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[1] High-resolution planktic and benthic §'®*0 records at Site 1146 (northern South
China Sea) include structure within Marine Isotope Stage 5.4, 118.5-105.9 ka, that is

not captured in stacked §'°O records commonly used for age model construction and as
proxies for global ice volume. Leveraging a common monsoonal influence, Site 1146

planktic §'%0 was aligned to speleothem §'°0 from southeastern China to derive a
radiometrically calibrated (RC) age model. On the RC age model, the benthic §'%0

record contains structure equivalent in time to Antarctic Isotope Maximum (AIM)

events 24 and 25. Sea level reconstructions for isotopic event 5.4 suggest that these

benthic §'%0 events (AIM 24 and 25) derive from isotopic change (ice volume)

although some temperature change cannot be completely excluded.

Citation: Caballero-Gill, B. P., 8. Clemens, and W. Prell (2012), Antarctic Isotope Maxima events 24 and 25 identified in
benthic marine §'%0, Paleoceanography, 27, PA1101, doi:10.1029/201 1PA002269,

1. Introduction

[2] Isotopic time seres from the Greenland Ice Core
Project (GRIP) and Greenland Ice Sheet Project (GISP)
obtained during the eary 1990s document abrupt, high-
frequency climate change during the last glacial stage
[ Greenland Ice-Core Project Members, 1993; Groofes ef al |
1993]. More recently, these high-frequency climate oscilla-
tions, known as Dans gaard-Oeschger (DO) events, have been
identified in a varety of locations and archives that reflect
changes in surface processes [Voelker, 2002]. A recent
North GRIP (NGRIP) ice core identified DO events 24
and 25 (~105-114 ka), which have been linked to changes
in North Atlantic surface §'*0 [Greenland Ice-Core Project
Members, 2004). Similarly, 25 Antarctic warming events
commonly referred to as Antarctic sotope Maxima (AIM),
have been identified in Antarctic ice core §'*0 records
[Capron ef al., 2010].

[3] When compared using a CH,-synchronized timescale
[Capron et al., 2010], the ice core §'%0 variability from
Greenland is out of phase relative to that in Antarctica
{Figure 1). The bipolar seesaw concept is the leading can-
didate to explam this out of phase relationship observed in
millennial-scale §'0 structure in the Greenland and Ant-
arctica ice cores [Broecker, 1998; Stocker and Johnsen,
2003). Given the global nature of these events, one might
expect the events are linked to changing ice volume and thus
should be expressed in the benthic §'®0 record. To date,
AIM structure in benthic marine §'%0 during the last
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interglacial has only been identified in the North Atlantic
[Martrat et al., 2007].

[4] Ourstudy documents these events in new high-resolution
planktic and benthic foraminifera §'*0 records generated
from Ocean Drilling Program (ODP) 1146 in the South China
Sea (SCS). The planktic 5'%0 at this site is synchronized
to speleothem §'°0, yielding a radiometrically calibrated
(RC) age model, which is transferred to the benthic 550
from the same samples, Comparison of the benthic &' *O with
speleothem §'*0 indicates that the millennial-scale structure
within Marine Isotope Stage (MIS) 5.4 match AIM 24 and
25, linking global-scale deep-ocean circulation and abrupt
climate change.

2. Background

[s] Summer and winter monsoon circulation similary
influence cave speleothem sites in Southeast Asia and ODP
Site 1146 in the northern SCS (Figure 2). Durng boreal
summer, the northem hemisphere experiences high insola-
tion, generating a low-pressure cell over Asia that is fed by
infer-hemisphere transport of water vapor from the south.
The study area experiences summer southerly winds at 3 to
6 m/s, and precipitation of 4 to 9 mm/day. Surface air tem-
peratures range from ~24°C to 28°C at both sites. The
winter season at these sites 18 characterized by cool, dry,
northerly winds mamly mfluenced by the strong high-
pressure cell that develops over Mongolia. Wind speeds
are on the order of 4 to 7 m/s and precipitation rates are less
than 2 mm/day. Although the northern SCS and southeastern
China experience synchronous seasonal cycles, a distinct
seasonal gradient exists in surface air temperature, ~6°C at
ODP 1146 and ~19°C at the cave sites [Kalnay et al., 1996].
At the glacial-interglacial ime scales, both the northem SCS
and southem China experience similar large-magnitude
temperature and precipitation changes. The ensemble mean
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Figure 1. Bipolar seesaw. NGRIP §'*0 (red) and EDML "0 (blue) with corresponding DO events in
Greenland out of phase with respect to AIM events in Antarctica (see text). Both ice cores are plotted
using latest methane-synchronized age model [Ruth et al., 2007; Capron et al., 2010].

of seven Paleoclimate Modeling Intercomparison Project 2
(PMIP2) simulations indicate a 3.5°C cooling of annual
surface temperatures during glacials at the speleothem and
northern South China Sea sites [Jiang ef al., 2011). Evapo-
ration at the sites decreased within the range of 20 to 25%,
and precipitation within the mange of 20 to 45% [Jiang et al ,
2011]. At the precession time scale, insolation-only forcing

yieldsa 1 to 2°C and 0.14 to0 0.37 mm/day precipitation range
at both sites [Kutzbach et al., 2008].

[6] These similar environmental forcings and transports
are recorded by the carbonate '*0 in cave speleothems and
in surface ocean planktic foraminifera. The surface dwelling
planktic foraminifera Globigerinoides ruber (Gs. ruber)
reproduces year-round in the SCS [Tian er al., 2005], with

Figure 2. Satellite image of the study area. A star denotes the location of ODP 1146, and the two bull’s-
eye symbols indicate the locations of caves Hulu (closer to the coast) and Sanbao (inland). Map is avail-

able at http://www_zonu.com.
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Figure 3. ODP 1146 RC age model: (a) alignment between ODP 1146 planktic 50 (orange) and cave
speleothem §'*0 (light purple). Age errors associated with tie points used to create age model are plotted

on the ODP 1146 planktic §'

. Error bars at the top represent radiometric ages (with error harsg] for the
CaveComp record. (b) ODP 1146 benthic §'*0 (dark purple) alignment to the cave speleothem &'

O (light

purple) using the age model obtained from the planktic-cave alignment. MIS 5 isotopic events are labeled

on the ODP 1146 benthic §'*0 record.

higher flux during spring and winter [Tian et al., 2005;
Wiesner et al, 1996]. Thus, Gs. ruber §'%0 records seasonal
fluctuations in temperature and monsoon runoff [Steinke
et al., 2008] in addition to ice volume, Speleothem %0
from southeastern China is influenced by three distinct wind
regimes, each with a specific moisture source and isotopic
composition [Clemens ef al., 2010]. Analysis of modem
precipitation shows that summer, fall/winter, and spring
account for 48%, 34%, and 18% of annual precipitation,
respectively. The seasonal moisture sources have isotopic
compositions of —8.73 %o, —6.55 %, and —3.09 % SMOW
[Clemens et al., 2010]. The weighted annual average of all
seasons accurately predicts the §'%0 value of modem spe-
leothem calcite {Dnn%ge cave [Wang et al, 2005]). There-
fore, speleothem &0 also incorporates the seasonal
variations in the temperature and rainfall isotopic composi-
tion. At orbital and glacial-interglacial scales, both spe-
leothem and planktic §'®0 incorporate whole-ocean changes
in §'80 of seawater as well as regional-scale changes of
temperature and precipitation,

3. Materials and Methods

3.1. ODP 1146

[7] ODP Site 1146 (19° 27" N, 116° 16" E, in 2092 m
water depth) is located in the monsoon-influenced region of
the SCS, about 400 km south of Hong Kong (Figure 2).

ODP 1146 was sampled every ~1 kyr (18 em) and standard
procedures were followed for foraminiferal isotopic analysis
[Clemens et al., 2008). We report 126 planktic and 123
benthic analyses. Extemnal reproducibility based on repeated
analyses of Brown Yule Marble (BYM, 63—150 um) yielded
8'%0 values of —6.56 + 0.07 % (1 &, n = 39), Extemnal
reproducibility based on repeated analyses of Carrara Marble
(63150 pm) yielded 50 values of —1.88 + 0.07 % (1 o,
n = 33). Extemal reproducibility around MIS 5.4 based on
replicate analyses of planktic and benthic foraminifera
samples are +0.06 %o for 650 (n = 4) and +0.08 %, for
8'*0 (n = 18), respectively.

3.2. Composite Speleothem Record

[8] A composite speleothem §'*0 record (Figures 2 and 3)
was generated based on data from two caves in southeastern
China: Sanbao (110° 26" E, 31° 40" N, 1900 m. elevation)
and Hulu (119° 10" E, 32° 30" N, 100 m elevation) [ Wang
et al, 2001, 2008]. Because of the consistent offset in
8'%0 observed between speleothem §'°0 at higher eleva-
tion Sanbao relative to lower elevation Hulu, isotopic values
from Sanbao were adjusted by 1.6 %o to match Hulu, [Wang
et al., 2008). The composite record uses speleothems 11, 22,
23, and 25 from Sanbao and speleothem MSL from Hulu.
The speleothem &'%0 record has 627 data points (Figure 3)
and 35 radiometric dates with a typical error in age (20) of
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Figure 4. Comparing DO and AIM events. Cave speleothem §'*0 (top, light purple) and ODP 1146 ben-
thic 60 (bottom, solid and dashed dark purple lines). ODP 1146 5'*0 in solid dark purple line is plotted
on the RC chronology (see text). ODP 1146 benthic 60 in dashed dark purple line is plotted on the RC
age shified by 1 kyr, representing a minimum ventilation age offset.

less than 1% the estimated age [Wang et al., 2001, 2008] or
under 1000 years.

3.3, Age Models

[¢] The RC age model was created for ODP 1146 MIS 5
by aligning the ODP 1146 planktic 5"0 record to the spe-
leothem "0 record using the Lisiecki and Lisiecki [2002).
Match program (R. P. Caballero-Gill et al., Direct correlation
of Chinese speleothem &0 and South China Sea planktonic
§"0: Transferring a speleothem chronology to the benthic
marine chronology, submitted to Paleoceanography, 2011),
which uses dynamic programming to align time series. Prior
to aligning the two records, the planktic §'®0 record was
filtered to eliminate the influence of eceentricity because the
speleothem record lacks this 100 kyr influence. The MIS 5
portion of the planktic §'*0 record was aligned to the spe-
leothem §'%0 using 3 tie points, at 60.02, 109.69, and
129.71 kyr (Figure 3). The resulting age model was trans-
ferred directly to the ODP 1146 benthic §'®0 record,
derived from the same samples.

4. Results

[10] Using the RC chronology, the 1146 benthic §'0
record includes additional structures within MIS 5.4 not
previously identified in deep ocean §'*O outside the North
Atlantic (Figures 3 and 4). The events are defined by 10 data
points (of which 7 were replicated at least once), character-
ized by an isotopic range of 0.16 %e, and are within a con-
tinuous interval (no core breaks). Following traditional
nomenclature [Prell ef al., 1986] we identify these events as
MIS 542, 543, 544, 54.5 and 5.46 (Figure 3). The
duration of isotopic events 5.4.6-5.4.4 is 6.4 kyr, with §'%0
change of 0.16 % the dumation of isotopic events 5.4.4-
5.42 is 6.1 kyr, with §'%0 change of 0.15 %e.

[11] Similar to the CHi-synchronized ice core records,
events MIS 5.4.3 and MIS 5.4.5 in the 1146 benthic §'*0 are
out of phase and lead DO events 24 and 25 in speleothem
8'%0 [Kelly et al., 2006] (Figure 4). This out of phase rela-
tionship indicates that the deep ocean §'°0 becomes
depleted prior to processes driving the surface §'%0
responses of speleothem caleite and planktic foraminifera
toward depleted values. Lead of benthic %0 relative to
surface §'%0 becomes more evident when ventilation rates
are taken into account (Figure 4).

5. Discussion

[12] Transfer of the speleothem chronology to the 1146
record (the RC chronology) isriusiiﬁed on the basis that both
speleothem and Gs. ruber &' *O respond to the same set of
surface environmental controls at annual to orbital time
scales. Using the RC age model, comparison of speleothem
8'%0 [Wang et al., 2008] and ODP 1146 benthic §'%0
indicates that the older 1146 event (MIS 5.4.5) occurs just
prior to DO 25 in the spelecthem §'*0 (Figure 4). Similarly,
the younger 1146 benthic §'%0 event (MIS 5.4.3) occurs
prior to DO 24 in the speleothem record. These relationships
parallel those in the EDML and NGRIP records when the
age models are synchronized using CH, [Eripmn et al.,
2010]. Thus, we interpret these two benthic 550 events as
AIM 24 and 25, documenting the deep ocean response to the
bipolar seesaw at a location in the South China Sea, near the
end of the deep ocean conveyor belt.

[13] The classical bipolar seesaw concept [Broecker,
1998] relies on the slowing of thermohaline circulation as
a trigger for abrupt climate change. As the thermohaline
circulation slows, the northern hemisphere cools and the
southem hemisphere warms because less heat is transported
from the south to the north. This bipolar seesaw concept

4of 7



PALL01 CABALLERO-GILL ET AL.: CURRENTS PALLDL
a3 F T T T T T
- +
o -Zj-* #?:. +1 ¥t +_’._'£
1 + \ F R AN
A g ”z.?ﬁu* ..E 1] 3'4‘*;# ) oy |
E ™+ \ %2 oy
3 Wi 3 -
2 g
- 35
gg
4 =
e
45 B
? W
:
o
:
—
SEE
(=]
o
1 1 1 1 1 3.5

100

120 140

Age (Ka)

Figure 5. MIS 5 in ODP 1146 and four global stacks. Additional structures found at ODP 1146 benthic
&80 (AIM events 24 and 25) are not evident in any of the global stacks. Yellow bar indicates where AIM
events fall on ODP 1146 benthic §'®0 (second record from the top, in purple). References for stacks, from
bottom to top: Lisiecki and Raymo [2005), Martinson et al. [1987], Bassinot et al. [1994], and Imbrie et al.
[1984]. ODP 1146 data is plotted using the RC age model; all other records plotted using their published

chronology.

predicts an out of phase relationship (1807) between the
northern and southern hemispheres. The thermal bipolar
seesaw 15 a modificaton of the classical seesaw, which
includes a heat reservor in the south working on 1073
timescales [Stocker and Johnsen, 2003].

[14] ODP 1146 sediments are bathed by North Pacific
Deep Waters that appear to have varying ventilation ages
over time [Sarnthein et al., 2007]. Ventilation ages in the
SCS varied from 3.8 kyr near the last glacial maximum to
<19 kyr during the final stages of the glacial period
[Sarmthein et al., 2007], implicating changes in circulation
during the last deglaciation as the causal mechanism. Other
studies, using cores bathed by Pacific deep waters (depth of
2000 m) north of the equator, use a 1 kyr deep-water transit
time, such that benthic 680 lead the surface proxies by
1 kyr [Saikku et al, 2009]. If this 1 kyr ventilation age is
applied to ODP 1146, the two light MIS 5.4 warm events
would move 1 kyr older, aligning exceptionally well with

heavy (colder) events recorded by speleothem §'*0 from
China. This out of phase relationship of §'*0 in speleothem
and planktic forams relative to §'*0 in benthic forams sup-
ports the thermal bipolar seesaw concept. Using the radio-
metrically synchronized age scales, the AIM-DO phase
relationships expressed in the 1146 and speleothem records
are the same as those expressed in the EDML and NGRIP
records when placed on CHy-synchronized age scales, Direct
comparison of 1146 to EDML is not feasible given the eror
in the ice core chronologies [Ruth et al., 2007). Compared to
the RC age scale, AIM 24 and 25 in the ice core records are
~3.5 and ~5 kyr too young, respectively,

[15] Model simulations of sea level changes during
MIS 5.4 [Siddall et al., 2010] bear remarkable similarity to
the ODP 1146 benthic §'0 suggesting a strong sea level
forcing for the benthic §'%0 AIM events. Phase differences
between modeled-sea level and the benthic §'°0 AIM events
could be due to age model differences or to a greater
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influence of “Antarctic forcing” on sea level fluctuations
[Siddall et al., 2010]. Further evidence of sea level fluctua-
tions during AIM 25 is found in Bahamas corals [ Thompson
et al, 2011]. Assuming that a 0.011 % shift in §'%0 equates
to 1 m of sea level change [ Fairbanks, 1989], the 1146 ADM
24 and 25 events would represent a sea level change of —35
to —382 m from present. Comparable sea level changes
attributed to millennial scale climate change have been
reported for MIS 3 [Siddall ef al., 2003]. A contribution
from deep-water temperature change to the 1146 AIM 24
and 25 events carmot be ruled out at this point.

[16] Our study documents for the first time the radicmet-
rically calibrated timing of AIM events in deep Pacific §'%0
during the last interglacial We have identified published
benthic §'*0 records with enough sampling resolution to
show AIM events. These records are located in the North
Atlantic [Hodell et al., 2008; Shackleton et al, 2000],
Equatorial Atlantic [Castafieda et al., 2009], Naorth Pacific
[Herbert et al., 2001], Equatorial Pacific [Shackleton et al,
1983], and South Pacific [Moy et al., 2006; Pahnke and
Zahn, 2005]. Regardless of the mechanisms driving isoto-
pic change in deep-ocean waters, identification of AIM
events in benthic records from multiple ocean basins indi-
cates that the benthic §'*0 AIM 24 and 25 events are global
in nature and likely reflect changes in terrestrial ice volume.

[17] The global §"0 stacks that are used in paleoclimate
reconstructions and for chronology do not include millen-
nial-scale structure described above (Figure 5). The main
advantage of stacking records is that it minimizes any noise
or local effects, resulting in a global signal. Nevertheless, as
argued by Shackleton et al [1990], a significant weakness in
the stacking approach is the inclusion of low-resolution
records, which serves to average out millennial-scale struc-
ture present in high-resolution records; structure that appears
global in nature. Another caveat of stacking climate records,
as argued by Huybers and Wunsch [2004], is that matching
isotopic events assumes such events are globally in phase.
One way to resolve the phasing of events is to map such
events using absolute dating. Our paper provides one such
effort. Including millennial-scale variability in stacked
records would also enhance the chronostratigraphic utility of
the benthic marine §'®0 chronology and aid in understand-
ing ocean-atmosphere couplings that are part of the
mechanisms driving climate change.

6. Conclusions

[18] A radiometrically calibrated age model for ODP 1146
yields a robust chronology independent of assumptions
inherent in orbital tuning. Structures within MIS 5.4, not
expressed in global stacked records, are evident in the ODP
1146 benthic §'*0 record. These isotopic events (5.4.3 and
5.4.5) are anthiphased and lead DO events in southeast
Chinese speleothem §'%0, consistent with AIM events 24
and 25. We attribute the presence of AIM events in benthic
50 to changes in the isotopic composition of deep waters
due to variations in ice volume (sea level), an assertion con-
sistent with the recent model-derived sea level reconstructions.
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