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Conclusions:
•The selection of reference materials numbers of replicates δ values of refer•The selection of reference materials, numbers of replicates, δ-values of refer
determining the uncertainty associated with the final results.g y

•The range of observed differences justifies the need to employ world-wide thThe range of observed differences justifies the need to employ world wide th
techniquetechnique.

A 50% d ti f li ti b hi d ith b l i t•A 50% reduction of normalization error can be achieved either by analyzing twy y g

•For stable carbon isotope analyses using the EA technique, the optimal sp y g q , p
NBS22 USGS24 and NBS19) set of standards may be usedNBS22, USGS24 and NBS19) set of standards may be used.

•For stable oxygen isotope analyses using the TC/EA technique the optimal p•For stable oxygen isotope analyses using the TC/EA technique, the optimal p
IAEA-SO-6 and IAEA-SO-5 for sulphates; and IAEA-601 and IAEA-602 forIAEA SO 6 and IAEA SO 5 for sulphates; and IAEA 601 and IAEA 602 for
IAEA SO 6 pairIAEA-SO-6 pair.

IntroductionIntroduction
A stable isotope analyst has to make a number of important decisions regarding how toA stable isotope analyst has to make a number of important decisions regarding how to
b d i h " " bl i i i f l d l i fbest determine the "true" stable isotope composition of analysed samples in reference to
an international scale. It has to be decided which reference materials should be used,an international scale. It has to be decided which reference materials should be used,
the number of reference materials and how many repetitions of each standard is mostthe number of reference materials and how many repetitions of each standard is most

i t f d i d l l f i i d h t li ti d h ld bappropriate for a desired level of precision, and what normalization procedure should be
selected. In this paper we summarise what is known about propagation of uncertaintiesp p p p g
associated with normalization procedures and propagation of uncertainties associatedassociated with normalization procedures and propagation of uncertainties associated
with reference materials used as anchors for the determination of “true” values for δ13Cwith reference materials used as anchors for the determination of “true” values for δ13C

18and δ18O.

Fig. 1. The normalization error in predicting true 103 ×g p g
δ13C values for the optimal pair-wise selection of
standards at each δ13C value (solid line), compared
to the error (dashed line) resulting from normalization
using two point anchor (L-SVEC and NBS 19) The
lt ti bl k d hit t l h thalternating black and white rectangles show the

f 103 δ13C l f hi h h l b ll drange of 103 × δ13C values for which each labelled
pair of standards are locally optimal The L SVECpair of standards are locally optimal. The L-SVEC
and NBS 19 pair is locally optimal or close toand NBS 19 pair is locally optimal, or close to
optimal for only ~20% of the range of δ13C valuesoptimal, for only ~20% of the range of δ 3C values
considered here Line A is the normalization error forconsidered here. Line A is the normalization error for
the set of four standards (LSVEC, NBS19, USGS24the set of four standards (LSVEC, NBS19, USGS24
and NBS22) the maximum error located at -50‰ =and NBS22) the maximum error located at 50‰
0.029‰. Line B is the normalization error for the
globally optimal four standards (IAEA-C-09, L-SVEC,g y p (
NBS19, IAEA-CO-1), replicated twice; the maximum
error at -50‰ = 0.028‰.

Normalization methodsNormalization methods
Several normalization methods transforming the “raw” value obtained from massg
spectrometers to one of the internationally recognized scales has been developedspectrometers to one of the internationally recognized scales has been developed.
However as summarised by Paul et al [2007 ] different normalization transforms aloneHowever, as summarised by Paul et al. [2007,] different normalization transforms alone
may lead to inconsistencies between laboratories. The most common normalizationy
procedures are: single-point anchoring (versus working gas and certified referenceprocedures are: single point anchoring (versus working gas and certified reference
standard) modified single point normalization linear shift between the measured andstandard), modified single-point normalization, linear shift between the measured and
th t i t i iti f t tifi d f t d d t i t d ltithe true isotopic composition of two certified reference standards, two-point and multi-
point linear normalization methods. The accuracy of these various normalizationpoint linear normalization methods. The accuracy of these various normalization
methods has been compared by using analytical laboratory data by Paul et al [2007]methods has been compared by using analytical laboratory data by Paul et al. [2007],

ith th i l i t d li ti t k lib ti lti i th l twith the single-point and normalization versus tank calibrations resulting in the largest
normalization errors, and that also exceed the analytical uncertainty recommended for, y y
δ13C The normalization error depends greatly on the relative differences between theδ C. The normalization error depends greatly on the relative differences between the
stable isotope composition of the reference material and the sample On the other handstable isotope composition of the reference material and the sample. On the other hand,
the normalization methods using two or more certified reference standards produces ag p
smaller normalization error, if the reference materials are bracketing the whole range ofsmaller normalization error, if the reference materials are bracketing the whole range of
isotopic composition of unknown samples These conclusions are in agreement with theisotopic composition of unknown samples. These conclusions are in agreement with the

h d b C l t l [2006] f th t bl b i t f iapproach proposed by Coplen et al. [2006] for the stable carbon isotope referencing.
These studies strongly support the use of two-point or multi-point normalisation methodsese s ud es s o g y suppo e use o o po o u po o a sa o e ods
based on regression line as producing the most reliable results Paul et al [2007]based on regression line as producing the most reliable results Paul et al. [2007].

Fig 2 Monte Carlo derived normalizationFig. 2. Monte Carlo derived normalization
errors taking into account 1s uncertaintieserrors taking into account 1s uncertainties
associated with the 9 internationalassociated with the 9 international
standards (Coplen et al 2006) Thestandards (Coplen et al., 2006). The
computed normalization errors are for thecomputed normalization errors are for the
error minimizing combination of standardsg
for a hypothetical sample having true 103yp p g
× δ13C of -30‰. These normalization
errors are given for number of different
standards and different numbers of
replicates. All values of normalization error

i t d d f di ti iare given as standard error of prediction in
il (‰) F l t d dper mil (‰). For example, standard error

of prediction for 103 × δ13Cof prediction for 103 × δ13C =
30‰ equals 0 018‰ when the-30‰ equals 0.018‰ when the

normalization was based on two differentnormalization was based on two different
standards each replicated four timesstandards, each replicated four times.

nd selection strategies fornd selection strategies fornd selection strategies for g
e isotope analyses reviewe isotope analyses – reviewe isotope analyses  reviewp y
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rence materials and normalization technique have been identified as crucial inrence materials and normalization technique have been identified as crucial in

e same sets of standards for each element and each stable isotope analyticale same sets of standards for each element and each stable isotope analytical

t d d f ti h f t d d t ti hwo standards four times each or four standards two times each.

set (IAEA-C-09, L-SVEC, NBS19 and IAEA-CO-1) or suboptimal (L-SVEC,( , , ) p ( ,

pairs to minimise normalisation errors are: USGS35 and USGS34 for nitrates;pairs to minimise normalisation errors are: USGS35 and USGS34 for nitrates;
organic materials. The overall optimal selection among is the IAEA-602 andorganic materials. The overall optimal selection among is the IAEA 602 and

oo
Selection of reference materials for δ13Co Selection of reference materials for δ13C

, Even when a multi-point normalization method is used, the final normalization error,
t

Even when a multi point normalization method is used, the final normalization error
still depends highly on the selection of reference materials their δ values and thet still depends highly on the selection of reference materials, their δ-values and the

b f th i li t [Fi 1 2] F th th t i ti i t d ithe number of their replicates [Fig. 1,2]. Furthermore, the uncertainties associated with
s the calibration of each of the reference materials influences the overall normalization
d error Skrzypek et al [2010] performed both Monte Carlo simulations and laboratoryd
C

error. Skrzypek et al. [2010] performed both Monte Carlo simulations and laboratory
experiments to investigate aspects of error propagation during the normalization ofC experiments to investigate aspects of error propagation during the normalization of
stable carbon isotope data. The normalization error can be reduced by approximatelyp y pp y
50% for δ13C (compare to the two-point normalization) if either two standards are50% for δ C (compare to the two point normalization) if either two standards are
analysed four times each or four standards two times each It has been concludedanalysed four times each, or four standards two times each. It has been concluded
th t i i b th th b f diff t f t d d d th b fthat increasing both the number of different reference standards and the number of
repetitions of each of these standards reduces the normalization error [Fig.2]. Forrepetitions of each of these standards reduces the normalization error [Fig.2]. For
instance for stable carbon isotope analyses using the EA technique the optimal set ofinstance, for stable carbon isotope analyses using the EA technique, the optimal set of

f t i l i IAEA C 09 L SVEC NBS19 d IAEA CO 1 ith th t b treference materials is IAEA-C-09, L-SVEC, NBS19 and IAEA-CO-1, with the next best
option being L-SVEC, NBS22, USGS24 and NBS19 [Skrzypek et al., 2010]. Despitep g , , [ yp , ] p
the availability of several other reference materials these two sets should be used tothe availability of several other reference materials, these two sets should be used to
best minimize the errorsbest minimize the errors.
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Fi 4 N li ti th VSMOW l- Fig. 4. Normalisation error across the VSMOW scale
b t 40 d +80‰ E h f t i ln between -40 and +80‰. Each reference material was
considered as analysed once (no replicates) The grayn considered as analysed once (no replicates). The gray
shadow indicated the approximate typical range of,

t
shadow indicated the approximate typical range of
d18O variability in natural samples from varioust d O variability in natural samples from various
environments

r
environments.

ee
Selection of reference materials for δ18O analyses, Selection of reference materials for δ18O analyses

a The level of reduction in errors is especially visible when the reference materials
f

p y
employed have relatively high uncertainty, due to the precision of the analyticalf

e
employed have relatively high uncertainty, due to the precision of the analytical
technique (e g High Temperature Conversion) or its chemical composition (e g δ18Oe technique (e.g., High Temperature Conversion) or its chemical composition (e.g., δ18O
i ld CO f it t t i l ) [B d t l 2009 Sk k d S dl 2011]. yield as CO from nitrate materials) [Brand et al., 2009; Skrzypek and Sadler, 2011].

s Similarly, for stable carbon isotope composition, a much lower uncertainty in stables S a y, o s ab e ca bo so ope co pos o , a uc o e u ce a y s ab e
oxygen isotope analyses can be easily achieved through an optimal selection ofoxygen isotope analyses can be easily achieved through an optimal selection of

f t i l Sk k d S dl [2011] l l t d th t th b t f ireference materials. Skrzypek and Sadler [2011], calculated that the best performing
pairs minimizing the errors for nitrates are USGS35 and USGS34; for sulphates IAEA-p g ; p
SO-6 and IAEA-SO-5; and for organic materials IAEA-601 and IAEA-602 [Fig 3] ForSO 6 and IAEA SO 5; and for organic materials IAEA 601 and IAEA 602 [Fig.3]. For
both carbon and oxygen analyses the observed errors were lowest when referenceboth carbon and oxygen analyses, the observed errors were lowest when reference

i l l d h f h id d d hi hmaterials were located nearest to the extremes of the considered range, and highest
for reference materials covering only a narrow range of d-values. However, thefor reference materials covering only a narrow range of d values. However, the
difference is especially distinct for δ18O solid reference materials due to their higherdifference is especially distinct for δ18O solid reference materials due to their higher

t i ti A ibl ff t h ld l b t k i t t d i thuncertainties. A possible memory effect should also be taken into account during the
selection of reference materials.
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