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We present a new speleothem record of atmospheric A'C between 28 and 44 ka that offers considerable
promise for resolving some of the uncertainty associated with existing radiocarbon calibration curves for
this time period. The record is based on a comprehensive suite of AMS '“C ages, using new low-blank
protocols, and U-Th ages using high precision MC-ICPMS procedures. Atmospheric A™C was calculated by
correcting '*C ages with a constant dead carbon fraction (DCF) of 22.7 + 5.9%, based on a comparison of
stalagmite '*C ages with the IntCal04 (Reimer et al., 2004) calibration curve between 15 and 11 ka. The new
A'C speleothem record shows similar structure and amplitude to that derived from Cariaco Basin
foraminifera (Hughen et al., 2004, 2006), and the match is further improved if the latter is tied to the most
recent Greenland ice core chronology (Svensson et al., 2008). These data are however in conflict with a
previously published 4C data set for a stalagmite record from the Bahamas — GB-89-24-1 (Beck et al., 2001),
which likely suffered from '*C analytical blank subtraction issues in the older part of the record. The new
Bahamas speleothem A'C data do not show the extreme shifts between 44 and 40 ka reported in the
previous study (Beck et al., 2001). Causes for the observed structure in derived atmospheric A'*C variation
based on the new speleothem data are investigated with a suite of simulations using an earth system model
of intermediate complexity. Data-model comparison indicates that major fluctuations in atmospheric AC
during marine isotope stage 3 is primarily a function of changes in geomagnetic field intensity, although

ocean-atmosphere system reorganisation also played a supporting role.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Accurate records of past atmospheric radiocarbon concentration
(A'*C) are essential for the calibration of the widely-used radiocarbon
timescale (Reimer et al., 2004; Stuiver, 1982). Accurate records are also
necessary in order to validate models of C production rates in the
upper atmosphere (Lal and Peters, 1967; Masarik and Beer, 1999), to
constrain the flux of carbon transfer between earth system reservoirs
(Broecker, 1963; Stuiver and Braziunas, 1993; Toggweiler et al., 1989)
and to use 4C as tracer for changes in past ocean circulation (Sarnthein
et al., 2007). For the Holocene period, continuous tree-ring records are
generally thought to provide reliable archives of past atmospheric A4C
variations (Stuiver, 1982). Major international efforts over the past
60 years have yielded continuous records from present day to 12.41 ka

* Corresponding author. Bristol Isotope Group, University of Bristol, UK.

E-mail addresses: dirk.hoffmann@bristol.ac.uk (D.L. Hoffmann),
wbeck@physics.arizona.edu (J.W. Beck), david.richards@bristol.ac.uk (D.A. Richards),
p.l.smart@bristol.ac.uk (P.L. Smart), joy.singarayer@bristol.ac.uk (J.S. Singarayer),
juniorcgl@hotmail.com (T. Ketchmark), c.j.hawkesworth@bristol.ac.uk
(CJ. Hawkesworth).

0012-821X/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.epsl.2009.10.004

BP (Friedrich et al., 2004), but only sparse, floating tree-ring records are
found for time periods earlier than this. This has made it necessary to
draw upon archives from the marine realm such as corals (Bard et al,
1990; Burr et al., 1992, 2004; Cutler et al., 2004; Fairbanks et al., 2005)
and foraminifera (Bard et al., 2004c; Hughen et al., 2006, 1998) to infer
A'Cand provide a calibration curve to 26 ka cal BP (Reimer et al., 2004).
However, for times earlier than 26 ka cal BP no consensus has yet been
achieved because of substantial dispersion in the records (van der Plicht
etal., 2004). Nonetheless, a '4C calibration is still needed and this has led
to the development of stand-alone calibrations based on subsets of the
available data (Fairbanks et al., 2005; Mellars, 2006; Weninger and Joris,
2008). Some of these are in broad use today, though the '“C community
has yet to ratify any one of these for a variety of reasons (Reimer et al.,
2006). Critically, the lack of consensus for the pre-26 ka cal BP period
undermines efforts to establish the relative timing of important events
in both the palaeoenvironmental and archaeological sciences.

Among the potential problems associated with using marine
archives for atmospheric A'*C reconstruction is the possibility that the
marine reservoir age may have varied in the past. Hence, additional
terrestrial records are highly desirable in order to determine the
reliability of marine-based '“C records. Stalagmites have been
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previously proposed for '“C calibration purposes (Beck et al., 2001;
Genty et al., 1999; Vogel, 1983; Vogel and Kronfeld, 1997), although
these suffer from the possibility of variations in dead carbon fraction
(DCF), the component of carbon derived from the host limestone that is
devoid of C. This problem is analogous to the marine reservoir age
which can vary up to 300a in the Atlantic (Singarayer et al., 2008). Beck
et al. (2001) published the first high-resolution attempt to derive past
atmospheric radiocarbon concentrations from a U-Th dated stalagmite.
They found a reasonably constant DCF when compared to overlapping
parts (11-16 ka) of the IntCal98 calibration curve, but also surprisingly
elevated (>1000%.) and variable A*C levels for the period between 45
and 40 ka BP. While similar fluctuations of A'C had been reported in a
foraminifera-based record from the North Atlantic (Voelker et al., 1998),
they are inconsistent with estimates based on U-Th dated corals
(Fairbanks et al., 2005) and sub-tropical Atlantic foraminifera from the
Cariaco Basin (Hughen et al, 2004, 2006). Hence, further work on
Bahamas speleothem A'“C records was needed.

Here, we present a new speleothem-based A'“C dataset derived
from a submerged Bahamas stalagmite (GB89-25-3), which we believe
provides a robust high-resolution terrestrial record of past AC. We
show that the older part of the previous speleothem record (GB89-24-1)
was adversely affected by a previously unrecognised '*C blank effect.
New measurements on GB89-24-1 using low-blank measurement
techniques much more closely resemble coral (Fairbanks et al., 2005),
Iberian Margin sediment (Bard et al., 2004c) and Cariaco Basin sediment
records (Hughen et al.,, 2004, 2006). These new GB89-24-1 measure-
ments are also in excellent agreement with the new U-Th dated high-
resolution C record presented here.

Continuous records of past atmospheric 'C variation, such as that
provided by the new speleothem record, enable us to test model
results of transient 'C distribution under changing earth system
scenarios. We adopt here the intermediate complexity model GENIE-1
(Grid ENabled Integrated Earth system model) (Lenton et al., 2006) to
provide comparison model simulations for much of MIS3 and assess
the relative influence of changes of geomagnetic field intensities and
the ocean-atmosphere system.

2. Site and samples

Stalagmites GB89-25-3 and GB89-24-1 were collected in the shallow
underwater cave Sagittarius Blue Hole on Grand Bahama, one of the four
northern islands of the Bahamas Archipelago. GB89-24-1 was previ-
ously described and analysed for U-Th (TIMS) and AMS '“C in the study
by Beck et al. (2001). GB89-25-3 is a candle-stick type stalagmite with a
mean diameter of about 5.5 cm that formed at a depth of 15 m below
present sea level. Six broken pieces with a total length of 960 mm were
recovered, 4 consecutive basal pieces (GB89-25-3-s, t, u, v with a total
length of 700 mm) and 2 top section pieces (GB89-25-3-w, x with a total
length of 260 mm), the intermediate section being lost during
collection. The stalagmite consists of dense crystalline calcite, generally
without visible layers, though some oscillations between dense clear
calcite and slightly opaque white calcite are observed. There is no
evidence of erosion or recrystallisation along the main axis of growth.

3. Methods
3.1. Speleothem sampling

The six sections of speleothem GB89-25-3 were sliced in half along
the growth axis and then polished, with one side of each section
archived for future reference. Slabs (~5 mm width) were cut from
each section either side of the growth axis as shown in Fig. 1 with one
slab used for 'C and U-Th sub-sampling. The 'C samples were
prepared with a diamond coated wire saw (Well Diamond Wire Saws,
Inc.) using cuts of 2 mm depth following the growth layer with a
spacing of 1 mm, producing sequential calcite wafers of about 20-

30 mg each. Calcite wafers were used for AMS 'C analysis rather than
powdered samples in order to minimise sample surface area and the
potential for contamination with adsorbed atmospheric CO,. U-Th
samples of ~100 mg were similarly cut adjacent to the *C sample
positions and removed from the remaining block as indicated in Fig. 1.
We can therefore accurately allocate a distance from base on the
central growth axis for all 'C and U-Th sub-samples. Six U-Th
samples of the topmost piece GB89-25-3x were prepared as powder
samples using a handheld drill. To assess the influence of initial 2>°Th
on age determinations, we also performed three U-Th isochron
analyses, each based on 7 drilled powder sub-samples, for well
defined layers from the topmost section.

For this study a new set of 14 calcite wafers was also taken from
the bottom section of GB89-24-1 (Beck et al., 2001) and analysed for
AMS 'C using new low-blank protocols. The samples cover the time
interval 44-41 ka BP that previously yielded dramatic shifts in A'C
(Beck et al., 2001).

3.2. U-Th sample preparation

Calcite wafers of 50-150 mg were leached for a few seconds in
weak (<0.1 N) HNOs to remove potential surface contamination or
residuals from the cutting process, immediately rinsed in a MQ H,0
ultrasound bath and dried. After weighing, the samples were placed in
a Teflon beaker, MQ H,0 was added and then carefully dissolved by
stepwise addition of 7 N HNOs. A mixed 22°Th/?35U spike was added
and the solution evaporated to dryness for sample-spike equilibra-
tion. Organic components were decomposed by refluxing the samples
in a combination of concentrated HNOs, HCl and H,0,. After the
sample was dried down again, the residual was dissolved in 6 N HCI
and processed through ion exchange resin (pre cleaned AG 1x8) to
separate Th (passes through) and U fraction (eluted with 1 N HBr
followed by MQ H,0). The two fractions were evaporated to dryness,
taken up in 7 N HNOs and separately passed through the ion exchange
resin for purification. Th is eluted with 6 N HCI and U is eluted with
1 N HBr followed by MQ H,0. The pure U and Th fractions were finally
taken up in 0.6 N HCI for MC-ICPMS measurements.

3.3. U-Th measurements and age model

Analytical procedures used at the Bristol Isotope Group (BIG)
laboratory for U and Th isotope measurements are reported in full in
Hoffmann et al. (2007). In brief, U-series isotope measurements were
undertaken using a ThermoFinnigan Neptune multi collector induc-
tively coupled plasma mass spectrometer (MC-ICPMS). The sample
introduction system consists of a Cetac Aridus nebulizer equipped
with a PFA spray chamber and a heated desolvating membrane. A
nebulizer tip with a nominal uptake rate of 50 pl min~ ! was used for
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Fig. 1. Idealised sub-sampling scheme for '“C and U-Th determinations from one half of
a stalagmite piece. See text for details.
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sample introduction. U and Th fractions are routinely measured
separately in a 0.6 N HCI solution. A standard-sample bracketing
procedure is adopted to derive correction factors for mass fraction-
ation and Faraday cup to SEM gain. For U measurements we use NBL-
112a as the bracketing U-standard. Thorium measurements are
bracketed with an in-house #2°Th-23Th-?32Th Th-standard (TEDDi).
U-Th activity ratios are calculated using the 23°Th and 23*U half-lives
reported in Cheng et al. (2000), the 238U half-life given in Jaffey et al.
(1971) and the 23°Th half-life reported in Holden (1990). All
uncertainties are propagated as described in Hoffmann et al. (2007)
and quoted at 95% confidence limit, unless otherwise stated.

A distance-age model for the central axis of the stalagmite was
generated using a smoothing cubic spline. Our algorithm uses the
smooth.spline function of open source statistical software R (http://
www.r-project.org) to derive a spline fit and associated 95%
confidence intervals. The fit is based on all the U-Th ages and their
uncertainties for the speleothem. Where there are significant
cessations in growth, the spline is developed for individual growth
sections. Weights for each predictor value are based on the inverse of
the associated variance, where age uncertainty is quoted at 95%
confidence limits. As a starting point an automatic derivation of the
smoothing parameter and equivalent degrees of freedom (df) is used.
A boundary condition is set by the monotonicity of the distance-age
model. Thus, for cases where an automatic spline fit based on the
generalised cross validation technique produces an age model with
roughness resulting in age inversions, df is restricted to the maximum
value that maintains monotonicity.

34. *C AMS sample preparation

A thorough analysis of the sources and variability of accelerator mass
spectrometry (AMS) 'C procedural blanks during sample processing
for low-'“C-abundance (old) samples has caused us to revise sample
handling and blank subtraction procedures at the University of Arizona
NSF AMS facility. Previously, speleothem samples were processed using
standard hydrolysis protocols and standard vacuum-line equipment
used for general sample processing. However, we have found that this
equipment and procedures introduced a higher and more variable
processing blank than previously thought, which is significant for older
samples. Large sample sizes have been used in this and the previous
study (Beck et al., 2001) in an effort to minimise procedural blanks
during sample processing. A careful evaluation of the processing blank
for large sample sizes has shown that the simple inverse mass equation
observed for sample sizes of less than 1 mg and used in the previous
speleothem study (Beck et al., 2001) does not adequately correct for
processing blank for large sample masses (>1 mg carbon). Finally, we
found that non-random temporal variability in the procedural blank, in
combination with the unfortunate practice of analysing samples in
chronological order introduced aliasing resulting in erroneous structure
in the “C results of the previous publication of Bahamas speleothem 'C
measurements (Beck et al., 2001), especially for samples older than
40 ka radiocarbon age. Blank subtraction procedures and processing
order have been revised accordingly in the present study.

Sample preparation for AMS '*C measurements in the present
study were conducted using new protocols for low-!“C-abundance
(old) samples, and a new low-level sample preparation vacuum-line
and graphitisation system dedicated to low-!*C-abundance sample
processing only (Pigati et al., 2007). Only samples older than 25 kyr
uncalibrated radiocarbon age are processed in these vacuum systems,
to help minimise cross-contamination from samples of young age.
Other special procedures have also been implemented to minimise
contamination with young carbon. Among these are

- 24-hour pre-evacuation of the hydrolysis vessel/sample/phospho-
ric acid cells on a secondary vacuum system, prior to initiation of
sample hydrolysis;

- oxidation then reduction of Zn/Fe reagents used for graphitization
prior to introduction of sample CO5;

- repeated purging with 99.999% purity He and heat treatment of
processing lines between samples,

- new protocols designed to minimise cross-contamination and
sample contamination with young carbon.

In addition procedural blanks have been run at high frequency (1
every 6 samples) to characterise non-random variations in the blank.
Only random variations were observed using the new equipment and
protocols. Blanks analysed using these new protocols and equipment
are found to vary inversely with mass below 1 mg sample size, and to
be constant above this level. The average blank in this study is found
tobe 1.11 4+ 0.35%. (N=22), equivalent to a radiocarbon age of 54,600
(43000, —2180) yr.

3.5. AMS C measurements

AMS 'C measurements for this study were all made using a
National Electrostatics Corporation (NEC)-based AMS system, com-
prised of a caesium sputter negative ion source, a 90° injection magnet
with high-speed electrostatic bouncing of carbon isotopes, a 3.0 MV
tandem accelerator with gas stripper, followed by a quadrupole
doublet lens, a 15° cylindrical electrostatic analyser for charge state
selection, a high-energy 90° analysis magnet with ME/q>=176, a
2.0 m radius 77° spherical electrostatic analyser to enhance abun-
dance sensitivity, a 22° beam line switching magnet, followed by a
silicon surface barrier detector ion-counting system.

Measurements were made at 2.5 MV terminal voltage with typical
ion source 'C~ ion beam currents of 60-70 pA after the injection
magnet, and 49-51% C>™ charge state transmission after the terminal.
3C3* currents are measured by Faraday cup following the high-
energy analysis magnet, whereas the '*C3* beam is measured at the
surface barrier detector. A correction for stable isotope fractionation is
applied to AMS '#C/'3C measurements using off-line 3C/'?>C mea-
surements with a Fisons Optima mass spectrometer with dual inlet.
The average machine blank '“C/'3C based on SP-1 reagent grade
graphite is 7.5x 10~ '8, corresponding to radiocarbon age of 59,100yr.
Error analysis for AMS measurements include terms for counting
statistics uncertainty, measurement scatter error, uncertainty in the
blank correction, and a random machine error term based on the six-
month average daily reproducibility of eight OX1 and OX2 standards
loaded in every wheel of sample targets (Burr et al, 2007).
Uncertainty in calculated speleothem A!“C also includes terms for
uncertainty in the U-Th age model generated by the roughness
penalty approach (see above), and uncertainty in DCF (see below) as
determined from comparison between stalagmite and INTCAL04 A'C
for the period 11-15 ka BP.

3.6. The GENIE model

The Grid ENabled Integrated Earth system model (GENIE-1)
consists of a fully-dynamic 3-D ocean, 2-D energy and moisture
balance atmosphere and sea-ice, as well as terrestrial, ocean, and
sediment carbon cycle components (Lenton et al., 2006; Ridgwell
et al., 2007; Williamson et al., 2006) to allow closure of the carbon
cycle. The model is forced with the scalar annual average wind speed
(Trenberth et al., 1989). It has been calibrated against present-day
observations using a multi-objective tuning process (Price et al.,
2006). The physical climate is optimised using targets from observa-
tional data of surface air temperature and humidity, and 3D ocean
temperature and salinity. The model resolution chosen was 36 by 36
equal area grid cells with 16 vertical ocean levels.

Stable ('2C, '3C) and radio- ('“C) isotopes of carbon and their
processes of fractionation are treated explicitly in the model.
Fractionation occurs during terrestrial photosynthesis, within the
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aqueous carbonate system, and during air-sea gas exchange and
ocean biological productivity (Ridgwell et al., 2007). Cosmogenic
production of 'C is calculated as a time-varying function of
geomagnetic intensity, given by Eq. (1) (Elsasser et al., 1956),

where P is the time-varying '*C production rate, Py is present-day
production rate, M is the time-varying global geomagnetic intensity
and M is present geomagnetic intensity. This simplified relationship
between geomagnetic intensity and global '“C production can be used
for geomagnetic intensity that is >20% of present intensity (Bard,
1998). The addition of newly produced 'C is distributed uniformly
over all atmosphere grid cells, under the assumption that '“C is
relatively homogeneous when it reaches the lower atmosphere. Py
was set to 1.6 atoms cm~2s~ !, based on comparison of the model
with the present-day radiocarbon inventory. This is similar to other
modelling studies (e.g. Meissner et al. (2003)), but is at the lower end
of 20th century production rate estimates.

The GENIE-1 modelled radiocarbon ocean distribution was
evaluated against present-day ‘natural’ '“C and penetration of
‘bomb’ 'C using a similar method to the Ocean Carbon Cycle Model
Intercomparison Project (OCMIP) (Matsumoto et al., 2004), in which
19 different models were assessed. The GENIE-1 model proved better
than 75% of the OCMIP models, when compared to observational data
(Singarayer et al., 2008).

The model was spun-up to equilibrium for 40,000 yr with 50 ka BP
fixed boundary conditions. These include 50 ka estimated ice sheet
extent and orbit (Marsh et al., 2006). Atmospheric CO, was prescribed
at 220 ppmv (Petit et al., 1999) and relative geomagnetic intensity, M/
Mo=1 (Laj et al., 2004). Following the initial spin-up, the model was
run with transient boundary conditions from 50 ka BP to 25 ka BP.
During the transient runs all carbon isotopes were allowed to vary in
response to transient climate change. Three model simulations of
A™C are presented in this study:

1. Changing geomagnetic intensity based on GLOPIS (Laj et al., 2004)
and insolation changes and ice sheet configuration following
Marsh et al. (2006). Fig. 2 a,b shows the model prescribed ice
sheet extent at two time slices (50 ka BP and 25 ka BP).

2. As above, but to evaluate the impact of changing ocean circulation
patterns on the structure of A'C.,.m we imposed periodic
freshwater inputs to the model to simulate Heinrich events. We
use triangular pulses, maximum 0.3 Sv, 500 a duration at H4
(40 ka) max 0.15 Sv, 500 a at H3 (29.5 ka).

3. Asin 1 and 2 with additional ‘sea-ice’ variability in Southern Ocean.
We know that sea ice extent was seasonally much greater during
glacial times and this is not well simulated by GENIE, so we
increase salinity (simulating brine rejection) in circum Antarctic
grid cells (with balancing freshwater melt to maintain global
salinity balance). This has the effect of decreasing North Atlantic
Deepwater (NADW) and increasing Antarctic Bottom Water
(AABW) (as observed in 6'3C transect for this period). The
structure and magnitude of this forcing is linearly related to
EPICA 8D (Jouzel et al., 2007) as a proxy for Antarctic temperatures.

4. Results
4.1. U-Th chronology for GB89-25-3

Stalagmite GB89-25-3 is composed of dense non-porous poly-
crystalline calcite and is mostly free from detrital contamination. The
232Th concentration in GB89-25-3 is generally very low (<0.5 ng/g).
For 26 of 45 samples from the basal section and 21 of 35 samples from
the upper section no 22Th was detectable. Samples with detectable

Fig. 2. Example ice sheet extent prescribed in GENIE-1 simulations for the time 50 ka
(a) and 25 ka (b) BP.

232Th all have 23°Th/?32Th activity ratios greater than 200. Never-
theless, isochron analyses were performed to determine initial 2>°Th/
232Th ratio on one of the two upper sections where relatively high
232Th concentrations and clearly visible growth layers are detected.
Three isochrons yield a mean initial 22°Th/?32Th activity ratio of 7.8 +
4.0.This is an elevated initial 2°Th/?3>2Th ratio compared to a value of
0.8 for the upper crust (Wedepohl, 1995) for which we assume an
arbitrary uncertainty of 50%. Beck et al. (2001) reported an even
more elevated ratio of 18.7 + 2.9 for stalagmite GB89-24-1 from the
same cave. An initial ratio of 7.8 +-4.0 is used for correction of all
GB89-25-3 samples where 2>2Th was detected. In Supplementary
Tables 3 and 4 both the uncorrected and 232Th corrected results are
reported together with all other U and Th data. The isochron data are
reported in Supplementary Table 5.

The U concentration of GB89-25-3 ranges between 60 and 360 ng/g.
For all but the last 3 mm of the basal section, U-Th ages of solid wafers
from the central axis reveal continuous growth between 44 and 28 ka BP
(Fig. 3b). There is a single age of 23.8 - 0.2 ka above an apparent growth
hiatus at the top of the basal section indicating a hiatus from 27.7 +0.2
to 23.8 £ 0.2 ka. Thirty-five U-Th ages (29 solid wafers and 6 drilled
powder samples) from the upper section reveal ages between 15 and
11 ka.

The distance-age models of GB89-25-3 were developed separately
for the two sections separated by a hiatus of significant duration,
based on 44 (basal) and 35 (upper) MC-ICPMS U-Th dates. Fig. 3a and
b shows the U-Th dating results together with the spline fit and the
95% confidence band for the age model. We obtain equivalent degrees
of freedom of df=21 (automatic, basal section) and df=10
(restricted, upper section). Mean growth rates of the basal and
upper sections are 0.05 and 0.09 mm/a, respectively. The modelled
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Fig. 3. U-Th dating results of GB89-25-3 against distance from base and weighted cubic
spline age model (black line) for the top (a) and basal (b) sections. Red lines indicate
the 95% confidence limits of the cubic spline fit. For the basal section most error bars of
U-Th ages are within the symbols. The red symbols in (a) are isochron ages.

growth rates change between 0.024-0.145 mm/a (basal section) and
0.03 - 0.26 mmy/a (upper section).

4.2. Assessment of dead carbon fraction (DCF)

Radiocarbon ages have to be corrected for DCF in drip waters that
results in ‘apparent’ 'C ages of precipitated calcite older than the ‘true’

14C age. This effect is analogous to that of a marine reservoir age on the
apparent “C age of marine carbonates. Beck et al. (2001) demonstrated
a reasonably constant DCF offset for the stalagmite GB89-24-1 by
comparing apparent 14C ages with the then-current IntCal98 calibration
curve (Stuiver et al., 1998) for the period 15.5 to 11.1 ka. Following Beck
et al. (2001), we assess the extent of DCF in the stalagmite GB89-25-3
based on a comparison of radiocarbon ages with the more recent
IntCal04 calibration curve (Reimer et al., 2004) for the overlapping
period at 15 to 11 ka. Fig. 4a shows the GB89-25-3 '“C ages of the upper
and basal sections together with the IntCal04 data that cover the time
back to 26 ka. The age offset of the upper section is found to be
reasonably constant with a mean value of 2075 4- 540 a (Fig. 4b). There
is a non-random structure in the DCF corrected GB89-25-3 data
compared to the IntCal04 curve, especially between 12.8 and 11.2 ka,
which s reflected in the rather large uncertainty of the DCF estimate. We
conservatively assume the residuals are a combination of minor changes
in DCF and measurement error associated with the GB89-25-3 record
and not due to errors in the INTCALO4 calibration curve. We thus use the
20 standard deviation (540 a) instead of the smaller standard error of
the mean to represent the uncertainty of the DCF correction applied to
14C ages older than 28 ka. Fig. 4b also shows the DCF corrected '“C ages
of GB89-24-1 published in Beck et al. (2001). The similarity of the two
estimates for different samples from the same cave gives us confidence
that the younger sections, both processed with the original methods, are
not significantly affected by blank effects.

a
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40000 + IntCal04
35000 m
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& 30000 r'w
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Fig. 4.a, b. "C ages of GB89-25-3 uncorrected (black) and corrected (dark blue) for DCF
(2075 a). Red are IntCal04 '*C age data (Reimer et al., 2004) and light blue DCF
corrected '*C ages of GB89-24-1 (Beck et al., 2001).
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Fig. 5. '“C ages of stalagmite GB89-25-3 and new '“C ages obtained for GB89-24-1
between 44 and 41 ka BP. The previously published '*C ages of GB89-24-1 (Beck et al.,
2001) is also shown for comparison.

4.3. "C results for GB89-25-3 and GB89-24-1

Fig. 5 shows the DCF corrected “C ages of GB89-25-3 covering the
time between 44 and 28 ka BP together with 14 newly measured C
ages of GB89-24-1 in the oldest section between 44 and 41 ka BP and
the previously published '“C ages of GB89-24-1 (Beck et al., 2001).
The striking similarity between the two new stalagmite records,
which are U-Th dated in two different laboratories and have different
DCF leads us to place confidence in the new speleothem '“C data. This
also suggests that blank problems have been resolved by the new low-
blank 'C preparation procedures. The comparison to the old GB89-
24-1 data in Fig. 5 shows the significance and size of discrepancy of
our new 'C results for the whole period between 44 and 28 ka and
especially between 44 and 40 ka. Converting the new data to A'*C
(Fig. 6) we now find A'#C excursions between 44 and 41 ka to be
much smaller than previously described in Beck et al. (2001),

although substantial variation is still observed. For example, between
44 and 41 ka A™C increases from 0 to 600%., followed by a decreasing
trend to 300%. until 36 ka with a small peak around 39 ka. Between 36
and 35 ka A'¥C shows another peak and increases from 300 to 500%.,
and similarly between 31 and 30 ka from 200 to 400%.. All '“C results
are reported in Supplementary Tables 1 and 2.

4.4. GENIE model results

To investigate the relative influence of geomagnetic and ocean-
system changes on atmospheric A'*C, we have used the '“C isotope-
enabled intermediate complexity model GENIE-1 along with the
stacked reconstruction of geomagnetic palaeointensity GLOPIS (Laj
et al., 2004), for which we also used the GICCO5 timescale (Svensson
et al., 2008) rather than the original GISP2 chronology (Meese et al.,
1997). The results of three atmospheric A™C reconstructions, one
with modern ocean dynamics and the others with different
configurations of overturning circulation and sea ice cover reveal
very similar AC structure to that observed in stalagmite GB89-25-3
(Fig. 6).

The model results largely reflect the virtual axial dipole moment
(VADM) of the GLOPIS dataset (Laj et al., 2004) and suggest that major
A'C fluctuations are primarily a result of variations in the
geomagnetic palaeointensity and that changes in North Atlantic
circulation produced only second order effects. The model results
describe all the major A'“C increases found for the speleothem record.
However, the model results and speleothem data notably diverge
between 34 and 32 ka where the speleothem A!“C values remain
elevated at 400-500%. whereas the model predicts decreasing A'C.

5. Discussion
5.1. Bahamas speleothem '*C ages
Accuracy of past atmospheric A™C reconstruction based on

speleothems critically depends on a reliable DCF correction. We
therefore reassess and discuss our approach to establish a constant
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Fig. 6. top: A'C from GB89-25-3 (blue) and GB89-24-1 (cyan) compared to earth system model simulations. We illustrate here three model simulations of atmospheric AC from
45 to 28 ka. Simulation 1 (green) includes only transient changes in geomagnetic intensity from the GLOPIS dataset (Laj et al., 2004), ice sheet extent, and orbital parameters.
Simulation 2 (black) includes in addition Heinrich events H4 and H3. Simulation 3 (red) additionally uses a time-varying Southern Ocean salinity flux to represent increased extent of
sea-ice during the glacial. See text for details. bottom: GLOPIS proxy for palaeo magnetic intensity given as virtual axial dipole moment (VADM) (Laj et al., 2004) using GICCO5
chronology. Grey bars indicate times of decreasing magnetic palaeointensity resulting in increasing A'C.
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DCF, which is used to correct '“C results for sections older than 28 ka.
We obtain the same DCF corrected '“C age results for the two
stalagmites between 44 - 40 ka using the DCF individually estab-
lished on the overlap with IntCal, indicating that this approach is
robust for speleothems from this cave. However, local effects which
are similar for all speleothems from the same cave cannot be
excluded. The comparison of stalagmite 1“C ages to IntCal04 (Reimer
etal., 2004) between 15 and 11 ka shows similar trends but also some
significant differences (Fig. 4b). The most significant and apparently
non-random difference between IntCal04 and the stalagmite record
is found to be synchronous with the time of the Younger Dryas (YD), a
period with abrupt major changes in the global climate system. The
apparent DCF is variable between 15 and 29% during this period of
dramatic climatic transitions when vegetation and climatic condi-
tions changed significantly. However, we established a mean offset of
2075 + 540a to IntCal 04 which corresponds to a DCF of 22.7 + 5.9%.
Our result of a near constant DCF is supported by other studies that
also find that temporal variations of DCF are small in speleothems
(Jackson et al. (2008); both Arabian and Bahamas speleothem
included in NotCal (van der Plicht et al., 2004)). A comparison of
our speleothem derived '“C results to marine-based '“C age data sets
such as the foraminifera records from Iberian Margin (Bard et al.,
2004a,c; Shackleton et al., 2004) and the Cariaco Basin (Hughen et al.,
2006) for the period of the Heinrich Event 4 (H4) does not indicate
significant variations similar to YD in the older section (Fig. 7). We
therefore argue that local DCF was not significantly variable during
the time 44-28 ka.

While we have assumed here that the difference to IntCal04 during
the YD is a pure local effect, there is a possibility that these deviations
may in part reflect real changes in the atmospheric A'C not present in
the IntCal04 curve, which is based on marine records for this period.
This possibility is supported by the work of Muscheler et al. (2008)
who recently demonstrated that the IntCal04 C ages between 13 and
12.5 ka are probably too young, bringing them to closer agreement
with the speleothem results presented in this study. If correct, the
deviation of our speleothem data from the IntCal04 curve may not
entirely be due to local DCF variations. Nevertheless, until an updated
version of IntCal is available, we continue to use IntCal04 to establish
DCF in our speleothem record and we use the standard deviation from
the mean IntCal offset instead of standard error as an uncertainty term
for correcting '“C results of the older section.
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Fig. 7. '“C age vs. calendar age scatter-plot for GB89-25-3 for the time 44 - 28 ka and
marine '“C data sets, derived from foraminifera from the Cariaco Basin (Hughen et al,,
2006) and Iberian Margin (Bard et al., 2004a) and from corals from the Pacific Ocean
(Fairbanks et al., 2005). The Cariaco Basin 'C ages are based on the assumption of a
constant reservoir age of 400yr and the coral data are corrected using 365 yr. GB89-25-
3 14C ages are corrected for a DCF of 2075yr.

Our new high-resolution speleothem data set has many of the same
features as those for the current version of the most continuous
alternative 'C data set from the Cariaco Basin, except for the periods
41-43 ka BP and, most notably, 28-32 ka BP (Fig. 7). However, the more
sparse Iberian Margin record (Bard et al., 2004a) shows good agreement
with the speleothem record over the full time span of 44 - 28 ka. The
coral data set (Fairbanks et al., 2005), which was recently suggested as a
stand-alone 'C calibration curve, is too sparse to compare features. It
generally agrees with the speleothem and foraminifera data sets, but
with systematically younger radiocarbon ages. This offset could be a
result of incorrect marine reservoir age or could be explained if the coral
samples were contaminated by overgrowths of younger diagenetic
aragonite, a phenomenon observed in other subaerially exposed corals
used for radiocarbon calibration (Burr et al., 1992). The large spread in
the coral data observed at ~36 ka BP hints at a possible problem of this
nature (Fig. 7), but at present, we cannot choose between these possible
explanations.

5.2. AM™C variability at 44-28 ka

Our speleothem A'*C record together with model results (Fig. 6)
strongly indicate that the Earth's magnetic field is primarily
responsible for modulation of A'C at millennial timescales. The
most dramatic A'*C increase (>500%.) occurs between 44 and 41 ka,
and is matched by a contemporaneous drop in virtual axial dipole
moment (VADM), which fell to near zero at ~41 ka. The timing of this
A'C peak matches that determined for the well-known Laschamp
geomagnetic excursion with an assigned Ar-Ar age of 40.4+2.0 ka
(Guillou et al., 2004) and the related °Be peaks observed in Summit
ice cores from Greenland (Muscheler et al., 2005) and in ocean cores
from the Portuguese Margin (Carcaillet et al., 2004) and western
equatorial Pacific (Leduc et al., 2006). Two later steep A'C rises in
GB89-25-3 are also matched by concomitant drops in the GLOPIS
geomagnetic intensity record (Laj et al.,, 2004) at about 35 ka and
30 ka. Although our model results clearly show that geomagnetic field
variations are primarily responsible for the features observed in our
record, ocean-atmosphere reorganisation may account for some of
the structure we see in the AC record. For example, the double peak
between 41 and 39 ka may be a result of circulation-related increases
in A™C related to H4, superimposed on larger increases caused by
reduced geomagnetic field strength.

While much of the structure observed in GB89-25-3 is reproduced
by model simulations, some of the structure is not. Most interesting is
a disparity at 34-32 ka, where there is excellent agreement between
the speleothem and Cariaco Basin foraminifera data. We speculate
that a Heinrich-type climate event with changes in the ocean
circulation system might be a possible explanation, or that the
structure of the Mono Lake geomagnetic excursion at ~35 ka BP is
more complex than that revealed by the smoothed stacked GLOPIS
record.

Agreement between our speleothem record and the Cariaco Basin
record can be substantially improved, especially between 28 and
32 ka BP, if the calendar age model used for the Cariaco data set is
adjusted to the new Greenland ice core chronology (GICCO5)
(Svensson et al., 2008). In 2006, the calendar age timescale for the
Cariaco record was revised (Hughen et al., 2006) from one based on
the GISP2 timescale (Meese et al., 1997) to one based on correlation
with the Hulu cave speleothem A'®0 record (Wang et al.,, 2001), and
we suggest the observed mismatch may be an artefact related to this
revision. We illustrate this problem in Fig. 8 by comparing our A'C
results for the interval 44 to 28 ka with the Cariaco Basin record based
on three different timescales: GISP2 (Hughen et al., 2004; Meese et al.,
1997), Hulu (Hughen et al., 2006; Wang et al., 2001) and the recently
proposed GICCO5 Greenland icecore timescale (Svensson et al., 2008).
For archives such as that from the Cariaco Basin that are not directly
dated and rely for their chronology on matching a signal presumed to
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Fig. 8. a) Bahamas speleothem A'“C record GB89-25-3 (blue) compared with the foraminifera record from the Cariaco Basin using Hulu timescale (light red), b) GB89-25-3 (blue)
compared to the Cariaco Basin record using GISP2 timescale (red), c) GB89-25-3 (blue) compared to the Cariaco Basin record using GICCO5 timescale (dark red).

be synchronous in an alternative archive, calculated A*C can change
substantially for a specific time in the past if the chronology of the
correlative record is amended (Hughen et al., 2006). As Fig. 8 shows,
there is a much greater similarity between the Bahamas data and that
of Cariaco Basin using the ice core chronologies, than for Cariaco using
the Hulu-based timescale most recently advocated (Hughen et al.,
2006). The latter systematically overestimates A'*C compared to the
Bahamas speleothem record, particularly in the intervals 43-41 and
33-28 ka. In contrast, both ice core chronologies show remarkably
good coherence with the speleothem record especially with regards to
the timing of abrupt changes in slope. The superior concordance
between the speleothem and Cariaco records on the GICCO5 ice core
chronology lends credence to this chronology, and suggests that the
recent conversion of the Cariaco Basin data to the Hulu timescale or
the Hulu chronology itself needs reassessment. A discrepancy of the
Hulu chronology is also found around 31 ka compared to the Botuvera
speleothem record (Wang et al, 2006), pointing at least partly
towards a chronology problem of the Hulu record for this time
interval.

Although the general coherence between marine and speleothem
A™C records observed in Fig. 8c is encouraging, we still find systematic
differences in atmospheric A'C derived from these two records. The
Cariaco record generally reveals 50-100%. higher atmospheric A!“C
than the stalagmite record, except for the period 41-44 ka BP, where the
two records are very similar. These differences are likely to be related to
variations in one, or a combination, of DCF and the marine reservoir
effect, affecting speleothem and the Cariaco records respectively. For
GB89-25-3, variation in vegetation, hydrology and geochemistry of the
soil and unsaturated zone, may all have influenced the magnitude of

DCF. Likewise, the marine reservoir age in the Cariaco Basin is likely to
have been affected by transient changes in ocean circulation patterns
and air-sea exchange rates. This view is supported by results of 4C
measurements on floating tree rings (Muscheler et al., 2008) and
climate models of intermediate complexity under conditions of
changing '“C production rates and reduced Atlantic meridional over-
turning circulation (AMOC) (Singarayer et al., 2008).

5.3. Implications for a 'C calibration curve

At the time of construction of the most recent community-ratified
radiocarbon calibration IntCal04 (Reimer et al., 2004), it was declared
that the disparities between the available '*C archives older than
26 ka BP were sulfficiently large as to preclude promotion of a single
calibration curve for this time period (van der Plicht et al., 2004).
However, the urgent need to resolve important scientific questions in
this time range has nevertheless driven several independent attempts
to establish an age calibration (Anikovich et al., 2007; Gravina et al.,
2005; Mellars, 2006). Amongst those now commonly used are the
“Fairbanks calibration curve” (Fairbanks et al., 2005), the Cariaco
Basin foraminifera record (Hughen et al., 2004, 2006) and a “mean
NotCal curve” (Mellars, 2006) that ignores the wide range in '“C ages
exhibited by this compilation data set (van der Plicht et al., 2004).

We note that these various archives can produce a difference of up
1500a for calibrated radiocarbon ages depending on which calibration
curve is used, a range much larger than the uncertainty produced by
any single calibration. This has important implications for dating
archaeological findings for the period of the transition from Middle to
Upper Palaeolithic and the arrival of modern humans in Europe.
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Fig. 9. Terrestrial '*C age comparison curve for the time 44-28 ka BP based on
speleothem GB89-25-3. The curve is derived by a smoothing cubic spline, the 1-0
confidence band is indicated in red. The inset shows the GB89-25-3 'C age data (red
symbols) and the speleothem comparison curve spline (grey line) between 29 and
34 kyr "C age together with 1*C age data and calibration curve of Fairbanks et al. (2005)
(black symbols and line). The thin horizontal line indicates the '“C age of a charcoal
drawing in Chauvet cave (31.4 kyr) and highlights the implications for the comparison
calendar ages due to differences between the terrestrial and marine data set.

Charcoal drawings in the Chauvet cave, for example, with an
uncalibrated 'C age of 31.4+0.6 kyr (Bard et al., 2004b; Valladas
et al., 2001), yield calendar ages of around 35.3 ka based on our new
speleothem comparison curve and 36.8 ka based on the Fairbanks
calibration cure as shown in Fig. 9. The apparent age difference due to
the chosen calibration curve renders many results equivocal. This is
particularly true where, for example, the timing of modern human
and Neanderthal occupation is compared with records of climate
change during the last glacial period, when temperatures fluctuated
dramatically at millennial timescales (Gravina et al., 2005). A
difference of ~1 ka for level B1-3 at Chatelperron (Gravina et al.,
2005) with 40-41 ka and 39-40 ka using a marine and our terrestrial
comparison curve, respectively, leaves the interpretation that B1-3
was deposited during a warm spell during the last glacial (Gravina
et al., 2005) in some doubt. This highlights the intense need for an
accurate and coherent community-accepted calibration. Hopefully,
our current contribution from the terrestrial realm provides a move in
that direction.
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