
LETTERS
PUBLISHED ONLINE: 31 JANUARY 2010 | DOI: 10.1038/NGEO745

No signature of abyssal carbon in intermediate
waters off Chile during deglaciation
Ricardo De Pol-Holz1*, Lloyd Keigwin1, John Southon2, Dierk Hebbeln3 and Mahyar Mohtadi3

At the end of the Last Glacial Maximum (19,000 to 11,000
years ago), atmospheric carbon dioxide concentrations rose
while the 114C of atmospheric carbon dioxide declined1,2. These
changes have been attributed to an injection of carbon dioxide
with low radiocarbon activity from an oceanic abyssal reservoir
that was isolated from the atmosphere for several thousand
years before deglaciation3. The current understanding points
to the Southern Ocean as the main area of exchange between
these reservoirs4. Intermediate water formed in the Southern
Ocean surrounding Antarctica would have then carried the old
carbon dioxide signature to the lower-latitude oceans5,6. Here
we reconstruct the 114C signature of Antarctic Intermediate
Water off the coast of Chile for the past 20,000 years,
using paired 14C ages of benthic and planktonic foraminifera.
In contrast to the above scenario, we find that the 114C
signature of the Antarctic Intermediate Water closely matches
the modelled surface ocean 114C, precluding the influence
of an old carbon source. We suggest that if the abyssal
ocean is indeed the source of the radiocarbon-depleted carbon
dioxide, an alternative path for the mixing and propagation of
its carbon dioxide may be required to explain the observed
changes in atmospheric carbon dioxide concentration and
radiocarbon activity.

The fundamentals behind the atmospheric CO2 increase
and 114C decrease during the so-called mystery interval
(17.5–14.5 kyr bp) and the contemporaneous deglaciation have
remained elusive3. Ice-core records show that the overall deglacial
increase in atmospheric CO2 was ∼100 ppm (parts per million)
(ref. 1), and records of atmospheric114C based on absolutely dated
surface corals7, speleothems8 and planktonic foraminifera2 indicate
an overall deglacial decrease of∼300h. Importantly, the reduction
in atmospheric radiocarbon concentration occurred without an
apparent concomitant decrease in the cosmogenic production rate2.
If the radiocarbon and the CO2 changes were linked through
the injection of old carbon from the ocean, they suggest that the
abyss remained isolated from the atmosphere for several thousand
years during the last ice age and became progressively depleted
in 14C owing to radioactive decay3. This situation differs from
the modern ocean where the oldest waters are ‘only’ 2,200 yr in
the deep North Pacific Ocean as the result of a limited—but
yet existent—communication between the abyssal ocean and the
surface of the Southern Ocean.

The existence of an isolated deep-sea reservoir during the last ice
age implies that the communication between the upper Southern
Ocean and the ocean interior did not exist during the Last Glacial
Maximum (LGM). This may have been caused by permanent
sea-ice cover9 or by upper-ocean stratification10. Yet, despite the
fact that there is scattered evidence that an isolated abyssal reservoir
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may have existed during the LGM (refs 11, 12), its effect on the
atmospheric compositional changes has remained questionable.
An important turning point came when Marchitto et al.5 found
strong supporting evidence for this mechanism. By analysing the
glacial to Holocene radiocarbon content of intermediate water
benthic foraminifera in the eastern North Pacific Ocean, they
produced a 114C time series that showed striking consistency
with the deglacial atmospheric 114C and CO2 changes. In
particular, they documented two pulses of extremely depleted114C
water (>4,000 yr older than the contemporaneous atmosphere)
coinciding with the mystery interval and the Younger Dryas
(11,500–12,900 yr bp). Their interpretation is that these excursions
represent the changes in the initial (preformed) radiocarbon
content of Antarctic Intermediate Water (AAIW) acquired by
mixingwith the upwelled old abyssal water south of the subantarctic
frontal zone. More recently, the finding of an extremely large 14C
age difference between benthic and planktonic foraminifera from
intermediate depths off the Galapagos13 seems to support this
interpretation, which is also consistent with an apparent increase
in Southern Ocean upwelling intensity interpreted from enhanced
opal accumulation around Antarctica during themystery interval14.
If this hypothesis is correct, the effect of the deep ocean ventilation
on atmospheric properties has been unveiled, paving the way for a
robust theory of glacial–interglacial CO2 changes15.

It is worth noting that the radiocarbon records off BajaCalifornia
and Galapagos are only circumstantially related to the Southern
Ocean overturning strength because neither site is in the direct
path of Southern-Ocean-derived water masses in the modern
ocean. If the extremely 114C-depleted waters documented at these
sites are indeed related to the efflux of CO2 from the deep sea
through the Southern Ocean, then the presumed transport of the
signal to the north must have been in the form of intermediate
water masses that formed in contact with the surface of the
Southern Ocean, namely Subantarctic Mode Water/AAIW (or
glacial analogues)5. To more directly evaluate the preformed 14C
content of AAIW during deglaciation, we have produced a 114C
time series based on paired planktonic and benthic foraminifera
14C ages in sediment core SO161-SL22 from the Chile margin in
the eastern South Pacific Ocean (Fig. 1). The core was raised from
1,000m water depth off central Chile (36◦13′ S, 73◦40′W) and
it constitutes a 894 cm sedimentary sequence of high-deposition
terrigenous, hemipelagic sediments spanning the past ∼22,000 yr.
Synoptic and climatological observations show that the core site
is bathed by low-salinity, high-oxygen AAIW as expected from its
proximity to the main Subantarctic Mode Water/AAIW formation
region west of Drake Passage, and its subsequent northward flow
within the eastern branch of the South Pacific subtropical gyre16–18
(Supplementary Information). A potential caveat for our method is
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Figure 1 | The study area and core locations. Map of ocean salinity at 1 km
depth showing the location of cores SO161-SL22 (36◦ S, eastern South
Pacific Ocean, this study), VM21-30 (1◦ S, equatorial Pacific Ocean13) and
the sedimentary composite MV99-MC19/GC31/PC08 (23.5◦ N, eastern
North Pacific Ocean5) discussed in the text. The intermediate-depth
low-salinity signatures of AAIW and North Pacific Intermediate Water can
be distinguished by the purple–pink colours.

that our study area is an active upwelling centre today that could
eventually corrupt the planktonic–benthic 14C age difference by
bringing old deep waters into the surface. However, the similarity
between our planktonic 14C-anchored δ18O stratigraphy and the
Antarctic ice-core air-temperature proxy history suggests that our
planktonic foraminifera were not affected substantially by this
process (seeMethods and Supplementary Information).

Today, AAIW hydrographic characteristics (including114C) are
set by the mixing of Southern Ocean surface water with upwelled
circumpolar deep water, with subsequent entrainment into the
thermocline of the South Pacific Ocean by means of subduction.
This process mainly takes place during the austral winter where
a significant deepening of the mixed layer occurs in combination
with downwelling forcing imposed by the regional wind stress
curl18. The Southern Ocean preset surface properties are in turn,
a function of the upwelling intensity south of the polar front, which
brings deep, old (low 114C) circumpolar waters in contact with
the atmosphere, effectively increasing the Southern Ocean surface
water 14C-reservoir age to >1,000 yr instead of the ∼400± 100 yr
of the temperate ocean19. Thus, more intense upwelling south
of the Drake Passage is accompanied by lower 114C (>age) in
the surface of the Southern Ocean and consequently in AAIW. A
similar argument applies to the stable isotope ratio δ13C as exploited
previously by Spero and Lea6 to explain the pervasive appearance
of a deglacial planktonic δ13C minimum in tropical records. We
assume that the transition time of AAIW from its formation area to
our site is almost instantaneous with respect to the 14C half life, so
that our age-corrected benthic radiocarbon measurements should
reflect the preformed 14Cof AAIW, unaffected by 14Cdecay.

Between the LGM and the start of the mystery interval
(21,000–18,000 yr bp) the apparent ventilation age of intermediate
waters off Chile decreased from ∼800 to 300 uncorrected
14C years (Fig. 2). Throughout the mystery interval, the age
difference between the co-occurring planktonic and benthic
foraminifera fluctuated around 400 yr. It rose at the beginning of
the Bølling/Allerød to decrease again during the Younger Dryas and
finally increase during the early Holocene (although our Holocene
data point has large errors associated with small sample size). For
reference, the modern pre-industrial AAIW 14C age difference with
the surface was ∼550 years near our site20. We note the complete
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Figure 2 | Apparent age difference between paired benthic and
planktonic foraminifera in core SO161-SL22. Benthic minus planktonic
foraminifera raw 14C ages plotted against the planktonic calibrated
calendar age. The vertical error bars are the sum of the±1σ error of the
planktonic and benthic foraminifera. The horizontal error bars are the±1σ
error of the calibration to calendar years with zero uncertainty in the
reservoir correction. The yellow shading indicates the ‘mystery interval’.
Heinrich event 1 (H1), Younger Dryas (YD) and the Bølling/Allerød (BA) are
indicated. The orange arrow shows the estimated preindustrial, prebomb
value for our site20.

lack of an incursion of any ‘old water’ during the mystery interval
as seen in the Galapagos paired benthic–planktonic data where the
age difference reached more than ∼6,000 yr, more than ten times
larger than at the Chile margin during the same time period. This
comes as a surprise because AAIW is the hypothetical signal carrier
during the deglaciation to bothGalapagos andBaja California.

To isolate our results from the effect of atmospheric 114C
transients, we calculated the age-corrected 114C of our Chile
margin benthic foraminifera using the co-occurring calibrated
planktonic foraminifera calendar age and compared it with the
results from off Baja California and the Galapagos (Fig. 3).
Throughout the deglaciation our114C record followed very closely
the evolution of the upper temperate ocean with no significant
deviations larger than the estimated intermediate depth ocean–
atmosphere 114C difference of −120h (ref. 20). Figure 3 shows
that the consistency of our data with the assumed surface ocean
record is in clear contrast with the benthic results off Baja California
and the Galapagos. Our core site lies close to the modern-day
AAIW formation region and therefore should contain the most
direct evidence of the initial AAIW 114C values exported from the
Southern Ocean to lower latitudes (that is, overturning strength).
At face value, our data suggest no mixing between AAIW and any
hypothetical isolated abyssal reservoir during the mystery interval
or the Younger Dryas despite the fact that Atlantic Nd isotope
data show that vigorous AAIW export was apparently taking place
during those events21. Second, from a radiocarbon perspective,
it is clear that very different water masses bathed the eastern
South and the equatorial to North Pacific Ocean intermediate
depths during the mystery interval and the early Younger Dryas.
Although we do not have data for the late Younger Dryas, the
overall evolution of our 114C suggests a close connection with the
surface ocean (Fig. 3).

The fact that our114C record does not deviate substantially from
the projected temperate mixed layer throughout the deglaciation
suggests that AAIW’s formation was at a location where the
reservoir effect was at times only 200–300 yr older than the
temperate ocean, that is∼300 yr younger than the Southern Ocean
surface today. If the upwelling–reservoir age relationship was valid
during the last deglaciation, we would expect that the apparent
re-invigorated Southern Ocean upwelling during the mystery
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Figure 3 | Deglacial radiocarbon activity of Pacific intermediate waters.
The radiocarbon activity (114C) of intermediate waters off Chile (orange
circles, 1σ combined AMS-14C and calendar age error lines), Baja
California5 (red, errors as published) and off the Galapagos13 (blue, no
errors reported) compared with the calculated mixed-layer values of
CalPal_2007_Hulu calibration curve (grey, 1σ errors). The YD, BA,
Antarctic Cold Reversal (ACR) and H1 climate events are indicated.

interval14—supposedly the result of the poleward migration of the
SouthernWesterlies22—would have increased the surface Southern
Ocean reservoir age owing to the mixing with the old respired
CO2 present in the abyss during the LGM. An alternative could be
that the water mass ventilating our site during the deglaciation was
subducted north of the subantarctic front and hence, completely
free of any Southern Ocean imprint. Increasing evidence from the
Atlantic, both in observations21 and inmodels23, and from theWest
Pacific24,25 indicates a re-invigoration of AAIW production during
the deglaciation. We therefore believe that the idea of a deglacial
AAIW being formed elsewhere and routed in a completely different
way so as to not affect the intermediate waters off Chile is unlikely.
Unless we accept an alternative formationmechanism for the young
intermediate waters observed in our record, the opal/upwelling
intensity proxy for the SouthernOceanmay need further revision.

The 114C record produced by Marchitto et al.5 continues to
be an important palaeoceanographic landmark given its accurate
dating and time resolution. Our results show that, despite
the initial encouraging supporting evidence provided by some
observations13,14 and theory22, the cautionary quantitative remarks
expressed by Broecker and co-workers3,26 towards the existence of
an abyssal 14C-depleted reservoir still hold, including the extent
to which this mechanism can account for the observed changes
in atmospheric radiocarbon and CO2 during the deglaciation. The
increasing number of sedimentary records showing anomalous low
radiocarbon at intermediate depths around the world demands
further investigation on its causes. Our work shows that their
connection with the Southern Ocean overturning strength is not
entirely straightforward and alternative explanations for their
presence should be explored. Understanding glacial–interglacial
CO2 cycles still remains an elusive test for our proficiency in the
study of the Earth as a system.

Methods
Sediments from core SO161-SL22 were washed and sieved to 63 µm before
drying and weighing. Paired benthic and planktonic foraminifera were picked
from the >150 µm fraction. To minimize the effect of bioturbation, we mostly
(three exceptions) dated benthic Uvigerina peregrina at horizons with local
maxima in its abundance (individuals/dry weight) (Supplementary ref. S1).

Radiocarbon analyses were measured at the National Ocean Science Accelerator
Mass Spectrometer Facility, Woods Hole Oceanographic Institution and the
Keck Carbon Cycle Accelerator Mass Spectrometer facility of the University
of California, Irvine.

The age model for the core was derived from the calibrated planktonic ages
using the CalPal_Hulu_2007 calibration curve. Previous work27 in our study area
has shown no substantial deviation of the local surface reservoir age (1R) with the
mean 400 yr assumed for the temperate ocean, despite it being an active upwelling
centre today. Compelling evidence for this is the similarity between the planktonic
δ18O stratigraphy in our core and the Antarctic Byrd Ice-core δ18O record
(Supplementary Fig. S1) when a constant reservoir correction of 400 yr is used for
the planktonic 14C age. The only way that the AAIW 114C values off Chile would
be as low as in Baja California is by applying a reservoir correction of the order of
3000 yr (even larger to reproduce the Galapagos data set). Although plausible in
terms of the hypothetical upwelling of the old reservoir corrupting our planktonic
ages, the age model derived from it would fix the deglacial δ18O shift in our core at
unrealistically young ages (see Supplementary Information).
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