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ABSTRACT. Correcting the “C age of a sample for fractionation is straightforward if the measured carbon was derived
entirely from the atmosphere, either directly or through chemical and/or biological reactions that originated with atmospheric
carbon. This correction is complicated in the case of gastropods that incorporate carbon from limestone or secondary carbon-
ate (e.g. soil carbonate) during shell formation. The carbon isotopic composition of such gastropod shells is determined by
fractionation, as well as mixing of carbon from sources with different isotopic values. Only the component of shell carbonate
derived from atmospheric carbon should be corrected for fractionation. In this paper, the author derives a new expression for
correcting the measured '“C activity of gastropod shells for fractionation, and describe an iterative approach that allows the
corrected 4C activity and the fraction of shell carbonate derived from atmospheric carbon to be determined simultaneously.

INTRODUCTION

Carbon isotopes (12C, 13C, '4C) fractionate along biological pathways because of differences in the
rates of reaction for different molecular species (Clark and Fritz 1997). Typically, the lighter carbon
isotope is taken up preferentially to the heavier isotope and, therefore, the stable and radiogenic iso-
topic ratios of biological products are lower than that of the reactants. For example, the isotopic
composition of carbon in C; plants is nearly 20%o0 lower than the atmospheric CO, from which it is
derived. If the effects of fractionation were ignored, the '“C age of material with a low 8'3C value
would appear older than contemporaneous material with a high 8'3C value.

The effect of fractionation on 14C is about twice the effect on 13C (Wigley and Muller 1981), and
therefore the 8!3C value of a sample can be used to correct the measured 4C/13C ratio (A easured)-
The A cacureq Value is determined by accelerator mass spectrometry (AMS), and is standardized to a
d13C value of —25%o,,q, (by convention) using the equation

1000 - 25
A recte = Ameavure T o3 1
corrected X d 1000+513C ( )

(Linick et al. 1986; Donahue et al. 1990). Note this equation is the correct form for AMS measure-
ments of the !“C/13C ratio. The term in parentheses on the right side of the equation should be
squared for AMS measurements of the 14C/!2C ratio. The corrected ratio (A o precteq) 18 Used to calcu-
late the '4C age of a sample.

Equation 1 is valid only if the measured carbon was derived entirely from the atmosphere, either
directly or through chemical and/or biological reactions that originated with atmospheric carbon.
For example, carbon fixated in plants by photosynthesis or in skeletal material by metabolic pro-
cesses originates in the atmosphere. Similarly, carbon in shells of gastropods that do not incorporate
limestone during shell formation is derived from the atmosphere, either directly or via consumption
of plants. Any difference between the isotopic composition of these materials and atmospheric car-
bon is due entirely to fractionation, and Equation 1 can be applied.

CORRECTING FOR FRACTIONATION AND SOURCE MIXING

Correcting the A c.sureq Value of shell carbonate for gastropods that incorporate limestone or sec-
ondary carbonate is more complicated. Stable and radiogenic isotopic values of gastropod shell car-

755



756 JS Pigati

bonate are determined by fractionation, as well as mixing of carbon from sources with different iso-
topic values (Goodfriend and Hood 1983). Only the component of shell carbonate derived from
atmospheric carbon should be corrected for fractionation. Goodfriend and Hood (1983) previously
derived an expression to correct the !4C activity of this component for fractionation. However, their
initial correction equation was in error (Equation 14; Goodfriend and Hood 1983), and, thus, their
derived expression was also incorrect. The proper form of the correction equation for shell carbon-
ate is

1000 - 25

ACO"reCte = A’neasure T <3~ 2
’ ‘| 1000+8°C,, @

where the subscript n/c denotes the component of shell carbonate derived from non-limestone car-
bon. 813C,,,. is related to the 8!3C value of the shell carbonate (8!3Cg,) by
613C = f;calsclc + f;zlcawc (3)

shell nle

where fis the fraction of shell carbonate derived from limestone (/c) and non-limestone (nlc) carbon.
Goodfriend and Hood (1983) stated that the 8'3C,, value for gastropods should be 0% (identical to
limestone), and, thus, the ,,6'3C,, term could be dropped. This is incorrect because carbon isotopes
are fractionated during dissolution of limestone, which is composed of calcite, and the subsequent
precipitation of shell carbonate, which is composed of aragonite. Laboratory experiments have
shown the 8'3C value of synthetic aragonite precipitated from a bicarbonate solution is enriched by
~1.8%o (1.8 £ 0.2%0—Rubinson and Clayton 1969; 1.7 + 0.4%0. —Romanek et al. 1992) relative to
calcite precipitated from an identical solution. The magnitude of enrichment is independent of tem-
perature between 10 and 40°C (Romanek et al. 1992). If these experimental results can be applied
to biogenic aragonite, and assuming equilibrium conditions prevail (i.e. no vital effects), the 813C,,
term in Equation 3 equals the 8'3C value of limestone (typically 0%o) plus the amount aragonite is
enriched relative to calcite (denoted as A,_.) during the dissolution-precipitation process, or simply
A, Substituting A, for 8'3C,; and (1-f,;,) for fj. in Equation 3 gives

613Cmeu = [(1 - fn/c )Aa—c ] + ~fnlc6l3cn/c )

which can be simplified and solved for 8!3C,,

13
513C — 5 Cshell _Aa—c +A (5)

nlc a—c
j;ﬂc

Equation 5 can then be combined with Equation 2 to give

1000 -25
corrected = Ameasured 613C A (6)
1000 + | ——shetl — Za=e |4 A

nlc
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Equation 6 cannot be solved directly because the f,;. value cannot be determined independently of
the A omecieq Value. However, an iterative approach described below can be used to solve for both
parameters for live and fossil gastropods.

Application to live gastropods

The uncorrected 4C activity of gastropod shell carbonate (Ag,) is related to the C activity of the
non-limestone carbon source by

Ashell = f;c Alc + fnlc Anlc (7)

where the non-limestone component consists of carbon obtained via the atmosphere and live plants
(they can be grouped together because their 4C activities are identical). The fi A term can be
dropped because the “C activity of limestone (A,.) is zero. Rearranging gives

A4,,
f;zlc = éh%ﬂc (8)

For gastropods that consume only live vegetation, the A, value can be quantified either through
measurement of the atmosphere or live plants. In 2001, the C activity of live plants was

1.0919 £ 0.0039 (n = 2; Pigati et al. submitted). Equations 6 and § can be solved iteratively as fol-
lows:

1. Begin by assuming f,;. = | and solve Equation 6 for A g ected-

2. Substitute the calculated A qpecied Value from step 1 for Ay, in Equation 8, and solve for f.

3. Substitute the calculated f,;. value from step 2 into Equation 6 and solve for Ay rected-

4. Repeat steps 2 and 3 until the A recteq and £y terms converge. This is usually achieved in 3—4
iterations.

An additional step is required for gastropods that include plant detritus (decaying leaves, wood, etc.)
in their diet. The '“C activity of plant detritus may be different from that of live vegetation because
the 14C activity of the atmosphere has decreased exponentially since cessation of aboveground test-
ing of nuclear weapons (Manning et al. 1990; Meijer et al. 1995). The '4C activity of homogenized
plant detritus can be measured by AMS, which can then be used to estimate the mean !4C activity of
all plants (live and detritus) consumed by the gastropod by using

plants Aliveplants »f;ive'plants + A (9)

detritus fde'tritus
The calculated A,y value can then be combined with the I4C activity of the atmosphere (A ;o) 1O
calculate the A, value in Equation 8§ using

nle Apltmts fplants + Aatmos fatmos

(10)

There is disagreement regarding the relative contribution of plants (f,ja) and the atmosphere

(fatmos) toward the carbon isotopic composition of shell carbonate. Goodfriend and Hood (1983)
suggested that 25-40% of inorganic carbon in gastropod shells is derived from plants, and 30-60%
is derived from the atmosphere. Stott (2002), however, found that atmospheric CO, plays little to no
role in determining the isotopic composition of gastropod shell carbonate. Until this is resolved,
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Equation 10 may be solved using a range of atmospheric (0-60%) and plant (25-100%) values to
determine a range of corrected 14C activities.

Application to fossil gastropods

There are 2 approaches for correcting '“C ages obtained from fossil gastropod shells for fraction-
ation. One is to measure the '“C activity of live specimens collected from geologic settings that max-
imize the potential for ingestion of limestone. Equations 6 and 8 can then be solved to determine a
species-specific, worst-case f;, value for the live specimens, which is assumed to be invariant
through time. This should be done using the same species that are to be used for '*C dating in the
fossil record. Equations 6 and 8 can then also be solved using an f,; value of 1 (i.e. no limestone cor-
rection) to determine a range of possible A g ecieq Values.

For cases in which measuring the '“C activity of live specimens is not possible, Equations 6 and 8
can be solved using f,;. values of ~0.6 and 1 to calculate a range of possible A gy ecieq Values. The
lower f,;, value is the minimum observed by Goodfriend and Hood (1983) and Pigati et al. (submit-
ted). The upper value assumes limestone and/or secondary carbonate are not incorporated by the
gastropod during shell formation. The difference in the A . .ceq Values between those corrected
using a f,; value of 0.6 and those corrected using a f,;. value of 1 is 1.1% for gastropods feeding
exclusively on C; biomass, and 0.1% for those feeding on C, biomass. These corrections are quite
small compared to age anomalies due to incorporation of limestone during shell formation.

PROPOGATION OF UNCERTAINTIES

The uncertainty associated with the A g ecieq term in Equation 6 is given by

Ay = (47 + B>+ C*+ D’ )% (11)
where
975
A - 613C _ A measured
1000+ Aa_c 4| = Tshell  Ta-c
»fnlc
-9754 (1 - % )
B =1 nle 2 >A(Aa_()

13 _ A
1000+ A 4| oo T2
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where the delta (A) symbol at the end of each equation denotes the uncertainty associated with the
individual parameter.

The uncertainty associated with the f;, term in Equation 8 is given by

2 24
— Ashe[l nlc
A 2

nlc

AA

shell

A

Aﬁzlc = ( ! 2)

nlc

where Ay, 1S the same as A .,qureq in Equation 11. Equations 11 and 12 can be solved iteratively in
a spreadsheet simultaneously with Equations 6 and 8. The magnitude of these uncertainties is cer-
tainly small compared to other sources of error in the '“C age calculation, but nonetheless can be
propagated for completeness.

SUMMARY

Correcting the measured 'C activity of gastropods that incorporate limestone or secondary carbon-
ate during shell formation is complicated by the fact that the isotopic composition of the shell car-
bonate is a function of fractionation and mixing of carbon from sources with different isotopic val-
ues. Only the component of shell carbonate derived from atmospheric carbon should be corrected
for fractionation. The equations presented here can be used to determine the corrected 4C activity
of gastropod shell carbonate, as well as the fraction of the carbonate derived from non-limestone
sources. For gastropods that do not incorporate limestone during shell formation (i.e. f;;. = 1), Equa-
tion 6 simplifies to the standard correction equation (Equation 1).
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