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Marine Radiocarbon Evidence
for the Mechanism of Deglacial
Atmospheric CO, Rise

Thomas M. Marchitto,>>*t Scott J. Lehman,?* Joseph D. Ortiz,

Jacqueline Fliickiger,?t Alexander van Geen*

We reconstructed the radiocarbon activity of intermediate waters in the eastern North Pacific over
the past 38,000 years. Radiocarbon activity paralleled that of the atmosphere, except during
deglaciation, when intermediate-water values fell by more than 300 per mil. Such a large decrease
requires a deglacial injection of very old waters from a deep-ocean carbon reservoir that was
previously well isolated from the atmosphere. The timing of intermediate-water radiocarbon
depletion closely matches that of atmospheric carbon dioxide rise and effectively traces the
redistribution of carbon from the deep ocean to the atmosphere during deglaciation.

adiocarbon measurements of calendri-
Rcally dated hermatypic corals (/) and

planktonic foraminifera (2, 3) indicate
that the radiocarbon activity (A'*C) of the at-
mosphere during the latter part of the last glacial
period [~20,000 to 40,000 years before the pre-
sent (yr B.P.)] ranged from ~300 to 800 per mil
(%0) higher than it was during the prenuclear
modern era (Fig. 1C). Although reconstructions
of Earth’s geomagnetic-field intensity predict
higher cosmogenic '“C production rates during
the glacial period, production was apparently not
high enough to explain the observed atmospheric
enrichment (2—5). Rather, a substantial fraction of
the atmosphere’s A"*C buildup must have been
due to decreased uptake of '“C by the deep
ocean. This requires a concomitant '*C depletion
in a deep-ocean dissolved inorganic C reservoir
that was relatively well isolated from the
atmosphere. Renewed ventilation of this res-
ervoir could theoretically explain the drop in
atmospheric A'*C (Fig. 1C) and the rise in at-
mospheric CO, (6) across the last deglaciation.
Most workers point to the Southern Ocean as a
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locus of deglacial CO, release, based on the sim-
ilarity between atmospheric CO, and Antarctic
temperature records (6) and on numerous concep-
tual and numerical models (7-9). If correct, we
would expect some signature of the low-'*C deep-
ocean C reservoir to be spread to other basins via
Antarctic Intermediate Water (AAIW). Here, we
report a strong radiocarbon signal of the deglacial
release of old C, recorded in an intermediate-
depth sediment core from the northern edge of
the eastern tropical North Pacific.
Intermediate water A™C reconstruction.
Marine sediment multi-core/gravity-core/piston-
core triplet from sediment layer MV99-MC19/
GC31/PCO8 was raised from a water depth of
705 m on the open margin off the western coast
of southern Baja California (23.5°N, 111.6°W)
(10). The site is today situated within the regional
0O, minimum zone that exists because of a
combination of high export production and poor
intermediate-water ventilation. Various sediment
properties in MC19/GC31/PC08 vary in concert
with the so-called Dansgaard-Oeschger (D-O)
cycles that characterized the Northern Hemi-
sphere climate during the last glacial period (/7).
Originally discovered in Greenland ice cores,
D-O cycles also exist in a number of lower-latitude
locations that were probably teleconnected to the
North Atlantic region through the atmosphere
(2, 12, 13). Oft the coast of Baja California, the
sedimentary concentrations of organic C, Cd, Mo,
and benthic foraminifera all decreased sharply
during D-O stadials (cold periods in Greenland)
(11, 14). Together, these proxies are consistent
with reduced productivity during stadials, caused

by either decreased coastal upwelling or a
deepening of the regional nutricline related to the
mean state of the tropical Pacific (/7).

Diffuse spectral reflectance (DSR) provides a
I-cm resolution stratigraphy for GC31/PC08.
After R-mode factor analysis, the third factor of
DSR (Fig. 1A) exhibits the strongest correlation
to the productivity proxies and to Greenland cli-
mate (/7). We used this DSR record to apply a
calendar-age model to MC19/GC31/PC08, based
on correlation to 8'%0 (an air-temperature proxy)
in Greenland ice core GISP2 (Greenland Ice
Sheet Project 2) (/5). Resulting calendar ages
were then combined with 50 benthic foraminif-
eral radiocarbon ages [19 of which were pub-
lished previously (/0)] to calculate age-corrected
intermediate-water A'*C (/6). To evaluate the
partitioning of '*C between the atmosphere and
the ocean, we compared intermediate-water AlC
to that of the atmosphere (Fig. 1C), as recon-
structed from tree rings (/7), U-Th—dated corals
(1, 17), and planktonic foraminifera from Cariaco
Basin off Venezuela (3). Calendar ages for
Cariaco Basin were originally based on the cor-
relation of lithologic climate proxies to the
GISP2 §'%0 record (2), which has been layer-
counted with visual and chemical techniques
(15). However, Hughen er al. (3) recently
demonstrated that the Cariaco Basin "“C calibra-
tion yields much better agreement with coral
results older than ~22,000 yr B.P. when an
alternate age model is used, based on correlation
to the U-Th—dated Hulu Cave speleothem 'O
record from eastern China (/3). Because DSR in
GC31/PCO8 is more similar to the Greenland
isotope record than to the lower-resolution Hulu
Cave record, we continued to use the GISP2
correlation but applied simple provisional age
adjustments to GISP2 older than 23,400 yr B.P.,
using four tie points to Hulu Cave (Fig. 1B and
fig. S1). We do not suggest that this age model is
necessarily superior to the original one (/5), but
this exercise is necessary for comparing our data
to the most recent (and most consistent) atmo-
spheric A'™C reconstructions (Z, 3, 17). The
resulting age model for MC19/GC31/PCO08,
based on 21 tie points, yields a very constant
sedimentation rate (fig. S2) and gives us
confidence that our calendar-age assignments
for '*C samples between tie points are reliable
to within a few hundred years (table S1).

Baja California intermediate-water radiocar-
bon activities are plotted in red in Fig. 1C. The
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modern activity, based on a local seawater mea-
surement of —131%o at 445 m and the nearest
Geochemical Ocean Section Study profile (18),
is estimated to be —170%o, in good agreement
with the core top value. Comparable offsets
from the contemporaneous atmosphere were
maintained throughout the Holocene (typically
~100%o between 0 and 10,000 yr B.P.) and
during the latter part of the glacial period
(roughly 200%o between 20,000 and 30,000 yr
B.P.) (19). Radiocarbon activities before 30,000
yr B.P. show increased scatter that may be
related to the greater influence of slight con-
taminations on older samples.

Overall, it is clear that intermediate waters
mainly followed atmospheric A'*C over the past
40,000 yr, except during the last deglaciation.
Activities dropped sharply just after 18,000 yr
B.P,, reaching minimum values of ~—180%o
between 15,700 and 14,600 yr B.P., roughly
450%o lower than that of the contemporaneous
atmosphere. For comparison, the lowest A™*C
values found in the modern ocean (in the North
Pacific near 2-km water depth) are depleted by
~240%o, relative to the preindustrial atmosphere
(18). A second comparably large depletion
event began sometime between 13,500 and
12,900 yr B.P. and ended between 12,100 and
11,600 yr B.P. The magnitude of '*C depletion

Fig. 1. Intermediate-water and atmo-
spheric A™C records. (A) Diffuse spectral
reflectance factor 3 from Baja California
composite sediment core MV99-GC31/
PC08, plotted versus depth (top axis)
(11). Gray lines show tie points to the
Greenland record that were used to derive
the calendar-age model. (B) &0 of
Greenland ice core GISP2 (15) on a
provisional revised time scale (black,
bottom axis). The new time scale deviates
from the original time scale (green) for
calendar ages older than 23,400 yr B.P.
(vertical line labeled G). The new time
scale is based on linear interpolation
between point G and three tie points
whose ages are derived from U-Th—dated
Hulu Cave (vertical lines labeled H) (13).
(C) Atmospheric radiocarbon activities
based on tree rings, planktonic foramini-
fera from Cariaco Basin varve-counted
sediments, and U-Th—dated corals (dark
green) (17); additional recent coral mea-
surements (light blue) (2); and planktonic
foraminifera from Cariaco Basin, based on
an age model derived from the correlation
of sediment reflectance to Hulu Cave
(dark blue) (3). Red circles show
intermediate-water activities from benthic
foraminifera in MC19/GC31/PC08. The
yellow circle is an estimate for modern
bottom waters at this site. Error bars are
based on compounded uncertainties in
radiocarbon ages and calendar ages.

DSR Factor 3

A¥C (per mil)

we reconstructed during these two deglacial
events is much too great to attribute to changes
in dynamics of the North Pacific thermocline
(20) and must instead record a large change in
the initial "*C activity of waters advected to the
site. Such depleted waters could have been
sourced only from the deepest, most isolated
regions of the glacial ocean (21).

Link to atmospheric history. In Fig. 2, we
compare the timing of reconstructed intermediate-
water and atmospheric A"*C changes with the
deglacial record of atmospheric CO, from the
East Antarctic Dome C ice core (6). The latter is
shown on a GISP2 layer-counted time scale
based on a simple synchronization of CHy4
variations between the Dome C and GISP2 ice
cores (supporting online material text and table
S2). It is immediately apparent that the atmo-
spheric A™C decline and CO, rise occurred in
parallel, with a synchronous, intervening plateau
appearing in both records. There is a slight (and
still unreconciled) difference in the timing of the
start of the deglacial atmospheric A'*C decline
between the Cariaco Basin (3) and IntCal04 (/7)
reconstructions, but we take the deglacial onset
of the atmospheric CO, rise and the atmospheric
14C decline to be essentially synchronous. We
now also find that these changes were associated
with a prominent decline in A"*C of intermediate
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water in the eastern North Pacific that must
record the redistribution of aged C from the
deep ocean to the surface. After 14,600 yr B.P.,
intermediate-water activities rebounded to higher
values, coincident with the plateau in both the
atmospheric CO, rise and the atmospheric A™*C
drop. The leveling of the atmospheric records
and the increase in '*C activity of intermediate
waters are all indicative of a reduction in the flux
of aged C to the upper ocean and atmosphere
from below. After ~12,800 yr B.P., the atmo-
spheric CO, rise and A"™C drop resumed, and
intermediate-water activities again reached min-
imum values of ~—180%o, indicating a resump-
tion of C redistribution from the deep ocean to
the surface. By 11,500 yr B.P., the large deglacial
atmospheric shifts were mostly completed, and
intermediate-water activities finally reached mod-
ern values.

As pointed out by Monnin et al. (6), the
deglacial rise of atmospheric CO, closely fol-
lowed the rise in East Antarctic temperatures
(Fig. 3A), implying that the ocean’s release of C
to the atmosphere was associated with changes in
the Southern Ocean. Deep convection of the
Southern Ocean both ventilates much of the
ocean interior and returns to the atmosphere
much of the C extracted by photosynthesis in the
sunlit surface of the global ocean. During the last
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glacial period, density stratification of the South-
ern Ocean surface and/or extensive sea-ice
coverage are suggested to have isolated deep
waters from the atmosphere (7—9), permitting the
buildup of a larger deep-ocean C reservoir and a
consequent drawdown of atmospheric CO,.
Sediment pore water chlorinity and 8'%0 mea-
surements, combined with benthic foraminiferal
3'%0, indicate that deep Southern Ocean waters
were the saltiest and densest waters in the glacial
ocean (22). Such high salinities point to brine
formation beneath sea ice as an important mode of
formation. At deglaciation, a progressive renewal
of deep convection or upwelling in association
with documented sea-ice retreat (23) [and possibly
with poleward-shifting westerlies (8)] would have
provided for the simultaneous delivery of ocean
heat and sequestered C to the atmosphere. This
transition occurred in two major steps, beginning
with relatively early (~18,000 years ago) and
gradual increases in temperature and CO, that
were temporarily interrupted by the Antarctic Cold
Reversal (ACR). Major transients in our record of
A™C in intermediate-depth waters of the eastern
North Pacific conform to this Antarctic schedule,
consistent with the redistribution of C from the
abyss to the upper ocean and atmosphere in
connection with changes in deep convection of
the Southern Ocean.

8'3C provides a tracer that is complementary
to A'™C, though with a far smaller dynamic
range in seawater. During the last glacial period,
the deep Southern Ocean contained the ocean’s
lowest 8'°C values, suggesting a local accumu-
lation of remineralized C and/or poor ventilation
(24). Spero and Lea (25) argued that during the
early part of the last deglaciation, Southern
Ocean sea-ice retreat (23), combined with in-
creased deep convection and northward Ekman
transport, imparted transient low §'*C values to
AAIW and Subantarctic Mode Waters and that
this signal was recorded by deep-dwelling
planktonic foraminifera in various ocean basins,
including the eastern tropical North Pacific.
These waters should also have carried a low
AMC signature, and we suggest that this is the
signal we observe off the coast of Baja Cal-
ifornia. Today, AAIW is barely traceable as a
distinct water mass north of the equator in the
castern tropical Pacific (26). We argue that the
northward penetration of AAIW during de-
glaciation was greater than it is today (27) and
was at times fed by extremely '*C-depleted
waters sourced from the abyss by deep over-
turning in the Southern Ocean. Sea-ice retreat
could have allowed the upwelled deep waters to
gain buoyancy from precipitation, converting
some fraction of these waters into AAIW with-
out substantial mixing with warmer thermocline
waters (28), which would otherwise dampen the
A"™C signal. There is evidence that vertical
stratification of the North Pacific also varied on
an Antarctic climate schedule (29), so northern
deep waters may have supplemented the supply
of aged C to the Baja California site. However,
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Fig. 2. Baja California intermediate-water A™C during the last deglaciation (red), compared with
atmospheric A*C (dark green, light blue, and dark blue) (2, 3, 17), and atmospheric CO, from Antarctica
Dome C (6) placed on the GISP2 time scale (black), as discussed in the text. Vertical dashed gray lines
show the ages of Bolling-Allerad (B-A) and Younger Dryas (YD) boundaries, based on the GISP2 §*%0
record, and the start of Heinrich event 1 (H1), based on the #**Pa/?*°Th record from Bermuda Rise (34).
The ACR is contemporaneous with the Bglling-Allerad. ppmv, parts per million by volume.

the interaction of strong circumpolar winds with
bathymetry in the Southern Ocean provides for
much more effective vertical pumping (30) than
do conditions in the North Pacific, and therefore
southern sources probably dominated the A'C
changes in our record.

North-south teleconnections. Numerous ob-
servational and modeling studies indicate an
inverse relationship between Antarctic and
North Atlantic temperature variations that may
be due to altered interhemispheric ocean-heat
transport and/or opposing local deep-water
formation histories (28, 3/-33). Insofar as
A'™C of the intermediate-depth Pacific provides
an inverse proxy for the strength of deep con-
vection in the Southern Ocean, our results pro-
vide strong evidence for tight, inverse coupling
of deep-water formation between hemispheres.
This is clearly demonstrated by the covariation
of intermediate-depth Pacific A'*C and the
formation history of North Atlantic Deep Water
(NADW) [or its glacial analog, Glacial North
Atlantic Intermediate Water (GNAIW)], based
on measurements of *'Pa/**°Th from sediments
in the western North Atlantic (34) (Fig. 3C). The
near-cessation of >*'Pa export beginning just
after 18,000 yr B.P. records a collapse of
GNAIW that has been linked to a massive dis-
charge of glacial ice and fresh water to the North
Atlantic, known as Heinrich event 1. After a
recovery during the Belling-Allerod warm
phase, another marked weakening of NADW/
GNAIW is documented during the Younger

Dryas cold period, probably also triggered by a
discharge of glacial meltwater (34). Both periods
of NADW/GNAIW reduction were times of
intermediate-depth Pacific A'"*C decline and
atmospheric CO, rise.

It is often difficult to identify triggers in a
tightly coupled system, but the relationships
described above suggest that the Antarctic cli-
mate schedule may have been paced by ice sheet
and meltwater forcing around the North Atlantic.
Support for this conclusion comes from our
observation that although major inflections in the
AYC and #'Pa/Z°Th records in Fig. 3 were
almost exactly synchronous, the large A'*C
decrease (i.e., Southern Ocean ventilation in-
crease) during Heinrich event 1 occurred more
gradually than did the associated decrease in
GNAIW export. This relationship is consistent
with relatively slow circum-Antarctic warming
due to anomalous ocean-heat transport (33),
leading to sea-ice retreat (23) [and possibly
poleward-shifting westerlies (§)] and, conse-
quently, a progressive increase in deep over-
turning of the Southern Ocean. Alternatively,
Southern Ocean overturning may have been
instigated by NADW/GNAIW reductions
through the requirement (35) that global rates
of deep-water formation balance global deep
upwelling, which is forced mainly by winds and
tides. The abrupt rise in atmospheric A'*C at the
start of the Younger Dryas [+80%o in just 180
years (36)] (Fig. 2) may record the time elapsed
before the Southern Ocean could begin respond-
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ing to reduced NADW formation, leading to the
brief absence of deep-ocean sinks for 'C (32).

Recent work shows that deep North Atlantic
radiocarbon activities also increased abruptly
during the Bolling-Allerad because of renewed
formation of NADW and that they temporarily
decreased during the Younger Dryas, when
NADW formation was again briefly restricted
(37, 38). In light of our new record, this pattern
of deep-ocean change was probably limited to
the North Atlantic (arising from deep circulation
changes within the basin), whereas the
intermediate-depth North Pacific record tracks
the overall redistribution of C from the deep
ocean to the atmosphere.

Implications for the deep C reservoir. Finally,
our results bear on recent questions concerning
reconstructed rates of atmospheric A'*C decline
during deglaciation and implied '*C aging of
glacial deep waters. Although subject to uncer-
tainties (/9), decay projection of our first
deglacial A™C minimum back to the surface
ocean (39) gives an apparent ventilation age of
~4000 years, implying that the inferred deep
Southern Ocean source waters were at least that
old. This is broadly consistent with the
minimum deep-ocean age estimated from the

22000

calendar age BP

atmospheric record, assuming that the old
reservoir filled half of the ocean’s volume (40).
Ages of up to 5000 years have been reported for
glacial deep waters near New Zealand (47), but
more northerly sites in the Pacific show little dif-
ference from today, at least at depths shallower
than ~2 km (40). We infer that the greatest "C de-
pletion of the glacial deep ocean was probably
concentrated in the Southern Ocean region (and
deepest Pacific), coincident with the highest den-
sities (22) and lowest 5"°C values (24).
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Methods

Bulk sediment samples were washed using a sodium hexametaphosphate solution and
picked for benthic foraminifera using the >250 um size fraction, supplemented with 150-
250 um specimens where necessary. Toward the end of this study, picked foraminifera
were also briefly sonicated in methanol (Table S1). Foraminiferal samples were
hydrolyzed with H3PO,4 and reduced to graphite using an Fe catalyst in the presence of
H,. The 19 published radiocarbon samples (S7) were graphitized at the National Ocean
Sciences AMS Facility in Woods Hole (NOSAMS), while the 31 new samples were
graphitized at the INSTAAR Laboratory for AMS Radiocarbon Preparation and Research
at the University of Colorado, Boulder (NSRL). All published radiocarbon data (S7) were
analyzed at NOSAMS, while all new data were analyzed at the Keck Carbon Cycle AMS
Facility at the University of California, Irvine (KCCAMS). 8"°C corrections were based
on off-line measurement for NOSAMS results, and on measurement within the AMS for
KCCAMS results. KCCAMS §"°C values are not suitable for paleoceanographic
interpretation, and are therefore not reported. Age-corrected A'*C calculations were based
on the conventions of Stuiver and Polach (S2). A'C error bars were calculated by
compounding radiocarbon age errors with estimated calendar age errors listed in Table
S1. Calendar age errors depend solely on the estimated precision of our picks with
respect to the GISP2-Hulu chronology, and not on any errors in the GISP2-Hulu
chronology itself. The latter would affect both our record and the Cariaco Basin
atmospheric A'*C record similarly.

Hulu Cave adjustments to GISP2 age model

In order to compare PCO8 results with the most recent and most consistent
atmospheric A'*C reconstructions (S3-S5), the correlation between PCO8 reflectance and
GISP2 8'*0 (S6) (used to derive calendar ages for calculating PCO8 A'*C) requires that
the GISP2 chronology be consistent with the Hulu Cave chronology (S7), as outlined in
the main text. Younger than ~20-25 kyr BP the Hulu Cave and GISP2 chronologies
appear to be consistent with each other, so no corrections need to be applied to the more
recent parts of the GISP2 age model (Fig. S1). GISP2 also agrees with the latest NGRIP
chronology (GICCO05) to within 250 yr over this interval (S8). We adjusted the GISP2
chronology older than 23.4 kyr BP (the start of Interstadial 2) by linearly interpolating
between three Hulu Cave tie-points corresponding to major interstadial warmings in
Greenland. The resulting GISP2 age model appears to agree with Hulu Cave to within a
few hundred years throughout the past 50 kyr (Fig. S1). The resulting age-depth
relationship for PC0O8 is shown in Fig. S2A.

Methane synchronization of Dome C and GISP2

As outlined above and in the main text, the GISP2, Hulu Cave, and coral
chronologies are similar over the last ~20-25 kyr. However, these chronologies differ
from the glaciological age model on which the EPICA Dome C CO; and 6D records of
Monnin et al. (S9) were originally presented. To obtain a timescale that is consistent with
the various AM*C reconstructions, we have used CHy records from the Dome C, GISP2,
and GRIP ice cores (59-S17) to derive a GISP2 synchronized gas age scale for Dome C.



Seven tie-points (Table S2) were defined based on the comparison of the Dome C CHy
record (on the EDC3 time scale (572, S13)) and the GISP2 and GRIP CH4 records (on the
GISP2 time scale (S/0)). Between the tie-points the EDC3 gas age scale was linearly
interpolated to GISP2 ages. The associated ice age scale for Dome C was derived from
the synchronized gas age scale described above and the delta ages (gas age to ice age
differences in the ice core) taken from the EDC3 time scale (S72, S13).

Sedimentary artifacts

The two deglacial intervals of depleted radiocarbon activity that we report appear, in
part, as large age plateaus in the conventional radiocarbon age:depth relationship (Table
S1). During the first (earlier) event, radiocarbon age is nearly constant over 90 cm of core
depth, and during the second event, radiocarbon age is nearly constant over at least 45
cm. Near-instantaneous massive inputs of sediment, namely slumps, could theoretically
produce age plateaus. However, such events would necessarily produce large kinked
offsets in the calendar age:depth relationship, which are clearly not observed (Fig. S2).
Additionally, slumps are much more likely to produce age reversals than plateaus.
Radiocarbon age plateaus could also theoretically be created during intervals of very
intense bioturbation, such that age is homogenized over some depth interval. However, it
is unreasonable to postulate a complete, simultaneous bioturbational homogenization of
the upper 90 cm (or 45 cm) of the sediment column, especially in this low-O,
environment. The entire MC19/GC31/PC08 record is dominated by low-O, benthic
foraminiferal taxa (mainly Bolivina and Uvigerina), and sedimentary Mo remains
enriched by ~4-8 times crustal values during deglaciation, indicative of shallow pore
water sulfide and suboxic bottom waters (S74). Finally, very intense bioturbation would
homogenize other paleoclimate proxies in this core. Notably, our second age plateau
crosses the Allerad-Younger Dryas boundary in GC31/PC08, which is marked by a sharp
reflectance change that is inferred to record a shift in surface ocean productivity (S175).
We therefore conclude decisively that the '*C age-depth patterns in our record reflect
changes in intermediate water '*C activity and not sedimentary processes.

Alternate PC08 age model

We have also calculated Baja California A'*C based on correlation to GISP2 using the
original layer-counted age model of Meese et al. (S16) (Fig. S3). This record only differs
from our preferred GISP2-Hulu age model prior to 23.4 kyr BP. In Fig. S3 we compare
this alternate record to the original Cariaco Basin A'*C record based on correlation to
GISP2 (S17). 1t is clear that our conclusions are not affected by the choice of age model,
though the agreement between Cariaco Basin and coral A'C is better in Fig. 1 than in
Fig. S3 (S5). The PCO8 age-depth relationship for the alternate age model is shown in
Fig. S2B.
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Fig. S1. Derivation of GISP2-Hulu Cave composite age model. (A) Diffuse spectral
reflectance factor 3 from Baja California composite sediment core MV99-GC31/PC08,
plotted versus depth (S175). Gray lines show tie-points to Greenland record used to derive
calendar age model. (B) 8'°0 of Greenland ice core GISP2 (S6) on provisional revised
timescale (black). New timescale deviates from original timescale (green) older than 23.4
kyr BP (line labeled G). New timescale is based on linear interpolation between point G
and three tie-points whose ages are derived from U-Th-dated Hulu Cave (lines labeled
H). (C) Hulu Cave 8O from three different stalagmites (S7). Gray lines indicate tie-
points used to adjust GISP2 chronology.
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Fig. S3. Baja California A'*C record based on alternate age model. (A) Diffuse spectral
reflectance factor 3 from Baja California composite sediment core MV99-GC31/PC08,
plotted versus depth (top axis) (§715). Gray lines show tie-points to Greenland record used
to derive alternate calendar age model. (B) 8'0 of Greenland ice core GISP2 on original
timescale (bottom axis) (56, S16). (C) Atmospheric radiocarbon activities based on tree
rings, planktonic foraminifera from Cariaco Basin varve-counted sediments, and U-Th-
dated corals (dark green) (S3); additional recent coral measurements (cyan) (S4); and
planktonic foraminifera from Cariaco Basin using age model derived from reflectance
correlation to GISP2 (blue) (S77). Red points show intermediate water activities from
benthic foraminifera in MC19/GC31/PCO08. Yellow point is estimate for modern bottom
waters at this site.
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Table S2. Tie-points between the EPICA Dome C EDC3 and GISP2 time scales.

EDC3 GISP2 estimated
gas age gas age uncertainty | event description
(yrBP) | (yrBP) | (yr)
0 0 0
8200 8200 25 | 8.2 ka BP event

11400 11620 25 | YD termination

12400 12750 100 | Onset of YD

14110 14810 150 | Onset of B-A

16700 17600 200 | First deglacial CH,4 rise

21860 22950 300 | CH,4 peak in GRIP and Dome C




SOM References

S1.
S2.
S3.
S4.
Ss.

Sé.
S7.
S8.
S9

S10.
S11.
S12.
S13.
S14.

S15.
Sl16.
S17.

A. van Geen et al., Paleoceanography 18, doi:10.1029/2003PA000911 (2003).
M. Stuiver, H. A. Polach, Radiocarbon 19, 355 (1977).

P. J. Reimer, et al., Radiocarbon 46, 1029 (2004).

R. G. Fairbanks et al., Quaternary Science Reviews 24, 1781 (2005).

K. Hughen, J. Southon, S. J. Lehman, C. Bertrand, J. Turnbull, Quaternary
Science Reviews, 25, 3216 (20006).

P. M. Grootes, M. Stuiver, Journal of Geophysical Research 102, 26455 (1997).
Y. J. Wang et al., Science 294, 2345 (2001).

A. Svensson et al., Quaternary Science Reviews, 25, 3258 (20006).

E. Monnin et al., Science 291, 112 (2001).

T. Blunier, E. Brook, Science 291, 109 (2001).

J. Flickiger et al., Global Biogeochemical Cycles 16, 1010 (2002).

F. Parrenin et al., Climate of the Past Discussions 3, 19 (2007).

L. Loulergue et al., Climate of the Past Discussions 3, 425 (2007).

W. E. Dean, Y. Zheng, J. D. Ortiz, A. van Geen, Paleoceanography 21,
doi:10.1029/2005PA001239 (2006).

J. D. Ortiz et al., Geology 32, 521 (2004).

D. A. Meese et al., Journal of Geophysical Research 102, 26411 (1997).

K. Hughen et al., Science 303, 202 (2004).



PERSPECTIVES

1440

Brudzinski et al. have now found a direct
correlation whereby older oceanic plates
show a greater distance between regions of
seismicity. They conclude, based on thermal-
petrological models developed by Hacker et
al. (5), that dehydration of the mineral antig-
orite is responsible for the seismicity in the
lower layer of double WBZs.

Although the detailed geophysical expla-
nation presented by Brudzinski ef al. for the
double seismic zone might be debatable, they
observe that double WBZs are the rule and not
the exception during subduction of oceanic
lithosphere. This provides an important new
constraint for all models developed to explain
the occurrence of WBZ seismicity. However,

further work on the stress accumulation and
dissipation in the lithosphere during subduc-
tion is necessary to understand the faulting
mechanism causing seismicity in double WBZ
or even triple WBZ, as proposed for some
regions beneath Japan (6).

Brudzinski et al. show that, as the number
of seismological stations and the availability
of digital seismic traces increases, the global
earthquake catalog will become accurate
enough to delineate the fine structure of seis-
micity (on the order of a few kilometers) on a
global scale. This accuracy will increase in the
near future as a result of large seismological
observation initiatives like EarthScope in
the United States or the NERIES program

(Network of Research Infrastructures for
European Seismology) in Europe, which will
make more high-quality digital data readily
available for seismologists worldwide.
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Deglaciation Mysteries

Ralph F. Keeling

etween 19,000 and 11,000
Byears ago, the Earth em-
erged from the last glacial
period. During this deglaciation,
the carbon dioxide (CO,) concen-
tration in the atmosphere rose from
180 to 265 parts per million (ppm).
Over the same period, the radio-
carbon content of the CO, fell by
~35%. A simple but unproven ex-
planation for both changes is an
increase in the rate at which the
ocean’s subsurface waters were
renewed by exchange with aerated
surface waters—a process known
as ventilation. A ventilation in-
crease could increase atmospheric
CO, concentration by releasing
excess CO, that had accumulated
in subsurface waters by the decom-
position of sinking detritus. On
page 1456 in this issue, Marchitto
etal. (1) bolster the case for such
a ventilation increase and offer in-
sight into how the increase may have occurred.
To track changes in past ventilation, most
researchers have turned to measurements of
the radiocarbon (1*C) content of shells of
foraminifera, a ubiquitous marine microor-
ganism. Radiocarbon is produced naturally in
the upper atmosphere by cosmic rays and
spreads through the ocean as part of the pool

The author is at the Scripps Institution of Oceanography,
University of California, San Diego, CA 92093, USA.
E-mail: rkeeling@ucsd.edu
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Deep-water ventilation. This cross section of the Pacific Ocean shows how poorly
ventilated water may have been delivered to intermediate depths during deglacia-
tion, as suggested by Marchitto et al. (Top) Ventilation of the deep ocean by sink-
ing around Antarctica was partially suppressed by a cap formed by sea ice or a layer
of low-salinity water. (Bottom) This cap was removed during early deglacial warm-
ing, exposing upwelled deep waters to the atmosphere, releasing radiocarbon-
depleted CO,. The density of the poorly ventilated waters was reduced by freshen-
ing and warming. With reduced density, the water could spread widely at interme-
diate depths, displacing waters of similar density.

of dissolved carbon. Because of radioactive
decay, waters that are more isolated from the
atmosphere (that is, more poorly ventilated)
have lower “C/!2C ratios, as do the shells that
grow in these waters. The radiocarbon age of a
fossil shell therefore reflects the age of the
shell plus the age of the water in which it lived.
By subtracting the radiocarbon ages of sur-
face-dwelling (planktonic) and bottom-
dwelling (benthic) foraminifera, picked from
the same layer of a sediment core, it is possible
to estimate age difference of surface and deep

Results from a sediment core provide insights
into ocean circulation changes during the last
deglaciation.

waters, which is a measure of
the deep-water ventilation rate.

This technique, applied to
numerous sediment cores, has
thus far mainly yielded the unre-
markable result that the ventila-
tion rate of the glacial ocean was
very similar to that of today’s
om  ocean, at least down to a depth
of ~2800 m (2). Thus, if there
was a major change in ocean
ventilation during deglaciation,
this change must have occurred
in ocean waters below that depth.
However, despite some tan-
talizing results (3), no general
picture has emerged for waters
below 2800 m, because of meth-
odological difficulties related
to the low sedimentation rates
that typically characterize cores
from these depths.

Marchitto et al. focus on a
sediment core recently hauled
up off Baja California from a depth of 700 m,
seemingly too shallow for studying deep ven-
tilation. The core contains bands correspond-
ing to a set of millennial climate oscillations
first discovered in ice cores from Greenland,
allowing absolute dates to be fixed within the
core. Using these dates, the authors correct the
14C/12C ratios of benthic foraminifera for
radioactive decay, thus establishing the origi-
nal 4C/'2C ratio of the water in which the
foraminifera lived. The technique does not
require '“C/'2C measurements on planktonic

—2800m

—4000 m

—2800m

—4000 m
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foraminifera, which are subject to potentially
large systematic errors.

The results show two periods during
deglaciation when the bottom water at their site
had unexpectedly low “C/'?C ratios. The water
was so old that it must have been delivered to
the site by upwelling from greater depth, pre-
sumably from below 2800 m. The oldest waters
found by Marchitto et al. have an age of ~4000
years. For comparison, the oldest waters in the
modern ocean have an age of ~2300 years.

The study provides the strongest evidence
to date that the glacial ocean contained some
very poorly ventilated water somewhere in its
depths. The low-!*C periods coincide with
the periods when atmospheric radiocarbon
decreased and atmospheric CO, increased
most rapidly during deglaciation. The results
are thus a convincing fingerprint of a process
that flushed excess carbon from an isolated
deep reservoir toward the surface, thereby
driving the atmospheric changes.

Today, waters below 2800 m are ventilated
by two routes. One involves the sinking of aer-
ated surface waters in the North Atlantic, the
other sinking of such waters near Antarctica.
During the last glacial period, both routes
probably weakened, with the southern route
possibly influenced by sea ice or surface
freshening (see the figure, top panel). During
glacial times, the deep ocean would thus have
been less ventilated than it is today.

But how could low-'*C waters get to
Marchitto et al.’s core site during deglaciation?
Much of the upwelling of deep water occurs

today around Antarctica, resulting in the for-
mation of Antarctic Intermediate Water, a low-
salinity water mass that spreads northward at
intermediate depths. Marchitto ez al. hypothe-
size that a similar process occurred during
deglaciation, allowing upwelled water to
spread northward to their site (see the figure,
bottom panel). However, the evidence for this
southern pathway is circumstantial.

The results help to reconcile the recon-
structed trends in atmospheric radiocarbon
with the estimated trends in the production of
radiocarbon by cosmic rays—a comparison
that seems to demand an increase in ocean
ventilation during deglaciation (4). They sup-
port theories that attribute the bulk of the gla-
cial-interglacial CO, change to changes in
ocean ventilation (3, 6).

The study also provides support for a the-
ory for how the glacial ocean differed from
today’s ocean as a result of the cooling of
deep waters to nearly the freezing point.
Cooling to this extent is expected to allow the
salty brine that is released during sea ice for-
mation to accumulate more easily in the deep
ocean (7). This idea is supported by sediment
pore-water studies (8). By blocking the input
of fresh water from precipitation, sea ice
could also reduce the conversion of upwelled
deep water into low-salinity Antarctic Inter-
mediate Water (7). A strengthening of inter-
mediate-water formation during deglaciation
is consistent with a breakdown of this state
caused by warming.

The study nevertheless leaves the skeptics

PERSPECTIVES

with arrows in their quiver. Marchitto et al.’s
low-'4C waters are so old that they start to
stretch credibility, especially considering that
the deep reservoir from which the water was
drawn must have been even older. (This fol-
lows because some mixing with younger
water would unavoidably have occurred dur-
ing upwelling and transit to the site.) How
could prior studies have overlooked deep
waters this old?

If Marchitto et al.’s interpretation is cor-
rect, evidence for old water at intermediate
depths should be present throughout the South
Pacific in sediments of the appropriate age
and depth. If subsequent work supports the
findings, we may look back at this study as a
key turning point in the quest to understand
glacial and interglacial CO, changes.
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Site-Seeing by Sequencing

Stanley Fields

along that dramatically changes how

fundamental questions in biology are
addressed. The impact of the technology is not
always appreciated at first—when it is used
only by those involved in its development—but
becomes clear once the technology begins to
spread to the broader scientific community. A
well-known example is the DNA microarray,
which became widely available to biologists
about a decade ago and has since been applied
to an ever-expanding set of questions such as

E very few years, a new technology comes
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determining the profile of genes expressed in a
specific cell type. Now it is ultrahigh-through-
put DNA sequencing that is making the transi-
tion from development to widespread use.
Johnson and colleagues are in the vanguard of
this movement. On page 1497 of this issue (/),
they report that an advanced DNA sequencing
technology (from Solexa/Illumina) can be used
to identify all the locations in the human
genome where a specific protein binds. They
do this with a speed and precision that goes
beyond what has been achieved with previous
technologies.

DNA-binding proteins control transcrip-
tion, replication, DNA repair, and chromo-
some segregation. Given the importance of
these proteins, identifying their binding sites

An advance in DNA sequencing is a crucial
component of a rapid, precise, and relatively
inexpensive way to identify transcription
factor binding sites at a whole-genome level.

throughout the genome has occupied much
attention in recent years. The most common
method of locating these sites within a living
cell is known as chromatin immunoprecipita-
tion (ChIP). In this approach, cells are treated
with a reagent, typically formaldehyde, that
crosslinks protein and DNA, and then the cells
are lysed. Chromatin (the complex of proteins
and DNA in chromosomes) is isolated, the
DNA is sheared into small fragments, and an
antibody is added to precipitate the protein
and its associated DNA. The DNA that is
liberated after reversal of the protein-DNA
crosslinks is then analyzed. In the initial uses
of this method, researchers analyzed the DNA
to determine whether single genes were
enriched by the immunoprecipitation.
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