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RADIOCARBON AMS DATA ANALYSIS: FROM MEASURED ISOTOPIC RATIOS TO
14C CONCENTRATIONS

Ugo Zoppi
Accium BioSciences Inc., 550 17th Avenue, Suite 550, Seattle, Washington 98122, USA. Email: uzoppi@acciumbio.com.

ABSTRACT. Radiocarbon accelerator mass spectrometry (AMS) measurements are always carried out relative to interna-
tionally accepted standards with known '“C activities. The determination of accurate 4C concentrations relies on the fact that
standards and unknown samples must be measured under the same conditions. When this is not the case, data reduction is
either performed by splitting the collected data set into subsets with consistent measurement conditions or by applying cor-
rection factors.

This paper introduces a mathematical framework that exploits the intrinsic variability of an AMS system by combining arbi-
trary measurement parameters into a normalization function. This novel approach allows the en-masse reduction of large data
sets by providing individual normalization factors for each data point. Both general features and practicalities necessary for
its efficient application are discussed.

INTRODUCTION

As part of the unrelenting quest for more accurate radiocarbon dates, many papers dealing with
accelerator mass spectrometry (AMS) '4C data analysis and accuracy have been published. Donahue
etal. (1990), Mook and van der Plicht (1999), and McNichol et al. (2001) discuss the essential equa-
tions and conventions. Meanwhile, Scott et al. (2007) present a detailed review of relevant statistical
issues such as reproducibility and uncertainty. Hua et al. (2004) discuss analysis of small-mass sam-
ples and corresponding processed blanks corrections. These papers have been complemented by a
wide range of more technically oriented investigations aimed at identifying the most likely parame-
ters that could directly affect the accuracy of 1C AMS measurements. For example, current-depen-
dent fractionation due to space charges and terminal loading has been reported by Bronk Ramsey
and Hedges (1994, 1997) and Steier et al. (2004). In Puchegger et al. (2000), the effect of target
wheel eccentricity has been considered. Tumey et al. (2004) discuss a time-dependent correction to
compensate for machine drifts. Finally, different filtering techniques have been introduced for the
identification and rejection of spurious data (Schneider et al. 1994; Séguin et al. 1994).

This paper presents a new “C data reduction formalism that can be used to investigate all potential
dependencies and, if necessary, correct the entire data set for them. In particular, it has the capability
to reveal correlations between seemingly unrelated parameters. For example, mass-dependent frac-
tionation and time drift could be combined into a single normalization function, providing more
accurate results when compared to values obtained considering only 1 of the 2 effects.

THE EFFICIENCY FUNCTION

All '4C reference materials are characterized by 2 values, a fraction of modern Fy,,;, which has been
normalized to 138 = —25%o, and an actual value of '38g,. Donahue et al. (1990) demonstrated that
when the HOxII standard material is being used, the fraction of modern of an unknown sample Fyj,;
is given by
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Numerical values of Fg,; and 138, are summarized in Table 1.

Table 1 Consensus fraction of modern F,; and 138, values for commonly used !4C standards.

Name Material Foy 138514 (%0) Reference

HOxI Oxalic acid 1.0398 -19.0 Stuiver 1983

HOxII Oxalic acid 1.3407 -17.8 Stuiver 1983
IAEA-CI Marble 0 2.42+0.33  Le Clercq et al. 1998
IAEA-C2 Chalk 0.4114 +0.0003 -825+031  Le Clercq et al. 1998
IAEA-C3 Paper 1.2941 £0.0006 —24.91+0.49  Le Clercq et al. 1998
IAEA-C4 Wood 0.0002 — 0.0004 —23.96+0.62  Le Clercq et al. 1998
TAEA-C5 Wood 0.2305+0.0002 -25.49+0.72  Le Clercq et al. 1998
TIAEA-C6 Sucrose 1.5061 £0.0011  -10.80+0.47  Le Clercq et al. 1998
IAEA-C7 Oxalic acid 0.4954+£0.0013 -14.48+0.13  Le Clercq et al. 1998
IAEA-C8 Oxalic acid 0.1503 £0.0018 -18.31+0.23  Le Clercq et al. 1998

Accurate determination of F;,; using Equation 2 is possible only when standards and unknown sam-
ples are measured under identical conditions. This constraint is obviously never fulfilled and an effi-
ciency function 14¢(X) for the measurement of the 1*C/!3C ratio must be introduced. Note that at this
moment, no assumptions regarding the characteristics of the efficiency function are necessary. X
stands for an array (x!,x2,...,x7) of measurement parameters. When '4¢(X) is added to Equation 2, it
is clear that

FStd
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is a constant and thus
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This relationship between efficiency and measured radioisotopic ratios can be used to experimen-
tally derive the shape of 1/14e(Xg,,) and allow accurate interpolation at the Xy, coordinates corre-
sponding to the measurement of unknown samples. When the proper interpolation procedure has
been performed—the simplest case of a flat surface (1/'%e = a;x' + ax? + ... + a,x” + a,,, 1) including
correct error propagation is fully discussed in next section—F7y,,; is given by

- [ 0.975 ](%} e (X, ) ®
Unk — 13 e © Ay
1+ 8U71k 13C Unk

A similar formalism can be employed for the determination of 135, values. After introducing an
additional efficiency function 13¢(Y) for the measurement of the 13C/'2C ratio, it is possible to show

that
2
1 C s1a )

3 3
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Note that the efficiency function !4g(X) and 3¢(Y) are not required to have the same parameter list.
The flat surface interpolation procedure described below can be easily adapted to calculate the
parameters of 1/1%¢ = byy! + byy? + ... + b,y + b, , | and eventually derive measured 133, values:
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By combining Equations 5 and 7, F,; can be directly expressed as a function of measured 4C/13C
and 3C/12C ratios:
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MULTIDIMENSIONAL FLAT SURFACE FITTING

®)

Fym = 0.975 -

It is anticipated, but this is by no means a rule, that a flat surface will be adequate in most data reduc-
tion cases. The use of more complex functions could be considered—e.g. to account for the target
wheel eccentricity as suggested by Puchegger et al. (2000)—but is beyond the scope of this paper.
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Measurement of 1 iiifferent standards during an AMS experiment provides N data points
(x; s Xis eee xf, 1/ ¢;) . First, a new set of coordinates is introduced. The new origin is placed where
the density of measured data points is larger and thus the efficiency function more accurately

known:
A N R T o )
and
N
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The fitting of a flat surface (1/'% = a\x! + a,x? + ... + a,x? + a,,, ;) through the measured data
points corresponds to finding an approximate solution for the set of linear equations:
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This is achieved by multiplying with the transposed matrix:
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After calculating the inverse matrix M~! (e.g. by means of the Gaussian substitution method), the
most likely values for a; (k=1,2,..., P+ 1) are:

- 2 N x/P N
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If every line in Equation 11 is scaled with the measurement error associated with 1/ 1481. , the diag-
onal elements of the inverse matrix correspond to the first-order approximation of the uncertainties

Gz(ak):

o (ay) = (M), (14)

In calculating F,;, one must now be careful to do so in the new coordinate system. Note that if no
dependencies are observed, the values of all parameters g, are negligible (a; = 0) and the data reduc-
tion procedure effectively corresponds to a simple normalization using the global average of all
measured standards.

DISCUSSION

Data analysis software based on the normalization procedure presented above can be straightfor-
wardly developed for all common platforms. Ideally, it will let the user select different parameters
and calculate the most likely coefficients of the efficiency function 1/'%e = a;x' + apx® + ... + apx +
ap, and 1/Bg=byt+ b2+ ...+ bpy” + bp . |. A graphical display and/or the more formal R? cor-
relation coefficient could provide confirmation that the selected parameters are indeed relevant.

The real strength of such a data reduction system is its versatility. For example, provided the rele-
vant data regarding the condition of the spectrometer have been collected, one could switch from a
“time-current” correction to a “detector deadtime-sample mass-sputtering time” correction with a
simple mouse click. The software has merely to recalculate the elements of matrix M in Equation 12
and invert it. This requires very little computing time, allowing for real-time assessment options.

It is now up to the user, knowing the idiosyncrasies of the AMS system being used, to make edu-
cated guesses regarding the most relevant parameters affecting the measurement accuracy. In gen-
eral, there is no need to simultaneously consider more than 2 or 3 different parameters. Increasing
the number of dimensions would require a corresponding increase in measurement points through
which to fit the efficiency function. The experience collected at Accium BioSciences with the NEC
1.5SDH-1 Pelletron AMS system (Zoppi et al. 2007) suggests that, if the reproducibility of the
Accium AMS system can be increased, it can be done using a “!3C current-measurement time” cor-
rection. Such an approach becomes essential when 13C-enriched carbon carrier is added to biologi-
cal samples to simultaneously determine total carbon masses and “C concentrations (Zoppi and
Arjomand 2009).

OUTLOOK

The normalization method presented here can easily be adapted to include all radioisotopes com-
monly measured by AMS. After establishing the relationship between efficiency, measured ratios
for standards, and their nominal value, the determination of the shape of the efficiency function can
proceed as described.

CONCLUSIONS

A new method for '“C data analysis has been presented. It allows the simultaneous use of different
standards with different Fg, and 138, values and employs the intrinsic variability of an AMS sys-
tem to determine individual normalization factors for each unknown. Due to its versatility, it pro-
vides an excellent tool to investigate and identify the parameters most likely to directly affect the
accuracy of '“C measurements.
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