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Abrupt pre-Bolling-Alleroed warming and
circulation changes in the deep ocean
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Several large and rapid changes in atmospheric temperature and the
partial pressure of carbon dioxide in the atmosphere' —probably linked
to changes in deep ocean circulation’—occurred during the last degla-
ciation. The abrupt temperature rise in the Northern Hemisphere
and the restart of the Atlantic meridional overturning circulation
at the start of the Bolling- Allerod interstadial, 14,700 years ago, are
among the most dramatic deglacial events®, but their underlying phys-
ical causes are not known. Here we show that the release of heat from
warm waters in the deep North Atlantic Ocean probably triggered the
Bolling-Allerod warming and reinvigoration of the Atlantic meridi-
onal overturning circulation. Our results are based on coupled radiocar-
bon and uranium-series dates, along with clumped isotope temperature
estimates, from water column profiles of fossil deep-sea corals in a
limited area of the western North Atlantic. We find that during Hein-
rich stadial 1 (the cool period immediately before the Bolling-Allerod
interstadial), the deep ocean was about three degrees Celsius warmer
than shallower waters above. This reversal of the ocean’s usual ther-
mal stratification pre-dates the Bolling-Allerod warming and must
have been associated with increased salinity at depth to preserve the
static stability of the water column. The depleted radiocarbon content
of the warm and salty water mass implies a long-term disconnect from
rapid surface exchanges, and, although uncertainties remain, is most
consistent with a Southern Ocean source. The Heinrich stadial 1 ocean
profile is distinct from the modern water column, that for the Last
Glacial Maximum and that for the Younger Dryas, suggesting that
the patterns we observe are a unique feature of the deglacial climate
system. Our observations indicate that the deep ocean influenced
dramatic Northern Hemisphere warming by storing heat at depth
that preconditioned the system for a subsequent abrupt overturn-
ing event during the Bolling-Allered interstadial.

Understanding the cause of abrupt terminations of glacial periods is
a central question in palaeoclimate as these rapid warmings character-
ize the ‘sawtooth’ nature of glacial cycles®. The last deglaciation started
~18 kyr ago in the Southern Hemisphere with an increase in temperature’
and greenhouse gas concentration' and a retreat of sea ice®. For over 3 kyr
Antarctica warmed while Greenland and the North Atlantic remained
cold. This period, known as Heinrich stadial 1 (HS1), ended abruptly
14.7 kyr ago at the start of the Belling-Allerad, when sea ice retreated
in the north’, the Atlantic meridional overturning circulation (AMOC)
restarted” and the Northern hemisphere dramatically warmed', with a
corresponding return to cold conditions in the south'. Explanations for
the Bolling-Allered shift have focused on the AMOC restart and include
a variety of triggers®™®. Here we use coupled U-series and '*C ages and
clumped isotope (4,7; Methods) temperature measurements on deep-
sea corals from the New England seamounts to reconstruct ocean tem-
peratures and circulation alonga depth transect (Methods). We find that
the deep ocean at our site was characterized by warmer waters under-
neath colder waters ~800 yr before the beginning of the Belling-Allerad.
This unusual scenario implies that salt stratification of the water column
stored potential energy at depth, giving the deep ocean a fundamental
role in the restart of the AMOC at the beginning of the Bolling—-Allerad.

Figure 1 shows new and previously published'*!* A'*C values for the
Younger Dryas and two time slices during HS1. Prior to 15.6 kyr ago, the
AC of the water column was offset from the contemporaneous atmo-
sphere by 110-195%o. This value is much larger than the modern North
Atlantic offset of ~70%o, implying that the HS1 ocean was less well ven-
tilated (older) than the modern ocean. At that time, A"C decreased from
top to bottom in the profile. At 15.6 kyr ago there was a sudden, large
shift to even more **C-depleted waters at intermediate depths. This ‘mid-
15-kyr’ event is observed within the skeletons of two separate corals,
JFA 24.8 and JFA 24.19, both found at 1,784 m. As previously reported,
this large shift, contemporaneous with a constant A'*C at greater depths
(2,000-2,400 m), is consistent with a lateral influx of very '*C-depleted,
southern-sourced intermediate waters'®", implying a water mass bound-
ary at depth between rapidly changing upper waters and less variant
deep waters.

The timing of this change in A"*C is surprising because these mid-
15-kyr changes do not appear to correlate in time with either the air
temperature records from Greenland ice cores or the largest changes in
atmospheric gas concentration'. However, mid-HS1 variability has previ-
ously been observed and was first described in the character and source
region of icebergs reaching the Iberian margin'* (called the HS1a-HS1b
transition), and pre- Bolling-Allered changes have been seen in other
marine records (Methods). Here we propose a scenario where the mid-
15-kyr changes are unique to the intermediate and upper portions of
the deep ocean.

The most striking new feature of the deglacial water column comes
from a subset of the corals in Fig. 1a—c that we analysed for 4,,-based
temperatures (Figs 1d—f and 2). These corals reveal a large (5 °C) and
abrupt warming during HS1 in the North Atlantic that is almost con-
temporaneous with the shift to even more '*C-depleted waters. These
signals must arise from the movement of a front across our corals during
their lifetime. By running numerous replicates, we were able to shrink
the uncertainty in our temperature estimates and confirm that the deep
warming is outside the limit of our analytical errors'* (Methods). This
abrupt warming has an important depth structure, as documented by
temperature profiles before and after the A'*C event (Fig. 1d-f). The
pre-15.6-kyr profile is cooler than the modern one and is roughly iso-
thermal, but the younger HS1 profile is cool at 1,381 m and warmer at
greater depths. To maintain static stability, this temperature inversion
requires that the water column also becomes saltier with depth, a fea-
ture that has been previously observed for the Last Glacial Maximum'*
(LGM). If we assume constant potential density (a minimum definition
of static stability) between 1,381 and 2,600 m, we calculate that the smallest
salt difference needed to support the observed warm deep waters below
shallower cooler waters is ~0.8 p.s.u., which is well within the bounds
of the LGM ocean'*.

The deglacial coevolution of temperature and A'*C at intermediate
depths shows three vectors of ocean temperature and A**C behaviour
that occur over the course of HS1, one from 17 to 15.8 kyr ago, when
the ocean became more depleted in A'*C (even relative to the modern
atmosphere); one around 15.8 to 15.6 kyr ago, when waters deeper than
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Figure 1 | Ocean profiles of A'*C and temperature during three different
time intervals. a—c, A¥C profiles. Points outlined in black have also

been measured for temperature. There is an abrupt shift in A*C
(A™C=1,000 x (e~ " Cuue/8.033 /o —Caluge /8,266 _ 1) wwhere 'Cyge and Cal,ge

are respectively the radiocarbon age and the calendar age of the coral) at
mid-15-kyr. T, M and B refer to analyses made on the top, middle and bottom

of a coral sample, respectively. Symbols with no letters refer to the top of the
coral. Error bars are 1s.e.m. d-f, Temperature profiles. Unlike the A™C
profiles, the bottoms of JEA 24.8 and JFA 24.19 are on the 15.6-15.1-kyr panel
(e). The value of # for each measurement is given in Source Data. g, Sketch of
coral transects. A'C shows an abrupt shift between the tops and bottoms of
the two corals, but there is little change in temperature.

a b
54 M 1,000-1,500 m 51
4l . L 1,500-2,000 m n 1
~ L ¢ B # 2,000-2,600 m T OB
(°) 34 34
° B
5
T 24 * 2- *
aé on n
@ 1 " 1
04 L 0-
n n
1 * » A
! " * L ! ——
-2 - t - t . t - t - t - t - { -2 - 1 . t - t - t - 1
11,000 12,000 13,000 14,000 15000 16,000 17,000 18,000 15,000 15,200 15,400 15,600 15,800 16,000

| Younger Dryas |Bal|ing—AIIemd‘

Heinrich stadial 1

| | Heinrich stadial 1 |

Calendar age (yr)

Figure 2 | Temperature versus calendar age based on clumped isotopes in
deep-sea corals across the deglaciation. a, The dashed lines connect the tops
and bottoms of JFA 24.8 and JFA 24.19. T and B refer to the top and bottom of a
coral, respectively. Error bars are 1s.e.m. Asterisks indicate corals that have
either a high 524U, (which is the initial **U/?**U isotope ratio at the time of
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coral growth) or a A'*C greater than the atmosphere value. In both cases, this
open-system behaviour changes the A'*C values but does not change calendar
ages much on this plot. The value of # for each measurement is given in
Source Data. b, The abrupt warming is encapsulated by the two oldest and
youngest corals within this time frame, and these corals are outlined in black.
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Figure 3 | A"C-temperature cross-plot. a, Plot of A™C versus temperature
for the intermediate-depth waters of the deglacial North Atlantic. The open
square is the shallowest HS1 coral, from 1,381 m, and does not warm. The
dashed lines connect the tops and bottoms of JFA 24.8 and JFA 24.19. Modern
A™C and temperature measurements for our site are from the GEOSECS
database. The value of  for each measurement is given in Source Data. b, Offset
of reconstructed deep-sea coral A'*C from contemporaneous atmosphere as
determined by the Hulu record™® versus temperature for intermediate depths.
Error bars are 1 s.e.m.

1,600 m warmed; and one from 15.6 to 15.1 kyr ago, when those same
deeper waters became even more depleted in A'*C (Fig. 3). The tem-
perature and A'*C transitions are not simultaneous (Fig. 1g); both the
tops and the bottoms of corals JFA 24.8 and JFA 24.19 are already warm,
and the A"*C switch occurs during their lifetime. This offset, although
unusual, has several possible explanations. During the deglaciation, the
ocean-atmosphere system was not at steady state, and it is therefore pos-
sible that multiple reservoirs with different heat and radiocarbon contents
influenced our site during HS1. Even for a single water mass, tempera-
ture and carbon isotopes have different timescales for exchange at their
outcrop region, so they may have been decoupled from each other for
~100yr during deglaciation. Regardless of the cause of the offset, the
warm, A'*C-depleted water that existed by 15.4 = 0.2 kyr ago, below a
colder upper layer, is a uniquely deglacial feature, with no equivalent in
either the modern or the LGM oceans.

The observation of warming at intermediate depths in the Atlantic
during HS1 has been controversial. Several regional benthic foramini-
fera records show depleted 'O values that were initially interpreted
as a signature of brine rejection in the Nordic Seas'®, but other temper-
ature records attribute the same signal to intermediate or deep ocean
warming'®"”. On the basis of our clumped isotope data, at least ~1%o
of the benthic §'*0 depletion seen in these records is due to warming,
Several modelling studies™'®'® also show intermediate or deep North
Atlantic warming during deglaciation, due to diffusion of tropical ocean
heat across the main thermocline during times of slow North Atlantic
overturning. If the downward diffusion of heat were local, this scenario
would predict monotonically decreasing temperature profiles with depth’®,
but we see cold shallow waters above warm deeper waters at the mid-
15kyr event. Given the abrupt nature of the warming in our corals, the
signal is most probably that of heat that is accumulated elsewhere and
quickly brought to ~2,000 m water depth by movement of a deep front.

Other possible sources of heat to the intermediate or deep ocean include
geothermal heating'” and warming of the outcrop region for isopycnals
that occupied our site: either could lead to the temperature inversion
we observe. Several water masses have been found during Heinrich events
to have either warmed or exhibited depleted A'*C values, and, although
none of these show both signatures simultaneously (Methods), an influx
of southern-sourced water to our site could explain our results (Extended
Data Figs 6 and 7), because inefficient carbon isotope exchange in the
outcrop regions tends to produce low initial A'*C values. Heating at the
deep-water formation zones in the Southern Hemisphere could be trans-
ferred to near our site by the deep circulation. Then a pre-Bolling-Allered
shift in deep-water structure (potentially caused by winds or buoyancy
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fluxes in the Southern Ocean, or both) could cause this warm front to
cross our site from deeper waters to shallower.

Although the geographic origin of the warm deep waters is an impor-
tant issue, the most significant feature of our new results is that the pres-
ence of warm waters below colder waters, supported by salt stratification,
is a natural way to build capacitance in the climate system. Warming of
the deep ocean can explain the polar records of deglaciation and helps
us understand how the ocean moved between the stable glacial and inter-
glacial states of deep circulation.

A new compilation of Atlantic benthic 3'C over the deglaciation
suggests that the transition from HSI to the Belling—Allergd is the moment
where the ocean switched between these two stable circulation states
(Fig. 4 and Extended Data Fig. 8). Sections of 5'°C show a vertically
stratified ocean at the LGM with large §'>C differences between southern
and northern endmembers. In the early deglaciation, the upper waters
changed more than the deepest waters (Extended Data Fig. 8), reflect-
inga more dynamic interplay between northern- and southern-sourced
intermediate and upper deep waters. This situation changed drastically
at the HS1/Bolling—Allerod transition, when the deep southern-sourced™
water mass became much less depleted and volumetrically less important.
Pa/Th records™*"** exhibit similar behaviour during the early deglacia-
tion, with intermediate depth water masses showing a more vigorous
circulation than the more stable deep-ocean records>?. This was followed
by the HS1/Bolling-Allered transition, when, according to deep-ocean
Pa/Th, the AMOC was reinvigorated. This reinvigoration continued to
its modern strength with a small decline during the Younger Dryas.

We suggest that the transition between LGM and modern circulation
patterns was facilitated by instabilities in the deep water column. A water
column with cold, fresh water on top of warm, salty water, as observed
after the mid-15-kyr event, can be susceptible to a finite-amplitude insta-
bility, where water parcels rapidly exchange positions vertically to release
potential energy stored in as heat in the deep ocean®. This condition is
analogous to convectively available potential energy in the atmosphere®.
In the ocean it is thermobaricity* that leads to the instability, and its
effects are seen in deep-water formation regions today* as well as in
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Figure 4 | Benthic sections of 3" >C during late HS1 and the Bolling-Allerod.
Well-dated, high-resolution cores from the Atlantic Ocean were chosen

from the end of HS1 (14.5-15.7 kyr ago) (a) and during the Bolling-Allerad
(13-14.5kyr ago) (b). Black dots indicate the latitudes and depths of cores used
to make the sections. These time slices come from a larger set across the whole
termination (Extended Data Fig. 8), and we display them because they show
the largest switch from southern-source-dominated waters in the abyssal
Atlantic at the LGM to a more ‘interleaved’ pattern in the modern. The
Bolling-Allered marks this abrupt shift in deep tracer distribution.
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large eddy simulation models of ocean convection®. In this scenario,
the ‘trigger’ for the Bolling-Allerad AMOC restart and abrupt warm-
ing was not the removal of fresh water from the surface of the North
Atlantic”, but was instead the release of deep-ocean warmth that built
up over time. A trigger for the release can always be found by the cli-
mate system (breaking internal waves that initiate vertical water move-
ment, and small changes in the buoyancy budget of the surface ocean
are two examples) but it is less fundamental to the physics than the build-
up of the potential energy itself. Rather than being merely a response to
fresh water forcing at the surface®®, the deep ocean circulation has an
important role in the forcing of the dramatic Northern Hemisphere
warming at the start of the Belling—Allered and in the bipolar nature of
deglaciations generally. On this view, the Belling—Allerod represents a
fundamental change in the density structure of the deep ocean, when
the thermobaric instability of the whole deep water column allowed the
system to ‘punch through’ the LGM stratification and move towards
the modern deep Atlantic structure of warm, salty North Atlantic deep
water and cold, fresh Antarctic bottom water (Fig. 4). Whereas the
Younger Dryas water column in the North Atlantic is often thought of
as a return to Heinrich-like water masses, we show that it is structured
very differently than the HS1 water column in temperature, 5'°C and
A'C. Mid-depth warming in the North Atlantic has also been observed
at many Heinrich events's, but only HS1 led to a deglaciation. Future
work will have to establish whether salt stratification accompanied these
previous temperature changes.

METHODS SUMMARY

Samples examined in this study were obtained from the California Institute of Tech-
nology deep-sea coral fossil collection. The deep-sea coral species Desmophyllum
dianthus from the New England (34-40° N, 60-68° W) and Corner Rise seamounts
(34-36°N, 47-53° W) (Extended Data Fig. 1) were collected in 2003-2005 using
the deep submergence vehicles Alvin and Hercules. Collection by remotely oper-
ated underwater vehicle and submarine ensured that the depth of each coral was
precisely known and that corals were collected near growth positions. All samples
in this study were cleaned and analysed for U/Th ages, '*C ages and 4, tempera-
tures (Supplementary Information).

All samples analysed for '*C and U/Th were physically cleaned and chemically
cleaned following previously established procedures'** (Methods). Radiocarbon
ages were measured at the UC-Irvine Keck-CCAMS facility on an accelerator mass
spectrometer. Uranium-series ages were run on a multi-collector inductively coupled
plasma mass spectrometer at Caltech. All samples were bracketed by an instrumental
standard of known isotopic composition to correct for mass bias and mass drift.

Clumped isotope measurements were made on the deep-sea corals at the California
Institute of Technology following previously established procedures'. Deep-sea
corals, unlike modern corals, have a Fe-Mn crust, and a cleaning study determined
that physical cleaning alone gave accurate clumped isotope temperatures (Extended
Data Fig. 2). Samples were analysed multiple times (n = 3-20) to ensure low external
standard errors.

Benthic & "*C sections were made by compiling well-dated, high-resolution ben-
thic 8'*C records (Methods).

Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS

Sample collection. Samples examined in this study were obtained from the Caltech
deep-sea coral fossil collection. The deep-sea coral species Desmophyllum dianthus
from the New England (34-40° N, 60-68° W) and Corner Rise seamounts (34—
36°N, 47-53° W) (Extended Data Fig. 1) were collected in 2003-2005 using the
deep submergence vehicles Alvin and Hercules. Collection by remotely operated
underwater vehicle and submarine ensured that the depth of each coral was pre-
cisely known and that corals were collected near growth positions. We selected for
the study on the basis of the reconnaissance age screening’, which yielded sufficient
specimens to form depth transects spanning 1,200-2,600 m in the water column
during HS1 and the Younger Dryas. Two additional corals, JFA 24.8 and JFA 24.19"°,
were analysed for 44, temperatures along the top and bottom of each sample.
Radiocarbon dating method. All samples analysed for "*C and U/Th were pre-
cleaned according to established methods'. Briefly, the corals were first physically
cleaned with a Dremel tool followed by chemical cleaning; ultrasonicating alternately
in NaOH/H,0, and MILLI Q water, and then rinsing with methanol and briefly
leaching in HCIO,/H,0,”. After pre-cleaning, 1 g of coral was removed for U/Th
analysis. Twenty milligrams of coral was then taken to UC-Irvine for radiocarbon
analysis. There, immediately before phosphoric acid dissolution and graphitization,
each sample was leached in HCI to remove ~50% of its total mass. The resulting
coral was hydrolysed in phosphoric acid, and the evolved CO, was graphitized under
H, on an iron catalyst for '*C analysis®*. Radiocarbon ages were measured at the UC-
Irvine-Keck-CCAMS facility on an accelerator mass spectrometer. Radiocarbon results
are normalized to a 8"*C = —25%o and are reported as fraction modern (Fm), where
‘modern’ is defined as 95% of the radiocarbon concentration of NBS Oxalic Acid I
(NIST-SRM-4990) normalized to a §">C = —19%o and reported as radiocarbon
age using the following equation: '*C age = —8,033In(Fm).

Uranium-series methods. One gram of pre-cleaned coral was processed to extract
U and Th following established methods*. Corals were dissolved in concentrated
Seastar nitric acid and spiked with a ***Th-***U double spike. Uranium and thorium
were scavenged from the resulting solution by iron co-precipitation. The iron pellet
was then dissolved in 8 N Seastar nitric acid. Uranium and thorium fractions were
separated using trace-metal-clean Teflon columns and a Bio Rad AG-1X-8 cation
exchange resin. Eluted fractions were dried down several times after successive drop-
wise additions of concentrated perchloric acid and Seastar nitric acid.

Uranium fractions were brought up in ~500 pl 5% Seastar nitric acid. Samples
(but not chemistry blanks) were then intensity-matched for **U to within 5-10%
of the instrumental standard (CRM-145, opened and diluted in winter 2010). 24U
was measured on the centre SEM with a retarding potential quadrupole to mini-
mize abundance sensitivity effects. All samples were bracketed by CRM-145 to cor-
rect for mass bias and mass drift. Procedural blanks for >**U and ***U accounted
for less than 0.04% of the sample signal (76 pg and 3.6 fg, respectively).

Thorium fractions were run separately, also in 5% Seastar nitric acid. **Th and
#30Th were measured on Channeltron ion counters; >**Th was measured on a Fara-
day cup. The ***Th and ***Th beams were kept below 35,000 c.p.s. in order to maintain
the lifetime and linearity of the ion counters. All Th samples were sample-standard-
bracketed with an in-house SGS (cross-calibrated in 2010 with an older SGS and
CRM-145). No significant errors were introduced by calibrating the Th SGS with a
uranium standard, with either a linear or an exponential mass biasing law. In order
to determine the amount of initial ***Th originating from the Th-rich ferroman-
ganese crust, a >>°Th/>**Th ratio of (80 = 80) X 10~ was applied to the measured
#32Th concentration®, Procedural blanks for >**Th and **Th measured 4 and 22 pg,
respectively. >**Th originating from the ferromanganese crust also contributed sig-
nificantly to the uncertainty in the age measurement, with an average value of 611 pg
for all measured corals.

8%3*U values were determined for the corals to test for closed-system behaviour.
The reference frame for §*>*U is secular equilibrium (that is, an activity ratio of 1).
If the §***U; of the coral is not within the error of modern seawater 5>>*U (147%o)
then open-system behaviour is assumed and the coral is not used for the A'*C calcu-
lation. Seawater 5>**U might have been lower during the last glacial period (142%o),
so we checked whether our coral §***U values were consistent with a step change in
the 5***U of sea water to lower values before 17 kyr ago, following the recommenda-
tions of INTCAL09*. All but two corals lie within the §?**U measurement uncer-
tainty of the error envelope of the two potential 5***U seawater curves determined
by INTCAL09*. These corals are not included with A'*C plots but are included in
temperature plots and are indicated with a star. We chose to keep them out of the
AM™C calculation because this number is very sensitive to the errors in the U-series
and radiocarbon dates, but the age errors for comparison with the temperature his-
tory are relatively small.

A47 analysis. Deep-sea corals were first physically cleaned with a Dremel tool. Fossil
corals, unlike modern corals, typically have a Fe—-Mn crust surrounding them. This
crust contains trapped organic matter, and can skew isotopic measurements of the
bulk coral. In order to determine the best method for removing the Fe-Mn crust, a
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cleaning study was performed on a modern coral and a coral with an Fe-Mn crust
from Tasmania that had the same radiocarbon age as the modern ocean water from
which it was collected (Extended Data Fig. 2). Corals were cleaned in four different
ways. The first was only physical cleaning with a Dremel tool, the second was phy-
sical cleaning and chemical cleaning with 1:1 H,0,:NaOH, the third was physical
cleaning and chemical cleaning with 1:1 H,0,:NaOH and MeOH, and the fourth
was physical cleaning and chemical cleaning with 1:1 H,0,:NaOH, MeOH and 2%
HCIO,. All the chemical cleaning procedures dissolve part of the coral skeleton as
well as the Fe-Mn crust and reorganize the clumped signature. Physical cleaning
with a Dremel tool was the only method that yielded expected temperatures.
Corals were analysed for A,, temperatures using previously established methods™.
Fossil corals were first cleaned with a Dremel tool and powdered with a mortar
and pestle. Samples were dissolved in 105% H3PO, at 90 °C. The evolved CO, was
separated from H,O using a dry-ice/ethanol trap. The CO, was further purified
from other incondensable gases using a Porapak Q 120/80 mesh column held at
—20 °C. The resulting CO, was again purified using dry-ice/ethanol and nitrogen
traps and expanded into the bellows of the mass spectrometer. The evolved CO,
was analysed in a dual-inlet Finnigan MAT-253 mass spectrometer with the simul-
taneous collection of ion beams corresponding to cardinal masses 44-49 to obtain
Ay, Augy Aao, 3>Cand "0 values'®. The mass-47 beam is composed of YOBCY0,
70'2C"®0 and predominantly '*0">C'®0, and we define R*’ as the abundance of
mass 47 isotopologues divided by the mass-44 isotopologue (R = ['70"*C"70 +
7012180 + B0 C®0]/[*°0'*C ¢0]). 44, is reported relative to a stochastic dis-
tribution of isotopologues for the same bulk isotopic composition (447 = (R yeasurea!
R47stochastic) -1)- ((R46measured/ R46stochastic) -1)- ((R45measured/ R4sstochastic) - 1)
X 1,000). Mass 48 was monitored to detect any hydrocarbon contamination. Mea-
surements of each gas were analysed at 16 V of mass 44 and consisted of eight acqui-
sitions, each of which involved seven cycles of sample-standard comparison with
an ion integration time of 26 s per cycle. Internal standard errors of this for 4,;
ranged from 0.004%o to 0.02%o, while external standard errors ranged from 0.003%o
t0 0.011%o (0.5-2.3 °C). The internal standard error for 8"°C ranged from 0.5 to
80 p.p.m., and the internal standard error for §'®0 ranged from 0.9 to 36 p.p.m.
The 447 raw data was corrected for instrument nonlinearity, scale compression
and acid reaction temperature®>*. The samples were then normalized to carbonate
standards run in each session. Samples were corrected for instrument nonlinearity
by normalizing sample 447 to a ‘heated gas line’ evaluated at 44754 wg. This nor-
malization was done using 4475 g = dazsa-wc — da71n6-wa Where Ayn6-wa
= mdyzsa-we + band m and b are respectively the slope and intercept of a heated
gasline. Several heated gases of various bulk isotopic compositions were run during
each session. Samples were corrected for ‘scale compression’ by multiplying 44754 116
by a factor proportional to the intercept of the heated gas line: 4475 -HGuncompressed =
A475a-16(—0.8453/b), where b is the intercept of the heated gas line (—0.8453 is
the value of heated gas intercept of the heated gas line during the T-4 4, calibration
reported in ref. 37). This scale compression changes over the course of time and is
different for different instruments. Samples were also corrected for the different
acid digestion bath temperatures. This study was conducted at a phosphoric acid
temperature of 90 °C, as opposed to the 25 °C temperature used for the inorganic®
and deep-sea coral calibration studies®®. Samples were then corrected in the follow-
ing way: A475A-HG.acid = 447SA-HG,uncompressed T 0.081. The additive term 0.081%o
is based on replicate analyses of carbonate standards at 90 °C, which can be traced
to the original calibration®. Finally, samples were normalized to carbonate stan-
dards with previously determined 4,7, which were run and corrected in the same
way as unknown samples. Samples were corrected using the following equation:
A478A-HGacidtrue = MsTDA475A-HG acidmeas T bsp. Here mgrp and bsyp are determined
from the carbonate standards: 4475tp HG acidtrue = MsTDA475TD HG acidmeas + bsTD-
Several carbonate standards as well as 45923, a modern deep-sea coral from 7° N,
56° W, 1,318 m, whose temperature of growth is 4.7 °C, were used for the standard
correction scheme. In three sessions, the modern deep-sea coral standard was not
run, and the average of the remaining carbonate standards was used instead of using
aregression of all carbonate standards. Neither standard correction scheme changes
our interpretations.
Benthic §'*C. Benthic 5"°C sections were made by compiling well-dated, high-
resolution benthic §"°C records**-**. The published age models were used to deter-
mine ages, and sections were made using ODV.
Pre-Bolling-Allered changes (mid-HS1 variability) seen in other records. Mid-
HS1 variability has previously been seen and was first described in the character
and source region of icebergs reaching the Iberian margin'? (called the HS1a-HS1b
transition). Other pre-Bolling-Allerad changes, consistent with the timing of our
mid-15-kyr event, are seen in sea surface temperature records from the subpolar
North Pacific*, and benthic temperature records from the deep North Atlantic*®
and Southern Ocean. An Atlantic compilation of A'C records also shows that
deep cores in the South Atlantic and corals from the Drake passage all converged to
avalue of ~50%o before the Bolling-Allered, a value very close to what we measure
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at the New England seamounts (Extended Data Fig. 6f). U-series dates from sta-
lagmites in China show that the maximum extent of drying occurred at 16.1 +
0.6 kyr ago, several hundred years earlier than the changes seen at our site. The
link between mid-HS1 changes seen in terrestrial and marine records is an avenue
for further research.

Calculation of A™C and AA™C. Coupled U-series and 14C ages give a direct
measure of the past A™C (ref. 48), a measurement of the time a water mass has
been isolated from the atmosphere. Both the radiocarbon age of the coral and the
calendar age of the coral (U/Th age) are needed to reconstruct the A'*C of sea-
water: A*Cqy =1,000 x (e~ ""Cuee/8.033 /g —Calage/8.266 _ 1) (ref, 48).

To calculate AA™C, A*C,,, was subtracted from the contemporaneous atmo-
sphere value: AA'C = A14Catmosphere — A™C,,,. The Hulu atmospheric A"C record,
interpolated to the calendar age of the corals, was used as the reference frame™. The
atmospheric A'*C record was also examined over =2¢ around the calendar age of
the coral to determine the range of A”Catmospl1ere at this time in the past. The stan-
dard error of this range was then propagated through the calculation of AA™C to
determine the uncertainty in the final A'*C value. For corals where A'*Cand AA™C
was measured along a transect of the coral (JFA 24.8 and JFA 24.19), the corals are
assumed to have a growth rate of 1 mmyr~ " (ref. 33) with a lifetime of 100 yr. There-
fore “Top”, “Middle” and “Bottom” are assumed to be ~50 yr offset from each other.
Estimation of 4,; uncertainty. A typical internal standard error in a clumped iso-
tope measurement for 16V of mass-44 CO, measured for eight acquisitions with
anion integration time of 26 s per cycle is ~0.01%o, which corresponds to 2 °C (10).
We wanted much smaller standard errors for our measurements than the =2 °C
corresponding to a single measurement, because deep-sea temperature changes were
expected to be small. We have previously determined that for deep-sea corals®,
increasing the number of replicate measurements can drive down the errors to as
lowas <1 °C. Therefore, we measured each deep-sea coral at least three times. Most
coral samples were analysed at least seven times and some as many as 20. These
large numbers of replicate measurements of corals run over three years resulted in
very small errors, as low as 0.5 °C. For the entire population of deep-sea corals,
the external standard error ranged from 0.5 to 2.3 °C, with an average of 1.2 °C.

For each individual measurement we also propagated the uncertainty in the acid
temperature correction (0.0024%o)*, the uncertainty for the A,; temperature equa-
tion (0.005%o0)*” and errors from the corresponding heated gas line. The 4, tem-
perature equation error may be an overestimate, as several other calibration studies
agree with the original Caltech 4, temperature equation*” and have significantly
reduced the errors of the equation.

Appropriateness of the inorganic 4,,-temperature calibration for deep-sea
corals. Deep-sea corals have previously been calibrated to the clumped isotope ther-
mometer using a suite of modern corals from a variety of depths and ocean basins
at temperatures from 2 to 25 °C (ref. 13). In the current study, the coldest calculated
temperatures are — 1 °C. We think it is appropriate to extrapolate the clumped iso-
tope thermometer to —1 °C because of the short range of extrapolation from the
calibration curve. The functional dependence of clumping reactions on temperature
is notarbitrary. There have been several different calibration studies of carbonates***
with A 4,-T relationships essentially identical to the inorganic clumped isotope cal-
ibration curve. This means that the constraint on the 4,,-T slope is very tight and
the permitted extrapolations to —1 °C all give the same result.

Calculation of the rate of warming at the mid-15-kyr event. Our data show a
rapid warming of several degrees occurring over a few hundred years (Fig. 2b). We
see that there is temporal structure in this data outside the age error bars that
clearly shows the rapid warming is not just a cloud of points. This warming is seen
between 1,500 and 2,600 m water column depth. Between 1,500 and 2,000 m, the
warming is spanned by two corals, JFA 24.8 top and NT 012 (whose error bars do
not overlap in temperature and age), that show an increase of 4.7 = 2.7 °C over
321 = 208 yr. Between 2,000 and 2,600 m, the warming is spanned by NT 022 and
NT 016 (whose error bars do not overlap in temperature and age), which show a
similar warming of4.8 = 1.5 °C over 484 = 130 yr. These warming rates must occur
as a result of the movement of a front across our corals during their lifetime. We do
not mean to imply that these data support heating rates of deep ocean water of this
magnitude.

Calculation of timescales for various processes to cause heating at our site.
Away from spreading centres with hydrothermal activity, where the heat flux is
much higher, there is ~100 mW m ™~ of heat diffusing out of the Earth’s crust®.
Given the heat capacity of sea water, it will take ~2,500 yr for this heat to warm a
2 km-thick water mass at the bottom of the ocean by 1 °C. This is too slow a heating
rate, over too thick a water mass, to be the direct cause of heating we see in the deep-
sea corals. However, this calculation assumes the heat is accumulating in a stagnant
water mass. In reality the bottom temperature is a balance of diffusive fluxes and
the advective flux of heat from the overturning circulation, such that the steady-
state temperature of geothermally heated bottom water will scale inversely with the
overturning rate. We construct a simple box model of this system in Extended Data

Fig. 3. Steady-state results for a range of southern cell overturning rates and vertical
diffusivities are shown in Extended Data Fig. 4a. For a well-flushed southern cell
(10 Sv of overturning) the bottom water is warmed by about 0.8 °C relative to the
restoring temperature in the atmosphere, which is roughly equivalent to observa-
tions™'. For very slow overturning (1 Sv) this temperature increase can reach over
8 °C. We then look at the effect of increasing the Southern Ocean restoring tem-
perature relative to the Northern Hemisphere restoring temperature (to simulate
warming in the Southern hemisphere, which is known to have happened in the
early deglaciation') (Extended Data Fig. 4b). We find that the temperature increase
can be as much as 11 °C for low overturning rates. We finally look at the transient
solution (Extended Data Fig. 5), where we keep the vertical diffusivity constant and
the Southern Hemisphere restoring temperature at 277 K (four degrees warmer than
the northern restoring temperature). We find that there is a rapid warming within
the first few thousand years. In each case there is large amount of heat storage in
deep waters, which requires salt stratification, and this heat storage could be part
of the high temperatures brought to our site during HS1.

Another possible heat source for intermediate or deep waters is solar heat mov-
ing across the main thermocline by vertical diffusion. To calculate this heat flux, we
use Fick’s first law of diffusion (J = — D3 C/6x), where J is the diffusion flux, D is the
diffusion coefficient (10> ms™2), 8Cis the temperature change across the thermo-
cline (~15 °C) and dx is the thickness of the main thermocline (1,000 m). These
numbers give a tropical thermocline heat flux to the intermediate-depth ocean of
~0.6 W m ™ 2. While larger than the geothermal heating flux, solar heating would
similarly require a large change in deep-water residence time to raise the temper-
ature of a 2 km-thick parcel of water by 5 °C. Additionally, our observed warming is
at depth, opposite to the profile predicted for diffusion across the main thermocline,
making this unlikely to be the direct cause of the warmth. However, like geothermal
heat, diffusion of solar heat at low latitudes could accumulate in slowly overturning
water and then be advected to our site during HS1.

Comparison of A*C with other Atlantic A*C records. In the literature there are
other Atlantic water masses that have either warmed or have a depleted A'*C during
the deglaciation. We explore these water masses and find the Southern Ocean is
probably the most likely to explain the A'*C depletion and warmth seen at our site.
In Extended Data Fig. 6a, the deep-sea coral and foraminifera data from the New
England seamounts are plotted and the three corals showing a warm and A'C-
depleted signature at 15 kyr ago are circled in red. The water masses that have been
proposed to have either warmed or have a A'*C-depleted signature are the tropical
Atlantic®?, brines from Iceland®?, the Mediterranean (as seen in the Mediterranean
records®*** and in the Iberian Margin®**’) and the Southern Ocean®**". First, it would
be difficult for tropical and Mediterranean waters to reach the deeper depths at our
site. The A'*C of thermocline and deep-dwelling planktonic foraminifera in the trop-
ical Atlantic has been previously measured and determined to be almost constantly
offset from the atmosphere by only ~100%o during HS1¢* (Extended Data Fig. 6b).
Therefore, despite the tropical Atlantic being warm, it cannot explain the A'*C-
depleted signature seen at the mid-15-kyr event at our site. The A™*C of surface
corals® and foraminifera® in the Mediterranean has been measured and in general
the A'C is similar to the atmospheric curve (Extended Data Fig, 6d). The Mediter-
ranean was not as depleted in A'*C as our site, as it has a A"*C of ~150%o at 15 kyr
ago while the warm and A'*C-depleted deep-sea corals have a A**C of ~0%o. Dur-
ing Heinrich stadials 3 and 4, a benthic Mg/Ca record from the Iberian margin showed
evidence of mid-Heinrich stadial warming™. This warming was attributed to an influx
of Mediterranean overflow waters to the site in question. Our data does not make
any statements about mid-HS3 and mid-H$4 warning; however, during HS1, although
there are A'*C-depleted waters bathing the Iberian margin at 3,200 m (Extended
Data Fig. 6e), temperatures remain much cooler and there is no pre-Belling-Allerod
abrupt warming event. Instead the Iberian margin warms only several hundred years
later at the start of the Bolling-Allerod (Extended Data Fig. 7). Therefore, although
the Iberian margin has previously been used to argue mid-Heinrich stadial warm-
ings caused by an increase in Mediterranean overflow waters, we do not see any evi-
dence for an increase in Mediterranean overflow waters to the Iberian margin or
to our site. Finally, the Iceland margin has also been previously examined for A™C
during the deglaciation®. The A'*C seen at two depths are extremely depleted, which
has been explained as being a result of brine formation in the Nordic seas (Extended
Data Fig. 6¢). Indeed at 15 kyr ago, the Icelandic margin had A'*C values similar to
our A'*C-depleted deep-sea corals. However it is unlikely that brines travelled to
our site to impart this A'*C-depleted signature, as brine formation will produce
cold waters and not the warm waters that we see. Extended Data Fig. 5f shows a
compilation of A™C from the Southern ocean (AATW**¢!, UCDW*, LCDW** and
AABW*). At the mid-15-kyr event, UCDW, LCDW, AABW, the corals at our site
and the Icelandic records all converge to ~50%o. It has been suggested that Arctic
overflow waters are influencing the A'*C signature at our site. Although that is pos-
sible, the Arctic is unlikely to be able to affect the A'*C of our site as well as UCDW,
LCDW and AABW. Therefore, we believe it is much more likely that some vertical
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convection is causing Southern Ocean waters all to have similar A'*C values, and
some southern-sourced waters are influencing the A*C of our site as well as per-
haps waters near Iceland (as previously suggested®’).

Evidence and mechanism for southern sourced waters to our site. Owing to
inefficient carbon isotope exchange in the outcrop regions, southern-sourced waters
tend to be A™C depleted. Both the A™C and heating at the deep-water formation
zones in the Southern Hemisphere could be transferred to near our site by the deep
circulation. Then a pre-Bolling-Allerad shift in deep-water structure (potentially
caused by winds or buoyancy fluxes in the Southern Ocean, or both) could have
caused this warm front to cross our site from deeper waters to shallower. Indeed,
Antarctic ice cores and Southern Ocean sea surface temperature records show a
sustained temperature rise from ~17.8 kyr ago to the start of the Bolling- Allerod"**.

Further evidence of southern-sourced water is seen in previous Cd/Ca measurements'’
made on two of the corals in our study, which show the pre-Bolling-Allerod warmth
and A'*C-depletion signature. These data show that the warmth and A"C-depletion
signature is associated with an increase in Cd/Ca by a factor of two, which is con-
sistent with an influx of high-nutrient or Southern-sourced waters coming to our
site. This increase in Cd/Ca during HS1 has also previously been seen in benthic
foraminifera from a core off Iceland®.

Northward penetration of southern-sourced intermediate waters during degla-

ciation has been controversial. Several studies report increased northward penetra-
tion during the Younger Dryas and HS1'**>**, while others suggest that there was a
weakening of penetration of AAIW during the deglaciation®”. Sites that have reported
increased northward penetration are in general deeper than the modern expression
of AAIW, while shallower sites (<1,000 m) do not see AAIW during the deglacia-
tion. Our data suggest increased northward penetration of southern-sourced waters
at much greater depths than seen today, consistent with previous studies and several
modelling studies®*.
Comparison with other Atlantic §'*C records. High-resolution records from the
Atlantic were compiled for the past 20 kyr (refs 39-43, 53; Extended Data Fig. 8).
Similar to previous compilations®, sections of 3'>C show a vertically stratified ocean
at the LGM with very large 8'°C differences between southern and northern end-
members compared with the modern §'>C of DIC*. Our new compilations of four
other time slices during the last deglaciation provide a view into when the ocean
reorganized from an LGM to a modern-like circulation state. In the early part of the
deglaciation the upper waters changed more than the deepest waters, reflecting a
more dynamic interplay between northern- and southern-sourced intermediate and
upper deep waters. These data are consistent with a deep stratification at ~2,000 m
water depth at the LGM and during the early deglaciation®”. This comparable lack
of circulation dynamics in the abyssal Atlantic altered drastically at the HS1/Belling—
Allered transition, when the very deep southern-sourced*® water mass became much
less depleted and volumetrically less important. Thus, we characterize the Bolling—
Allergd as the moment when a modern-like configuration first appears. The Younger
Dryas has previously been thought to reflect a return to Heinrich-like conditions;
however, the '°C sections indicate that, rather than being similar to HS1, over time
during the Younger Dryas the deep two-cell circulation structure changed to a more
modern interleaving of northern and southern water masses.
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Extended Data Figure 1 | Sample collection sites. Sites of sample collection in the North Atlantic.
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describes the box model and equations used to calculate the effect of geothermal  area of the ocean, k, is the vertical mixing coefficient and Fg, is the geothermal
heat on ocean temperatures. C, is the heat capacity of sea water, V'is the volume  heat flux (0.1 W m~?).
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Extended Data Figure 4 | Steady-state temperature change with ocean
overturning and mixing. The steady-state solutions for the box model

in Extended Data 3. a, If there is a well-flushed southern cell (10 Sv of
overturning), the bottom water is only warmed by about 0.8 °C relative to the
restoring temperature in the atmosphere. However, for a very slow overturning
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(1 Sv) this temperature increase can reach over 8 °C, well above the temperature
change seen at our site. b, Increasing the difference between the restoring
temperature in the south relative to the north can increase the warming by as
much as 11 °C (Supplementary Fig. 4b).
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Extended Data 3. The vertical diffusivity was kept constant and the Southern
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Extended Data Figure 6 | Comparison with other A'*C records during the
deglaciation. A comparison of the A™C of deep-sea corals (previously
published work'"”! and current study) and foraminifera” from the Northwest
Atlantic (a) with A™C of the tropical Atlantic®® (b), Iceland® (c), the
Mediterranean®*** (d), the Iberian margin®’ (e) and the Southern Ocean®®*!
(f). The three corals from our study showing a warm and A'*C-depleted
signature at 15 kyr ago are circled in red. Although the tropical Atlantic and
Mediterranean are both warm, they have too-enriched A™C values to explain
the warm, A'*C-depleted water seen at our site at the mid-15-kyr event. Iceland
has extremely A'*C-depleted waters, but these are thought to form during
brine formation, which would not generate warm waters. The Iberian margin
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also has A'C values, but it is bathed by cooler waters and does not show the
abrupt mid-15-kyr warming (Extended Data 7). At the mid-15-kyr event,
UCDW, LCDW, AABW, the corals at our site and the Icelandic records all
converge to ~50%o. We believe it is much more likely that some vertical
convection is causing Southern Ocean waters all to have similar A**C values,
and that some southern-sourced waters are influencing the A'*C of our site as
well as perhaps waters near Iceland (as previously suggested®®). Note the
different axes on f. (Points in ¢ and d that are above the atmospheric value
are connected with a dashed line instead of a solid line.) Uncertainties are 20
error ellipses except for the Iberian margin and Mediterranean records, which
are lo.
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Extended Data Figure 7 | Comparison with Iberian margin A*C and
temperature. a, A comparison of the Mg/Ca-temperature and A**C record
from the Iberian margin®” with the record from our site. The Iberian margin
shows a warming at the beginning of the Bolling-Allerad but not an abrupt
mid-15-kyr warming. Asterisks indicate corals which have either a high §***U;
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or a A™C above the atmospheric value. In both cases, this open-system
behaviour changes the A'*C values but does not change calendar ages much
on this plot. b, A'*C measurements at the Iberian margin also show that the
water bathing the Iberian margin is distinct from the warm and A"*C-depleted
water at our site. Error bars are 1s.e.m.
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Extended Data Figure 8 | Compilation of Atlantic benthic §'*C records.
a, Benthic sections of 8'*C from well-dated, high-resolution cores*~**** in the
North Atlantic as well as from the GEOSECS database. Black dots indicate the
latitudes and depths of cores used to make the sections. The time intervals
compiled are as follows: Holocene (0-10 kyr ago; a), Younger Dryas

(11.7-13 kyr ago; b), Boelling-Allered (13-14.5kyr ago; ¢), late HS1
(14.5-15.7 kyr ago; d), early HS1 (15.7-18 kyr ago; e), Last Glacial Maximum
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(19-22 kyr ago; f). At the LGM (f), cold, salty and 8'>C-depleted water from
the south lay below cold, fresher and 5'>C-enriched water. During HS1

(d, e), intermediate waters changed more than deeper waters. By the Bolling-
Allerad (c), the §"*C distribution seen today had been established. The Younger
Dryas (b), while thought to be a return to Heinrich-like water masses, is
structured differently than the late-HS1 section and was a progression towards
the Holocene water column configuration (a).

©2014 Macmillan Publishers Limited. All rights reserved



	Title
	Authors
	Abstract
	Methods Summary
	References
	Methods
	Sample collection
	Radiocarbon dating method
	Uranium-series methods
	D47 analysis
	Benthic d13C
	Pre-B&oslash;lling-Aller&oslash;d changes (mid-HS1 variability) seen in other records
	Calculation of D14C and DD14C
	Estimation of D47 uncertainty
	Appropriateness of the inorganic D47-temperature calibration for deep-sea corals
	Calculation of the rate of warming at the mid-15-kyr event
	Calculation of timescales for various processes to cause heating at our site
	Comparison of D14C with other Atlantic D14C records
	Evidence and mechanism for southern sourced waters to our site
	Comparison with other Atlantic d13C records

	Methods References
	Figure 1 Ocean profiles of D14C and temperature during three different time intervals.
	Figure 2 Temperature versus calendar age based on clumped isotopes in deep-sea corals across the deglaciation.
	Figure 3 D14C-temperature cross-plot.
	Figure 4 Benthic sections of σ13C during late HS1 and the Bølling-Allerød.
	Extended Data Figure 1 Sample collection sites.
	Extended Data Figure 2 D47 cleaning study.
	Extended Data Figure 3 Box model and equations.
	Extended Data Figure 4 Steady-state temperature change with ocean overturning and mixing.
	Extended Data Figure 5 Transient-state temperature change with ocean overturning and mixing.
	Extended Data Figure 6 Comparison with other D14C records during the deglaciation.
	Extended Data Figure 7 Comparison with Iberian
	Extended Data Figure 8 Compilation of Atlantic

