
mers (Eq. 4 and eqs. S7 and S9, respectively). For
example, the fraction of the long arm with degree
of polymerization XL was determined as in (33)

PLðXLÞ ¼
pXL ∑

XL

XM¼1
pXM ∑

XM

XS¼1
pXS

∑
∞

XL¼1
pXL ∑

XL

XM¼1
pXM ∑

XM

XS¼1
pXS

¼ ð1− p3ÞðpXL−1 − p2XL−1 − p2XLþ
p3XLÞ ð4Þ

The experimental and theoretical distributions
of the arm length in star molecules were in good
agreement (Fig. 3B).

In the branching points, we observed three
types of mutual orientation of the NRs (Fig.
3C). We labeled the junctions as J3||-||, J3⊥-⊥,
and J3||-⊥ where the number 3 in the subscripts
denotes the number of NRs in the junction,
and the symbols ||-||, ⊥-⊥, and ||-⊥ reflect two
parallel, two perpendicular, and one parallel/
one perpendicular NR alignments, respectively.
The histogram of the fractions of each type of
junction in the chains showed a lower fraction
of J3||-|| junctions in comparison with J3⊥-⊥ and
J3||-⊥ junctions (Fig. 3D), due to the steric con-
straints in attaching the second NR in the par-
allel orientation to the reacted arrowhead.

The polymerization model was applicable
to the self-assembly of arrowhead and cylindri-
cal gold NRs (28), with a length in the range
from 30 to 50 nm, which were end-tethered with
PS molecules with a molecular weight ranging
from 5000 to 20000 g/mol. We anticipate that
the approach can be applied to the organization
of other types of NPs, as long as their self-
assembly follows a reaction-limited process.

This work bridges the gap between polymer-
ization reactions taking place at a molecular level
and NP self-assembly occurring at the length scale
two orders of magnitude larger. It shows that the
theory of step-growth polymerization is valid for
the assembly ofNPs linked by physical bonds. The
polymerization approach enables pre-programming
the dimensions of 1Dnanostructures by assembling
NP chains with a predetermined length. It can
facilitate the design of new, complex nanostruc-
tures by mimicking a large library of polymers
produced by step-growth polymerization, e.g.,
hyperbranched (dendritic) polymers, polymer net-
works, and copolymerization of differentNPs (e.g.,
metal and semiconductor NPs) with a high degree
of control over the structure of alternating, block
and graft-copolymers. Owing to the progress in
NP synthesis, the self-assembly of NPs with
asymmetric functional groups can be explored
and modeled using the theory developed for
polymerization of more complex monomers. On
the other hand, the capability to visualize the
polymerization process by imaging emerging
nanostructures provides the unique ability to test
theoretical models developed for step-growth
polymerization.
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Deepwater Formation in the
North Pacific During the
Last Glacial Termination
Y. Okazaki,1 A. Timmermann,2* L. Menviel,2 N. Harada,1 A. Abe-Ouchi,1,3 M. O. Chikamoto,1
A. Mouchet,4 H. Asahi3

Between ~17,500 and 15,000 years ago, the Atlantic meridional overturning circulation weakened
substantially in response to meltwater discharges from disintegrating Northern Hemispheric glacial ice
sheets. The global effects of this reorganization of poleward heat flow in the North Atlantic extended to
Antarctica and the North Pacific. Here we present evidence from North Pacific paleo surface proxy data,
a compilation of marine radiocarbon age ventilation records, and global climate model simulations to
suggest that during the early stages of the Last Glacial Termination, deep water extending to a depth of
~2500 to 3000 meters was formed in the North Pacific. A switch of deepwater formation between the
North Atlantic and the North Pacific played a key role in regulating poleward oceanic heat transport
during the Last Glacial Termination.

Massive meltwater discharges during the
Last Glacial Termination [~19 to 10
thousand years ago (ka)], such as

Heinrich event 1 (H1: ~17.5 to 15 ka) and the
Younger Dryas event (YD: ~13 to 11.5 ka),
reduced North Atlantic surface density condi-
tions and interrupted the steady flow of the At-
lantic meridional overturning circulation (AMOC)
(1). Through atmospheric and oceanic telecon-
nections, climate conditions changed substantial-

ly in theNorth Pacific, as documented by numerical
climate modeling studies (2–4) and paleo-proxy
data (5, 6).

Recent studies (7–11) using data obtained
from single-sediment cores in the North Pacific
reported local evidence for major reorganizations
of the North Pacific Ocean circulation during H1,
the Bølling-Allerød (BA: ~14.5 to 13 ka) warm
period, and the YD. The interpretation of radio-
carbon data in these cores reveals that during H1,
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very old water masses seeped into intermediate
layers of the eastern tropical Pacific, whereas the
western North Pacific sites near Japan show rel-
atively young radiocarbon ventilation ages at
intermediate depths (1000 to 2000 m). Under-
standing the mechanisms by which old carbon-
rich water from the deep North Pacific was vented
to the surface and replaced by younger water
masses may also hold important clues toward
resolving the puzzle of the carbon sources that
caused the rise of atmospheric CO2 during the
last deglaciation.

The goal of this study is to provide a more
comprehensive view of what triggered ventila-
tion changes in the North Pacific during the early
deglaciation and to reconstruct spatial patterns
and pathways of intermediate-deepwater circula-
tion. For these purposes, we compiled a com-
prehensive data set of published radiocarbon
sediment core data from the North Pacific with
temporal coverage large enough to resolve the
H1/BA transition (12). Together with a climate
model simulation that mimics H1, we used these
data to determine the effects of AMOC changes
on the large-scale conveyor-belt circulation, with
an emphasis on the North Pacific.

To better understand the driving mechanisms
of North Pacific circulation changes, we provide
an overview of North Pacific climate conditions
during the Last Glacial Termination (Fig. 1). Dur-
ing H1, a time of weak AMOC (Fig. 1A) (1), the
eastern subarctic Pacific was warm and relatively
saline, as documented by dinocyst assemblages in
core PAR87A-10 [54.36°N, 148.47°W, 3664-m
water depth (13)] (Fig. 1, B and C). Planktonic
foraminiferal Mg/Ca and d18O analyses in core
GH02-1030 [42.23°N, 144.21°E, 1212-m water
depth (14)] in the western North Pacific reveal
the presence of cold and saline surface waters
during the early deglaciation (Fig. 1, D and E).

As documented by these analyses, salinity
dropped in the eastern and western North Pacific
after ~16 thousand years, attaining minimum
values during BA. By accounting for dating un-
certainties among the different cores, we found
that the drop of surface salinity during the H1/BA
transition coincided with an increase in near-
bottom phosphate contents inferred from benthic
foraminiferal d13C values in cores MR01K03-
PC4 from the western North Pacific [41.12°N,
142.40°E, 1366-mwater depth (15)] andBOW9A
from the Bering Sea (54.04°N, 178.68°E, 2391-m
water depth) (Fig. 1F). This change in the west-
ern North Pacific indicates a transition from

nutrient-depleted andwell-ventilated intermediate-
deep waters during H1 to nutrient-enriched less-
ventilated waters during BA.

The reduced abundance of dysaerobic benthic
foraminiferal taxa in the Bering Sea core BOW9A

during H1 compared with that in the BA period
(16) is also consistent with the notion of enhanced
deepwater ventilation extending to a depth of
~2500 m (Fig. 1G). Oxygen-rich intermediate-
deep waters during H1 were also reconstructed

Fig. 1. Sediment proxy records in the North Pacific from 23 to 10 ka on their re-established time scales
(table S2) with (A) Pa/Th ratio as a proxy for the AMOC strength in the North Atlantic (1); sea-surface
temperature and salinity changes in (B and C) the eastern North Pacific based on dinocyst assemblages
(13) and in (D and E) the western North Pacific based on planktonic foraminiferal Mg/Ca and d18O (14);
(F) raw benthic foraminiferal d13C data in the western North Pacific (15) (1366 m, gray squares), the
Bering Sea (2391 m, open circles), and spline-interpolated and averaged benthic d13C values (green
circles); and (G) percentage of dysaerobic benthic foraminifera species in the Bering Sea (2391 m) (16).
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from benthic foraminiferal assemblages (17) and
redox-sensitive metals (18) in records from the
western North Pacific. Because the millennial-
scale variations in oxygen concentrations found
in these cores are out of phase with those obtained
from deeper sites in the North Pacific (ODP882
at 3200 m, and ODP887 at 3600 m) (9), we esti-
mate the maximum vertical extent of North Pa-
cific intermediate to deep water spreading during
H1 to be ~3000 m. When this value is compared
with present-day values of about 800 m (19), it
becomes evident that such changes would have
required a major reorganization of the entire
North Pacific ocean circulation.

To develop a better understanding of the
nature of ocean circulation changes during the
deglaciation, we compiled published radiocarbon
data from 29 intermediate-deepwater cores in the
North Pacific (table S1). 14C ages were converted
to calendar ages on planktonic foraminifera sam-
ples from these cores using the Calib 6.0 routine
with the Marine09 calibration data set (20).
Ventilation ages estimated from 14C age differ-
ences between coexisting benthic and planktonic
foraminifera shells (BF−PF age), projection ages
(21) (table S3), and reconstructed bottom water
D14C activities (9) (table S4) were then calculated
for all cores.

The compilation of western North Pacific
radiocarbon ages (Fig. 2, for depth range 900 to
2800 m) reveals notable changes in deepwater
ventilation during the last deglaciation. By aver-
aging radiocarbon age estimates derived from the
projection method and the BF−PF method, we
obtained ventilation age estimates for the Last
Glacial Maximum (LGM: ~23 to 19 ka), H1
(~17.5 to 15 ka), and BA (14.5 to 13 ka) periods
of ~1500 years, ~950 years, and ~1550 years,
respectively. The ~600-year drop in ventilation
age between the LGM and H1 is significantly
larger than the typical one-sided uncertainties in
the projection method during this time (385
years), which supports the notion of a major
reorganization of North Pacific intermediate-
deepwater flow during H1.

No coherent averaged projection and BF−PF
age ventilation changes were observed between
the LGM (~1540 years), H1 (~1450 years), and
BA (~1600 years) in the eastern North Pacific
(900 to 2800 m) (table S5 and fig. S6). These
findings for the western and eastern North Pacific
are consistent with reconstructed bottom water
D14C activities (table S5). The presence of a well-
ventilated water mass above 2000 m, the so-
called glacial North Pacific intermediate water
(GNPIW), has been suggested previously for
LGM conditions (22, 23), with the Bering Sea
being the source of this water mass (24). Our re-
constructed ventilation changes during H1 show
a much more pronounced reorganization of deep
western North Pacific flow.

To explore how this reorganization of deep
North Pacific flow in response to changes of the
AMOC came about, freshwater perturbation ex-
periments were conducted with the Earth system

model of intermediate complexity LOVECLIM
(version 1.1) (25, 26) under both preindustrial
and LGM background conditions. These experi-
ments enabled us to compare simulated changes
in radiocarbon with those reconstructed by the
sediment core compilation (table S3). The fresh-
water perturbation experiments simulate the cli-
mate response to an idealized glacial meltwater
pulse that mimics H1. By linearly increasing the
freshwater forcing to 2 Sv in the northern North
Atlantic for 100 years, the water becomes less
dense, leading to a reduction of deep convection
in the North Atlantic and a subsequent collapse
of the AMOC. An associated reduction of pole-
ward heat transport leads to large-scale cooling in
the Northern Hemisphere, as in other climate
models (2–4). Air-sea interactions in the North
Atlantic and emanating atmospheric teleconnec-
tions are vital for cooling the western North Pacific
(4). Furthermore, in response to the AMOCweak-
ening and the associated North Atlantic cooling,
the Atlantic-Pacific moisture transport weakens
(25) and the Pacific Intertropical Convergence
Zone shifts south, leading to a persistent reduction
of precipitation and hence an overall increase of
surface salinity in the North Pacific. Once the Pa-
cific meridional overturning cell (PMOC) estab-
lishes, the anomalous poleward surface currents
(fig. S3) transport more saline subtropical waters
into the North Pacific, thereby providing a positive-
salinity feedback. A closed Bering Strait facili-
tates the build-up of such North Pacific salinity
anomalies (27). The resulting changes in surface
density trigger deep oceanic convection in the
subarctic Pacific. The three-dimensional adjust-
ment to the resulting North Pacific density anoma-
lies in the preindustrial and LGMLOVECLIM1.1

freshwater perturbation experiment leads to the
establishment of a deep PMOC (Fig. 3B and fig.
S2), which distributes young and oxygen-rich deep
water throughout the entire western North Pacific
down to ~2500 m (Fig. 3B), in accordance with
reconstructions of oxygen conditions in BOW9A
(Fig. 1G).

Both model results (Fig. 3C) and paleo re-
constructions (Fig. 1, B and D) suggest the ex-
istence of an east-west sea surface temperature
gradient in the North Pacific during H1. The
simulated cooling in the western North Pacific
can be partly explained in terms of an intensifi-
cation of the Aleutian Low (4) and cold-air advec-
tion. Simulated warming in the eastern North
Pacific results from an enhanced poleward ad-
vection of heat, which is associated with the
northeastward-flowing surface branch of the
PMOC (Fig. 3C). Moreover, a very pronounced
east-west gradient in intermediate-deepwater
ventilation (Fig. 3D) is found, both in the paleo-
proxy reconstructions and the modeling experi-
ments. The main simulated pathway of deepwater
circulation is along thewesternmargin of theNorth
Pacific, in a deep western boundary current that
is analogous to the one currently in the North
Atlantic. The model results demonstrate that the
western boundary flow is the principal factor in
establishing the east-west gradient of intermediate-
deep Pacific ventilation, which is also evident in
the compilation of radiocarbon-based ventilation
data (Fig. 3, A and D).

However, simulated radiocarbon age anom-
alies associated with the onset of the PMOC
are too weak to explain the data from recent
eastern Pacific intermediate-depth sediment cores
(10, 11) that reveal the presence of extremely old

Fig. 2. Compilation of ventilation age changes based on published radiocarbon data in the western
North Pacific (8, 14, 30–32). BF−PF ages (open diamonds), projection ages (gray circles), and smoothed
spline interpolation of averaged BF−PF and projection ages (blue line). Uncertainty of calendar age and
ventilation age is 1s; Pa/Th ratio (orange squares) as a proxy for the AMOC strength in the North
Atlantic (1).
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intermediate water. To explain the very old east-
ern tropical Pacific intermediate waters during
H1, a process unrelated to the onset of a PMOC
has to be invoked (11).

The match between the simulated ventilation
age anomalies in the western North Pacific and
those reconstructed from a compilation of radio-
carbon records (Fig. 3, A andD)makes a compell-
ing case for the existence of a deep PMOC during
H1 and an associated see-saw in deepwater for-
mation between the North Atlantic and Pacific.

In our preindustrial and LGM freshwater
perturbation experiments, the PMOC is main-
tained by the poleward advection of salinity from
the subtropical regions (fig. S3) (3, 28), a south-
ward shifted Intertropical Convergence Zone,
and reduced atmospheric export of fresh water
from theAtlantic to the Pacific (25).As a result of
the reorganization of the global conveyor belt cir-

culation, the simulated Indonesian Throughflow
weakens by 30 to 50% (25), which leads to a
strengthening of the Kuroshio and the intrusion
of North Pacific Intermediate Water into the
tropical Pacific intermediate layers (29).

The shutdown of the AMOC in our model
reduces the Atlantic heat transport at 40°N by ~0.6
PW (1 PW = 1015 W). At the same time, and in
response to the establishment of a PMOC, pole-
ward heat transport in the Pacific at 40°N in-
creases by 0.4 PW. The PMOC hence played an
important role in buffering the decrease in the
poleward global oceanic heat transport caused
by the shutdown of the AMOC. The evidence
presented here demonstrates that the North Paci-
fic was a very active region of thermohaline flow
during the deglaciation and operated out of phase
with the North Atlantic (Fig. 2). Viewing the
North Pacific as participating in the ventilation of

the global oceans could also help to explain the
release of old carbon during the Last Glacial
Termination.
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Explaining the Structure
of the Archean Mass-Independent
Sulfur Isotope Record
Itay Halevy,* David T. Johnston, Daniel P. Schrag

Sulfur isotopes in ancient sediments provide a record of past environmental conditions. The
long–time-scale variability and apparent asymmetry in the magnitude of minor sulfur isotope
fractionation in Archean sediments remain unexplained. Using an integrated biogeochemical
model of the Archean sulfur cycle, we find that the preservation of mass-independent sulfur is
influenced by a variety of extra-atmospheric mechanisms, including biological activity and
continental crust formation. Preservation of atmospherically produced mass-independent sulfur
implies limited metabolic sulfur cycling before ~2500 million years ago; the asymmetry in the
record indicates that bacterial sulfate reduction was geochemically unimportant at this time.
Our results suggest that the large-scale structure of the record reflects variability in the oxidation
state of volcanic sulfur volatiles.

Most natural processes fractionate sulfur
in proportion to the mass difference
between the isotopes (1). Ultraviolet

(UV) photolysis of atmospheric SO2, however,
produces a mass-independent fractionation (MIF)
that is delivered to the surface only if atmospheric
O2 levels are very low (2–7). The presence of MIF
in sedimentary sulfides and sulfates older than
2450 million years (My) and its absence from
later sediments has led to the accepted view that
atmospheric O2 levels crossed a threshold value
near the Archean-Proterozoic boundary (2–6).
Beyond simply recording MIF, the Archean sul-
fur isotope record appears to carry a discern-
able temporal structure: moderate [<4 per mil (‰)]
early Archean D33S (2) anomalies, followed by
a mid-Archean minimum (<2‰) and a late
Archean explosion in the magnitude of MIF

(<12‰ in D33S). Previous studies attribute this
variability to changes in the composition and
oxidation state of the atmosphere and the
associated evolution of photochemical pathways
(7–9). In addition, an asymmetry in the record,
with strongly positive but only weakly negative
isotopic anomalies, remains without a quantitative
explanation.

Here we explore the effect of a variety of extra-
atmospheric processes on the characteristics and
preservation of MIF. We present an integrated
model of the full surface-sulfur cycle, accounting
for the production and translation of atmospher-
ically derived MIF through a marine reservoir
and its preservation in the geologic record (10).
We use recent measurements and theoretical
calculations of 3xSO2 (x = 2, 3, 4, 6) UV ab-
sorption cross sections to constrain atmospheric
MIF production (10–12). By solving mass-
balance equations for the steady-state reservoir
sizes and isotopic compositions of four different
oxidation states of sulfur [S6+ (sulfate), S4+ (sul-
fite, SO2), S

0 (elemental sulfur), and S2– (sul-

fide, H2S)], we track MIF from production to
lithification.

Rates of volcanic supply, photolytic destruc-
tion, gas-phase reactions, and net deposition to
the surface govern the atmospheric lifetime of
SO2. Any process that destroys atmospheric SO2

at the expense of photolysis reduces the produc-
tion, by mass, of MIF [for example, atmospheric
oxidation (Fig. 1A)], but as long as photolysis
rates are non-negligible relative to the other atmo-
spheric SO2 sinks, MIF is produced (though not
necessarily preserved). In addition to nonphoto-
lytic atmospheric sinks, which attenuate MIF by
decreasing production, homogenization reduces
MIF by remixing anomalous compositions back
toward the original SO2 value. Whereas atmo-
spheric oxidation to sulfate has been discussed
in this context (6), microbial processes, which can
perform a similar function, have not been rigor-
ously investigated (Fig. 1B). Given a quantitative-
ly important flux of MIF from SO2 photolysis,
cycling between the sulfur reservoirs (e.g., micro-
bial activity) or transformation to one oxidation
state (e.g., quantitative reduction to sulfide) must
be minor, as not to erase the anomaly. An im-
mediate implication is that low atmospheric O2 is
necessary but insufficient for preservation of MIF
in the geologic record.

Our model results illustrate the sensitivity
of MIF to a few key properties of the ocean-
atmosphere system, as well as its relative insen-
sitivity to several other properties. Atmospheric
deposition of SO2 leads to its speciation in sea-
water ½SO2ðaqÞ ⇌ HSO −

3 þ Hþ ⇌ SO 2−
3 þ Hþ�,

where subsequent oxidation by Fe3+ (13–15)
leaves other aqueous oxidation pathways less
important (for instance, Fe2+-catalyzed oxidation
by aqueous O2 or by atmospherically produced
H2O2). This leaves vanishingly little marine S4+

(~10−3 mM) and only modest sulfate concentra-
tions (~102 mM). Given these oxidation rates,
the absolute magnitude of MIF is only moderately
sensitive to the adopted rate of S4+ disproportion-
ation (Fig. 1D) (10), although the symmetry of
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Deepwater Formation in the North Pacific During the Last Glacial Termination
Y. Okazaki, A. Timmermann, L. Menviel, N. Harada, A. Abe-Ouchi, M. O. Chikamoto, A. Mouchet and H. Asahi
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climate.
formation in the North Atlantic and the North Pacific is likely to have had an important effect on heat transport and
early part of the Last Glacial Termination, between about 17,500 and 15,000 years ago. The switch between deep-water 

theevidence from the North Pacific with model simulations to suggest that deep water did form in the North Pacific during 
 (p. 200) combine published observationalet al.Okazaki the time of the Last Glacial Maximum, about 23,000 years ago. 

decades, researchers have looked, with limited success, for evidence of deepwater formation in the North Pacific since
the circum-Antarctic. Have other regions been able to produce significant quantities of deep water in the past? For 

Most of the densest, deepest water at the bottom of the oceans comes from two regions, the North Atlantic and
Switching Basins
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