows). Carbonate equilibria between species of
dissolved inorganic carbon in seawater (yellow arrows) regulate seawater pH, the precipitation and dissolution of CaCO3, and
atmospheric CO2.

EFFECT OF CARBONATE BURIAL ON OCEAN CARBONATE CHEMISTRY AND
ATMOSPHERIC CO2

Carbonate burial is linked to atmospheric CO2 by the equilibria of ocean carbonate chemistry (Figure 1). In seawa-
ter, gaseous CO2 reacts with water to form carbonic acid (H2CO3), which subsequently dissociates into bicarbonate
(HCO3

−) and carbonate (CO3
2−) ions.The sum of these dissolved species is called dissolved inorganic carbon (DIC)

(equal to [HCO3
−] + [CO3

2−] + [CO2]). Total alkalinity (TA) describes the excess of proton acceptors (which pro-
vide buffering capacity against acidification) over proton donors in seawater, often expressed as carbonate alkalinity
or [HCO3

−]+ 2[CO3
2−], although the strict definition of TA includes additional proton acceptors [B(OH)4−,OH−,

H3SiO4
−, etc.].

The precipitation of CaCO3 lowers DIC and TA by consuming HCO3
−, counterintuitively increasing pCO2.

The dissolution of CaCO3 in the deep ocean increases DIC and TA. Carbonate compensation maintains a balance
between the input of TA from continental weathering and removal of TA by carbonate burial, so that an increase
(decrease) in weathering inputs is balanced by a deepening (shoaling) of the CCD and increase (decrease) in carbon-
ate burial (Broecker & Peng 1982, 1987; Zeebe & Westbroek 2003). On glacial/interglacial timescales, temporary
imbalances caused by reduced carbonate accumulation in the shallow ocean due to sea level regression potentially
contributed to changing atmospheric pCO2 (Berger 1982, Opdyke &Walker 1992, Ridgwell et al. 2003,Walker &
Opdyke 1995).
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Pelagic carbonate:
carbonate produced in
the open ocean away
from the coast (oceanic
zone, >200-m depth);
also known as deep-sea
carbonate

Pelagic carbonate production
(calcite dominant)

Export to deep sea
   ~53–63%

Export to seafloor
   ~18–53%

Neritic carbonate production
(aragonite dominant)

Preservation in sediments
~50–80%

Dissolu
tio

n

Dissolu
tio

n

Export from surface
Dissolu

tio
n

Preservation in sediments
   ~0–20%

   

Export from surface 

Dissolu
tio

n

   

Ne
rit

ic
to

de
ep

se
a

tra
ns

po
rt

Figure 2

Marine carbonate fluxes in neritic (shallow ocean) and pelagic (open ocean) environments. Pelagic carbonate
is produced in the surface ocean and exported down through the water column, where ∼47–82% is dissolved
before reaching the sediments (Battaglia et al. 2016, Sulpis et al. 2021). An estimated 37–47% of the surface
export flux dissolves in the upper water column (<1,500-m depth) (Battaglia et al. 2016, Sulpis et al. 2021),
with up to ∼44% dissolution below 1,500 m (Battaglia et al. 2016). Approximately 18–53% of the surface
flux makes it to the seafloor, where further dissolution reduces the proportion of buried carbonate to
∼0–20%. Carbonate preservation is higher in neritic environments, where ∼50–80% of the carbonate
accumulated by benthic organisms and exported from surfaces waters is preserved (Milliman 1993, Smith &
Mackenzie 2016). A substantial fraction of neritic carbonate may be transported from shelves and platforms
to the deep sea by nepheloid plumes and gravity flows (e.g., see Jorry et al. 2020).

where the CCD is deeper, and very little accumulation in the North Pacific and Southern Oceans
(Dunne et al. 2012, Hayes et al. 2021) (Figure 3b). Key regions of shallow carbonate accumula-
tion are the western Pacific Ocean, eastern Indian Ocean, and Caribbean Sea (O’Mara & Dunne
2019).

Present-day global carbonate accumulation has been quantified by various approaches, includ-
ing sediment trap data, core-top measurements, and numerical modeling (e.g., Catubig et al. 1998,
Iglesias-Rodriguez et al. 2002, Kleypas 1997, Milliman 1993). Global estimates typically rely on
site-specific measurements that are interpolated under a set of assumptions (e.g., average produc-
tion rates across regions, spatial extent of deposition environments, and degree of preservation).
Consequently, these global estimates have large uncertainties, particularly in shallow marine en-
vironments, where we have little information about export and preservation. Transport of neritic
sediments to the deep sea has been well documented, particularly for sea level highstands (Schlager
et al. 1994), but quantitative models are necessary to account for this flux in global carbonate bud-
gets. A recent study of an isolated carbonate platform in the Indian Ocean suggested that approx-
imately half of the Holocene CaCO3 production on the platform was transported downslope to
the deep basin ( Jorry et al. 2020). Further investigation of other regions and neritic settings will
be useful for refining this first estimate.
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Figure 3

(Top) Holocene (0–10 ka) marine sediment CaCO3 content (panel a) and burial flux (panel b). The Holocene CaCO3 content is a
compilation of approximately 7,800 direct observations. The burial estimates are made only for water depths greater than 1 km and are
based on 230Th-normalized flux observations (Costa et al. 2020) combined with the sediment composition data. Burial fluxes are
interpolated within 254 zones based on Longhurst biogeochemical provinces and water depth. Gray zones indicate areas where no data
are available. (Middle) LGM (18.5–23.5 ka) distribution of marine sediment CaCO3 content (panel c) and burial flux interpolated across
biogeochemical province and depth zones as described by Hayes et al. (2021) (panel d) using an LGM compilation of 230Th-normalized
fluxes (Costa et al. 2020) and an updated CaCO3 content database for the LGM presented here. (Bottom) The logarithmic ratios of the
LGM CaCO3 content (panel e) and burial flux (panel f ) compared with those of the Holocene (panels a and b; Hayes et al. 2021).
Abbreviation: LGM, Last Glacial Maximum. Panels a and b adapted with permission from Hayes et al. (2021) (CC BY-NC 4.0).

Pelagic carbonate accumulation is well constrained and constitutes approximately half of the
carbonate budget (Table 1). Though pelagic carbonate production is significantly lower than
shallow-water production, the pelagic area (∼300 × 106 km2) is much larger than other depo-
sitional areas (Milliman 1993). Hayes et al. (2021) recently calculated a Holocene pelagic burial
flux of 1.13± 0.28 Gt CaCO3 y−1, leveraging a new database of 230Th-normalized sediment fluxes
(Costa et al. 2020) with existing sediment composition data. This estimate agrees with the previ-
ously estimated range of 0.83–1.25 Gt CaCO3 y−1 (Cartapanis et al. 2018).

Sparse observations and poorly constrained preservation and export rates have limited esti-
mates of carbonate accumulation in shallow marine environments (Iglesias-Rodriguez et al. 2002,
O’Mara & Dunne 2019). The latest estimates utilize new data, including bathymetric maps and
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CaCO3 fluxes derived from satellite data, with improved mapping of neritic community types
(O’Mara & Dunne 2019). Uncertainties associated with burial on carbonate-rich shelves (±39%)
and bays (±46%) (O’Mara & Dunne 2019) were substantially lower than those previously re-
ported (>100% for carbonate-rich shelves,±100% for bays) (Iglesias-Rodriguez et al. 2002). The
uncertainty for carbonate-poor shelf burial (±178%) remains high (O’Mara & Dunne 2019).

1.3. Overview of Quaternary Carbonate Burial

Quaternary carbonate burial varied over glacial/interglacial cycles due to differences in biologi-
cal production, ocean circulation, deep-sea sequestration of respired CO2, and sea level fluctua-
tions (e.g., deMenocal et al. 1997, Hain et al. 2014, Jaccard et al. 2009, Kleypas 1997) (Figure 4).
The dominant location of carbonate deposition likely shifted from shallow- to deep-water envi-
ronments during glacial stages due to a reduction in the submerged area of continental shelves,
carbonate platforms, and atolls (Berger 1982, Opdyke & Walker 1992). Models and observa-
tions suggest that while modern carbonate burial rates in neritic and pelagic environments are

CO2

CaCO3,
organic
matter

Ca2+, Sr2+, HCO3
–Ca2+, Sr2+, HCO3
–

Deep-sea respiration
Enhanced deep-sea respiration adds CO2,
lowers pH, and increases CaCO3 solubility.

Biological productivity
Enhanced CaCO3 production by planktonic
calcifiers increases CaCO3 (and organic matter)
export from the surface ocean.

Ocean circulation/ventilation
Respired CO2 accumulates with increased
stratification; higher CO2/lower pH increases
CaCO3 solubility and reduces burial.

Recrystallization

Smaller shelf
area

CalciteCalcite

AragoniteAragonite

+ nutrients 

Organic
matter

+ oxygen

CO2

Ventilated
water mass

Isolated
deep-water mass

Lower pH

Higher pH

H
ig

h
nu

tri
en

t a

vailability Low nutrient availability

1 2

3 4

Lower
export

Higher
export

Sea level regression
Reduced submerged continental shelf
area reduces neritic CaCO3 burial; 
weathering of exposed shelf CaCO3 adds
alkalinity to seawater.

Figure 4

Processes hypothesized to alter carbonate burial rates over glacial/interglacial cycles, by changing the
carbonate equilibria of the ocean (via inputs of alkalinity or dissolved inorganic carbon), production of
biogenic carbonate in the surface ocean, and/or physical area available for carbonate burial (on continental
shelves and above the carbonate compensation depth). These processes do not necessarily act in isolation;
rather, feedbacks between processes may enhance or balance the effect of others. For example, ocean
circulation changes may isolate the deep ocean from the surface, causing the accumulation of respired carbon
and limiting mixing of nutrients back to the surface ocean for utilization by calcifiers.
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Neritic carbonate:
carbonate produced in
coastal or shallow
marine environments
above the continental
shelf break (<200-m
depth)

approximately equal (Milliman 1993), neritic burial rates would have been lower due to reduced
glacial shelf area (Kleypas 1997).

The coral reef hypothesis (Berger 1982,Opdyke &Walker 1992,Ridgwell et al. 2003,Vecsei &
Berger 2004,Walker &Opdyke 1995) proposed that sea level–driven changes in neritic carbonate
burial impacted atmospheric CO2 concentrations (pCO2) over theQuaternary. Assuming constant
alkalinity input from continental weathering, reduced neritic carbonate burial during glacial pe-
riods would increase whole-ocean alkalinity and consequently reduce pCO2. For the carbonate
budget to maintain steady state, increased deep-sea burial must restore the alkalinity balance and
stabilize pCO2 (Sigman & Boyle 2000). Counterarguments to the coral reef hypothesis have cited
lack of evidence for a glacial increase in global deep-sea burial (Archer & Maier-Reimer 1994,
Sigman & Boyle 2000, Zeebe & Marchitto 2010). However, the Quaternary carbonate budget
may have operated in a nonsteady state imposed by sea level fluctuations (Milliman & Droxler
1996). Similarly, on short timescales, the assumption of constant alkalinity input may not be main-
tained due to changes in weathering regimes and weatherability following glacial retreats (Vance
et al. 2009). The question of steady state versus nonsteady state is unanswered but may be resolved
as global carbonate burial estimates for glacial/interglacial cycles improve. In Section 4, we discuss
significant advances toward continuous records of Quaternary carbonate burial, including efforts
to model variations in reef productivity since 1,500 ka (Husson et al. 2018) and updated compi-
lations of deep-sea sedimentary records that constrain global pelagic burial during the Holocene,
the Last Glacial Maximum (LGM), and continuously over the last 150 ky (Cartapanis et al. 2018,
Hayes et al. 2021, this review).

2. METHODS FOR RECONSTRUCTING DEEP-SEA
CARBONATE BURIAL

Themarine sedimentary record provides information about pelagic carbonate burial, which varies
in space and time due to depth (solubility), regional productivity, lateral transport, CCD position,
and dissolution in sediments (Dunne et al. 2012). While past changes in carbonate burial were
observed early on in pelagic sediments in the Pacific, Atlantic, and Indian Oceans (e.g., Archer
1991, Arrhenius 1952, Balsam & McCoy 1987, Biscaye et al. 1976, Milliman 1993), initial recon-
structions of pelagic carbonate burial were limited by poor core chronology and sparse observa-
tions (Van Andel et al. 1975). Furthermore, while carbonate accumulation records can be obtained
from deep-sea sediment cores with relative ease, drilling on slopes is technically difficult, and few
CaCO3 accumulation records exist for these environments. Methods for obtaining globally inte-
grated estimates of the pelagic carbonate burial flux from deep-sea sediment cores are summarized
below.

2.1. Calcium Carbonate Weight Percent

CaCO3 content in sediment cores is widely used to infer changes in carbonate burial through
time. CaCO3 wt% is measured using a variety of analytical methods, most commonly coulometry
and loss on ignition (Fu et al. 2020, Kastens et al. 1987,Mörth & Backman 2011).High-resolution
scans of physical properties (e.g., bulk density and reflectance spectra) have also been used to
determine sediment carbonate content (Vanden Berg & Jarrard 2002, 2006, and references
therein). Despite the relative ease of measuring sediment carbonate content, CaCO3 wt% alone
cannot be used to determine accumulation or burial rates because it is a proportional unit and
depends on the content of other sedimentary fractions. For the same flux of carbonate delivered
to the seafloor, CaCO3 wt% can vary significantly due to dilution by noncarbonate minerals
and/or postdepositional dissolution. Comparison of carbonate content between regions is also
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Calcium carbonate
saturation state: the
product of [Ca2+] and
[CO3

2−] in seawater
divided by the
solubility product for
aragonite or calcite;
the saturation state
determines the
solubility of carbonate
in seawater

complicated by spatial variability in dilution and dissolution that may bias CaCO3 wt% values.
Consequently, CaCO3 wt% should be converted to a mass flux using a bulk sedimentation rate.

2.2. Carbonate Mass Accumulation Rates

Records of CaCO3 wt% are converted to carbonate mass accumulation rates (MARs; g cm−2 ky−1)
by

MAR =
(
CaCO3 wt%

100

) (
ρdry

)
(S) , 1.

where ρdry is the dry bulk density (g cm−3) and S is the linear or instantaneous sedimentation rate
(cm ky−1). Age model–derived (linear) sedimentation rates have traditionally been used but may
be biased by redistribution of sediments on the seafloor (Costa et al. 2020, Francois et al. 2004).
Constant flux proxies such as excess 230Th and 3He are now used to derive instantaneous sedimen-
tation rates and can correct for sediment redistribution (e.g.,230Th normalization) (Costa et al.
2020, Francois et al. 2004, McGee et al. 2010). Age model–derived sedimentation rates capture
average vertical sedimentation and lateral advection between sampling horizons; instantaneous
sedimentation rates reflect only vertical sedimentation (McGee et al. 2010). In most regions of
the ocean, constant flux proxies are the preferred method for calculating carbonate (and other
sedimentary component) MARs (Costa et al. 2020).

Milliman (1993) reviewed studies of carbonate MARs made possible by age models based on
oxygen isotopes and radiocarbon dating that were published before 1993. In the years since 1993,
carbonateMARs have been reported in numerous studies and locations in the ocean, some derived
from constant flux proxies (Section 4.1).Global estimates of deep-sea carbonate burial fromMARs
require nontrivial compilations of globally extensiveMAR records and interpolation between site-
specific records to resolve spatial variability (Cartapanis et al. 2018,Catubig et al. 1998,Hayes et al.
2021).

2.3. Carbonate Compensation Depth

Reconstructions of the CCD, which reflects the ocean calcium carbonate saturation state
(Ridgwell & Zeebe 2005), are also used to constrain pelagic carbonate burial. The CCD is opera-
tionally defined by the depth of a specific sedimentary CaCO3 wt% (e.g., 20%; Van Andel 1975)
or the depth at which carbonate accumulation rates approach zero (Lyle 2003). Although the po-
sition of the CCD is relatively easy to identify with sediment cores, linking changes in the CCD
to carbonate burial can be challenging due to potential decoupling between carbonate burial and
the CCD response. The recent approach of Boudreau & Luo (2017), who modeled global pelagic
carbonate burial based on the Cenozoic CCD, is relevant only to secular timescales (>0.5 Ma,
not applicable to glacial/interglacial cycles). In general, extrapolating CCD reconstructions from
a particular ocean basin to a global CCD record is complicated by ocean circulation, which could
shift the CCD regionally (Greene et al. 2019). Furthermore, burial of excess CaCO3 above the
CCD could cause a decoupling of the CCD and global carbonate burial (Greene et al. 2019) such
that changes in ocean alkalinity are accommodated by increased burial above a relatively stable
CCD.

During the Quaternary, the Pacific CCD appears to have remained relatively stable despite
large sea level fluctuations (Farrell & Prell 1989, Lyle 2003, Lyle et al. 2008, Pälike et al. 2012).
The lack of significant CCD change during glacial/interglacial cycles may be explained by
reduced sensitivity of the Cenozoic CCD to shifts in shelf carbonate burial following the CCD
deepening and reduction of shelf carbonate globally at the Eocene–Oligocene transition (∼34Ma)
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(Armstrong McKay 2015). In this case, shifts in shelf–basin partitioning of carbonate burial in
response to glacial/interglacial sea level change (or other mechanisms of alkalinity transfer) may
not be evident in Quaternary CCD records but rather reflected in changes in the carbonate
accumulation between the lysocline and the CCD, which is much harder to assess. Regional shifts
in the lysocline can be inferred from observed carbonate dissolution cycles on glacial/interglacial
timescales. Anticorrelated Pacific–Atlantic preservation cycles are well documented for the Pleis-
tocene (e.g., Farrell & Prell 1989), and carbonate dissolution cycles similar to those in the Pacific
have been observed throughout the Indian Ocean (Bassinot et al. 1994). In general, preservation
of carbonate in the Pacific and Indian Oceans is enhanced during glacial periods, while sediments
in the Atlantic experience increased dissolution; the reverse is true during interglacial periods.
Though carbonate preservation and dissolution are clearly linked to glacial/interglacial cycles,
the challenge is to determine whether opposing changes in different ocean basins maintained a
relatively constant global pelagic CaCO3 accumulation rate or were imbalanced such that a net
change in global carbonate burial occurred.

3. METHODS FOR RECONSTRUCTING NERITIC CARBONATE BURIAL

The heterogeneous nature of carbonate production across neritic environments is a significant
challenge to global reconstructions because they require extrapolation of locally reconstructed
production (or burial) rates. Furthermore, since carbonate production in these environments is
especially sensitive to sea level fluctuations, nutrient levels, temperature, and salinity, production
(and burial) rates may vary through time depending on environmental conditions.Variable preser-
vation, erosion, and transport of neritic sediments further complicate carbonate burial estimates
in this zone. Below, we highlight approaches that have been used to investigate changes in neritic
carbonate burial through time as well as their limitations.

3.1. Fossil Coral Reefs

Coral reefs constitute a substantial fraction of global carbonate production and accumulation,
yet quantifying this contribution remains challenging because observation-based estimates are
often region or reef specific. Methods for observing reef production include hydrochemistry,
census data, accumulated sediments, and numerical modeling; Vecsei (2004b) provided a detailed
review of these methods and previous estimates, including modeling by Kleypas (1997). These
approaches often suffer from insufficient data and large uncertainties that are magnified when
scaling local and regional studies to global estimates. Current reef production estimates for the
Holocene range from 0.65 to 1.68 Gt CaCO3 y−1 and, as Vecsei (2004b, p. 12) succinctly noted,
are “fraught with substantial, unquantified uncertainties.” Several reef accumulation estimates
agree with Milliman’s (1993) early estimate of 0.7 Gt CaCO3 y−1, with uncertainty in the range of
100% (Table 1). Importantly, estimates typically exclude carbonate mounds formed by cold-water
corals, which have been documented throughout the ocean and may contribute significantly to
carbonate budgets but whose accumulation rates are even more poorly quantified than those of
tropical reefs (e.g., Hebbeln et al. 2019; Lindberg & Mienert 2005; Titschack et al. 2015, 2016).

Constraining reef production, preservation, and geographic extent becomes increasingly dif-
ficult the further back one goes in geologic history. Coral reef accumulation is not constant
through time or space and varies with changing sea level. Direct measurements of reef accre-
tion rates through time can be made by radiometric dating of growth stages (e.g., Camoin et al.
2001), but current observations are sparse and limited by diagenesis, lack of dateable material re-
quired for U/Th chronology, and absence of lowstand reef units (Camoin&Webster 2015).With-
out widespread observations, we require an alternative approach for estimating Quaternary reef
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carbonate burial prior to the LGM. In Section 4.3, we discuss recent studies that have turned to
numerical modeling to simulate reef production and predict global accumulation rates (Husson
et al. 2018, Jones et al. 2015).

3.2. Other Carbonate Burial Sinks

Besides corals, the shallow ocean hosts an array of habitats and communities of calcifiers that
contribute to the global carbonate budget but are currently underestimated, due largely to spa-
tial heterogeneity. Carbonate production can be locally monitored in the water column (using
sediment traps) or on benthic substrates (for example, colonization experiments with calcification
accretion units), though these measurements can be biased by horizontal transport of material and
may differ from actual burial rates due to postdepositional dissolution in sediments. Extrapolating
local studies to global rates requires that the habitat preferences and distributions of species be
well estimated, which remains a challenge at present. For example, Halimeda algae are thought
to be important contributors to carbonate production in the tropics, but the geographic extent of
Halimeda accumulation is uncertain and very likely underestimated (McNeil et al. 2016, 2020; Rees
et al. 2006). Hinestrosa et al. (2022) recently estimated that at least 590 Gt CaCO3 accumulation
byHalimedamust be added to global Holocene carbonate budgets (compared with Holocene and
drowned reef deposits of ∼8,100 Gt and ∼1,500 Gt CaCO3, respectively) based on their regional
study of the Great Barrier Reef. Other benthic calcifiers, such as echinoderms, are probably also
underestimated (e.g., Lebrato et al. 2010). A combination of habitat-specific carbonate production
or accumulation rates and global surveys of habitat extent is needed to compile accurate neritic
carbonate budgets.

4. QUATERNARY CARBONATE BURIAL RECONSTRUCTIONS

4.1. Deep-Sea Carbonate Burial

A primary goal for reconstructing pelagic carbonate burial over the Quaternary is to test whether
pelagic burial increased during glacial periods. This hypothesis is based on the expectation that
neritic carbonate burial was reduced during glacial periods relative to interglacials, when lower sea
level reduced the area available for neritic carbonate accumulation (Kleypas 1997) (Figure 4). To
maintain a steady-state carbonate budget during a glacial period, carbonate compensation would
deepen the CCD and increase deep-sea carbonate burial. Thus, LGM pelagic carbonate burial
was predicted to exceed the modern rate by up to two times in a steady-state ocean (Catubig et al.
1998).

To test this expectation, Catubig et al. (1998) used a compilation of records mainly from the
Pacific and Atlantic Oceans to compare global Holocene and LGM carbonate burial. Their com-
pilation suggested that deep-sea LGM burial rates were higher than those of the Holocene in the
Pacific andNorth Atlantic but lower in the South Atlantic, Indian, and Southern Oceans.Notably,
the South Pacific had a higher CaCO3 wt% during the LGM but was excluded from their analy-
ses for lack of MAR data. The study found no significant difference in global deep-sea carbonate
burial between the Holocene (0.86 Gt y−1) and LGM (0.92 Gt y−1), challenging the premise that
increased pelagic carbonate burial compensated for lower neritic burial during glacial periods and
the assumption of a steady-state carbonate budget on these timescales.

As chronostratigraphy improved and drilling programs expanded over the next two decades,
carbonate MAR records became more reliable and more numerous (Anderson et al. 2008;
Campbell et al. 2018; Lyle 2003; Lyle et al. 2006, 2019; Pälike et al. 2012; Vanden Berg & Jarrard
2004). The first continuous reconstruction of global deep-sea carbonate burial over the last glacial
cycle, by Cartapanis et al. (2018), used a compilation of 637 sediment records (Figure 5). To
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Figure 5

Global deep-sea carbonate mass accumulation rate over the last glacial cycle, as reconstructed by Cartapanis
et al. (2018). The black curve shows the mean of 20 scenarios using different biogeochemical province maps,
with shaded regions indicating ±1σ and ±2σ. Gray vertical bars delineate glacial (LGM,MIS 4, MIS 6) and
interglacial (Holocene, MIS 5e) periods. Abbreviations: LGM, Last Glacial Maximum; MIS, marine isotope
stage. Figure adapted from Cartapanis et al. (2018) (CC BY 4.0).

account for the spatial variability of carbonate accumulation, this study identified biogeochemical
provinces based on modern carbonate MARs (Dunne et al. 2012) and reconstructed carbonate
accumulation in each province over the past 150 ky from available MARs. The global recon-
struction showed that carbonate accumulation was similar during the present-day interglacial
and marine isotope stage (MIS) 5e, with lower burial during MIS 4 (78% ± 9% of the Holocene
value) and MIS 2 (85% ± 7% of the Holocene value); the absolute magnitude of these changes
depended on the province map used.

Despite being unable to entirely resolve the challenges of spatial heterogeneity, this recon-
struction represented a major step forward, providing a continuous record over an entire glacial
cycle and revealing minima during glaciation that could not be resolved by the two-end-member
study by Catubig et al. (1998). While both Cartapanis et al. (2018) and Catubig et al. (1998) ob-
served glacial CaCO3 concentrations greater than Holocene values in the Pacific, consistent with
the findings of Farrell & Prell (1989), Cartapanis et al. (2018) found that the glacial increase in the
Pacific was not sufficient to balance the decrease in the Atlantic. Neither reconstruction supports
increased global pelagic carbonate burial during glacial periods; rather, they suggest that pelagic
burial did not compensate for the expected decrease in neritic burial.

4.2. Updated 230Th-Normalized Last Glacial Maximum Deep-Sea
Carbonate Burial Fluxes

A new database of 230Th-normalized sediment fluxes by Costa et al. (2020) provides an op-
portunity to revise these estimates for the LGM. As Hayes et al. (2021) did for the Holocene
(Figure 3a,b), here we newly compile published CaCO3 wt% data for the LGM (Figure 3c,d)
and combine these composition data with the LGM sediment fluxes (Costa et al. 2020). This al-
lows us to estimate 230Th-normalized CaCO3 burial fluxes for the deep sea at the LGM (defined
here as 18.5–23.5 ka) and compare them with those of the Holocene (Figure 3e, f ).
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For the LGM CaCO3 wt% distribution, we utilized previous compilations (Cartapanis et al.
2018, Catubig et al. 1998) and added 95 new observations, for a total database of 898 observations
(see the Supplemental Material). Reduced CaCO3 content during the LGM compared with the
Holocene is seen clearly throughout most of the Atlantic, Southern, and Arctic Oceans. Increased
LGMCaCO3 content is seen in the equatorial Pacific and Indian Oceans as well as the Australian,
Indonesian, and Arctic shelf seas. However, as mentioned above, these changes in CaCO3 content
may not be reflective of actual changes in burial due to variable dilution from other phases and/or
changes in the total sedimentation rate.

Our new estimates of LGMcarbonate burial are restrained to deep-sea sites (deeper than 1 km),
where the assumptions of the 230Th-normalization method are valid (Costa et al. 2020). Addition-
ally, the distribution of 230Th-normalized flux observations for the LGM is sparser than that for
the Holocene, resulting in a larger proportion of ocean provinces that cannot currently be charac-
terized. For instance, the Holocene map of 230Th-normalized fluxes covered 87% of the deep-sea
area (Hayes et al. 2021), while the areal coverage for the LGM is 49.5%. Nonetheless, sufficient
coverage of key regions in the ocean produces results that can help determine LGM carbonate
burial changes. With more geographic detail than previously available, we find clear evidence for
increased LGM carbonate burial compared with the Holocene in the equatorial Pacific and de-
creased carbonate burial in most of the North Atlantic and Southern Oceans (Figure 3f ). These
observations are consistent with the hypothesis that glacial/interglacial carbonate burial variations
result mainly from changes in carbonate preservation in the deep ocean, associated with a major
change in deep-sea CO2 storage (e.g., Anderson et al. 2008, Yu et al. 2020). Nonetheless, recent
work on modern CaCO3 export fluxes in the water column is revealing previously unrecognized
biological production influences on CaCO3 sedimentation, such as the influence of aragonite on
calcite preservation (Sulpis et al. 2021, 2022), and there is still much to be discovered about how
the LGM calcifier ecosystem was different from today’s.

While our interpolated LGM CaCO3 burial map can be used to derive a deep-sea LGM
CaCO3 burial sink, some notes on its uncertainty must be mentioned due to its geographic sparse-
ness. We assessed the accuracy of our interpolated LGM CaCO3 burial estimates by comparing
predicted CaCO3 burial values with those from the 103 sites where 230Th-normalized CaCO3

fluxes have been observed directly. This analysis results in a root mean square error of 29% of the
observed burial flux range.We use this relative root mean square error as our assumed uncertainty
in deriving a global LGM CaCO3 burial flux. Furthermore, there is some geographic bias in the
areas for which no fluxes can currently be derived, with the lowest coverage in the Indian Ocean
(Figure 3d). We therefore used a basin-specific scaling factor to correct for the relative amounts
of seafloor missing from the interpolated estimates, aimed at matching the same areal distribution
in our Holocene interpolation (Figure 3b) for better comparison.

This process results in a deep-sea LGM burial of 1.3 ± 0.4 Gt CaCO3 y−1, within the error
of our Holocene estimate (1.1 ± 0.3 Gt CaCO3 y−1). This analysis adds to the evidence that total
deep-sea CaCO3 burial did not change over glacial cycles but makes clear that there were basin-
wide fractionations inCaCO3 burial.For instance, theHolocene balance ofCaCO3 burial between
basins is 40% Atlantic, 22% Pacific, 20% Indian, 17% Southern, and 0.4% Arctic (Hayes et al.
2021; note that in this scheme the Southern Ocean is defined as south of 40°S). By contrast, in our
LGM CaCO3 burial reconstruction the balance is 33% Atlantic, 41% Pacific, 17% Indian, 10%
Southern, and <0.1% Arctic. This suggests that the increased glacial CaCO3 burial in the Pacific
was balanced by reduced carbonate burial in all other basins, rather than only in the Atlantic, as
had first been theorized (Balsam 1983, Crowley 1985, Farrell & Prell 1989). More estimates of
glacial period 230Th-normalized fluxes from the key gap regions highlighted in Figure 3d will be
necessary to investigate this possibility further.
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4.3. Quaternary Coral Reef Accumulation

Fossil coral reefs are important archives of Quaternary sea level change and reef accumulation [see
reviews byDullo (2005) andCamoin&Webster (2015)].Notable reef sequences used to character-
ize the last deglaciation include those obtained from Barbados (e.g., Fairbanks 1989), Tahiti (e.g.,
Camoin et al. 2012), and the Great Barrier Reef (e.g., Webster et al. 2018, Yokoyama et al. 2018),
while drilling efforts in regions such as New Caledonia have yielded records extending through
earlier glacial stages (e.g., Cabioch et al. 2008, Montaggioni et al. 2011). An exceptional example
is the 300-ky record obtained by Camoin et al. (2001), which contains both sea level high- and
lowstand reef units, an uncommon achievement in coral reef drilling (Camoin & Webster 2015).
More recently, the 30-ky record from the Great Barrier Reef documented reef accretion rates and
the presence of shelf-edge reefs during the LGM (Webster et al. 2018, Yokoyama et al. 2018).
Such direct observations constrain reef establishment and productivity only for specific locations,
so global estimates of reef productivity rely on a limited number of records to be representative
of reefs globally (e.g., Hinestrosa et al. 2022, Ryan et al. 2001, Vecsei & Berger 2004).

Based on the recent data from the Great Barrier Reef (Webster et al. 2018, Yokoyama et al.
2018), Hinestrosa et al. (2022) attempted a global estimate of postglacial reef accumulation that
accounted for both Holocene reef accumulation and drowned reefs (established on the shelf edge
during the LGM). They reported global estimates of ∼1 Gt CaCO3 y−1 for Holocene reefs (8–
0 ka) and 0.2GtCaCO3 y−1 for drowned reefs (19–10 ka), noting that the extrapolation fromGreat
Barrier Reef estimates to global estimates strongly depends on the value used for global reef area.
In any case, the finding that drowned reefs may equal ∼16–40% of the Holocene reef deposits
at the Great Barrier Reef suggests an important role for drowned reefs in the global carbonate
budget, and the calculated rate of accumulation for drowned reefs prior to 8 ka is similar to a
previous estimate by Vecsei & Berger (2004).

Vecsei & Berger (2004) estimated global reef accumulation since the LGMby combining fossil
records from tropical and subtropical reefs and using sea level records and reef depth distributions
to identify patterns of reef production. They concluded that reef production during the LGM and
initial deglaciation (∼21–14 ka) was low [we note that accretion during the 19-ka meltwater pulse
(Clark et al. 2004) may have contributed but is not quantified here], while the late deglaciation
(∼10–6 ka) saw the highest production with slowing sea level rise (Vecsei & Berger 2004). Based
on an estimate of 80% preservation for reef carbonate (fromMilliman 1993) and the extrapolation
of modern reef area to past reefs, reef accumulation for 0–6 ka, 6–8 ka, and 8–14 ka was estimated
to be 0.23, 0.41, and 0.12 Gt CaCO3 y−1, respectively. Though limited by a range of uncertainties
(e.g., past reef area, global extrapolation of production rates and preservation, contribution from
fore reefs and temperate shelves, and intermittent productivity), these estimates are conservative
and imply at least a threefold increase in reef accumulation from the LGM (<0.12 Gt CaCO3

y−1) to peak deglacial accumulation (0.41Gt CaCO3 y−1).The cumulative reef accumulation since
14 ka (∼2,900 Gt CaCO3) was estimated to account for 211 Gt of carbon emissions over the same
period; adding conservative estimates for accumulation on isolated banks and platforms (∼250 Gt
CaCO3) raised the emissions estimate to 225 Gt of carbon released as CO2 (Vecsei 2004b, Vecsei
& Berger 2004). The effect on atmospheric pCO2 ultimately depended on the emission rate and
uptake by the deep ocean or terrestrial biosphere. These findings were broadly supportive of the
coral reef hypothesis (Berger 1982, Opdyke & Walker 1992), with increased coral growth (and
CO2 emissions) coinciding with rising sea level and flooding of continental shelves, where reef
habitat is prevalent.

The approach of Vecsei & Berger (2004) cannot reliably be applied to periods earlier than the
LGM due to the scarcity of preserved reef records. To assess coral reef accumulation over the
Pleistocene, continuous accumulation records extending over multiple glacial cycles are needed.
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Obtaining such records from direct observations is currently out of reach, yet numerical modeling
offers an alternative approach for global reef accumulation reconstructions. Coral calcification
rates have been modeled as a function of environmental factors (e.g., water temperature, light, and
carbonate saturation state) to predict reef responses to environmental change ( Jones et al. 2015;
Kleypas 1997; Kleypas et al. 2011; Lough 2008; Silverman et al. 2007, 2009).While these models
are geared toward understanding how future environmental change will impact reefs, they also
provide a means of estimating reef production for given environmental conditions. For instance,
O’Mara & Dunne (2019) utilized the coral productivity models of Kleypas (1997), Lough (2008),
and Silverman et al. (2007) in their estimation of modern neritic carbonate burial (Section 1.3).

Over long timescales, reef productivity also depends on sea level oscillations, uplift, subsidence,
substrate morphology, and coastal erosion (Husson et al. 2018). Husson et al. (2018) assumed that
the physicochemical factors important for local reef production (e.g., temperature, light, and car-
bonate saturation state) cancel out on a global scale, so that external factors such as uplift, subsi-
dence, and erosion are the primary drivers of global reef productivity during theQuaternary.Their
numerical model simulated reef productivity in response to sea level change, uplift, subsidence,
and erosion over 1,500 ky, advancing beyond the modeling of individual reef systems (reviewed in
Camoin & Webster 2015) by extrapolating globally (Husson et al. 2018). Taking the last glacial
period as representative, the model predicted near-zero reef productivity during sea level regres-
sion, a gradual increase during deglaciation to peak Early Holocene productivity (∼1.9 Gt CaCO3

y−1 around 10 ka), and a slight decrease to the Late Holocene. The timing of the late deglacial
production peak aligns with prior observations (Vecsei & Berger 2004), and the predicted Late
Holocene production rate (∼0.8 Gt CaCO3 y−1) agrees well with observation-based modern es-
timates (Table 1). Across the entire simulation, peak production occurred ∼5 ky prior to sea level
maxima and lasted several thousand years, with typical values from 2.5 to 4.5 Gt CaCO3 y−1 for
most late deglacial periods and maxima calculated at MIS 11 and MIS 31 (>10 Gt CaCO3 y−1)
(Husson et al. 2018). Lowstands were characterized by negligible production rates.

Global reef accumulation rates were not reported by Husson et al. (2018); accurate conversion
of production rates to accumulation rates will require better knowledge of the preservation of
reef carbonate over the past 1,500 ky. Approximating 80% preservation (Milliman 1993) yields
peak deglacial accumulation rates of 1.5 Gt CaCO3 y−1 for the Holocene [more than three times
greater than the peak estimate of Vecsei & Berger (2004)] and 2.0–3.6 Gt CaCO3 y−1 for most
deglaciations, with negligible accumulation during the LGM and other glacial lowstands. Based
on their productivity estimates, Husson et al. (2018) predicted ∼1,400 Gt of carbon released as
CO2 during the last deglaciation (20–7 ka).

4.4. Quaternary Carbonate Burial on Banks, Shelves, and Slopes

Past carbonate burial on banks, continental shelves, and slopes has remained difficult to estimate
for a variety of reasons, particularly the significant spatial and temporal heterogeneity in carbonate
production and accumulation (Section 3.2). Current observations are insufficient for compiling a
globally representative record of Quaternary carbonate burial in these environments, but local-
ized studies offer some insight into their role in the global carbonate budget. For example, Vecsei
(2004a) evaluated carbonate production on isolated carbonate banks (0- to ∼70-m depth) from
0 to 20 ka and concluded that carbonate production was low during rapid sea level rise from the
LGM to ∼14 ka, with episodically increasing production after 14 ka and peak production after
6 ka as sea level rise slowed. The study included only banks at low latitudes since the geographic
and depth distributions of high-latitude banks are poorly known; this limitation may be addressed
in the future with numerical modeling. Recent work by Laugié et al. (2019) extended the mod-
eling of coral reefs discussed in Section 4.3 by developing a model of shallow marine carbonate
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factories in the modern ocean as a function of sea surface temperature and salinity, depth, and pri-
mary productivity. Their modeling framework demonstrates the potential for deriving geographic
distributions of shallow marine carbonates from oceanographic parameters, which could meet the
ongoing need for better spatial characterization in the modern and past ocean.

Continental shelf carbonate burial fluxes are highly location specific due to numerous fac-
tors that influence production, transport, and preservation (e.g., upwelling nutrients, riverine
fluxes, terrigenous sediment accumulation, presence of Halimeda algae, latitude, and seasonality).
Consequently, local studies provide depositional models only for certain biogeochemical and
oceanographic conditions. For instance, a study of Late Quaternary sediments on the Ross
Sea shelf provided insight into carbonate accumulation in a high-energy, glaciation, polar shelf
environment (Frank et al. 2014). The scarcity and complexity of these local observations hinder
our ability to improve upon the approximation of the global continental shelf carbonate flux
made by Milliman (1993), which relied on broad assumptions about the geographic area and
average composition of shelf sediments.

Where observations are insufficient, modeling can provide some constraints on shallow burial
fluxes. Van der Ploeg et al. (2019) used an alkalinity mass balance model to estimate Cenozoic
global carbonate burial along continental margins. Though the contributions of each shallow ma-
rine setting cannot be distinguished by this approach, the model yields global neritic carbonate
burial estimates that integrate the contributions of each environment. This modeling approach
could potentially be applied over shorter timescales (e.g., glacial/interglacial cycles) to resolve
changes in neritic carbonate burial. Importantly, the alkalinity input from weathering and the
pelagic burial fluxmust be well constrained over the time interval of interest to solve for the neritic
carbonate burial flux using the alkalinity mass balance model. Moreover, this modeling approach
assumes steady state (mass balance) in alkalinity input and output on the relevant timescales, which
may not hold for the short timescales of glacial/interglacial sea level fluctuations.

4.5. Summary

The available Quaternary reconstructions of pelagic carbonate burial do not indicate that global
carbonate burial in the deep sea increased during glacial periods, as would be expected if steady
state were maintained over glacial cycles. Our updated compilation of 230Th-normalized LGM
carbonate burial fluxes provides further evidence that LGM burial rates were the same as those
during the Holocene (within error). The MAR-based reconstruction by Cartapanis et al. (2018)
suggested burial minima during glacial periods, which would exacerbate the buildup of ocean al-
kalinity from the dissolution of exposed shelf carbonates. Records derived from fossil coral reefs
generally confirm that reef accumulation accelerated during the transition from the LGM to inter-
glacial conditions, yet only a few global estimates based on observations andmodeling are available
for the Quaternary. The bank, shelf, and slope carbonate sinks are still poorly constrained, but re-
cent efforts have demonstrated the potential for modeling of neritic carbonate burial to fill the
observational gaps.

5. ONGOING CHALLENGES AND OPPORTUNITIES

Despite the advances described in the preceding sections, our quantitative grasp of global
glacial/interglacial carbonate burial remains limited. Significant uncertainties persist even for
estimates of modern export, dissolution, and burial fluxes (e.g., Battaglia et al. 2016; Sulpis et al.
2021, 2022). A robust quantitative understanding of present-day carbonate burial is necessary if
we expect to accurately estimate burial fluxes in the past and compare across glacial/interglacial
cycles.We require greater attention to carbonate production, export, and preservation in marginal
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environments, where our observations are sparse, yet we expect sea level–driven variations in
burial over the glacial/interglacial cycles. On a global scale, proxies that are incorporated into
carbonate and recorded in marine sediments, such as strontium and calcium isotopes, provide
new opportunities to generate continuous records reflecting carbonate burial through time.

5.1. Heterogeneous Neritic Carbonate Sinks

As noted throughout this review, the complex mosaic of habitats on carbonate shelves, platforms,
and reefs is a primary complication in estimating total carbonate production and sedimentation. In
addition to corals, shallow marine organisms such as echinoderms (Lebrato et al. 2010),Halimeda
algae (Drew 1983), and calcifiers living in seagrass ecosystems (Mazarrasa et al. 2015) produce
significant amounts of neritic carbonate sediment, but their inclusion in global carbonate budgets
has been limited. To better represent the contributions of these groups, we need new methods for
characterizing their distribution and abundance. Since carbonate sedimentation by these calcifying
organisms varies by species and habitat (e.g., Castro-Sanguino et al. 2020; de Macêdo Carneiro &
de Morais 2016; de Macêdo Carneiro et al. 2018; Mazarrasa et al. 2015; Perry et al. 2017, 2019),
the coverage of habitat type must be known in addition to within-habitat species abundance and
sedimentation rates. Provided that there are adequate field-based estimates of the latter, satellite
imagery might be leveraged to define habitat coverage (e.g., Perry et al. 2019, Utami et al. 2018)
to scale localized studies to regional carbonate budgets for the modern shallow ocean.

5.2. Halimeda Bioherms

Recent studies of theHalimeda bioherms of the Great Barrier Reef demonstrated that this compo-
nent of the Holocene neritic carbonate budget has been vastly underestimated. The bioherms—
mounds of accumulated Halimeda skeletal fragments—record accumulation of Halimeda carbon-
ate in some regions (for detailed descriptions of Halimeda bioherms, see Davies 2011, McNeil
et al. 2020). New mapping with airborne lidar and multibeam bathymetry revealed that the Great
Barrier Reef bioherms covered three times the previously estimated area (McNeil et al. 2016).
With carbonate volumes equal to or greater than the adjacent coral reefs (Rees et al. 2006), these
bioherms contributed significantlymore to the shelf carbonate budget than has been accounted for
(Iglesias-Rodriguez et al. 2002, Milliman 1993). Comparable volumes of carbonate were mapped
on a carbonate platform off northwestern India (Rao et al. 2018). Globally extrapolating Great
Barrier Reef Halimeda accumulation yields an estimated increase of ∼4–8% in the Holocene car-
bonate budget (Hinestrosa et al. 2022).

Other identified (but inadequately mapped) regions of Holocene bioherms include
Kalukalukuang Bank in the eastern Java Sea, the Nicaraguan Rise in the southwest Caribbean,
and the Big Bank Shoals in the Timor Sea (McNeil et al. 2020). Older fossil bioherms have been
found on the Fifty Fathom Flat, India (Late Quaternary); Funafuti, Tuvalu (Pleistocene); the
Solomon Islands (Pleistocene); and Vanuatu (Pliocene to Pleistocene) and have been studied
little since their discoveries (McNeil et al. 2020). Estimates of the carbonate inventories of
these bioherms, which will require updated mapping and analyses of carbonate content, can
improve our estimates of how much carbonate was buried on shelves and platforms when these
were flooded during interglacial periods.

5.3. Geochemical Proxies

Given the challenges of estimating global carbonate burial from direct observations, we can turn
to geochemical proxies that reflect a global signal of the integrated carbonate fluxes. The precip-
itation of carbonate incorporates not only calcium (Ca2+) but also trace amounts of magnesium
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(Mg2+) and strontium (Sr2+) into the crystal structure. The effect of carbonate burial on the
global ocean inventories of these elements and their isotopes, which in some cases are fractionated
between seawater and precipitating carbonate, is recorded in the elemental ratios and isotopic
composition of marine sediments. While magnesium isotope records indicate that carbonate
deposition is not a primary control on seawater magnesium over the Cenozoic (Gothmann et al.
2017, Higgins & Schrag 2015), seawater Sr/Ca ratios (Stoll & Schrag 1998), strontium isotopes
(Paytan et al. 2021), and calcium isotopes (Fantle 2010, Griffith & Fantle 2020) may be sensitive
to glacial/interglacial variations in carbonate burial and thus serve as useful global proxies.

5.3.1. Strontium/calcium ratio. Strontium is added to the ocean by continental weathering
and hydrothermal activity and removed by the precipitation of both neritic aragonite (stron-
tium rich) and pelagic calcite (strontium poor). Due to the enrichment of strontium in aragonite
(DSr ≈ 1 for aragonite, compared with DSr ≈ 0.1 for calcite), the ocean strontium inventory is
strongly influenced by the burial of shelf aragonite, with a smaller effect from the partitioning of
carbonate burial between the shallow and deep ocean (Graham et al. 1982, Schlanger 1988, Stoll
& Schrag 1998). During glacial periods, sea level regression exposed continental shelves where
metastable aragonite recrystallized to calcite and released large amounts of strontium to the ocean
that were only partially reprecipitated in calcite. Such a change in seawater strontium concentra-
tions would theoretically be reflected in the Sr/Ca ratio of seawater, as calcium is conserved during
aragonite recrystallization, though concurrent variation in calcium fluxes could mute the change
in the strontium/calcium ratio (Stoll & Schrag 1998).

Stoll & Schrag (1998) modeled a 1–3% change in seawater Sr/Ca over glacial/interglacial cy-
cles, but direct reconstructions using planktic and benthic foraminifera yielded differing records
with greater variability (Martin et al. 1999, Stoll et al. 1999). Reconstructing seawater Sr/Ca is an
ongoing challenge, as illustrated by conflicting records of Cenozoic seawater Sr/Ca derived from
gastropods, CaCO3 veins, benthic foraminifera, fish teeth, corals, and belemnites/rudists (Balter
et al. 2011, Coggon et al. 2010, Ivany et al. 2004, Lear et al. 2003, Sosdian et al. 2012, Steuber &
Veizer 2002,Tripati et al. 2009). Such reconstructions are complicated by secondary effects such as
growth rate, selective dissolution, and carbonate ion saturation, which influence carbonate Sr/Ca
ratios to varying degrees depending on species (Elderfield et al. 2000, Stoll et al. 1999,Tripati et al.
2009,Yu et al. 2014). Furthermore,Lebrato et al. (2020) demonstrated significant global variability
in modern seawater Sr/Ca ratios and suggested that regional environmental effects contributed
to the differences among paleo seawater Sr/Ca records. Marine barite has been proposed as an
alternative archive of seawater Sr/Ca (Averyt & Paytan 2003), as barite is not subject to the same
biological effects as biogenic carbonate, but the potential influence of other factors (e.g., water
depth) on barite strontium content has not been fully explored (Griffith & Paytan 2012). De-
spite these limitations, records of seawater strontium concentrations should not be discounted
as a means of inferring carbonate burial rates. Among the next steps is further investigation of
archives such as marine barite that may passively record seawater chemistry without biological or
preservation effects.

5.3.2. Stable strontium isotopes. The stable strontium isotopic composition of seawater
(δ88/86Sr) provides a new constraint on the ocean strontium budget (in addition to the traditional
radiogenic strontium isotope ratio, 87Sr/86Sr) (Krabbenhöft et al. 2010, Paytan et al. 2021, Pearce
et al. 2015, Vollstaedt et al. 2014). Due to the fractionation of stable strontium isotopes between
seawater and carbonate (−0.18‰) and the enrichment of strontium in aragonite, seawater δ88/86Sr
is sensitive to neritic carbonate burial and recrystallization. Paytan et al. (2021) published a sea-
water δ88/86Sr record derived from marine barite over the past 35 My, demonstrating that δ88/86Sr
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can be used to estimate variations in the ocean strontium inventory and infer changes in ner-
itic carbonate burial. Significant variability in Quaternary seawater δ88/86Sr values suggests that
the effect of glacial/interglacial shifts in shallow marine carbonate burial may be resolved with a
high-resolution record (Paytan et al. 2021).

5.3.3. Stable calcium isotopes. Calcium isotopes also provide new insight, though their appli-
cation to reconstructing past carbonate burial is not straightforward. Weathering is the primary
input of calcium to the ocean, while CaCO3 sedimentation removes calcium with a large fraction-
ation of δ44Ca (approximately −1.3‰) between seawater and CaCO3 (Griffith & Fantle 2020).
Though imbalances between the weathering and carbonate burial fluxes would theoretically be
reflected by changes in seawater δ44Ca, there is uncertainty around the assumption of a constant
seawater-carbonate fractionation factor through time and the fidelity of calcium isotope archives
(for an in-depth review of calcium isotopes and their application to the global calcium cycle, see
Griffith & Fantle 2020). As future work resolves these issues, reconstructions of seawater calcium
isotopes may prove useful for inferring carbonate burial changes.

5.4. Non-Steady-State Modeling

The potentially dynamic cycles of strontium and calcium in the ocean (e.g., Griffith et al. 2008,
Paytan et al. 2021, Vance et al. 2009) can be modeled using the additional budget constraints
provided by the geochemical proxies discussed above. Despite the long residence times of calcium
(∼1 My) and strontium (∼2.5 My), extreme changes in weathering or carbonate sedimentation
can drive budget imbalances over shorter timescales (e.g., glacial/interglacial cycles).There is little
evidence that the decrease in neritic carbonate burial during glacial periods was compensated for
by an increase in deep-sea burial. Deglacial changes in weathering regimes and weatherability are
also possible (Vance et al. 2009). If we relax the assumption that the ocean strontium and calcium
cycles were at steady state over the Quaternary, changes in the δ88/86Sr and δ44Ca of seawater
may reflect transient imbalances in the weathering and carbonate burial fluxes (e.g., Griffith et al.
2008, Krabbenhöft et al. 2010, Paytan et al. 2021, De La Rocha & DePaolo 2000, Vollstaedt et al.
2014). Though using these isotopic records to obtain continuous records of past global carbonate
burial will require robust constraints on input fluxes and isotopic composition, this is a promising
approach for quantifying Quaternary carbonate burial.

6. CONCLUSIONS

Significant advances in quantifying present-day and Quaternary carbonate burial have been made
over the last few decades. Compilations of deep-sea carbonate accumulation records yielded im-
proved global flux estimates for the Holocene and LGM.Various modeling approaches have been
used to better quantify burial fluxes in shallow marine environments. Increasing recognition of
underestimated components of the neritic carbonate budget has prompted investigations of car-
bonate accumulation byHalimeda algae, echinoderms, and other shallow-ocean dwellers that must
be incorporated into future carbonate budgets.

Nevertheless, accurate reconstruction of global carbonate burial over glacial/interglacial
timescales remains challenging, largely due to the difficulty of obtaining a continuous global
record from discrete observations.Continued exploration of glacial-age carbonate fluxes through-
out the deep sea will help evaluate hypotheses related to the geographic variations in carbonate
burial. Emerging paleoceanographic proxies such as the stable strontium and calcium isotope sys-
tems can also help fill these gaps.

The links betweenmarine carbonate burial and atmospheric pCO2 via the ocean carbonate sys-
tem prompted the idea that sea level–driven shifts in carbonate burial had an impact onQuaternary
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climate, potentially accounting for ∼6–20 ppm of the observed ∼90-ppm pCO2 rise recorded in
ice cores from the LGM to Holocene (Kohfeld & Ridgwell 2009, Ridgwell et al. 2003). The mag-
nitude and consequences of this mechanism may only be fully explored when we have confidently
quantified the global carbonate burial fluxes in the shallow and deep ocean over glacial/interglacial
cycles.
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