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RADIOCARBON CALIBRATION AND COMPARISON TO 50 KYR BP WITH PAIRED
14C AND 230TH DATING OF CORALS FROM VANUATU AND PAPUA NEW GUINEA

K B Cutler!? « S C Gray3 * G S Burr** R L Edwards! « F W Taylor® ¢ G Cabioch®« J W Beck*«
H Cheng! » J Moore*

ABSTRACT. We calibrated portions of the radiocarbon time scale with combined 23°Th, 23!Pa, 4C measurements of corals
collected from Espiritu Santo, Vanuatu and the Huon Peninsula, Papua New Guinea. The new data map !4C variations ranging
from the current limit of the tree-ring calibration [ 11,900 calendar years before present (cal BP), Kromer and Spurk 1998, now
updated to 12,400 cal BP, see Kromer et al., this issue], to the “C-dating limit of 50,000 cal BP, with detailed structure
between 14 to 16 cal kyr BP and 19 to 24 cal kyr BP. Samples older than 25,000 cal BP were analyzed with high-precision
231Pa dating methods (Pickett et al. 1994; Edwards et al. 1997) as a rigorous second check on the accuracy of the 230Th ages.
These are the first coral calibration data to receive this additional check, adding confidence to the age data forming the older
portion of the calibration. Our results, in general, show that the offset between calibrated and '“C ages generally increases
with age until about 28,000 cal BP, when the recorded '“C age is nearly 6800 yr too young. The gap between ages before this
time is less; at 50,000 cal BP, the recorded 4C age is 4600 yr too young. Two major '“C-age plateaus result from a 130%o drop
in A!*C between 14—15 cal kyr BP and a 700%o drop in A'*C between 22-25 cal kyr BP. In addition, a large atmospheric A4C
excursion to values over 1000%o occurs at 28 cal kyr BP. Between 20 and 10 cal kyr BP, a component of atmospheric A4C
anti-correlates with Greenland ice 8'%0, indicating that some portion of the variability in atmospheric A'*C is related to cli-
mate change, most likely through climate-related changes in the carbon cycle. Furthermore, the 28-kyr excursion occurs at
about the time of significant climate shifts. Taken as a whole, our data indicate that in addition to a terrestrial magnetic field,
factors related to climate change have affected the history of atmospheric “C.

INTRODUCTION

The radiocarbon dating method has been widely applied since its development in the 1950s (Libby
1955). Its time range from about 50,000 yr ago to the present, applicability to a wide variety of mate-
rials, and high-precision age determinations make it the predominant means of age control for the
end of the Quaternary period. The “C age equation, however, is based on the assumption of constant
atmospheric *C/'2C. Changes in atmospheric 4C/12C (A'4C) over time are well documented and are
attributed to changes in the earth’s magnetic field, variability in solar activity, and shifts in the rates
of exchange within the global carbon cycle (Suess 1970). The first two controls modulate the 4C
production rate, while the third governs the distribution of '4C among the earth’s carbon reservoirs
after it is produced. For these reasons, 1C ages require calibration with an independent chronometer.

Over the last half-century, intensive efforts have been devoted to calibrating the '“C time scale. An
accurate and precise 4C calibration allows the true age of a sample to be established from the 4C
age, which is essential for comparing #C-dated records with records dated by other means, and for
establishing rates of change. The calibration also furnishes the history of atmospheric A#C. This
history contains important clues about past changes in the global climate system linked to shifts in
carbon cycling.

Tree-ring counts provide a continuous and high-resolution (bidecadal) calibration from present day
back to 11,855 + 20 cal BP (calendar years before present, 0 BP = AD 1950) (Kromer and Spurk
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1998). (This has now been extended to 12,400 cal BP; see Kromer et al., this issue.) However,
extending the dendrocalibration back in time has become difficult due to the scarcity of appropriate
fossil tree specimens. As a result, a number of studies have explored the suitability of other chro-
nometers in calibrating older portions of the 4C time scale.

With the development of high-precision 23°Th dating techniques in the late 1980s (Edwards et al.
1987a,b, 1988; Edwards 1988), fossil corals have become a prominent calibration tool. The use of
230Th for high-resolution '“C calibrations was first proposed and tested by Edwards et al. (1988).
Despite this possibility, obtaining sequences of corals for the period needed in the calibration was a
significant challenge because these corals are submerged well below present sea level. In 1989, Fair-
banks was able to recover corals that grew since the Last Glacial Maximum (LGM) through under-
water drilling off the coast of Barbados. A field expedition to Papua New Guinea in 1988 headed by
Bloom and Chappell was also successful in obtaining the last half of the deglacial sequence by drill-
ing into uplifted shorelines.

These methods for recovering late-Quaternary coral samples were further developed in subsequent
studies, and, through the use of high-precision, paired 23Th-!4C dating of the corals, individual
points (Bard et al. 1990, 1993, 1996, 1998; Edwards et al. 1993) or high-resolution sequences (Burr
et al. 1998) have been added to the calibration curve with as little as 3%o error in the 230Th age. Each
calibration point in the former case is established from a single coral colony. In the latter case, a
sequence of points are established through combined '“C dating and counting of annual growth
bands in a single coral head; the results, averaged over 10 yr to achieve decadal resolution, are then
located on the calibration curve using the coral’s 230Th age range. To address the possibility of dia-
genetically-altered 230Th ages, procedures were developed early on (Edwards et al. 1993; Gallup et
al. 1994) for identifying altered samples through the comparison of the coral’s initial 234U/?33U ratio
(6234U;) with the modern marine 823U value.

If we consider the cumulative coral calibration data, analyzed with high-precision 23Th methods
(Bard et al. 1990, 1993, 1996, 1998; Edwards et al. 1993; Burr et al. 1998) and screened based on a
comparison between its measured uranium isotopic value and the known modern marine value (see
Methods section), the following picture emerges. The interval between 11.9 and 14 cal kyr BP con-
sists of about 20 points and a high-resolution sequence between 11.7 and 12.4 cal kyr BP. The 10-
kyr interval between 14 and 24 cal kyr BP, however, is represented by only 8 points. Beyond
24 cal kyr BP, there is a solitary point at 30.2 cal kyr BP. In general, the gap between the calibrated
and '“C ages increases with age: at 12 cal kyr BP, the 1#C age is about 1700 yr too young, and at 30
cal kyr BP, the '4C age is about 4000 yr too young. The low resolution in the older time range is due
to the inherent difficulty in retrieving well-preserved samples of the appropriate age.

In addition to coral calibration methods, other techniques have been employed to extend the
calibration beyond the range of tree rings. One method developed in the 1970s (Tauber 1970) uses
seasonally laminated sediments as an annual clock for '#C-dated materials contained within the
laminae, such as plant macrofossils and foraminifera. Recent use of this method on laminated lake
sediments (Kitagawa and van der Plicht 1998; Goslar et al. 1995, 2000; Hajdas et al. 1993, 1995)
and marine sediments (Hughen et al. 1998, 2000) has produced continuous calibration curves, some
of which extend to 45,000 yr, near the limit of the 4C time scale. Other methods that show promise
include 23°Th dating of stalagmites (Vogel and Kronfeld 1998; Genty et al. 1999; Beck et al. 2001),
234U-20Th isochron dating of aragonite and lignite (Schramm et al. 2000; Geyh and Schluchter
1998), application of other dating methods (Stuiver 1978), and correlation of '“C-dated deep-sea
records with the GISP2 Greenland ice-core chronology (Voelker et al. 1998; van Kreveld et al. 2000;



14C Comparison to 50 kyr BP with Paired Dating of Corals 1129

Bard et al. 2004; Hughen et al. 2004). Stuiver et al. (1998) created a curve that can be used for '4C
calibration (IntCal98) which is based on records derived from tree rings (0 to 11.9 cal kyr BP;
Kromer and Spurk 1998), laminated marine sediments (11.9 to 14.5 cal kyr BP; Hughen et al. 1998),
and corals (11.9 to 24 cal kyr BP; Bard et al. 1990, 1993, 1996, 1998; Edwards et al. 1993; Burr et
al. 1998) and extends to 24 cal kyr BP. The combined records provide detailed structure between
14 cal kyr BP and present. However, prior to 14 cal kyr BP, questions related to resolution or
accuracy of the record remain.

In this study, we analyze over 70 corals using high-precision '*C and 23°Th dating techniques to
improve the resolution of portions of the calibration and to extend it beyond its current limit. To do
this, we followed the strategy of drilling into uplifted shorelines to obtain deglacial and earlier corals
and collected drill core samples at sites in Vanuatu and Papua New Guinea. This strategy allowed us
to recover some unique samples as well as sequences of samples of higher resolution than earlier
studies. Because older corals are more likely to have undergone diagenesis, we applied parameters,
in addition to §234U; values, to detect alteration in corals more than 25 kyr old. High-resolution 23'Pa
dating methods (Pickett et al. 1994; Edwards et al. 1997) provided a rigorous second check on the
accuracy of 220Th ages and add confidence to those portions of the calibration established from sam-
ples that record concordant 230Th and 23!Pa ages. This is the first coral calibration study to employ
such methods.

FIELD AREA AND SAMPLING METHODS

The field area consists of 6 sites (Figures 1 and 2). Tasmaloum and Urelapa are located at the south-
ern tip of Espiritu Santo, Vanuatu and have uplift rates of roughly 4.6 m/kyr and 3.4 m/kyr, respec-
tively. Kwambu, Kanzarua, Kanomi, and Gagidu Point are located on the Huon Peninsula in north-
eastern Papua New Guinea and have uplift rates of 1.9 m/kyr (Stein et al. 1993), 2.8 m/kyr (Ota et
al. 1993), 2.6 m/kyr and 2.1 m/kyr, respectively (Cutler et al. 2003).

147°E 157°E 167°E
1 - y
508 Papua\-. . N - | 20 km
geyv i\@ \ Solomon
uinéa Huon L _ Islands

{15°s

{\\ Peninsula o N
\‘9\ ° =\,
T \<
Qa '§ j
Vanuatu /
158 | N

jAustraIia\ Espiritu $anto %JD’?:

ESPIRITU
SANTO

115°30'S

]

A
Urelapa

166°30'E 167°E

Tasmaloum

Figure 1 Maps of field areas. Boxes show areas depicted in Figure 2.

Coral samples were drilled from Tasmaloum, Urelapa, Kwambu, Kanomi, and Gagidu Point during
6 drilling operations that took place between 1988—-1997. A total of 20 drill cores, 17 from Vanuatu
and 3 from Papua New Guinea, are used in the study (Figures 2 and 3, Appendix). All cores were
retrieved onshore and all were drilled vertically except Vanuatu cores 9H, 9J, 9L, 12, 14, which were
drilled at angles of 20 to 30° (Figure 3, Appendix) to recover offshore samples. Rapidly uplifting
coastlines were selected, as in previous studies (Chappell and Polach 1991; Edwards et al. 1993;
Burr et al. 1998), to reduce the drill depth required to reach older corals that grew when sea level
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Figure 2 Plan views of sampling sites. In (a) drilling
sites are at Kwambu, Kanzarua, and Gagidu Point. There
is also surface collection in Kanzarua and Kwambu.
Drilling sites in (b) and (c) are indicated by solid sym-
bols. Uplift rates are indicated in (a), (b), and (c).
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was well below its present level. Because of this approach, the depth required to reach Last Glacial
Maximum (LGM) corals that grew about 120 m below present sea level (Fairbanks et al. 1989) is
reduced by 40 to 100 m for coastlines uplifting at 2 to 5 m/kyr, respectively. Core depths range from
15 to 95 m and LGM material was recovered from 9 cores. Of the 74 samples analyzed in this study,
68 were obtained from drill cores. The remaining 6 are from surface exposures at Kwambu and Kan-
zarua, from 9 to 75 m above present sea level.

ANALYTICAL METHODS

As an initial screen for altered or contaminated samples, all corals were examined for visible evi-
dence of diagenesis or recrystallization and were subjected to X-ray diffraction analyses, which
indicate the presence of calcite (in excess of 1%) formed during diagenesis. Those that appeared
pristine and contained no detectable calcite were included in the study.

14C Technique

All samples were subjected to a selective dissolution procedure as an additional measure to elimi-
nate contaminated material prior to '“C isotopic analyses. Diagenetic processes can add significant
amounts of carbon to corals with high 4C/12C ratios and potentially alter the '“C ages. Selective dis-
solution dissolves away the outer portion (~50%) of the skeletal structure, thereby removing such
contaminants (Burr et al. 1992).

The present '4C/!2C ratio of each sample was established using accelerator mass spectrometry (AMS)
at the National Science Foundation Accelerator Facility for Radioisotope Analysis at the University
of Arizona, Tucson, USA. The data reported here are given as “C ages and A!4C values. A*C is a
measure of the deviation of the atmospheric '4C/'2C content at a given time from the pre-industrial
atmospheric value in 1850 in parts per thousand; positive values indicate an excess in “C relative to
1850, and negative values indicate a relative deficit. A*C is calculated from present “C/12C and
230Th age and is corrected for decay of '“C over time. The analytical methods and calculation of 4C
ages and A'“C values are detailed in Burr et al. (1998). The reported uncertainty in A'*C includes
uncertainties in the '“C and 239Th ages (Burr et al. 1998).

Reported 4C ages were also corrected for the reservoir age of surface water at the sample site. A res-
ervoir correction of 500 yr was used for Tasmaloum samples (Burr et al. 1998) and 400 yr for Ure-
lapa and Papua New Guinea (Edwards et al. 1993) samples.

230Th and 23'Pa Techniques

Coral 2%Th and 23'Pa ages were measured at the University of Minnesota using thermal ionization
mass spectrometry (TIMS). 239Th methods are modifications of those of Edwards et al. (1987a,b,
1988), as described by Cheng et al. (2000). 23'Pa methods are those of Shen et al. (2003) and
Edwards et al. (1997), which are modifications of those of Pickett et al. (1994). 230Th ages were
screened for alteration using the initial 234U/238U (8234U;) value (Edwards et al. 1993) and, for sam-
ples older than 25 cal kyr BP, 29Th-231Pa age concordancy.

During coral growth, the coral 323*U value is indistinguishable from the marine value (Cheng et al.
2000). Because the coral 8234U value is sensitive to isotopic exchange of uranium after skeletal
growth, comparison of this value with the modern marine 623U value provides an indicator of coral
diagenesis. Here, the coral §23*U value is considered indistinguishable from the modern marine
value when the sample 8%34U; values are within +£8%o of the modern marine value and the 2-c ana-
lytical errors are <8%o. The previously reported marine 234U value was 149.3%o (Galewskyr et al.
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Figure 3 Cross-sections of Tasmaloum drill sites: (a) schematic cross-section perpendicular to
shoreline at sites 6 and 7. For comparison, the drill holes at site 9 have been projected onto it.
Contour lines, based on sample ages and depths (Table 1), are at 2-kyr age intervals and are
interpolated between cores. Vertical exaggeration is 2%; (b) schematic cross-section perpen-
dicular to shoreline at site 9. The top ages in each of these cores was roughly 4000 cal BP. Ages
of the oldest corals above the unconformity are indicated. Below the unconformity, there are
samples that are 200,000 yr or older (Taylor et al., forthcoming).

1996). For this work, we use the Cheng et al. (2000) revised 23*U and 23°Th half-lives for 239Th-age
and 8?34U determinations and adjusted marine value of 145.8 + 1.7%o for comparison to the coral
3%34U value.

As a second check for alteration, we dated corals older than 25,000 yr with high-precision 23!'Pa dat-
ing methods. The different isotopic systematics in 23!Pa and 239Th dating allow 23!Pa ages to act as
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an independent check on the 239Th age (Cheng et al. 1998). Samples that record concordant 239Th-
231Pa ages are significantly less likely to be altered. Ages are considered concordant when the 23'Pa
ages are within £2000 yr of the 230Th age and the 2-c analytical errors are <2000 yr (Cutler et al.
2003).

RESULTS

Seventy-four corals were analyzed using paired 23°Th-14C dating, 60 from Vanuatu and 14 from
Papua New Guinea. Six of these samples were from surface exposures; the remainder were from
drill cores. The ages of the corals range from 9 to 50 cal kyr BP; 11 of the samples record ages
between 20 and 25 cal kyr BP, and 9 record ages older than 25 cal kyr BP. Eleven samples, including
all nine with ages older than 25 cal kyr BP in addition to two others, were also dated with 23!Pa
methods. The results, including isotopic composition, 4C, 239Th, and 23!Pa ages, and A!*C values,
are presented in Table 1. Table 1 also gives coral species, site location, and present elevation relative
to sea level.

Screening for Sample Diagenesis

The 8%34U; results shown in Figure 4 reveal that the majority of analyses fall within 8% of the mod-
ern marine value (hatched box). We interpret the clustering of §234U; values as strong evidence that
the modern marine 8234U value has been constant within bounds of 8% for the past several tens of
thousands of years. Also, based on oceanic residence time arguments, there is reason to believe that
marine 823U should be constant within a percent or so over time scales of 10* yr (Edwards et al.
2003; Edwards 1988; Richter and Turekian 1993; Hamelin et al. 1991; Henderson et al. 2002). For
these reasons, we conclude that the 6 points that lie outside of the +8%o range have likely been
altered, and we eliminate their ages from further consideration in this study.

The 239Th-231Pa isotopic results shown in Figure 5 indicate that out of the 18 23!Pa analyses (repre-
senting 11 samples), 4 analyses (2 samples) have ages that are discordant by more than 2000 yr.
These samples are eliminated from further consideration in this study. The remaining data lie on or
very close to concordia, evidence that those samples did not experience significant diagenetic shifts
in the relevant isotope ratios. The concordia plot reveals the increased probability of diagenesis in
older corals collected from surface exposures.

Plots of 14C age versus 239Th or calendar age between 6 and 14 kyr are presented in Figure 6. Sam-
ples from 3 Tasmaloum drill cores, 6A, 6B, and 7, are shown as inverted triangles; samples from the
other cores are shown as solid circles. The 29 samples from the other cores agree within error with
the IntCal98 spline, with only 1 sample slightly removed. A number of samples from cores 6A, 6B,
and 7, however, lie outside this spline in a time interval when the spline is well constrained with
high-resolution data (Kromer and Spurk 1998; Hughen et al. 1998; Bard et al. 1990, 1993, 1996,
1998; Edwards et al. 1993; Burr et al. 1998). This suggests that samples from the 6A, 6B, and
7 cores were more susceptible to diagenesis than samples from the other cores. Figure 4 shows that
several of these same samples have unusually low 6234U; values relative to the bulk of samples in the
same time range, adding support to this conclusion.

To understand why Tasmaloum cores 6A, 6B, and 7 may have been more susceptible to alteration,
the location of these cores was examined (Figures 2b and 3a). The cores lie more than a kilometer
away from the other Tasmaloum site where cores 9A—L were collected. Moreover, they were drilled
significantly further inland and from a significantly higher elevation (Figure 3a, Appendix) than any
of the other 17 cores, with the exception of 9C. These observations suggest that corals at this site
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Figure 4 8234U; versus age diagram. Inverted triangles are data from cores 6A, 6B, and 7; solid circles are data from
other Vanuatu cores; and open circles are data from Papua New Guinea. Plots include replicate analyses. Error bars
are 2 ¢ and, if not visible, are smaller than the symbol. The envelope with hatch marks indicates boundaries of 3*34U;
screening criteria: 146 + 8%o. The open envelope delineates earlier coral §234U; results from Papua New Guinea
(Edwards et al. 1993) and provides the marine reference value for that period (see text).

may have been more susceptible to alteration. This may have resulted because the environment sur-
rounding this particular locality was anomalously conducive to diagenesis, or more likely, because
the greater distance both horizontally and vertically from the sea allowed greater interaction with
meteoric water over longer periods of time. Based on these arguments, we eliminated samples from
cores 6A, 6B, and 7 from further consideration in this study. Our continued discussion focuses on
the 17 other drill cores that show little evidence of diagenetic alteration.

Calibration Results

The screened calibration data, derived from corals which record marine 8*3*U values that give con-
cordant 23'Pa and 230Th ages (for samples analyzed with 23'Pa) and are acquired from drill cores
with little evidence of alteration, are shown in Figures 7 and 8. Replicate analyses were combined
using a weighted average.

The results show that the coral data that overlap in the range of the tree-ring calibration (represented
by the IntCal98 envelope) are in close agreement (Figure 8a). Thirteen calibration points extend
beyond the tree-ring calibration to 14 cal kyr BP. The close agreement between these points and the
IntCal98 spline confirms the data upon which this portion of the spline is based (Hughen et al. 1998;
Bard et al. 1990, 1993, 1996, 1998; Edwards et al. 1993; Burr et al. 1998).
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Figure 5 231Pa-230Th concordia diagram. [23'Pa/?33U] — [239Th/234U] concordia diagram of samples
analyzed for 23!Pa. All samples are from Papua New Guinea; error bars are 2 ¢ and, if not visible, are
smaller than the symbol. The curved line, “concordia,” shows equal 2'Pa-230Th age values. Crosses
on concordia indicate age in thousands of years (kyr).

In addition, 23 calibration points fall between 14 and 24 cal kyr BP, an interval in which, prior to this
work, there were few data points. The new points provide detailed structure for the intervals
between 14 and 16 cal kyr BP and between 19 and 24 cal kyr BP. Two of these samples, with ages
of 12.5 and 23.6 cal kyr BP, were also analyzed for 23!Pa and produced concordant 239Th-231Pa ages.

Finally, 6 samples range in age from 24 cal kyr BP to the limit of *C dating, 50 cal kyr BP. The 5
samples older than 25 cal kyr BP are 230Th-23!Pa age concordant and were '“C dated multiple times
(Table 1). The rigorous analysis of these samples lends significant credence to the extension of the
calibration presented here.

The results, in general, show that the offset between calibrated and '4C ages generally increases with
age until about 28 cal kyr BP. At 14 cal kyr BP, the '“C age is about 1600 yr too young, and at 28 cal
kyr BP, the '#C age is about 6800 yr too young. The 2 points prior to 28 cal kyr BP indicate less of
a gap between the calibrated and '“C age. At 37 cal kyr BP, the '“C age is about 4000 yr too young,
and at 50 cal kyr BP, the 4C age is about 4600 yr too young. This older trend is supported by the sol-
itary point of Bard et al. (1990a) that shows an age gap of 4000 yr at 30 cal kyr BP.
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14C age (kyr BP)

6 8 10 12 14
Calendar age (kyr BP)

Figure 6 Screening for drill core diagenesis. Calibration results between 6 and 14 cal kyr BP. Curved lines are the IntCal98
calibration envelope; inverted triangles are data from cores 6A, 6B, and 7; and solid circles are data from all other cores.
In this age range, only 1 sample was analyzed for 23!Pa. This sample gives concordant 23°Th-231Pa ages and is marked with
abox at 12.5 cal kyr BP. Error bars are 2 ¢ and, if not visible, are smaller than the symbol. Diagonal line is the one-to-one
reference line of equal age; parallel dashed lines show 1000-yr offset lines. All data between 6—14 cal kyr BP are shown
in (a) and data set after removal of data from drill cores showing evidence of diagenesis are shown in (b) (see text).

Significantly, the new data reveals 2 major 4C age plateaus that prevent precise !“C dating during
these times. The first age plateau lasts for 1000 yr, between 14.9 and 13.9 cal kyr BP, and gives a
nearly constant 1*C age of 12.4 + 0.2 kyr BP (Figure 9) associated with a A!*C drop (Figure 10). The
second, longer age plateau extends for 3000 yr, between 25 and 22 cal kyr BP, and gives a uniform
14C age of 19.8 + 0.3 kyr BP (Figure 11) associated with a A1*C drop (Figure 12).

For the most part, the Lake Suigetsu varved sediment record of Kitagawa and van der Plicht (2000;
Figure 8, small triangles) compares well with the coral record. However, it disagrees between 25 and
28 cal kyr BP, the timing of the larger 1*C age plateau. This discrepancy between the 2 records is
plausibly due to missing varves or the assumption of constant sedimentation rate for portions of the
record. The younger portion of the Bahamas speleothem record of Beck et al. (2001; Figure 8, grey
envelope) also agrees well with the coral record. However, because the speleothem record has a gap
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Figure 7 Coral calibration results between 6 and 50 cal kyr BP. Solid circles are screened coral
data from this study. 239Th-231Pa age-concordant samples are marked with a box. Open circles
represent existing coral calibration data (Bard et al. 1990, 1993, 1998 in this time range) for corals
that record marine 823*U values according to §%3#Uj criteria (see text). Parallel dashed lines indi-
cate 2000-yr offset lines from solid line of equal age. Error bars are 2 ¢ and, if not visible, are
smaller than the symbol.

between 26 and 28 cal kyr BP, a comparison cannot be made during the timing of the larger 4C pla-
teau. There is a discrepancy between the 2 records of more than 1500 yr at the 37-cal kyr BP coral
point. This discrepancy could be due to the assumption of a constant dead carbon fraction in the spe-
leothem record.

DISCUSSION

14C Age Plateau: 14-15 cal kyr BP

Figure 9 shows the tree-ring and coral calibration data between 10 and 16 cal kyr BP and the corre-
sponding atmospheric AC record. The new findings are in close agreement with the earlier data
and support the previously identified '“C plateau between 12.5 and 11.5 cal kyr BP (Edwards et al.
1993; Goslar et al. 1995; Hughen et al. 1998). In addition, the new results reveal a second plateau
between 15 and 14 cal kyr BP. This plateau, resulting from a 130%o drop in atmospheric A'*C, com-
presses the 4C time scale such that all materials between 14.9 and 13.9 kyr old give nearly the same
14C age: 12.4 + 0.2 kyr BP. This has repercussions for 14C dating: the 4C time scale does not allow
for precise 14C age determinations over this interval.
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Figure 8 Details of coral calibration results. Calibration results between 6 and 12 cal kyr BP (a), 11 and 17 cal kyr BP (b),
13 and 32 cal kyr BP (c), and 24 and 52 cal kyr BP (d). Symbols are the same as in Figure 7. In addition, curved lines are the
IntCal98 calibration envelop, small triangles represent the Lake Suigetsu varved sediment record of Kitagawa and van der
Plicht (2000), and the gray shaded envelope represents the Bahamas speleothem record of Beck et al. (2001). Parallel dashed
lines indicate 2000-yr offset lines from the solid line of equal age. Error bars are 2 c.

An enlargement of the 15—14-cal kyr BP plateau is shown in Figure 9c. In addition to the new
results, the plot includes the IntCal98 envelope and the previous coral and marine varve data that
were used to establish the IntCal98 spline in this interval. While the new data are in good agreement
with the original data, the IntCal98 envelope does not “see” the plateau and crosses diagonally
through it. This points to the clear need for higher-resolution records.

Several studies propose that the drop in atmospheric A#C associated with a later *C plateau,
between 12.5 and 11.5 cal kyr BP, was caused by changes in the carbon cycle likely associated with
the Younger Dryas climate event (Edwards et al. 1993; Goslar et al. 1995; Hughen et al. 1998;
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Figure 9 '4C age plateau between 1415 cal kyr BP. Solid circles are data from
this study, open circles are from previous coral records (Bard et al. 1990, 1993,
1996, 1998; Edwards et al. 1993; Burr et al. 1998; data were screened with the
3234U; criteria), and the jagged line is the tree-ring calibration (Kromer and
Spurk 1998). Parallel dashed lines indicate 1000-yr offset lines from solid diag-
onal line of equal age. Rapid drops in the atmospheric A'#C record between 10
and 16 cal kyr BP (a), and corresponding !C age plateaus in the calibration (b),
are marked with boxes. The data support the previously identified plateau
between 11.5 and 12.5 cal kyr BP and reveal a second plateau between 14 and
15 cal kyr BP. An enlargement of the 14—15-cal kyr BP plateau (d) includes the
Cariaco Basin varved sediment record (grey 2-c envelope, Hughen et al. 2000)
and the IntCal98 calibration (black envelope). All error bars are 2 G.
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Figure 10 Atmospheric A#C and the GISP2 §'30 record, 10-16 cal kyr BP. (a) Crosses are a combined atmos-
pheric A4C data set based on tree rings after 11.9 cal kyr BP and corals (this study and previous records, see Fig-
ure 9) prior to 11.9 cal kyr BP. Jagged solid line is 3-point running average of this data set; dashed line represents
A'C values expected from changes in geomagnetic field intensity (Guyodo and Valet 1996). (b) Solid line is the
3-point running average from (a) with the geomagnetic trend subtracted out (see text). Gray line is the GISP2
oxygen isotope record (Grootes et al. 1997). Boxes mark the times of the '*C age plateaus shown in Figure 9.
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Figure 11 A'“C excursion at 28 cal kyr BP. Line connects tree-ring data, coral data
from this study (solid circles), and coral data from previous records (open circles;
Bard et al. 1990, 1993, 1996, 1998). All errors are 2 6. Boxes around symbols
indicate samples with concordant 23Th-23!Pa ages. Dotted line represents A4C
values expected from changes in geomagnetic field intensity. The rectangle iden-
tifies timing of plateau. (a) Atmospheric A'“C record between 0 and 45 cal kyr BP
showing long-term geomagnetic contribution to A'#C values. (b) Excursion and
subsequent drop in atmospheric A'*C causing '“C age plateau in calibration (c).
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Figure 12 Atmospheric A'*C and the GISP2 §'30 record, 10-37 cal kyr BP. (a) Dark line is the tree-ring and coral
data, as in Figure 11; gray line is the GISP2 oxygen isotope record. H1,2,... indicate the timing of Heinrich events
1,2,...; (b) GISP2 record (top) and cooling trends (bottom). Cooling cycles are found to culminate in Heinrich events
followed by abrupt warming, causing the saw-tooth pattern described by Bond et al. (1993).
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Stuiver et al. 1995; Oeschger et al. 1980). One mechanism discussed is an increase in the ocean cir-
culation rate. The atmospheric #C/12C value is highly sensitive to small changes in the circulation
rate because the ocean contains over 65 times more carbon than the atmosphere and has a signifi-
cantly lower “C/12C ratio due to “C decay during its long residence time (Siegenthaler et al. 1980;
Keir 1983). As such, an increase in the mixing rate will lower the atmospheric “C/12C ratio to
approach the oceanic value. Thus, an increase in ocean mixing during the Younger Dryas may at
least be partially responsible for the atmospheric A'*C drop recorded during this time interval,
although recent studies do show evidence for slowing in ocean circulation during this period
(McManus et al. 2004). Alternatively, it is possible that a decrease in the '“C production rate, per-
haps associated with changes in the solar magnetic field (Goslar et al. 2000), may have also contrib-
uted to this drop.

Here, we examine whether there is a climatic link to the A4C drop recorded between 15 and
14 cal kyr BP. First, we note that at least a portion of this interval corresponds to the timing of the
first melt-water pulse, the most dramatic melting event during Termination I (Fairbanks 1989; Bard
etal. 1990). Second, this interval corresponds to a period of generally increasing 6'80 in Greenland
ice (cf. Figure 10b), resulting from significant temperature increases, and decreasing 8'30 of Chi-
nese speleothem calcite, resulting from increases in summer Monsoon intensity (Wang et al. 2001).
In addition to climatically induced carbon cycle changes, this feature could also be linked to a
decrease in '“C production due to changes in geomagnetic field intensity or solar activity.

We first investigate the possibility that “C production changes arising from fluctuations in the ter-
restrial magnetic field were the cause of the A™C drop observed between 15 and 14 cal kyr BP. To
evaluate this, we converted the SINT200 stacked paleointensity record of Guyodo and Valet (1996)
into the corresponding '“C production curve using the calculations of Lal (1988). Because atmo-
spheric *C oxidizes and becomes incorporated into the larger reservoirs of the global carbon cycle,
we then used the '*C production data as input to a simple carbon cycle model (Houtermans and
Suess 1973). The results are broadly consistent, but slightly higher than those of Beck et al. (2001)
based on the SINT200 stacked geomagnetic field record and an invariant modern balanced 13-box
carbon cycle. The predicted A*C values resulting from changes in dipole shielding are shown as a
dashed line in Figure 10a. Although terrestrial magnetic field changes predict a general diminution
of A'*C over the interval, we find no evidence of a shift in dipole field intensity that could have pro-
duced this large, rapid A'“C drop observed in the data.

We next explore evidence that climatic shifts and associated carbon cycle changes resulted in the 15-
to 14-cal kyr BP drop in A'%C. In Figure 10b, we subtract out the geomagnetic contribution to the
AC record, where the tree-ring and coral A'4C data has been combined with a 3-point moving aver-
age trendline, and compare the residual with the inverted oxygen isotope record from the Greenland
Ice Sheet Project (GISP2; Grootes et al. 1997). The figure reveals a strong correlation between cli-
mate and residual AC changes: both the 12.5- to 11.5- and the 15- to 14-cal kyr BP intervals of fall-
ing A4C values that create the age plateaus are associated with similar transitions in the GISP2
record. The records also hint that Greenland climate changes preceded atmospheric A!*C changes by
a few hundred years. This apparent lag of atmospheric A!*C may well result from the significant res-
idence time of carbon in the ocean. The observed correlation between climate and residual A'*C
could be caused by two phenomena, either a change in ocean circulation associated with a change in
climate, which changes carbon cycling and affects A#C, or a change in solar activity.

Although some solar involvement cannot be ruled out, a number of arguments suggest that the main
cause of the A'*C-climate relationship is carbon cycle changes related to changes in climate. If the
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AC changes were caused by solar changes, one would expect changes in 1°Be to correlate with
changes in A!C in this interval. This is indeed the case for much of the Holocene (Alley et al. 1995;
Finkel and Nishiizumi 1997). However, the atmospheric/Greenland ice 1°Be flux is similar during
the Holocene and Late Glacial (Alley et al. 1995; Finkel and Nishiizumi 1997; Hughen et al. 2000),
whereas the Holocene '*C fluctuations are factors of several smaller than the Late Glacial '*C fluc-
tuations considered here. Thus, unless there is large amplification of the '“C response to solar vari-
ations during the Late Glacial, or there is a climatic artifact in the ice-core '°Be data, it would appear
that solar variation is not the main cause of the large Late Glacial A!*C shifts observed here.

The last remaining possibility, that shifts in ocean circulation caused the observed drop in A'4C
recorded between 15 and 14 cal kyr BP, is difficult to evaluate directly. For example, we do not have
a good understanding of paleo-ocean circulation geometry and how this may change on millennial
and sub-millennial scales during deglaciation. Nevertheless, as was done for the Younger Dryas
AC drop, we can make a qualitative argument for the 15- to 14-cal kyr BP A'4C feature. Periods of
warming in Greenland observed during this interval in the GISP2 record were likely to have been
accompanied by higher rates of North Atlantic Deep Water formation, and thus higher rates of ocean
circulation. As discussed previously, greater ocean ventilation rates would result in a lowering in
atmospheric AC values (cf. Stuiver et al. 1995). Thus, whereas we cannot rule out solar-related
production changes, there seems to be a viable mechanism for carbon-cycle modulation of A*C in
this interval.

AC Excursion at 28 cal kyr BP

Figure 11 shows the new extension of the calibration between 20 and 38 cal kyr BP and the corre-
sponding atmospheric record. Notably, 2 points with concordant 239Th-23Pa ages at face value sug-
gest a large A'*C excursion at 28 cal kyr BP. The 1100%o offset corresponds to a '“C age that is 6.8
kyr younger than the calendar age. The period prior to this peak is sparsely populated with atmos-
pheric values hovering around 500%., while the interval after this peak shows a clear line of descent
between 700 and 400%., in agreement with the single calibration point of Bard et al. (1990a). Includ-
ing this earlier data point, the drop in atmospheric values is composed of 6 calibration points based
on corals from 5 different cores drilled in Papua New Guinea, Vanuatu, and Barbados. The drop in
atmospheric A4C creates a 3000-yr age plateau in the calibration with a 1*C age of 19.8 + 0.3 kyr.
If confirmed, this extended 'C plateau would severely complicate the use of 4C dating methods to
establish a chronology of events leading up to the Last Glacial Maximum.

Several aspects of the calibration data forming the 4C plateau lend some support for its existence.
First, the corals produce a self-consistent atmospheric history despite having originated from such
diverse environments; secondly, two of the samples record concordant 239Th-231Pa ages; and finally,
the samples were preserved below sea level for much of their history, making them less likely to be
altered. However, 2 recent studies did not show a large A'*C excursion in this time range (Hughen
et al. 2004; Bard et al. 2004). These are both based on stratigraphic correlations to the GISP2 chro-
nology and, therefore, both have inherent uncertainties associated with the accuracy of the correla-
tions. Nevertheless, both record intermediate values for A!*C in this time interval.

If valid, the origin of the atmospheric A!*C excursion at 28 cal kyr BP is puzzling. One possibility
is diagenetic inaccuracy that was not detected despite use of 23!Pa. Thus, it is imperative that future
efforts test whether this peak can be replicated. If diagenetic inaccuracy is not the cause, there are
several possible causes. One possibility is a change in cosmogenic nuclide production rates. °Be
records from polar ice reveal a similar spike that is attributed to a dramatic shift in cosmogenic
nuclide production rates of undetermined origin (Raisbeck et al. 1987; Yiou et al. 1997). However,
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the 19Be spike, thought to be the Laschamps event, occurs at roughly 40 cal kyr BP and does not
match the timing of the anomaly observed here. In Figure 11a,b, shifts in the terrestrial magnetic
field and resulting changes in radionuclide production rates are also examined. Modelled A'4C val-
ues resulting from changes in geomagnetic field intensity are plotted with the coral record. The plot
reveals that fluctuations in paleointensity may account for 350%o of the peak observed in the A4C
record. While the geomagnetic contribution may account for a third of the observed A!4C peak, a
large portion of the A!*C excursion remains unexplained.

We again explore whether climate records provide clues of a carbon cycle change that may have
triggered the observed fluctuations in the atmospheric A*C record. As before, we plot in Figure 12
the combined tree-ring and coral data against the GISP2 oxygen isotope record, including the peri-
ods of the 2 '“C age plateaus discussed earlier. The scale of changes is very different between 10 and
20 cal kyr BP than between 20 and 35 cal kyr BP. Clearly, if the climate in Greenland and atmo-
spheric A'C values are linearly correlated in their response to variability in ocean circulation, the
AC excursion could not have arisen from circulation changes alone. However, if atmospheric A'4C
is linked to a different portion of the ocean system or if its response is non-linear once circulation
rates pass a threshold value, then the possibility for an oceanic trigger remains open.

To further investigate the possibility of an oceanic trigger, we look to another climatic record.
Figure 12b shows the GISP2 8!30 profile for the last 50 kyr and the timing of “Heinrich events” 1
through 5 based on the correlation of Bond et al. (1993). Heinrich events are periods of massive ice-
berg discharges from eastern Canada into the North Atlantic marked in deep-sea sediments by layers
rich in ice-rafted debris and unusually poor in foraminifera (Bond et al. 1992). While the causes of
these discharges remain unclear, their occurrence is linked to extreme cooling and reduced salinity
of North Atlantic surface waters and the decline or suspension of North Atlantic deep-water forma-
tion and thermohaline circulation rates. Bond et al. (1993) observed that ice-core and deep-sea 530
records between 20 and 80 kyr BP exhibit matching oscillations in ocean-atmosphere temperature
that are bundled into 10—15-kyr cooling cycles, each of which culminates in a Heinrich event fol-
lowed by an abrupt shift to a warmer climate (Figure 12b).

Three Heinrich events occur in the GISP2 chronology between 10 and 35 cal kyr BP (Figure 12). Of
the three, Heinrich event 3 (H3) occurs at about the same time as the '“C peak. The period of H3
cooling may have reduced ocean circulation, bringing about increased atmospheric AC levels at
around 30 cal kyr BP. The abrupt warming in the GISP2 record at 29 cal kyr BP may then represent
a resumption in ocean ventilation rates that brought about the subsequent decline in A*C values
after 27 cal kyr BP. Although this scenario is plausible, it is not clear that the temporal relationships
between the timing of H3 and the timing of the “C peak match. Furthermore, it is not clear why a
14C peak associated with H3 would be much higher than that associated with other Heinrich events.

To estimate this ventilation age required to explain our peak, we first calculate the A'*C of the aver-
age ocean (A*C) resulting from the rise in atmospheric A'*C (A!4C,) at 30 cal kyr BP using the
following steady-state equation:

AMCo(Xp) + ACy(Xy) = ACyy, (D,

where X is the fraction of carbon in each reservoir, the subscript o represents the ocean reservoir, and
A the atmospheric reservoir. We can calculate the modern values of A4Cy,, from our knowledge of
the present values of all of the variables above. We then presume a value for A4Cy, at the time of
the peak of 1.35 times the modern value, accounting for the 350%o elevation in A*C due to reduced
magnetic shielding (see above). Assuming modern values for the fraction of carbon in the atmos-
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pheric and oceanic reservoirs and 1100%o. for A'*C,, we calculate a value of 162%o for A4C, at the
time of the peak compared to the present-day value of —130%o.

The ventilation age (¢) is then determined using the following relationship:
1=8033 In [MC/lzCatmosphere / MC/lzcocean] (2)7

where 8033 is the mean life of '“C based on the Libby half-life. We find that the ventilation age
would have been roughly 4800 yr if a reduction in ocean circulation produced the excursion
observed in the coral A'4C record. This is on the order of 4 times the modern value and is calculated
on a steady-state basis. A non-steady-state calculation would likely require even larger ventilation
age. One could question the plausibility of this explanation and the plausibility of this high of an
atmospheric “C value. Therefore, we encourage attempts to test our data with samples from other
sites. There is, however, at present some independent data that is at least consistent with our 4C
peak. Sikes et al. (2000) show large apparent differences between atmospheric and oceanic A!4C
near New Zealand at about the time of our *C peak. If, in fact, these data can be confirmed, they
could either be interpreted as resulting from a large oceanic ventilation age (as inferred by Sikes et
al. 2000; of the same magnitude as our calculated value), or as a result of rapidly rising atmospheric
AC or both. The latter possibility is related to an effect pointed out by Adkins and Boyle (1997). If
atmospheric '“C rises during the interval between deep-water formation and deep-water aging, then
the difference between atmospheric '“C and deep-water 4C subsequent to the aging process will
yield an apparent age that is larger than the true age of the deep water. If this is, in part, the explana-
tion of the Sikes et al. (2000) data, then this would support the idea of rapidly falling atmospheric
14C subsequent to the 28-kyr peak. If high ventilation age is, in part, the explanation of the Sikes et
al. (2000) data, then this would support the high ventilation age explanation of our 28-kyr peak. Nev-
ertheless, we emphasize the need to test both the Sikes et al. (2000) work and our apparent 28-kyr
peak. If our peak is indeed accurate, it is likely that both low terrestrial magnetic field values and
slower oceanic circulation rates contributed to the high 4C values.

Marine 8234U

Figure 4 reveals that the majority of analyses fall within 8%o of the modern marine value (hatched
box). However, within these narrow bounds, there appears to be a slight trend in 5234U; values. The
open box delineates the 623*U; bounds of 17 Papua New Guinea drill core samples analyzed by
Edwards et al. (1993). The 6234U; value of each of these samples was indistinguishable, with a pre-
cision of +1%o of the modern marine value, and no age reversals were found down core. The strong
internal consistency of this data set and agreement with the modern marine value suggests that these
samples are unaltered and the bounds of this box represent the marine §23*U value, with a precision
of 2%, during that period. Using this box as a reference then, the plot shows a possible shift, an
increase of as much as 6%o in the marine 5*3*U value, between 22 and 12 cal kyr BP. This period
includes the first half of the last deglaciation. Note that Esat et al. (2000) and Henderson et al. (2002)
have documented low §23*U values during the last glacial period and that a number of studies
(Edwards 1988; Hamelin et al. 1991; Richter and Turekian 1993; Esat et al. 2000; Henderson et al.
2002; Edwards et al. 2003; Robinson et al. 2003) explore the causes of possible marine 3%34U shifts.
We explore the possible causes of such as shift below.

In Figure 13, we plot the 8234U; values of samples with 239Th-23!Pa concordant ages to evaluate
whether the observed trend in Figure 4 is a product of coral diagenesis or due to a real shift in the
marine 823U value. The samples, from Cutler et al. (2003), Edwards et al. (1997), and this work,
originate from Papua New Guinea and range in age from 9 to 93 cal kyr BP. Similar to Figure 4, the
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data in Figure 13 indicate that the marine 823*U value has remained constant within about 8%o over
the last 95 kyr. In addition, it also supports a possible small rise in the marine 623U value during the
early portion of deglaciation. The timing of this possible rise is an issue. Figure 13 shows that sea-
water §234U has been within 2%o of its present value for the last 12 kyr, and was generally about 6%o
lower than this value from ~60 kyr BP to ~22 kyr BP. There is some discrepancy in values at ~25 kyr
BP, as there are 2 relatively high values at this time. However, as the bulk of the values during this
interval are low, we presume the marine value was low at this time. Therefore, we now consider pos-
sible explanations for a rise in marine 8*3*U between 22 and 12 kyr BP.
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Figure 13 8234U; versus age diagram for samples with concordant 239Th-231Pa ages. Hatched and open envelopes are
same as Figure 4. Square symbols are §234U; data for 239Th-23!Pa age-concordant samples from Papua New Guinea and
are from Cutler et al. (2003), Edwards et al. (1997), and this study. Replicate analyses are included; error bars are 2 G.

While further studies will be needed to confirm this shift as a marine phenomenon, these observa-
tions raise the question of whether a several per mil shift in the marine uranium isotopic composition
is possible over these time scales. Ku et al. (1977) obtained a residence time for uranium in the
ocean between 200,000 and 400,000 yr, which places strong limits on the rate of change in the
marine 234U/238U value (Edwards 1988; Hamelin et al. 1991; Richter and Turekian 1993; Henderson
et al. 2002). To explore whether a several per mil shift in marine 834U during the early portion of
deglaciation was possible, we consider 3 mechanisms.

Our first mechanism is based on the findings of Russell et al. (1994). Here, the authors suggest that
the uranium concentration in seawater shifts with the glacial-interglacial cycles due to increased
productivity and reduced oxygen content in seawater during glacial times. Because the reduced form
of uranium adsorbs more easily onto sediments and settles out of the water column, the authors spec-
ulate that the average U concentration in seawater may have been lower during glacial periods. Dur-
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ing interglacial times, they suggest that the average U concentration in seawater is higher because it
is no longer being tied up in the sediment. Inflowing riverine 2#U remains in solution and 23*U tied
up in the sediment becomes oxidized and soluble. The seawater 234U, however, would decrease
during this glacial to interglacial transition, because the average §*34U value of the sediment would
have decreased through time due to radioactive decay of 23#U. As such, this mechanism does not
support the sign of the observed shift in the marine §23#U value derived from the coral data.

For the second mechanism, we examine the likelihood that a change in riverine §*3*U may have pro-
duced the observed shift in marine 8*4U values. Modern rivers have 824U values that range
between 100 and 500%o (Ivanovich and Harmon 1982) and have an average value of about 270%e.
The spread in values arises from differences in isotopic composition and concentration of source
rocks, as well as variability in erosion rates and processes.

Edwards (1988) calculated how marine 623U would change due to an instantaneous shift in riverine
8234U. He envisioned an ocean at steady-state with regard to 238U and initially at steady-state with
regard to 234U, and that the only uranium source is riverine. At ¢ = 0, the system is perturbed by a
shift in average riverine §234U; the flux of 238U is assumed to remain constant. Based on these con-
ditions, Edwards calculated that for times short compared to the residence time of U in the oceans
and the mean life of 234U (353 kyr), that the response of the ocean to this perturbation is approxi-
mated by

AS, = AG, (1) 3),

where ¢ is the time over which the change occurs, 7, is the residence time of uranium in the ocean,
and the riverine flux and marine uranium concentration are assumed constant. If A3, is set equal to
6%o, ¢ to 10,000 yr, and 7, to 300,000 yr, we find that an increase in the average riverine 234U value
of 180%o, or 45% of its range, is required to produce the shift observed between 22 and 12 cal kyr
BP. This is a large but plausible shift in riverine §234U. Robinson et al. (2003) have recently shown
that streams draining glaciated areas in New Zealand have extremely high 8234U values approaching
4000%o. Thus, it is plausible that the average riverine 82**U could have risen by large amounts. The
time frame of the shift and the new Robinson et al. data point to one possible mechanism for its
occurrence. With the retreat of the ice sheets, formerly glaciated areas became exposed to erosion.
Because 234U sites in the crystal lattice are damaged during the decay of 238U to 234U, 234U is pref-
erentially leached from the rock structure (Ivanovich and Harmon 1982). As a result, rocks freshly
exposed to weathering might yield higher 234U values than previously eroded surfaces.

For the third mechanism, we explore the possibility that a shift in the riverine uranium flux into the
ocean may have been responsible for the observed shift in the marine isotopic composition. At
steady-state, this flux, dU/dt, is related to the uranium residence time in the ocean by the equation

dU/dt=U/ 7 ),

where U is the total amount of uranium in the ocean. We calculate, then, the change in 7;; required
to produce the observed shift in the coral record using a similar model (Edwards 1988) to the one
above. To do this, we assume that the riverine 234U value and marine uranium concentration remain
constant and that the initial marine 824U value (5,,0) is at steady-state (ss). At ¢ = 0, the riverine U
flux changes instantaneously, causing the marine isotopic composition to approach a new steady-
state value (8,,!) as described by the equation

On= O (58) +[6,%(55)-0,,"(s9)] [exp(—(1/ 7y + 1/ T23)1] ),
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where &, is the marine isotopic value at time ¢, 7,3, is the mean life of 224U (353 kyr), and 7;,is equal
to U/(dU/dt) after the change in U flux.

The equation shows that the marine isotopic composition changes from its initial steady-state value
to its new steady-state value with a time constant of 1/7;;,+1/ 7334, and has a value of J,, after ¢ yr. The
new steady-state value is defined as

O (s8) = 6,/ (1+ 71/ T34) (6).

If 5,0 is set equal to 140%o, &, to 146%o, and ¢ to 10,000 yr, equations (5) and (6) can be simulta-
neously solved. We find that during deglaciation, the ocean residence time had to increase by a fac-
tor of 2.4, from 125 kyr to its present-day value of 300 kyr, to produce the 6%o change observed in
the coral 8%34U record. Inversely, the riverine flux of uranium had to decrease by a factor of 2.4 to
produce this change. Although it is likely that riverine uranium fluxes change to some degree on gla-
cial to interglacial time scales, there is no other evidence suggesting a change of that magnitude.

Of the 3 mechanisms examined, we find that the second mechanism, based on a rise in riverine
824U, is best able to explain the 6%o observed increase in the marine 623U value between 22 and
12 cal kyr BP. This mechanism calls for an increase in the average riverine 823U value of 180%o, or
45% of its range. This large shift in riverine §23*U is plausible given that the retreating ice sheets
were freshly exposing large areas to weathering that likely yielded higher §234U values than previ-
ously eroded surfaces (see Robinson et al. 2003). Some combination of a rise in riverine 234U and
a decrease in riverine uranium flux (the third mechanism) may also explain the observed trend in
marine 6234U. We emphasize that this possible shift in marine 523U should be verified with addi-
tional careful studies that employ 23!Pa dating to test for concordancy.

CONCLUSIONS

The new calibration data map '“C variations from the current extent of the tree-ring calibration,
11.9 cal kyr BP, to the '“C dating limit of 50 cal kyr BP. The data reveal that the gradually widening
gap between the calibrated and '“C ages observed in the younger portions of the calibration contin-
ues to increase with age until 28 cal kyr BP, when the 4C age is 6800 yr too young. The coral cali-
bration points prior to 28 cal kyr BP indicate less of a gap between the calibrated and '“C age of
between 4000 to 5000 yr.

Significantly, the new data reveals 2 previously unidentified '“C age plateaus between 14 and
15 cal kyr BP and between 22 and 25 cal kyr BP. The plateaus correspond to '“C ages of 12.4 + 0.2
kyr and 19.8 + 0.3 kyr, respectively, and limit 14C dating resolution for their duration. While the ori-
gin of these plateaus remains somewhat in question, we found that changes in carbon cycling are
likely the source of the younger plateau and a large contributing factor to the older plateau.

For the younger plateau, we found a strong correlation between climate—as revealed in the Green-
land oxygen isotope record—and changes in residual A!4C values, when the contribution from geo-
magnetic field changes was subtracted out. This correlation can be explained by the probable causal
relationships between periods of warming in Greenland, higher rates of ice sheet melting, North
Atlantic Deep Water formation and ocean circulation, and decreasing values in atmospheric A!4C.

The origins of the older plateau are not as clear, but may also be linked to abrupt slowing in ocean
circulation rates, combined with the effects of terrestrial magnetic field fluctuations. Evidence for
this comes from the Greenland ice-core records and records of severe cooling, called Heinrich
events. Heinrich event 3, which is distinct in its long duration, lower 8'80 values, and extreme shifts
in temperature, takes place just prior to the peak in atmospheric A*C values. The extended period
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of H3 cooling may have reduced ocean circulation, bringing about a rapid escalation in atmospheric
AC levels observed at 30 cal kyr BP. The abrupt warming in the Greenland ice-core record at
29 cal kyr BP may then represent a resumption in ocean ventilation rates that brought about the sub-
sequent decline in A4C values after 27 cal kyr BP. These fluctuations alone, however, do not pro-
vide a full explanation for this pronounced peak, and future studies should aim to test whether or not
our peak may relate to diagenetic shifts in age or “C content.

Finally, we found evidence of a possible 6%o increase in the marine 234U value during the early por-
tion of deglaciation, between 22 and 12 cal kyr BP. While the presence for such a shift requires fur-
ther study, we examined whether a several per mil shift in the marine uranium isotopic composition
is possible over these time scales. We found that a rise in average riverine 8*34U of 180%o, or 45%
of its range, is best able to explain the observed increase in the marine 823U value. This large shift
in riverine 8234U is plausible given that the retreating ice sheets were freshly exposing large areas to
weathering that likely yielded higher 8%34U values than previously eroded surfaces.
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