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In the context of gradual Genozoic cooling, the timing of the onset of significant Northern Hemisphere glaciation 2.7 million years
ago is consistent with Milankovitch’s orbital theory, which posited that ice sheets grow when polar summertime insolation and
temperature are low. However, the role of moisture supply in the initiation of large Northern Hemisphere ice sheets has remained
unclear. The subarctic Pacific Ocean represents a significant source of water vapour to boreal North America, but it has been
largely overlooked in efforts to explain Northern Hemisphere glaciation. Here we present alkenone unsaturation ratios and diatom
oxygen isotope ratios from a sediment core in the western subarctic Pacific Ocean, indicating that 2.7 million years ago late-
summer sea surface temperatures in this ocean region rose in response to an increase in stratification. At the same time, winter
sea surface temperatures cooled, winter floating ice became more abundant and global climate descended into glacial conditions.
We suggest that the observed summer warming extended into the autumn, providing water vapour to northern North America,

where it precipitated and accumulated as snow, and thus allowed the initiation of Northern Hemisphere glaciation.

To initiate and sustain the large Northern Hemisphere ice sheets of
the Plio-Pleistocene ice ages, two requirements are broadly recog-
nized. First, the more polar continental areas must be sufficiently
cold for precipitation to fall as snow rather than rain and for snow
and ice to survive the warm summer melting season. Second,
adequate moisture must be introduced to high northern latitudes
to promote the accumulation of glacial ice. In attempts to explain
the initiation of the major Northern Hemisphere glaciation
2.7 million years (Myr) ago, much attention has been given to the
temperature requirements of continental glaciation. The time
interval between 4.5 and 3.1 Myr was dominated by a pronounced
long-term minimum in the amplitude of the 41-kyr cycle in the
obliquity of the Earth’s rotation', which would have failed to
produce particularly cold Northern Hemisphere summers—the
key requirement posited by Milankovitch for the onset of Northern
Hemisphere glaciation. During this time interval, there may have
been several aborted shifts toward glaciation, for example, between
4.1-3.9 Myr and 3.5-3.3 Myr (ref. 2; Fig. 1). During the late Pliocene
and early Pleistocene, a high amplitude in the obliquity cycle
resulted in periods of low tilt angle, which, in turn, would have
yielded periods with cold summers in the Northern Hemisphere.
Thus, it has been suggested that the progressive increase in the
amplitude of the obliquity cycle tipped the scale between 3.1-
2.5 Myr, allowing for long-term expansion of Northern Hemisphere
ice'. In short, our long-held view of the temperature requirement of
glaciation is largely consistent with the timing of the onset of
Northern Hemisphere glaciation.

However, the onset of Northern Hemisphere glaciation has
proved to be inconsistent with ideas regarding the water vapour
requirement™. It has been suggested that glaciation began in
response to increased North Atlantic Deep Water formation and
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the flow of warm Gulf Stream waters into the high-latitude North
Atlantic, associated with the closure of the Panama seaway™®.
However, recent studies show that this closure and associated
changes in North Atlantic circulation occurred 4.6 Myr ago, well
before the onset of intense Northern Hemisphere glaciation®”.
Thus, it is unknown whether and how a change in water vapour
supply encouraged the initiation of intense Northern Hemisphere
glaciation.

Seasonality of the modern subarctic North Pacific

The modern subarctic Pacific surface is dominated by a permanent
‘halocline’, or salinity-driven density gradient in the upper 300 m,
that reduces exchange between the surface layer and the ocean
interior’. Seasonal changes in the temperature of the surface mixed
layer are thus only minimally buffered by the heat capacity of the
ocean subsurface, resulting in a sea surface temperature (SST) that
has one of the largest annual ranges of any open ocean region, with
winter (February) surface ocean temperatures in the subarctic
Northwest Pacific of about 41 °C, late-summer (September) tem-
peratures of +12°C, and a seasonal thermocline during summer
and autumn®.

This seasonal variation in the physical conditions of the subarctic
Pacific leads to strong seasonality in the biological productivity of
the region. Winter mixing transports nutrients from the subsurface
into the euphotic zone. During spring, as the euphotic zone deepens
and the mixed layer shoals, a diatom-dominated bloom begins,
lasting until early summer, when most of the nutrients are con-
sumed, silicate in particular®'®. However, during late summer and
autumn, when the water column is most stable, a secondary
biogenic bloom typically occurs, this time dominated by cocco-
lithophores'"'?. Alkenones accumulating in the sediments below

821

© 2005 Nature Publishing Group




articles

Age (Myr)
2.5 2.6 2.7 2.9 3.0 3.1
— i P _ 3 H 5
= Winter-early spring SST
*qc‘)‘ =z 441 (Mlarc;\/Aprri)\/) pring L14 g =
— = re} 1 r 5
[J] =0 2] Summer—early autumn SST 12 L ©
-8 E® i (August/September) L c ]
=]
= Elp O 10 265
cun L = D
[
= 22 8 s
(warmer) 0.6 |\ +7°C 16
28 ‘ Q
T 0.4 v <
x"‘\'l 3 Moisture 'J)
ij source (%]
(colder) 0.2 -5
g sgf~========———-- R
ﬁ = g 1 (warmer) "
= 0O -0
n = E 40 ) RS
o @2L ag
8 .© =
8 &3 42 L3 &3
8 9% © s
5 2 44 4 (colder)
Qo 6
E
§ o
g 22 M
g 9
§ £5 2
@ [0}
T 00
w 2 z
a o 0+ —0 (warmer) =
2
g
50 on
S
(o
100 2°
15}
=y
j=2}
150 (colder) £
%}
= __(warmer) 3+
-yl 3.5
%
% (colder) 4
2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2
N‘e (Myr) ,/
Q
5o
o
< &
Q=2
T
© g £
0
2° 5
%] =
3
g
- g o
80 (warmen) 2
o @
2 ©
160 (colder) &,
g —a-l Major Northern Hemisphere glaciation | —————————————— @ — — — — — — g
o (warmer) 2.8
&
%)
Qo 3.6
=
*f ie
g closure
2 4.4
©
2
& (colder) 5.2+ . . i i
0 1 2 3 4 5

Age (Myr)

Figure 1 Palaeoceanographic data and model time series through the time interval
marking the onset of major Northern Hemisphere glaciation. a, Increase in ice volume
between 3.1 and 2.7 Myr, as indicated by benthic foraminiferal &80 from ODP Site 659,
in the eastern equatorial Atlantic Ocean®*. b, IRD input to the subarctic Northwest Pacific,
as indicated by the increase in magnetic susceptibility at ODP Site 882 (50°21" N,
167°35" E, water depth 3,244 m) at 2.73 Myr. ¢, Drop in biogenic opal mass
accumulation rates (MAR) at ODP Site 882 in the subarctic Northwest Pacific. d-h, During
the time interval 3.2 to 2.4 Myr, fluctuations in ice volume as indicated by benthic
foraminiferal §'80 from ODP Site 846, eastern equatorial Pacific? (d), IRD at ODP Site 882
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(e), biogenic opal MARs at ODP Site 882 (f), 580 in planktonic foraminifera G. bulloides
(blue), which is interpreted to reflect mainly winter/spring SST, and &80 of large diatom
species C. marginatus and C. radiatus (red), which is interpreted to reflect mainly late
summer/autumn SST (g), and U%;- and Uﬁ}—indices, which are interpreted to reflect
mainly late summer/autumn SST (h). The range of absolute SSTs (in °C, right axis) reflect
the U%; temperature calibration of ref. 18, which is in close agreement with that of ref. 19.
i, CLIMBER-2 model output of minimum (blue; March/April or winter/spring) and
maximum (red; August/September or summer autumn) zonally averaged Pacific SST at
55°N.
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this region indicate a modern temperature of 10.1°C, consistent
with the late-summer and autumn growth of the coccolithophorids,
which are among the prymnesiophytes that produce these com-
pounds''.

North Pacific changes 2.7 Myr ago

Before about 2.7 Myr ago, the accumulation of diatomaceous
sediments in the subarctic Pacific was roughly four to five times
greater than it is today (Fig. 1; ODP Site 882: 50°21'N, 167°35"E,
water depth of 3,244 m). Records from both the western and eastern
basins of the subarctic Pacific indicate an abrupt drop in opal
accumulation rate at isotope stage G6, synchronous with the
massive onset of ice-rafted debris (IRD, Fig. 1). The nearly complete
consumption of silicate in the modern subarctic Pacific summer-
time surface and a sedimentary N isotope change across the 2.7-Myr
transition conspire to indicate that the drop in opal accumulation
was associated with a drop in the supply of major nutrients from the
ocean interior to the surface ocean”. Thus, the biogeochemical
data point to the development of the subarctic Pacific halocline
at 2.7 Myr, closely associated with the onset of major Northern
Hemisphere glaciation" (Fig. 1).

The close association of subarctic Pacific halocline formation
with major Northern Hemisphere glaciation as well as the abrupt
and dramatic nature of both changes suggest a positive feedback
between the two. We have previously focused on how climate
cooling increased the vertical stability of the North Pacific'>'.
This work raised atmospheric CO, as the possible mechanism by
which polar stratification could, in turn, cause global cooling and
thus participate in a positive feedback. The sediment core data and
climate model output reported here provide a more direct mecha-
nism by which the development of the subarctic Pacific halocline set
the scene for ice-sheet growth in the Northern Hemisphere.

The 5'%0 of microfossil calcite from the planktonic foraminifer
G. bulloides increases at 2.7 Myr by approximately 2%o (ref. 14;
Fig. 1). This has been taken to indicate a drop in SST of about 5 °C,
taking ice-volume variations into account'®. The §'*0 increase
occurs shortly (~3kyr) before the drop in opal accumulation and
coincides with the first step in IRD increase. Poor preservation
makes such a foraminifera-derived reconstruction difficult in these
nearly carbonate-free sediments, especially after the 2.7-Myr tran-
sition. Nevertheless, the sharp increase in IRD across the transition
and the evidence from other regions'® confirm that the overall sense
of change at 2.7 Myr was a dramatic cooling.

We have measured alkenone unsaturation ratios'’* (U, and
UK.’ across the 2.7-Myr transition at ODP Site 882, to provide an
additional constraint on surface temperature changes in the sub-
arctic North Pacific. Prymnesiophytes, including the coccolitho-
phorids, produce the long-chain alkenones that are used in this
temperature reconstruction. As phytoplankton, these organisms are
concentrated in the upper euphotic zone of polar waters, whereas
G. bulloides can live at a variety of depths and also forms a
gametogenic crust in the subsurface. Moreover, coccolithophorids
tend to bloom in the middle to late summer in the western subarctic
Pacific, after the diatom bloom®'?, whereas foraminiferal pro-
duction tends to follow the productivity of the entire phytoplankton
pool and thus is at a maximum in the spring®'°. For these reasons,
significant differences should be expected between alkenone- and
foraminiferal-based temperature reconstructions. Even with this
expectation, the alkenone-derived temperature change is in surpris-
ing contrast to the indicators of cooling at the 2.7-Myr transition:
the alkenone data indicate a warming of =7 °C across the transition
(Fig. 1).

Given this unexpected result, possible sources of artefact must
be considered. The alkenone content of these old, high-latitude
sediments is quite low, requiring the use of a high-sensitivity
gas chromatography-chemical ionization mass spectrometry
(GC-CIMS) method for measurement of the degree of alkenone
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unsaturation® (see Supplementary Information). Diagenesis and
changes in light and nutrient conditions are not expected to bias the
unsaturation ratios to the degree that would be required to explain
the transition at 2.7 Myr (refs 24, 25). A recent concern is
that alkenones can be transported laterally, associated with fine
sediments, and can perhaps be remobilized from ancient sedi-
ments®®. This is an unlikely concern for the sediments of ODP
Site 882. Sediment transport in the region is, if anything, from the
North, and there is no evidence for a radical change in lateral
transport at the 2.7-Myr transition. For remobilization and sub-
sequent incorporation of alkenones from older sediments to have
caused the apparent decrease in U%, at the 2.7-Myr transition,
extremely old sediments would need to be eroded to produce such a
‘warm’ U%; signature. This assumption is not supported by the
composition of the coccolith assemblage, which is dominated by
coccoliths typical/indicative of the time period analysed (mainly
gephyrocapsids and reticulofenestrids).

The alkenone evidence for post-2.7-Myr summertime warming is
corroborated by the §'%0 of the silica frustules produced by large
(75-150 pm) autumn-living subarctic North Pacific diatom species
(Coscinodiscus marginatus and C. radiatus, see Supplementary
Information). Their 'O decreases by approximately 5%o across
the 2.7-Myr transition (Fig. 1), indicating some combination of
warming and freshening in the late-summertime/autumn surface.
Development of the full modern halocline in the subarctic Pacific at
2.7 Myr can explain only ~1%o of this 8'*0 decrease®, whereas one
would expect ice volume to have caused a global ocean 8'#0 increase
of ~0.5%o (ref. 2). This leaves a ~4.5%o decrease to be explained by
late-summertime/autumn sea surface warming. Published coeffi-
cients for the dependence of diatom silica 'O on temperature
range from 0.2%o to 0.5%o per °C (refs 27-29). Thus, the diatom
8'%0 data appear to require a warming of =9 °C at 2.7 Myr, which is
similar to the warming estimate from the alkenones. Although
significant uncertainties remain in the use of diatom 8'®0, they are
completely different from those that apply to the alkenones. In
particular, lateral transport or exhumation from older sediments are
not plausible concerns for these large and extremely well-preserved
diatoms (see Supplementary Information).

A link between stratification and seasonality

Despite the initially counterintuitive nature of these results, warm-
ing is completely consistent with the development of the subarctic
Pacific halocline at 2.7 Myr. Because the halocline acts to reduce
exchange between the surface and ocean interior, the development
of the halocline at 2.7 Myr should have caused the seasonal variation
of surface ocean temperature to reflect more fully the seasonal cycle
in insolation and air temperature. That is, upon stratification, the
seasonal variation in surface temperature should have increased
toward the ~11 °C range that characterizes the modern subarctic
Pacific. The US-index reflects the SST maximum that coincides
with the late-summer/autumn coccolith bloom, and the diatoms
analysed here also grow at the surface during the late summer'’. By
contrast, the foraminiferal calcite is biased to record the spring
diatom bloom and is also strongly influenced by the temperature of
the shallow subsurface through growth below the mixed layer
and the formation of gametogenic crust. Consequently, the
apparent paradox between the cooling at 2.7 Myr as indicated by
the planktonic foraminifera 5'®0 and the warming as indicated
by the UX -index and diatom 8'%0 is best interpreted as an
expression of the amplified seasonal contrast that should have
been expected from the development of the permanent halocline
at that time.

The high heat capacity of sea water causes surface waters to
remain warm into the autumn and cool into the spring. Stratifica-
tion of the subarctic Pacific will decrease the thermal inertia of the
upper ocean and thus reduce the phase lag between land and ocean
temperature. However, the amplification of the seasonal cycle
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should overwhelm this effect, so that stratification will cause the
subarctic Pacific surface to be significantly warmer than the land
further into the autumn.

Such an enhanced temperature contrast with continental climate,
which responds rapidly to seasonal insolation changes, is well suited
for driving glaciation in North America. The subarctic Pacific is a
dominant source of water vapour to boreal North America®, and
warmer SSTs in the autumn would cause a larger fraction of the
water vapour delivery to occur when continental climate is cold
enough for snow to accumulate. In this way, the stratification of the
subarctic Pacific would allow for adequate water vapour supply to
feed glaciers when global climate cooling would otherwise drive a
decrease in water vapour transport and limit ice-sheet growth.
Thus, the obliquity minimum within isotope stage G6 at 2.7 Myr
may have succeeded in beginning the age of intense Northern
Hemisphere glaciations specifically because it triggered the devel-
opment of the subarctic Pacific halocline, which then continued to
provide water vapour to boreal North America even as the globally
averaged atmosphere became colder and drier.

North Pacific seasonality and glaciation

To test the links among subarctic Pacific stratification, SST and ice-
sheet growth, we carry out a suite of experiments with CLIMBER-2,
an Earth system model of intermediate complexity’>*. To control
stratification, we vary the freshwater input into the subarctic North
Pacific region. If this input is reduced from modern forcing by 0.2 Sv
(~20% of the total precipitation over the North Pacific), the model
comes to equilibrium with a ‘destratified’ subarctic Pacific that lacks
its modern halocline. An increase in freshwater input is unlikely to
have been the specific cause of subarctic Pacific stratification at
2.7Myr (ref. 13); it merely represents a simple model strategy
for changing polar stratification® (see also Supplementary Infor-
mation).

The ‘destratified’ and ‘stratified’ equilibria differ in ways that are
consistent with their representation of pre- and post-2.7 Myr
conditions, respectively. Relative to the ‘destratified’ equilibrium,
the modern equilibrium maintains much colder winter and spring
SSTs in the subarctic Pacific and has significant seasonal sea-ice
cover, which the ‘destratified’ equilibrium lacks. Despite the overall
cooling associated with the modern equilibrium, late-summer and
autumn SST is actually warmer in this modern equilibrium, which
we explain above as the result of reduced thermal inertia associated
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Figure 2 Output for two equilibrium states of the CLIMBER-2 Earth system model.

a, Seasonal variation in North Pacific SST at 55° N (blue) and 45° N (red). The solid lines
correspond to the ‘modern’ (stratified) equilibrium, the dashed lines to the ‘Pliocene’
(unstratified) equilibrium state. b—d, ‘Modern’ minus ‘Pliocene’ differences in seasonal
variation of temperature (b) and precipitation (as snow and rain) zonally averaged over
Northern America at 60° N (d), and evaporation from the North Pacific at 55°N (c).
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with stratification. Relative to the destratified state, the cold
spring in the stratified state reduces spring and summer snowmelt
(Fig. 2a, b). At the same time, the warm autumn SST of the stratified
state maintains the moisture supply to North America (Fig. 2¢, d)
despite annually averaged cooling.

To assess the significance of the differences between the stratified
and destratified states for the build-up of ice sheets in the Northern
Hemisphere, we performed additional experiments using an
extreme orbital configuration called ‘cold orbit’ A high-resolution
snow pack model coupled to CLIMBER-2 was used to diagnose the
area of permanent snow cover, which can be considered as a
minimum footprint for the ice sheets. For the modern climate
state (stratified North Pacific) and the ‘cold orbit, a large area of
North America is perennially covered by snow (Fig. 3b). In contrast,
with a destratified North Pacific, the area of perennial snow cover is
restricted to the Arctic archipelago and small mountainous areas
(Fig. 3a). Growth of the ice sheet provides an additional positive
feedback, which explains part of the large temperature difference
between the stratified and destratified North Pacific climate states
(Fig. 3b, see also Supplementary Information).

A time-evolving experiment simulates the development of stra-
tification at 2.7 Myr (Fig. 1i). The experiment begins at 3.1 million
years ago (Fig. 1i) from the destratified state and gradually increases
the freshwater flux to the subarctic Pacific at a constant rate of 0.2 Sv
per million years. The simulation also includes orbital parameter
variation'. At 2.75Myr, stratification sets in, winter/springtime
(March/April) subarctic Pacific SST drops by ~5 °C, and summer-
time/autumn (August/September) SST increases by ~3°C. The
timing of the gradual freshwater increase has been optimized to
yield stratification at 2.7 Myr. However, the abrupt development of
stratification from the gradual change in freshwater input was a
natural response of the model, indicating that a 2.7-Myr stratifica-
tion event may have been a threshold response to a gradual change
in forcing.

Previous work on the connection between water vapour supply
and Northern Hemisphere glaciation has focused on the North
Atlantic. The connection between deep convection and meridional
heat transport in the North Atlantic has represented a central
motivation for this focus®. It is obvious that the North Pacific, a
large oceanic region that is upstream of North America in
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Figure 3 Simulated area of permanent snow cover (shaded) for the ‘cold orbit’
configuration in the destratified (a) and stratified (b) equilibria. b, Isolines (green) show
differences in annual surface air temperature between climate states corresponding to
stratified and destratified equilibria under the ‘cold orbit” configuration.
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atmospheric circulation, could play a critical role in the develop-
ment of Northern Hemisphere glaciation. Ironically, it was the
isolation of the subarctic Pacific surface from the ocean interior that
set the stage for major Northern Hemisphere glaciation at
2.7 Myr. g
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