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Abstract—The geochemistry of Ba, Ra, Th, and U and the potential of using226Ra/Ba ratios as an alternative
dating method are explored in modern and Holocene marine mollusc shells. Five modern shells of the
Antarctic scallopAdamussium colbecki collected from the present day beach and six radiocarbon dated
specimens from Holocene beach terraces of the Ross Sea region (Antarctic) between 700 and 6100 calibrated
yr BP old have been analysed by mass spectrometry. In clean shells226Ra concentrations and226Ra/Ba ratios
show a clear decrease with increasing age, suggesting the possibility of226Ra dating. Limiting factors for such
dating are Ba and226Ra present in surface contaminants, and ingrowth of226Ra from U present within the
shell. Surface contamination is difficult to clean off entirely, but moderate levels of residual contamination can
be corrected using232Th. Sub-samples from the same shell with different proportions of contamination form
a mixing line in a226Ra/Ba–232Th/Ba graph, and the226Ra/Ba of the pure shell can be derived from the
intercept on the226Ra/Ba axis. Contaminant corrected226Ra/Ba ratios of late-Holocene14C-dated samples fall
close to that expected from simple226Ra excess decay from seawater226Ra/Ba values.226Ra ingrowth from
U incorporated into the shell during the lifetime of the mollusc can be corrected for. However, the unknown
timing of post mortem U uptake into the shell makes a correction for226Ra ingrowth from secondary U
difficult to achieve. In theA. colbecki shells,226Ra ingrowth from such secondary U becomes significant only
when ages exceed�2500 yr. In younger shells,226Ra/Ba ratios corrected for surface contamination provide
chronological information. If evidence for a constant oceanic relationship between226Ra and Ba in the ocean
can be confirmed for that time scale, the226Ra/Ba chronometer may enable the reconstruction of variability
in sea surface14C reservoir ages from mollusc shells and allow its use as a paleoceanographic
tracer. Copyright © 2004 Elsevier Ltd

1. INTRODUCTION

Our understanding of paleoceanographic changes is based
largely on the analysis of marine biogenic carbonates. The
dating method of choice for such carbonate of Holocene age is
the radiocarbon method. This provides ages with a precision of
100 to 200 yr (2�) after subtracting the apparent14C age of the
ambient water (the reservoir age) and calibration against fluc-
tuations in the global atmospheric14C inventory (Stuiver and
Reimer, 1993). For much of the global ocean the reservoir age
is reasonably well known from simple flux modelling, but
upwelling, enhanced surface convection, and limited gas-ex-
change with the atmosphere due to sea ice may in some regions
cause reservoir ages at the sea surface to be larger than normal
and variable in both space and time (Stuiver and Braziunas,
1993; Berkman and Forman, 1996; Staubwasser et al., 2002).
U-Th dating of corals provides an alternative to the14C method
(Edwards et al., 1986), but surface corals are limited to the
tropical ocean. Other marine carbonate, such as molluscs, can-
not be reliably dated by this technique (Kaufman et al., 1971).

Another potential chronometer for the Holocene is Ra.226Ra
is the longest living Ra isotope with a half-life of 1599 yr, and
is produced from�-decay of230Th (Parrington et al., 1996).
The largest source of226Ra in the ocean is diffusion from

sediments on the sea floor (Ku and Luo, 1994). Unfortunately,
no stable Ra isotope exists, but several studies have demon-
strated that Ba behaves geochemically very similarly to226Ra
in the ocean, and that the oceanic226Ra/Ba ratio is constant
nearly everywhere (Fig. 1). The relationship between Ba
(mol/g) and226Ra (mol/g) in the open ocean (O¨ stlund et al.,
1984) is

�226Ra]sw � 4.75� 10–9[Ba]sw–3.58�10–20. (1)

The two exceptions from this relationship are parts of the deep
ocean bottom water, where an imbalance is caused by unusu-
ally high diffusion rates of226Ra as a result of very low
sedimentation rates (Chan et al., 1976; Cochran, 1980; Rhein
and Schlitzer, 1988), and some near-shore environments, where
any combination of river discharge, groundwater discharge,
and estuarine desorption from suspended matter may alter the
226Ra/Ba ratio from the open ocean value (Moore, 1997; Moore
and Shaw, 1998).

The open ocean226Ra/Ba ratio at a given location may be
captured in a biogenic carbonate sample. Because Ra and Ba
are soluble and able to substitute into the carbonate material
molluscs have reasonable high concentrations of these elements
with 5 to 150 fg/g (1 fg� 10�15 g) of 226Ra (Blanchard and
Oakes, 1965). The parent of226Ra,230Th, is very insoluble in
seawater, and activities are usually orders of magnitudes lower
(e.g., Henderson et al., 1999). In biogenic carbonates Th is
generally excluded (Blanchard et al., 1967; Edwards et al.,
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1986). Thus, virtually all 226Ra is in excess over its parent
230Th. In such a sample, the 226Ra/Ba ratio is expected to
decrease with age t according to

rt � rinitial � e–�t, (2)

where r is the 226Ra/Ba ratio, and � is the decay constant of
226Ra. If the 226Ra/Ba ratio of seawater at a given location has
remained constant over time, an age can be calculated from a
suitable late Holocene sample:

t � ln� rt

rinitial
� �

1

–�
. (3)

A pilot study using �-counting has shown that the 226Ra/Ba
ratio of seawater can be recovered from calcite shells of the
living Antarctic mollusc Adamussium colbecki (Berkman
and Ku, 1998). But the �-counting technique requires large
sample sizes (25–35 g of carbonate), which are unrealistic for
paleoceanographic studies, as several shells need to be pooled.
Developments in mass spectrometry have demonstrated that Ra
can be precisely analysed at fg levels by thermal ionisation
mass spectrometry—TIMS—(Cohen and O’Nions, 1991).
With typical 226Ra concentrations in living A. colbecki shells
of �18 fg/g (Berkman and Ku, 1998), measurable quantities of
226Ra are contained in 0.5 g of calcite for samples up to 5 times
as old as the half life (�8000 yr).

In this study we have measured Ba and 226Ra concentrations
in four seawater samples from the Ross Sea as well as the
concentration of Ba, 226Ra, 234,238U, and 232Th in Antarctic A.
colbecki shells of a range of Holocene ages. We explore the
geochemistry of these elements and isotopes in fossil shells, the
evolution of 226Ra with time due to decay and ingrowth from
its parents, and we discuss how reliably 226Ra/Ba from fossil
samples provide age information. Our focus on the Antarctic
reflects the fact the Southern Ocean is a region where the
combination of upwelling and restricted gas-exchange with the

atmosphere due to sea ice results in high and variable reservoir
ages that severely limit accurate radiocarbon dating (Berkman
and Foreman, 1996). At the same time the vertically well-
mixed state of the Southern Ocean results in very little variation
in dissolved Ba and 226Ra concentrations.

2. MATERIAL AND METHODS

2.1. Material Description, Shell Cleaning, and Chemical
Purification

The seawater samples comprise two coastal samples from the Mc-
Murdo Sound in the vicinity of McMurdo station, one from the sea
surface above the continental Ross Sea shelf, and one from the open
Southern Ocean (Fig. 2). Forty milliliters of seawater were spiked with
a mixed 136Ba and 228Ra spike and evaporated to approximately half
the original volume. Ba and Ra were co-precipitated with CaCO3 by
adding 2.5 mL of clean 0.5 mol/L Na2CO3 solution in small aliquots.
The precipitate was washed with pure water and dissolved in 3 N HCl
for further ion-exchange separation (see below).

All analyses on carbonate samples were performed on either modern
or 14C dated fossil shells (Hall and Denton, 1999; Berkman, unpub-
lished data) of the common Antarctic scallop A. colbecki. Modern
shells were collected from the present day beach, and fossil shells were
collected from raised beach terraces along Terra Nova Bay and the
southern Scott Coast of the western Ross Sea (Fig. 2). Calibrated 14C
ages were obtained with standard calibration software (Stuiver and
Reimer, 1993; Stuiver et al., 1998).

The very thin and fragile shells or shell-fragments were mechani-
cally brushed and rinsed with deionised H2O to remove any loosely
attached detritus. Most samples were further cleaned following two
approaches: (1) rinsing in H2O2 and acetone, followed by short stints of
ultrasonication, (2) repeated 15-min ultrasonication in H2O2 over sev-
eral days with subsequent separate recovery of the fine cleaning debris
and the remaining shells. The debris removed from the shell in method
2 was up to 5% of the initial sample weight and comprised fragments
of the organic rich surface layer, calcite, and a few dark coloured grains
of an unidentified mineral. The cleaning of three samples (PBX 94002,
95-403A_1, and 95-432) was substantially compromised by sample
fragmentation.

After the cleaning procedure the samples were dissolved in 2 mL 7.5
N HNO3. All shells contained a small but significant fraction of organic
material, which dissolved fully upon heating. A mixed 136Ba and 228Ra
enriched spike, and a mixed 229Th and 236U spike (Henderson et al.,
2001) were added to the dissolved samples for isotope dilution analysis.

U and Th were separated from the sample matrix by a single column

Fig. 1. GEOSECS Ba and 226Ra measurements (Östlund et al.,
1984), with linear least-squares-error fit after removal of bottom water
samples and outliers (crosses). The uncertainty on the slope is 0.09 �
10�9 at the 2 s.e. level. The two elements were in most cases analysed
from different samples from depths several meters apart from each
other, which may have contributed to the scatter.

Fig. 2. Map of the Ross Sea shelf region with sample locations.
Black dots refer to seawater samples (McM � McMurdo Station).
Molluscs were collected from Terra Nova Bay (TNB), and the Scott
Coast (SC).
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anion exchange procedure modified from Edwards et al. (1986). The
remaining solution containing the Earth-Alkalines amongst other ele-
ments was dried, converted to Cl-form, and re-dissolved in 3 N HCl for
further ion-exchange separation. One large (�0.8 g) modern sample
was preconcentrated before ion exchange chemistry by co-precipitation
with Ca(NO3)2 (Otto et al., 1988). Ra and Ba were then extracted from
all sample solutions by a sequence of standard cation exchange and
chromatographic separation techniques (Chabaux et al., 1994), modi-
fied and re-calibrated to suit typical sample sizes of 0.2 to 0.5 g of
calcite or 40 mL of seawater. The complete purification set-up is
summarised in Table 1.

Laboratory blanks were subtracted in all samples and long term
blank uncertainties were propagated. Ba and 226Ra blanks were typi-
cally 500 to 1000 times below samples. The total procedural blank for
carbonate samples was �1.0 � 10�11 mol for Ba and �1.8 � 10�19

mol (8.9 � 10�5 dpm) for 226Ra. For the seawater analysis the total
chemistry blank was 4.6 � 10�11 mol for Ba and 7.6 � 10�20 mol (3.8
� 10�5 dpm) for 226Ra. Laboratory blanks for Th were very variable
with averages of 1.1 � 10�13 mol � 1.0 (6.2 � 10�6 dpm) for 232Th
and 5.3 � 10�17 mol � 5.0 (5.6 � 10�4 dpm) for 230Th (2 s.d., n
� 5 ) with typical 232Th/230Th ratios of �2000 (activity ratio �0.011).
As a result, 230Th for the low concentration Th samples of this study
(i.e., the majority of cleaned A. colbecki shells) could not be reliably
assessed. The average total U-blank was 3.4 � 10�13 mol (6.0 � 10�5

dpm).
226Ra was analysed by TIMS on a VG 54-30 at Oxford, using a triple

Ta-W-Ta filament set-up and closely following the analytical protocol
of Cohen and O’Nions (1991). Because of low ionisation temperatures
of Ra (natural samples typically ionise between 950 and 1050°C),
potentially interfering organic molecules must be evaporated from the
sample beads and holders by preheating the side filaments to temper-
atures just below Ra ionisation. In the course of this study, the time
required for preheating of each sample dropped from several hours per
sample to �0.5 h. This apparently reflects the cessation of U-Th
analysis on the same mass spectrometer. Such U/Th analyses use a
graphite activator, which increases the organic contamination of the
source of the mass spectrometer. Typical 226Ra loads were 5 fg or less
and samples were run until the beam ceased or 150 228Ra/226Ra ratios
were collected. On a typical run, count rates were 100 to 200 cps on
226Ra, and internal precision was better than 1% for natural samples on
228Ra/226Ra isotope ratios (2 s.e.). The external precision (reproduc-
ibility) for natural samples through chemistry is 1.25% (2 s.d., n � 5)
for 226Ra concentration.

Ba was analysed by MC-ICP-MS (Nu Instruments) using a standard-
sample-standard procedure. External precision of standard solution
measurements was initially �2‰ on 138Ba/136Ba ratios at typical 138Ba
beams of 1 V or more. This relatively high uncertainty is mainly due to
a slowly decaying memory, which varies in 138Ba/136Ba from sample to
sample according to sample size and amount of spike added. Increasing
acid wash times between samples to �10 min in the later stages of this
study showed an exponential decay of the memory, which allows for a
subsequent correction. After this improvement, the external precision
of standard solution measurements was 350 ppm (2 s.d., n � 24). The
external precision for Ba concentration of natural samples through
chemistry is 3.5‰ (2 s.d., n � 5). The total reproducibility of 226Ra/Ba
molar ratios for natural samples through chemistry is, however, dom-
inated by the 226Ra uncertainties and is 1.20% (2 s.d., n � 5).

Th and U were analysed on the same MC-ICP-MS and a similar
standard-sample-standard bracketing procedure to account for drift. Th
was analysed by dynamic multi-collection, where 229Th and 230Th were
subsequently measured in the same ion-counting channel (Robinson et
al., 2002). Ten to twenty 10s integrations were acquired. Memory was
monitored by measuring acid blanks before samples and subsequently
corrected. Because of the very large spread of Th concentrations
encountered, a generally representable external precision cannot be
quoted. Internal (2 s.e.) uncertainties were between 0.2 and 2% on
232Th/229Th ratios.

U was measured by dynamic multi-collection with 234U and 235U
successively in the same ion-counting channel. 236U and 238U were
measured on Faraday-collectors. Ten to twenty repeated 10s integra-
tions were obtained for each isotope. Sample beam sizes for shells on
234U were within the range of 300 to 3000 cps, acquired on 2 to 25 �
10�9 g of total U diluted to 0.5 mL. External reproducibility of the
CRM 145 standard (ex U-960) measured at comparable count-rates was
6.5‰ on 235U/234U ratios (2 s.d., n � 50). External precision for total
U concentration of natural samples through chemistry was 4.5‰ (n �
3). U and Th were not measured on all samples.

3. RESULTS

3.1. Seawater Samples

The four seawater samples show Ba concentrations between
7.6 and 8.1 � 10�11 mol/g and 226Ra concentrations between
0.35 and 0.38 � 10�18 mol/g (0.177–0.192 dpm/kg) (Table
2a). 226Ra/Ba ratios are within the scatter of the GEOSECS
open ocean data set (Fig. 3). This rules out a significant con-
tribution from non-oceanic sources, and consequently carbon-
ate shells from the Ross Sea should reflect the oceanic 226Ra/Ba
ratio.

3.2. Mollusc Samples

Modern shells of A. colbecki show a substantial scatter in Ba,
226Ra, and 232Th concentration as well as in the 226Ra/Ba molar
ratio between different shells and between sub samples of the
same shell (Fig. 4). In general, the scatter within sub samples of
the same shell reflects the success of cleaning before analysis.
238U concentrations are not generally affected by the different
cleaning methods, and are relatively constant with the excep-
tion of sample TNB 173, which has a lower concentration. In
comparison to shells of living specimens (Berkman and Ku,
1998), modern shells cleaned by long ultrasonication (method
2) have slightly lower Ba and 226Ra concentrations (Figs. 4a
and 4c). 226Ra/Ba molar ratios of method 2 cleaned samples are
relatively close to the Ross Sea value of 4.63 � 10�9 molar
ratio (2.30 � 106 dpm/mol), whereas samples cleaned mechan-
ically and by method 1 may deviate substantially from modern

Table 1. Chemical separation of Ba, Ra, Th, and U from a CaCO3 matrix.

Col. 1 Col. 2 Col. 3 Col. 4

Col. volume 2 mL 2 mL 2 mL 150 �L
Resin AG 1 � 8 200–400

mesh
AG 50 � 8 200–

400 mesh
AG 50 � 8 200–400 mesh Sr-Spec

Sample loaded in: 3 mL 7.5 N HNO3 2 mL 3 N HCI 0.5 mL 3 N HCI 50 �L 3 N HNO3

Elute/wash Ca, Sr, Ba, Ra: 6 mL
7.5 N HNO3

4 mL 3 N HCI 14 mL 3 N HCI 225 �L 3 N HNO3

Elute Th: 5 mL 6 N HCI Sr, Ba, Ra: 12 mL
4 N HNO3

Ba, Ra:10 mL 4 N HNO3 Ra: 500 �L 3 N
HNO3

Elute U: 5 mL H2O — — Ba: 1.2 mL 3 N HNO3
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seawater (Fig. 4e). Values of �234U are within error of the
ocean value (�146, Cheng et al., 2000) for all modern shells
except SVM 94265 (Table 2b).

Ba, Ra, and Th concentrations in subsamples of fossil shells
again reflect the various cleaning procedures, whereas no clear
trend is visible for U (Fig. 4). Ba concentrations of fossil shells
cleaned by method 2 approach those of living molluscs (Figs.
4a and 4b). 226Ra concentrations are mostly lower than both
those from living specimen and modern shells (Figs. 4c and
4d). The exceptions are the highly fragmented samples 95-432
and PBX 94002, which could not be cleaned as thoroughly. The
negative �234U of sample 95-432 (Table 2b) may indicate a
contamination of this sample during processing. 226Ra/Ba ra-
tios are generally lower then in both live and modern shells
(Figs. 4e and 4f). Concentrations of 238U and 232Th are higher
in fossil shells than in modern ones, and the �234U in fossil
shells are significantly different from modern shells and ocean
water.

The samples comprising the debris washed from the shells
during cleaning method 2 have substantially higher concentra-
tions of Ba, 226Ra, 232Th, and somewhat higher 238U concen-
trations than the corresponding cleaned shells (Fig. 4). This
debris, which occasionally included a visible non-carbonate
contaminant (dark mineral grains), normally represented �5%
of the initial sample’s weight, but may explain up to 50% of the
total sample’s Ba, 226Ra, and 232Th concentration. The

226Ra/Ba of the debris is generally substantially different from
the shell in both modern and fossil samples. The �234U values
of the method 2 debris samples are generally close to secular
equilibrium. In addition, four of the debris samples had mea-
surable 230Th, yielding 232Th/230Th molar ratios between
150,000 and 260,000 (232Th/230Th activity ratio of 0.8–1.4)
with �10% uncertainty (2 s.d).

4. DISCUSSION

4.1. Sources of Ba and 226Ra in Mollusc Shells and
Evolution of 226Ra/Ba Over Time

The substantial scatter in 226Ra/Ba between subsamples from
the same shell cleaned by different methods, and the high Ba
and 226Ra and 232Th concentrations in the debris resulting from
method 2 cleaning, indicate the presence of a non-calcite sur-
face contaminant. Low 232Th concentrations are found in the
five method 2 cleaned modern shells (Fig. 4g). These samples
also have 226Ra/Ba ratios within or just below the range of
seawater with one exception (SVM 94431), which has a
226Ra/Ba ratio well above that of seawater (Fig. 5). The two
samples with the lowest Th concentrations (TNB 005-3 and
TNB 173-6, Fig. 4g) represent those with the smallest residual
contaminant. Of these two shells, TNB 005 reproduces the
Ross Sea 226Ra/Ba ratio (Fig. 5), which means that at a Th
concentration of �6 � 10�12 mol/g (0.35 � 10�3 dpm/g) the
residual contamination is insignificant with respect to 226Ra/Ba
ratios. In shells with higher 232Th concentrations the 226Ra/Ba
ratio may be significantly affected by residual contamination.

The 226Ra/Ba ratio of the other clean shell, TNB 173, is
slightly lower than the Ross Sea value (Fig. 5) and cannot be
explained by surface contamination. In comparison to method
2 cleaned modern shells, the method 2 cleaned fossil shells
have lower 226Ra concentration but equal or higher Ba concen-
trations (Figs. 4a–4d). This is best explained by decay of 226Ra.
Consequently, a 226Ra/Ba ratio slightly below the seawater
value in a clean modern shell, as in TNB 173, may reflect
subrecent age (i.e., deposition in the last few centuries). A
slightly lower concentration of Ba in the method 2 cleaned
modern shells than in those from living molluscs suggest that a
small fraction of Ba and Ra may be lost quickly post mortem.
As in modern corals (Tudhope et al., 1996), this is most likely
due to early decomposition of organic tissue, which is present
in the outermost layers in mollusc shells, but is also observed
as membranes between individual CaCO3 crystallites (Clark,
1999). Because organic surface marine particles inherit the
seawater 226Ra/Ba ratio (Moore and Dymond, 1991), the or-
ganic tissue in mollusc shells is expected to behave similarly.

Table 2a. Ba and Ra in Ross Sea water.

Sample
Ba

(10�9 mol/kg) �2�

226Ra
(dpm/kg) �2�

226Ra / Ba
(106 dpm/mol) �2�

McMurdo 1 80.65 0.027 0.182 0.006 2.26 0.07
McMurdo 2 80.99 0.055 0.178 0.011 2.20 0.13
Sta 008 NIS 23 78.82 0.036 0.192 0.005 2.43 0.06
Sta 021 NIS 21 76.35 0.032 0.177 0.003 2.31 0.04
Conversion to
Conversion factor

(10�15 mol/kg)
2.01468

(10�9 mol/mol)
2.01468

Fig. 3. 226Ra/Ba ratios in relation to GEOSECS data in two coastal,
one shelf, and one open ocean sea water sample from the region of the
Ross Sea shelf (open circles). The Ross Sea average 226Ra/Ba is 4.63
� 10�9 � 0.20 (2 s.e.).

92 M. Staubwasser et al.



Differential loss of Ba and Ra during organic tissue decompo-
sition is unlikely on the basis that clean modern samples can
reproduce the Ross Sea 226Ra/Ba value.

An anticorrelation of 226Ra/Ba in fossil (method 2) cleaned
shells with calibrated 14C ages suggests that age is a significant
controlling factor on 226Ra/Ba (Fig. 6a). Some of the fossil

Fig. 4. Comparison of Ba, 226Ra, 232Th, and 234,238U measurements for uncleaned (squares), method 1 cleaned (open
circles), method 2 cleaned (filled circles), and method 2 cleaning debris (diamonds) shells of modern and “ fossil” specimens
of Adamussium colbecki. (a, b) Ba concentration with value from living specimens (stippled line) for reference (Berkman
and Ku, 1998); (c, d) 226Ra concentration with value from living specimens for reference (Berkman and Ku, 1998); (e, f)
226Ra/Ba with Ross Sea water average for reference; (g, h) Th concentration; (i, j) U concentration. Uncertainties are within
symbol size. Not all elements could be measured for all samples.
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Table 2b. Ba, Ra, Th, and U in modern and fossil shells of Adamussium colbecki.

Sample
Cleaning
method

Calibrated
14C agea �2�

Ba
(mol/g) �2�

226Ra
(10�3 dpm/g) �2�

226Ra/Ba
(10 6 dpm/mol) �2�

232Th
(10�3 dpm/g) �2�

238U
(10�3 dpm/g) �2� � 234U0 �2�

A 004_1 1 9.10 0.03 829 5 91.1 0.6
A 004_2 1 10.64 0.04 32.2 0.3 3.02 0.03 18.3 0.2
A 004_3 1 8.02 0.04 22.3 0.2 2.78 0.03
A 004_4 2 8.92 0.03 19.5 0.7 2.19 0.07 0.53 0.02 19.74 0.13 140 18
A 004 d 2 debris 254.8 0.3 917 8 3.60 0.03 280.0 0.8 181 6 30 85
TNB 005_1 1 16.601 0.014 38.4 0.3 2.31 0.02 0.933 0.010 20.72 0.07 146 16
TNB 005_2 1 16.00 0.04 38.0 0.4 2.37 0.02 1.315 0.012 20.8 0.2 146 23
TNB 005_3 1 10.52 0.02 24.9 0.3 2.36 0.03 0.333 0.015 18.79 0.12 141 20
TNB 005 d 2 debris 27.5 0.2 162 2 5.88 0.08 6.5 0.4 37 4 156 307
TNB 173_1 1 9.95 0.04 68.5 0.5 6.88 0.06
TNB 173_2 1 10.68 0.04 50 2 4.57 0.15
TNB 173_3 1 14.19 0.14 26.7 0.3 1.88 0.03 9.9 0.2
TNB 173_4 1 10.28 0.03 26.2 0.5 2.55 0.05 0.753 0.008 7.9 0.2 167 27
TNB 173_6 2 8.46 0.03 17.5 0.3 2.07 0.04 0.30 0.02 4.65 0.14 139 86
TNB 173_d 2 debris 54.16 0.11 40.4 1.0 0.75 0.02 6.5 0.3 37 2 128 198
SVM 94265_1 2 10.43 0.02 21.3 0.7 2.04 0.07 0.616 0.014 16.38 0.12 185 22
SVM 94265 d 2 debris 280.49 0.06 888 8 3.17 0.03 403.7 0.8 200.9 1.1 16 15
SVM 94431_1 1 10.46 0.04 343 2 32.6 0.3
SVM 94431_2 1 9.92 0.05 215 3 21.7 0.3
SVM 94431_3 1 14.02 0.05 37.0 0.4 2.64 0.03 13.7 0.2
SVM 94431_4 1 12.59 0.04 39.0 0.8 3.10 0.07 2.70 0.02 12.6 0.2 133 27
SVM 94431_6 2 9.32 0.03 37.4 0.4 4.01 0.04 0.58 0.02 12.39 0.13
SVM 94431 d 2 debris 37.89 0.12 1818 16 48.0 0.5 36.4 1.4 41 3 80 188
95-108_2 None 920 �70/–190 33.66 0.05 24.3 0.3 0.722 0.009 12.2 0.1 159.5 0.2 180 8
95-108_1 1 920 �70/–190 28.87 0.05 47.0 0.4 1.63 0.02 532.6 0.3 186 28
95-410_2 None 2080 �80/–130 21.65 0.05 22.3 0.3 1.032 0.013 5.18 0.05 33.2 0.2 175 13
95-410_1 1 2080 �80/–130 19.86 0.04 23.0 0.2 1.160 0.008 34.5 0.2 158 81
95-410_3 2 2080 �80/–130 16.99 0.04 15.8 1.3 0.93 0.07 2.86 0.03 34.1 0.2 183 18
95-410 d 2 debris 71.2 0.2 137 2 1.92 0.03 69.9 0.5 69 4 81 156
95-403A_1 None 5310 �160/–260 41.31 0.03 36.9 0.3 0.893 0.008 38.8 0.2 130.1 0.2 80 7
95-403A_2 2 5310 �160/–260 37.56 0.02 17.9 0.2 0.477 0.005 13.64 0.06 213.41 0.12 87 2
95-403A d 2 debris 263.68 0.13 461 5 1.75 0.02 629.0 1.0 316 3 0 23
95-373_2 None 6090 �120/–170 19.85 0.03 12.9 0.2 0.649 0.012 7.26 0.06 94.1 0.2 298 17
95-373_1 1 6090 �120/–170 17.48 0.02 7.3 0.1 0.417 0.005 63.03 0.11 272 43
95-373_3 2 6090 �120/–170 15.89 0.03 5.3 0.1 0.335 0.005 2.65 0.04 55.82 0.12 253 9
95-373-d 2 debris 200.37 0.15 222 11 1.11 0.06 222.5 0.6 165 3 123 53
95-432 None 3310 �70/–230 166.33 0.11 453 3 2.72 0.02 153.8 1.2 2340.7 0.5 –164 11
PBX 94002 None 4415 �115/–175 40.82 0.04 45.0 0.3 1.099 0.008 57.9 0.4 224.2 0.2 179 17
Conversion to (10�18 mol/g) (10�9 mol/mol) (10�12 mol/g) (10�12 mol/g)
Conversion

factor
2.015 2.015 17.65 5.630

Half life used [a] 1599 1599 1.401�1010 4.4683�109

a After Stuiver et al. (2000).
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samples show an offset of 226Ra/Ba ratios from the expected
226Ra/Ba evolution. While some of it may simply reflect vari-
able 14C reservoir ages, there are other obvious reasons related
to the shells’ Ba-Ra-Th-U system. As 232Th concentrations are
elevated in most of these samples, one likely explanation for
the offset is residual surface contamination. Another principal
explanation is ingrowth of 226Ra from decay of its parent
isotopes 230Th and 234U, 238U. These may be initially present in

the live shell. However, U concentrations in cleaned fossil
shells are higher than in modern shells and �234U values differ
from that of seawater. This indicates substantial secondary
uptake of U into the fossil A. colbecki shells in addition to that
present initially, as generally observed in fossil mollusc shells
(Kaufman et al., 1971). At significant levels of secondary U
uptake some ingrowth of 226Ra from decay of 234U can be
expected. These two principal caveats for 226Ra/Ba dating will
be discussed in turn.

4.2. 226Ra/Ba Age Dating of Detritus-Contaminated
Mollusc Shells

4.2.1. Contaminant Corrected 226Ra/Ba Molar Ratios

Contamination of the molluscs’ carbonate by detrital mate-
rial can be corrected using 232Th as a monitor of such contam-
ination. The pure carbonate phase will reflect the very low
232Th content in the seawater from which it grew. The detrital
contamination, however, contains significant 232Th. Samples
from the same shell containing a varied fraction of detrital
contamination will therefore form a mixing line between these
two end members on a graph of 226Ra/232Th and Ba/232Th.
Data from samples cleaned using method 2 confirm this expec-
tation and form mixing lines on a 226Ra/232Th vs. Ba/232Th
figure (Fig. 7). Cleaned samples, cleaning debris, and un-
cleaned samples for each of the five contaminated samples
form straight lines with gradients decreasing with age, as ex-
pected from decay of 226Ra excess in the carbonate phase.
These five mixing lines all project towards a point close to the
origin of this figure, indicating little difference in the compo-
sition of the detrital contaminant. The contaminant must have a
Ba/232Th lower than the lowest measured value (sample 95-
403A-d), because this sample was a mixture of detrital material

Fig. 5. 226Ra/Ba for modern shells cleaned by method 2 (see text
section 2.1) compared to the measured Ross Sea value.

Fig. 6. (a) 226Ra/Ba of fossil shells A 004, SVM 92465, 95-410, 95-403A, 95-373 (cleaned by method 2, see text section
2.1) and 95-108 (cleaned by method 1) plotted against calibrated 14C ages (assuming that reservoir ages of the past were
equal to the prebomb reservoir age of 1300 yr); the solid line is the expected 226Ra/Ba ratio for closed system decay of
excess 226Ra with an initial 226Ra/Ba ratio equal to the Ross Sea value; (b) 226Ra/Ba of fossil shells corrected for surface
contamination plotted against calibrated 14C ages. The contaminant corrected 226Ra/Ba ratios are derived from mixing lines
in a graph of 226Ra/232Th over Ba/232Th (see text section 4.2). This graph includes the uncorrected 226Ra/Ba ratio from
method 1 cleaned sample 95-108, which had a 232Th concentration below detection limit and should represent the pure shell.
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removed by cleaning together with some carbonate, and will
fall between 0 and 24 mol/mol (4.0 � 10�7 mol/dpm) (Fig. 7).
With contaminant Ba/232Th close to zero, the range in contam-
inant 226Ra/232Th will be similar to the spread of y-axis inter-
cepts of the mixing lines and we assume that it lies in the range
0.78 to 1.56 � 10�7mol/mol (0.7–1.4 dpm/dpm).

The 226Ra/Ba of the clean shell can be derived directly from
a similar graph with 226Ra/Ba and 232Th/Ba. Because of the
very low 232Th concentration in the pure carbonate, its
226Ra/Ba is very close to the intercept of the mixing line with
the y-axis (Fig. 8). Using intercepts and slopes of these lines,
which were calculated by error-weighed least squares (York,
1969), and the average modern clean shell 232Th/Ba ratio (5.94
� 10�4 mol/mol, see above), the pure shell 226Ra/Ba is given
by

� 226Ra

Ba �
pureshell

� � 232Th

Ba �
modern

� b � a, (4)

where b is the slope and a is the intercept of the fitted line in
Figure 8. The resulting 226Ra/Ba value can be inserted into
Eqn. 3 to obtain a 226Ra/Ba age. The uncertainty induced by
this detrital correction cannot be robustly assessed from the fit
of data to each individual mixing line (Fig. 8) because there are
only two or three points on each line. However, given the
apparently similar contaminant composition (Fig. 7), a conser-
vative estimate can be derived by assuming contaminant vari-
ability to be the main source of error. We assess the uncertainty
by taking the average from all the squared residuals from the
fitted lines (Fig. 8), or the measured uncertainty, if it is larger,
for any particular sample.

4.2.2. Ingrowth of 226Ra From Parent Isotopes in the
Shell

At the time-scales considered in this study, ingrowth of
226Ra from its parents, 230Th and 234U, could significantly
affect 226Ra/Ba ratios in fossil shells. As 230Th could not be
measured in clean shells, potential ingrowth from initially
present 230Th can only be assessed from the measured 232Th in
those samples with the smallest amount of residual contami-
nant. Using samples TNB 005-3 and TNB 173-6, a maximum
232Th concentration estimate for the shell is 6.0 � 10�12 mol/g
(0.35 � 10�3 dpm/g). With a 226Ra concentration of 5.0 �
10�17 mol/g (24.9 � 10�3 dpm/g), and reported 230Th/232Th
activity ratios in coastal and open ocean ice-covered surface
waters of 1 to 3 (Huh and Beasley, 1987; Guo et al., 1995;
Cochran et al., 1995), the 230Th/226Ra activity ratio modern A.
colbecki shells is expected to be 0.01 to 0.04. True ratios are
probably even lower as some of the measured 232Th will stem
from the residual contaminant. It can therefore be assumed that
ingrowth from initial 230Th in live-shells can be neglected over
time-scales of a few thousand years. If there was a significant
amount of 230Th initially present, it could in principle be
accounted for by using an average live-shell concentration and
iteratively correcting for 226Ra ingrowth.

In contrast to 230Th, ingrowth from U cannot easily be
corrected. Shells generally contain U—both primary and sec-
ondary due to post mortem uptake—at a high enough concen-
tration level to potentially generate significant amounts of
226Ra that may limit the usefulness of 226Ra/Ba ratios as a
chronometer. The ingrowth from 234U, which is the only U-
isotope significant during the lifetime of excess 226Ra, is ac-
cording to the Bateman equations of decay (e.g., Choppin et al.,
1995)

[226Ra]ingrown � (�234�230N234
initial�

i

3

Cie
–�it), (5)

where C1 � (�230 � �234)�1(�226 � �234)�1, C2 � (�234 �
�230)�1(�226 � �230)�1, C3 � (�234 � �226)�1(�230 �
�226)�1, and �i � �234, �230, �226.

If the shell has remained a closed system, the ingrowth from
initially present 234U could be subtracted iteratively from mea-
sured 226Ra in Eqn. 3 to derive age information. Unfortunately,
few mollusc shells behave as closed systems with respect to U,
but incorporate secondary U post mortem (Kaufman et al.,
1971). Because the timing of such secondary U uptake is
generally not known, ingrown 226Ra cannot be uniquely calcu-
lated. The effect of such secondary U uptake is illustrated in
Figure 9. In the left hand panel, ingrowth of 226Ra from typical
primary 234U concentration in modern A. colbecki (6 � 10�15

mol/g or 0.02 dpm/g) is shown. This represents one end-
member of ingrowth in which there is either no secondary U
uptake, or the U is added very late and has no effect. The right
hand panel represents the other end-member, in which uptake
occurs rapidly and very early. In this case the 234U content of
the shell is increased to concentrations typical of fossil shells
(�2.8 � 10�14 mol/g or 0.09 dpm/g) within a few years after
death, and 226Ra ingrowth can again be calculated from the
shell’s age. For any fossil shell, where the timing of secondary

Fig. 7. Graph of 232Th normalized 226Ra and Ba of subsamples of the
same shell. The subsamples are those derived from cleaning method 2
(shell and debris) and those not cleaned (where available) for shells that
could not be sufficiently cleaned from surface contamination. The lines
were fitted by error-weighed least squares (York, 1969) and represent
mixing lines between end-members of a high Th contaminant of crustal
origin and the low Th pure shell.
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U uptake is not known, the amount of 226Ra ingrown will lie
between the two end-members.

The two scenarios modelled above demonstrate that the
226Ra addition due to ingrowth from 234U remains stays
small for shells younger than �2.5 ka even for the early
uptake end-member. This is because of the relatively long
half-life of 230Th and 234U compared to 226Ra. Most shells
will be situated somewhere between the two extremes, and
many have lower U concentrations than the value used in the
above model. Therefore, error introduced to the 226Ra/Ba
ratio from 226Ra ingrowth should be within the uncertainty
introduced by the contaminant correction (see section 5.2
below). Consequently, for such young shells 226Ra ingrowth
does not present a problem even in the presence of second-
ary U uptake.

5. ACCURACY AND PRECISION OF A 226Ra/Ba
CHRONOMETER

5.1. Viability of Fundamental Assumptions

This study has demonstrated that when corrected for sur-
face contamination, the 226Ra/Ba ratios of fossil marine

mollusc shells show a clear relationship with age and may
potentially be used for dating. Two principal assumptions on
which the accuracy of any 226Ra/Ba age depend, are that the
shell has remained a closed system with respect to 226Ra/Ba
ratios and that the oceanic relationship between 226Ra and
Ba has remained constant. Although it cannot be fully tested,
closed system behaviour appears to be the case in terms of
the shell’ s 226Ra/Ba ratio given the general exponential
decay over time. This can be explained by the very similar
geochemical behaviour of the two elements, which will
make the ratio relatively robust against potential loss of Ra
and Ba from soft parts during fossilisation.

The constancy of the oceanic 226Ra-Ba relationship cannot
be confirmed in the Ross Sea region. Instead, this must be
achieved in a location where the accuracy of 14C dating is
not constrained by potentially variable reservoir ages so that
calibrated 14C ages can be used as a true reference. How-
ever, a case can be made in favour of negligible change in
the oceanic 226Ra-Ba relationship, at least for the last 2000
to 3000 yr. The constant relationship in the present day
ocean is not so much controlled by average continental
runoff, which is susceptible to climate change, but is mostly

Fig. 8. Graph of 226Ra/Ba over 232Th/Ba of subsamples of the same shell. The subsamples are those derived from cleaning
method 2 (shell and debris) and those not cleaned (where available) for shells that could not be sufficiently cleaned from
surface contamination. The lines were fitted by error-weighed least squares (York, 1969). The intercept of the fitted line with
the dashed line (the 232Th/Ba ratio in clean modern Adamussium colbecki shells) is the contaminant-free 226Ra/Ba of the
shell.
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the result of biogeochemical recycling and the global aver-
age 226Ra flux from sedimentary 230Th decay (Ku and Luo,
1994). Both are unlikely to have changed fundamentally
during the late Holocene. A recent study on the evolution of
226Ra in marine barite from a Southern Ocean core found an
exponential decay of 226Ra over barite abundance for the
midlate Holocene (van Beek et al., 2002), which appears to
confirm that the oceanic relationship of 226Ra and Ba has
remained tightly constrained over that time.

Because of the small non-zero axis intercept in the oceanic
226Ra-Ba correlation (Fig. 1), the 226Ra/Ba ratio of the
surface layer between different ocean regions will vary
slightly as 226Ra and Ba concentrations change. In addition,
there will be a difference between surface and deep 226Ra/Ba
ratios in regions where the concentration of both metals
increases with depth. Consequently, small changes in sur-
face advection or surface mixing may lead to some variabil-
ity in the seawater 226Ra/Ba ratio, which we have used in
Eqn. 3 instead of the full oceanic 226Ra-Ba relationship.
However, in the case of the Southern Ocean, this simplifi-
cation can be justified. Rapid mixing in the Circum-Antarc-
tic Current, the lack of continental runoff, and upwelling
from great depths ensures spatial concentration homogene-
ity, resulting in constant 226Ra/Ba ratios within the upper 2.5
km (Östlund et al., 1984). If the global oceanic 226Ra-Ba
relationship has remained constant, the Southern Ocean sur-
face layer 226Ra/Ba ratio could only have changed from
today’ s value if upwelling was considerably reduced and the
Southern Ocean became stratified. This seems unlikely to
have happened over the late-mid Holocene because vertical
circulation is to a significant extent controlled by the geom-
etry of the Drake Passage (Tomczak and Godfrey, 1993). In
regions, where lateral advection, surface mixing, or up-
welling intensity has varied significantly in the past, a
226Ra/Ba age can only be calculated if the full oceanic
226Ra-Ba relationship is incorporated into the age calcula-

tion. This will require a more precise knowledge on Ba and
Ra uptake into marine mollusc shells than currently avail-
able.

5.2. Precision of 226Ra/Ba Dating in Comparison With
Radiocarbon Ages

While the accuracy of potential 226Ra/Ba ages rests on the
above assumptions, the precision of contaminant corrected
226Ra/Ba ratios is in this study entirely controlled by the
(conservative) estimate of compositional variability in the con-
taminant. Taken at face value, the uncertainties of pure shell
226Ra/Ba ratios suggest an age precision of 25 to 250 yr (2�)
for samples from the last 2000 to 3000 yr. Such a precision is
comparable to 2� uncertainties of calibrated 14C ages. The
precision can potentially be improved by increasing the number
of subsamples used to fit the mixing line or, as demonstrated by
one sample (95-108), if surface contaminants can be cleaned
off successfully.

Two fossil samples in this study are �2.5 ka in age and
therefore have not been affected significantly by ingrowth. One
of these has a suggested 226Ra/Ba age of 800 yr (�25, 2�),
which is �100 yr younger than its calibrated 14C age, assuming
the prebomb reservoir age of 1300 yr. The other sample has a
suggested 226Ra/Ba age of 2480 yr (�240/�215, 2�), which is
�400 yr older than the 14C age with the same prebomb reser-
voir correction. These offsets might reflect variable14C reser-
voir age of surface seawater over time, e.g., due to variable sea
ice cover.

6. CONCLUSIONS

As demonstrated by this case study from the Ross Sea age
information for marine biogenic calcite may be obtained
from Ba and226Ra measurements using the constant
226Ra/Ba ratio in the present day open ocean. Seawater

Fig. 9. An illustration of 226Ra ingrowth from 234U for two end-member cases: (a) from typical 234U concentration in
cleaned modern Adamussium colbecki shells (6 � 10�15 mol/g or 0.02 dpm/g), i.e., the end member with late uptake/no
contribution by secondary U, and (b) from typical 234U in fossil shells of A. colbecki, assuming uptake of secondary U very
shortly after death.
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analyses have demonstrated that the coastal Ross Sea region
exhibits the open ocean Ross Sea value. Shells of A. colbecki
collected from beaches bordering the Ross Sea can be ade-
quately cleaned to produce 226Ra/Ba ratios equal to the Ross
Sea value or slightly lower, probably reflecting non-zero
ages for some samples. 226Ra/Ba ratios in fossil shells from
the same region show a clear decrease with age. Surface
contamination is ubiquitous in fossil shells, but a correction
can be achieved using 232Th and by measuring two or more
subsamples of the same shell. While 226Ra ingrowth from
parent isotopes incorporated into the shell during lifetime of
the mollusc can be accounted for, the potential ingrowth of
226Ra from 234U taken up into the shell post mortem (sec-
ondary U) is difficult to correct. However, for shells younger
than �2.5 ka, 226Ra ingrowth from secondary U is expected
to be negligible. The precision of 226Ra/Ba ratios is domi-
nated by the contaminant correction, and should be better
than 250 yr (2�) for samples 2000 to 3000 yr old. This is
comparable to the precision of calibrated 14C ages (2�).
Although these findings come from a limited number of
samples, they should encourage further studies on the
226Ra/Ba chronometer. 226Ra/Ba dating could provide a
useful alternative or complementary late Holocene dating
tool in oceanic regions not so favourable for 14C dating.
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