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year between the Pacific and Nazca plates (23)].
We propose that subparallel subduction of the I-P
mid-ocean ridge beneath Japan at 60 to 55 Ma
resulted in nearly simultaneous slab break-off
along the length of the Japanese trench (~2700
km). Geological observations from southern
Japan support subduction of the I-P ridge and
subsequent slab break-off at 60 to 55 Ma.
Evidence includes cessation of a major accretion
phase in the Late Cretaceous (24), emplacement
of the Okitsu Melange due to subduction of hot,
buoyant material at 55Ma (24), and cross-cutting
fault fabrics that indicate a counterclockwise
rotation in relative plate motions between Eurasia
and the I-P plate, which are also consistent with
paleothermal and paleopressure data, between 55
and 34 Ma (25).

Rapid subduction of the I-P ridge, over a vast
distance, triggered a chain reaction of tectonic
plate reorganizations. With complete subduction
of the I-P ridge at 55 Ma, forces acting on the
Pacific changed from ridge-push to slab-pull,
which changed Pacific absolute plate motions
from northwest to west (Fig. 4). The change in
Pacific plate motion caused cessation of Tasman
Sea spreading at ~52Ma (26). Increased slab pull
north of Australia, due to a westerly progression
of the subducting Wharton Basin mid-ocean
ridge (Fig. 4), changed Australian absolute plate
motion from northwest to north. A combination
of Australian and Pacific plate motion changes
between 53 and 50 Ma initiated both the Tonga-
Kermadec (2) subduction system and the Izu-
Bonin-Marianas subduction systems, which
initiated likely before 50Ma, due to convergence
across a fracture zone caused by the Pacific plate
motion change (27). We suggest that the ob-
served slowdown of sub-Pacific mantle flow at
47 Ma (4) was due to progressive impediment of
lateral sub-Pacific mantle flow by the descending

slabs of the Izu-Bonin-Marianas and Tonga-
Kermadec subduction zones.

The observed opposite bend geometries of
the Emperor-Hawaii seamount chain and the
Pacific-Farallon fracture zones can be explained
with combined absolute (relative to a fixed refer-
ence frame) and relative plate motions. Clock-
wise rotation of eastern Pacific absolute plate
motion, combined with stable Farallon plate mo-
tion (Fig. 4), results in a clockwise bend in
Pacific-Farallon fracture zones at 53 to 49 Ma
(16). In the western Pacific, a counterclockwise
change in absolute plate motion, from northwest
to west due to Izanagi Ridge subduction (Fig. 4),
combined with a sub-Pacific mantle flow slow-
down, results in the HEB. This conceptual model
is testable via three-dimensional fully dynamic
mantle flow simulations.
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Absence of Cooling in New Zealand
and the Adjacent Ocean During the
Younger Dryas Chronozone
Timothy T. Barrows,1* Scott J. Lehman,2 L. Keith Fifield,1 Patrick De Deckker3

As the climate warmed at the end of the last glacial period, a rapid reversal in temperature,
the Younger Dryas (YD) event, briefly returned much of the North Atlantic region to near full-
glacial conditions. The event was associated with climate reversals in many other areas of the
Northern Hemisphere and also with warming over and near Antarctica. However, the expression
of the YD in the mid- to low latitudes of the Southern Hemisphere (and the southwest Pacific
region in particular) is much more controversial. Here we show that the Waiho Loop advance of the
Franz Josef Glacier in New Zealand was not a YD event, as previously thought, and that the
adjacent ocean warmed throughout the YD.

The Younger Dryas (YD) event was orig-
inally recognized in Northern Europe and
the adjacent North Atlantic Ocean as an

abrupt return to near full-glacial conditions be-

tween 11,000 and 10,000 radiocarbon (14C) years
ago, an interval defined as the YD chronozone
(1). Layer counting of Greenland ice cores (2),
tree ring counts (3), and calibration of the 14C

time scale (4) now place the event between
~12,900 and ~11,600 calendar years before the
present (cal yr B.P.). Evidence for teleconnected
reversals of climate at this time occurs widely in
the Northern Hemisphere (5), whereas the trans-
fer of the Greenland climate stratigraphy to Ant-
arctic ice cores via measurements of globally
well-mixed atmospheric CH4 trapped within the
ice show clearly that a deglacial reversal of cli-
mate warming in Antarctica [the Antarctic Cold
Reversal (ACR)] ended just as the Northern
Hemisphere YD began (6). The latter is con-
sistent with an antiphased relation of climate
between Greenland and Antarctica seen earlier
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in the glacial period (6, 7), most likely due to
altered interhemispheric heat transport by the
ocean and/or alternation of deep-water forma-
tion between hemispheres (8). What remains
both uncertain and very controversial is the
nature of the YD climate signal, if any, in the
mid- to low latitudes of the Southern Hemi-
sphere (9–12).

The strongest case for cooling in the mid-
latitude Southern Hemisphere during the YD is
made on the basis of the Waiho Loop advance
of the Franz Josef Glacier on the west coast of
South Island, New Zealand (9). Twenty-five pieces
of wood found buried beneath till at Canavans
Knob, 1.6 km behind the moraine and ranging
in age from ~12,800 to ~13,400 cal yr B.P.
(10,750 to 11,520 14C yr B.P.) (9) suggest that
the Waiho Loop formed immediately after this
period during the YD chronozone. Higher in the
Southern Alps, a mean 10Be exposure age of
11,720 ± 320 years on boulders from the Lake
Misery moraines in Arthur’s Pass (13) also ap-
pears to support the claim for a glacier advance
during the YD. These ages have prompted wide-
spread debate, both because other climate proxies
such as pollen do not indicate substantial YD
cooling (10) and because marine records in the
southwest Pacific Ocean display very different
deglacial climate signals (12, 14, 15).

We chose a twofold approach to reassess the
status of the YD interval in the region. First, we
exposure dated the Waiho Loop moraine using
the cosmogenic isotopes 10Be and 36Cl. This
method has an advantage over 14C dating in that
it directly dates the moraine itself. Two nuclides
provide internal-age control because each nu-
clide is produced from different targets and is
analyzed and standardized independently. We col-
lected samples from 10 boulders spatially dis-
tributed along the moraine crest. In two cases
[WH-06 and WH-07 (Table 1)], we collected
samples from both ends of large boulders, and
in six cases it was possible to sample for both
10Be and 36Cl from the same boulder. Samples
were prepared with the use of established meth-

ods (16). In total, we determined 24 ages, in-
cluding 6 independently prepared duplicates
for 36Cl.

The choice of production rates for calcu-
lating exposure age is critical because systematic
calibration errors directly propagate into the
exposure-age uncertainty. We chose production
rates calibrated with the retreat of ice at the con-
clusion of the YD in Scotland (17). This ties the
exposure age of the Waiho Loop with a location
of known YD age, making a direct age com-
parison possible. Uncertainties in production-rate
scaling factors due to the geomagnetic field and
atmospheric thickness are small because our site
is similar to the YD calibration sites in terms of
age, latitude, and altitude.

Exposure-age results are presented in Table
1 and tables S1 to S4. There is a high degree of
coherence between the ages, and only one boul-
der age falls within the YD chronozone. Statistical
dispersion between the ages of duplicates, ages
derived from different isotopes analyzed from
the same sample, and ages of different samples
from the same boulder is similar to the disper-
sion between the ages of the boulders them-
selves. One exception is boulder WH-09, where
all three ages are significantly younger than the
main grouping. This was the only boulder sam-
pled with smaller blocks resting on top of it,
perhaps indicating a former till cover. The ages
from the other nine boulders form a population
(c2/n = 2.55, where n is the number of degrees
of freedom) with a weighted mean age of
10,480 ± 240 years (18). Therefore, ice retreated
from the Waiho Loop moraine ~1100 years after
the end of the YD, meaning that it cannot be a
YD-associated event. The moraine is ~2300 years
younger than the youngest wood recovered be-
neath till correlated with the moraine (9). Those
dates may record the initial advance of the Franz
Josef Glacier just before the YD and during the
ACR (~14,450 to 12,900 cal yr B.P.), a possi-
bility raised earlier by Broecker (5) on the
basis of the older 14C dates at Canavans Knob. If
these dates record a full advance of ice to the

Waiho Loop, then the moraine must have
formed over a period of ~2300 years, explaining
its large size.

To compare our exposure ages directly with
those from the putative YD moraines at Arthur’s
Pass (13), we recalculated the latter using the
YD 10Be production rate (19). Four out of the
five samples form a population (c2/n = 0.28)
with a weighted mean age of 13,420 ± 630 years
(20). Therefore, ice retreated from the Lake Misery
moraines at the end of the ACR, ~1800 years
before the conclusion of the YD and ~3000 years
before the Waiho Loop moraine was abandoned
by ice. To validate our production-rate method-
ology, we recalculated the age of the Egesen
moraines in Julier Pass, Switzerland, that are
believed to have formed during the YD (13).
The new weighted mean ages for the outer and
inner Egesen moraines are 13,020 ± 670 and
11,410 ± 440 years (versus the originally cal-
culated ages of 11,750 ± 240 and 10,470 ± 260
years), indicating that the glacier occupied Julier
Pass during the YD. Consequently, our method
confirms the age of known YD moraines in the
Northern Hemisphere. Even if we applied other
commonly used 10Be production rates (21, 22),
these rates would decrease the age of the Waiho
Loop boulders and increase the mismatch with
the YD.

The second approach we used to detect pos-
sible cooling during the YD was to construct a
new high-resolution deep-sea record of sea sur-
face temperature (SST) 180 km west of the Waiho
Loop in the Tasman Sea. Core SO136-GC11 was
collected during a Sonne cruise on the Challenger
Plateau (43° 26.40′S, 167° 51.04′E, water depth
of 1556 m), north of the present-day Subtrop-
ical Front and in the same meteorological area
as the glacier (23). We estimated SST using the
alkenone-unsaturation paleotemperature tech-
nique [see supporting online material (SOM)]
and the empirical temperature calibration from
sediments of Müller et al. (24), which is statis-
tically identical to the laboratory-based calibra-
tion of Prahl et al. (25). Although the absolute
temperature calculated from alkenone mea-
surements depends on the choice of calibration,
the relative precision of individual measure-
ments is high (typically 0.5°C) and sufficient to
detect small relative changes in SST. The age
model was constructed with the use of 13 ac-
celerator mass spectrometry (AMS) 14C dates on
the planktonic foraminifera Globorotalia inflata
back to 23,830 cal yr B.P. (Fig. 1, table S5, and
SOM). Because of the proximity to outwash
from coastal glaciers, sedimentation rates peaked
at ~18,400 and ~27,000 to 28,000 cal yr B.P.,
during maximum glaciation (26). The alkenone-
sample interval during the YD chronozone is
200 to 300 years and as little as ~20 years dur-
ing the last glacial maximum (LGM).

The SST reconstruction is shown in Fig. 1,
along with d18O of the planktonic foraminif-
era Globigerina bulloides from SO136-GC11,
Greenland and Antarctic oxygen isotope records

Table 1. Exposure ages for boulders on the Waiho Loop. Boulder ages are error-weighted means
with standard deviation of the ages. The second “36Cl age” column represents a duplicate analysis.
Ages are in thousands of years. ND, not done.

Sample 36Cl age 36Cl age 10Be age Boulder age

WH-01 11.43 ± 0.60 10.70 ± 0.91 11.29 ± 0.90 11.23 ± 0.39
WH-02 11.31 ± 0.59 ND 10.39 ± 1.01 11.08 ± 0.65
WH-03 ND ND 10.75 ± 0.85 10.75 ± 0.85
WH-04 9.57 ± 0.52 8.52 ± 1.11 9.69 ± 0.83 9.46 ± 0.64
WH-05 ND ND 9.12 ± 0.76 9.12 ± 0.76
WH-06* 11.11 ± 0.55 ND ND 9.24 ± 2.14†
WH-06* 8.09 ± 0.44 ND ND See above†
WH-07* 8.58 ± 0.47 11.62 ± 1.33 ND 9.40 ± 1.52‡
WH-07* 10.23 ± 0.58 ND ND See above‡
WH-08 8.28 ± 0.47 8.90 ± 0.83 6.87 ± 1.03 8.22 ± 1.04
WH-09 5.16 ± 0.30 5.03 ± 0.55 5.32 ± 0.50 5.17 ± 0.15
WH-10 12.79 ± 0.67 10.37 ± 0.81 11.37 ± 1.76 11.77 ± 1.22
*Samples from either end of large boulders. †The above value is an average age for both WH-06 samples. ‡The above
value is an average age for both WH-07 samples.
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(7, 27), and a nearby pollen record (28). The
timing of full-glacial cooling and subsequent
deglacial warming is very similar to that seen in
the South Island pollen record, consistent with a
strong influence of the adjacent ocean on the
local climate (29). Although not yet directly dated,
a rapidly fluctuating SST decline and planktonic
d18O increase (cooling) began ~29,000 cal yr
B.P. and reached near full-glacial temperatures
~27,000 cal yr B.P., consistent with an early
glacial cooling seen in the pollen series (28) and
the longer record of New Zealand glaciation (30).
Similar high-amplitude SST fluctuations are seen
to the east of New Zealand and in the Southern
Ocean (29).

Despite the documented presence of high-
amplitude SST variability in the early (pre-LGM)
part of the record, the warming after the abrupt

increase in SST at ~19,000 cal yr B.P. is mono-
tonic. There is no discernible decrease in SST
during the deglacial period, only gradual warming
that peaks at ~11,400 cal yr B.P. at the conclu-
sion of the YD. There are no short-term fluctua-
tions late in the Pleistocene that could potentially
be a YD cooling event, even allowing for gener-
ous errors in the age model. Consistent with
warming in the SST series, the YD interval ap-
pears to be associated locally with a period of
maximum forest growth (increasing abundance
of podocarps and hardwoods, Fig. 1), not cooling.
The Holocene is characterized by a continuous
SST decline to the present, seen also in the
tropical western Pacific Ocean (31). This is con-
sistent with late Holocene neoglaciation in New
Zealand, including in the valley behind the Waiho
Loop moraine (32).

The new and revised exposure ages pre-
sented here overturn evidence for glacier advance
in New Zealand during the YD chronozone,
previously considered to be the strongest basis
for cooling in the Southern Hemisphere at this
time (5). The possibility of glacier advance of
the Franz Josef Glacier during the ACR cannot
be ruled out, but we show that retreat from the
Waiho Loop occurred several millennia later.
Glacier retreat from the moraines at Arthur's
Pass occurred much earlier. The upwind SST
record indicating progressive warming during both
the ACR and the YD is not readily consistent
with regional forcing of coordinated glacier ad-
vance at either time and probably points to more
local controls on glacier mass balance, especial-
ly for the Franz Josef Glacier (33). The absence
of YD cooling in New Zealand increasingly calls
into question its presence within the Southern
Hemisphere, especially in mid-latitudes where
there is little or no physical basis for climate
teleconnection with the North Atlantic region.
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Toward Direct Measurement of
Atmospheric Nucleation
Markku Kulmala,1* Ilona Riipinen,1 Mikko Sipilä,1 Hanna E. Manninen,1
Tuukka Petäjä,1 Heikki Junninen,1 Miikka Dal Maso,1 Genrik Mordas,1 Aadu Mirme,2
Marko Vana,1,2 Anne Hirsikko,1 Lauri Laakso,1 Roy M. Harrison,3 Ian Hanson,3
Carl Leung,3 Kari E. J. Lehtinen,4 Veli-Matti Kerminen5

Atmospheric aerosol formation is known to occur almost all over the world, and the importance of
these particles to climate and air quality has been recognized. Although almost all of the processes
driving aerosol formation take place below a particle diameter of 3 nanometers, observations cover
only larger particles. We introduce an instrumental setup to measure atmospheric concentrations of
both neutral and charged nanometer-sized clusters. By applying the instruments in the field, we
come to three important conclusions: (i) A pool of numerous neutral clusters in the sub–3
nanometer size range is continuously present; (ii) the processes initiating atmospheric aerosol
formation start from particle sizes of ~1.5 nanometers; and (iii) neutral nucleation dominates over
the ion-induced mechanism, at least in boreal forest conditions.

Formation of new atmospheric aerosol par-
ticles (diameter of 3 to 10 nm) by nuclea-
tion and subsequent growth has been

observed in a wide variety of low- and high-
altitude locations (1). Once the formed particles
grow further in size, theymay participate in cloud
formation and influence the regional or even
global radiation balance and ultimately climate.
On more local scales, these particles may be
deleterious to human health and impair visibility.

Despite the growing list of locations where
frequent aerosol formation has been observed,
the overall magnitude of this source is still very
poorly understood compared with that of any
other major source generating particles into the
atmosphere. There are at least two reasons for
this. First, atmospheric aerosol formation is
driven by processes taking place below a 3-nm
particle diameter, which is outside the range of
most measuring devices in use. Second, the nu-

cleation mechanism initiating aerosol formation
is likely to vary with location and atmospheric
conditions. Proposed atmospheric nucleation
mechanisms include kinetic (or barrierless), bina-
ry, ternary, and ion-induced (or ion-mediated)
nucleation (1–3), some of which might further be
affected by meteorological processes such as
turbulent fluctuations, atmospheric waves, and

mixing (4, 5). Most nucleation mechanisms have
been thought to involve gaseous sulfuric acid,
even though nucleation taking place in associa-
tion with clouds and in coastal areas could be
induced by water-insoluble (6) and iodine com-
pounds (7), respectively.

Recently it was suggested that the formation
of new atmospheric aerosol particles is connected
with the existence of thermodynamically stable
1- to 2-nm clusters (8), formed in the atmosphere
by some nucleation mechanism. From a physical
standpoint, two very different cluster types in the
sub–3 nm size range can be distinguished: charged
(air ions or ion clusters) and neutral species. The
existence of atmospheric ion clusters as small as
0.5 to 1 nm in diameter has been known for dec-
ades, and measurements with ion spectrometers,
such as the Air Ion Spectrometer (AIS) and Ba-
lanced Scanning Mobility Analyzer (BSMA),
have demonstrated that such clusters are present
almost all the time (9). The production rates of ion
clusters are, however, generally too low to explain
the observed aerosol-formation rates (10).

In view of the insufficient numbers of ion
clusters, the key to understanding atmospheric
aerosol formation is clearly the presence of neu-
tral clusters. Theoretical arguments predict the
existence of such clusters (8, 11) and suggest that
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Fig. 1. Evolution of particle number size distribution measured with the NAIS on a particle
formation event day (23 April 2006) in Hyytiälä, Finland.
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