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A Pervasive Millennial-Scale
Cycle in North Atlantic
Holocene and Glacial Climates
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Peter Aimasi, Peter deMenocal, Paul Priore, Heidi Cullen,
Irka Hajdas, Georges Bonani

Evidence from North Atlantic deep sea cores reveals that abrupt shifts punctuated what
is conventionally thought to have been a relatively stable Holocene climate. During each
of these episodes, cool, ice-bearing waters from north of Iceland were advected as far
south as the latitude of Britain. At about the same times, the atmospheric circulation
above Greenland changed abruptly. Pacings of the Holocene events and of abrupt
climate shifts during the last glaciation are statistically the same; together, they make up
a series of climate shifts with a cyclicity close to 1470 + 500 years. The Holocene events,
therefore, appear to be the most recent manifestation of a pervasive millennial-scale
climate cycle operating independently of the glacial-interglacial climate state. Amplifi-
cation of the cycle during the last glaciation may have been linked to the North Atlantic’s

thermaohaline circulation.

More than 20 years ago, Denton and
Karlén (1) made two provocative sugges-
tions about the climate of our present in-
terglacial or Holocene period. Having
found what appeared to be synchronous
advances of mountain glaciers in North
America and Europe, they concluded that
Holocene climate was much more variable
than implied by broad trends in pollen and
marine records. On the basis of radiocarbon
chronologies of the glacial advances, they
further suggested that the climate variations
were part of a regular millennial-scale pat-
tern, which when projected backward coin-
cided with climate shifts of the preceding
glaciation and when projected forward pre-
dicted a progressive warming over the next
few centuries.

Despite its important implications, Den-
ton and Karlén’s concept of a predictable,
millennial-scale climate rhythm has not
been widely accepted, partly because it has
been difficult to find  corroborating evi-
dence in other climate records. For exam-
ple, measurements of oxygen isotopes,
methane concentrations, and snow accu-
mulation in Greenland ice cores reveal no
evidence of millennial-scale fluctuations

G. Bond, M. Cheseby, R. Lotti, P. Aimasi, P. deMenocal,
P. Priore, and H. Cullen are at the Lamont-Doherty Earth
Observatory of Columbia University, Route 9W, Pali-
sades, NY 10964, USA. W. Showers is in the Department
of Marine, Earth and Atmospheric Sciences, North Caro-
lina State University, 1125 Jordan Hall, Raleigh, NC
27695, USA. |. Hajdas and G. Bonani are in the AMS 14C
Lab, [TP Eidgendssische Technische Hochschule (ETH)
Honeggerberg, CH-8093 Zurich, Switzerland.

*To whom correspondence should be addressed. E-mail:
gch@lamont.ldgo.columbia.edu

www.sciencemag.org * SCIENCE ¢ VOL. 278 « 14 NOVEMBER 1997

during the Holocene, except perhaps for a
brief cooling about 8200 years ago {2).
Many researchers now view the Holocene
climate as anomalously stable (3). Recent
evidence from deep sea sediments in the
Nordic Seas (4) suggests that Holocene cli-
mate there was even more stable than
climate during the last interglaciation
(Eemian).

In 1995, however, O'Brien et al. (5)
demonstrated from measurements of soluble
impurities in Greenland ice that Holocene
atmospheric circulation above the ice cap
was punctuated by a series of millennial-
scale shifts. The most prominent of those
shifts appeared to correlate with Denton
and Karlén’s glacial advances. Encouraged
by the findings of O'Brien and her col-
leagues, we launched an investigation of
deep sea Holocene sediments in the North
Atlantic, anticipating that the shifts in at-
mospheric circulation above the ice cap
were part of a much larger climate patrern
that left its imprint in the deep sea record.
Here, we report the results of that investi-
gation, showing that the North Atlanric’s
Holocene climate indeed exhibits variabil-
ity on millennial scales, and we then com-
pare the Holocene variations with climate
shifts of the last glaciation.

We analyzed Holocene sediment in two
cores from opposite sides of the North At-
lantic (Fig. 1), VM 28-14 (64°47'N,
29°34'W; 1855 m of depth) and VM 29-
191 (54°16'N, 16°47"W; 2370 m of depth).
High-resolution accelerator mass spectrom-
eter radiocarbon datings of planktonic fora-
minifera demonstrate that both cores have

thick and nearly complete Holocene sec-
tions (Table 1 and Fig. 2). Core top ages are
less than 1000 years (all ages are in calendar
years B.P. unless otherwise indicated). Sed-
imentation rates in both cores exceeded 10
cm per 1000 years, more than sufficient to
resolve millennial-scale variability, and the
rates were nearly constant (Fig. 2). We
sampled both cores at intervals of 0.5 to 1
cm {equivalent to a resolution of 50 to 100
years), and in each sample we measured
nine proxies (6).

The Holocene signal: Episodes of ice-
rafting. The most conspicuous evidence of
variations in the North Atlantic’s Holo-
cene climate comes from the same three
proxies that we used to document ice-raft-
ing in the North Arlantic during the last
glaciation (7). One proxy is the concentra-
tion of lithic grains, defined as the number
of grains with diameters greater than 150
pm in 1 g of core. At both sites we found a
series of increases in grain concentrations,
which, although of much smaller magnitude
than those of the last glaciation, are distinct
and reach peak values several times that of
the ambient grain concentrations (Fig. 2).

The other two proxies are petrologic
tracers, defined as the percentages of cer-
tain types of lithic grains. One of the tracers
is fresh volcanic glass, which comes from
Iceland or Jan Mayen, and the other is
hematite-stained grains, mostly quartz and
feldspar, that come from sedimentary depos-
its containing red beds (Fig. 3) (7). During
each of the lithic events, both tracers dis-
play prominent increases well above the 2o
counting error (Fig. 2) (8).

These lithic/petrologic events demon-
strate that ice-rafting episodes also occurred
during the Holocene. Age differences of
lithic/petrologic maxima between the two
sites are within the 2¢ calendar age error
(Fig. 2 and Table 1); hence, the events
cannot be local in origin. Regional changes
in carbonate dissolution or in winnowing of
fine sediment could not have produced the
petrologic changes we measured, and in
neither core could we find evidence of cur-
rent laminations or cross-bedding, making
it unlikely that the events were produced by
strong bottom currents [see also caveats in
9]

Hence, contrary to the conventional
view, the North Atlantic’s Holocene cli-
mate must have undergone a series of
abrupt reorganizations, each with sufficient
impact to force concurrent increases in de-
bris-bearing drift ice at sites more than 1000
km apart and overlain today by warm, large-
ly ice-free surface waters of the North At-
lantic and [rminger currents. The ice-rafted
debris (IRD) events exhibit a distinct pac-
ing on millennial scales, with peaks at about

1400, 2800, 4200, 5900, 8100, 9400,
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10,300, and 11,100 years ago.

Ocean forcing of the Holocene signal.
We argue that the immediate cause of the
Holocene ice-rafting events was a series of
ocean surface coolings, each of which ap-
pears to have been brought about by a
rather substantial change in the North At-
lantic’s surface circulation. The most con-
sistent evidence of ocean surface coolings is
the succession of prominent increases in
Globigerina quinqueloba (Fig. 2), a species

that today dominates the planktonic fora-
miniferal populations in cool Arctic waters
north of Iceland (10). Corroborating that
evidence are increases in abundances of
Neogloboquadrina pachyderma (s.), the polar
planktonic foraminifera, during the first
four events (events 5 to 8), and marked
decreases in abundances of the warm-water
planktonic species N. pachyderma (d.) dur-
ing middle and late Holocene events (Fig.
2). Although some of the faunal shifts are

not large, all are defined by more than one
species, and they are correlative at two
widely separated sites. Moreover, because
the foraminiferal concentrations increased
markedly during most events (Fig. 2), it is
unlikely that the assemblages were modified
by carbonate dissolution.

Analysis of stable isotopes in G. bulloides
and N. pachyderma (d.) in the two cores
produced isotopic evidence of cooling at
the level of the Younger Dryas event—as
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Fig. 1. Location of cores we analyzed and principal surface currents in the
North Atlantic and Nordic Seas. The green dots and green line are loca-
tions of COADS temperature estimates and the profile in Fig. 4A. The line
from A to B is the line of the cross section of petrologic data shown in Fig.
4B. Small dots and plus signs are locations of core tops analyzed for the
two petrologic tracers; numbers (from left to right) are percentage of
hematite-stained grains, percentage of Icelandic glass, and core locator
number [core locations and site numbers can be obtained from the first
author; see also (77)]. Shaded red area encloses core tops with =10%
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hematite-stained grains. Dashed black line encloses core tops with =15%
lcelandic glass. Histogram insert summarizes core top data for hematite-
stained grains showing contrast in percentages north and south of the
Denmark Strait and Iceland-Faeroes frontal systems, indicated by blue
shading. Locations of red beds in East Greenland and Svalbard are from
(7). Surface currents: EGC, East Greenland Current; JMC, Jan Mayen
Current; WSC, West Spitsbergen Current; EIC, East Iceland Current;
WGC, West Greenland Current; LC, Labrador Current; NAC, North Atlantic
Current; IC, Irminger Current.
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much as 5°C if the isotopic enrichment was
entirely the result of a temperature change
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Table 1. Accelerator mass spectrometer radiocarbon measurements and calibrated (calendar) ages.

(11)—but revealed little variability during ~ Depth ; Corrected Calendar
any of the Holocene events at either coring (cm) g radiocarbon age” agef il iy
site (Fig. 2). The cooler surface waters may VM 29-197
have been .freshe}'é thereby offsetting tem- # G Biiloides 990 = 56 868 5t
perature-driven 3'°0 enrichment, or cooler 21 G bilbies 2825+ 60 2928 0.779- 3,077
surface waters may have forced planktonic 41 G. bulloides 5,355 + 75 6,136 5,984 6,288
species to shift growth seasons or depth 161 G. bulloides 7,600 = 80 8,334 8,168- 8,499
habi[ats) as recent[y documented for N. f81.2 G. bulloides 8,845 &= 80 9,714 9,651- 9,776
phicTo e i B QR GRS W dme
. | y s 5 . -— g
Whatever the reason, at least in the subpo- 45, . pachydema (s) 10,950 = 50 12,459 12,281~ 12,637
lar North Atlantic, planktonic isotopic 2125 ixed planktonic 11,450 = 45 12,962 12,829 13,004
compositions apparently are not robust in- ] ' ' :
dicators of variability during present-day in- VM 28-14
terglacial climates. i8 G. bulloides 1,643 = 60 1,516 1,396- 1,635
The magm’tudes of the ocean surface f19.5 G. bulloides 2,895 + 60 3,019 2,862- 3,175
coolings probably did not exceed 2°C, at 132 G. bulloides 3,540 = 53 3,809 3,687~ 3,931
least in the eastern North Atlantic; this s G- Heiols Sl it 4,981 So182 2000
] . o 52 G. bulloides 4,895 = 70 5,659 5,861 -8 Y57
conclusion is based on a comparison of 60 G. bulloides 5 BB = 5 6.337 6.264— 6,410
planktonic abundances in VM 29-191 and 74 G. bulloides 6,680 = 80 7,507 7,390- 7,623
recent measurements of modern (core top) f76.7 G. bulloides 7,100 = 75 7,854 7,707- 8,001
assemblages in the Nordic Seas (Fig. 4A). ;3(2) I?/ bu//??/dss % gg]g f 1&438 8;813 gigi— 300(1)(7)4
) - : . pachyderma (s. 810 = ; ,494-10,
W:f Ch‘z” not [to ﬁ“t.}t‘ﬁrt q”a?“fg’ pocan 195 N. pachyderma (s.) 10,290 = 130 11,906 11,320 12,483
surtace temperatures with transter function £103 N. pachyderma (s.) 10,880 + 130 12,797 12,521- 13,072
methods because their errors are relatively 1108 N pachyderma (s) 11,040 + 130 12,960 12,684~ 13,235
large (13), and in an earlier effort at VM
28-14, results were uncertain because of M 25-61
no-analog problems (14). If this upper limit 157 N. pachyderma (s.) 10,880 = 90 12,651 12,597- 12,704
is correct, the Holocene coolings did not ﬂgg /[:ll pacgyglerma ES; 1?228 = 1?8 %gg? 1%238‘ lgg;g
9 % . pachyderma (s. 580 + ) ,240- 13,
exceed 15 to 20% of the full Holocene-to- 205 Noheme k) 12,180 + 100 14,243 13,882 14,603
glacial remperature change (15). . 210 N. pachyderma (s.) 13.440 + 120 16,068 15,689 16,447
The strongest evidence for changes in 219 N. pachyderma (s.) 13,630 *+ 100 16,325 16,009- 16,641
ocean surface circulation during the ice- 221 N. pachyderma (s.) 14,150 = 110 16,965 16,658 17,272
rafting events comes from VM 29-191. To- 223 N. pachyderma (s.) 14,330 = 100 17,176 16,894 17,457
iy o e e e (7 (SRR v e v
o L . pachyderma (s. ,040 = ] 674-17,
North Atlantic is calved in southem and | Sgges p Lo dierna ) 15,650 + 150 18,562 18,200- 18,881
western Greenland, circulates through the 263 N. pachyderma (s.) 17,280 + 130 20,511 20,003- 21,018
southwestern part of the subpolar gyre in fo74 N. pachyderma (s.) 17,875 = 150 21,305 20,774~ 21,835
the Labrador Sea, and enters the North 287.5 IN. pachyderma (s.) 18,269 + 163 21,820 21,299- 22,340
Atlantic near Newfoundland (Fig. 1) (16). {H2-328 20,780 - 24,000 T
If present-day circulation remained un- iH3-581 26,270 - 30,000 =
changed during the Holocene, IRD at VM VM 19-30
29-191 and in Labrador Sea ice should have 100 Mixed planktonic 12,430 = 90 14,571 14,201- 14,940
similar  compositions. However, in  the f150 Mixed planktonic 17,500 = 130 20,808 20,307- 21,308
broad area south of Iceland where Labrador £198.5 Mixed planktonic 22730 + 190 26,562 =
Sea ice is dispersed (16), percentages of the 249.5 N. pachyderma (d.) 28,090 = 250 30,249 -
twoO tracers in modem (c()re top) IRD are f297.4 Mixed planktonic 31,310 = 390 34,847 =
consistently lower than even their mean f350 Mixed planktonic 37,640 = 610 42,845 =
values in VM 29-191 [Fig. 1; see also (17)]. GGC36
In core GGC36, which contains debris from f G. bulloides 2,540 + 70 2,087 2,220-1,954
1cebergs exiting the Labrador Sea, percent- i15 G. bulloides 5,422 + 75 5,850 5,997- 5,703
ages of the two tracers exhibit similar low 30 G. inflata 7,720 = 100 8,070 8,218-7,922
values throughout almost the entire Holo- i50 G. bulloides 8,146 = 90 8,526 8,725- 8,327
cene (Figs. 1 and 5). 60 G. inflata 8,720 = 100 9,268 9,453- 9,082
We f;gnd instead that the sources of IRD i87.5 G. inflata 9,052 = 88 9,80 ailan 50
at VM 29-191 must have been much farther g ) e S S e
) f120 G. inflata 9,165 = 85 9,725 9,924- 9,525
to the northeast in the Greenland-Iceland 1140 G. inflata 10,555 + 138 11,665 12,264— 11,065
seas. There, percentages of the two tracers 50 G. inflata 10,750 = 95 12,110 12,526- 11,694

in core top sediments consistently reach or
even exceed their peak values in VM 29-
191 (Figs. 1 and 4B). The Icelandic mate-
rial probably was erupted onto drifting ice
[see also (18)], and hematite-stained grains

*Corrected by —400 years for the age of the surface ocean reservair, except for VM 19-30 for which the correction
+Radiocarbon ages to 18,800 years calibrated according to (46). f from ETH, Zurich; # from
(67); * from (62); i, from Arizona; !, interpolated radiocarbon ages from (7) and calibrated according to (24). Of the
three Barbados corals dated beyond 18,000 radiocarbon years, one has a radiocarbon age of 26,160 = 520
years and a U-Th age of 30,230 * 160 years (46), consistent with the estimate of H3 calibrated age from ice
core—marine correlation (48). This age is also supported by '#C-U-Th datings of aragonite and organic material from

is —500 years.

may have come from along coastal East Lake Lisan (49).
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Fig. 2 (opposite page). Summary of proxy mea-
surements in cores VM 29-191 and VM 28-14.
Dashed lines are approximate peaks of the Holo-
cene events, taking into account all of the records.
In the lithic and N. pachyderma (s.) records, the
Holocene events become evident only after ex-
panding the horizontal scales. The record from VM
28-14 lacks the oldest event, most likely because
of anomalously low sedimentation rates. Hema-
tite-stained grain percentages are always given on
an ash-free basis and are thus independent of vari-
ations in the material coming solely from Iceland.
Petrologic counting error is from (8). Radiocarbon
age— and calendar age—depth models are based
on data in Table 1 and were produced by assum-
ing linear sedimentation rates between dated inter-
vals. After ~8200 years, 8'°C values in C. wueller-
storfi fall close to the modem value of ~1 per mil at
the nearby GEOSECS site 23 (45).

Greenland and Svalbard (Fig. 1) and per-
haps from farther north around the Arctic
QOcean, where red beds also are present. The
abrupt eastward and southward drops in
tracer percentages almost certainly resule
from melting of ice along frontal systems
where warm and cool surface waters mix
(Figs. 1 and 4B). The low tracer percentages
in Labrador Sea ice, therefore, likely reflect
melting of tracer-rich ice in the Denmark
Strait frontal system and the dearth of he-
matite-bearing sources of IRD around the
Labrador Sea (7).

Hence, the North Atlantic’s surface cir-

Fig. 3. Digitized photos of grains that compese
the two tracers. Upper panel, hematite-stained
grains (h); lower panel, Icelandic glass [clear rhy-
olitic (rg) and dark basaltic (bg) varieties]. Hema-
tite-stained grains are defined as grains with at
least one stained area the size of the small black
dot, the minimum size at which hematite can be
identified (the dot is set in the ocular of the micro-
scope). Although the definition may seem at first
to overdefine the grain type, 60 to 80% of non-
lcelandic grains have no visible hematite staining.
By counting all grains with identifiable hematite
stain, therefore, we avoid rectifying the signal.
Scale bar, 120 pm.
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Fig. 4. (A) COADS temperature profile (63) as
located in Fig. 1 and the latitudinal position of VM
29-191. This diagram provides an estimate of how
much cocling might have occurred during each of
the Holocene events at VM 29-191. The rationale
is as follows: Within the Nordic Seas, there is only
one place where the core top or “modern” abun-
dances of N. pachyderma (s.), G. quinqueloba,
and N. pachyderma (d.) are within the ranges of
their values at the IRD peaks in VM 29-191, That is
a rather narrow area just south of the Iceland-
Faeroes Front, between ~60° and 62°N (70). On
the basis of COADS temperature data averaged
over the last 150 years, comparable to the dura-
tion of a single point in our records, the mean
summer and winter temperature difference be-
tween the “modern analog” location and the loca-
tion of VM 29-191 is between 1.5° and 2°C. If we
assume, as the simplest alternative, that the tem-
perature-faunal relation within the analog location
can be transferred directly to the coring site, and
that ambient temperatures at VM 29-191 were
comparable to those of today, then probably 2°C
of cooling at most occurred there during sach
Holocene event. (B) Cross section of the two pet-
rologic tracers from section A-B (Fig. 1). All core
top data from within the area of A-B were project-
ed to the center along the green line. The cross
sections demonstrate the difference in percentag-
es of the two tracers north and south of the Ice-
land-Faeroes frontal system and the relaticn of
those changes to the peak values of the tracers in
our record from VM 29-191, as in Fig. 2.

culation must have alternated between two
modes. At times of minimum concentra-
tions of IRD and warmer sea surface tem-
peratures at the coring sites, circulation
probably was similar to today’s, such rhat
small amounts of tracer-poor ice from the
Labrador Sea reached both coring sites.
During the ice-rafting events, export of ice
from the Labrador Sea may have increased,
but surface waters of the Greenland-Iceland
seas must have been advected much farther
southward or southeastward than they are
today, carrying tracer-rich ice to both cor-
ing sites (Fig. 1).

The changes in faunal assemblages dur-
ing each ice-rafting evenr at VM 29-191
further support our circulation reconstruc-
tion and appear to restrict the IRD sources
to surface waters in the southerly parts of
the Greenland-Iceland seas near or within
the frontal systems (Fig. 4A). Surface wa-
ters in the frontal systems tend to be quite
productive (19), and their southward shifts,
therefore, are consistent with prominent
increases in foraminiferal concentrations
associated with most of the IRD events at
both sites (Fig. 2). The large magnitudes of
the circulation changes are especially cvi-
dent in the eastern North Atlantic where
cool, ice-bearing surface waters shifted
across more than 5° of latitude, each time
penetrating well into what is at present the
core of the warm North Atlantic Current.
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face coolings, changes in IRD and forami-
niferal concentrations, and changes in pet-
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rologic tracers at both sites. Although we
cannot rule out an increase in iceberg dis-
charge from tidewater glaciers during the
ice-rafting events, it is not required by the
data in hand.

The deep southward advections of cool-
er and fresher surface waters into the core of
the North Atlantic Current imply links
with the North Atlantic’s thermohaline cir-
culation. For example, at VM 29-191, §1°C
values in the benthic foraminifera Cibi-
cidoides wuellerstorfi decrease by ~0.5 to 0.6
per mil (Fig. 2), corroborating previous ev-
idence that North Atlantic deep water
(NADW) production was reduced during
that climatic event (20, 21).

In the subsequent Holocene record,
8"3C values decrease by 0.4 to 0.5 per mil
during event 7 at ~10,300 years (Fig. 2),
suggesting reduced NADW production at
that time as well. The absence of depletions

GISP2 ice core

in 8"°C values exceeding background noise
(that is, depletions greater than ~0.3 per
mil) during the other events does nor nec-
essarily rule out corresponding changes in
NADW production; shifts in thermohaline
circulation at those times may be recorded
only in deeper, more sensitive sites near the
present boundary between NADW and
Southern Ocean water (22).

Correlations with the Greenland ice
core. We also found evidence of a close link
between the shifts in Holocene climate and
atmospheric circulation above Greenland.
In particular, the marine records exhibit a
good correlation with the flux of non-sca
salt K, one of the several constituents of
atmospheric chemistry dissolved in Green-
land ice and regarded as evidence of chang-
es in loadings of terrigenous dust (5). With
one exception, at 1400 years, the North
Atlantic’s Holocene events fall either on or

VM 29-191

close to peaks in that record (Fig. 6). The
1400-year event correlates with a promi-
nent increase in the flux of another member
of the geochemical series, sea salt Na, an
indicator of storminess and entrainment of
sea spray into the atmosphere (5). The Lit-
tle Ice Age episode, which is clearly reflect-
ed in the geochemical series, is absent from
our marine records because the core tops
slightly predate that event.

O'Brien et al. (5) argued that the in-
creases in soluble impurities in Holocene
ice from Greenland probably accurred at
times of lowered atmospheric temperatures.
Their conclusion was based on evidence
that certain of those shifts were associated
with well-documented climatic deteriora-
tions, such as the Little Ice Age, the 8200-
year cooling event, and the Younger Dryas
(2, 23). Our correlations with the ice core
records, therefore, imply that during the
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Fig. 6. Glacial-Holocene record of IRD, petrology, and 8'3C values in C.
wuellerstorfi, placed on a calendar time scale and compared with GISP2 Ca,
8'80, and flux of non-sea salt K (5, 47). 8'3C values in C. wuellerstorfi are
from VM 29-191; IRD and petrology are from the composite VM 29-191 and
VM 28-81 record, spliced as indicated. The calendar time scale for the
composite marine record was constructed as in (24); stars (at right) are ages
for H2 and H3 used to extend the age model beyond the radiocarbon
calibrations (see also Table 1). Calibration of the age of H3 is based on
multiple criteria (24) and is ~4000 years younger than estimated by Mclntyre
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and Molfino (64). Hatched boxes give positions of layers rich in detrital
carbonate (DC). Interstadial numbers in ice core records are from (65). Ho-
locene data are from VM 29-191; glacial data are from VM 23-81; the cores
are joined at the core splice at the midpoint of the Younger Dryas event.
Depletions in benthic 8'°C values associated with IRD events increase into
the last glaciation, suggesting that the glacial amplification of the millennial-
scale oscillator was linked to increasingly stronger decreases in NADW pro-
duction.
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Holocene, just as during the last glaciation,
the North Atlantic’s ocean surface and the
atmosphere above Greenland were a cou-
pled system undergoing recurring shifts on
short, millennial scales.

A millennial-scale climate cycle. De-
spite a profound reorganization of climate at
the onset of the Holocene, there is no
statistical difference between pacings of the
Holocene climate events and the rapid cli-
mate shifts that dominated the last glacia-
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tion. The evidence comes from a composite
climate record we constructed by extending
our measurements of IRD concentrations
and petrologies back to ~32,000 years, the
present limit of radiocarbon age calibra-
tions. The glacial portion of the composite
record is from VM 23-81 (Fig. 1) in which
earlier work documented a series of fast-
paced ice-rafting events (7). We increased
the resolution of those events with addi-
tional measurements of lithic grain concen-
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Fig. 7. (A) Time series of pacings of Holocene-glacial events from VM 29-191 and VM 23-81 (@),
compared with pacings of numbered interstadials in GISP2 §'%0 (TJ) and benthic 880 in VM 19-30 (66).
Pacings were calculated as in (27). The pacings of the Dansgaard/Oeschger cycles were obtained by
measuring the time steps between numbered interstadials and placing the value at the midpoints
between them. The time step to the Little Ice Age (O) is also shown for comparison with older event
pacings. Mean values of event pacings are from the composite record of hematite-stained grains in Fig.
6. The calibrated time scale for VM 19-30 is from (25). On the basis of radiocarbon ages and their
calibrations, the stage 2-stage 3 boundary is almost 6000 years older than given by SPECMAP tuning
(67). (B) Histogram of Holocene-glacial IRD events and GISP2 interstadial events. (C) Multitaper spectral
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trations and their petrologies. The glacial
records were placed on a calendar time
scale, as described in Table 1 and (24), and
joined to the Holocene record of VM 29-
191, which is only a few kilometers away
(Fig. 1) at the midpoint of the Younger
Dryas detrital carbonate-lithic peak, dated
at 10,880 radiocarbon years in both records
(Fig. 6).

Thus, the composite record is based on
the same proxies throughout. Moreover, all
of the events reflect the same sense of cli-
mate change—that is, coolings (25). The
three events between interstadials 1 and 2,
equivalents of which have recently been
identified in the Labrador Sea (25), dem-
onstrate that the climate signal persists
through the last glacial maximum where ice
core 880, dissolved Ca (Fig. 6), and meth-
ane records (26) reveal no evidence of com-
parable climate variability. Why this is the
case is unclear, but perhaps air masses car-
rying the signals were blocked from the
interior of the ice cap by expansion of polar
atmospheric circulation (23).

Using the procedure described in (27),
we measured the pacing of the Holocene-
glacial climate shifts in the most consistent
and robust component of the composite
record, the series of peaks in hematite-
stained grains (Fig. 7A). For the glacial
interval, the mean pacing is 1536 = 563
years, essentially the same as a 1450-year
cycle identified in the glacial portion of the
Greenland Ice Sheet Project 2 (GISP2)
geochemical series (28). For the Holocene
interval, the mean pacing is 1374 + 502
years. The standard deviations are from the
means of the event pacings. Calendar age
errors have been estimated back to 22,000
years, and for that interval, which makes up
two-thirds of our total record, the errors are
smaller than the standard deviations (com-
pare Table 1 and Fig. 7A).

Thus, the pacings of the Holocene and
glacial events are the same statistically, and
together the two series constitute a cyclic
signal centered on ~1470 * 532 years. The
signal persists across at least three major
climate transitions: the Younger Dryas—
Holocene transition, the deglaciation, and
the boundary between marine isotope stages
2 and 3, which we have dated at ~30,000
years (Fig. 7A and Table 1). The implica-
tion of this finding is clear: The millennial-
scale variability in our records reflects the
presence of a pervasive, at least quasiperi-
aodic, climate cycle occurring independently
of the glacial-interglacial climate state.

Our composite record further suggests
that the Holocene and glacial event pacings
are nearly the same as those of the promi-
nent Dansgaard/Oeschger 8'%0 shifts of the
last glaciation, especially in marine isotope
stage 3 where they are best developed (Fig.
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7, A and B). That finding implies that
Dansgaard/Oeschger cycles were not forced
by internal instabilities of large ice sheets
during glaciations, as some have suggested
(3), but instead originated through process-
es linked to the climate cycle. Similarly, the
consistent association of Heinrich events
with cold phases of the cycle (Fig. 6) sup-
ports arguments by Bond and Lotti (7) that
climate plays a fundamental role in their
origin.

Finally, spectral analysis of the time se-
ries of hematite-stained grains by the mul-
titaper method of Thompson (29) reveals
that power is concentrated in two broad
bands. One is centered at ~1800 years, near
the mean of Holocene-glacial events, and
the other is centered at ~4700 years (Fig.
7C). Cycles close to both have been noted
previously in spectra from other paleocli-
mate records from the last glaciation (30).
In addition, F variance ratio tests reveal
lines with >95% probability at 4670, 1800,
and 1350 years (Fig. 7C). Further corrobo-
ration of cyclicity close to the mean of the
IRD events is given by applying a broad
Gaussian bandpass filter to the record of
hematite-stained grains centered on 1800
years (Fig. 7D).

Discussion. Our conclusion that millen-
nial-scale shifts of Holocene and glacial
climates originated fundamentally from the
same forcing mechanism, a quasiperiodic
climate cycle, has implications for the de-
bate over the origin of abrupt climate
changes and how those changes may influ-
ence future climates. The stability of the
present climate in the North Atlantic must
be considered in the context of millennial-
scale variability in addition to interannual
and interdecadal fluctuations, such as the
North Atlantic Oscillation (31). For exam-
ple, as originally suggested by Denton and
Karlén (1), the Little Ice Age, a widespread
climatic deterioration culminating about
300 years ago (32), was not an isolated
event. Our records demonstrate that the
time step separating the main phase of the
Little Ice Age from the previous Holocene
event {our event 1) is ~1100 years, falling
well within the pacings of events in the
composite record (Fig. 7A). The Little Ice
Age, therefore, appears to have been the
most recent cold phase in the series of
millennial-scale cycles.

Whether the climatic amelioration since
the Lirtle Ice Age marks the onset of a
warm phase of the cycle [for example, (33)]
is, however, unclear. The series of climate
events we have identified were not strictly
periodic, and brief warmings often punctu-
ated the cold phases of the millennial-scale
fluctuations.

The 8200-year cooling, which is well
documented by the only distinct Holocene
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380 shift in Greenland ice, has received
much attention because of its prominence
in a growing number of other records (2). In
our records, what is almost certainly the
correlative of that cooling, event 5 (Fig. 6),
is clearly part of the recurring series of
climate shifts. We argue, therefore, that the
origin of the 8200-year cooling is linked to
the climate cycle and that its large ampli-
tude in climate records reflects a mecha-
nism that in some way amplified the cli-
mate signal at that time.

Finally, we are able to directly compare
in the North Atlantic two prominent series
of abrupt climate shifts from completely
different climate states: the Holocene cli-
mate episodes and the marine imprint of
the Dansgaard/Oeschger cycles. In addition
to their similar pacings, events in both se-
ries document southward shifts of cooler,
ice-bearing surface waters deep into the
subpolar North Atlantic and a coupling of
ocean surface circulation with atmospheric
circulation above Greenland. As was the
case for the glacial events, the Holocene
shifts were abrupt, switching on and off
within a century or two at least and proba-
bly faster, given the likely blurring of event
boundaries by bioturbation (Fig. 2). Sud-
den, recurring reductions in NADW pro-
duction accompanied the glacial cycles
(34), and the same appears to have occurred
during at least one of the Holocene events.

Hence, at least with respect to the sur-
face circulation in the subpolar North At-
lantic, it seems entirely consistent with the
evidence to view the Holocene events as
mini-Dansgaard/Oeschger cycles, and to re-
gard the surface North Atlantic as a hydro-
graphic system that shifts persistently in a
Dansgaard/Oeschger-like mode, even when
ice volumes are small. If that is correct,
then the much larger amplitudes of the
Dansgaard/Oeschger cycles relative to those
of the Holocene reflect an amplification of
the cyclic signal by a mechanism unique to
the glaciation.

The amplifying mechanism is uncertain,
but it may have been linked to thermoha-
line circulation in the North Atlantic. At
VM 29-191, for example, large depletions of
313C values in C. wuellerstorfi during glaci-
ation coincide with relatively large increas-
es in IRD (Fig. 6). In cores from south of
Iceland, similar shifts in 8°C values in C.
wuellerstorfi coincide with cold phases of
Dansgaard/Oeschger cycles (34) and, by
correlation, coincide with increases in IRD
in VM 23-81 (Fig. 6) (7). During glaciation,
the 1470-year cycle may have regulated ice-
berg discharges into the North Atlantic,
thereby amplifying the signal through the
impact of recurring increases in fresh water
(icebergs) on rate of NADW production
(35). An alternative mechanism is suggest-

|

ed by recent models demonstrating that a
large-amplitude oscillatory mode can be in-
duced in thermohaline circulation simply
by increasing fresh water fluxes to the
ocean, as would occur with growth of
Northern Hemisphere ice sheets (36). The
frequency of the oscillator could perhaps
lock onto the frequency of a weak but per-
sistent external forcing, such as the 1470-
year cycle, in effect an amplification
through entrainment or frequency locking.
Regardless of the exact amplifying mecha-
nism, the results of our study implicate
ocean circulation as a major factor in forc-
ing the climate signal and in amplifying it
during the last glaciation.

We know too little thus far to identify
the origin of the 1470-year cycle, Its con-
stant pacing across major stage boundaries,
especially the last glacial termination, al-
most certainly rules out any origin linked to
ice sheet oscillations. Rather, the close cor-
relation of shifts in ocean surface circula-
tion with changes in atmospheric circula-
tion above Greenland is consistent with a
coupled ocean-atmosphere process. Cou-
pled ocean-atmosphere modes of variability
on decadal scales have been inferred from
observational records in the North Atlantic
(37), but those records are too short to
assess longer, millennial-scale phenomena.
Millennial-scale climate cycles may arise
from harmonics and combination tones of
the orbital periodicities, but cycles currently
thought to fall within those bands are long-
er than the cycle we have identified (38).
Forcing of millennial-scale climate variabil-
ity by changes in solar output has also been
suggested, but that mechanism is highly
controversial, and no evidence has been
found of a solar cycle in the range of 1400
to 1500 years (39).

In any case, if we are correct that the
1470-year climate cycle is a pervasive com-
ponent of Earth’s climate system, it must be
present in previous glacial-interglacial in-
tervals. If that turns out to be true, the cycle
may well be the pacemaker of rapid climate
change.
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Strait and Cumberland Strait (50); it serves as an
excellent chronostratigraphic marker. Calibrations of
radiocarbon ages in VM 19-30 (Table 1) at 100 and
150 cm are from (46). Remaining calibrations are
from the age model for the Holocene-glacial com-
posite record as described above.

The Heinrich events are tied to well-documented
lowerings of atmospheric and ocean surface tam-
peratures and to large reductions in the rate of
NADW formation (Fig. 6} (34). The two distinct ice-
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37.
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rafting peaks between interstadial 1 and the Younger
Dryas, dated at ~13,200 and ~14,000 calendar
years (~11,300 and 12,000 '4C years), are accom-
panied by increases in N. pachyderma (s.) measured
in the same core (57), and they are coincident with
prominent decreases in §'80 in Greenland ice (Fig.
6). Evidence of coolings at about the same times
have been found in other deep sea cores from the
North Atlantic (52} and the Nordic Seas (53) and in
pollen and glacial records in Europe and North
America (53). From 23,000 calendar years to the end
of the record, the IRD-petrologic episodes between
Heinrich events alsc occur at times of maxima in
abundances of N. pachyderma (s.) (7) and at times of
prominent cold phases in the ice core 880 records
(Fig. 6). We also find distinct IRD events punctuating
prolonged stadials, such as between interstadials 2
and 3 and interstadials 4 and 5. There, the IRD-
petrologic peaks correspond to prominent increases
in dissolved Ca (Fig. 8) and in the polar circulation
index (23}, suggesting a close association of the ma-
rine events with expansion of polar circulation above
the ice cap. Within the fong interval between inter-
stadials 1 and 2, we have identified four other IRD-
petrologic events in addition to H1. The N. pachy-
derma (s.) abundances are saturated through the
entire interval, preventing reliable estimates of
changes in sea surface temperatures. The youngest
of the four events, dated at ~15,200 calendar years
(~12,900 *4C years), however, is correlative with
glacial advances in the U.S. midwest [for example,
Port Huron Stade (54)], with a glacial readvance on
the Scotian shelf {55}, and with a Heinrich-like cool-
ing and ice-rafting event identified on the Scotian
Slope (56). The other three events, a, b, and ¢, pre-
viously identified by Bond and Lotti (7} and dated at
about 19,000, 21,000, and 22,000 calendar years
(~16,500, 17,500, and ~18.600 '*C years), are
present in IRD records from a number of other sites
in the subpolar North Atlantic and GIN Seas (57}, and
they also appear in magnetic susceptibility records
from the Labrador Sea (58). Two of these wide-
spread events, a and ¢, are correlative with promi-
nent coolings identified in pollen records from a long
lacustrine sequence in northern Norway (59). There
is evidence that the two older events, b and ¢, may
even be correlative with glacial advances in the
Southern Hemisphere, implying a bihemispheric
symmetry of the abrupt changes (60).
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centage. At the levels of H1 and H2, the sharp de-
creases in percentages of the two petrologic tracers
reflect dilution by massive amounts of IRD dis-
charged from the Labrador Sea (7), and we place the
peaks for those two events at maxima in the lithic
grain concentrations {Fig. 6}.
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