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Abstract. Maintaining consistent traceability of high- 0.000+0.010%., respectively. The results are consistent
precision measurements of @@sotopes is critical in or-  with a continuous contribution of fossil fuel G@o the atmo-
der to obtain accurate atmospheric trend$’8 ands80  sphere, having a trend toward more negativé*iC, whereas
(in COp). Although a number of laboratories/organizations the lack of change a0 likely reflects the influence from
around the world have been conducting baseline measurghe global hydrologic cycle. The total change 8fC and
ments of atmospheric GOsotopes for several decades, re- §180 during this period is~ —0.27 %o and~ 0.00 %o, re-
ports on the traceability and maintenance are rare. In this paspectively. Finally, the challenges and recommendations as
per, a principle and an approach for maintaining consistenstrategies to maintain a consistent traceability are described.
traceability in high-precision isotope measuremestsSq
and §180) of atmospheric C®are described. The concept
of Big Deltais introduced and its role in maintaining trace-
ability of the isotope measurements is described and dis1 Introduction
cussed extensively. The uncertainties of the traceability have
been estimated based on annual calibration records over tHérecise determination of the isotope compositions of atmo-
last 10 yr. The overall uncertainties of G@otope measure- spheric CQ plays an important role in understanding the
ments for individual ambient samples analyzed by the pro-carbon cycle and, in turn, addresses the issue of the con-
gram at Environment Canada have been estimated (excludinuous increase of atmospheric @t regional and global
ing these associated with the sampling). The values are 0.08cales. Numerous studies have been conducted to understand
and 0.05 %o ins*3C ands'80, respectively, which are close the exchanges of Cbetween the atmosphere, the terrestrial
to the World Meteorological Organization (WMO) targets biosphere and the oceans to quantify the relevant sources and
for data compatibility. The annual rates of changegtAC  sinks (Keeling 1960, 1961; Keeling et al., 1979, 1995; Mook
ands180 of the primary anchor (which links the flask mea- at al., 1983; Francey et al., 1995; Bakwin et al., 1998; Ciais
surements back to the VPDB-GQcale) are close to zero et al., 1995, 1997; Battle et al., 2000; Allison and Francey,
(—0.00164 0.0012 %0, and—0.0064 0.003 %o per year, re- 2007). From 1990 through 2010, the average annual global
spectively) over a period of 10yr (2001-2011). The aver-rate of change of carbon isotopic composition in atmospheric
age annual changes 6#3C and§80 in air CO, at Alert  COp is ~ —0.026 +0.001 %o in$3C. This result was de-
GAW station over the period from 1999 to 2010 have beenrived from annual averages of all surface marine bound-
evaluated and confirmed; they ared.025+0.003%0 and ary layer (MBL) referenceshftp://www.esrl.noaa.gov/gmd/
ccgg/about/globameans.html “MBL” sites (Masarie and
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Tans, 1995) are a subset of the global cooperative air samisotope compositions of these standards can be exploited to
pling network sites operated by National Oceanic and Atmo-ensure that long-term reproducibility and precision are main-
spheric Administration (NOAA), where samples are predom-tained (Huang et al., 2002; Allison and Francey, 2007). Here,
inantly representative of a large volume of the atmospherethe concepts behind best practices for ensuring consistent
These sites are typically at remote marine sea level locationraceability (standardization) in long-term isotope measure-
with prevailing onshore winds. The use of MBL data results ments of atmospheric GQusing differences in standards is
in a low-noise representation of the global trend and allowsexplored.
us to make the estimate directly from the data without the It is very challenging to ensure low uncertainty in the
need for an atmospheric transport model. determination of a singular standard (for example, less
The CQ isotope data obtained from the “MBL” sites were than 0.02 fos13C as pure C@gas over decades). This diffi-
measured by the Institute of Arctic and Alpine Researchculty is exacerbated because in order to ensure a lower level
(INSTAAR) at University of Colorado (White and Vaughn, standard (e.g., a secondary or tertiary) is stable within the
2011; Vaughn et al., 2010; Masarie et al., 2001; Trolier etrange of~ 0.02 %o, better stability<€ 0.02 %o) is required for
al., 1996). In the Northern Hemisphere, corresponding val-a higher level standard (e.g., the primary or secondary). Ul-
ues were derived from measurements (Fig. 1a and b) madgmately, it is imperative to ensure that the primary standard
by Environment Canada at the Alert GAW station{8Z N, (NBS19) is stable over long periods of time with an annual
62°31 W). The average annual rate of chang&AC (i.e., change rate significantly less than 0.02 %.. In order to quan-
~ —0.025+ 0.003 %o yr-! from 1999 through 2010) is very tify the uncertainties of C@isotope measurements for am-
similar to that derived by NOAA+0.026+ 0.001 %o yr1). bient samples and derive long-term trends from those mea-
The extent of the observed change was driven by the contrisurements, it is important to understand and quantify the un-
butions from natural and anthropogenic carbon sources andertainties for the standards used for the measurements and
sinks. Precisely determining the magnitude of those changethe overall uncertainty through the traceability.
will help us to understand the complicated mechanisms of In this paper, we present our results from a period of
carbon cycle and track the human-induced,G@rease in  decadal time and the approaches to obtain these results,
the atmosphere. This task is especially challenging as théncluding the following:
spatial gradients as well as the trends in atmosphéf€ __ _ o
are very small in comparison to the levels of analytical pre- — The traceability used for high-precision g@sotope
cision even when the most accurate measurement techniques Méasurements in our program at Environment Canada.
are applied (e.g., isotope ratio mass spectrometry — IRMS).
That is the reason why the World Meteorological Organiza-
tion/Global Atmosphere Watch (WMO/GAW) measurement

community has strongly encouraged making high-precision _ The entire records of annual calibrations of secondary

— The CQ isotope measurements and their trends at Alert
station from 1999 to 2010.

measurements at the level of 0.01 and 0.05 %o &51C standards (directly against NBS19-6)@ demonstrate
and §'%0, respectively, to meet the targets for data com-  the traceability implementation and maintenance.
patibility (Expert Group recommendations in GAW publi-

cations 161, 168, 186, 194 and 2Q&tp://www.wmo.int/ — The uncertainties and the stability of the primary an-
pages/prog/arep/gaw/gaw-reports.Htnilo precisely deter- chor, which helps to reveal the stability of NBS19 and

mine small changes in isotopic compositions of atmospheric  to evaluate long-term trends 8t*C ands*80 in atmo-
COy,, any changes in standards that link the individual mea-  spheric CQ at Alert.
surements to the primary scale, i.e., VPDB (Vienna PeeDee
Belemnite), need to be taken into account. In other words, de-
termining an accurate atmospheric trend over a period of time
requires a stable analytical standard over the same period.
Standards play an important role in maintaining trace-
able isotopic measurements (Huang et al., 2002). Consistent
traceability is essential for deriving trends from the observed
data. To implement traceability for isotope measurements in
flask air CQ samples, various forms of laboratory standards2 Traceability
are used, including pure GQair CQO, contained in high-
pressure cylinders and G@roduced from pure carbonates Metrological traceability is defined as “the property of a
(Trolier et al., 1996; Huang et al., 2002; Mukai et al., 2005; measurement result whereby the result can be related to a
Allison and Francey, 2007; Brand et al., 2009; Vaughn etreference through a documented unbroken chain of calibra-
al., 2010). More than one level (e.g., primary, secondary, tertions, each contributing to the measurement uncertainty”
tiary etc.) and more than one form of standards are generallfGAW Report No. 194). No matter what kind of and how
used in individual analytical laboratories. Differences in the many levels of standards are used for calibrationsp, CO

— The overall uncertainty of the ambient measurements
(i.e., the uncertainty propagated from all different levels
of standards used in the traceability chain, including the
CO, evolved from NBS19).

— The challenges and recommendations.
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Fig. 1. (a) Evaluating the trend in13C measurements of flask G@t Alert (1998-2010) with the trend of the primary anchor. The top panel

a: the individual flask measurementssdfC at Alert from 1998 to 2010 by Environment Canada; the middle panel b: the annual means of
flask measurements i#3C from 1998 to 2010 (the range of “X” in the linear relationship1999 and< 2011); the bottom panel c: the
calibration results of the primary anchor (CaIZ)SHf?’C from 2001 to 2011(the range of “X” in the linear relationship2001 and< 2012).

(b) Evaluating the trend i3180 measurements of flask GQ@t Alert (1998-2010) with the trend of the primary anchor. The top panel a:
the individual flask measurements &80 at Alert from 1998 to 2010 by Environment Canada; the middle panel b: the annual means of
flask measurements #+80 from 1998 to 2010 (the range of “X” in the linear relationship1999 and< 2011); the bottom panel c: the
calibration results of the primary anchor (CaIZ)SiWO from 2001 to 2011 (the range of “X” in the linear relationship2001 and< 2012).
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isotope measurements should be traced back to the primamgompositions of these standards are traced to the primary
scale (VPDB) via the primary standard NBS19. It is known standard by the following equations.
that VPDB is a hypothetical standard because the supply
of PDB has been exhausted. The primary VPDB scale i Lab-std/ RvppBCO, = [Riab-sty/ Rwrg]
established by adopting the isotopic compositions of NBS19 - [1/ (RNBSl9CQ/RWRG)] ‘ (RNBSl9CQ/RVPDBCOz)
relative to VPDB as+1.95%. for 5130N8819NPDB and = [RLab-Std/RN8519CQ] . (RNBS]_QCQ/RVPDBCOZ)
—2.2%o for §'80ngs1ovepB (Friedman et al., 1982; Hut, 3
1987; Coplen et al., 2006a). However, NBS19 only defines ~ [ALab‘Std’NBSNC@ x 1077+ 1]
one point on the primary scale. It is almost impossible to
accurately calibrate other secondary standards by this one
point scale. If we use a ruler as an analogy of the scalewhere R is either the ratio of [mass 45/mass 44] or
then no units were defined on the primary ruler to accounimass 46/mass 44] in GO
for scale contraction. In order to define the unit on the ]
primary ruler, at least two standards are required (assuming®Lab-Stinesioce = [ (RLab-std— Rnesieca) /Rnsieca ]
instrument linearity). It would be even better to have three
standards so that the linearity of the instrument can be taken
into account. Following this principle, in establishing a (5N35190Q/WRG % 1073 + 1) %o.
secondary scale (i.e., a local scale for an individual pro-
gram), at least two standards are needed and a large isotoféis term Aj‘jBor 46 is introduced asBig Delta It is de-
difference should exist between the two. In our program,fined as the relative deviation of isotopic ratio (given
two levels of standards are used in the traceability chain tdn %.) between two materials. It can also be expressed
link the individual flask-air CQ isotope measurements back as [(Ra/Rg) — 1] x 103%.. In our case, A is a labo-
to the primary standard. One is the primary (i.e., NBS19)ratory standard (Lab-Std) and B is NBS19-£0Al-
and the others are the secondary carbonate standards$ough the expression oﬁ“Af,_’BO' 46 appears identical to
including NBS18, Call and Cal2. NBS19 and NBS 18 arethe definition of the small delta between A and B (i.e.,
international reference materials that were purchased frorﬁ;"‘,SBf’r 46=[(Ra/Rg) — 1] x 10°%0), the determination dig
the International Atomic Energy Agency (IAEA) through Deltashould not be obtained by a direct measurement against
the website [fttp://nucleus.iaea.org/rpst/ReferenceProductsfeach other but from two raw measurements that are con-
ReferenceMaterials/Stahlsotopes/13C18and7Li/index. ducted separately against the same WRG for an identical
htm; accessed on 22 March 2013). NBS19 was producedreatment principleBig Deltavalues used in this study are
from limestone (mainly composed of CagOwith an  slightly different from those based on conventional definition
unknown source, whereas NBS18 is a calcite (CgCO (e.g., Hoefs, 1997). The latter are differences betweenstwo
that originated from Fen, Norway (Friedman, et al., 1982;values.
Hut, 1987; Stichler, 1995; Coplen et al., 2006a). NBS19 By definition, aBig Delta value isindependent of the
and NBS18 are both used to define the unit on the primaryWRG It is, however, dependent on cross contaminations
scale. Our Call and Cal2 standards are calcium carbonatd€C) in the ion source due to the mixing of sample and refer-
purchased from Aldrich Chemicals and Fisher Scientific,ence gases (Meijer et al., 2000; Verkouteren et al., 2003a,b).
respectively. Call and Cal2 are used to anchor the individuaFactors that impact the CC include ion source configura-
measurements on the primary scale and to evaluate the stéion, the material (that the source is made of), the pump-
bility of the primary anchor (which will be discussed later). ing efficiency (source conductance and cleanliness) and the
As shown on the schematic of the traceability pathway inidle/integration time used for the analysis. Given a specific
Fig. 2, the implementation of the traceability in our program IRMS, although most of the factors could be kept unchanged,
includes two operational steps: annual calibration and dailythe extent of cleanliness of the ion source in an isotopic ra-
measurements. tio mass spectrometer (IRMS) would vary with time. This
affects CC and in turn, th8ig Delta value will fluctuate.
The extent of cleanliness is a relative status for each indi-
2.1 Annual calibrations vidual IRMS instrument. Theoretically, when the high vac-
uum reading is at its lowest, the readings of mass intensity
(for masses 18, 28, 30, 32, 40 and 44) under background
The secondary standards (NBS18, Call and Cal2) are calieonditions are the lowest and the cleanest condition for an
brated to the primary standard (NBS19) by measuring themlRMS should be reached. Then, the extent of CC is the low-
against the same aliquot of a pure £@xs, i.e., a working est and the large®ig Deltavalue should be observed. For
reference gas (WRG) within one day (the WRG preparationa MAT252 instrument, the extent of cleanliness is indicated
is described in Appendix C). This allows identical treatmentsby “background count” and the electronic zero of the back-
for all standards in IRMS analysis procedures. The isotopicground count is 200 (Merritt and Hayes, 1994). Any physical

: [ANBSECQ/VPDBCOZ x 1072 + 1], (1)

x 10%%0 = (8Lab-Std/WRG— SNBS19CQ/WRG) /
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Fig. 2. On the left panel: a schematic of traceability in high-precision isotopic measurements using multiple carbonates, at the Stable Isotope
Research Laboratory (SIRL), CRD/ASTD, Environment Canada. Where the pink square links the standards measured in annual calibrations
and the green triangle links the standards and the sakpialaily measurements. The dotted lines (pink or gray) representing the pathways

by that raws#%46 values are measured, and the solid lines (dark red or green) link the standards or sample froBigvbieha values

can be derived; the red dotted lines with arrows indicate the traceability pathway, i.e., having the sample anchored on YBEBeCO
though twoBig Delta values A x,cal2 and Acaiz/nss19ca)- In the right-hand panel, a schematic of relative positions on the primary
VPDB-CO;, scale (in813CVpDBCQ2 and(SlsOVpDBcoz) for the standards, the WRG and atmosphericClhe arrow heads of gray lines

are towards more positive values on VPDB-L€rale. TheBig Delta values relating NBS18 and NBS19 have been used as the quality
control criteria for obtaining otheBig Delta values (e.9.Acal1/NBS19CG: Acal2/NBs19c@ and Acajz/cald during annual calibrations.

When thes'3Cygsisco, vppeco, ands8ONes18c0 VPDPCG, Match with the recommended values by IAEA, the ofBigy Deltavalues

are considered validAcai2/cal1is measured on both annual calibrations and daily measurements (see the left panel), and has been used
as the quality control criteria for daily measurements. Comparing\iBg2,caj1 values with these obtained from annual calibrations, the
quality of the primary anchor (Cal2) value is ensured and validated. Therefore, the traceability and quality of samples in daily measurements
have been guaranteed.

or configuration modifications to the ion source or changespure-CQ ampoules are prepared (i.e., three separate extrac-
in electronics (amplifiers) can either increase or decrease thgons of evolved CQ) from the carbonate standards using
Big Deltavalues due to their impacts on background count.acid digestion. The reaction is shown as follows:

Such modifications in turn impact the extent of cross con-

tamination. Under ideal conditions (approaching the clean-3CaCQ + 2HzPOy — 3CO; + 3H20 + Cag (POy)2. (2)

est extent of an IRMS source), tBég Deltavalues between ) ) .

two CO, samples should approach a constant that can be pre=ach calibration set includes NBS19-6ONBS18-CQ,
cisely determined. Using tHgig Deltaapproach, the unitson  C&l1-CQ and Cal2-C@Q. The correspondingig Deltaval-

the primary scale can be defined/maintained and the issue &€S (I-€-ANBS18INBS19 Acall/NBS19 Acai2iNBS19 Acalz/Call
scale contraction can be addressed. etc.) have been determined (Tables 1-4). The measurement

The first two terms on the right-hand side in Eq. (1) are Protocol is included in Table Al (Appendix A). Thiig
measured during annual calibrations, and the last term iQelta values of Anssisnesigare used to validate thBig
the constant recommended by the International Atomic En-Péltavalues ofAcainesis Acaizinesi9andAcaizicaisince
ergy Agency (Craig, 1957; Allison et al., 1995). The an- the NBS18 measured values can be compared with the liter-
nual calibrations determine thgig Delta values between ature values (Stichler, 1995; Verkouteren et al., 2004). The
the secondary laboratory standards and NBS19-(@. details for validatingBig Deltavalues during annual calibra-
[ALab-stnes1oce]) that determine the unit of the primary tions are described in the caption of Fig. 2.

scale. In each individual calibration, usually three sets of
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Table 1.1sotopic compositions of NBS18 in annual calibrations by MAT252 (2001-2011) and IsoPrime (2002—-2011).

NBS19 NBS18 Big Delta

Decimal year Extra. Pre-T 4§ sd. 5% sd 54 sd. 546 s.d. 13¢ s.d. 189 s.d. A% s.d. NS s.d.

No.** °C vs. Ref (raw) vs. Ref (raw) vs. VPDBCO (NBS18 vs. NBS19)
by IRMS: MAT252
2001.45 4 25 13.560 0.008 7.894 0.014 6.281 0.01313.080 0.057 —-5.023 0.012 —-22.971 0.056 —7.181 0.012 —-20.810 0.062
2001.54 6 25 13.568 0.010 7.904 0.026 6.278 0.01313.053 0.023 —5.033 0.014 —-22.951 0.023 —7.192 0.015 -20.792 0.033
2002.33 3 25 13.551 0.003 7.891 0.025 6.267 0.01313.012 0.017 —5.032 0.019 —-22.900 0.011 —7.187 0.016 —20.739 0.030
2003.48 6 25 13.797 0.008 7.645 0.031 6.486 0.01013.335 0.018 —5.056 0.010 —22.976 0.018 —7.211 0.014 -20.821 0.033
2004.35 3 25 13.799 0.014 7.638 0.039 6.500 0.01413.389 0.012 —-5.041 0.015 -23.029 0.012 —7.200 0.010 —20.867 0.039
2005.20 3 25 13.797 0.008 7.685 0.027 6.478 0.00#13.363 0.017 —5.061 0.007 —-23.048 0.017 —7.219 0.014 -20.887 0.028
2006.54 3 25 13.807 0.003 7.634 0.020 6.486 0.01113.424 0.009 —5.063 0.012 —-23.059 0.009 —7.221 0.008 —-20.898 0.010
2007.20 3 25 13.805 0.003 7.684 0.025 6.475 0.00813.488 0.026 —5.069 0.009 —-23.171 0.026 —7.231 0.010 -21.010 0.034
2008.28 3 25 13.844 0.006 7.751 0.008 6.521 0.06313.395 0.010 —5.062 0.004 -23.145 0.010 —7.223 0.007 —-20.984 0.004
2009.22 3 25 13.840 0.003 7.692 0.052 6.523 0.02213.407 0.014 —5.057 0.023 -23.099 0.014 —7.217 0.022 -20.938 0.064
2010.20 3 25 13.843 0.007 7.753 0.019 6.513 0.02213.374 0.016 —-5.070 0.022 -23.125 0.015 —7.230 0.022 -20.964 0.010
2011.28 3 25 13.846 0.003 7.706 0.017 6.513 0.01913.433 0.023 —-5.073 0.019 -23.139 0.022 —7.233 0.016 —-20.978 0.035
Ave (n=43) —5.053 —23.051 —7.212 —20.891
s.d. (b) 0.017 0.088 0.018 0.087
by IRMS: IsoPrime
2002.74 3 25 13.597 0.006 7.812 0.011 6.302 0.01012.773 0.057 —5.053 0.009 —-22.587 0.056 —7.197 0.013 —-20.425 0.065
2003.18 6 25 13.597 0.008 7.815 0.028 6.295 0.01413.010 0.034 —5.052 0.014 —-22.824 0.033 —7.204 0.021 -20.663 0.047
2004.27 3 25 13.778 0.008 7.522 0.036 6.471 0.01013.007 0.052 —5.066 0.009 —-22.538 0.052 —7.208 0.008 —20.376 0.035
2005.15 3 25 13.830 0.007 7.622 0.033 6.499 0.00913.153 0.025 —5.083 0.009 —-22.780 0.025 —7.231 0.010 —20.618 0.008
2006.22 3 25 13.821 0.006 7.622 0.037 6.517 0.00913.118 0.012 —5.056 0.010 —22.745 0.012 —7.205 0.011 —-20.584 0.026
2007.18 3 25 13.827 0.002 7.677 0.005 6.511 0.01213.245 0.016 —-5.063 0.012 —-22.923 0.016 —7.217 0.012 —-20.762 0.020
2008.24 3 25 13.819 0.014 7.551 0.052 6.503 0.00413.213 0.004 —-5.067 0.007 —-22.770 0.004 —7.216 0.019 —-20.609 0.048
2009.15 3 25 13.828 0.006 7.598 0.039 6.513 0.01213.315 0.022 —-5.062 0.011 —-22.917 0.022 —7.216 0.015 —-20.755 0.048
2010.17 3 25 13.832 0.014 7.600 0.010 6.494 0.00413.230 0.032 —5.088 0.004 —-22.834 0.032 —7.237 0.018 —-20.672 0.031
2011.24 3 25 13.831 0.008 7.644 0.060 6.500 0.00513.202 0.039 —5.080 0.006 —22.850 0.039 —7.231 0.005 -20.688 0.097
Ave (n=33) —5.067 —22.777 —7.216 —20.615
s.d. (b) 0.013 0.128 0.013 0.128
IAEA_1995* (mean) —5.029 —23.035
s.d. (b) 0.049 0.172
NIST_2004° (mean) —5.06 —23.01
s.d. () 0.03 0.22

a: NBS19 and NBS18 (purchased in 1995), b: NBS18 (purchased in 1998), c: NBS19 (purchased in 1998), d: a new ion source with Ta plates used in MAT252, e: changed VFC resistor for a brand new one from Ohmite in

* 170 correction algorithms used: Craig correctitit Extra. No.: extraction number.
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Table 3.1sotopic compositions of Cal2 in annual calibrations by MAT252 (2001-2011) and IsoPrime (2002—2011).

CAL2
Decimal Extra. Pre-T §%  s.d. 546 s.d. 3¢ s.d. 180 s.d. A% s.d. A46 s.d. A% sd. A% sd.
year No** °C vs. Ref (raw) vs. VPDBC® (Cal2 vs. NBS19) (Cal2 vs. NBS18)
by IRMS: MAT252 Big Delta Big Delta
2001.45 a 4 25 8.920 0.015-2.694 0.042 —2.590 0.015 -12.683 0.040 —4.578 0.019 -—-10.505 0.044 2.622 0.012 10.524 0.054
2001.54 6 25 8.926 0.017 —2.705 0.055 —2.589 0.016 —12.701 0.054 —4578 0.023 -10.523 0.067 2.632 0.023 10.484 0.057
2002.33 b 3 25 8.918 0.015-2.666 0.033 —2.584 0.015 -—-12.653 0.033 —4.571 0.011 -10.474 0.037 2.634 0.013 10.482 0.025
2003.48 7 25 9.159 0.019 —2.931 0.013 —2.588 0.020 —12.673 0.013 —4.573 0.023 —-10.486 0.027 2657 0.016 10.548 0.016
2004.35 c 3 25 9.143 0.018 —2.988 0.015 —-2.604 0.019 -—-12.724 0.015 —4592 0.009 —-10.545 0.022 2.622 0.023 10.540 0.003
2005.20 3 25 9.144 0.018 —2.921 0.021 —2.601 0.019 -—-12.703 0.021 —4.589 0.022 —-10.525 0.035 2.649 0.012 10.583 0.007
2006.54 4 25 9.137 0.029 —3.027 0.032 —2.618 0.029 —-12.758 0.032 —4.606 0.027 —10.585 0.021 2636 0.028 10.536 0.027
2007.20 d 3 25 9.123 0.019 —-2.998 0.022 —2.631 0.019 -12.778 0.021 —4.619 0.020 —10.600 0.043 2.631 0.022 10.634 0.045
2008.28 e 3 25 9.195 0.012-2.887 0.015 —2.597 0.012 -12.735 0.014 —4.586 0.007 —10.556 0.008 2.656 0.014 10.651 0.011
2009.22 3 25 9.183 0.004 —2.900 0.008 —2.607 0.004 —12.690 0.008 —4.594 0.007 —10.511 0.059 2642 0.024 10.650 0.008
2010.20 3 25 9.189 0.005 —2.899 0.008 —2.602 0.005 —12.741 0.008 —4591 0.005 -10.570 0.027 2.658 0.018 10.617 0.024
2011.28 3 25 9.202 0.024 —2.919 0.032 —2.592 0.025 -—-12.723 0.031 —4.581 0.026 —10.544 0.020 2.672 0.032 10.657 0.042
Ave (n =45) —2.600 —-12.713 —4.588 —10.535 2.643 10.576
s.d. (I) 0.014 0.036 0.014 0.039 0.016 0.065
by IRMS: IsoPrime
2002.74 b 3 25 8.958 0.013 -2.603 0.032 —2.594 0.013 -—-12.512 0.032 —4.576 0.018 —10.334 0.023 2.640 0.011 10.302 0.078
2003.18 6 25 8.957 0.016 —2.678 0.017 —2.593 0.017 —12.590 0.017 —4578 0.015 -10.411 0.020 2645 0.025 10.468 0.028
2004.27 [« 3 25 9.159 0.011 -2.792 0.025 —2.576 0.011 -12.416 0.025 —4.556 0.019 -10.237 0.060 2.671 0.016 10.349 0.069
2005.15 3 25 9.176 0.031 —2.816 0.054 —2.609 0.031 —-12.538 0.054 —4.591 0.028 —10.360 0.034 2.659 0.022 10.474 0.034
2006.22 3 25 9.168 0.018 —2.858 0.018 —2.606 0.018 —12.579 0.017 —4589 0.014 -10.401 0.030 2.635 0.015 10.397 0.009
2007.18 3 25 9.172 0.009 —2.898 0.020 —2.606 0.009 —-12.672 0.020 —4.592 0.007 —10.494 0.023 2.644 0.012 10.486 0.004
2008.24 3 25 9.137 0.003 —2.941 0.004 —2.636 0.003 —12.592 0.004 —4.618 0.014 —-10.414 0.049 2617 0.005 10.409 0.006
2009.15 3 25 9.157 0.011 —2.969 0.028 —2.623 0.012 —-12.666 0.028 —4.608 0.016 —10.487 0.056 2.627 0.008 10.486 0.047
2010.17 3 25 9.152 0.015 —-2.938 0.046 —2.629 0.014 -12.635 0.046 —4.616 0.015 —-10.459 0.048 2.641 0.016 10.429 0.080
2011.24 3 25 9.186 0.015-2.813 0.049 —2.599 0.014 —-12.557 0.048 —4.582 0.022 -10.378 0.107 2668 0.018 10.528 0.011
Ave (n =33) —2.607 —12.576 —4.590 —10.397 2.645 10.433
s.d. (I) 0.018 0.077 0.019 0.077 0.017 0.070

a: NBS19 and NBS18 (purchased in 1995), b: NBS18 (purchased in 1998), c: NBS19 (purchased in 1998), d: a new ion source with Ta plates used in MAT252, e: changed VFC resistor for a brand new one from Ohmite in
** Extra. No.: extraction number.
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2.2 Daily measurements wherekE is the ratio of ionization efficiency (RIE) of #D re-
lated to CQ, and 0.708 was determined using the MAT252
Individual flask CQ samples are analyzed in conjunction jnstrument (the only IRMS used for GGsotopes measure-
with the secondary standards against the same WRG. Ustments); [NO]/[CO>] are the mole fraction ratio of HD
ally, 12 samples are measured as a suite within the period of qub) and CO (ppm) concentrations measured at Environ-
single day. A pair of Call and Cal2 are analyzed at the beginment Canadai}>, andsy2, are the delta values that would
ning and a Cal2 is analyzed at the end of the suite. The meape obtained measuring-® as if it were CQ versus a
surement protocol is described in Table A2 (Appendix A). CO, standard. Combining our measurements and the liter-
A Big Deltavalue is derived for every single daily measure- ature values (Mook and Van der Hoek, 1983; Friedli and
ment suite. The comparison of this value with the annually Sjegenthaler, 1988), thﬁ@o and 5’{&0 used in the algo-
determinedig Deltavalue provides an important validation rithm are —345 %. and—506 %o, respectively. The uncer-
criterion for the daily prepared standards (Call and Cal2). Atainties of the correction terms in Eq. (5a) and (5b), due to
second Cal2 analysis provides an additional measure of sys;sing Various(gl}éo or 5&80 (e.g., 10 %o for —345 %o and
tem stability over the entire measurement period and an im=t 10 %, for —506 %) ané different RIE (e.g., 0.70-0.73, re-
portant validation measure for the unknown samples in theported values of MAT252; Ghosh and Brand, 2004, and per-
suite. The isotopic composition of individual samples are de-sonal communication with C. Allison, March 2013), are neg-
termined using the following equation and linked to the pri- |igible (< 0.01 %o).83Ccorr and§180c0r are NoO corrected
mary standard. values 0f§13Cheasand§180meas The same correction algo-

[ Rsam/ RvppBCo,] = [Rsan/ Rwra) - [1/ (Riab-sid/ Rwro)] rithms for both!’O and NO have been applied to the entire

_ dataset to avoid any additional errors.
* (Riab-st/ Rvppecoy) = [Rsan/ Riab-sid Big Deltavalues between the samples and the laboratory

- (RLab-std/ RvppBCO,) = [Rsany RLab-std standards are also determined for daily measurements, which

- [RLab-sto/ RnBs19ca | - (RnBsi9ca/RvpbBCO,) are used to anchor the individual measurements on the pri-
e mary scale of VPDB-C@(see Eq. 3). In generad, labora-

- [Asam"-ab'swx 10+ 1] tory standard that has been calibrated directly or indirectly

using NBS19-C@and used in calculations of**Cyppsco,
andé$80yppaco, to link the isotopic compositions of a sam-
(3) ple to the primary scale is referred to as a primary anchor
The primary anchor adopted in our program is the pure CO
where Rsam is either the ratio of mass 45 to 44 or eyolved from Cal2 carbonate. The overall uncertainties of
mass 46 to 44 in a samplé*>(COz)sam-vroece and  §13C ands80 measurements can be estimated from Eq. (3)
345(CO2)sam-vpDBCQ are defined as using error propagation for the two terms on the right (i.e.,
45 or 46 _ _ 9 Asam/Lab-std@nd A ap-sta/NBS19ce)- One of the uncertain-
’ (CODsamvposcg = [(Rsan/ Rypoace,) — 1] x 10°%. (4) ties is related to the primary an?:hor. The advantages of this
Equation (3) shows the documented traceability chain in CO approach for maintaining traceability include the following:
isotope measurements for individual @@amples collected (|) the units of the primary scale (accounting for scale con-
in the Environment Canada Greenhouse Gas Observatioftaction) are evaluated annually; (i) individual isotopic mea-
Network (Huang and Worthy, 2005). Here VPDB-g8the  surements are firmly anchored to the primary scale; (iii) the
CO; gas that would be liberated from VPDB at 25 if it uncertainty of the primary anchor can be characterized, mon-
existed, with *3Cyppeco,/vrps Value equal to zero com- jtored and minimized; and (iv) the overall uncertainty of in-
pared to &'®0vppaco,/vPoB Value of 10.25 % (Gonfiantini  dividual ambient measurements can be explicitly estimated.
et al., 1995). Using the results of Eq. (é)‘?CVpDBCO2 and
8180yppBCO, Of @ sample are calculated by applying e
correction used by Allison et al. (1995). This correction is 3 yncertainty in traceability
very similar to the Craig correction (Craig, 1957).

It should also be noted that air samples have an addiin order to maintain the traceability for isotope measure-
tional N; O correction as MO is an interference to masses 44, ments, two secondary carbonate standards (Call and Cal2)
45 and 46 in CQ isotopic ratio measurements. The equa- with a significant difference iB13C (~42.6 %) are used.
tions used in our MO correction are based on the general They, along with NBS18, are directly calibrated by NBS19
equation by Mook and Van der Hoek (1983) and Mook andon an annual basis during the periods (usually between
Jongsma (1987): February and April) when the relative humidity is typically

13 _ 13 _s13 . the lowest of a year (so that the most stabl€O val-

5" Ceorr = 6™ Cmeast £ - S0 [NZO/[COZ] 0.001 (3a) ues can be attained). The uncertainty of the traceability in-
8180cor = 6180meast E-S,ﬁgo[NzO] /[CO»]-0.001, (5b) cludes those from_ carbonate preparations; @mractio_ns
and IRMS analysis. Based on Eq. (3), the uncertainty of

: [ALab—Std/N8819CQ x 1073 + 1]

. [ANBSNCQ/VPDBCOZ x 1073 4 1],

Atmos. Meas. Tech., 6, 1685705 2013 www.atmos-meas-tech.net/6/1685/2013/
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Rsany RvPDBCO, in the traceability is contributed only by reference gases should be as close as possible to that,of CO
two terms, i.e. Rsany/ RLab-stdfrom daily measurements and in ambient air (GAW Report No. 194). While thgig Delta
RLab-std/ RnBs19-co from annual calibrations. value approaches zero, the cross contamination effect is the
The four carbonates (NBS19, NBS18, Call and Cal2) ardowest, and thus a smaller standard deviation for the value
evolved into pure CQvia acid digestions using 40O, with would be obtained (Fig. 3). To minimize uncertainties due
mass percentage 100 % and a specific gravity of 1.91-1.92 to the scale contraction introduced in batlaamy ap-stg@nd
at 254+ 0.1°C. It is known that the amount of4D in H3POy AlLab-stanes1oce (Fig. 3), it is suggested to use a labora-
impacts the precision of’0 analysis because the oxygen tory standard with &3C value between the NBS19 (i.e.,
isotopes in evolved CPOcan easily exchange with those +1.95%.) and the ambient atmospheric £0@- —8 %.) as
in liquid H2O (e.g., McCrea, 1950; Clayton, 1959). Equa- the primary anchor. Cal2 has been used as the primary an-
tion (2) shows that water would be released from the reacchor for all flask samples collected from the Environment
tion along with the evolved C% To minimize the impact of Canada Greenhouse Gas Observation Network because it
available liquid BO on the isotopic exchanges with @O has the smallesBig Delta values related to NBS19 (i.e.,
excess ROs is needed to absorb the,B that can poten- A& ,ngs19co @Nd A& nesioce) @nd the smallest stan-
tially exist in the acid (Zachary, 2007). A solution ogPiOs dard deviations, showing the greatest stability over the period
with a mass percentage greater than 100 % indicates exces$ 10yr amongst all of the secondary standards (Tables 1—
P>Os in the solution. If the mass percentage is too large,4). The uncertainties related to the calibration of the pri-
the solution tends to crystallize and makes the diffusion ofmary anchor (one of the important uncertainties in the trace-
CQ; to the gas phase more difficult. This will also cause iso-ability) are <0.02 %o in AéSaIZ/NBSlQCQ and ~0.04 %o in

topic fractionations and affect the precision of #1€0 val- AL 2/Bsiecg (One standard deviation) measured using the
ues. The commercially availablesFIO; has mass percent- MAT252 (the only IRMS used for flask:3C ands80 mea-
ages usually on the order of 85% and is thus not SUitableSurements of the program)
H3sPOy with a mass percentage greater than 100 % can be The uncertainty of the other termgamian-sq in the
i = . o ) -

only cu.stoinlmalldseé Thilspguﬁcdgravny of 100 @H(D“ Isth traceability can be only determined by using an air,CO
%pprIOX|mae¥th. gm.f.. asgt oan(')ur 'exfperle?cgels,t € cylinder because replicate analysis is required over many
'133 ranl?_elz OTh e_sphem ¢ gravi ydo 3 O]f‘ IS lr(c_Jm ~1 10 years. Flasks are not suitable due to the limitation of allow-

~<gmt = 1he In-house procedure of ma INGIPOy is ing only single analysis by our current procedure. A high-
attached as Appendix B. A recent report by Wendeberg ebressure aluminum cylinder of air GOwhich can be very

al. (2011) found that thé80 of H3POy will likely affect S ;
18 o . stable (Ghosh et al., 2005), was primarily used for quality
the 50 of CQ, evolved from the acid digestion when the control (QC) purposes and was treated in the same manner as

:na_ss peLcentagt;e t0f3HO4E;S < leZP%. -l__l_r;:s IS du_? to Iso- air flask samples. The uncertainties/®fc air-cotank/Lab-Std
opic exchange betweery and PQ;. The specific grav- have been determined by repeated analysis over several

ity of H3PQy used in our program over the past 10yr rangesyears. The air-C@tank used here for deriving the uncer-

1 i _
from 1.91 to 1.92gmL-, corresponding to a mass per tainty of Asam/Lab.stdS designated as QC3 (which was filled

centage of 104-105 %. In each individual calibration event, i dry air at Alert GAW station in September 2000). As
at least three separate acid digestions are processed fgﬁown in Fig. 4, the one-sigma uncertainty of the 'mea_

each of the four carbonates, followed by cryogenic extrac- 45 46 -

. sured A and A is 0.017 and 0.043 %o, re-
tions of the evolved C®and IRMS measurements. These TQcCs/Calz QCS’Ca'ZeU °
data obtained from the annual calibrations (over the pastPectively. After applying ,thls 0 andlé\jgo corrections,
decade) using two IRMSs, i.e., Finnigan MAT252 and Mi- the values of uncertainty id**C and§™O are the same

45 46 N
cromass IsoPrime, are shown in Tables 1-4, including@tge 25 th?s‘_et_'nAQCSICa{Z an_clj AQC3,C3|2b|nferr|Qg trt1at the
Delta values 0fALsy stangsioce: the S13C m.svposcg  UNCeTainties are primarily caused by carbonate prepara-

ands80 ab-stvppECo Values and the associated uncertain- tions and IRMS measurements. Therefore, the uncertainty in

ties (including those from carbonate preparations and IRMSEY- (3) represents the uncertainty of the traceability (from

analysis). The stability of the traceability and the overall Rsany RwWGR 10 Rsan/ RVPDB-cozzs./l‘iJG&ng the uncertainties of
uncertainty for individual measurements are estimated fromA caiz/nss19-co (Table 3) andAoeg 0,0 (Fig. 4), the overall

these data. uncertainties ongsa/;?VPDBCQ (i.e., Agi/:gi,PDBCQ) can be

The standard deviations of these correspondiitgDelta  determined by applying the principle of error propagation to
values range from 0.02—0.04 %o foa*> and 0.04-0.09 %. for  Eq. (3) as follows:

A%, which are proportional to the absolute valuesBig

Delta (Fig. 3). It implies that the two samples with a larger (545/46

Big Delta value would be more easily impacted by cross

contaminations/scale contraction than the two with a smaller N 45/46  \2 45/46 2714/2
= [o (st ) 4 o (a )

(C OZ)QCSNPDBCQ)

Big Deltavalue. This is also the reason why WMO experts Qc3/Cal Cal2/NBS19CQ
recommended that the isotopic composition of the working
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Fig. 3. There is a positive correlation between the absdBiteDeltavalues and the corresponding standard deviations in both carbon (top
panel) and oxygen (bottom panel) isotopes. The coefficient of determina%)js 0.94 and 0.63 fon*° andA46, respectively. The absolute
Big Deltavalue of the primary anchor (Cal2) relative to NBS194.59 %o in A%° (s.d.: 0.01 %0) and- 10.54 %o inA%8 (s.d.: 0.04 %o).

The calculated uncertainty fo?45(C02)Qc3/vaBcQ and 4.1 Linking to VPDB-CO> using Big Delta
848(CO2)qcavppBCG IS 0.02 and 0.05%., respectively.

These are very close to the values shown in F|g 4 thatThe first role has been to link all individual measurements
are based on statistical variations in the measurements. It i the primary scale: VPDB as shown by Eq. (3). As de-
safe to conclude that the overall uncertainty of the traceabil-Scribed above the annual calibration and daily measurements
ity in CO, isotope measurements for individual flask sam- are two independent rings in the chain of the traceability
ples from the Environment Canada network is on the ordeffor our CQ; isotope measurements, each expressedgag a
0.02 %o for $13C and 0.05 %o fors180. No uncertainties in Delta value. The uncertainties of the twBig Delta terms

the 170 and NO corrections are considered here since theh@'ped determine the overall Uncertainty along the traceabil-
same parameters and algorithm have been applied since th& pathway. Over the 10yr period, different batches (which
inception of the program. As mentioned previously, the un-were purchased in different years) of NBS19 and NBS18

certainties due to using different values of the parameters invere used, and parts were also changed on the IRMS. A
N,O correction are negligible. new ion source that was installed in 2007 and the original

voltage-to-frequency conversion (VFC) resistor was replaced
in 2008 (noted in Tables 1-4). These changes could have po-
4 The roles ofBig Delta tentially modified theBig Deltafrom the largest observable
o o ) ) _ values and contributed to their variations and uncertainties.
If two samples have intrinsic and distinguishable isotopic However, as shown in Tables 1-Big Deltavalues are close
compositions, the relative deviation in isotope ratio should;, -onstant over the 10 yr period although & " 46 val-
be constant and independent of the fluctuations of instrument,o ¢ (raw data) fluctuate with time due to the use of various
response, as illustrated in Fig. 5. As introduced in Sect. 2, §yRrGs. This indicates that generally the procedures for car-
Big Deltais a relative deviation of two isotopic ratios so that 5nate preparations and the instruments analysis have been
it can be precisely determined. The unique propertBief  ngistent over the entire 10 yr period. This consistency pro-
Delta has played two major roles in maintaining traceability \;jes 4 solid foundation for evaluating and determining the
of high-precision isotope measurements in our program OVefong-term trends 0813C ands80 in atmospheric CQ
the last decade.
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—

S -

s}f,\‘ 1.75 Mean (n=110): 813C = 0.00301 * Year - 13.896

o

g 285 813C: - 7.858 + 0.017 %o

E o A45Qc3/Ca|22—4.90410.017 %0 @

>

O
a _795\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
e} .

~~

(=

8 465 . 5180 = - 0.0068 * Year + 8.793

= Mean (n=110):

o

Q 485 5180: - 4.850 + 0.043 %o

E o A46Qc3/Ca|zi 7.603 £ 0.043 %o

>

2

| | | | | | | | |

T/'O 0 T T T T O R R

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008

Year

Fig. 4. Isotopic measurements of QC3 from 2003 to 2008 (QC3 is an aluminum high-pressureyaa&Qhat was filled with dry air at
Alertin Sept. 2000). Top panel is f6#3C and the bottom panel for80 (the range of “Year” in the linear relationship:2002 and< 2008).

13C/12C *
Rirue A =T+
e =
6\()Q Instrument response change from 1° to I*
t=T°
Rt sd1
Rt_Sam
Rt sd-2
0
C
0 RO sd2 ROy _sam RO sd-1
R*mn_sd-2 R*n_sam R*n_sd1

R IRMS-mea 13C/12C
Fig. 5. Schematic of the relationship between the intrinsic/true isotopic ratio f:213C/12C) and the isotopic ratio measured by IRMS.
There are two standards (Std-1 and Std-2) and one sample shown in the diagram. Their intrinsic/true isotopic compositions are distinguishable
asR; sd-1, Ri_sg-2 andR; samon the y-axis and the corresponding measured isotopic compositions are shown on the x-axis. If the instrument
response changes frof? (at7=709) to I* (at =T*), the measured isotopic ratios for two standards and the sample would change from
0 0 0 i (i 0 0 0
R sd-2 Rm sd-2 Rm_sam!® Rm sd-2 Rm_sd-2 Rm_sam However, the ratios (-8R0, san{ R sa-2h [Roy s Rp s¢-4]) would not change
and they are always equal to the corresponding intrinsic/true raiosSahy/ Rt sd-1l, [ Rt_sd-2/ Ri_sg-1l, respectively, since trianglaBCis
similar to triangleDEC and FGC and triangleA* B*C is similar to triangleD* E*C and F*G*C, as illustrated in the above schematic.

A closer investigation of theBig Delta values (by (as indicated by background count) has been a dominant
MAT252) shows that th®&ig Deltavalues have also slightly factor for the small drift over the period, particularly for
varied or shifted, particularly forAcaiicair values (the A% as the ion source becomes cleaner, Biige Delta val-
largest and the most sensitive to procedure and/or instruues get larger. Usually, the ion source would be cleaned by
ment fluctuations). Based on results shown in Table 4, it isbaking at~100°C for > 24 h while bleeding pure hydro-
likely that the cleanliness of the ion source of the MAT252 gen (with 5.0 UHP grade from Praxair) through overnight.
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This cleaning procedure would be carried out when the readensure such consistency of the normalization over time. In-
ing of background count approached 220. The lar@@#gt strument response and/or procedure fluctuations should be
Delta values have been accepted as our benchmarks. Nevethe major error sources causing the uncertainty in traceabil-
theless, it is shown that the variations AEa2/nes19ce bY ity, leading to non-consistency of the measurements over
MAT252 are very small, and its standard deviations (includ-time even though the changes in the standards or references
ing all sources of errors) are within the ranges«d.02 %o in themselves are also possible. However, distinguishing the
§13C and~ 0.04 %o ins180 over this 10 yr period. These val- fluctuations due to external factors from the changes due to
ues are close to the WMO targets of 0.01 and 0.05 %0 forstandards themselves is not simple to answer but very impor-
data comparability irs13C and §180, providing the preci- tant to the traceability maintenance for high-precision,CO
sion and the stability of Cal2 as the primary anchor. The re-isotope measurements, and thus critical for verifying atmo-
sults from IsoPrime analyses show very similar patterns forspheric trends of Cgisotopes (in botts3C ands®0). Var-

A& 2nBs1acq but not for AL\ eci9co- This may sug-  ious combinations oBig Deltavalues derived amongst dif-
gest that the differences in the high vacuum and the waterferent standards and references have provided powerful tools
content levels inside of ion source have larger impacts orto ensure the QA/QC procedures in our program. These in-

8180 than those o3C measurements. Usually, there is a clude the following:

lower vacuum and a higher level of water vapor in IsoPrime.
Compared with those in MAT252, it is likely that more iso-
topic exchanges between g@nd HO would occur inside

of IsoPrime’s ion source. This raises a serious issue of scale
contraction regarding thé180 measurements by different
types of instruments. However, we only used MAT252 for
flask CQ isotope measurements. The MAT252 results indi-
cate that as long as tHgig Delta value is relatively small
(~10%o or less as shown in Fig. 3), even the fluctuations
in cleanliness of the ion source would not have obvious im-
pacts on thaBig Deltavalue. Thus, the extent of scale con-
traction could be minimized. Therefore, it is concluded that
using Cal2 as the primary anchor allows us to precisely and
consistently link all of our isotopic measurements of atmo-
spheric CQ samples to the VPDB-Cfscale.

4.2 Conducting QA/QC usingBig Delta

The second role dBig Deltais to carry out quality assurance
and quality control (QA/QC) procedures as a diagnostic tool,
to monitor fluctuations in instruments and associated appa-
ratuses. It also serves as a measure to track the stability of
various levels of standards. It can be used to detect drifting
of scales in time within one individual laboratory (Fig. 1a
and b) or scale contractions between laboratories (Huang et
al., 2011). A two-point scale normalization in carbon iso-
tope measurements is recommended by Coplen et al. (2006b)
in order to resolve the issues of scale contraction or shift-
ing by normalizing the difference betweéf*CngsionvrPDB
ands13C.svecvpps Obtained by individual laboratories to

a fixed value (i.e., the recommended value). L-SVEC is a
lithium carbonate prepared by H. Svec, lowa State Univer-
sity, originally to be used as a reference material for lithium
isotopic composition (Flesch et al., 1973). Due to its quite
negative$13Cyppg value (-46.6+0.2%o), it was recom-
mended to use NBS19 and L-SVEC together to implement
a two-point calibration. However, to implement this recom-

. . . 45/46
mendation, theBig Delta valueg (_I'e'_’A_L-éVEC/NBSNCQ)

between NBS19 and L-SVEC in individual labs should be
determined annually to track scale contractions or shifts to

Atmos. Meas. Tech., 6, 1685705 2013

— The comparison of correspondimig Deltavalues be-
tween two IRMSs (MAT252 and IsoPrime) has been
used to assess the performance of instrumentations and
provide the guidance of instrument usage, based on sci-
entific requirements.

The comparison 08'3Cygsisvppece between our
values and the IAEA recommended values validates the

quality of ANs18/NBS19 AcallNBs19 Acalz/NBsi9and
Acalzicainduring annual calibrations.

— The consistency of correspondiBgg Deltavalues be-
tween two IRMSs (MAT252 and IsoPrime) ensures the
consistency of the carbonate preparation procedures.

The largest observesig Deltavalues (the benchmarks)

of Acaiz/cair have been used as an indicator of cross
contamination, which would be sensitively influenced
by the cleanliness of the ion source. An obvious drift
away from these values indicates that the ion source
might need to be cleaned, and cleaning the ion source
allows Big Delta values to return to the benchmarks.
Keeping observedig Deltavalues close to the bench-
marks would minimize the effects of scale contraction.

— The comparison iM ca2/cair between the daily mea-
sured values with those from annual calibrations vali-
dates the quality of the Calls and Cal2s used for daily
measurements to ensure that daily individual measure-
ments are firmly anchored to the primary scale.

To ensure that the primary and secondary standard
themselves have not drifted over time, a batch of
uniformly pure-CQ samples was made by periodi-
cally taking a large aliquot of gas from a pure-£0
high-pressure cylinder (see Appendix C). The variation
ranges 0813C ands'0 are less than 0.02 and 0.04 %o,
respectively. This batch of ampoules is only used for
annual calibrations and referred to as “annual calibra-
tion WRG?". If carbonate preparations are consistent for
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individual years, the raw*® ands*® values of the stan- On the other hand, if a consistent traceability was not
dards (e.g., NBS19, NBS18, Call and Cal2) relative tomaintained, no conclusive results could be made regard-
the “WRG” should be close to constants for each cal-ing a trend in an atmospheric dataset as illustrated by re-
ibration as well as no differences between the calibra-cent discussions on the interhemisph&figCHy trend. Kai
tions in different years. The data presented in Tables let al. (2011) reported an interhemispheric trend%fCHy,
through 4 indicate that this is the case. It is shown thatwhereas Levin et al. (2012) claimed no interhemispheric
all the corresponding raw*®> and 546 values analyzed §13CH, trend observed. This debate has highlighted the im-
by MAT252 are very consistent from year to year with portance of this issue in general for long-term atmospheric
very small standard deviations (onty0.01 ins*> and  observations (Kai et al., 2011, 2012; Levin et al., 2012).
~0.03 in8*%) since the “annual calibration WRG” am-
poules were used in 2008. This suggests that the four
carbonate standards have not changed over the perioﬁ
and the fluctuations d@ig Deltavalues are likely due to
the impacts from external factors, i.e., instrument con-
ditions or procedural variations.

Summary: challenges and recommendations

Robust and traceable atmospheric LiSotope measure-
ments requires a stable primary anchor and consistent trace-
ability, which are critical to assess the trends of atmospheric

In general, a smaBig Deltacan be used to minimize scale Measurements. The primary anchor should be directly and
contraction (discussed in Sect. 4.1), whereas a l@ge regularly calibrated by NBS19-CGand linked to the VPDB

Delta can be used to monitor scale contraction (discussed irfcale firmly. However, all calibrations are based on the as-
this section). sumption that NBS19-Cg&has evolved from the NBS19 car-

bonate preparations properly with the isotopic composition
of the assigned values passed on correctly over time. This
5 Verifying long-term trends in §13C and §'80 at Alert  assumption may not necessarily be valid due tottaero-

o ) geneityof NBS19 carbonate, which may vary between dif-
Determining accurate long-term trendssfC ands'®0 in  terent batches purchased at various times andribensis-
atmospheric CQis critical for understanding the changes in tency of carbonate preparationsvhich may be caused by
carbon emission sources and sinks with time. A long-term athaving slightly different reaction temperatures and specific
mospheric trend id**C or %0 can be precisely determined grayities of HPQ; in acid digestions. Moreover, one factor
only if the stability of the primary anchor on the VPDB-@O  that plays an important role in high-precision isotope mea-
scale is known. As shown in both panels ¢ of Fig. 1a and b.syrements is instrument response, which could fluctuate due
the annual rate of change of the primary anchor (Cal2) ovegg yariations in cleanliness of ion source and its physical con-
the last 10yr (2001-2011) was essentially zero for bote figurations, consequently, leading to changes in cross con-
ands*®0 (i.e., —0.0016 and-0.006 %, respectively). Those  tamination and scale contraction. The uncertainty caused by
are much less than the uncertainties of the IRMS analysis juscale contraction might be traced back to calibrations using
by itself (~0.01 and 0.03 %), not including the additional NBs19 and it could be passed on along the traceability chain.
uncertainties from carbonate preparations and cryogenic exgjtimately all the uncertainties associated with the primary

traction etc. anchor would then impact on the uncertainties of individual
In Fig. 4, we determine the annual drift rate &F°C isotope measurements.

and 5% for the QC3 air standard to be0.003 and  Ag discussed, to obtain high-precision and traceable at-
—0.007 %, respectively (which are close to zero t00). It iS mospheric C@ isotope measurements over decadal time is
evaluated and verified that thg average annual change ra\;eery challenging. The challenges would include (1) identify-
of the measured"*C ands*®0 in air CQ; at the Alert sta-  ing"and verifying proper calibration materials, which should
tion is —0.025:+ 0.003 %0 and 0.008- 0.010 %o, respectively e homogenous and stable; (2) implementing consistent and
(_F|g. la f_;md_b). This likely reflects_ real changes in rela_- proper procedures in carbonate preparations; and (3) quanti-
tive contributions of sources and sinks to the atmospheriGying and monitoring the response of individual instruments.
CO;, not due to drifts in the instrumentation and the iS0- | order to take on those challenges and to characterize and
tope standards or analytical procedures applied. The totahinimize the uncertainties of isotopic measurements (includ-
change of the observed*C in annual average value is jng poth discrete flask and continuofiC measurements,
~—0.27 %o from —8.22% in 1999 t0-8.49%0 in 2010 ¢ g ysing cavity-ring-down techniques (Vogel et al., 2013)
(Fig. 1a), and the total corresponding changé'dD is es- o other measurement techniques), the following recommen-

sentially zero (Fig. 1b). The results suggest that the trend ofjations, as strategies to maintain a consistent traceability, are
813C at Alert has been mainly influenced by the continuousyeyised:

contribution of fossil fuel C@, whereas the pattern 6#80

was likely controlled by the global hydrologic cycle (Welp et~ — USing differentBig Delta values from multiple stan-
al., 2011). dards to establish a unique traceability pathway, as a

documented chain as shown by Eq. (3).
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— Clearly identifying the number of levels through the Appendix A
traceability chain (i.e., how many levels of standards
are needed to link ambient measurements to the primaryvleasurement protocols

scale?) and the calibration frequency for each level.
Al For annual calibrations
— Selecting at least two standards for each level (either air-

CO, or pure CQ evolved from carbonates or commer- Usually, three sets of pure-G@mpoules are prepared via
cially pressurized pure G with relatively large iso- acid digestion from carbonates. Each set includes NBS19,
topic differences; NBS18, Call and Cal2. All ampoules are analyzed against
. ) the same working reference gas of pureqice., APB2, the
- If.possmle, using two secondary laboratory standardspure CQ from a high-pressure cylinder purchased from Air
with the largesBig Deltavalue, as a QA/QC tool, 10 proqycts). A calibration event is completed within a period

mqnitor instrumgr}t and/or prgcedure fluctuations and to¢ 1 day. The measurement sequence is shown in Table AL.
validate the stability of the primary anchor.

— Selecting one of the secondary laboratory standards aéz For daily measurements

the primary anchor. Ideally this anchor should have theyg,qly, there are a total of 12 samples measured for a period
§7°C value between NBS19-G(and the ambient air, ¢ 5ne day by the dedicated IRMS (MAT252) together with

to minimize scale contraction in both calibrations and |poratory standards (i.e., Call and Cal2). The measurement
routine measurements. order and the reasons to carry out this order are shown in the

— Using the same working reference gas (stored batch'aPle A2.
wise in glass ampules) during annual calibrations for
a decadal time span to monitor the fluctuations in raw
§%5 and 846 values for NBS19-C@ and other stan-
dards to ensure the stability of the_individual_stan— Procedure for preparation of ~
dards and validate carbonate preparation/extraction PrO{H3POy)
cedures. This kind of WRG has to be very homogenous
and stable within an uncertainty range-00.02%. and  B1 Apparatus
<0.04 %o in813C ands'0, respectively. The type of
pure CQ flame-sealed in ampoules (e.g., those named - hot plate with stirrer option
as “NARCIS” produced by Mukai et al., 2005) would
be ideal for this purpose as “annual calibration WRG”;

Appendix B

100 % phosphoric acid

— an 800 mL PyreX beaker
— Improving the accuracy and precision of the reaction ~ Teflorf® coated magnetic stirrer
temperature during acid digestions of carbonates (e.g.,
thermometer calibration via a primary device and tem-
perature and humidity control of the surrounding envi- — large metal beaker tongs
ronment of the whole reaction system).

— Pyrex® spatula

B2 Chemicals
— Using kPO, within a consistent range of specific grav-

ity (i.e., 1.91-1.92 gcmd). — 85 % HsPOy 400 mL (source: Aldrich cat# 21,510-4)

— If the primary anchor is air Cg it should be calibrated — P,Os5 300 g (source: Aldrich cat# 29,822-0)

directly by NBS19-CQ at least once per year. ,
— H202 30% 2 mL (source: Aldrich cat# 21,676-3)

If these recommendations are carefully taken, then the tar-

get of overall uncertainties for individual measurements (i.e., — (H202 bp: 150.2C, mp: —0.41°C) from CRC Hand-

0.02 %o for §13C and 0.05 %o fors80) should be achiev- book of Chemistry and Physics, 61st Edn. 1980-1981,
able, a stable primary anchor can be maintained and the B105.

atmospheric trends i13C can be evaluated, verified and  _ CrO; 1020 mg (a few flakes) (source: Aldrich
confirmed. cat# 20,782-9)
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Table Al. Annual calibration sequence by IRMS (MAT252).

Measurement Sample Reference Description Purpose
order bellow  bellow
1 WRG WRG zero checlwith both bellows to check if the crimps for both capillaries at sample and reference sides
connected to each other are evenly balanced (the related raw delta of sample to reference
should be close to 0 %o)
2 WRG WRG zero checkvith both bellows to check if all the conditions in both sample and reference sides are
disconnected from each other identical when real samples are running (the related raw delta of this
should be close to 0 %o)
3 Call WRG measuring Lab-Std(i.e., Call) to obtain th8ig Deltavalues between the Lab-Std and NBS19
with 5130\/pDB_COZ ~ —45.8 %o and to anchor Call on the primary scale via NBS19.
4 Cal2 WRG measuring Lab-Std(i.e., Cal2) to obtain th8ig Deltavalues between the Lab-Std and NBS19
with Sl?’CVpDB,CQZ ~ —2.6 %o and to anchor Cal2 on the primary scale via NBS19.
5 NBS18 WRG measuringn international reference to obtain theBig Deltavalues between NBS18 and NBS19,
(i.e., NBS18) witth13CVF>DB.COZ ~ —5%o and and to anchor NBS18 on the primary scale via NBS19.
6 NBS19 WRG measuringn international standard to 0btain513CN3318,VpDB_cQ, 813C¢a|1NpDB_CQ and513Cc3|2/VpDB_CQ
(i.e., the anchor on the primary scale: via measurindBilgeDeltavalues between NBS19 and those samples.
VPDB-CQy) with §23Cyppg.-co,: +1.95 %o
Call WRG the same as the previous Call the same as above
8 Cal2 WRG the same as the previous Cal2 the same as above
9 NBS18 WRG the same as the previous NBS18 the same as above
10 NBS19 WRG the same as the previous NBS19 the same as above
11 Call WRG the same as the previous Call the same as above
12 Cal2 WRG the same as the previous Cal2 the same as above
13 NBS18 WRG the same as the previous NBS18 the same as above
14 NBS19 WRG the same as the previous NBS19 the same as above

* Starting with 2008, the WRG ampoules used for annual calibrations were from the same batch of APB2 (i.e., all the ampoules were produced at the same time and very
homogenous). It is expected that the raw data #%and?3) between NBS19, NBS18, Call, Cal2 and WRG are very close within one annual calibration as well as between
these annual calibrations (2008-2011) if these samples are properly produced via acid digestion. The data presented in Tables 1 through 4 indicate that this is the case.

B3 Procedures (> 1.92), add more 85 % phosphoric acid to it. A spe-

cific gravity of 1.91-1.92 is ideal. Too high a specific
1. Place 85 % phosphoric acid in an 800 mL beaker onthe  gravity may result in precipitation of solute.

hot plate/with the stirrer in a fume hood and stir on very

high speed with magnetic stirrer. 8. Specific gravity can be measured by pipetting 10 mL of
room temperature acid into a volumetric flask that has
2. Very slowly add BOs. been preweighed on a good quality balance (5 digits).
Be careful not to get any acid on the walls of the flask
3. Slowly add HO, (to oxidize any possible organic com- above the volumetric line. Also ensure that the acid is
pounds), turn on heat and slowly raise the temperature ~ homogenized by shaking the container before pipetting.

of the liquid. Stratification of the acid may occur.

9. Itis better to keep the phosphoric acid 100 %) in the
Teflor® storage bottle for about two months before us-
ing it (according to our experience).

4. As it heats, add a few flakes of C£@o see if there is
any excess b, (H20- is a reducing agent now and
can be oxidized by CrO3). The solution may undergo a
color change from yellow to light green &rto Cr?t).

5. Heat the acid to boiling and allow to boil for 2.5 h. Appendix C

6. Cool slightly and transfer to Tefl6h storage bottles puyre CO, working reference gas (WRG) ampoules
while still hot so that it is still viscous, using the large preparation

tongs to hold the beaker.
A pure-CQ high-pressure cylinder was purchased from
7. Determine the specific gravity of the acid once fully Air Products Canada Ltd in 1998 (named as APB2). Two-
cooled down to room temperature. If the specific grav- liter flasks were preconditioned by cleaning, drying and
ity is relatively low (< 1.91), reheat the batch of acid for evacuating—pressurizing several times before filling from the
a second time. If the specific gravity is relatively high cylinder. Fifty to one hundred pure-GQCampoules were

www.atmos-meas-tech.net/6/1685/2013/ Atmos. Meas. Tech., 6, 1885 2013



1702 L. Huang et al.: Maintaining consistent traceability in high-precision isotope measurements of GO

Table A2. Daily measuremefitsequence by IRMS (MAT252).

Measurement  Sample Reference  Description Purpose

order bellow bellow

1 WRG WRG zero checkwith both to check if the crimps of both capillaries are evenly balanced
bellows connected to each other

2 WRG WRG zero checkwith both to check any problems in running real samples (the related raw
bellows disconnected from each other  delta of this should close to 0 %o)

3 Call WRG measuring Lab-Stdwith to determine th@&ig Deltabetween two Lab-Stds for
513CVPDBCOZ ~ —45.8 %o validation of the primary anchor (i.e., Cal2) and monitoring

instrument’s variation.

4 Cal2 WRG measuring Lab-Stdwith to determine th@&ig Deltabetween two Lab-Stds for

613CVPDBCQZ ~ —2.6 %o validation of theprimary anchor(i.e., Cal2) and monitoring

instrument’s variation. If th&ig Deltavalues are within a two-
standard-deviation range (respect to the mean of annual
calibrations), it is assumed that the Call and Cal2 are valid
during the preparation process (otherwise a new Cal2 or Cal2
and Call will be analyzed until the validation meets the
criteria). The Cal2 will be valid as the primary anchor linking the
samples to the primary scale.

5 Samp-1 WRG Sample measurement

6 Samp-2 WRG Sample measurement

7 Samp-3  WRG Sample measurement

8 Samp-4 WRG Sample measurement

9 Samp-5 WRG Sample measurement

10 Samp-6 WRG Sample measurement

11 Samp-7  WRG Sample measurement

12 Samp-8 WRG Sample measurement

13 Samp-9 WRG Sample measurement

14 Samp-10 WRG Sample measurement

15 Samp-11  WRG Sample measurement

16 Samp-12 WRG Sample measurement

17 Cal2 WRG measuring Lab-Stdwith to evaluate how much WRG has changed during the period of
813CVPDBCOZ ~ —2.6 %o running 12 samples. If the change of the raw delta for carbon

between the first Cal2 and the second Cal2 3.02 %o, it is
assumed that the WRG was valid during the period of measuring
12 samples, and therefore all the sample measurements are
assumed valid. Otherwise, another Cal2 will be measured until
the validation meets the criterion.

* Typical measurement conditions:
— Measurement voltage: 3.5V.
— Idle time: 30s.
— Integration time: 8s.

made from an individual filled flask by freezing over and and§'0 is approximately 0.8 and 1 %o, respectively, over
flame-sealing the glass, and only a dedicated flask would b¢he entire period. It is suggested that directly using pure
used repeatedly for this purpose. The homogeneity of eaclCO, from a high-pressure cylinder as a primary anchor and
batch was ensured by measuring the first and the last pairgithout frequent calibrations by NBS19-G@vould not be

of the batch against each other. The variatiost%C and  proper because of changes in its isotopic compositions with
8180 for each batch must be less than 0.02 and 0.04 %o, retime or cylinder pressure, particularly when a liquid phase of
spectively, otherwise the whole batch would be discardedCO; still exists in the cylinder.

The isotopic compositions of the ampoules were linked to

the primary VPDB-CQ scale via the primary anchor (Cal2).

The §13C ands180 records from the cylinder over a decade

(1998-2011) are shown on Fig. C1. The total changéig
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