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Abstract

An expanded Cariaco Basin '*C chronology is tied to >*°Th-dated Hulu Cave
speleothem records in order to provide detailed marine-based '*C calibration for the past
50,000 years. The revised, high resolution Cariaco *C calibration record agrees well
with data from **°Th-dated fossil corals back to 33 ka, with continued agreement despite
increased scatter back to 50 ka, suggesting that the record provides accurate calibration
back to the limits of radiocarbon dating. The calibration data document highly elevated
A"™C during the Glacial period. Carbon cycle box model simulations show that the
majority of observed A'"*C change can be explained by increased '*C production.
However, from 45 to 15 ka, A'*C remains anomalously high, indicating that the
distribution of radiocarbon between surface and deep ocean reservoirs was different than
it is today. Additional observations of the magnitude, spatial extent and timing of deep
ocean A'C shifts are critical for a complete understanding of observed Glacial A'*C
variability.

Introduction

Calibration of the last 26 ka of the '*C timescale has recently been advanced with
the publication of the IntCal04 data set (Reimer et al., 2004). The new results rely on tree
rings to provide bi-decadal resolution from 0-12,400 calendar years before present (0-
12.4 ka) and are extended with comparable resolution to about 14.7 ka using varved
marine sediments from the Cariaco Basin and ***Th-dated fossil corals. From 14.7-26 ka,
coral data alone control the IntCal04 curve, but at lower (approximately centennial)
resolution. Beyond 26 ka, a comparison of data sets from previous studies showed
considerable scatter and no single '*C calibration curve was constructed for this interval
(van der Plicht et al., 2004). More recently, an extensive array of '*C and *°Th-dated
coral results have been presented, providing marine-based calibration with irregular
sample spacing back to 50 ka (Fairbanks et al., 2005).

Here we present an updated marine-derived '*C calibration from Cariaco Basin
sediments for the last 50 ka (Hughen et al., 2004a) based on a revised calendar age model
and additional '*C measurements (increasing both the '*C sampling resolution and the
number of replicates). Cariaco Basin sediments are only intermittently laminated beyond
~14.7 ka, but show distinct millennial-scale variability in sedimentological and
geochemical records that can be reliably correlated with Dansgaard-Oeschger (D-O)
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events in Greenland ice cores (Peterson et al., 2000). In previous work, Hughen et al.
(2004a) exploited this relationship in order to map the GISP2 Greenland ice core layer
count chronology of Meese et al. (1997) onto the Cariaco Basin "*C series. However,
GISP2 age uncertainties increase dramatically prior to 40 ka and, as noted by Southon
(2004), significant differences within GISP2 and GRIPsea ice core chronologies remain
unresolved. These discrepancies have led us to seek an alternative calendar age model
based on absolute radiometric ages. Here we correlate high resolution paleoclimate
records from Cariaco Basin sediments (grey scale, 550 nm reflectance) and »**Th-dated
Hulu Cave speleothems (8'%0) in order to transfer the >**Th Hulu Cave chronology of
Wang et al. (2001) onto the updated Cariaco '*C series. Where Cariaco Basin and coral
data sets overlap they appear to agree well, suggesting that the higher resolution of the
1%C dating in the Cariaco Basin can be used to accurately interpolate the calibration
between lower resolution coral data.

Background
Cariaco Basin

The Cariaco Basin is located off the coast of Venezuela at the northern limit of
seasonal migration of the Intertropical Convergence Zone (ITCZ). Updated calibration
results come from ODP Leg 165 Site 1002 (Hughen et al., 2004a), which was drilled
close to the site of piston core PLO7-58PC used for high resolution '*C calibration during
the last deglaciation (Hughen et al., 2000). The sites share the same hydrographic and
climatic regimes, and sediments can be correlated between piston cores and ODP holes
with great precision based on visual marker horizons and geophysical data (magnetic
susceptibility, GRAPE density). The climatology and sedimentology of the Cariaco
Basin have been described in detail elsewhere (Hughen et al., 2000; Peterson et al., 2000)
and demonstrate synchronous deglacial changes in Cariaco and Greenland records,
consistent with southward shifts in the ITCZ during cold (stadial) climates in the North
Atlantic region (Rind et al., 1986; Rind et al., 2001; Schiller et al., 1997; Chiang and
Bitz, 2005).

Evidence that the local Cariaco Basin reservoir age has varied little, even during
stadial conditions, is provided by agreement between Cariaco and German pine '*C dates
during the last deglaciation and early Holocene, including the rapid shift from intense to
reduced upwelling at the Younger Dryas/Preboreal transition (Hughen et al., 2000). In
contrast, a floating tree ring chronology and *C record that has been tentatively anchored
to Cariaco data suggests that the reservoir age may have changed during the Allerod or
transition into the early Younger Dryas (Kromer et al., 2004). However, there are at least
two plausible placements of the floating tree ring chronology against Cariaco records
(e.g., Friedrich et al., 2001) and they must be considered preliminary until an anchored
tree ring chronology is established.

Climatological linkages

Independent calendar-age chronologies for high resolution paleoclimate records
during the last deglaciation show that abrupt changes in the Cariaco Basin, Hulu Cave
and Greenland were synchronous, within dating uncertainties (Hughen et al., 2000; Wang
etal., 2001). (Paleoclimate records from speleothems dated by U-series showed age
differences of up to 2-3 ka (Wang et al., 2001; Spotl and Mangini, 2002; Burns et al.,



2003), but measurement errors were later identified that accounted for most of this
discrepancy (Burns, 2004)). The implied synchroneity is consistent with studies that
identified abrupt climate shifts in proxies for high and low latitudes from the same
archive, and found no significant stratigraphic lag between tropical and high-latitude
shifts (Severinghaus et al., 1998; Severinghaus and Brook, 1999; Hughen et al., 2004b).
Here we assume that the temporal linkage demonstrated for deglacial changes was also
valid during the previous Glacial interval, and specifically that Cariaco and Hulu Cave
paleoclimate records show synchronous changes throughout their lengths.

Methods
14 Chronology

187 new '*C dates have been added to the 280 dates previously presented by
Hughen et al. (2004a). For the new as well as previous dates, samples of Globigerina
bulloides or Globigerinoides ruber (typically 700-2000 foram tests, about 1 mg of
carbon) were picked from the >250 um sediment fraction after wet sieving.
Measurements were performed on monospecific samples whenever possible, although
mixed species assemblages were used for 25 samples with low overall foraminiferal
abundance. Interspecies comparisons show no discernable offset in '*C age. Samples
were cleaned by sonicating in methanol and were leached with 0.001N HCI prior to
hydrolysis with H;PO4. The evolved CO, was purified cryogenically and converted to
graphite in laboratories at Lawrence Livermore (CAMS-LLNL), University of Colorado
(NSRL) and University of California at Irvine (UCI) using hydrogen reduction with an
iron catalyst. Radiocarbon was measured by AMS at CAMS-LLNL, UCI, and Woods
Hole Oceanographic Institution (NOSAMS).

Results are expressed as conventional radiocarbon ages, A"™C and Fm (Fraction
modern) (Stuiver and Polach, 1977). The 1-sigma uncertainties quoted include
contributions from measurements of blanks and normalizing standards, and are based on
the scatter in data from multiple determinations during a 12-24 hour measurement run as
well as propagation of counting uncertainties. Results are presented as finite radiocarbon
ages whenever the background-subtracted radiocarbon Fm values are more than two
standard deviations from zero (Stuiver and Polach, 1977). The resulting finite age limits
depend almost exclusively on the background scatter, since AMS readily allows even
samples as old as 55-60 "“C ka to be measured to statistical precisions of a few percent.

Backgrounds were determined from results on mg-sized carbon blanks prepared
from calcite and measured with each batch of unknowns. CAMS-LLNL blanks for ODP
1002 measurement runs during 1999 averaged Fm = 0.00150 + 0.00046 or 52 + 2.5 'C
ka (n = 15), and were marginally lower at Fm = 0.00113 + 0.00031 or 54 + 2.2 "*C ka (n
= 12) for runs in 2000-2001 when data for core sections older than 45 cal ka were
measured. NSRL/NOSAMS blanks for ODP runs in 2000-2002 averaged Fm = 0.00150
+0.00048 or 52 + 2.6 "*C ka (n = 20).UC Irvine ODP blanks were Fm = 0.00174 +
0.00043 or 51 + 2.0 "*C ka (n = 8) for 2003 and Fm = 0.00102 + 0.00030 or 55 + 2.3 '*C
ka for samples run in 2004/2005, including one batch graphitized at NSRL The 25-35%
uncertainties quoted above represent the long term 1-sigma scatter in the backgrounds,
but differences between results on replicate independent calcite aliquots from the same
run were typically only + 20%, suggesting that real run-to-run blank variations were
present for each of the sample preparation laboratories. Therefore, the blank for each set



of unknowns was taken as the mean of the calcite results for that run, and uncertainties of
+ 20% were assigned for the blank corrections. Results from small calcite aliquots were
used to determine size-dependent blanks for small samples (0.3—0.7 mg of carbon) picked
from a few sections of the cores where foraminifera were scarce. Uncertainties of + 30%
were assigned, based on the long term blank scatter. Agreement between data measured
at our different laboratories, plus results from duplicate samples from the oldest part of
the record, suggest that the background subtraction procedures are robust.

'C and magnetic susceptibility measurements on Hole 1002D sediments showed
disturbances every 10m, coincident with the ends of successive core drives, and data
obtained from these sections were removed from the records. Undisturbed samples were
obtained from adjacent Hole 1002E, drilled in offsetting fashion, in order to construct a
continuous record. Results were scrutinized closely if they came from small samples (<
0.7 mg C), or from a single wheel containing targets that packed poorly at NSRL and
which consequently did not perform well in the NOSAMS source. Results from these
populations were removed (n = 19) if they differed by more than four sigma calculated
from either replicates or immediately adjacent bracketing samples (see Table 1 caption).
Thirteen additional samples were removed due to offsets of more than four sigma from
surrounding samples. Records of '*C and A'*C were constructed by removal of outliers
as explained above, and averaging all duplicate (160), triplicate (60) and quadruplicate
(8) measurements. The original data as well as averaged records are provided in Table 1.

Calendar Age Model

The Hulu Cave chronology is based on 59 “""Th dates from five individual
stalagmites (Wang et al., 2001). Two of the stalagmites, YT and H82, also have internal
chronologies based on annual banding in addition to **°Th ages. The dates have 1-sigma
uncertainties ranging from £ 100 years at 10 ka to £+ 400 years at 70 ka. Where they
overlap, the different stalagmite 5'®O records are virtually identical in their patterns and
timing of abrupt changes. There is continuous growth in at least one stalagmite over the
entire interval, providing an unbroken 8'*O record from 10-70 ka. The sampling
resolution for 2*°Th dating is ~400 years from 10-17 ka, ~1000 years from 17-20 ka, and
~1600 years from 20-60 ka for the stratigraphically continuous &'*O record.

The Hulu Cave *°Th age model was mapped onto the Cariaco Basin '*C series by
correlation of associated 8'*0 and grey scale variations that define stadial and interstadial
transitions using 46 tie points (Figure 1). The resultant correlation is strong, r = 0.6.
Because the Cariaco tie points correspond with abrupt climate transitions they tend to
bracket laminated (interstadial) versus massive (stadial) intervals with differing
sedimentation rates (as previously noted by Peterson et al. (2000)). The calendar age-
depth model for the Cariaco sediment record derived in this way is shown in Figure 2
along with the previous age-depth model of Peterson et al. (2000) that was utilized in the
original calibration (Hughen et al., 2004a). We also note that the original calendar age
chronology for the interval from ~18-14.7 ka has been called into question (e.g.,
Broecker and Barker, in press). However, as shown in Figure 1, the chronology within
this interval is now well constrained by abrupt and well correlated climate signals in the
two archives.

There are three distinct sources of uncertainty affecting the derived calendar age
model; the analytical uncertainty of the Hulu calcite »*°Th dating, the precision of
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correlation as limited by precision and resolution of the individual time series, and the
accuracy of the cross-correlation procedure. One-sigma uncertainties reported for the 59
#%Th dates show an increasing trend with age (Figure 3a). Their contribution to the total
calendar age uncertainty was estimated by simple linear regression. The precision of
cross correlation includes sources of potential error that are independent of the correlation
itself (i.e., assuming a perfect correlation coefficient). For example, where individual
Hulu Cave 8'*0 records overlap they show slightly different ages for abrupt changes
(well within analytical uncertainties). The average age difference for all overlapping
events is 90 years, representing a constant source of + 45 year uncertainty. In addition,
we conservatively assume that the precision of the cross-correlation also varies as twice
the resolution of the limiting (lower) resolution record. The sampling resolution for all
five Hulu Cave stalagmites shows an increasing trend with age (Figure 3b), and was fit
with a linear curve. This term was added in quadrature with the Hulu age-difference term
above to calculate the uncertainty due to precision of the correlation. Finally, we
consider the accuracy of the correlation itself in contributing to uncertainty. Moving
cross-correlations with windows of 2000 and 3000 years were used to identify intervals
of strong and weak correlation between grey scale and each 8'°0 record (Figure 3c). In
general, the correlations are strong (r > 0.5), but several brief (1-2 kyr) intervals showing
no correlation are centered at 19, 28, 37 and 51 ka. An estimated factor of two change in
sedimentation rate was used to constrain relative age uncertainty within the longest
Cariaco interval showing no correlation to Hulu 8'*0, providing a maximum uncertainty
of £ 439 years. The moving correlation plot was then scaled between this maximum age
uncertainty for correlation r < 0 and zero age uncertainty for a perfect correlation r = 1.
The three separate sources of uncertainty were then summed in quadrature to provide
total calendar age uncertainty for the Cariaco-Hulu age model (Figure 3d).

Results
'C Records

The Cariaco "“C series presented with respect to the Hulu Cave *°Th chronology
provides an updated marine-derived '*C calibration for the past 50 ka (Figure 4). The 1-
sigma '*C dating uncertainties are plotted as independent error bars. However, total
calendar age uncertainties are larger than the sampling intervals of the stratigraphically
continuous Cariaco record and are therefore not independent from point-to-point.
Calendar age uncertainties are shown as an error envelope derived from the Hulu-Cariaco
correlation procedure as above, within which the curve can shift (grey swath in Figure 4).
The calendar age errors for the Cariaco-Hulu age model, particularly older than 40 ka, are
substantially smaller than before due to the larger uncertainty of the GISP2 chronology
used earlier. As expected, the greatest departures from the original calibration data set are
in the interval older than 40 ka, where layer counting ceased and the GISP2 chronology is
least reliable. However, smaller but still significant differences are also present for the
21-33 ka interval. Most importantly, the upward revision of the calendar age flattens the
calibration beyond 40 ka, maintaining it well below the “1:1” calendar vs. '*C age line
(Figure 4). The Cariaco data are in good agreement with the coral data and IntCal04
curve from 10-33 ka. Beyond 33 ka, the Cariaco data closely follow the trend of the
majority of coral data, although showing a tendency toward younger calendar ages for the
interval older than 33 ka (Figure 4).



A reconstruction of initial atmospheric '*C activity based on the marine-derived
calibration for the last 60,000 years is given in Figure 5 (expressed as A'*C, or per mil
deviations from the pre-anthropogenic atmosphere, following the convention of Stuiver
and Polach, 1977). As in our previous reconstruction, A'*C shows elevated values during
the Glacial period >15 ka, preceded by a broad minimum from 50-45 ka. There are three
sharp increases to local maxima centered around 40, 34 and 30 ka, and a smaller local
maximum centered at 17 ka followed by a sharp decline. Most importantly, the flattening
of the calibration relationship older than 40 ka described above produces significantly
higher A'C values before 40 ka than in the original reconstruction (Figure 5). The large
A'C increase from 45 to 40 ka is also less abrupt and lower in amplitude than in the
earlier reconstruction. The new Cariaco record shows excellent agreement with coral
AMC data from 10-33 ka (r = 0.78; Figure 6) (Bard et al., 2004; Cutler et al., 2004;
Fairbanks et al., 2005). There is also good agreement from 33-50 ka (r = 0.58), despite
increasing temporal variability in each of the data sets. However, Cariaco A'*C values
appear to be systematically lower than coral results in the older part of the record from
33-50 ka (Figure 6). The A'*C offsets are too large to be explained by differences in
reservoir age between sites, and may be due to slightly higher **°Th calendar ages in the
older corals than in the corresponding Hulu >*°Th chronology, although it is not yet
possible to determine which of the chronologies is more reliable. Alternatively, the
contamination problems that were encountered in the preparation of very old coral
samples for radiocarbon measurements (e.g., Chiu et al., 2005) may have led to an
underestimation of the true blank correction and a consequent biasing of the coral record
to young '*C ages.

Discussion

The new Cariaco-Hulu A"*C reconstruction confirms elevated values and large
variability during the Glacial period and is in agreement with the majority of **°Th- dated
coral results back to 50 ka (Bard et al., 2004; Cutler et al., 2004; Fairbanks et al., 2005).
Reconstructed activities during the Glacial period are in the range of 400-700%o,
implying significantly greater '*C production and possibly diminished uptake of '*C by
the ocean compared to the Holocene. In order to investigate the implications of the
observed A'C record, we used the carbon cycle box model of Hughen et al. (2004a). For
these simulations, the model included an atmosphere, terrestrial biosphere, and surface
and deep ocean reservoirs. “C production rates were calculated as a function of
geomagnetic field intensity (Laj et al., 2002), according to Masarik and Beer (1999). For
each experiment, the model was equilibrated with '“C production rates at 60 ka, then a
transient run was forced with changing production as above from 60 ka to the present. A
constant scaling factor was applied to the production rates in order to tune the model
reservoir A'*C values at model year 0 ka to observed modern values. For the
preanthropogenic simulation (“full carbon cycle”), scaling production by -21% resulted
in 0 ka reservoir A'*C values (Atmosphere 0%o, Terrestrial Biosphere -5%o, Surface
Ocean -53%o, Deep Ocean -159%o) in good agreement with modern observations
(Broecker and Peng, 1982; Broecker and Peng, 1987; Siegenthaler and Oeschger, 1987;
Kump, 1991; Quay et al., 2003). In order to account for the combined uncertainty in
reconstruction of past geomagnetic field strength and its influence on '*C production, we



apply a constant + 10% uncertainty to the production rate history, which translates to +
100-150%o in the modeled curves.

The simulations produce a temporal pattern of A'*C change arising from "*C
production rate alone that is similar to the data (Figure 7), consistent with the expectation
that geomagnetically modulated changes in '*C production will dominate the '*C
inventory on the 10*-year timescale (set by the '*C meanlife). However, the simulation
produces maximum A'*C of only ~300%o + 100%o for the interval 20-40 ka, whereas
observed A'C exceeds the simulated changes by up to several hundred per mil, most
prominently prior to ~27 ka.

In this simple model, reducing the surface-to-deep ocean exchange by 50%
(“reduced carbon cycle”) produces an additional atmospheric and surface ocean A'*C
response of ~200%o, encompassing most of the glacial age data (Figure 7). According to
the model, however, the prescribed change in surface-to-deep ocean exchange would
produce a doubling of the surface-to-deep ocean A'*C difference. Broecker et al. (2004)
point out the difficulty that such a large change in Glacial ocean chemistry has not been
observed in the western Pacific. However, observations do show evidence of decreased
Glacial A'C in the deep western (Keigwin, 2004) and eastern North Atlantic (Skinner
and Shackleton, 2004), deep eastern Pacific (Shackleton et al., 1988; L. Keigwin, pers.
comm.), and southwest Pacific (Sikes et al., 2000). We also note that most of the paleo-
ocean A'*C reconstructions correspond to the period around the Last Glacial Maximum
(~21 ka BP), an interval when the simulated A'*C response to production rates changes
alone is close to the observations (especially if reasonable production rate uncertainties
are considered) (Figure 7). A more serious issue is that reconstructed rates of A'*C
change at the beginning of the last deglaciation, ~17 ka, are too large to be explained by
changes in production rate alone (Broecker and Barker, in press) and require a substantial
dilution of '*C atoms in the atmosphere by a more depleted reservoir. Reconstructions of
large transient changes during deglaciation in mid-to-intermediate depth A'*C of the
western (Robinson et al., 2004) and deep eastern North Atlantic (Skinner and Shackleton,
2004) are consistent with a major reorganization of the ocean circulation and
redistribution of '*C, probably involving increased ventilation of a previously isolated
(low A™C) deep water mass of southern or Pacific origin (e.g., Adkins et al., 2002; Sikes
et al., 2000; Shackleton et al. 1988; L. Keigwin, pers. comm.).

Finally, the apparent difficulty of reconciling the A'*C reconstructions with
plausible changes in "*C production and distribution between global carbon reservoirs has
led some investigators to suggest that the discrepancy may be due to uncertainty in the
Hc decay constant (Chiu et al., 2004; Broecker and Barker, in press) The current
“consensus’ half-life is 5730 years (Godwin, 1962), and is ~3% higher than the value
originally reported by Libby (1955)(i.e., 5568 years). Applying a hypothetical half-life of
5890 years (an arbitrary 3% above the consensus value) for calculation of initial A'*C
from the calibration data results in diminished Glacial values by as much as 200%o
(Figure 8). The effect scales with both true age and measured '*C activity, so the low
values from 45-50 ka are not shifted as much as the surrounding high values.

Increasing the '*C half-life by 3% also influences the model simulation of A™C.
'C production rates must be reduced slightly more (by -23% instead of -21%) in order to
tune the model reservoirs to the same observed A'*C values as above. With this
adjustment, the “full” and “reduced” carbon cycle model simulations (Figure 8) show



only slightly higher A"™C than the previous results (e.g., Figure 7). During the Glacial,
modeled A'*C clearly lies in better agreement with observations. However, the
agreement between simulated and observed A'*C change during the Holocene is now
significantly worse (Figure 8). The Holocene A'*C results based on tree ring
measurements are not in question, suggesting that a simple correction to the '*C half life
is not the primary solution to the problem of elevated A™*C values during the Glacial
period.

Conclusions

The new Cariaco Basin '*C record linked to Hulu Cave radiometric ages provides
an improved marine-based calibration data set for the past 50,000 years. The '*C
chronology shows less scatter than previously, due to the large numbers of replicate
measurements and increased sample resolution. The calendar age model is based on
#%Th dates on clean speleothems, an almost ideal system for 2*°Th dating. Calendar age
errors due to dating uncertainties and correlation procedures are discussed in detail, and
are generally smaller (and better defined) than those of the prior reconstruction based on
correlation to GISP2, particularly in the interval older than 40 ka. The agreement between
the updated Cariaco results and ~*°Th-dated coral data is markedly improved for the 20-
33 ka interval, and the data sets continue to show good agreement back to 50 ka. The
convergence of independent calibration data from marine Cariaco Basin-Hulu Cave,
fossil corals (Bard et al., 2004; Cutler et al., 2004; Fairbanks et al., 2005) and terrestrial
speleothems (at least back to 33 ka; Beck et al., 2001) supports the accuracy of the
records and suggests that reliable calibration is possible back to the limits of radiocarbon
dating.

Our new record documents highly elevated A'*C values during the Glacial period,
confirming previous observations. Carbon cycle box model simulations show that more
than half of the observed A'C change can be explained by increased cosmogenic
production resulting from changes in Earth’s geomagnetic field intensity. However, for
portions of the record between 45 and 15 ka, observed A'*C lies well above modeled
values, suggesting that fewer '*C atoms entered deep ocean reservoirs due to reduced
vertical mixing in the ocean relative to today. Additional data are needed to place
constraints on the magnitude, spatial extent and timing of deep ocean A'*C anomalies for
comparison to observations of surface ocean and atmospheric A'*C.
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Figure Captions

Figure 1. High-resolution paleoclimate time series for Cariaco Basin sediment 550 nm
and grey scale reflectance (top, middle) and Hulu Cave speleothem 8'*O (bottom),
plotted against Hulu 2*°Th calendar age. Tie lines used for correlating and aligning the
Cariaco records to Hulu calendar age are shown in grey.

Figure 2. Age-depth model for Cariaco Basin sediments tied to Hulu Cave >*°Th
chronology (dark blue line, red circles). The previous age-depth model based on Cariaco
correlation to GISP2 is shown in light blue. Both curves have been corrected to account
for missing sediment around 14 mbsf due to a core break in Hole 1002D. Grey lines
show the total 1-sigma calendar age uncertainty envelope for the Cariaco-Hulu
chronology. Cariaco calendar age uncertainties are larger than the sample-to-sample
resolution of the stratigraphically continous record and thus can not be plotted as error
bars on individual points. Rather the whole curve can shift together within the bounds of
the grey curves. Independent sample-to-sample calendar age uncertainties are
constrained by plausible changes in sedimentation rate and scale as a function of depth
interval between samples (considered negligible-—not shown).

Figure 3. A) Hulu Cave ***Th date uncertainties (1 o) plotted versus **°Th age. A linear
fit to the data was used to calculate the contribution of Hulu **°Th analytical errors to
calendar age uncertainty in the Cariaco-Hulu age-depth model. B) Hulu Cave
speleothem §'*0 sampling resolution plotted versus °Th age. A linear fit to the data
was used to calculate the contribution of Hulu Cave 8'°0 sampling resolution to calendar
age uncertainty in the Cariaco-Hulu age-depth model. C) Plot of moving correlation
between Cariaco grey scale and individual Hulu 8'°0 records. Bold lines show results
for a 3000-yr moving window, thin lines are for a 2000-yr window. Intervals of weak
correlation are found centered around ~19 ka, ~28 ka, ~37 ka and ~51 ka. Grey
background highlights the strongest correlation for a given interval, which was scaled to
provide a calendar age error term linked to the strength of correlation. In the lack of any
correlation (r < 0) to Hulu Cave, we constrain Cariaco calendar age uncertainty by
assuming that Cariaco sedimentation rate varies within a factor of two. The correlation r
data were therefore scaled from a minimum 0 years (for perfect correlation r = 1) to a
maximum 439 years (r = -0.5) to create an additional term for error as a function of
correlation strength. D) The three sources of calendar age uncertainty plotted
individually for comparison and combined in quadrature to provide the total calendar age
uncertainty in years (1 sigma).

Figure 4. Cariaco Basin '*C ages plotted versus Hulu Cave calendar age model. High-
resolution '*C calibration data from IntCal04 are shown as a black line. Paired °Th/"*C
dates from corals are shown as solid circles. All error bars are 1 sigma, and grey swath



shows 1-sigma error envelope for Cariaco record due to calendar age uncertainty. The
1:1 age lines are shown based on Libby (1955) and consensus (Godwin, 1962) '*C half
live values, 5568 years (solid line) and 5730 years (dotted line), respectively.

Figure 5. Cariaco marine-derived '*C activity (A'*C) calculated with a constant reservoir
correction of 420 years. The new Cariaco-Hulu record is plotted with the previous
Cariaco-GISP2 A'C record (Hughen et al., 2004a) for comparison. The error bars show
A"™C uncertainty in the Cariaco-Hulu record due to 1-sigma errors in "*C age
measurement alone, whereas the dark and light grey swaths show the 1-sigma error
envelopes for Cariaco versus Hulu Cave and GISP2 respectively due to calendar age
uncertainties alone.

Figure 6. Comparison of the updated Cariaco-Hulu A'*C record to A'*C from fossil
corals, showing excellent agreement back to 33 cal ka (r = 0.79), and a continued strong
correlation from 33-50 cal ka (r = 0.58), despite increased scatter. Error bars and
symbols as in Figure 5.

Figure 7. Comparison of paleo-A'*C observations to A'*C simulated by a carbon cycle
box model. The “full carbon cycle” represents preindustrial Holocene boundary
conditions, whereas the “reduced carbon cycle” includes a 50% reduction in exchange
between Surface Ocean and Deep Ocean reservoirs (as well as decreased C reservoirs in
the atmosphere and terrestrial biosphere). '*C production rate uncertainties are assumed
to be + 10%, and resulting A'*C uncertainties for both simulations are shown by dotted
lines. The agreement between observed and modeled A'*C is much better than previously
(Hughen et al., 2004a), particularly for ages >40 ka. Significant disagreement persists
however, during intervals of observed high A'C. Error bars and symbols as in Figures 5
and 6.

Figure 8. Observed and simulated A"*C values calculated using a hypothetical '*C decay
constant 3% above the consensus value (hypothetical half-life of 5890 years). A'C is
reduced proportionally for older samples, and those with higher measured '*C activity.
Such an increase in '*C half-life improves the comparison between observed and modeled
A"™C during the earlier part of the record ~25-40 ka, but significantly decreases
agreement during the Holocene. Error bars and symbols as in Figures 5-7.

Table Captions

Table 1. *C and calendar age data for the Cariaco Basin Site 1002D/E marine-derived
"C calibration record. Lab identification and species information are provided for each
1%C date. All errors are 1 sigma. Dates obtained by averaging two or three replicate
measurements are indicated on right. Data points removed due to anomalous values
(compared to means and uncertainties taken from replicates or immediately adjacent
bracketing samples) are also indicated on right with an “X”’; (a) indicates samples from
core breaks, (b) small samples deviating by >4 sigma, (c) samples from poorly
performing wheel deviating by >4 sigma, (d) non-suspect samples deviating by >4 sigma.



CAMS-LLNL refers to the Center for AMS at Lawrence Livermore National Laboratory.
UCI refers to the Keck AMS Facility at the University of California at Irvine. Results
labeled "NSRL/NOSAMS" were prepared at the INSTAAR Laboratory for AMS
Radiocarbon Preparation and Research (along with associated standards and process
blanks) and provided as pressed graphite targets for measurement at the National Ocean
Sciences AMS Facility at the Woods Hole Oceanographic Institution. NOSAMS-
reported results were 8'°C- and blank-corrected at NSRL. Results labeled "NSRL/UCI"
were prepared at INSTAAR (along with associated standards and process blanks) and
provided as pressed graphite for measurement and 8'°C- and blank-correction at UCL.



	Marine-Derived 14C Calibration and Activity Record for the Past 50,000 Years Updated from the Cariaco Basin
	Abstract
	Introduction
	Background
	Cariaco Basin
	Methods
	Calendar Age Model
	Discussion
	Conclusions 







