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Abstract We present a new deep-water carbonate ion concentration ([CO3
2�]) record, reconstructed from

the “size-normalized weight” of the planktonic foraminifer Neogloboquadrina dutertrei in core MD06-3047B,
representing a middepth site (2.5 km) in the western tropical Pacific since 700 ka. On glacial-interglacial
time scales, deep-water [CO3

2�] exhibits an inverse relationship with global sea-level elevations, consistent
with the “coral reef hypothesis” that the deep Pacific carbonate system responded to variations in shelf-
carbonate production through the past 700 kyr. On longer time scales, a decoupling between deep-water
[CO3

2�] and δ13C around the globe can be explained by a combination of continental weathering and
nutrient inputs. During the mid-Brunhes interval (~600–200 ka), [CO3

2�] reached a maximum of
~100 μmol kg�1 at the marine isotope stage (MIS) 12/11 boundary, followed by a steep decrease to a
minimum of ~40 μmol kg�1 during middle MIS 11, representing the largest-amplitude change in [CO3

2�]
over the past 700 kyr. The [CO3

2�] maximum records the largest deglacial oceanic carbon release since
700 ka, and the [CO3

2�] minimum was a response to a global increase in pelagic carbonate production. From
MIS 3 to 2 and from early to middle MIS 13, [CO3

2�] showed rising trends opposite to those at water depths
greater than 3.4 km, implying enhanced Pacific stratification during these intervals. These findings provide
new insights into the Pleistocene evolution of the carbonate system in the Pacific Ocean.

Plain Language Summary The present study is significant in quantifying large-amplitude changes
in deep Pacific [CO3

2�] (from ~100 to 40 μ mol kg�1) during the mid-Brunhes interval. We infer that the
[CO3

2�] maximum at the MIS 12/11 termination was the largest deglacial oceanic carbon release during
the late Pleistocene, and that it may have contributed to the “mid-Brunhes climatic shift”. The [CO3

2�]
minimum during the mid-MIS 11 corresponds to the well-known “mid-Brunhes dissolution interval,”
indicating a ~50% increase in pelagic carbonate production at that time. Moreover, the present study
provides further evidence for the “coral reef hypothesis,” that is, the deep Pacific carbonate system
responded to variations in shelf-carbonate production on 100-kyr glacial-interglacial time scales.

1. Introduction

The Pleistocene evolution of the ocean’s carbonate system has received much attention because changes in
oceanic carbon inventories are considered to be potential primary drivers of past glacial-interglacial
atmospheric CO2 fluctuations (Broecker & Peng, 1987). Previous methods to investigate past changes in the
Pacific carbonate system have made use mainly of foraminiferal δ13C (Bickert et al., 1993; Mix et al., 1995a;
Wang et al., 2004) and various qualitative carbonate dissolution proxies including sediment CaCO3 content
(Anderson et al., 2008; Farrell & Prell, 1989; Hodell et al., 2001), foraminiferal fragmentation (Le & Shackleton,
1992; Mix et al., 1995b; Zhang et al., 2007), and coarse fraction percent (Lalicata & Lea, 2011; Wu et al., 1990).
Recently, benthic foraminiferal B/Ca (Kerr et al., 2017; Yu et al., 2013; Yu & Elderfield, 2007) and planktonic for-
aminiferal SNW (Broecker & Clark, 2001; Qin et al., 2017) have been developed as quantitative deep-water
[CO3

2�] proxies. These studies have improved our understanding of the Pacific carbon cycle.

Uncertainties remain regarding some aspects of the Pleistocene evolution of the Pacific carbonate system.
For example, although most paleoceanographic records in the Pacific reveal that CaCO3 abundance and

QIN ET AL. 6876

Journal of Geophysical Research: Oceans

RESEARCH ARTICLE
10.1029/2018JC014084

Key Points:
• Deep Pacific carbonate system

responded to variations in
shelf-carbonate production on
glacial-interglacial time scales

• Large deglacial oceanic carbon
release preceded the mid-Brunhes
climatic shift

• Deep Pacific [CO3
2�
] reached a

minimum of ~40 μmol kg
�1

during
the mid-Brunhes dissolution interval

Supporting Information:
• Supporting Information S1
• Data Set S1

Correspondence to:
T. Li and Z. Xiong,
tgli@fio.org.cn;
zhfxiong@fio.org.cn

Citation:
Qin, B., Li, T., Xiong, Z., Algeo, T. J., & Jia,
Q. (2018). Deep-water carbonate ion
concentrations in the Western Tropical
Pacific since the mid-Pleistocene: A
major perturbation during the
mid-Brunhes. Journal of Geophysical
Research: Oceans, 123, 6876–6892.
https://doi.org/10.1029/2018JC014084

Received 16 APR 2018
Accepted 4 SEP 2018
Accepted article online 7 SEP 2018
Published online 24 SEP 2018

©2018. American Geophysical Union.
All Rights Reserved.

http://orcid.org/0000-0003-4000-8421
http://orcid.org/0000-0002-7119-7897
http://orcid.org/0000-0001-9370-0089
http://orcid.org/0000-0002-3333-7035
http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9291
http://dx.doi.org/10.1029/2018JC014084
http://dx.doi.org/10.1029/2018JC014084
http://dx.doi.org/10.1029/2018JC014084
http://dx.doi.org/10.1029/2018JC014084
http://dx.doi.org/10.1029/2018JC014084
http://dx.doi.org/10.1029/2018JC014084
http://dx.doi.org/10.1029/2018JC014084
mailto:tgli@fio.org.cn
mailto:zhfxiong@fio.org.cn
https://doi.org/10.1029/2018JC014084


degree of carbonate preservation tend to have been higher during glaciations and lower during interglacials
(i.e., “Pacific-type” carbonate stratigraphy), the cause of this pattern remains controversial. A number of
studies have suggested that the Pacific carbonate system responds to sea-level-driven changes in
shelf-carbonate production (Hodell et al., 2001; Kerr et al., 2017; Qin et al., 2017; Yu et al., 2013), whereas
Sexton and Barker (2012) demonstrated that the Pacific pattern of CaCO3 variation since 1 Ma was caused
by strengthened ventilation within the Pacific sector of the Southern Ocean during glaciations. On longer
time scales, 400- to 500-kyr periodicities are recognizable in Pleistocene marine δ13C records from around
the globe (Hoogakker et al., 2006), although the underlying forcings are still uncertain. Accurate
reconstructions of deep-water [CO3

2�], which is intimately associated with pH and the concentration of
dissolved CO2 gas, can provide constraints necessary to evaluate the different mechanisms proposed for
long-term δ13C cycles. In addition to periodic changes, late Pleistocene evolution of the oceanic
carbonate system is also characterized by a global carbonate dissolution centered around MIS 11 (the
so-called “mid-Brunhes dissolution interval”; MBDI). This carbonate dissolution event has been widely
recorded in many proxies from the global ocean (see Barker et al., 2006 for summary). However, the
decline in deep-water [CO3

2�] and/or carbonate preservation extent during the MBDI cannot be
quantified by traditional proxies. Benthic foraminiferal B/Ca can be used for deep-water [CO3

2�]
reconstruction (Yu & Elderfield, 2007), but the B/Ca-based [CO3

2�] records cover the MBDI are currently
scarce (Kerr et al., 2017; Sosdian et al., 2018). Continued application of paleo-[CO3

2�] proxies is essential
for improving our understanding of the MBDI event and its relationship to contemporaneous climatic
changes.

The SNWmethod was proposed by Lohmann (1995) and was further developed by Broecker and Clark (2001)
and Qin et al. (2017) as a proxy for deep-water [CO3

2�] in the Pacific Ocean. Lohmann (1995) showed that the
weight of whole foraminiferal shells picked from a narrow size range provides a measure of the extent of
carbonate dissolution. Later, Broecker and Clark (2001) confirmed Lohmann’s (1995) relationship between
foraminiferal shell weight loss and lower deep-water [CO3

2�]. Recently, Qin et al. (2017) evaluated the
methodological assumptions behind the SNW proxy and suggested that the SNW of Neogloboquadrina
dutertrei can be used to reconstruct past deep Pacific [CO3

2�]. In this study, we present a new deep-water
[CO3

2�] record based on the SNW of the planktonic foraminifer N. dutertrei for core MD06-3047B from the
western tropical Pacific since 700 ka. The goals of this study are (1) to describe glacial-interglacial changes
in deep Pacific [CO3

2�] since the mid-Pleistocene, (2) to discuss possible mechanisms for long-term cycles
in marine δ13C records by combining deep-water [CO3

2�] and δ13C records from the global ocean, and (3)
to identify and discuss the unusually large changes in deep-water [CO3

2�] during the MBDI.

2. Materials and Methods

Calypso Square core MD06-3047B was retrieved in the western tropical Pacific during the Marco Polo 2 cruise
of the R/V Marion Dufresne in 2006. Core MD06-3047B is located at 17°N and 125°E in 2,510-m water depth
(Figure 1). Deep-water [CO3

2�] is quite stable in the modern western tropical Pacific. The location of MD06-
3047B is hardly influenced by North Pacific Deep Water, which is located at ~2-km water depth in the North
Pacific and has an extremely low [CO3

2�] value (Figure 1). Therefore, site MD06-3047B is an ideal location for
investigating past changes in deep-water [CO3

2�] in the western tropical Pacific.

The agemodel of the 890-cm-long core MD06-3047B, developed by Jia et al. (2018), is based on correlation of
its benthic foraminifer Cibicidoides wuellerstorfi δ18O profile with the standard LR04 curve (Lisiecki & Raymo,
2005), with additional refinement based on the last appearance datum of Globigerinoides ruber (pink). This
age model shows that core MD06-3047B spans MIS 1 to 17, with the oldest recovered sediment layers dating
to ~700 ka (Figure 2).

Whole shells of the planktonic foraminifer N. dutertrei in the 355- to 400-μm size range were selected at a
sampling interval of 4 cm in core MD06-3047B and sorted into groups of ~50 shells. Each sample group was
then subjected to a four-second sonication step in 2% sodium hexametaphosphate solution, following the
protocol of Qin et al. (2016). Any shells broken during the cleaning process were discarded, and the remain-
ing shells were counted. Note that breakage of thin-walled shells during the sonication cleaning step can-
not be completely avoided, but this method provides a superior detritus cleaning effect with minimal shell

10.1029/2018JC014084Journal of Geophysical Research: Oceans

QIN ET AL. 6877



breakage (Qin et al., 2016). All shells from each group were weighed together using a Sartorius CT2 P
microbalance (precision <1 μg). Finally, shell diameters were measured using images taken at a known
magnification with a LEICA MZ16 microscope and integrated camera system (Leica Application
Suite V3.3.0).

The SNW for each sample was calculated by normalizing shell weight to the corresponding standard
diameter:

SNW ¼ W
∑ni¼1Di

�Dstandard

whereW is the total shell weight for a single sample, Di is the diameter of each individual shell in this sample,
and Dstandard is the mean shell diameter of N. dutertrei in all samples from core MD06-3047B. N. dutertrei SNW

Figure 2. Age model of MD06-3047B (Jia et al., 2018), obtained by comparing the Cibicidoides wuellerstorfi δ18O curve and
the standard LR04 stack (Lisiecki & Raymo, 2005), with additional refinement based on the last appearance datum (LAD) of
Globigerinoides ruber (pink). The blue crosses represent oxygen-isotope events, and the black arrow indicates the LAD of
G. ruber (pink).

Figure 1. Location of study core MD06-3047B in the context of modern seawater [CO3
2�] estimated from the GLODAP

data set (Key et al., 2004). The core WP7 (Qin et al., 2017) and ODP 806 (Kerr et al., 2017) were used for comparison, and
the location of the meridional bathymetric profile of [CO3

2�] in the western Pacific (red line) is shown in the inset map.
NPDW is North Pacific Deep Water.
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were converted to deep-water carbonate saturation levels (Δ[CO3
2�]) based on a modern SNW-Δ[CO3

2�]
calibration for this species (Qin et al., 2017):

Δ CO3
2�� � ¼ 2:4�SNWN:dutertrei–89:7 R ¼ þ0:91ð Þ

Considering the negligible influence of glacial-interglacial changes in deep-water temperature, salinity, and
pressure on calcite saturation concentration ([CO3

2�]sat) (Yu & Elderfield, 2007), preindustrial [CO3
2�]sat can

be used to reconstruct secular variation in [CO3
2�] as follows:

CO3
2�� � ¼ Δ CO3

2�� �þ CO3
2�� �

sat

Preindustrial deep-water [CO3
2�]sat values at site MD06-3047B were calculated using CO2sys.xls (Pelletier

et al., 2007), with K1 and K2 values from Mehrbach (1973) and KSO4 values from Dickson (1990). CO2sys.xls
was run with preindustrial total dissolved inorganic carbon (DIC) from nearby GLODAP site 26677 (16.5°N,
124.5°E; Key et al., 2004), total alkalinity (ALK), deep-water temperature, salinity, and nutrient levels (PO4

and SiO3) from nearby World Ocean Atlas 2013 site 26601 (16.5°N, 124.5°E; Levitus et al., 2013). From this cal-
culation, preindustrial deep-water [CO3

2�]sat was ~70 μmol kg�1 at site MD06-3047B. Reproducibility of
N. dutertrei SNW was determined by Qin et al. (2017) to yield a precision of ±0.7 μg (s.d.), corresponding to
an error of ±1.7 μmol kg�1 in [CO3

2�].

3. Results

Deep-water [CO3
2�] estimated from N. dutertrei SNWs have ranged from 42.7 to 98.7 μmol kg�1 since 700 ka,

with an average of 68.0 μmol kg�1 (Figure 3a). The [CO3
2�] record exhibits a pattern of secular variation

linked to ~100-kyr glacial-interglacial cycles; that is, [CO3
2�] is generally higher during glacial stages and

lower during interglacial stages. One obvious exception is seen during early to mid-MIS 13 (533–478 ka),
where [CO3

2�] shows an increase from ~70 to 80 μmol kg�1 (note: All MIS ages are from Lisiecki and
Raymo, 2005). The [CO3

2�] reached to a maximum of 98.7 μmol kg�1 at the MIS 12/11 boundary (at
~424 ka), followed by a steep decrease to a minimum of 42.7 μmol kg�1 at ~400 ka, representing the
largest-amplitude change in [CO3

2�] over the past 700 kyr.

Figure 3. (a) Deep-water [CO3
2�] based on the SNW of planktonic foraminifer Neogloboquadrina dutertrei for core MD06-

3047B from the western tropical Pacific since 700 ka. Average error bar is indicated. (b) Cibicidoides wuellerstorfi δ18O at site
MD06-3047B (Jia et al., 2018).
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4. Discussion
4.1. Reliability of SNW Proxy

The SNW proxy can been applied to infer past deep-water [CO3
2�] based on two key assumptions: (1) con-

stancy through time of the offset between the [CO3
2�] values of deep waters and pore waters (i.e.,

Δ[CO3
2�]DW-PW) and (2) independence of the initial SNW from growth conditions, particularly surface-water

[CO3
2�]. Qin et al. (2017) assessed the validity of these two assumptions for N. dutertrei SNW in the western

tropical Pacific and inferred that (1) respiration-driven dissolution, which can influence Δ[CO3
2�]DW-PW, is lim-

ited owing to low productivity and high sediment CaCO3 content and (2) the consistency between N. dutertrei
SNW and other foraminiferal dissolution records indicates that the former is not manifestly biased by initial
shell weight variation. The second assumption is at odds with previous studies that have shown planktic for-
aminiferal shell weights at sites in the Southern, Indian, and Atlantic Oceans to vary in response to changes in
atmospheric pCO2 (Barker & Elderfield, 2002; Moy et al., 2009; Naik et al., 2010). This phenomenon has been
attributed to control of initial shell weights by surface-water [CO3

2�], which is related to atmospheric pCO2.
This discrepancy between our study and previous studies stems from the fact that the deep-water carbonate
saturation state in the Pacific Ocean is much lower than in other modern oceans (Key et al., 2004). That is, the
effect of initial SNW variations is minor relative to the overwhelming control of carbonate dissolution on SNW
in the Pacific Ocean (Qin et al., 2017). Therefore, the SNW of N. dutertrei can be used to reconstruct past deep
Pacific [CO3

2�].

The reliability of using N. dutertrei SNW as a proxy for deep-water [CO3
2�] is further confirmed by comparison

of our results for MD06-3047B with the [CO3
2�] record of the WP7 core (Figures 4a and 4b). Cores MD06-

3047B and WP7 are located on the northern margin and in the center of the Western Pacific Warm Pool,
respectively. Today, although the ~3-μmol kg�1 difference in deep-water [CO3

2�] between these two sites
is negligible, the differences in upper-ocean hydrography are quite large (Key et al., 2004; Levitus et al.,
2013). For example, at the mean calcification depth of N. dutertrei (~140 m; Rippert et al., 2016), the differ-
ences in temperature, salinity, and [CO3

2�] between sites MD06-3047B and WP7 are �1.3 °C, �0.4‰, and

Figure 4. Deep-water [CO3
2�] at (a) site MD06-3047B compared with deep-water [CO3

2�] at (b) site WP7 (Qin et al., 2017)
and (c) site ODP 806 (Kerr et al., 2017) since 250 ka. [CO3

2�] was calculated from the SNW of Neogloboquadrina dutertrei in
Figures 4a and 4b and from B/Ca of Cibicidoides wuellerstorfi in Figure 4c.
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�26 μmol kg�1, respectively. Moreover, it seems unlikely that upper-ocean hydrographic conditions at these
two sites were exactly the same in the past. For example, the planktonic foraminiferal δ13C of core MD06-
3047B, which was related to nutrient concentrations and thermocline depth (Jia et al., 2015), displays a sub-
stantially different pattern from that of core WP7 (Li et al., 2011) since 250 ka. Therefore, we conclude that
past changes in Δ[CO3

2�]DW-PW and initial shell weight of N. dutertrei, both of which are controlled by
upper-ocean hydrographic conditions (Archer et al., 1989; De Villiers, 2004), should be different at sites
MD06-3047B and WP7. However, the [CO3

2�] profile of core MD06-3047B exhibits a pattern of secular varia-
tion almost the same as that of core WP7 since 250 ka (Figures 4a and 4b), thus suggesting that the SNW-
based [CO3

2�] records are not biased by Δ[CO3
2�]DW-PW and initial shell weight variations.

Today, deep Pacific carbonate dissolution is strong enough to overwhelm the Δ[CO3
2�]DW-PW and initial SNW

signals. However, deep Pacific [CO3
2�] was higher during glacials than interglacials (Kerr et al., 2017; Qin et al.,

2017; Yu et al., 2013). Therefore, Δ[CO3
2�]DW-PW and initial SNW signals may have been preserved under gla-

cial conditions of weak carbonate dissolution, potentially biasing SNW-based [CO3
2�] reconstructions. For

example, it has been suggested that initial SNWwas relatively heavier during glacial stages than interglacials,
due to a glacial decrease in atmospheric pCO2 and a corresponding increase in surface-water [CO3

2�] (Barker
& Elderfield, 2002). It is possible that this initial SNW signal was not completely erased at the seafloor owing to
weak carbonate dissolution during glacial stages, producing a bias toward high values in the amplitude of
glacial-interglacial variability in SNW-based [CO3

2�]. For the purpose of testing this bias, we compared the
SNW-based [CO3

2�] results (Figures 4a and 4b) with the B/Ca-based [CO3
2�] record at the nearby site ODP

806 (Kerr et al., 2017) since 250 ka (Figure 4c). The SNW-based [CO3
2�] profiles (Figures 4a and 4b) exhibit

a pattern of secular variation broadly similar to the B/Ca-based [CO3
2�] record (Figure 4c). The overall lack

of detailed correspondence between SNW-based and B/Ca-based [CO3
2�] records is likely due to the differ-

ent sampling resolutions of these records. During the last two glacial-interglacial cycles, SNW-based [CO3
2�]

have ranged from 51.2 to 78.6 μmol kg�1 at site MD06-3047B, and from 55.3 to 83.7 μmol kg�1 at site WP7
(Figures 4a and 4b). Similarly, B/Ca-based [CO3

2�] data cover a range of 52.0 to 77.3 μmol kg�1 at site ODP
806. Therefore, the amplitudes of glacial-interglacial variability in SNW-based [CO3

2�] are generally consis-
tent with the B/Ca-based [CO3

2�] data. This consistency confirms the reliability of the SNW proxy even under
conditions of weak carbonate dissolution.

4.2. Causes of [CO3
2�] Variation During Glacial-Interglacial Cycles

The consistency of reconstructed deep-water [CO3
2�] in cores MD06-3047B (this study) and WP7 (Qin et al.,

2017) since 250 ka implies that the full 700-kyr [CO3
2�] profile of core MD06-3047B represents a robust record

of temporal variability in the carbonate saturation state of the western tropical Pacific (Figure 5a). Recently,
Kerr et al. (2017) generated a 500-kyr deep-water [CO3

2�] reconstruction from the western tropical Pacific
using the B/Ca of the benthic foraminifer C. wuellerstorfi from site ODP 806 at 2,500-m water depth
(Figure 5b). Deep Pacific [CO3

2�] records at sites MD06-3047B and ODP 806 reveal the same pattern on
glacial-interglacial time scales, although there are differences between these two data sets during certain
transient intervals (Figures 5a and 5b). Both our and Kerr et al. (2017)’s [CO3

2�] data display a so-called
“Pacific-type” carbonate stratigraphy (Hodell et al., 2001; Figure 5c) characterized by generally high values
(i.e., enhanced preservation) during glacial stages and low values (i.e., enhanced dissolution) during intergla-
cials. The agreement between deep Pacific [CO3

2�] and carbonate content provides evidence to support pre-
vious suggestions (e.g., Anderson et al., 2008; Berger, 1973; Farrell & Prell, 1989; Hodell et al., 2001; Lalicata &
Lea, 2011; Zhang et al., 2007) that ocean chemistry ([CO3

2�]) is the principal factor controlling the content
and accumulation rate of CaCO3 in Pacific sediments. The key question thus becomes, what controlled
glacial-interglacial changes in deep Pacific [CO3

2�]?

Recent studies (Kerr et al., 2017; Qin et al., 2017; Yu et al., 2013) inferred that the ~100-kyr glacial-interglacial
carbonate cycle in the deep Pacific was driven by changes in shelf-carbonate production (i.e., the “coral reef
hypothesis”; Berger, 1982) based on negative correlations between deep-water [CO3

2�] and eustatic (global
sea level) elevations since 500 ka. The results of the present study provide support for this hypothesis in that
increases (decreases) in deep-water [CO3

2�] at MD06-3047B have coincided with decreases (increases) in
eustatic elevations on glacial-interglacial time scales since 700 ka (Figures 5a and 5d). According to the coral
reef hypothesis, coral growth rates were lower during glacial stages, when sea-level fall exposed continental

10.1029/2018JC014084Journal of Geophysical Research: Oceans

QIN ET AL. 6881



shelves. Reduction of shallow-water CaCO3 burial implies a greater burial load for the deep sea, thereby
triggering increases of deep-ocean [CO3

2�] by the mechanism of CaCO3 compensation. Berger (1982)
predicted that changes in deep-water [CO3

2�] should lag those in eustatic elevations by several thousand
years. Although the temporal resolution of our data is too low to discuss the phase relationship between
deep-water [CO3

2�] and eustasy, previous high-resolution research on sediment CaCO3(Hodell et al., 2001)
content and deep-water [CO3

2�] (Qin et al., 2017) confirmed an ~8-kyr lag of carbonate system response
relative to sea-level changes.

Apart from the coral reef hypothesis, several other hypotheses have been advanced to account for glacial-
interglacial changes in deep-water [CO3

2�]. In the “rain ratio hypothesis” (Archer & Maier-Reimer, 1994), a
glacial increase in deep-water [CO3

2�] is caused by an increase in the burial ratio of particulate organic
carbon to calcium carbonate (POC:CaCO3). This hypothesis, however, is not supported by the sediment
CaCO3 content or primary productivity records in the Pacific (see Qin et al., 2017, and references therein).
In the “glacial Pacific ventilation hypothesis” (Sexton & Barker, 2012), a glacial increase in Pacific [CO3

2�] is
explained by increased ventilation within the Pacific sector of the Southern Ocean. Based on

Figure 5. Deep-water [CO3
2�] at (a) site MD06-3047B (this study) compared with deep-water [CO3

2�] at nearby (b) site
ODP 806 (Kerr et al., 2017), Pacific-pattern of deep-sea sedimentary calcium carbonate content change at (c) site ODP
1089 (note that although ODP1089 is from a site in the South Atlantic, it is bathed in Indo-Pacific deep water rather than by
North Atlantic Deep Water; Hodell et al., 2001), (d) global sea-level elevation (Grant et al., 2014; Miller et al., 2011), and
(e) Circumpolar Deep Water flow into the Pacific Ocean, as proxied by mean sortable silt size at ODP site 1123 east of New
Zealand (Hall et al., 2001). The dashed line indicates the mid-Brunhes dissolution interval.
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sedimentological (e.g., sortable silt, a proxy for Circumpolar Deep Water [CDW] inflow) and isotopic (e.g.,
benthic δ13C difference between two sites, a proxy for deep-ocean ventilation) evidence from the South
Pacific, Sexton and Barker (2012) inferred that strengthening of deep-water ventilation within the Pacific sec-
tor of the Southern Ocean by intensified CDW inflow reduced Pacific carbonate dissolution during glaciations
since ~1 Ma. Our results are consistent with a positive relationship between deep-water [CO3

2�] and
increased deep-water ventilation/CDW inflow (Figures 5a and 5e).

Whether glacial strengthening of ventilation state within the Pacific sector of the Southern Ocean would
result in increases in deep Pacific [CO3

2�] is unclear. According to the glacial Pacific ventilation scenario
(Sexton & Barker, 2012), interglacial deep Pacific carbonate saturation state is relatively low because much
of the North Atlantic Deep Water-associated storage of regenerated nutrients and respired CO2 is in the
Pacific, at the end of a long deep-ocean “conveyor.” But during glacial stages, the deep Pacific was ventilated
directly by Southern Ocean watermasses with relatively low regenerated nutrient and respired CO2 concen-
trations, thus increasing deep Pacific [CO3

2�] relative to interglacials. Although a greater stratification in the
Southern Ocean during glacial stages than interglacials would have caused an increase in deep-ocean carbon
storage and a corresponding decrease in deep-water [CO3

2�] (Anderson et al., 2009; Sigman et al., 2010), the
main respired CO2 storage in the Southern Ocean appears to have been in the Atlantic sector, not the Pacific
sector (McCave et al., 2008; Ninnemann & Charles, 2002). However, several other studies (Adkins, 2013; Ferrari
et al., 2014) have suggested that glacially strengthened Southern Ocean ventilation would have hindered
vertical mixing and isolated the deep ocean, leading to a slowly ventilated reservoir in which carbon was
stored, thereby triggering decreases of deep-water [CO3

2�] and dissolution of CaCO3. This inference is sup-
ported by evidence of stratification of the North Pacific during glaciations (Brunelle et al., 2007; Gebhardt
et al., 2008; Haug et al., 1999; Jaccard et al., 2005). Clearly, further work is needed to better estimate the effect
of glacial-interglacial Southern Ocean abyssal ventilation patterns on the deep Pacific carbon cycle. At pre-
sent, the bulk of evidence favors the coral reef hypothesis as the main cause of glacial-interglacial variations
in deep Pacific [CO3

2�].

4.3. Decoupling of Ocean δ13C and [CO3
2�] in 400- to 500-Kyr Cycles

On time scales longer than ~100-kyr glacial-interglacial cycles, our deep-water [CO3
2�] record exhibits no

clearly discernable long-term trends since 700 ka (Figure 6b). Over the same interval, stacked benthic forami-
niferal δ13C records from the global ocean show evidence of an ~400- to 500-kyr cycle superimposed on
glacial-interglacial cycles (Hoogakker et al., 2006; Figure 6a). Note that the δ13C of a foraminifera shell reflects
the carbon isotopic composition of the DIC in seawater in which the shell calcified. Such 400- to 500-kyr per-
iodicities are present in Plio-Pleistocene δ13C records from every major ocean basin (e.g., Bickert et al., 1993;
Chen et al., 1995; Keigwin & Boyle, 1985; Mix, Pisias, et al., 1995; Oppo et al., 1995; Wang et al., 2003, 2004).
Potential drivers for this long-term cycle in global-ocean δ13C include continental weathering (Tian et al.,
2011; Wang et al., 2004), POC:CaCO3 rain ratio (Hoogakker et al., 2006), coccolithophore blooms (Rickaby
et al., 2007), a combination of rain ratio and total productivity (Russon et al., 2010), a combination of weath-
ering and nutrient inputs (Ma et al., 2011), and a microbial carbon pump (Ma et al., 2017; Wang et al., 2014).
Clarifying whether the long-term cycles observed in benthic foraminiferal δ13C records exist in deep-water
[CO3

2�] can provide constraints necessary for an evaluation of these different mechanisms.

The 400- to 500-kyr periodicity in benthic foraminiferal δ13C does not exist in the 700-kyr-long MD06-3047B
[CO3

2�] record (Figure 6b). To ascertain whether this absence is a local or global feature of deep-water dis-
solution records, we synthesize [CO3

2�] and other dissolution proxy records such as benthic B/Ca, foraminif-
eral fragmentation, CaCO3 content, and coarse fraction percent from the Pacific Ocean (Anderson et al., 2008;
Bordiga et al., 2013; Farrell & Prell, 1989; Kerr et al., 2017; Le & Shackleton, 1992; Mix et al., 1995b; Wu et al.,
1990; Yasuda et al., 1993; Zhang et al., 2007), Indian Ocean (Bassinot et al., 1994; Chen & Farrell, 1991; Nath
et al., 2013), Atlantic Ocean (Flores et al., 2003; Gröger et al., 2003; Henrich et al., 2002; Hodell et al., 2001;
Lear et al., 2016; Prell, 1982; Sosdian et al., 2018), Southern Ocean (Rickaby et al., 2010), and South China
Sea (Wang et al., 2004). This analysis shows that 400- to 500-kyr periodicities are not present in any of these
records. We illustrate this absence in selected dissolution records, including the [CO3

2�] record of this study
(Figure 6b), a benthic foraminiferal B/Ca record from the Southern Ocean (Rickaby et al., 2010; Figure 6c), and
the typical patterns of CaCO3 variation in the Pacific and Atlantic Oceans (Hodell et al., 2001; Figures 6d and
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6e). A ~400-kyr cycle has been observed in a coarse fraction percent record from the Indian Ocean (Bassinot
et al., 1994; Figure 6f), but these variations are out-of-phase with the ~400- to 500-kyr δ13C cycle (Figures 6a
and 6f). Because the fine fraction of CaCO3 is dominated by coccoliths and the coarse fraction by foraminifera
(Chiu & Broecker, 2008; McCave et al., 1995), long-term increases (decreases) in the coarse fraction percent
would result from increases (decreases) in initial foraminifer/coccolith ratios, reflecting declining (rising)
coccolithophore production (Rickaby et al., 2007). We therefore speculate that the ~400-kyr cycle in Indian
Ocean coarse fraction percent records (Bassinot et al., 1994; Chen & Farrell, 1991; Gröger et al., 2003; Prell,
1982) was related to variations in coccolithophore production rather than carbonate dissolution. In
summary, we infer that global deep-ocean [CO3

2�] and carbonate dissolution records do not contain
evidence for the ~400- to 500-kyr cycles observed in benthic foraminiferal δ13C records, at least during the
last 700 kyr.

Figure 6. (a) Standardized mean or stacked benthic foraminiferal δ13C record derived from benthic foraminiferal δ13C data
from the global ocean (Hoogakker et al., 2006). (b) Deep-water [CO3

2�] in the western tropical Pacific (this study).
(c) Benthic foraminiferal B/Ca in the Southern Ocean (Rickaby et al., 2010). (d and e) “Pacific-style” and “Atlantic-style”
sedimentary CaCO3 content cycles (Hodell et al., 2001). (f) Percentage of coarse fraction in the tropical Indian Ocean
(Bassinot et al., 1994). The thick lines are polynomial fits shown to highlight general long-term trends in the original data
sets. The ~400- to 500-kyr periodicity in (a) is not recognizable in (b)–(f).
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The MD06-3047B deep-water [CO3
2�] record, along with other [CO3

2�] and dissolution records discussed
above, provides important tests of the various mechanisms proposed to account for long-term
global-ocean δ13C fluctuations during the late Quaternary. Several mechanisms, including hypotheses
based on continental weathering, nutrient inputs, POC:CaCO3 rain ratio, and carbon burial fluxes, call for
synchronous fluctuations in deep-ocean δ13C and [CO3

2�]. Specifically, continental weathering of carbo-
nate and silicate rocks leads to increases in ocean [CO3

2�] and carbonate preservation by adding DIC
and alkalinity (ALK) to the global ocean (Hoogakker et al., 2006; Russon et al., 2010), triggering a net
increase of burial of inorganic carbon (δ13C ≈ 0 ‰) in relation to organic carbon (δ13C ≈ �25‰) that will
lead to a decrease in ocean δ13C (Ma et al., 2011; Tian et al., 2011). On the other hand, enhanced nutrient
inputs result in decreases in both δ13C and [CO3

2�] due to increases in DIC/DOC ratios (n.b., DOC is dis-
solved organic carbon) and organic carbon remineralization (Hoogakker et al., 2006; Ma et al., 2017;
Wang et al., 2014). In this scenario, a release of isotopically light carbon from the DOC pool to the DIC pool
results in lighter DIC δ13C (Ma et al., 2017; Wang et al., 2014), and an increase in CO2 supply through
release during organic carbon remineralization causes a decrease in deep-water [CO3

2�] (Hoogakker
et al., 2006). In the POC:CaCO3 rain ratio and/or carbon burial flux scenarios, increased organic carbon bur-
ial flux leads to an increase in δ13C and a decrease in [CO3

2�] (Hoogakker et al., 2006; Rickaby et al., 2007;
Russon et al., 2010). Therefore, there does not seem to be a single mechanism that can explain both the
long-term cyclicity of δ13C and the long-term stability of [CO3

2�]. Moreover, the rain ratio mechanism
was challenged by the discovery of the “ballast mineral” effect that CaCO3 may be the most important
agent for transporting organic carbon to the deep ocean (Armstrong et al., 2001; Klaas & Archer, 2002).
If long-term cycles in δ13C were simplify forced by carbon burial fluxes, observed changes in [CO3

2�]
and calcite lysocline depth would be unacceptably large (Hoogakker et al., 2006). A possible resolution
of this conundrum lies in concurrent changes in continental weathering and nutrient inputs, which would
have opposing (i.e., mutually canceling) effects on deep-water [CO3

2�] but reinforcing effects on deep-
ocean δ13C, which would decrease (increase) in response to enhanced (reduced) continental weathering
and nutrient inputs. All of the hypotheses discussed above are permissive of concurrent changes in con-
tinental weathering and nutrient inputs (Ma et al., 2011).

4.4. Large-Amplitude Changes in Deep-Water [CO3
2�]

4.4.1. [CO3
2�] Maximum at MIS 12/11 Boundary

The most notable feature of the MD06-3047B deep-water [CO3
2�] record may be the decrease of

~60 μmol kg�1 (from ~100 to 40 μmol kg�1) between MIS 12/11 (~425 ka) and mid-MIS 11 (~400 ka), repre-
senting the largest change of this type during the past 700 kyr (Figure 5a). This peculiar interval also
coincided with the largest change in the marine δ18O record of the last 5 Myr (Lisiecki & Raymo, 2005) and
has been described as a major step change in global climate conditions (Droxler et al., 2003).

Reconstructed deep-water [CO3
2�] from MD06-3047B reached its maximum of ~100 μmol kg�1 at the

MIS12/11 termination (Figure 5a). Although the B/Ca-based [CO3
2�] profile from site ODP 806 (Kerr et al.,

2017) does not show the same consistent increase at the MIS12/11 termination (Figure 5b), our result is
consistent with “Pacific-style” CaCO3 content records (Hodell et al., 2001), which also show their preservation
maxima at the MIS 12/11 boundary (Figure 5c). A possible explanation for the missing [CO3

2�] maximum
during the MIS 12/11 termination at site ODP 806 is that bioturbation has attenuated the deglacial signal
in the Western Pacific Warm Pool, where sedimentation rates are typically low (Marchitto et al., 2005).
Further high-resolution records in the deep Pacific Ocean are needed to confirm the MIS12/11 termination
[CO3

2�] maximum as records of deep Pacific carbon chemistry are still relatively scarce. [CO3
2�]/preservation

maxima have been widely recognized during recent terminations in previous paleoceanographic studies
(e.g., Berger, 1977; Mekik et al., 2012; Yu et al., 2010), and they have been interpreted to represent a
breakdown of oceanic stratification (i.e., the “deglacial ventilation hypothesis”; Anderson et al., 2009;
Martínez-Botí et al., 2015). In this hypothesis, increased overturning circulation leads to a transfer of carbon
from the ocean to the atmosphere during deglaciations, thereby raising deep-water [CO3

2�] throughout
the entire ocean (Boyle, 1988a,1988b). Our [CO3

2�] profile displays high values during deglaciations,
consistent with the deglacial ventilation hypothesis. The extremely high [CO3

2�] values during the MIS
12/11 transition imply that the extent of oceanic carbon release during this interval was much larger than
during other deglaciations since 700 ka.
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The mid-Brunhes climatic shift (Jansen et al., 1986), which coincided with the MIS 12/11 transition, marked
the onset of the late Quaternary regime of glacial cycles having warmer interglacials. The interglacials after
MIS 11 were characterized by warmer climates (Jouzel et al., 2007; Lisiecki & Raymo, 2005) and higher
atmospheric pCO2 (Lüthi et al., 2008) than the preceding interglacials. This climate shift cannot be explained
simply by orbital insolation forcing, because the insolation change during MIS 12/11 was relatively small
(the “MIS 11 problem”; Imbrie & Imbrie, 1980). Because the mid-Brunhes climatic shift coincided with a
significant deglacial carbon release from the Pacific Ocean, we infer that it may have been caused by a
reorganization of the oceanic carbon system. During the last 800 kyr, atmospheric pCO2 did not exceed
260 ppmv before MIS 11, but it reached ~280 ppmv for the first time after the deglacial carbon release
of MIS 12/11 (Lüthi et al., 2008). Enhanced greenhouse gas forcing then made MIS 11 an unusually long
and strong interglacial stage (Droxler et al., 2003). One problem with this explanation is that the extent
of carbonate preservation during MIS 12/11 was not replicated during later deglaciations (Figure 5a). It is
possible that the oceanic carbon release during MIS 12/11 crossed a climate threshold that changed internal
Earth-system feedbacks.
4.4.2. [CO3

2�] Minimum During the MBDI
The [CO3

2�] minimum at ~400 ka, representing an intense global carbonate dissolution event, has been
named the MBDI (see Barker et al., 2006 for summary). This dissolution event has been widely recorded in
many proxies such as foraminiferal fragmentation (Flores et al., 2003; Le & Shackleton, 1992; Mix et al.,
1995b), sediment CaCO3 content (Farrell & Prell, 1989; Henrich et al., 2002; Hodell et al., 2001), relative abun-
dance of benthic foraminifera (Mix et al., 1995b), coarse fraction percent (Bassinot et al., 1994; Chen & Farrell,
1991; Gröger et al., 2003; Prell, 1982), and B/Ca ratios of benthic foraminifera (Kerr et al., 2017; Sosdian et al.,
2018). The MD06-3047B core provides a quantitative record of changes in deep-water [CO3

2�] within the
MBDI, documenting a decline to ~40 μmol kg�1 during MIS 11, which is ~10 μmol kg�1 lower than
[CO3

2�] minima during other interglacials of the last 700 kyr (Figure 7a). This is generally consistent with
Kerr et al.’s (2017) result based on B/Ca ratios of the benthic foraminifer C. wuellerstorfi at nearby site ODP
806, where deep-water [CO3

2�] shows a similar transient decline to ~30 μmol kg�1 at ~400 ka. A [CO3
2�]

of ~30–40 μmol kg�1 is roughly equal to that in the center of the modern North Pacific Deep Water, which
has the lowest [CO3

2�] in the global ocean.

The cause of the dissolution event during the MBDI has been widely discussed. Potential triggers of this event
include unusually and persistently high sea-level elevations during MIS 11, global growth of modern barrier
reefs, and global coccolithophore blooms during the mid-Brunhes interval. First, the unusually long sea-level
highstand of MIS 11 (Droxler et al., 2003; Dutton et al., 2015; Olson & Hearty, 2009; Raynaud et al., 2003;
Rohling et al., 2010; Figure 7b) would have transferred calcium carbonate from deep-ocean to shelf-
carbonate reservoirs, causing a dissolution event in the deep ocean (Berger & Winterer, 1974). Second, many
of the modern barrier reef systems, such as the Belize Barrier Reef (Figure 7c), were established during the
mid-Brunhes interval (Droxler & Jorry, 2013; Montaggioni et al., 2011). A buildup of carbonate in barrier reefs
in such large volumes also could have led to increased deep-ocean carbonate dissolution on a global scale
(Berger, 1982). These two scenarios invoking increased shelf-carbonate production would have resulted in
higher pCO2 in the surface ocean, driving a net transfer of CO2 from the ocean to the atmosphere.
However, atmospheric pCO2 was no higher during MIS 11 than in more recent interglacial stages (Lüthi
et al., 2008; Figure 7e), as would be expected for a period of enhanced shelf-carbonate production (Berger,
1982). In order to explain the “CO2 paradox” of MIS 11, Barker et al. (2006) proposed a third explanation, that
is, that widespread dissolution during the MBDI was caused by a global increase in pelagic carbonate
production associated with proliferation of the highly calcified coccolithophore Gephyrocapsa, triggering
an increased organic carbon export flux owing to the ballast mineral effect (Figure 7d). In this way, fixation
of organic carbon by the biological pump would have counteracted the rise in atmospheric pCO2 expected
from increased carbonate production during the MBDI. The MBDI was associated with a large change in the
oceanic carbon system but little to no change in atmospheric pCO2. The MD06-3047B core shows a [CO3

2�]
minimum during MIS 11 that was ~20 μmol kg�1 lower than the preindustrial Holocene value. If this change
reflects a decline in mean deep-water [CO3

2�] in the global ocean during the MBDI, the ~20-μmol kg�1

decrease in [CO3
2�] would equate with an increase of pelagic carbonate production by 50%, according to

the model of Barker et al. (2006). In summary, widespread carbonate dissolution during the MBDI is best
explained by an increase in pelagic carbonate production due to coccolithophore blooms (Barker et al.,
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2006). A ~50% increase in pelagic carbonate production (compared to preindustrial levels) could theoretically
account for the entire [CO3

2�] decrease during the MBDI.

4.5. [CO3
2�] Increases During MIS 3–2 and MIS 13

The MD06-3047B [CO3
2�] profile exhibits two striking anomalies fromMIS 3 to MIS 2 and from early to middle

MIS 13, when compared to “Pacific-style” deep-sea sedimentary carbonate cycles (Hodell et al., 2001). In this
study, the 2.5-km-deep study site displays a clear increase in [CO3

2�] from MIS 3 to MIS 2, which is in contrast
to the carbonate content record of Site ODP 1089 (48°S, 10°E; 4.6-kmwater depth; Figures 5a and 5c). A recent
B/Ca-based [CO3

2�] reconstruction at a comparable water depth (ODP 806, 2.5-km deep) in the western
tropical Pacific Ocean also displays a rising trend from MIS 3 to MIS 2 (Kerr et al., 2017; Figure 5b), in
agreement with the [CO3

2�] record at site MD06-3047B. Considering site ODP 1089 is bathed by lower
CDW and its carbonate content reflects qualitative, high-resolution changes in deep Pacific [CO3

2�] (Hodell

Figure 7. (a) Deep-water [CO3
2�] at site MD06-3047B in the western tropical Pacific (this study). (b) Global sea-level eleva-

tion (Miller et al., 2011). (c) Fine (<63 μm) aragonite mass accumulation rate at site MD02-2532 on the Belize margin
(Droxler & Jorry, 2013). (d) Coccolith nannofossil accumulation rate for core ODP 1089 from the Atlantic Ocean (Flores et al.,
2003) and for cores ODP 1237 and 1238 from the Pacific Ocean (Álvarez et al., 2010). (e) Atmospheric pCO2 (Lüthi et al.,
2008). The dashed line indicates the mid-Brunhes dissolution interval.
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et al., 2001), the opposite patterns of variation in [CO3
2�] at intermediate (MD06-3047B and ODP 806) and

deep (ODP 1089) sites imply a change in the structure of watermasses in the western tropical Pacific. This
inference is consistent with the argument of Yu et al. (2013) that enhanced vertical oceanic stratification
was responsible for the increased gradient in [CO3

2�] between intermediate (2.3 km) and deep (>3.4 km)
waters in the tropical Pacific Ocean from MIS 3 to MIS 2. This result from the tropical Pacific is also consistent
with [CO3

2�] records from the South Atlantic and Southwest Pacific Oceans, which are interpreted to reflect
greater stratification during MIS 2 (Allen et al., 2015; Yu et al., 2014). Enhanced water-column stratification
would have contributed to sequestration of a larger proportion of respired carbon in the deep ocean, thereby
contributing to the final step of atmospheric CO2 drawdown during the last glaciation (Yu et al., 2013).

A rising trend in [CO3
2�] is also observed from the early to the middle part of MIS 13 at site MD06-3047B,

which is in contrast to the decreasing carbonate content at Site 1089 (Hodell et al., 2001; Figures 5a and
5c). An increased vertical [CO3

2�] gradient during MIS 13 suggests that the deep Pacific stratification scenario
also applies to this time interval. This suggestion, however, requires further confirmation by high resolution
[CO3

2�] records from the deep Pacific Ocean, as our record is currently the only existing [CO3
2�] deep-Pacific

reconstruction for MIS 13. Ice-core records suggest that MIS 13 was an interglacial period with cooler
Antarctic temperatures (Jouzel et al., 2007) and lower CO2 and CH4 concentrations than those recorded in
the preceding and subsequent interglacials (Loulergue et al., 2008; Luthi et al., 2008). Based on the compiled
ice, marine, and terrestrial palaeoclimate records from around the globe, MIS 13 was clearly the weakest inter-
glacial of the last 800 kyr (Lang &Wolff, 2011; PAGES, 2016). Therefore, we infer that increased stratification in
the deep Pacific Ocean may partially explain lower atmospheric CO2 concentrations during MIS 13, resulting
in weak interglacial intensity. In summary, [CO3

2�] at site MD06-3047B shows increases from MIS 3 to MIS 2
and from early to mid-MIS 13, in contrast with the previous [CO3

2�] reconstructions at relatively deeper sites
in the Pacific Ocean (Hodell et al., 2001; Yu et al., 2013). The enhanced vertical chemical gradient suggested
by these data implies greater Pacific Ocean stratification during these two intervals.

5. Conclusions

An SNW-based reconstruction of deep-water [CO3
2�] for the western tropical Pacific since 700 ka yields the

following conclusions:

(1) Our [CO3
2�] data reveal a negative correlation with sea-level elevations on glacial-interglacial time scales,

supporting the “coral reef hypothesis” that the deep Pacific carbonate system responded to variations in
shelf-carbonate production through the past 700 kyr.

(2) Deep-water [CO3
2�] shows no 400- to 500-kyr cycles in benthic foraminiferal δ13C records globally, at

least over the last 700 kyr. A possible resolution of this conundrum lies in concurrent changes in conti-
nental weathering and nutrient inputs, which would have had opposing effects on deep-water
[CO3

2�] but reinforcing effects on deep-ocean δ13C.
(3) Large-amplitude changes in deep Pacific [CO3

2�] during the mid-Brunhes interval are revealed by our
quantitative [CO3

2�] record. A [CO3
2�] maximumof ~100 μmol kg�1 at the MIS12/11 termination records

the largest deglacial oceanic carbon release since 700 ka. [CO3
2�] declined to ~40 μmol kg�1 during the

MBDI centered on MIS 11, in response to global increases in pelagic-carbonate production.
(4) The increases in [CO3

2�] gradient between intermediate (2.5 km, this study) and deep (>3.4 km, Hodell
et al., 2001; Yu et al., 2013) Pacific waters from MIS 3 to 2 and from early to mid-MIS 13 imply greater
Pacific stratification during these two intervals.
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