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The globally-averaged Calcite Compensation Depth has deepened by several hundred meters in
the last 15 Myr. This deepening has previously been interpreted to reflect increased alkalinity
supply to the ocean driven by enhanced continental weathering due to the Himalayan orogeny
during the late Neogene. Here we examine Mass Accumulation Rates of the main marine
calcifying groups and show that global accumulation of pelagic carbonates has decreased from
the late Miocene to the late Pleistocene even though CaCO3 preservation has improved,
suggesting a decrease in weathering alkalinity input to the ocean, thus opposing expectations
from the Himalayan uplift hypothesis. Instead, changes in relative contributions of coccoliths and
planktonic foraminifera to the pelagic carbonates in relative shallow sites, where dissolution has
not taken its toll, suggest that coccolith production in the euphotic zone decreased concomitantly
with the reduction in weathering alkalinity inputs as registered by the decline in pelagic
carbonate accumulation. Our work highlights a new mechanism whereby in addition to deep sea
dissolution, changes in marine calcification acted to modulate carbonate compensation in
response to reduced weathering linked to the late Neogene cooling and decline in atmospheric

pCO2.
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Earth’s climate in the Neogene (~23-2.58 Ma) is characterized by successive cooling steps that
culminated in Quaternary glaciations 1. The origin of this long-term cooling, however, remains
debatable. On geological timescales, atmospheric pCOz, considered as the prime climate forcing,
is regulated through the balance between volcanic/metamorphic outgassing, silicate weathering
and organic matter burial 2. In the Neogene, seafloor spreading rates and, by inference,
outgassing rates appear to have been relatively constant 3, leading to the corollary that Neogene
decrease in pCO2 and climate cooling may have been primarily driven by enhanced weathering;
it has been argued that the Neogene uplift of the Himalayas may have enhanced rock weathering
due to increased exposure of weatherable rock surfaces 4,5. The weathering hypothesis (aka
Raymo’s hypothesis), however, is controversial because it argues that weathering can act as a
forcing, rather than a stabilizing feedback of the Earth’s thermostat 2,6, 7. The alternate
hypothesis (aka Berner’s hypothesis), relates high weathering fluxes to the impact of high
atmospheric pCO2 and warm surface temperatures, which provides a necessary feedback to
stabilize climate 2. Accordingly, Neogene cooling should have resulted in reduced, rather than

enhanced, continental weathering.

In a steady-state ocean, weathering fluxes of dissolved solutes to the sea must be balanced by
output fluxes. With regard to the ocean’s carbonate alkalinity budget, the balance between
riverine alkalinity input and CaCO3 burial is achieved through CaCO3 dissolution. Pelagic
calcifying species, planktonic foraminifera and coccolithophores, produce today ~50 Tmol/yr
carbonates in the upper ocean s,9, 10, consuming ~3 times the alkalinity that is made available to
the ocean from rivers (~33 T eq/yr 11). To restore ocean’s alkalinity budget, dissolution will take

place in the deep sea. The balancing process is arguably manifested in the Calcite Compensation
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Depth (CCD) 12, below which seawater is sufficiently undersaturated to dissolve all CaCOs3.
Raymo’s hypothesis 4 and Berner’s hypothesis 2 have different predictions as to the change in
global CaCOs burial through the Neogene. Berner’s hypothesis predicts high alkalinity and
burial fluxes in the early Neogene decreasing to the present, whereas Raymo’s hypothesis

predicts the opposite. These trends should, in principle, be reflected in the CCD.

For the last 15 Myr, the globally-averaged CCD has deepened by ~500 m 13. This deepening has
been interpreted as increased carbonate burial fluxes in response to higher riverine alkalinity
input as the result of enhanced chemical weathering from mountain building 4, 5. However, the
CCD-based interpretation relies critically on the assumption of constant carbonate production.
Instead, we propose that environmentally-driven changes in the production of marine calcifiers
have also played an important role in the long-term calcite compensation thereby modulating the
pelagic carbonate burial rate, supporting recent model results suggesting that the CCD alone is
insufficient to constrain neither the dissolution nor the accumulation of pelagic carbonate 14.
Therefore, instead of reconstructing the paleo-CCD, as was done previously, we reconstruct late
Neogene (0-15 Ma) pelagic carbonate production and dissolution by documenting Mass
Accumulation Rates of carbonate sediment (MARc) and its main producers, coccolithophores
(MAR-coccolith) and planktonic foraminifera (MAR-foram) from various ocean basins and
depths (Figure 1), particularly along depth transects where the effects of production and
dissolution can be distinguished. Because coccolithophores and foraminifera are different in
terms of their ecology (autotrophic vs heterotrophic) and calcification processes, distinguishing
between the history of MAR-coccolith and MAR-foram, is critical to an improved understanding

of long-term carbonate cycle changes. Applying this approach to five deep sea cores selected
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above the lysocline (<2.6 km depth), it has been suggested that decreasing pelagic carbonate
burial rates over the late Neogene was likely driven by decreasing MAR-coccolith possibly in
response to a decline in continental weathering 15. Here we extend the study to >30 sites to test
the globality of the suggested changes and provide stronger constraints on its causes and

implications to the carbon cycle.

Changes in MARc over the past 15 Myr

Among MARCc records we investigated, many of them show a decreasing trend following the late
Miocene productivity pulse to the late Pleistocene, consistent with previous studies 15, 16. To
summarize the trends, we average the MARCc in three approximately evenly spaced intervals, i.e.
Pleistocene, 0-2.5 Ma, Late Miocene, 5.3-7.5 Ma, and Middle Miocene 11.5-13.5 Ma (Figure 2,
Table S3). Multi-myr averages are used because they presumably reflect long-term steady states
and also minimize age model uncertainties. Because a range of processes can affect local
carbonate accumulation, temporal variations of MARc from the Middle-Late Miocene to the

Pleistocene are expected to be spatially heterogeneous. Two global features, however, stand out.

First, MARc have decreased significantly in relatively shallow sites (< 3000 meters below sea
level, mbsl) but show little variations in deeper sites. This is best illustrated by two depth
transects in the equatorial Pacific (Figures 2a-b). In the western Equatorial Pacific, MARc of the
shallowest site (Site 806) decreased from >4 g/cm2 kyr in the Miocene to ~1.7 g/cm2 kyr in the
Pleistocene. Concomitantly, MARCc in the shallow central equatorial Pacific decreased from ~2-3
g/cm2 kyr to ~1 g/cm2 kyr. In contrast, MARCc of both regions show little variations at ~4000

mbsl, consistent with a previous reconstruction suggesting relatively constant CCD in the Pacific
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since 15 Ma 17. Secondly, large decreases in MARc have also occurred in other regions where
today’s carbonate production and burial potentials are high (Figure 2c-d), such as the southwest
Pacific and North Atlantic 9. In the North Atlantic, MARc of Site 982 (1134 mbsl) decreased
from >5 to ~1.5 g/cm2 kyr. Similar magnitude of decreases is also seen at Site 590 at 1300 mbsl

in the western Pacific.

The temporal pattern of decreasing MARc becomes less apparent in the equatorial Atlantic and
South Atlantic. At Site 925, MARc have remained approximately constant, decreasing only by
~1 g/cm2 kyr in the Late Pleistocene (Figure 3, Fig. S1). In the South Atlantic, MARc of Site
1264 has a temporal pattern (Fig. S1) that is more similar to nearby continental margin Site 1085
18, high in the Late Miocene, but low in the Pleistocene as well as in the Middle Miocene. In the
deep South Atlantic, MARCc of Sites 928 and 1266 show some increases over time, consistent
with previous CCD reconstruction of a deepening toward the Pleistocene. Higher Pleistocene
MARCc at Site 1266, however, may be partially due to winnowing and redeposition (Supporting
Information). The equatorial Indian Ocean exhibits the lowest pelagic MARc (<1.5 g/cm2 kyr)

and the smallest variations (<0.5 g/cm2 kyr) of all basins throughout the late Neogene (Fig. S1).

Dissolution of deep-sea carbonate during the last 15 Myr

Decreases in MARCc in the Pacific and the Atlantic can be due to either increased dissolution
and/or decreased production. We examine the carbonate preservation along a depth transect on
the Ontong-Java Plateau in the western equatorial Pacific (Sites 806-804) where the deep water
likely represents the mean ocean. The CaCO3 content at this transect is ~90% between ~15-6 Ma

decreasing to ~80% during the last 6 Myr (Figure 3a). Given relatively constant non-carbonate
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MAR (~0.2-0.4 g/cm2 kyr, Fig. S1), this decrease may be interpreted as increased dissolution in

the past 6 Myr, particularly at deepest Site 804 (3800 mbsl).

The preservation of the planktonic foraminifera, however, indicates the opposite. We introduce a
new coccolith-free size dissolution index (weight ratio of >60 pm/>20 pm, henceforth CF-size
index) to qualitatively evaluate the preservation of planktonic foraminifera (Supporting
Information). Compared to conventional dissolution index based on coarse fraction content 19, 20,
21,22, the CF-size index only examines the foraminiferal fraction (>20 pm) by excluding the
coccolith fraction (<20 pm) that may potentially bias dissolution estimates due to changes in
coccolith productivity. Accordingly, high (low) CF-size index values indicate high (low) degree
of foraminiferal shell preservation. From the depth transect of Sites 806-804, the CF-size indices
show general increasing trends throughout the past ~14 Myr (Figure 3b), which, in contrast with
the interpretation from the %CaCO3, suggests improved preservation over time. The trend of
progressively enhanced foraminiferal preservation is only interrupted at ~10-8 Ma when a
minimum values indicate that about half of the foraminiferal shells in the oozes are in the form
of fine fragments (20-60 um). These changes in preservation can also be visually recognized
under the light microscope, which shows increasing abundance of whole-shell foraminifera over
time (Fig. S7). We also note that the CF-size index can be affected by other processes, including
foraminiferal evolution and burial diagenesis, although these processes do not seem to

compromise our main conclusion (Supporting Information).

MAR-foram from the depth transect further support higher dissolution in the Middle-Late

Miocene. In the Pleistocene, average MAR-foram are ~0.45 and ~0.27 g/cm2 kyr at the shallow
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Site 806 and deeper Site 803, respectively, suggesting minimal dissolution between 2500-3400
mbsl. This estimate is close to Holocene estimates based on radiocarbon ages of core-top
materials, which suggests ~0.4 g/cm2 kyr foraminiferal dissolution over this depth interval (Table
S5). During 11.5-13.5 Ma, however, the MAR-foram were ~1.5 g/cmz kyr at Sites 806 and ~0.25
g/cmz kyr at Site 803, respectively, indicating more than 1 g/cm2 kyr of planktonic foraminifera

had dissolved over the same depth interval.

Away from the equatorial Pacific, we also find overall increases in the CF-size index in the
southwest Pacific, tropical Indian Ocean, South Atlantic, and equatorial Atlantic, even though
the timing and patterns vary from site to site (Fig. S8). Taken together, our data suggest that the

deep sea has become more saturated with respect to carbonate since the Middle Miocene.

Linking dissolution to reduced calcification

When carbonate production is constant, the correlation between dissolution and carbonate
accumulation is straightforward. More dissolution implies less burial, and vice-versa (Fig. S9a).
Carbonate dissolution can also be affected by the thickness of the transition zone, which is
defined as the depth interval between the calcite saturation horizon and the CCD. If the transition
zone becomes thicker, dissolution increases even though the CCD remains constant (Fig. S9b).
Variations in the thickness of the transition zone given constant CCD, therefore, have been

invoked to explain changes in carbonate burial 17,23.

Apparently paradoxical evidence of decreasing carbonate accumulation in a progressively more

saturated ocean suggest that decreased pelagic carbonate production rather than enhanced
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dissolution is responsible for reduced carbonate accumulation during the late Neogene. In the
modern ocean, sediment traps indicate that the median of carbonate production in mid- and low-
latitudes (60°S-60°N) is ~1.2 g/cm2 kyr 24 (Fig. S10), a value close to Pleistocene MARc of
relatively shallow sites where the dissolution effect is limited (Figure 4). In contrast, MARc from

the same set of sites suggest much higher carbonate production in the Middle-Late Miocene.

Because pelagic carbonates are mainly precipitated from coccolithophores and planktonic
foraminifera, we calculated MAR-foram and MAR-coccolith to investigate their relative
contributions to higher Miocene MARCc (Figure 4, Fig. S1). The calculation shows that MAR-
foram remained nearly constant over time, whereas MAR-coccolith has decreased significantly
during the late Neogene, consistent with previous findings 15. As foraminiferal preservation has
improved during this interval, we conclude that decreasing carbonate production from

coccolithophores is responsible for the decreased MARCc.

Critically, changes in carbonate production result in biological compensation 14, complicating the
relationships among CCD, carbonate accumulation and saturation state of seawater. For instance,
although the CCD has remained relatively constant in the equatorial Pacific, dissolution close to
the CCD was much stronger in the Middle-Late Miocene than in the Pleistocene (Figure 5). On
the other hand, despite a thicker transition zone and stronger dissolution, carbonate burial within
the transition zone was higher in the Middle-Late Miocene. Overall, it appears that enhanced
coccolith production in the Miocene “outcompete” stronger dissolution at that time and resulted

in higher net carbonate accumulation above the CCD.
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Link between marine calcification and weathering

In a steady-state ocean, continental weathering, which is the source of alkalinity into the ocean,
is largely balanced by CaCOs3 burial. In order to evaluate the significance of the observed
decrease in MARc in terms of the ocean carbonate budget, the compensation effects due to a
deeper Pleistocene CCD should also be considered. In the North Atlantic, the CCD has likely
deepened from ~4 km to ~5 km from the Miocene to the Pleistocene, introducing a compensation
effect on the order of ~1.2 g/cm2 kyr (based on MARCc estimates for modern ocean 9, Fig. S10).
Observed decreases in MARCc, however, vary from ~1-4 g/cm2 kyr. Thus, deeper Pleistocene
CCD should have only partially compensated for decreased MARc. In the equatorial Pacific,
carbonate burial has most likely experienced a net decrease given its relatively constant CCD
since 15 Ma 17. A recent study suggests that CCD might have deepened by ~500 m in this region
25. However, this deepening only introduces a small burial flux of <0.5 g/cm2 kyr below 4 km
based on modeling study ¢ (Fig. S10), negligible relative to the reduced carbonate production in
our records (2~3 g/cm2 kyr). Considering the hypsometry of the ocean, we argue that Pleistocene
compensation is insufficient to account for the observed large decreases in MARc from within

and above the transition zone.

In addition to mid- and low-latitude pelagic oceans, MARCc have also decreased in subpolar
regions where coccolith oozes were replaced by diatom oozes in Pleistocene/Pliocene sediments
(e.g. ODP 747, Kerguelen Plateau 26). On continental shelves and slopes, carbonate accumulation
is also believed to be higher in the Miocene due to higher sea-levels 27. Taken together, we
suggest that global carbonate burial has decreased since 15 Ma, implying that weathering

alkalinity input to the ocean has also decreased as the climate cooled. Although, based on our

10
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MARCc records we cannot determine whether the decrease in alkalinity flux represents a change
in continental limestone or silicate rock weathering, we note that studies of Himalayas rivers
show that carbonate and silicate rocks weathering are potentially coupled 28, leading us to argue
that qualitatively the late Neogene decrease in MARc suggests a decrease in the global chemical

weathering flux of both rock types in contradiction with the uplift weathering hypothesis 4.

Our argument is further supported by both regional and global proxies indicating changes in
chemical weathering. In the South China Sea and the Indian Ocean, chemical and mineralogical
indices that have been used to monitor the intensity of chemical weathering suggest a wet
climate and strong chemical weathering in the Himalayas during the Middle Miocene, followed
by a long, steady decline in wetness and weathering after ~10 Ma 29. Globally, seawater 67L1
began to increase at ~15 Ma 30. This increase has been interpreted as increasingly incongruent
weathering that is characteristic of weathering-limited regimes. Under weathering-limited
regimes, weatherable materials such as fresh rocks are in sufficient supply but weathering rates
are limited by climatic factors such as temperature and precipitation 31. Increasingly cooling
climate in the late Neogene thus should have decreased chemical rock weathering, reducing the
alkalinity input to the ocean. Collectively these records support our interpretation of decreased

chemical weathering in a cooling climate.

Essential to our model is a link between biologic 14 and chemical compensation due to
concomitant decreases in weathering fluxes and coccolith production over the course of the late
Neogene. In other word, the ratio of calcite production to ingredient supply has not undergone

large changes through time 32. This covariation ultimately resulted in relative stability of the

11
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CCD. The puzzle is — how oligotrophic calcifiers, coccolithophores, are able to “sense” the
changes in continental weathering and “adjust” their carbonate production accordingly? One
hypothesis is that this potential coupling may have occurred through atmospheric pCO2 15,33. In
the late Neogene, decreasing pCO2 may have become a limiting factor for photosynthesis in
coccolithophores and promoted an active acquisition of cellular CO2 through carbon
concentration mechanisms (CCM) 34. Because coccolithophores calcify within the cell, their
calcification and photosynthesis machineries likely share the same cellular carbon pool. Hence,
CCM may have reduced coccoliths production through the preferential allocation of cellular
carbon uptake for photosynthesis over calcification 34, 35 under low pCO2. Carbon limitation may
also favor smaller coccolithophores that have higher surface/volume ratios and may have
contributed to the downsizing of coccoliths 15 that is associated with the major taxonomic
turnover in the Pliocene 3¢. If this is the case, late Neogene MAR-coccolith would serve as a
good example of how cellular-level evolution has propagated into global effects on geologic

timescales.

On the other hand, weakened calcification and size reduction could not be the sole driver of
weakened carbonate pump. Changes in nutrient supply likely contributed to regional differences.
For instance, the persistently low late Neogene carbonate productivity in the equatorial Indian is
likely associated with the absence of major upwelling in the region, whereas higher MAR-
coccolith in the eastern equatorial Pacific during the Middle Miocene may be related to the
higher nutrient supplies at that times7, 3s. These observations suggest that changes in coccolith
accumulation is likely productivity related. If this is the case, decreasing pCO2 may have affected

the coccolith production more indirectly through oceanographic links.
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Although specific mechanisms remain yet to be investigated, we find no evidence for negative
feedback between biologic calcification and more acidic/warmer ocean that is often concerned in
the study of future climate changes 39. Instead, there is apparently much more calcification in the
warmer and more acidic Miocene ocean. In the late Neogene, the co-evolution of
coccolithophores and continental weathering have resulted in simultaneous decreases in the
carbonate production in the surface ocean and the accumulation in the deep-sea. As a result, the
ocean has become less “chalky” in both the sunlit zone and the abyss as the Earth descended into

an Ice-house world.
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FIGURE CAPTIONS

Figure 1. Deep-sea sites plotted with gridded seafloor %CaCO3 41. We focus on open ocean sites
from mid- and low-latitudes that are ecologically favored by planktonic calcifiers
(coccolithophores and planktonic foraminifers) and where the seafloor is above the CCD. Pelagic

settings that satisfy both criteria account for most pelagic carbonate accumulation 9, 41.

Figure 2. Changes in MARCc in the Pacific and Atlantic Oceans. Black lines indicate seafloor
bathymetry. a-b) equatorial Pacific depth transect. In central equatorial Pacific, plate movement
and ridge subsidence can complicate the temporal trend of MARCc at a single site due to the large
productivity gradient across the region (Supporting Information). We therefore used a composite
MARCc (Figure S3) to minimize these complications; c-d) western Pacific and Atlantic latitudinal

transect.

Figure 3. Improved preservation of foraminifera in the western equatorial Pacific compared
to %CaCOs3 of bulk sediments. a) bulk %CaCO3 from western Equatorial Pacific; b) CF-size

index indicate improved preservation of planktonic foraminifers in the last 15 Myr.

Figure 4. Changes in MARc, MAR-foraminifers and MAR-coccolith from six relative shallow

sites where dissolution is not significant.

Figure S. Proposed conceptual model for changes in carbonate production, dissolution and
accumulation in late Neogene. The model is compared to depth transect (Sites 806-804) in the

western equatorial Pacific where deep-water is likely representative of the global mean. The
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460

461

462

463

464

465

Miocene carbonate saturation horizon is estimated based on the large decreases in MARc
between Site 806 and 807, which suggests that significant dissolution occurred above 2.8 km.
Also note that dissolution occur above modern calcite saturation horizon in the Pleistocene.
Planktonic foraminiferal fauna analysis on core top materials (Figure S6a) 42 suggest that this is
likely due to the dissolution of soluble planktonic foraminifera species. The CCD is placed at

~4.5 km for the last 15 Ma following an early studyis.
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Supporting Information

Reduced continental weathering and marine calcification linked to late
Neogene decline in atmospheric CO:

1. Site locations and water depths

2. Composite MARc from the central Equatorial Pacific

3. Coccolith-free Size index and foraminiferal preservation

4. Potential biases in CF-size index

5. Dissolution rates of foraminifera in the Miocene, Pleistocene and Holocene sediments

6. Hypothetical scenarios of changes in carbonate production, dissolution and accumulation

Latitude and longitude Water
depth (m)

ODP 806 0° 19.11'N, 159° 21.68' E 2521
ODP 807 3°36.42'N, 156°37.49' E 2804
ODP 803 2°25.98'N, 160° 32.40'E 3410
ODP 804 1°00.28'N, 161° 35.62' E 3862
ODP 1208 36°7.6301'N, 158°12.0952'E 3346
ODP 588 26°06.7'S, 161°13.6'E 1533
ODP 590 31°10.02'S, 163°21.51'E 1299
ODP 593 40°30.47'S, 167°40.47'E 1068
ODP 1171 48°29.9960°S, 149°6.6901'E 2150
ODP U1337 3°50.009'N, 123°12.352'W; 4463
ODP U1338 2°30.469'N, 117°58.178'W 4200
ODP 1237 16°0.421°S, 76°22.685'W 3212
ODP 846 3°5.70'S, 90° 49.08'W 3296
ODP 847 0° 11.593'N, 95° 19.22'W 3334
ODP 849 0°10.983'N, 110°31.183'W 3837
ODP 850 1°17.837'N, 110°31.283'W 3786
ODP 573 0°29.91'N, 133°18.57'W 4301
ODP 574 04°12.52'N, 133° 19.81'W 4561
ODP 982 57°31.002'N, 15°51.993'W 1134
ODP 607 41°00.068'N, 32°57.438'W 3426
ODP 608 42°50.21'N, 23°05.25'W 3526
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ODP 558 37°46.2'N, 37°20.61'W 3754
ODP 667 4°34.15'N, 21°54.68'W 3539
ODP 999 12°44.639'N, 78°44.360'W 2838
ODP 925 4°12.249'N, 43°29.334'W 3053
ODP 928 5°27.320'N, 43°44.884'W 4022
ODP 1264 28°31.95°S, 2°50.73'E 2507
ODP 1266 28°32.55°S, 2°20.61'E 3798
ODP 1088 41° 8.163'S, 13° 33.770'E 2250
ODP 707 7°32.718'S, 59° 1.008'E 1553
ODP 708 05°27.35'S, 59°56.63'E 4109
ODP 709 3°54.900'S, 60°33.102'E 3040
ODP 710 04°18.7'S, 60°58.8'E 3824
ODP 711 02°44.56'S, 61°09.78'E 4429
ODP 758 5°23.049'N, 90°21.673'E 2923
ODP 754 30°56.439'S, 93°33.991'E 1074
493 Table S1: modern longitudes, latitudes and water depths of studied sites
494
495  Table S2
Biostratigraphy, Paleomagnetic data, and %CaCO:s
Isotope stratigraphy
ODP 806 (Berger et al. 1993a, Holbourn et al. 2013, (Kroenke et al. 1991a)
Kroenke et al. 1991a, Takayama 1993)
ODP 807 (Kroenke et al. 1991d, Takayama 1993) (Kroenke et al. 1991d)
ODP 803 (Berger et al. 1993b, Kroenke et al. 1991b) (Kroenke et al. 1991b)
ODP 804 (Kroenke et al. 1991c¢c, Takayama 1993) (Kroenke et al. 1991c¢)
ODP 1208 | (Bralower et al. 2002, Evans 2006) (Bralower et al. 2002)
ODP 588 (Kennett et al. 1986a, Lohman 1986) (Kennett et al. 1986a)
ODP 590 (Kennett et al. 1986b, Lohman 1986) (Kennett et al. 1986b)
ODP 593 (Kennett et al. 1986¢, Lohman 1986) (Kennett et al. 1986¢)
ODP 1171 (Exon et al. 2001) (Exon et al. 2001)
ODP U1337 | (Pélike et al. 2012) (Pélike et al. 2012)
ODP U1338 | (Pilike 2010) (Palike 2010)
ODP 1237 | (Mix etal. 2003) (Lopes et al. 2015)
ODP 846 (Mayer et al. 1991a, Shackleton et al. 1995) (Mayer et al. 1991a)
ODP 847 (Farrell et al. 1995, Mayer et al. 1991b) (Mayer et al. 1991b)
ODP 849 (Mayer et al. 1991c, Mix et al. 1995) (Mayer et al. 1991c¢)
ODP 850 (Mayer et al. 1991d) (Mayer et al. 1991d)
ODP 982 (Jansen et al. 1996, Lawrence et al. 2013) (Jansen et al. 1996)
ODP 607 (Lisiecki and Raymo 2005, Ruddiman et al. (Ruddiman et al. 1987a)
1987a)
ODP 608 (Ruddiman et al. 1987b) (Ruddiman et al. 1987b)
ODP 558 (Bougault et al. 1985) (Bougault et al. 1985)
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496

497

498

ODP 667 (Ruddiman et al. 1988) (Ruddiman et al. 1988)

ODP 999 (Sigurdsson et al. 1997) (Sigurdsson et al. 1997)

ODP 925 (Curry et al. 1995a, Wilkens et al. 2017) (Curry et al. 1995a)

ODP 928 (Curry et al. 1995b, Wilkens et al. 2017) (Curry et al. 1995b)

ODP 1264 | (Zachos et al. 2004b) (Zachos et al. 2004b)

ODP 1266 | (Zachos et al. 2004¢) (Zachos et al. 2004c)

ODP 1088 | (Gersonde et al. 1999) (Gersonde et al. 1999, Hodell
et al. 2003)

ODP 758 (Peirce et al. 1989b) (Peirce et al. 1989b)

ODP 754 (Peirce et al. 1989a) (Littke et al. 1991, Peirce et

al. 1989a)

Table S2: data source for age control points and %CaCO3 data.

Table S3
MARCc MARCc MARCc
(0-2.5 Ma) (5.3-7 Ma) (13.5-11.5)

gema2kyr1 | SD | gemaokyri | SD | gem2kyr1 | SD
Site 1208 1.54 0.54 0.81 0.55 0.65 0.21
Site 588 1.13 0.32 33 0.51 1.79 0.12
Site 590 1.52 0.39 5.69 0.26 2.19 0.18
Site 593 1.59 0.28 3.78 1.41 3.63 0.08
Site 1171 1.12 0.31 0.64 0.14 1.92 0.18
Site 806 1.71 0.15 4.35 0.41 4 0.26
Site 807 1.27 0.18 3.19 0.19 3.3 0.26
Site 803 0.85 0.2 2.23 0.43 1.65 0.45
Site 804 0.64 0.09 0.8 0.3 0.75 0.03
U1337 0.19 0.18 0.47 0.31 2.46 0.57
U1338 0.49 0.12 1.4 0.23 2.46 0.31
Site 1237 0.23 0.2 2.17 0.15 1.1 0.12
Site 846 1.01 0.38 1.64 1.07 1.24 0.16
Site 982 1.45 0.54 5 0.22 5.32 0.46
Site 608 1.31 0.44 1.69 0.67 2.52 0.06

Site 607 2.57 0.63 5.31 0.16
Site 558 1.41 0.26 2.71 0.06 3.034 0.3
Site 999 1.45 0.27 1.24 0.31 0.94 0.34

Site 667 0.71 0.18 1.31 0.22
Site 925 1.3 0.48 1.97 0.39 1.32 0.23
Site 928 0.92 0.41 0.88 0.41 0.52 0.22
Site 1264 0.84 0.13 2.74 1.23 1.08 0.53
Site 1266 1.19 0.18 0.54 0.003 0.49 0.17
Site 1088 0.88 0.09 1.47 0.32 3.14 1.19
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499

500

501

502

503

504

505

Site 758 0.67 0.07 0.96 0.13 0.3 0.03
Site 754 0.32 0.07 0.46 0.04 0.79 0.01
Table S3. Summary of MARCc for selected time intervals in Figure 2. Note that despite %CaCO3

are available at high resolution, LSRs and MAR-bulk can only be calculated at a much lower
resolution. Therefore, the calculated standard deviations (SD) here do not fully reflect the
variability of the carbonate accumulation. It only reflects the variability of %CaCO3 given the
age model. To prevent false impression that the MARCc variations are also known at the same

resolution of %CaCO3 data, the standard deviations calculated here are not reported in Figure 2.
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Figure S1. (a) Locations of sites examined for MARc. Paleo-latitude and geographic
reconstruction (13.5 Ma) were generated from http://www.odsn.de/; Figure S1 (b-u). MAR of
bulk samples (solid line), MARc (black squares) and MAR-foraminifera (blue dots) from the
Pacific (Figure S2b-j), Atlantic (Figure S2k-s), and Indian Ocean (Figure S2t-v). MARCc of the

western equatorial Indian Ocean are from (Peterson and Backman 1990) (Figure S2v). Although
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the dataset includes Site 707-711, the shallowest Site 707 was not considered here. Carbonate
content of this site is particularly low, possibly due to strong dissolution associated with local
circulation effect (Peterson and Backman 1990). Note that 1) sedimentation rates were
particularly high between ~8-10 Ma at Site 804. This anomalous MARc (~4 g/cm2 kyr) of the
lower Upper Miocene section at Site 804 is especially striking when compared to more normal
sedimentation rates. The presence of turbidites was noted in the core descriptions (Kroenke et al.
1991c), suggesting redeposition during this time interval (Berger et al. 1993b); 2) Similarly,
sedimentation rate was particularly high at ODP 608 between 2.5 and 4 Ma. Visual observation
of the core photos suggests numerous slumps during the deposition of this interval. Similarly,
slumps occurred in cores 15 to 18 in ODP 667. Therefore, MAR was not calculated for
sediments older than 8 Ma at this site. 3) Other processes such as winnowing may have also
affected local MARc. At Walvis Ridge, MARc at 3.8 km (ODP 1266) become strangely higher
than that of 2.5 km (ODP 1264) in the Pleistocene. Although both sites have similar MAR-
foraminifera (~0.34 g/cm2 kyr), MAR-coccolith at 3.7 km are much higher than at 2.5 km (0.85
vs 0.33 g/cmo2 kyr), suggesting that fine particles (coccoliths) have been moved downslope and
re-deposited at depth by bottom current. Figure S1 (w). Mass Accumulation Rates of non-

carbonate (MAR-noncarb) from western Equatorial Pacific depth transect Sites 806-804.

1. Site locations and water depths
Site locations and water depths are listed in Table S1. Miocene paleolatitudes of studied sites
were plotted in Figure Sla. For most sites, changes in paleo-depth are small. For instance, ODP
1264 and 1266 from Walvis Ridge have potentially deepened by ~300 m since the Middle

Miocene (Zachos et al. 2004a). This deepening had only minor effects on dissolution and
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therefore does not compromise our discussion. However, this is not the case for sites from the
eastern Equatorial Pacific where significant changes in latitude and depth have occurred. For
instance, ODP U1338 has potentially deepened by 800 m and this deepening may have

significantly affected the carbonate preservation (see discussion below).

2. Composite MARc from the central Equatorial Pacific
Sediment trap data show that there is a sharp productivity gradient across the equator in the
central Equatorial Pacific (Honjo et al. 1995). Productivity is high at the equator but decreases
significantly a few degrees off it (Figure S2a). Moreover, carbonate dissolution increases with
water depth. As a result of changes in productivity and dissolution over depths and latitudes,

MARCc show large spatial variations in the eastern Equatorial Pacific (Figure S2b).

Over the last 15 Myr, sites in the eastern Equatorial Pacific have experienced large changes in
paleodepths as well as paleo-latitudes (Figure S2c). Plate movement and ridge subsidence may
have complicated the MARCc history of a single site. For instance, changes in MARc from Site
U1338 (Figure S1h) cannot be simply explained either as changes in either productivity or
dissolution. In order to better constrain changes in MARCc in this region, we have reconstructed a

composite MARc (Figure S3) for the selected time interval.
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Figure S2. (a) sediment trap showing latitudinal variations with decreasing fluxes off the equator
in the eastern Equatorial Pacific; (b) Pleistocene MARc. Age model are based on paleomagnetic
and biostratigraphy data from ODP initial report. MARc of Site 70, 573 and 574 data are from
(Lyle 2003). MARc of Sites U1331, U1332, U1334, U1335 and U1337 are from (Pélike et al.
2012); (c) Changes in paleo-latitude and paleodepth of selected sites in the eastern Equatorial

Pacific. Data are from (Lyle 2003, Pilike et al. 2012).
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Figure S3. (a) sites selected for constructing composite MARc for each time interval. Numbers

in parentheses are estimated MARc; (b) Composite MARc of central equatorial Pacific.
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565

566 3. Coccolith-free Size index and planktonic foraminiferal preservation

567 A simple and efficient method to evaluate the dissolution of deepsea carbonate is to measure the
568  weight ratio of coarse fraction (>60 pm/bulk carbonate) (Bickert et al. 1997, Broecker et al.
569  1999b, Haug and Tiedemann 1998, Sexton and Barker 2012). Because coccoliths are generally
570  more robust to dissolution (Beaufort et al. 2007, Hassenkam et al. 2011, Honjo and Erez 1978,
571  Roth and Berger 1975) than planktonic foraminifera, percent of coarse fraction can indicate the
572  preferential loss of foraminifera test relative to coccoliths as the dissolution proceeds. This

573  method is easy to apply and requires no tedious microscopic work. However, it implicitly

574  assumes that the ratio of planktonic foraminifera and coccoliths in the calcite rain is constant
575  (Chiu and Broecker 2008), which may not be true in the geologic past.

576

577  To overcome the complication of temporal changes in the ratio of planktonic foraminifera and
578  coccoliths in the initial carbonate rain, a better approach is to examine the preservation of the
579  planktonic foraminifera only. To this end, we first remove the coccolith fraction with a 20 um
580 sieve. Because Cenozoic coccoliths have a dimension of <20 um (with a few exceptions of

581  Paleogene Reticulofenestra and Coccolithus), this step can effectively separate the coccoliths
582  from foraminiferal shells. In the fraction of >20 um, we measure the coccolith free size index
583  (CF-size index), the weight ratio of >60 um/>20 um. The idea is that during the dissolution,
584  planktonic foraminiferal tests are thinned/weakened and break down into small fragments,

585  moving materials from the coarse fraction (>60 um) into finer fractions (20-60 um) (Figure S4).
586  As dissolution proceeds, CF-size index decreases.

587

34



588
589

590
591
592
593

594

595

596

597

598

599

600

601

602

603

604

605

Figure S4. Planktonic foraminiferal fragments in the 20-60 um (Site 804/28/02/48-49cm). SEM photos

are taken through a Phenom ProX Desktop SEM at Department of Marine and Coastal Sciences, Rutgers

University.

We first tested this method with core top samples collected along a Ontong-Java depth transect

in order to prove its effectiveness. We then applied it to downcore sediments of the last 15 Myr.

3.1 Core top calibration of coccolith-free size index
Samples from Ontong-Java Plateau were collected by Wood Hole Oceanographic Institution. We

sampled from coretop (1-5 cm) down to ~15 cm at 10 different water depths (Table S4) to

capture the late Holocene records (~10,000 years) based on 14C age model of (Broecker and

Clark 1999, Broecker et al. 1999b).

Depth, coarse content (>60 um/Total Carbonate) and CF-size index (>60 um/>20 pm) are plotted
in Figure S5. Both indicators decrease with increasing water depths, suggesting decreasing
coarse fraction (>60 um) with increasing undersaturation (Figure S6b). Because the initial

composition of carbonate rain unlikely has changed significantly over the last 8000-10,000 years
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in the Western Equatorial Pacific, both indicators should be controlled only by the dissolution

and fragmentation of planktonic foraminifera.

Using the 14C age measured from the same cores, Broecker et al. (1999) estimated the averaged

Mass Accumulation Rates (MAR) of the upper 20 cm of these cores (Table S4). We convert
them into the MAR-foraminifera and MAR-coccoliths based on the weight percent of <20 pm
(coccoliths) and >20 um (forams) fractions. We find that the MAR-foraminifera decreases from
0.98 g/cmz kyr at 2.3 km to 0.2 g/cm2 kyr at 4.04 km, suggesting ~80% of the planktonic
foraminifera have dissolved over this depth interval. Much of the dissolution, indeed, occur
between 2.31 and 3.39 km where our size index began to decrease (Figure S5b) and the seawater
changes from slightly oversaturated to undersaturated (Figure 6b). A quick inspection of the >60
um fraction under microscope show significant changes in the fauna composition (Figure S6c¢)
characterized by the disappearance of more soluble species such as pink Globigerinoides ruber

and the enrichment of dissolution resistant species such as Pulleniatina obliquloculata.

Another feature of the CF-size index (>60 um/>20 um) is the temporal trend in late Holocene in
deeper sites. Above 3500 m, the downcore changes in the >60 pm/>20 pm appear to be small
(Figure S5b), suggesting that the preservation of foraminifera has not changed significantly over
the last 8000 years. However, the preservations of foraminifera are significantly better 8000-
10,000 years ago than the core top at 4.5 km water depth (Figure S5b, the size of symbols
indicating sampling depth). Discussion on Paleoceanographic significance of this event is
beyond the scope of this study. readers can refer the following studies (Broecker and Clark 2007,

Broecker et al. 1999b, Keir and Berger 1985). Because our measurements are consistent with
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629  other dissolution indicators and suggest decreased preservation in the Pacific in the last 8000-

630 10,000 years, it further validates CF-size index as an efficient dissolution indicator.

631
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633  Figure S5. (a) depth profiles of coarse content (>60 pm/Total Carbonate); (b) CF-size index
634  (>60 um/>20 pm);
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Figure S6. (a) changes in relative abundance of soluble (pink shaded) and dissolution resistant

(blue shaded) over depth from Ontong-Java Plateau (Berger et al. 1982). (b) [CO3]sw are

calculated based on DIC and Alkalinity data from 155-180°E and 15°S-15°N (inlet) from
GLODAP (Key et al. 2004). (c) light-microscope examination of the preservation of coretop
planktonic foraminifera over depths. In the shallow-depth core (2300 m water depth), small pink
Globigerinoides ruber shells are abundant in the foraminifera assemblage and decrease rapidly
close to the depth of saturation horizon (panel A and B). At the 3397 mbsl core (~400m below
the saturation horizon), the planktonic foraminifera assemblage becomes very different from
above the saturation horizon, characterized by the enrichment of shells of more robust species

such as Pulleniatina obliquloculata and Globorotalia spp.
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Table S4: Sampling locations and water depths of Ontong-Java coretop

Sites Latitudes & Longitudes | Water

depth

(km)
GGC-6 2°14.81°S, 156°59.85’E 1.6
GGC-8 2°12.54'S, 156°57.90’E 1.6
BC-33 0°59.33’S, 157°50.10’E 2.0
GGC-32 0°59.33’S, 157°50.10'E 2.0
GGC-15 0°1.38’S, 158°56.46’E 2.3
GGC-38 0°0.35’S, 159°22.02°E 2.4
GGC-41 0°0.00’S, 159°46.11'E 2.7
GGC-44 0°0.04’S, 160°39.11'E 3.1
BC-51 0°0.47'S, 161°0.20°E 3.4
GGC-48 0°0.47’S, 161°0.20’E 3.4
BC-53 0°0.50’S, 161°21.27°E 3.7
GGC-55 0°0.87°S, 161°46.43’E 4.0
BC-56 0°0.06’S, 161°47.39°E 4.0
GGC-71 0°1.32’S, 162°38.66’E 4.4
BC-74 0°1.32’S, 162°38.66’E 4.4

3.2 Planktonic foraminifera preservation from the western Equatorial Pacific since the
Middle Miocene

Changes in the size index along the western Equatorial Pacific depth transect (Figure 3, main
text) suggest that the preservation of planktonic foraminifera was particularly poor ~10 Ma but
improved increasingly over time. This improvement is visible under the light microscope
when >60 um fraction is examined (Figure S7). In Site 803 (3.4 km), whole foraminiferal tests
are nearly absent in the >60 pm fraction at ~10 Ma. In contrast, siliceous shells and heavily
encrusted foraminiferal fragments are enriched, suggesting that most foraminifera tests have
been dissolved, left only the recalcitrant components. In the same core, the numbers of whole
foraminifera tests have clearly increased by ~6 Ma. More soluble species such as

Globigerinoides spp. occur in the residues. In the Pleistocene, the preservation of foraminiferal
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assemblages is nearly as good as at shallower depth Site 806 (2.5 km), show minor sign of

dissolution.

Figure S7. light microscope study of Site 803 (3.4 km) planktonic foraminifera in the >60 um

fraction.

3.3 CF-size index from locations outside of the equatorial Pacific
In addition to the equatorial Pacific, we also generated planktonic foraminifera size index from
other sites in order to obtain a global coverage (Figure S8). Although the timing and pattern

differ from site to site, all locations show improved preservation towards the Pleistocene.

40



673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

In the equatorial Indian Ocean (Site 758), the preservation of foraminifera was generally good in
the Middle Miocene and the Pleistocene, but poor in the Late Miocene (5-10 Ma). In the
southwest Pacific (Site 590), the size index shows a two-step improvement in foraminifera
preservation at ~13-14 Ma and ~2.7 Ma, which are coincident with Mi3 glaciation and Northern
Hemisphere Glaciation, respectively. In the Caribbean Sea, size index was low until ~3 Ma.
Increased size index in the Pleistocene corresponds to increased MAR-foraminifera (Figure S10),
suggesting improved preservation of planktonic foraminifera. In the equatorial Atlantic, size
index from Site 667 (3.5 km) and Site 928 (4 km) indicates that dissolution was particularly
strong in the Miocene. Most foraminifera became dissolved at/below 3.5 km. Foraminifer
preservation, however, significantly improved above the Miocene/Pliocene boundary. As a
result, the MAR-foraminifera from these two sites also increased after ~5 Ma (Fig. S1n and Fig.
S1q). In the South Atlantic, the size index from Site 1266 suggests that dissolution was strong at
~3.5 km prior to 13 Ma. During ~13-14 Ma (~94-99 mcd), the foraminifer preservation
significantly improved. This change corresponds to an increase in B/Ca in benthic foraminifera,
which has been interpreted as an increase in [CO3]sw by more than 60 pmol/kg (Kender et al.

2014).
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Figure S8. CF-Size index of planktonic foraminifera from the equatorial Indian Ocean (Site 758,
2.9 km), southwest Pacific (Site 590, 1.3 km), Caribbean Sea (Site 999, 2.8 km), equatorial
Atlantic (Site 667, 3.5 km, Site 925, 3.0 km, and Site 928, 4.0 km), and South Atlantic (Site

1264, 2.5 km, Site 1266, 3.8 km).

4. Potential biases in CF-size index
As a qualitative indicator of foraminifera dissolution, CF-size index, however, is not bias free.
For instance, the Miocene values of the size index in the shallowest Ontong Java Site 806 are as
low as the lowest values measured for the core top samples at ~4.5 km water depths (~0.7-0.8). If
we were to take the face values, then the CF-size index would suggest the seawater was as
corrosive at 2.5 km depth during the Miocene as at ~4.5 km during the Pleistocene. This would
imply a huge change in the [CO3] of seawater over the last 15 Ma, and therefore raise the
concern that the CF-size index is somehow biased. We consider two potential sources of biases

here, including the evolution of planktonic foraminifera and burial diagenesis.
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Although the late Neogene planktonic foraminifera show no major evolutionary radiation, the
occurrences of certain lineages/species, particularly those thrive in tropic nutrientcline, have the
potential to bias the temporal changes of CF-size index in Figure 3 (main text). These species
include Globorotalia menardii complex (which also includes the G. tumida lineage) and
Pulleniatina obliquiloculata. Species of Globorotalia menardii complex are characterized by the
growth of robust keels throughout the test periphery and thick secondary crustal calcite towards
the end of ontogeny. The other species, Pulleniatina obliquiloculata, similarly, have thick shiny
veneer outer calcite that is resistant to dissolution (Johnstone et al. 2010). In general, these
species are not the dominant components in foraminiferal fauna. But in severely dissolved
Pleistocene samples, the concentration of G. menardii, G. tumida, and P. obliquiloculata. can

increase significantly and increase the CF-size index.

In the western equatorial Pacific, P. obliquiloculata accounts for a sizable fraction (~5%) of the
foraminifera assemblage in relative shallow coretop sediments (<3 km) (Figure S6). At 4.5 km,
fragments of P. obliquiloculata can accounted for >60% of the foraminifera identified (Figure
S6). Thus, CF-size index in Figure 3 (main text) may have “overestimated” foraminiferal
preservation in Pleistocene samples relative to Miocene samples, particularly for deep sites such
as Site 804. Relative to the Pleistocene, the absence of these species in Miocene samples may

result in an underestimate of the preservation of the foraminifera.
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On the other hand, these dissolution resistant thermocline species are limited to tropics and they
are absent/rare in Atlantic during glacial intervals in the late Pleistocene, so their influence on

size index outside the equatorial Indo-Pacific regions should be limited.

Burial diagenesis is another factor that should be considered. Increasing burial depth and
compaction can increase the fragmentation of foraminifera and potentially give rise to an artifact
of improved preservation over time. However, we argue that burial diagenesis should have only
played a minor role in the preservation of foraminifera. At Site 806, one of the thickest records
of this study, Miocene isotope data preserved SST and 13C gradients among different species
(Holbourn et al. 2013, Nathan and Leckie 2009), suggesting that the preservation of planktonic
foraminifera is at least moderate. Besides, in contrast to the dry bulk density which shows a
monotonic increase with depth, CF-size index at Site 806 show better preservation in the Middle
Miocene (~13-14 Ma) than the late Middle Miocene (10-12 Ma) when sever dissolution occurred
during the carbonate crash in the equatorial Pacific. Because dry bulk density and CF-size index

do not covary, sedimentary compaction is unlikely a major concern for Middle Miocene samples

We do, however, observe changes in preservation due to post-burial diagenesis at Site 806 in the
Early Miocene. Recrystallization of foraminifera fragments due to diagenesis results in cemented
particles that are obvious in washed residues. Indeed, we purposely choose the Middle Miocene
as the cutoff point for this study because we concern that burial diagenesis in deeper sediments

can significantly bias our results.
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5. Dissolution rates of foraminifera in the Miocene, Pleistocene and Holocene
sediments
Here, we calculated the changes in MAR-foraminifera along the Ontong-Java depth transect. In
the Middle Miocene (~13 Ma), MAR-foraminifera from Sites 806 and 807 are similar. In
contrast, a large decrease in MAR-foraminifera occurs between Sites 807 and 803, suggesting
that significant dissolution (>1 g/cm2 kyr) have occurred between 2.7 and 3.4 km. In the
Pleistocene, MAR-foraminifera become very similar across the depth transect, indicating smaller

dissolution rates of foraminifera (~0.2 g/cm2 kyr) over the depth range.

Using carbon-14 age from (Broecker et al. 1999a), MAR for Holocene samples can be calculated
independently of the Pleistocene bio-magnetic-stratigraphy (Table S5). The calculation indicates
dissolution rate of ~0.44 g/cm2 kyr over the depth range of 2.3-3.4 km, which is higher but of the

same magnitude as our Pleistocene average.

Table S5. Estimates of Mass Accumulation Rates in Ontong-Java coretop samples

Core ID | Depth | %CaCOs | Sampling | MAR-bulk (g cm2 kyr?) MAR- MAR-
(km) depth (Broecker et al. 1999a) foraminifera coccolith
(cm) (gecm?kyr?) | (gem?kyr)
GGC15 | 2.31 84 5-6 1.82 (based on BC-36) 0.98 0.56
BC-51 3.39 75 5-6 1.61 0.55 0.65
BC-53 3.68 81 4-5 1.26 0.30 0.72
BC-56 4.04 63 34 1.15 0.21 0.51
BC-74 444 68 5-6 0.76 0.12 0.38

6. Hypothetical scenarios of changes in carbonate production, dissolution and

accumulation
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In scenario 1 and 2 (Figure S9 a-b), carbonate production in the surface ocean is assumed to be
constant. In scenario 1, the thickness of the transition zone is also assumed to be constant. The
CCD, however, has deepened from the Miocene to the Pleistocene. This scenario, however, does
not explain the observed large decreases in MARCc in shallow sites in this study as well as in
(Suchéras-Marx and Henderiks 2014). This Scenario is closest to the dissolution concept
postulated/discussed in (Suchéras-Marx and Henderiks 2014). For instance, if accommodating
changes in productivity, this scenario could also explain the “more dissolution” (shallower
CCD), (much) more production and higher MAR during the Miocene. In scenario 2, the CCD
remains relatively constant. The transition zone, however, is thinner in the Miocene than in the
Pleistocene. In this case, we would expect less dissolution in the Miocene and therefore more
burial, as indicated by the hypothetical curves of the %CaCO3. However, this scenario does not
explain improved preservation in foraminifera and decreased dissolution (AMARCc) along the
depth transect over the last 15 Ma. In scenario 3, the transition zone is thicker in the Miocene and
the dissolution is higher. The MARc, however, is also higher. Large decreases in MARc from the

Miocene to the Pleistocene is not due to less dissolution but the decreased production.
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783  Figure S9. Three hypothetical scenarios of changes in carbonate production, dissolution and
784  accumulation. Grey dash lines in (b) indicate hypothetical %CaCO3 decrease with increasing
785  water depth (undersaturation). Grey dash lines in (c) indicate changes in MARc that are

786  constrained by the data from the western Equatorial Pacific.
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789  Figure S10. (a) Carbonate fluxes at 2 km based on sedimentary trap (Honjo et al. 2008) with a
790 median value ~1.2 g/cm2 kyr (inset). (b-d) Carbonate burial fluxes estimates in the modern ocean
791  based on model output (Dunne et al. 2012) which was optimized to fit the observed Holocene
792  carbonate burial fluxes. Map generated by Ocean Data View (Schlitzer 2018). We select grids
793  from interested depth intervals and collect MARc data from these grids and plot them in b-d

794  respectively. The distribution of these MARc help constrains the increased carbonate burial

795  fluxes due to a deeper Pleistocene CCD. For instance, in the North Atlantic, deepening of the

796  CCD increased carbonate accumulation below 4 km. The magnitude of the increase is ~1.2 g/cm2
797  kyr between 4-5 km. In the equatorial Pacific, deepening CCD by ~500m in the Pleistocene had

798  negligible effect on carbonate budget.
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