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Abstract Although detailed age models exist for some marine sediment records of the last glacial cycle
(0–150 ka), age models for many cores rely on the stratigraphic correlation of benthic δ18O, which
measures ice volume and deep ocean temperature change. The large amount of data available for the last
glacial cycle offers the opportunity to improve upon previous benthic δ18O compilations, such as the “LR04”
global stack. Not only are the age constraints for the LR04 stack now outdated but a single global alignment
target neglects regional differences of several thousand years in the timing of benthic δ18O change during
glacial terminations. Here we present regional stacks that characterize mean benthic δ18O change for 8 ocean
regions and a volume-weighted global stack of data from 263 cores. Age models for these stacks are based
on radiocarbon data from 0 to 40 ka, correlation to a layer-counted Greenland ice core from 40 to 56 ka, and
correlation to radiometrically dated speleothems from 56 to 150 ka. The regional δ18O stacks offer better
stratigraphic alignment targets than the LR04 global stack and, furthermore, suggest that the LR04 stack is
biased 1–2 kyr too young throughout the Pleistocene. Finally, we compare global and regional benthic δ18O
responses with sea level estimates for the last glacial cycle.

1. Introduction

The large number of paleoclimate records that exist for the last glacial cycle (0–150 ka) have the potential to
greatly improve our understanding of Earth’s climate responses on both millennial and orbital time scales.
Most notably, this time range covers two glacial terminations and many millennial-scale climate changes.
Analysis of paleoclimate records during this time period can yield a wealth of information about climate
response times, feedback, stability, and sensitivity to external (orbital) forcing and atmospheric greenhouse
gas levels. However, understanding these responses in detail requires high-resolution records of many differ-
ent parts of the climate system with very precise age control.

Some climate archives are well suited to dating, for example by annual layering or radiometric decay.
However, ocean sediment cores are difficult to date precisely despite offering the potential to reconstruct cli-
mate responses over more than half of Earth’s surface. Radiocarbon offers relatively good age control for the
last 40 kyr but is costly and can still have calendar age uncertainties of more than 1000 years due to calibra-
tion and reservoir age uncertainty [e.g., Waelbroeck et al., 2001; Stern and Lisiecki, 2013; Reimer et al., 2013].
Beyond 40 ka, sediment cores are generally dated by correlating a paleoclimate proxy to either a better dated
climate archive (e.g., ice cores or speleothems) or to changes in Earth’s orbital configuration (i.e., “orbital tun-
ing”). The accuracy of stratigraphically correlated agemodels depends on both the accuracy of the target age
model and the extent to which the proxy measured in the core is physically linked to the selected target
[Govin et al., 2015].

The vast majority of marine sediment cores have age models based on stratigraphic alignment of the oxygen
isotope composition (δ18O) of benthic foraminiferal calcite, which measures changes in ice volume and deep
ocean temperature. Traditionally, benthic δ18O has been assumed to change synchronously throughout the
ocean despite a 1–2 kyr mixing time for the deep ocean [e.g., Pisias et al., 1984; Imbrie et al., 1992]. Therefore,
a core’s benthic δ18O is often aligned to another corewith better age control (e.g., 14C, dated ash layers, ormag-
netic anomalies) or to a global δ18O stack (average) [e.g., Imbrie et al., 1984; Lisiecki and Raymo, 2005]. If δ18O
changes were synchronous, alignment of all records to a single δ18O target, such as a stack, would allow
mutually consistent comparison of the timing of all climate responses recorded in marine sediment cores.

However, radiocarbon age models reveal differences of up to 4 kyr in the timing of benthic δ18O change dur-
ing the last glacial termination (T1) [Skinner and Shackleton, 2005; Stern and Lisiecki, 2014] and likely other late
Pleistocene terminations [Lisiecki and Raymo, 2009]. Although alignment to a global δ18O target appears ill

LISIECKI AND STERN LAST GLACIAL CYCLE BENTHIC δ18O 1

PUBLICATIONS
Paleoceanography

RESEARCH ARTICLE
10.1002/2016PA003002

Key Points:
• Volume-weighted global benthic δ

18
O

stack for 0-150 ka on speleothem age
model

• Benthic δ
18
O responds to insolation

with a mean time constant of 3-8 kyr
• Regional stacks allow for diachronous
benthic δ

18
O change

Supporting Information:
• Supporting Information S1
• Table S1
• Data Set S1
• Data Set S2
• Data Set S3

Correspondence to:
L. E. Lisiecki,
lisiecki@geol.ucsb.edu

Citation:
Lisiecki, L. E., and J. V. Stern (2016),
Regional and global benthic δ

18
O stacks

for the last glacial cycle,
Paleoceanography, 31, doi:10.1002/
2016PA003002.

Received 8 JUL 2016
Accepted 21 SEP 2016
Accepted article online 23 SEP 2016

©2016. American Geophysical Union.
All Rights Reserved.

http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-9186
http://dx.doi.org/10.1002/2016PA003002
http://dx.doi.org/10.1002/2016PA003002
http://dx.doi.org/10.1002/2016PA003002
http://dx.doi.org/10.1002/2016PA003002
http://dx.doi.org/10.1002/2016PA003002
http://dx.doi.org/10.1002/2016PA003002
http://dx.doi.org/10.1002/2016PA003002
http://dx.doi.org/10.1002/2016PA003002
http://dx.doi.org/10.1002/2016PA003002
http://dx.doi.org/10.1002/2016PA003002
http://dx.doi.org/10.1002/2016PA003002
http://dx.doi.org/10.1002/2016PA003002
http://dx.doi.org/10.1002/2016PA003002
mailto:lisiecki@geol.ucsb.edu


advised during glacial terminations, the timing of δ18O change may be synchronous to within a few hundred
years in certain regions of the ocean bathed by a relatively uniform water mass [Waelbroeck et al., 2011; Stern
and Lisiecki, 2014]. Thus, we develop eight regional benthic δ18O stacks for the last glacial cycle, which we
suggest make better alignment targets than a single global stack. We estimate age differences between
regions and account for the considerable uncertainty of these estimated lags. Finally, we construct a
volume-weighted global stack for comparison with ice volume (sea level) records and the commonly used
“LR04” global benthic stack [Lisiecki and Raymo, 2005].

A second goal of this work is to improve the absolute age estimates for δ18O stratigraphy, accompanied by
explicit age uncertainty estimates. The age constraints used in the LR04 stack for the last glacial cycle are
now largely outdated. Only one radiocarbon-dated core [Waelbroeck et al., 2001] constrains T1, an outdated
Greenland ice core age model [Johnsen et al., 1992] is used for 20–120 ka, and uncertain coral-based sea level
estimates [Bard et al., 1990] constrain the penultimate termination (T2). For the new stacks, we use regional
radiocarbon compilations from 0 to 40 ka [Stern and Lisiecki, 2014], develop millennial-scale correlations
between North Atlantic cores, a layer-counted Greenland ice core record from 40 to 56 ka, and radiometrically
dated speleothems from 56 to 150 ka. These improved benthic age δ18O estimates have implications for the
entire Pleistocene because the orbital tuning time constant used in the LR04 age model was derived from
evaluation of benthic δ18O responses from 0 to 150 ka.

2. Age Models for the Last Glacial Cycle
2.1. Speleothems

The most precise age models that span the last glacial cycle come from U-series-dated speleothem calcite
δ18O records. Chinese speleothem records are often interpreted as proxies for summer Asian monsoon
strength, with more negative values indicating stronger monsoon [e.g.,Wang et al., 2001]. We created a com-
posite Chinese speleothem record by combining the Hulu and Sanbao records (Figure 1a) with 1.6‰ added
to the Sanbao values to correct for fractionation effects due to elevation difference [Wang et al., 2008]. The
age model for this combined Hulu/Sanbao δ18O record is constrained by approximately 100 radiometric
dates, with age uncertainty less than ±2000 years for the entire interval and around ±100 years (2σ) during
T2 due to focused efforts. The pronounced weak monsoon interval (WMI) associated with T2 occurs between
136 and 129 ka [Cheng et al., 2009].

Several precisely dated stalagmites are available from caves located at the northern rim of the Alps (NALPS), a
region whose climate is tightly coupled with Greenland and the North Atlantic [Boch et al., 2011]. Given the
more direct climate linkage between the Alps and the North Atlantic and the abrupt changes recorded in the
NALPS speleothems, we use these records where available (75–110 ka).

2.2. Greenland Ice Cores

The current reference record for Greenland is North Greenland Ice Core Project (NGRIP) δ18O [North Greenland
Ice Core Project Members, 2004] on the layer-counted Greenland Ice Core Chronology 2005 (GICC05) chronol-
ogy back to 60 ka [Svensson et al., 2008] merged with the NGRIP2004 [North Greenland Ice Core Project
Members, 2004] age model shifted by 750 years from 60 to 122 ka [Wolff et al., 2010]. The NGRIP2004 age
model is based on correlating to another Greenland ice core back to 105 ka (GRIP on the ss09sea chronology
[Johnsen et al., 2001]) and to the Antarctic Vostok ice core from 105 to 122 ka [Petit et al., 1999]; both of which
are derived from ice flow and snow accumulation models. With NGRIP δ18O on the combined age model
(referred to as “GICC05modelext”), light isotopic intervals (stadials) in Greenland consistently occur during
heavy isotopic intervals (weak monsoons) in China (Figure 1). Thus, the GICC05modelext and Hulu/Sanbao
speleothem age models, which are completely independent, appear to be in excellent agreement over the
entire 0–122 ka interval. The North Greenland Eemian Ice Drilling (NEEM) ice core provides an undisturbed
section from about 115 to 129 ka, but better absolute age constraints for this core are still needed [NEEM
Community Members, 2013].

2.3. Antarctic Ice Cores

Recent Antarctic ice core age models are all fixed to GICC05 for 0–60 ka and based on combinations of gla-
ciological modeling and “a wide range of relative and absolute gas and ice stratigraphic markers” [Veres
et al., 2013] for older portions. The most commonly used Antarctic age models are European Project for Ice
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Coring in Antarctica (EPICA) Dome C (EDC) 3 [Parrenin et al., 2007], EPICA DronningMaud Land (EDML) 1 [Ruth
et al., 2007], and Antarctic Ice Core Chronology 2012 (AICC2012) [Bazin et al., 2013; Veres et al., 2013]. For the
last glacial cycle AICC2012 is by design quite similar to EDC3 and EDML1 and has an uncertainty of less than
2 kyr back to 130 ka and less than 3.5 kyr from 130 to 150 ka.

The AICC2012, EDC3, and EDML1 age models are in good agreement with speleothems and GICC05modelext
between 60 and 100 ka. However, AICC2012 ages are 2–3 kyr younger than the corresponding events in
Chinese speleothems and in GICC05modelext from ~100 to 120 ka. Over this interval AICC2012 is primarily
controlled by low-resolution O2/N2 orbital tuning from the Vostok ice core [Veres et al., 2013]. A different
O2/N2 orbitally tuned age model for the Antarctic Dome Fuji ice core (DFO-2006) [Kawamura et al., 2007] is
more consistent with Chinese speleothems and GICC05modelext around 100–120 ka. The DFO-2006 age
scale is also about 2 kyr older than AICC2012 from 120 to 140 ka, thus providing two distinct Antarctic age
models for T2. One speleothem-correlated Mediterranean sea surface temperature (SST) record matches

Figure 1. Proxy alignments. (a) Chinese speleothem compilation (green) [Wang et al., 2001, 2008; Yuan et al., 2004; Cheng
et al., 2006, 2009;Wu et al., 2009; Dong et al., 2010; Southon et al., 2012] and Alps speleothems (orange) [Boch et al., 2011]; (b)
synthetic Greenland temperature (blue) aligned to speleothems [Barker et al., 2011; Barker and Diz, 2014]; (c) North Atlantic
core MD95-2042 planktonic δ18O (cyan) [Shackleton et al., 2000] and SST (magenta) [Pailler and Bard, 2002] aligned to
speleothems; (d) NGRIP ice δ18O, a Greenland temperature proxy, on the GICC05 age model [North Greenland Ice Core
Project Members, 2004; Svensson et al., 2008;Wolff et al., 2010]; (e) North Atlantic IRD stack (Data Set S1) in arbitrary units; and
(f) age uncertainty (half-width of 95% confidence interval) for the deep North Atlantic from radiocarbon (thin red line) [Stern
and Lisiecki, 2014] and speleothem correlation (circles, thick red line) and for the LS16 global stack (black). The vertical gray
bars mark the Younger Dryas (YD) and Heinrich events H1–H12.
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the timing of CH4 change on the AICC2012 age model from 131 to 128 ka [Marino et al., 2015], but the best
age model for T2 remains uncertain.

2.4. Synthetic Greenland Record

The oldest continuous Greenland ice core is NGRIP (0–122 ka) [North Greenland Ice Core Project Members,
2004], and NEEM provides an undisturbed section from about 115 to 129 ka [NEEM Community Members,
2013]. Barker et al. [2011] calculated a synthetic Greenland δ18O record that extends beyond these limits,
using the longer Antarctic ice core record and assumptions about the thermal bipolar seesaw. The thermal
seesaw model accounts for the observed antiphase millennial-scale response in Greenland and Antarctic
ice core isotopic records by calling on changes in the Atlantic meridional overturning circulation (AMOC) with
an additional heat reservoir to explain the slower warming phases in Antarctica compared to Greenland
[Stocker and Johnsen, 2003].

Barker et al. [2011] present their synthetic Greenland record on two different age models, EDC3 and
SpeleoAge. To create the SpeleoAge age model, the synthetic Greenland record is adjusted to agree with
Chinese speleoethem ages. As discussed in the previous section, the largest discrepancy of the past 150 ka
between EDC3 and the Chinese speleothems occurs between about 100 and 120 ka, so SpeleoAge is older
than EDC3 during this interval. From 0 to 120 ka, SpeleoAge is consistent with Chinese speleothems (by
definition), GICC05modelext, and DFO-2006. More recently, Barker and Diz [2014] updated SpeleoAge to
agree with the timing of NALPS speleothems from 75 to 110 ka (Figure 1b); this age model differs from
GICC05modelext by only ~1 kyr. However, SpeleoAge follows EDC3 during T2.

2.5. Sea Level

U-Th-dated corals provide a coherent picture of deglacial sea level changes for T1, with a continuous
record documenting the ~130m rise from 20 to 7 ka [Carlson and Clark, 2012; Lambeck et al., 2014].
Older portions of the coral-based sea level record are more problematic because (1) U-Th age uncertainties
are larger, (2) elevation uncertainty is larger in tectonically active areas because modern uplift/subsidence
rates must be extrapolated to the past, and (3) data are generally sparser because of disturbance during
subsequent sea level changes. However, age estimates for sea level changes during T2 have been
extensively investigated.

Carlson and Winsor [2012] argue that T2 sea level rise probably began between 139 ka, when high-latitude
northern hemisphere summer insolation (NHSI) began increasing [Laskar et al., 2004], and 137 ka, when
Tahiti corals suggest relative sea levels had risen to �85m [Thomas et al., 2009]. Many other coral records
show an initial T2 highstand between 135 and 136 ka [Stein et al., 1993; Stirling et al., 1998; Esat et al., 1999;
Gallup et al., 2002; Speed and Cheng, 2004; Coyne et al., 2007]. This is consistent with evidence that the
Laurentide Ice Sheet began melting by 138 ka ± 3 kyr [Wood et al., 2010], and the Scandinavian Ice Sheet
began to retreat shortly after 140 ka [Larsen et al., 2009].

The beginning of the penultimate sea level highstand, associated with marine isotope stage (MIS) 5e, has age
estimates ranging from 126 ka [Thompson and Goldstein, 2006;Waelbroeck et al., 2008] to 135 ka [Coyne et al.,
2007]. However, ages around 135 ka are likely associated with a temporary highstand during T2 [Thomas
et al., 2009]. Coral sea level estimates from the Seychelles islands, which are thought to closely resemble
eustatic sea level change, suggest that the sea level highstand was reached by 128.6 ± 0.8 ka [Dutton et al.,
2015] Thus, the beginning of the interglacial highstand probably began at 128–129 ka [Chen et al., 1991;
Stirling et al., 1998; Speed and Cheng, 2004; Dutton et al., 2015]. A slightly younger estimate of 126 ka [Kopp
et al., 2009, 2013] is based on the LR04 age model.

Sea level changes have also been estimated other ways, for example, by separating out the sea level and tem-
perature components affecting foraminiferal δ18O [e.g., Bintanja et al., 2005; Elderfield et al., 2012; Spratt and
Lisiecki, 2016]. Although these methods are less direct indicators of sea level, they provide records with high
temporal resolution for portions of the last glacial cycle, where well-dated corals are sparse. In particular, we
investigate whether compiled benthic δ18O records provide support for high-resolution estimates of sea level
change in semienclosed basins [e.g., Grant et al., 2012; Rohling et al., 2014]. These indirect relative sea level
estimates have not been corrected for glacial isostatic adjustment and, furthermore, require many assump-
tions about local temperature and hydrological changes.

Paleoceanography 10.1002/2016PA003002

LISIECKI AND STERN LAST GLACIAL CYCLE BENTHIC δ18O 4



3. Age Model Methods

Our basic method was to collect 263 benthic δ18O records from previous publications (Text S2, Table S1, and
Figure S1 in the supporting information), align them to either an Atlantic or Pacific benthic δ18O target record,
and average the data to create regional stacks following the methods of Stern and Lisiecki [2014]. We use
eight regions: the intermediate North Atlantic, deep North Atlantic, intermediate South Atlantic, deep
South Atlantic, intermediate Pacific, deep Pacific, intermediate Indian, and deep Indian. Boundaries for the
regions and their volumes are given in Table S2. From 0 to ~40 ka, we use the regional benthic δ18O stacks
and radiocarbon age models of Stern and Lisiecki [2014].

Age models for each regional stack beyond 40 ka were developed by correlation with other climate archives.
Many different correlations have been used for the last glacial cycle. For example, the age of T2 has been esti-
mated by correlating sea surface temperature (SST) to Antarctic temperature measured in ice cores [Govin
et al., 2012], ice-rafted debris (IRD) or planktonic δ18O to Chinese speleothems [Cheng et al., 2009;
Caballero-Gill et al., 2012], North Atlantic SST to an Italian speleothem [Drysdale et al., 2009], and
Mediterranean planktonic δ18O to an Israeli speleothem [Marino et al., 2015]. Here we use well-documented
relationships between North Atlantic climate, Greenland temperature, and Asian weak monsoon intervals
(WMIs) [e.g., Shackleton et al., 2000; Wang et al., 2001; Cheng et al., 2009; Barker et al., 2011; Marino et al.,
2015]. Specifically, we correlate (1) a new North Atlantic IRD stack (section 4.2, Data Set S1 in the supporting
information) to Asian WMIs and (2) SST and planktonic δ18O from North Atlantic core MD95-2042 (37.8°N,
10.17°W; 3146m) [Shackleton et al., 2000; Pailler and Bard, 2002] to a synthetic Greenland temperature record
[Barker et al., 2011] with an age model based on Chinese and NALPS speleothem records [Barker and Diz,
2014]. These correlations are all mutually consistent (Figure 1) except during T2 when SST lags planktonic
δ18O within core MD95-2042; for this interval we optimize alignment between IRD and the WMI.

Although Govin et al. [2015] caution against using an indirect, synthetic record for age model alignment, the
SpeleoAge synthetic record provides the best constrained age model spanning the entirety of the last glacial
cycle and agrees with available proxy records for Greenland and the North Atlantic region [Svensson et al.,
2008; Wolff et al., 2010; Boch et al., 2011; NEEM Community Members, 2013]. Thus, the climate hypotheses
invoked for our alignment of MD95-2042 are that North Atlantic ice rafting (highest priority) and colder
SST on the Iberian margin (weaker priority) are synchronous with cold stadials in Greenland and the northern
Alps and with WMIs recorded by Chinese speleothems. Temperature changes in the North Atlantic region
and Asian monsoon changes are transmitted via atmospheric processes with lags of less than 1000 years
[Wang et al., 2008; Cheng et al., 2009]; differences between Chinese speleothems are ≤1000 years (some of
which reflects age model uncertainty) and are visible as apparent noise in Figure 1a. Iceberg movement
within the North Atlantic should also be synchronous with Greenland stadials and WMIs to within 1000 years
[Stern and Lisiecki, 2013].

Age models for other regions are estimated by aligning to MD95-2042 benthic δ18O with the addition of esti-
mated lags for the deep Indian and deep Pacific regions. Regional δ18O lags likely always exist due to ocean
mixing times [e.g.,Mix and Ruddiman, 1984; Broecker et al., 1988; Gebbie and Huybers, 2012]. We estimate con-
stant lags (except during T2) for each region based on present-day ocean circulation and radiocarbon-
derived regional age models from 0 to 40 ka [Stern and Lisiecki, 2014]. However, lags may vary through time
depending on a number of poorly constrained factors (e.g., ocean circulation changes and regions of surface
signal “injection”). Therefore, we assign generous uncertainty estimates for these regional lags (see sections
3.3 and 5). Regional agemodels might be improved in the future by using isotope-enabled circulationmodels
to simulate deepwater temperature and δ18O signal propagation throughout the ocean in response to
millennial- and orbital-scale climate changes.

3.1. Deep North Atlantic Age Model

Our deep North Atlantic age model is based on aligning MD95-2042 planktonic δ18O [Shackleton et al., 2000]
to NGRIP δ18O on the layer-counted GICC05 age model [North Greenland Ice Core Project Members, 2004;
Svensson et al., 2008] for 0–56 ka and aligning the core’s alkenone-based SST record [Pailler and Bard, 2002]
to the synthetic Greenland δ18O record on an updated SpeleoAge age model [Barker et al., 2011; Barker
and Diz, 2014] for 56–124 ka. Beyond 124 ka we shifted the SpeleoAge age model 2–3 kyr younger to align
the timing of Heinrich event 11 IRD with the Asian WMI from 136 to 129 ka [Cheng et al., 2009]. This T2 age
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adjustment sets a prominent SST cooling at MD95-2042 to 136 ka (Figure 1), similar to the correlation of
Barker et al. [2011], and sets the rapid planktonic δ18O decrease to 129 ka, consistent with Govin et al.
[2012]. Our age range for cold North Atlantic SST during H11 also agrees within uncertainty with ages based
on Soreq Cave speleothems from Israel [Marino et al., 2015] and the identified “interval of large ice sheet melt-
ing” from ~135 to 129 ka in Govin et al. [2015].

Marine proxies on the deep North Atlantic age model can be compared with data from ice cores using the
Greenland GICC05 age model from 0 to 56 ka and the SpeleoAge Antarctic age model from 0 to 124 ka
[Barker et al., 2011; Barker and Diz, 2014]. (Although stratigraphic correlation was not used for the
radiocarbon-dated portion of the stacks, the age model uncertainty of the stacks and GICC05 is sufficiently
small from 0 to 40 ka that these age models can be compared with a high degree of confidence.) From
124 to 145 ka, our estimated ages most closely resemble the DFO-2006 ice core age model [Kawamura
et al., 2007], although we did not specifically use that age model.

3.2. Pacific and Indian Age Models

We extended the Indian and Pacific regional age models beyond the limits of radiocarbon by aligning the
benthic δ18O record of Pacific target core MD97-2120 (45.53°S, 174.93°E; 1210m) [Pahnke and Zahn, 2005]
to MD95-2042. This benthic δ18O alignment allows us to transfer our Atlantic chronology to Indian and
Pacific cores (with additional lags for the deep Indo-Pacific). Orbital-scale changes in ice volume and global
climate (i.e., responses to greenhouse gas forcing) should have similar effects on benthic δ18O at these two
sites. However, millennial-scale variability may differ due to differences in temperature, hydrologic variability,
and meltwater mixing associated with the bipolar seesaw and local-to-regional-scale climate. Therefore, we
assign a 2σ uncertainty of 2 kyr to this benthic δ18O alignment (section 5).

Our correlation of MD97-2120 (hereafter, MD97) to MD95-2042 (hereafter, MD95) is generally similar to the
previously published one [Pahnke et al., 2003; Pahnke and Zahn, 2005] with a few differences (Text S1 and
Figures S3 and S4). Alignment of the two benthic δ18O records suggests many similarities but also some clear
differences. Most notably, we align the beginning and end of T2 in MD97 to be synchronous with MD95
because deglacial benthic δ18O changes begin and end approximately synchronously in the deep North
Atlantic and Pacific at ~18 ka during T1 [Stern and Lisiecki, 2014]. (Rapid benthic δ18O change begins ~1 kyr
later in the intermediate Pacific, but we choose not to impose this lag on the T2 age model for MD97 because
it is also used as the target for the deep Pacific.) Our MD97 alignment in the middle of T2 is similar to the pre-
viously published one; smoothing MD97 benthic δ18O suggests a plateau or slowdown of benthic δ18O
change in the middle of T2 that is not present in MD95. Because we assume that the beginning and end
of T2 are synchronous at both sites, differences between the deep North Atlantic and intermediate Pacific
regional stacks during T2 do not result from imposed lags. Rather, regional differences in T2 result from
the features of their component δ18O records (e.g., the midtermination plateau) and how each of the indivi-
dual records aligns with its target core.

After the alignment of MD97 to MD95, a constant lag of 750 years was applied to the deep Pacific and deep
Indian regions in approximate agreement with modern deepwater ages [Gebbie, 2012]. An additional lag of
2 kyr was also added to the deep Indian stack at the beginning T2 so that it lags the deep Atlantic by
~3000 years at the termination onset. This lag is selected to mimic the delayed onset of T1 in the deep
Indian 14C age model [Stern and Lisiecki, 2014]. Although the spatial extent of this T1 lag is uncertain [Stern
and Lisiecki, 2014] and an analogous lag during T2 is speculative, the deep Indian accounts for only 7% of
the volume-weighted global stack (Table S2). We investigate the sensitivity of the global stack to the assigned
lags with the creation of a maximally coherent “no lag” stack and with Monte Carlo-style sampling of different
lags (Figure 2a).

3.3. Age Model Uncertainty

A recent review of last interglacial climate records emphasized the need for systematic quantification of age
uncertainties and concluded that the large age uncertainty of ~4 kyr in the LR04 benthic stack represents a
significant limitation to the development of accurate age models for marine sediment cores [Govin et al.,
2015]. Here we quantify age model uncertainty in the deep North Atlantic at tie points based on speleothem
age model uncertainty combined with the uncertainty in correlating features between records (Figure 1f and
Data Set S2). For portions of the record between explicit tie point, we estimate age uncertainty using the
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software Bacon [Blaauw and Christen, 2011]. Age uncertainty for the other regional stacks and the global stack
includes an additional, independent source of uncertainty to allow for regional differences in the timing of
δ18O change. We use a 2σ uncertainty of 2 kyr for regional lags (see section 5) except during T2 (127–
136.5 ka), for which we use 3 kyr. When developing age models for new cores, we recommend aligning to
the appropriate regional stack and using the global age uncertainty estimates for all regions except the deep
North Atlantic.

4. Stacking Methods
4.1. Benthic δ18O

A total of 263 records (Figure S1, Table S1, and Appendix A) contributed to eight regional benthic δ18O stacks.
The stacks, their uncertainties, and the number of points and cores per stacked interval are provided in Data
Set S3. All Atlantic cores were aligned to MD95-2042, and all Indian and Pacific cores were aligned to MD97-
2120. We caution that the millennial-scale features of the resulting stacks may be strongly influenced by
these alignment targets because Stern and Lisiecki [2014] found variations in stacks’ millennial-scale features
(but not their terminations) depending upon the alignment target used. However, orbital-scale differences
between regions that use the same target (e.g., during MIS 5c in Figure 2b) are likely to reflect real features
of the data.

We aligned 164 Atlantic benthic δ18O records to MD95-2042 benthic δ18O on our age model (section 3.1)
using the automated alignment software Match [Lisiecki and Lisiecki, 2002]. Four regional Atlantic stacks were
constructed by averaging together available δ18O data points within each region, consistent with themethod
of Stern and Lisiecki [2014]. The deep North Atlantic stack has a resolution of 500 years and is the average of all
available aligned benthic δ18O values within ±250 years. The other Atlantic stacks have a smoothed 500 year
resolution, with each stacked point being the average of available benthic δ18O values within ±500 years.

All Pacific and Indian benthic δ18O records were aligned to MD97-2120, which was aligned to Atlantic core
MD95-2042 as described in section 3.2. We applied a constant 750 year lag to the deep Indian and deep
Pacific (see section 5) and an additional lag of 2000 years to the start of T2 in the deep Indian to match the

Figure 2. Benthic δ18O stacks. (a) Deep North Atlantic stack (red) compared to volume-weighted global stacks with no
regional lags (gold) or with 750 year lags for the deep Pacific and deep Indian (black). The dotted black lines mark the
95% confidence interval based onMonte Carlo-style sampling of different regional lags. (b) All regional stacks with 750 year
lags applied to the deep Pacific and deep Indian plus an additional 2000 year lag in the deep Indian at the start of T2.
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response observed during T1 using 14C agemodels [Stern and Lisiecki, 2014]. Then we calculated a stack value
for each region every 500 years. The intermediate Pacific stack has a stacked point every 500 years that is the
average of all available regional benthic δ18O records within ±500 years. The deep Pacific stack has a “true”
500 year resolution (stacked point every 500 years that is the average of points within ±250 years) for 0–
40 ka, but from 40.5 to 145 ka has a smoothed 500 year resolution that averages points within ±500 years.
In the deep Indian stack, each point averages data within ±500 years from 0 to 40.5 ka and ±1000 years from
41 to 145 ka. Likewise, the intermediate Indian stack, which contains only three cores, has a stacked point
every 500 years that averages data within ±1000 years.

Adjusting the amount of smoothing over the lengths of the stacks is necessary because the amount of data
constraining the stacks decreases with age. We chose to have a stacked point every 500 years in all the stacks
so we could compare and combine them without interpolation. However, even with taking the average of
points within ±1000 years, the intermediate Indian stack contains no data from 0 to 1 ka and at 76.5 ka and
the deep Indian contains no data from 144 to 145 ka. We copied neighboring values in the stacks to fill in
these empty stacked values in order to generate the volume-weighted global stack. Additional caution
should be taken when considering the youngest and oldest few thousand years of these stacks. Where the
regional stacks were constrained by zero to one core, we assigned a δ18O uncertainty estimate of 0.3‰ (1σ).

For 0 to ~40 ka, we use the radiocarbon-dated regional stacks of Stern and Lisiecki [2014]. The exact age of
transition between the previously published data and the new data varies to ensure consistency across the
transition. Regional radiocarbon stacks are used back to 40.5 ka in the deep Indian, 40 ka in the deep
Pacific, 38 ka in the intermediate Pacific, and 39 ka in all four Atlantic stacks. Stern and Lisiecki [2014] did
not create a stack or age model for the intermediate Indian because only one radiocarbon-dated record
was available [Sarnthein et al., 2011]. However, that 14C record plus one from 2100m suggests that the very
late onset of T1 in the deep Indian did not affect intermediate depths [Waelbroeck et al., 2006]. Therefore, we
assume that the intermediate Indian responses were synchronous with the intermediate Pacific 14C age
model from 0 to 38 ka.

Finally, all eight regional stacks were volume weighted (Table S2) and averaged to produce a global stack,
hereafter referred to as the “LS16” global stack (Data Set S3).

4.2. IRD

We extended the IRD stack of Stern and Lisiecki [2013] back to 150 ka using the same 15 records (Data Set S1
and Figure S2). From 0 to 40 ka, the IRD stack has 500 year resolution and a deep North Atlantic radiocarbon
age model [Stern and Lisiecki, 2013]. The new 40–150 ka portion of the stack has 1000 year resolution and is
dated by correlation to GICC05 and speleothem age models (Figure 1). Other than switching to lower resolu-
tion, the IRD records and stacking methods are the same as those presented in Stern and Lisiecki [2013].

We identify a series of 15 IRD peaks labeled as Heinrich events (H#), with the following caveats about nomen-
clature. Heinrich [1988] originally identified a series of 11 correlative IRD events, H1–H11. H0 was subse-
quently identified in the Younger Dryas [e.g., Skinner et al., 2003]. H5a, occurring before GI-14, is another
well-established event [Rashid et al., 2003], although not recognized by Heinrich [1988]. H7–10 are less com-
monly used for stratigraphic purposes because they are generally minor peaks that occurred before full gla-
cial conditions. Channell et al. [2012] identified distinct H7 and 7a peaks, and we follow their definitions. H8
occurred during MIS 5b and H10 during MIS 5d [Heinrich, 1988]. The stratigraphic position of H9 is not well
established, but a minor peak around 105 ka from a single core makes an obvious candidate because it also
lines up with significant features in other paleoclimate records (Figure 1). H11 is well known to have occurred
during T2 [e.g.,McManus et al., 1999]. Although Heinrich [1988] stopped with H11, we extend the naming con-
vention to H12 for a peak at 140 ka, which corresponds to “H6.2” of Channell et al. [2012].

5. Constraints on Regional Lags in Benthic δ18O
Regional 14C age models yield estimates of regional differences in the timing of T1 [Stern and Lisiecki, 2014].
However, the relative scarcity of data from the Indian and Pacific oceans yields larger uncertainties about the
variability in the timing of T1 within these regions (e.g., differences with respect to latitude or depth within
the deep Pacific). The 14C age models also provide relatively little information about the regional phase lags
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before T1 because millennial-scale variability reconstructed in the regional stacks from 25 to 40 ka is highly
dependent upon the choice of alignment target [Stern and Lisiecki, 2014].

Several factors indicate that for most locations, regional benthic δ18O lags are likely to be less than 2 kyr
except during terminations. First, only one region (the deep Indian Ocean) exhibits a benthic δ18O lag larger
than 2 kyr during T1 and that lag occurs in conjunction with very weak Atlantic meridional overturning circu-
lation (AMOC) during H1. Throughout most of the last glacial cycle, the AMOC is likely significantly stronger
than during H1 [e.g.,McManus et al., 2004; Böhm et al., 2015]. Second, benthic δ18O changes of 0.2–0.3‰ are
observed throughout the deep ocean during multiple Heinrich events (Figure 2b). Given that the repeat time
for these events is 5–7.5 kyr, their amplitudes would not be well preserved if the δ18O signals took more than
~2 kyr to propagate through most of the ocean. Third, a tracer transport model indicates that a globally uni-
form surface signal would take only 1175 years to reach the deep Pacific, producing an 800 year lag between
the deep Atlantic and deep Pacific [Gebbie, 2012]. However, longer lags are needed to reach benthic δ18O
equilibrium [Wunsch and Heimbach, 2008] or if tracers are injected into the surface ocean only in specific
regions [Siberlin and Wunsch, 2011].

Fourth, the assumption of synchronous benthic δ18O change between the deep Atlantic and intermediate
Pacific produces estimated ages for the Pacific Toba tephra of 73.8 ka in MD97-2151 [Wei et al., 2006] and
at 74.2 ka in GIK17961 [Bühring et al., 2000] (Figure S3), in excellent agreement with radiometric ages of
73.88 ka ± 0.32 kyr [Storey et al., 2012]. This suggests an intermediate Pacific lag of less than 400 years.
Collectively, these lines of evidence support a 2σ age uncertainty of 2 kyr for regional differences in the timing
of benthic δ18O change except during terminations (for which we use 3 kyr).

To quantify the potential effects of different regional lags on the volume-weighted global stack, we generate
a maximally coherent stack with no regional lags and perform Monte Carlo-style sampling of different regio-
nal lags (Figure 2). To estimate reasonable potential lags between regions, we assume that the benthic δ18O
stack of the deep North Atlantic likely represents deep water with an age of ~500 years [Gebbie, 2012]. Then
we apply age shifts for other regions relative to the deep North Atlantic. The intermediate North Atlantic is
assumed to remain synchronous with the deep North Atlantic. The intermediate South Atlantic, deep
South Atlantic, and intermediate Indian regions are allowed to vary between a lead of 500 years and a lag
of 500 years. For the intermediate Pacific we simulate lags of 0–1000 years based on a 14C-estimated lag of
1000 years during the onset of T1 [Stern and Lisiecki, 2014]. The deep Pacific and the deep Indian stacks are
simulated to lag the deep Atlantic by 0–2000 years. Although we do not explicitly simulate a larger deep
Pacific lag during the termination, the no lag deep Pacific stack actually has a lag of ~3000 years in the middle
of T2 due to the midtermination plateau (section 3.2 and Figure 2b).

For each Monte Carlo sample, time-varying regional lags were generated using first-order autoregressive ran-
dom walks with time steps of 500 years. The lag at time step t (lagt) is generated as 0.99 lagt� 1 + 0.01 Xt,
where X is the normalized Gaussian white noise. One random walk was scaled to a minimum �500 years
and a maximum of +500 years and applied to the intermediate South Atlantic, the deep South Atlantic,
and the intermediate Indian stacks. Another randomwalk was scaled to a minimum of 0 year and a maximum
of 2000 years and applied to the deep Pacific and deep Indian stacks. The intermediate Pacific lag is assigned
to be half the deep Pacific lag. Finally, the time-shifted regional stacks were combined to produce a volume-
weighted global stack. This sampling was repeated 1000 times. The mean of the 1000 sample global stacks is
similar to (but slightly smoother than) the LS16 global stack, which uses a constant 750 year lag for the deep
Indo-Pacific. The 95% confidence interval for the global stack (estimated from our 1000 samples) has an
upper bound that is similar to the no lag stack and a lower bound that is approximately consistent with
the LS16 stack lagged by an additional 1000 years (Figure 2a and Data Set S3).

6. New Global Stack Compared to LR04

The basic features of the volume-weighted LS16 global stack and the LR04 global stack [Lisiecki and Raymo,
2005] are similar but with some notable differences particularly in their age models (Figure 3a). LS16 is based
on over 5 times as many records as LR04 for the last glacial cycle (48 versus 263). Volume weighting the regio-
nal stacks in LS16 also prevents the Atlantic bias found in LR04 caused by a greater number of cores from the
Atlantic than Pacific. While LR04 is based on the assumption of globally synchronous benthic δ18O changes
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for its entire length, LS16 assumes a lag 750 years for the deep Pacific and deep Indian, with larger lags during
T2. Age uncertainty in the new global stack ranges from 2200 to 4000 years for 38–112 ka (Figure 1f), whereas
uncertainty for the late Pleistocene portion of LR04 is qualitatively estimated to be 4 kyr. From 113 to 127 ka,
age uncertainty in the LS16 stack is ~5000 years, primarily due to the lack of distinctive features for strati-
graphic correlation in the North Atlantic during MIS 5e.

During T2 the LS16 global stack leads LR04 by 1–2 kyr; however, the regional stacks vary greatly. Whereas T2
spans 137–126 ka in LR04, we estimate that T2 occurred from 137 to 130 ka in the deep North Atlantic and
133–127 ka in the deep Indian. Therefore, correlations to LR04 may differ from the new regional age models
by up to 4 kyr during either the beginning or end of T2, depending on core location. The relative timing of
Atlantic and Pacific benthic δ18O during T2 in our stacks is remarkably similar to earlier results from Lisiecki
and Raymo [2009] based on sedimentation rates. Lisiecki and Raymo [2009] found an ~4000 year Atlantic-
Pacific lag at the end of T2 and a smaller ~1500 year maximum lag during T1. Similarly, radiocarbon agemod-
els suggest an ~1500 year lag for T1 [Stern and Lisiecki, 2014], and our regional stacks suggest a 3000–
4000 year lag during T2 due to a midtermination plateau in deep Pacific benthic δ18O (Figure 3b).
However, the new Atlantic and Pacific regional stacks are both older at T2 than their counterparts in
Lisiecki and Raymo [2009]. Our new regional age estimates for T2 are also in good agreement with agemodels
for MD95-2042 and the Indian sector of the Southern Ocean estimated based on SST alignments to ice core
records [Govin et al., 2015]. The MIS 5e plateau in the LS16 global δ18O stack begins at 127.5 ka, approximately
synchronously with the start of the sea level highstand (section 2.5).

LS16 is up to 2000 years older than LR04 during MIS 5e and 5d. The Atlantic regional stacks, which resemble
LR04 during this interval, display a more gradual transition than the Pacific stacks. A rapid MIS 5e/5d transi-
tion occurs in the Pacific target core MD97-2120 using either our age model or Pahnke and Zahn [2005]. A
compilation of high-resolution benthic δ18O records also shows this characteristic rapid end to MIS 5e in
the Pacific and a more gradual 5e/5d transition in the Atlantic [Govin et al., 2009]. We conclude that

Figure 3. Benthic δ18O age models. (a) LS16 volume-weighted global benthic δ18O stack (black) and LR04 stack (magenta)
[Lisiecki and Raymo, 2005]. (b) Tuning targets [Imbrie and Imbrie, 1980] withmean time constants of 15 kyr (dashedmagenta,
as used in Lisiecki and Raymo [2005]) and 4 kyr (dashed black) as optimized to fit the LS16 global stack. (c) Sensitivity test
comparing LS16 global stack with model results for alternate parameter values.
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Atlantic benthic δ18O increases gradually from 122 to 111 ka, whereas Pacific benthic δ18O increases rapidly
from 119 to 116 ka, followed by an additional step-like increase at 111–112 ka. The response in the LS16 glo-
bal stack falls between these two. A relatively early MIS 5e/5d transition in our Pacific stacks generates a
global stack similar to a speleothem-based age model North Atlantic age model [Hodell et al., 2013] but a
Pacific MIS 5e plateau that is ~3000 years longer than the speleothem-based age model for a South China
Sea core (Figure S5) [Caballero-Gill et al., 2012]. Overall, the regional and global benthic δ18O changes are
in good agreement with the identification of glacial inception globally from 122 to 113 ka and “glacial con-
ditions” from 113 to 106 ka [Govin et al., 2015].

LS16 shows a clear two-step decrease from MIS 5d into 5c, coeval with H9 and H10, whereas this detail was
smoothed in the lower-resolution LR04 stack. The LR04 stack has a decreasing trend over MIS 5c; the LS16
global stack generally increases, but the shape of MIS 5c varies greatly among the regional stacks (Figure 2b).
Most intermediate-depth regions show a broad plateau from 93 to 108 ka, while most deep regions exhibit
depleted δ18O peaks at 100 and 102 ka. However, a late peak is observed at 92.5 ka in the deep Indian, and
the most depleted values for all of MIS 5c are observed at 98 ka in the intermediate North Atlantic. Thus, the
regional stacks suggest great spatial variability in temperature (or hydrologic cycle) changes during MIS 5c.

The MIS 5a peak at 85 ka is slightly earlier than in LR04 and synchronous with the end of H8, the onset of
GI-21, and a CO2 peak in Byrd ice core [Ahn and Brook, 2008] on the AICC2012 chronology. However, corre-
spondence between LR04 and LS16 is excellent during transition from MIS 5a to 4. Millennial-scale benthic
δ18O peaks at 72 and 75 ka are coeval with the onsets of GI 19 and 20, respectively, and their associated
CO2 peaks.

Maximum values for MIS 4 occur between 67 and 63 ka in the LS16 stack as bound by H7 and GI-18 and are 2–
3 kyr earlier than in LR04. The light δ18O peak in the middle of MIS 4 in LR04 is less pronounced in the LS16
global stack but well resolved in the intermediate Pacific and intermediate Indian regions (Figure 2b). During
MIS 3, millennial-scale benthic δ18O variability in LS16 is older than LR04 by up to 4 kyr as a result of switching
from the GRIP age model [Johnsen et al., 1992] to GICC05 [Svensson et al., 2008]. The two stacks are in better
agreement near H4 due to the long-standing age constraint provided by the Laschamp magnetic excursion
at ~41 ka [e.g., Laj et al., 2000].

From 0 to 39 ka the LS16 stack uses regional 14C age models [Stern and Lisiecki, 2014]. LS16 contains a
millennial-scale peak associated with H4 at 38 ka that is nearly identical to one in LR04. However, there is
no obvious analog for the peak at 26 ka in LR04; instead, LS16 contains a modest global peak at 29.5 ka fol-
lowing H3 and regional Atlantic peaks at 24.5 ka during H2. The timing of T1 is very similar in LR04 and LS16;
rapid benthic δ18O decrease begins at 18 ka in both. The rate of change decreases briefly in LS16 from 13 to
14 ka due to midtermination plateaus in many of the regional stacks, particularly the intermediate and deep
Pacific. The end of T1 is easily identifiable at 7.5 ka in LS16, whereas LR04 benthic δ18O gradually decreases
throughout most of the Holocene.

7. Orbital Tuning Implications

Collectively, age differences between the LS16 and LR04 global stacks suggest an error in the benthic δ18O
response time used to set the lag between insolation and the LR04 stack throughout the Pleistocene
(Figure 3). Orbital tuning in the LR04 global stack is based on alignment to a simple, two-parameter model
[Imbrie and Imbrie, 1980],

dy
dt

¼ 1±b
Tm

x � yð Þ

where x is the normalized insolation [Laskar et al., 2004], y is the modeled climate response, Tm is the mean
time constant of the system, and b is a nonlinearity coefficient that is subtracted during ice growth and added
during ice retreat. Lisiecki and Raymo [2005] selected values of Tm= 15 kyr and b=0.6 for 0–1.5Ma based on
optimizing model agreement with age constraints for benthic δ18O change over the last glacial cycle. Thus,
the age model of our new stack may have implications for a large portion of the LR04 age model.

Although Imbrie and Imbrie [1980] designed their model to emulate the tendency of ice sheets to shrink faster
than they grow, the authors only refer to y as an unspecified “climatic response.” In fact, when used as a
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tuning target for benthic δ18O, the model output y implicitly includes the combined responses of both ice
volume and deepwater temperature. Temperature may represent 40% or more of the total benthic δ18O sig-
nal and likely changes faster than ice volume [e.g., Bintanja et al., 2005; Shakun et al., 2012, 2015; Spratt and
Lisiecki, 2016]. Thus, the value of Tm that best simulates the response of benthic δ18O could be significantly
smaller than the mean physical response time of the Laurentide ice sheet. However, the response time of
benthic δ18O may still be considered indicative of high-latitude climate change, which is the dominant factor
affecting both ice volume and deepwater temperature [e.g., Bintanja et al., 2005].

Other models of late Pleistocene glacial cycles may describe the nonlinear dynamics of the climate system
more realistically than the Imbrie and Imbrie [1980] model [e.g., Parrenin and Paillard, 2012; Garcia-Olivares
and Herrero, 2013; Abe-Ouchi et al., 2013], but there is not yet consensus on which model is best or how to
simulate changes in glacial dynamics across the mid-Pleistocene transition at 800 ka. Also, small changes
to the parameter values used in these models can result in dramatically different predictions for the timing
of glacial terminations. We use the Imbrie and Imbrie [1980] model because it is easily computed, relatively
insensitive to small changes in parameter values, reproduces many features of late Pleistocene benthic
δ18O record, and can potentially be used throughout the Pliocene-Pleistocene by applying simple parameter
changes [Raymo et al., 2006].

The model parameters used for LR04 (Tm= 15 kyr, b= 0.6) produce warming responses which are too young
compared to T2 and the start of MIS 3 in the LS16 global stack (Figure 3). To find the parameter values which
best fit the LS16 stack, we visually compared a wide variety of parameter pairs with the data. The simple form
of the Imbrie and Imbrie [1980] model makes it relatively straightforward to assess the effects of changes in
both Tm and b. We qualitatively identify the best fit to be produced by Tm= 4 and b= 0.75 (Figure 3).
However, model results are relatively insensitive to small changes in Tm and b; Tm values of 3–8 kyr can be
made to agree with the LS16 stack if b is adjusted accordingly. In Figure 3c we show models at the limits
of what we consider to be an acceptable fit. A Tm value as small as 2.5 kyr (b=0.8) fits the stack reasonably
well except for responses that are too early during T1 and the end of MIS 5e. A Tm value as large as 8 kyr
(b= 0.4) also fits reasonably well. Pairing Tm= 8 with a larger nonlinearity coefficient (e.g., b= 0.8) underesti-
mates ages for the start of MIS 3 and δ18O maxima at MIS 4 and 5d.

The mean response time of benthic δ18O throughout the Pleistocene is unlikely to be much larger than the
observed responses from 0 to 150 ka. Whereas LR04 gradually increased Tm from 5 to 15 kyr from 3 to 1.5Ma
and then held Tm constant at 15 kyr from 1.5 to 0Ma, alternate tuning targets could be created that use a Tm
of 4–8 kyr for 3–0Ma (along with corresponding b values). These new tuning targets would make the LR04
stack 1–2 kyr older from 0.15 to 1.5Ma and ~1 kyr older from 1.5 to 3Ma. These age adjustments would also
make the phase lags of Pleistocene climate proxies estimated using the LR04 age model smaller by ~20° rela-
tive to orbital precession, ~14° relative to obliquity, and ~6° relative to eccentricity. Thus, a variety of
Pleistocene climate changes (e.g., SST and overturning circulation) may respond more rapidly to insolation
than previously estimated [e.g., Lisiecki et al., 2008; Sosdian and Rosenthal, 2009; Shakun et al., 2015].

8. Comparison of Benthic δ18O and Sea Level
8.1. Terminations

Although benthic δ18O is affected by ice volume, deepwater temperature, and changes in the hydrologic
cycle (i.e., the relationship between salinity and seawater δ18O), benthic δ18O is often interpreted as an ice
volume (sea level) proxy, either through simple scaling (see discussions in Duplessy et al. [2002] and Siddall
et al. [2008]) or more sophisticated inverse modeling [Bintanja et al., 2005]. From the Last Glacial Maximum
(LGM) to Holocene, the ice volume contribution to the global mean seawater δ18O change was 1.05
± 0.2‰ [Adkins et al., 2002; Duplessy et al., 2002]. The LGM-Holocene difference (maximum-minimum values)
in LS16 is 1.71 ± 0.013‰, similar to the magnitude of T1 in LR04 (1.78 ± 0.10‰). Thus, 50–75% of the T1
decrease in LS16 are due to ice volume, with the remainder caused by warming and/or hydrologic cycle
changes. This proportion probably changed with time, but quantitative constraints are limited [Bintanja
et al., 2005; Spratt and Lisiecki, 2016].

Despite a significant temperature component in the benthic δ18O signal, the LS16 agemodel supports similar
timing (within ~2 kyr) for changes in global mean benthic δ18O and global mean sea level during
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terminations. Although portions of the Laurentide ice sheet began to retreat at 23 ka [Ullman et al., 2015], glo-
bal sea level rise is estimated to have begun between 20.5 and 19 ka [Clark et al., 2009; Lambeck et al., 2014],
followed by an initial decrease inmean benthic δ18O at 18.5 ka. However, benthic δ18O leads sea level by 500–
1000 years for most of the termination, likely because deep ocean temperature warmed more quickly than
ice sheets retreated [Elderfield et al., 2010]. The Holocene benthic δ18O plateau begins at 7.5 ka, approximately
synchronous with the beginning of the sea level highstand at 7 ka [Smith et al., 2011; Lambeck et al., 2014].
The beginning and end of T2 in the LS16 stack are fairly well constrained by the Asian WMI during H11.
The end of T2 in LS16 occurs at 127.5 ka, ~1000 years after the start of the sea level highstand at 128.6
± 0.8 ka [Dutton et al., 2015]. A similar comparison between sea level rise and δ18O change at the start of
T2 is complicated by disagreement between sea level studies [e.g., Drysdale et al., 2009; Grant et al., 2012].

Here we use the similarities between sea level and δ18O change during T1 to suggest that the timing of δ18O
change at the beginning of T2 could provide an independent test of T2 sea level reconstructions with an
uncertainty of ~2 kyr. If the relative timing and proportion of the ice volume, temperature, and hydrologic
cycle contributions to benthic δ18O were similar for both T1 and T2, the scaling between sea level and global
(or regional) benthic δ18O change could be used as a method to estimate the timing of sea level change dur-
ing T2. Because our benthic δ18O age models are based on correlation between North Atlantic IRD and
Chinese speleothems, this technique is independent of other T2 dating techniques, which have produced
estimates of 141 to 130.5 ka for the termination onset [Drysdale et al., 2009; Thomas et al., 2009; Sarnthein
et al., 2013].

Global benthic δ18O changes by 0.008–0.009‰ per meter of sea level change during T1 [Clark et al., 2009]
with age offsets of approximately ±1000 years. At the beginning of T2, the LS16 global stack decreases by
only 0.10‰ at 135 ka, which is equivalent to 11–12.5m of sea level rise assuming constant deepwater tem-
perature. The no lag global stack produces a slightly higher estimate of 0.13‰ change at 135 ka, equivalent
to 14–16m of sea level rise. (Maximum δ18O values are observed in both global stacks at 136.5 ka.) Based on
these relationships, it would be nearly impossible to accommodate>40m of deglacial sea level rise by 137 ka
as previously proposed [Drysdale et al., 2009; Thomas et al., 2009]. Potential caveats are that wemake no expli-
cit estimate of eustatic sea level at the beginning of T2 (see section 8.2), and benthic δ18O cannot identify sea
level rise accompanied by deepwater cooling (e.g., ~1°C to mask 30m of sea level rise), which is unlikely to
occur during terminations.

An alternative way to estimate sea level change would be using only the deep North Atlantic stack, which has
a T2 age model with smaller error bars based on direct correlation between IRD and Chinese speleothems.
However, in the first part of a termination, deep North Atlantic δ18O change is highly amplified relative to
the global mean by some combination of unevenly mixedmeltwater input, temperature change, and circula-
tion change [e.g., Skinner et al., 2003;Waelbroeck et al., 2011]. We make no attempt to deconvolve these con-
tributions (although see Skinner and Shackleton [2006]). Instead, we assume that the response of deep North
Atlantic benthic δ18O to a given amount of freshwater input may be similar during both H1 and H11 because
similar mechanisms appear to operate during both events (section 9). Thus, we develop an empirical scaling
between the deep North Atlantic stack and eustatic sea level of �0.75‰=+30m based on changes during
H1 (19.5–15 ka) [Clark et al., 2009; Stern and Lisiecki, 2014]. At the beginning of T2, the deep North Atlantic
stack changes by �0.43‰ at 135 ka (95% confidence interval: 132.5–137.5 ka), which would correspond to
~17m of sea level rise. This timing estimate for T2 ice volume change agrees with other recent reconstruc-
tions [Carlson and Winsor, 2012; Grant et al., 2012; Govin et al., 2015] and is consistent with forcing from
increased NHSI (21 June) beginning at 139 ka (Figure 4).

8.2. Millennial-Scale Variability

Heinrich events during MIS 5 and MIS 3 are associated with decreases in benthic δ18O (Figure 2). Benthic δ18O
changes of 0.2–0.4‰ are observed in all regions for H4–6 and H7a–10, with the largest amplitudes in the
intermediate North Atlantic and intermediate Pacific. Decreasing benthic δ18O values are consistent with
reduced ice volume [Clark et al., 2007; Sierro et al., 2009], possibly accompanied by intermediate-depth warm-
ing [Clark et al., 2007; Marcott et al., 2011] or brine-generated deep water [Waelbroeck et al., 2011].
Additionally, millennial-scale benthic δ18O variability at MD95-2042 and other Iberian Margin sites has been
associated with shifts between northern and southern source deep water [e.g., Skinner et al., 2003; Skinner
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and Elderfield, 2007], but this mechanism is regional rather than global. The amount of sea level change asso-
ciated with millennial-scale variability during MIS 3 is estimated by models and data to be about 10m [Clark
et al., 2007; Grant et al., 2012]. Heinrich events are expected to occur midway through periods of sea level rise
[Clark et al., 2007], consistent with IRD peaks in the data occurring after benthic δ18O begins to decrease
(Figure 2). In this respect, the age model for LS16 is consistent with the sea level reconstruction of Grant et al.
[2012] during H5, H5a, and H6 but not H4.

Figure 4. Comparison of (left) T1 and (right) T2. (a) The 21 June insolation at 65°N [Laskar et al., 2004]. (b) Eustatic sea level
for T1 (blue: Clark et al. [2009]; purple: Lambeck et al. [2014]) and T2 (blue: Kopp et al. [2009] after conversion from LR04 to
LS16 age model). Coral-based sea level 95% confidence range (dotted black) [Medina-Elizalde, 2013] and Red Sea relative
sea level (teal) [Grant et al., 2012]. For comparison, the LS16 global stack (black) is scaled based on T1 change (1.7‰
= 130m). (c) Regional benthic δ18O stacks for the intermediate South Atlantic (pink), deep North Atlantic (dark red), deep
Pacific (blue), and deep Indian (green). (d) Planktonic δ18O from North Atlantic core MD95-2042 (red) [Shackleton et al.,
2000] and South Pacific core MD97-2120 (blue) [Pahnke et al., 2003]. (e) SST from MD95-2042 (red) [Pailler and Bard, 2002]
and MD97-2120 (blue) [Pahnke et al., 2003]. (f) Atmospheric pCO2 [Marcott et al., 2014; Landais et al., 2013]. (g) Chinese
speleothem data as in Figure 1a. (h) IRD stack and Heinrich event labels as in Figure 1e.
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However, regional phase lags during these events are not well constrained (section 5); we assume synchro-
nous responses except for a 750 year lag applied to the deep Pacific and deep Indian stacks. Also, some
aspects of these millennial responses, such as their apparent shapes, may be influenced by the regional align-
ment targets, particularly in regions with low-amplitude variability and/or relatively few high-resolution
records [Stern and Lisiecki, 2014]. Therefore, millennial-scale responses are best constrained in the deep
North Atlantic stack.

During H8 the deep North Atlantic stack changed by 0.47‰ from 87 to 85.5 ka (Figure 2). Thus, deep North
Atlantic benthic δ18O on its speleothem-correlated age model potentially supports the relative sea level rise
of 32m reconstructed for the Red Sea during H8 [Grant et al., 2012]. Coral records additionally provide evi-
dence for 37m of sea level rise between 91 and 85 ka [Thompson and Goldstein, 2006]. The rate of change
for deep North Atlantic δ18O during this event is similar to its rate of change during T2 and H1 (18–15.5 ka).

H12 at ~140 ka may also be associated with a sea level rise of ~30m [Grant et al., 2012; Rohling et al., 2014].
Here we discuss the potential role of H12 with respect to the start of T2.Marino et al. [2015] refer to this event
as MWP-2a and describe it as analogous to the 19 ka meltwater pulse that initiated T1 [Carlson and Clark,
2012]; however, H12 occurred during an insolation minimum, whereas the 19 ka event occurred several kilo-
years after NHSI began increasing (Figure 4). We suggest that mechanistically H12 is most similar to H3–H5,
which were associated with large ice volume, steady or decreasing insolation, and sea level changes of 10–
30m [Rohling et al., 2009, 2014]. Our interpretation of H12 as distinct from T2 (and thus unlike the 19 ka melt-
water pulse) is supported by a 3–4 kyr hiatus between H12 IRD and the start of T2 as identified by sustained
sea level rise, H11 IRD, Antarctic warming, monsoon weakening, and benthic and planktonic δ18O changes
(Figure 4) [Carlson and Winsor, 2012; Govin et al., 2015]. Therefore, H12 is most similar to H2 with regards
to its timing several kiloyears before other indicators of termination onset.

However, H12 appears to be associated with a much larger sea level change than either the 19 ka meltwater
pulse or H2 (Figure 4b) [Clark et al., 2009]. Thus, H12 may have preconditioned T2 for a fast response to rising
insolation by creating smaller, partially deglaciated ice sheets. H12 ice rafting may also explain why some T2
reconstructions show a sea level reversal or an initial rise that precedes insolation change [Siddall et al., 2006;
Thomas et al., 2009; Medina-Elizalde, 2013]. Although two high-resolution records suggest a large and rapid
rise in relative sea level during H12 [Grant et al., 2012; Rohling et al., 2014], only very minor responses are
observed in many climate records including benthic δ18O (Figure 4). The climate systemmay have responded
only weakly to ice rafting during H12 due to the background influences of large ice sheets, low insolation, and
low CO2. Benthic δ

18Omight also fail to record H12 sea level rise if it was accompanied by deepwater cooling.

Because benthic δ18O does not respond to this event, our estimated sea level rise by 135 ka at the start of T2
does not include any sea level change associated with H12. We argue that sea level change during H12 is not
part of T2 as it lacksmany other characteristics of a glacial termination. Thus, the sea level estimate of�85m at
~137 ka [Thomas et al., 2009] could be explained by ~30m of sea level rise associated with H12 at 140 ka
[Rohling et al., 2009, 2014] and 10–20m associated with the beginning of deglaciation from 138 to 135 ka
[e.g., Govin et al., 2015].

9. Comparison of Terminations 1 and 2

Terminations 1 and 2 display the same basic sequence of events but at a very different pace and with differ-
ent millennial-scale variability. In both terminations, some ice sheet retreat occurred soon after the first
increase in NHSI insolation and before the beginning of global mean benthic δ18O change [Carlson and
Winsor, 2012; Ullman et al., 2015]. The first rapid benthic δ18O changes at 135 ka during T2 and at 17.5 ka dur-
ing T1 appear to correspond to the initiation of similar large-scale global feedback. For both terminations
these benthic δ18O changes are synchronous within error with the start of a large pulse of North Atlantic
IRD, WMIs, deglacial CO2 increase, Greenland stadials, and Southern Hemisphere (SH) warming (Figure 4).
A meltwater-induced reduction of AMOC at these times likely triggered bipolar temperature responses and
atmospheric shifts that caused weaker monsoons and CO2 release from the deep ocean [e.g., Cheng et al.,
2009; Carlson and Winsor, 2012]. The bipolar seesaw and associated SH warming may also explain the early
δ18O response observed in the intermediate South Atlantic during both terminations (Figure 4c).
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However, meltwater flux from ice sheets must have been greater during H11 (136–129 ka) than H1 (19.5–
15 ka); sea level rose by ~30m over 4.5 kyr during H1 [Clark et al., 2009; Lambeck et al., 2014] compared to
70m in 5 kyr during H11 [Grant et al., 2012; Marino et al., 2015]. The higher melting rate during T2 was likely
driven by stronger insolation forcing that weakened AMOC more consistently throughout the termination
[Ruddiman et al., 1980; Oppo et al., 1997; Carlson, 2008; Carlson and Winsor, 2012], creating continually cold
North Atlantic SST and warm SH SST (Figure 4e) [Govin et al., 2009; Hodell et al., 2009; Sanchez-Goni et al.,
2012]. Additionally, ice-calving sites or surface currents may have differed because H11 IRD peaks are larger
than H1 peaks at high-latitude sites but smaller at middle-latitude sites (Figure S2).

The middles of both terminations are marked by rapid sea level rise as well as plateaus in North Atlantic
planktonic δ18O and Pacific benthic δ18O (Figure 4). In T1 these features occur during the Bølling-Allerød,
accompanied by major North Atlantic warming, relatively little IRD, a plateau in Atlantic benthic δ18O, and
an extended interval of strong monsoons. In contrast, millennial-scale climate variability was much weaker
during T2; monsoons strengthened only briefly at 134 and 130.5 ka [Cheng et al., 2009], deep North
Atlantic benthic δ18O decreased steadily, and IRD continued throughout. Atmospheric pCO2 [Landais et al.,
2013; Marcott et al., 2014] and South Pacific planktonic δ18O [Pahnke et al., 2003] also change steadily during
most of T2 in contrast to step-like changes with minor reversals during T1 (Figure 4). The presence of a deep
Pacific benthic δ18O plateau during T2 despite reduced millennial-scale variability suggests that this plateau
may be an inherent feature of terminations caused by meltwater-induced slowing of deep ocean circulation.

Increases in Antarctic temperature and atmospheric pCO2 had similar durations (6–7 kyr) during both termi-
nations, perhaps because T2 had a greater response amplitude, whereas T1 had more millennial-scale varia-
bility [Röthlisberger et al., 2008; Masson-Delmotte et al., 2010; Lourantou et al., 2010; Marcott et al., 2014;
Landais et al., 2013]. In contrast, sea level reconstructions and benthic δ18O stratigraphy (section 8.1) suggest
that ice sheet retreat took 12 kyr during T1 (19–7 ka) compared to only 8 kyr during T2 (136–128 ka). In the
4 kyr after CO2 and NHSI peaked at 11 ka, sea level rose an additional 54m [Clark et al., 2009; Carlson and
Winsor, 2012] and benthic δ18O decreased by 0.34‰. In comparison, T2 sea level and benthic δ18O reached
interglacial levels synchronously with peaks in NHSI and CO2 at ~128 ka (Figure 4) [Grant et al., 2012; Dutton
et al., 2015]. In summary, faster ice sheet response during T2 likely resulted from stronger insolation forcing,
the lack of a midtermination climate reversal, and a potentially large ice-rafting event at 140 ka.

10. Conclusions

New age models for benthic δ18O are developed by aligning North Atlantic SST and IRD with layer-counted
Greenland ice core records and well-dated millennial variability in speleothems. We allow for asynchronous
regional δ18O change during T1 and T2 and apply a constant 750 year lag to the deep Pacific and deep Indian
regions. Regional phase lags are not well constrained but are likely less than 2 kyr except during terminations.
We use Monte Carlo-style sampling to estimate the potential effects of different regional lags. Improved esti-
mates could likely be derived from modeling experiments.

Age estimates for many marine sediment cores that lack other means of dating (e.g., radiocarbon or correla-
tion with nearby terrestrial records) would likely be improved by alignment to the regional benthic δ18O
stacks, which provide better alignment targets than a global stack. For example, the MIS 5e/5d transition
and MIS 5c appear to exhibit significant regional variability.

We also develop a volume-weighted LS16 global δ18O stack to compare with the LR04 global stack [Lisiecki
and Raymo, 2005] and estimates of sea level change. The new global stack matches the timing of sea level
reconstructions for T1 and T2 [Clark et al., 2009; Lambeck et al., 2014; Grant et al., 2012] to within ~1000 years
and is 1–4 kyr older than LR04 during T2, MIS 5e-5d, MIS 4, and the first half of MIS 3. Collectively, these age
model differences suggest that the response time used for tuning the Pleistocene portion of LR04 was too
large. We estimate new parameter values for δ18O tuning targets that better fit the LS16 stack and would shift
the LR04 stack older by 1–2 kyr from 0.15 to 1.5Ma.

Heinrich events during MIS 3 and 5 are associated with δ18O decreases of 0.2–0.4‰ in all regions, but these
features may be biased by our alignment targets. However, δ18O change during H8 in the deep North Atlantic
is well constrained by correlation to speleothems and indicates a rapid δ18O response similar to H1 and H11,
thus potentially supporting estimates that relative sea level rose 32m in ~2 kyr [Grant et al., 2012].
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Two high-resolution records suggest a rapid rise in relative sea level of ~30m during H12 [Grant et al., 2012;
Rohling et al., 2014] at 140 ka, 3–4 kyr before the start of T2. Subsequently, rising NHSI beginning at 139 ka
triggered the start of deglaciation, which produced another 9–17m of sea level rise by 135 ± 2.5 ka, as esti-
mated from global and regional benthic δ18O changes. Together, these two sea level rise events may explain
a sea level height of�85m at ~137 ka [Thomas et al., 2009]. We argue that ice sheets responded to insolation
more quickly during T2 than T1 due to both stronger insolation forcing [Ruddiman et al., 1980; Carlson, 2008;
Marino et al., 2015] and the pretermination ice-rafting event. Thus, differences in insolation forcing and mil-
lennial variability during the two terminations explain why deglaciation took 12 kyr during T1 (19–7 ka) com-
pared to only 8 kyr during T2 (136–128 ka).

Appendix A: Data Sources

Data from the following sources were used to create the benthic δ18O stacks. See Table S1 for more details
[Ahmad et al., 2008; Andreasen et al., 2000; Arz et al., 1999; Baas et al., 1997; Bard et al., 1989, 1994, 2004;
Becquey and Gersonde, 2003; Behling et al., 2002; Bickert et al., 1993, 1997; Bickert and Wefer, 1996; Black
et al., 1988; Bond et al., 1997; Boyle and Keigwin, 1985; Broecker, 1988; Came et al., 2003, 2007; Channell
et al., 1997; Chapman and Shackleton, 1998, 1999; Charles and Fairbanks, 1992; Charles et al., 1991, 1996;
Chen and Huang, 1998; Chen et al., 1995; Cheng et al., 2004; Clemens and Prell, 2003; Clemens et al., 2008;
Collins et al., 2011; Cortijo, 1995; Cortijo et al., 1999; Curry et al., 1988, 1999; Curry and Lohmann, 1983; Curry
and Oppo, 1997, 2005; de Abreu et al., 2003; deMenocal et al., 2000; Dickson et al., 2008, 2009; Dudley and
Nelson, 1994; Duplessy, 1982, 1996; Duplessy et al., 1988, 1992, 2007; Durkop et al., 2008; Elliot et al., 1998,
2002; Eynaud et al., 2007; Freudenthal et al., 2002; Ganeshram and Pedersen, 1998; Gardner et al., 1997;
Gebhardt et al., 2008; Gherardi et al., 2005; Grousset et al., 1993; Hagen and Keigwin, 2002; Hall et al., 2001;
Hendy and Kennett, 2000; Herbert et al., 2001; Heusser and Oppo, 2003; Hillenbrand et al., 2002; Hodell et al.,
2000, 2003, 2008, 2009; Holbourn et al., 2005; Hoogakker et al., 2007, 2011; Hovan et al., 1991; Hüls, 2000;
Hüls and Zahn, 2000; Imbrie et al., 1989; Isono et al., 2009; Jansen and Veum, 1990; Jullien et al., 2006; Jung,
1996; Keigwin and Jones, 1989, 1994; Keigwin et al., 1991, 1994; Keigwin, 1995; Labeyrie et al., 1995, 1996,
1999; Labracherie et al., 1989; Lackschewitz et al., 1998; Lalicata and Lea, 2011; Lea et al., 2002, 2006;
Lebreiro et al., 2009; Lee et al., 1999; Lisiecki et al., 2008; Little et al., 1997; Loubere et al., 2003; Lyle et al.,
1992, 2000, 2002; Mackensen and Bickert, 1999; Mackensen et al., 1994, 2001; Marchitto et al., 2005; Martin
et al., 2002; Martinson et al., 1987; McIntyre et al., 1989; McManus et al., 1999; Millo et al., 2006; Mix, 1986;
Mix and Fairbanks, 1985; Mix et al., 1991, 1995a, 1995b; Mohtadi et al., 2006; Mojtahid et al., 2005; Molyneux
et al., 2007; Mortyn et al., 1996; Mulitza et al., 2008; Murray et al., 2000; Nelson et al., 1986, 1993; Ninkovitch
and Shackleton, 1975; Nürnberg et al., 2004; Oba and Murayama, 2004; Oba et al., 2006; Ohkushi et al., 2003;
Oppo et al., 1990, 1997, 2001; Oppo and Fairbanks, 1987, 1990; Oppo and Horowitz, 2000; Oppo and
Lehman, 1995; Oppo and Sun, 2005; Ostermann and Curry, 2000; Pahnke et al., 2003; Pahnke and Zahn,
2005; Pierre et al., 2001; Pichevin et al., 2005; Pichon et al., 1992; Piotrowski et al., 2004; Pisias and Mix, 1997;
Praetorius et al., 2008; Raymo et al., 1997, 2004; Richter, 1998; Ruddiman and McIntyre, 1981; Rühlemann
et al., 1999, 2004; Russon et al., 2009; Saikku et al., 2009; Salgueiro et al., 2010; Samson et al., 2005; Sanchez-
Goni et al., 2005; Sarnthein et al., 1994, 2004, 2005, 2007; Schlünz et al., 2000; Schmiedl and Mackensen,
1997, 2006; Schönfeld et al., 2003; Shackleton, 1977; Shackleton et al., 1983, 1990, 2000, 2004; Shackleton
and Hall, 1989; Sikes et al., 2009; Sirocko et al., 1993, 2000; Skinner et al., 2003, 2010; Skinner and Shackleton,
2004, 2005; Slowey and Curry, 1995; Smart et al., 2010; Sowers et al., 1993; Stott, 2007; Stott et al., 2000,
2007; Thornalley et al., 2010; Tian et al., 2002; Tiedemann et al., 1994; Tjallingii et al., 2008; Toucanne et al.,
2009; van Kreveld et al., 2000; Vautravers et al., 2004; Venz et al., 1999; Vidal et al., 1999; Voelker et al., 2006;
Waddell et al., 2009; Waelbroeck et al., 2001, 2011; Wang et al., 1999; Weaver et al., 1998; Wei et al., 2006;
Weinelt, 1993; Weinelt et al., 2003; Wells and Okada, 1997; Winn et al., 1991; Yamane, 2003; Zabel et al.,
1999; Zahn et al., 1986; Zarriess and Mackensen, 2010, 2011; Zarriess et al., 2011; Zhang et al., 2007].
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