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Abstract. We present a new analysis technique for stable iso-the global CO budget (Mak and Kra, 1999; Rockmann et
tope ratios §13C ands'80) of atmospheric carbon monox- al., 2002; Manning et al., 1997). The CO budget calcu-
ide (CO) from ice core samples. The technigue is an onlindated by three-dimensional inverse modelling is more robust
cryogenic vacuum extraction followed by continuous-flow with stable isotopelfC and!80) data than with CO mix-
isotope ratio mass spectrometry (CF-IRMS); it can also being ratios alone (Bergamaschi et al., 2000a; Bergamaschi et
used with small air samples. The CO extraction system in-al., 2000b). But essentially no observations exist to provide
cludes two multi-loop cryogenic cleanup traps, a chemicalinformation about relative source strengths during preindus-
oxidant for oxidation to C@, a cryogenic collection trap, trial times. The stable isotopes from air bubbles trapped in
a cryofocusing unit, gas chromatography purification, andice cores provide information on CO source strengths in the
subsequent injection into a Finnigan Delta Plus IRMS. Ana-past. The typical volume of air trapped in ice cores is around
lytical precision of 0.2%. 410 for §13C and 0.6%. £10) 100mL (STP) per kg of ice, and the CO mixing ratio in
for 5180 can be obtained for 100 mL (STP) air samples with Antarctic ice cores is only50 ppbv (Haan et al., 1996; Haan
CO mixing ratios ranging from 60 ppbv to 140 ppbvd68—  and Raynaud, 1998). The amount of CO trapped in 1 kg ice
625 pmol CO). Six South Pole ice core samples from depthgs only around 0.2 nmol. The sample size requirements for
ranging from 133 m to 177 m were processed for CO isotopea conventional dual inlet method are mostly determined by
analysis after wet extraction. To our knowledge, this is thethe minimum operating pressure needed to generate a rea-
first measurement of stable isotopes of CO inice core air. sonable current at the collector end, which is in the order
of 0.1 umol (Merritt and Hayes, 1994). Therefore, the lim-
ited sample size of ice core air makes measuring CO isotope
composition challenging.

Continuous-flow isotope ratio mass spectrometry (CF-

Atmospheric CO plays a key role in global atmospheric'RMS) systems allow the analysis of small volumes. They
chemistry as the main sink for hydroxyl radicals (OH), there- have been developed to measure atmospherig Bte et
fore, strongly affecting the oxidizing capacity of the at- al., 2001; Merritt et al., 1995; Lowe et al., 1991), atmo-
mosphere (Crutzen and Zimmermann, 1991; Logan et al.SPheric MO (Rockmann etal., 2003), atmospherig ({Rhee
1981; Thompson, 1992). The major sources of CO in€t al., 2004) and volatile organic compounds (VOC) in am-
the modern atmosphere are known (Seiler, 1974). Differ-bient air (Rudolph et al., 1997). CF-IRMS was first demon-
ent sources producing atmospheric CO with distinct ratiosStrated by Mak and Yang (1998) for CO isotope analysis by
of 13C/12C and 180/*60 have been observed (Kato et al., monitoring the relative abundances of masses 44, 45, and 46
1999a, b; Stevens et al., 1972; Stevens and Wagner, 1989f CO derived CQ. A recent study by Tsunogai et al. (2002)
Brenninkmeijer and Rockmann, 1997). Stable isotope ra-nas shown the advantage of isotope analysis for atmospheric
tios (513C ands80) in atmospheric CO help to resolve the CO using CF-IRMS by simultaneously monitoring the €O

contributions of certain sources and, thus, to better estimatéon currents at masses 28, 29, and 30. However, prepar-
ing CO standard gas with known isotope ratios and puri-

fying CO presents different challenges. Because high pre-
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Fig. 1. A schematic diagram of the system used for mixing ratidC ands180 analysis of atmospheric CO and ice core CO. See details in
the text.

of oxidizing CO to CQ (Brenninkmeijer, 1993; Stevens and slightly modified procedure than described in previous stud-

Krout, 1972). Here we present a new cryogenic vacuumies, in which the 405/H>SOy on silica gel is flushed with

extraction system designed to analyse isotope ratios of CQiltrapure dry air flow instead of pumping during the baking

for small air samples+¢268-625 pmol CO). We use this new process (Sdiitze, 1949; Smiley, 1965). A bypass is installed

system to measure isotope ratios of CO in air bubbles trappetbr the Scliitze reactor tube so that the efficiency of £®-

in Antarctic ice cores. moval can be evaluated. The bypass also allows continuous
back-flushing of the system with ultrapure helium between
sample conversions.

2 Methodology The CO-derived C@ collected in trap 3 is eluted with
_ cryogenically purified ultrapure helium at a flow rate of
2.1 Instrumentation and procedure 40 mL/min for 5min, then cryogenically focused in a mi-

o ] ) crovolume trap of the modified Finnigan preconcentration
A schematic diagram of the online extraction and precon- it through a Valco six-port valve (Fig. 1). The cryofo-

g:entration me'thod for c:_;xrbo'n and oxygen isotopg analysis of ;g trap is then heated to room temperature and thgi€O
ice core CO is shown in Fig. 1. A wet extraction system |5a4ed on the gas chromatographic column (Chrompack Po-
for ice cores is combined with a cryogenic vacuum system,op| o1 Q, 25nx0.25mm) at a helium flow of 1 mL/min

for CO extraction. The cryogenic vacuum extraction systempqyided by the back inlet of the gas chromatographer. The
and a stripped down commercially available Finnigan Pre-gerived CQ then passes through an open splitinto the Finni-
concentration unit is attached to a Finnigan Delta Plus IRMSgan Delta Plus isotope ratio mass spectrometer (IRMS) at a
through a customized open split. The cryogenic vacuum eXsjq\y rate of about 0.4 mL/min. The mass spectrometer refer-
traction system includes dual four-loop glass coil (1/8 inchgnce c@ (Fig. 1) is a certified reference calibrated relative

ID) cryogenic cleanup traps held at liquid nitrogen tempera-i, the internationally accepted IAEA primary standattfC
ture, a Schitze reactor (1/8 inch ID U tube, 15cm long) and 45 _40.73%, PDB and 8180 of 10.39%. VSMOW. Oztech

a four loop-glass C@collection trap held at liquid nitrogen Trading Corporation, Safford, AZ).

temperature. _ The detailed calculation @3C ands'80 is based on the
Ambient air samples are attached to the inlet of the cryo-yyo opservable ion-current ratios (45/44 and 46/44; Santrock
genic vacuum extraction system. The air passes through thg; a1, 1985)513C of the original CO is determined by the
cryogenic cleanup traps with a flow rate of 50 mL/min and §13c of derived CO, whereas180 is based on a calibration
atmospheric C@ H20, N2O and other condensable species ga5 (Brenninkmeijer, 1993). The mixing ratio of CO for an

are removed due to condensation at liquid nitrogen tempergjr sample is determined by the ratio of peak areas between
ature (Brenninkmeijer, 1993). The purified CO is then se-ihe sample and a calibration gas.

lectively and quantitatively oxidized to Gby the Schitze
reagent, retaining the original oxygen atom of CO (Bren-
ninkmeijer, 1993). The Sdchze reagent is prepared using a
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The online wet extraction line for South Pole ice core sam-were determined using a calibration gas with a known iso-
ples is also shown in Fig. 1. The ice container is a 1.2 Ltope ratio as well as field air samples which will be described
borosilicate glass cylindrical container (100 mm ID) with a below.
glass flange (100 mm ID), Viton o-ring (size 348) and exter-
nal horseshoe clamp. The original part is from Chemglass
Life Sciences (Vineland, NJ) and is modified by Universal 4 Calibration gas test
Instrument Company, Palatine, IL. A four-loop coil trap (1/8
inch ID) with a volume of 15 mL is made of borosilicate glass
and has both sides equipped with hi-vacuum stopcocks an

Experiments were periodically performed to determine the
gecuracy and reproducibility of stable C and O isotope data

Viton o-rings. The trap held at 70°C lies between the ice using a calibration gas. The calibration gas, which is called
container and the inlet of the cryogenic vacuum system and i§(-_zcondary calibration gas in the present study, was CO mixed

used to remove water vapour. Upon melting, the air samplé"”th ultrapure air, stored in an electropolished aluminum

released from ice core samples is then processed and andlY/inder (Scott-Marrin, Inc, Riverside, CA) with an initial
ysed with the CF-IRMS method. pressure of 1500psi. The secondary calibration gas was

first analysed using a conventional offline extraction (Mak
et al., 1994) followed by dual inlet microvolume analysis
with Finnigan Delta Plus IRMS (Brenninkmeijer, 1993; Mak

3 Diagnostic experiments and Brenninkmeijer, 1994). CO concentration was measured
volumetrically by the conventional offline method (Mak and

Diagnostic experiments conducted on the cryogenic extracBrenninkmeijer, 1994) a”@_ESC was measured with the dual
tion system include system blank tests, reproducibility testsnlet method (Brenninkmesijer, 1993; Mak and Brenninkmei-
and accuracy tests. The system blank refers to the backe’: 1994)- o o )
ground signal from the entire analysis system including the A Primary calibration gas (Scott-Marrin) is routinely pro-
background signal from Séitze reagent (Schze blank) and cessed using the offline method (Mak and Brenninkmeijer,
from ice preparation and extraction (ice blank). The air sam-1994) to evaluate the performance of the offline extraction
ple signal is corrected by subtraction of the Bie blank, ~Method and provides'®O of its Scliitze reagent. The pri-
therefore, the measurement of the Sizle blank is crucial ~Mary calibration gas ha°C of —39.8:0.1% VPDB (Mak
for the correction of sample signals. While the origin of the @nd Brenninkmeijer, 1994) antf®0 of 11.36£0.3%0 VS-
Schitze blank is not clear, it is likely that impurities from MOW (C. Brenninkmeijer, personal communication, 2010;
the ingredients used to make the reagent are responsible férenninkmeijer, 1993_)-5180 of CO in the secondary cal-
the majority of the blank signal. Another possibility is out- ibration gas was retrieved based on the primary calibration
gassing from the Viton o-rings, however, after three years ofdas measurements (Mak and Kra, 1999; Mak et al., 2003)
use the blank signal has not changed more than 10%. All vi-ccording to the following equation:
ton o-rings were originally baked out at 130 for 24 h after 18 . _Acl8
which the blank was unchanged. For ice core measuremené, Otpermil VSMOW)2nd caico=28™Oznd caico
besides Sditze blank, there is another source of blank from — (zalsolst caico — 88015t cal cc) (1)
ice preparation and extraction, which is called ice blank in
this study. The sum of these two blanks is system blank forwheres80(permil, VSMOW)2n4 caicois thes80 of CO in
ice core measurement and will be applied to ice core samthe secondary calibration g@$8O2ng caicg is the measured
ple correction, thus, the measurement of the system blank is180 of CO, derived from the secondary calibration gas,
crucial for the correction of ice core sample signals. 81801t cal co is the measured!80 of CO, derived from

To quantify the Schtze blank signal, a flow of zero air the primary calibration gas, asd®01 s calcois thes*0 of
devoid of any CO was processed through the reagent. Zer€O in the primary calibration gas (11.36%. VSMOW). The
air was generated by passing ambient air through a platinund20 of the secondary calibration gas was, thus, determined
catalyst heated to 20@ followed by a molecular sieve trap by the same procedure as that of a sample, with the exception
to remove the remaining GOH,0, N,O and non-methane that the primary calibration was used as a reference, whereas
hydrocarbons (Mak, 1992). The ice blank is determined us-samples were analysed relative to the secondary calibration
ing artificial bubble-free ice from Laboratoire de Glaciolo- gas.
gie et Geophysique de I'Environnement (LGGE), Grenoble, The secondary calibration gas was then routinely pro-
France. A calibration gas is loaded into the ice container af<cessed in the new cryogenic extraction system with a flow
ter ice is evacuated and mimics the air released from ice coreate of 50 mL/min and a collection time of 2 min and the fol-
samples. The other procedure to process bubble-free ice iewing CF-IRMS to evaluate the performance of the new sys-
the same as analysing ice core samples which will be distem. The peak area of the secondary calibration gas signal is
cussed in the ice core introduction section. The accuracy andsed to calculate the CO concentration in field air samples
reproducibility of data on stable carbon and oxygen isotopesand ice core samples. Siné&C were measured directly
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using the offline method (Brenninkmeijer, 1993; Mak and wheres is thes13C or §180 of a field sampless is thes13C
Brenninkmeijer, 1994) and the new online method indepen-or §180 of the measurement valus is thes3C or §180 of
dently, $13C measurement between these two methods washe Scliitze blank, PA is the peak area of a field air sample,
used to evaluate the accuracy of the new online method ifPAg is the peak area of the Sifze blank. Here the flow rate
this study.s180 of the derived C@from the secondary cali- and collection time of the runs for field sample, calibration
bration gas was used for determining 8180 of the Sclitze gas, and Sditze blank is 50 mL/min and 2 min.
reagent and retrieving the origingd®0 of CO for samples The measurements of CO concentrati®h’C, ands180
based on the following equation: with the new online continuous flow method were com-
18 . 8 pared with those using the offline extraction and dual in-
67"O(permil, VSMOW)sampie=25Oco, let method (Brenninkmeijer, 1993; Mak and Brenninkmei-
— (261802nd caica — 880zndcal co) (2)  jer, 1994). The primary calibration gas was analysed using
the conventional dual inlet method to evaluate the accuracy
where §180(permil, VSMOW)sampieis the originals'80 of  and showed no bias (Mak and Brenninkmeijer, 1994). The
COin samples;SlBOco2 is the measured!®0 of CO, de-  field samples were measured by these two methods inde-
rived from sample CO§180cg co is the measured80 of pendently. CO concentration measurement using the offline
CO; derived from the CO in the secondary calibration gas,method was determined by manometry of the CO-derived
ands'80ca cois thes'80 of CO in the secondary calibra- CO, and the volume of displaced air, whereas that using
tion gas, which is determined by EQ)( The reproducibility ~ the new online method was determined by ratio of peak area
of §13C ands'80 of the replicates of secondary calibration (Eq. 3).53C measurement using the offline method was de-
gas analysed using the new online method was used to evatermined by dual inlet analysis, whereas that using the new
uate the precision of the method. online method was determined by CF-IRMS and Eg. (4).
8180 measurement using the offline method was determined
] by dual inlet analysis and the primary calibration gas mea-
5 Field sample measurement surements, whereas that using the new online method was
) . ) determined by CF-IRMS and the secondary calibration mea-
Air samples with the whole volume in the order of 6001 g,rements. Therefore, the differences of the measurements

(STP) were collected into high-pressure aluminum air cylin- penyeen these two methods reflect the accuracy of the new
ders from the Mauna Loa Observatory and Westmann ISy qjine method.

lands, Iceland using a previously published protocol (Mak
and Brenninkmeijer, 1998). These field samples were first
processed with offline extraction and analysed with the con-
ventional dual inlet-microvolume method, by which several 6 Ice core introduction
hundred litres of the samples were processed. Aliquots of

the samples were then processed with the new cryogenic eX5outh Pole ice core samples were provided by the US Na-
traction line with 50 mL/min flow rate and 2 min collection tional Ice Core Laboratory (N|C|_), Boulder, Colorado. They
time and analysed by the following CF-IRMS. 4 to 12 repli- were dry drilled by Jihong Cole-Dai and his colleagues in
cates were measured for each sample to give the analyticalpo4 at South Pole (887 S 1736 W). They contain neg-
reproducibility of CO concentratiors**C, and5*®0 using |igible contamination since no kerosene fiuid was used for
this new method. CO concentration was calculated using theyrilling. The ice core samples were semi-cylindrical with an
following equation: average length of 17 cm and radius of 5cm and were pre-
_ pared for analysis in a cold room held aR0°C. The ice
Cs=Cc-Vc/Vs(PAs—PAg)/(PAc — PAg) @) core samples were first trimmed with a band saw to remove
where G is the CO concentration of a field sample; Gthe ~ @round S5mm of surface and then scraped with a stainless
CO concentration of the secondary calibration gasjsthe ~ Steel disposable scalpel to remove an additional 1-2mm of
volume of the secondary calibration gas; ¥ the volume of ~ Surface. The ice core sample was weighed and then sealed
afield sample, PAis the raw peak area of a field air sample In @ previously prepared container that had been thoroughly
CO, PAg is the peak area of the Sifze blank, and Pais  cléaned with acetone, rinsed three times with Milli-Q wa-
the raw peak area of the calibration gas according to a volfer and heated overight at 90. The sealed container was
ume of \e. A mass balance calculation based on the peaknen immersed in a cooling bath held a20°C. A 1/4"
area and isotope ratios of both the Bte blank peak and 9/ass multiloop water trap between the container and the in-

sample peak was applied to subtract the blank signal fronf€t Of the cryogenic vacuum extraction system was held at
the sample signal. The isotope ratios of a field air sample_70 C. The ice and container were evacuated and flushed

were calculated using the following equation: with zero air three times for 10 min. Then the ice was melted
by placing the container in a water bath held at a tempera-
8 = (8s-PAs—ép - PAR)/(PAs— PAg) (4) ture of 60—70C. The melting takes around 25 min. After
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melting, the air extracted from the ice was processed througlY  Results and discussion
the cryogenic vacuum extraction system and loaded into the
CF-IRMS. 7.1 System blank

As the ~1kg ice core sample meltedy100 mL (STP)
air sample was released, giving an initial pressure in th
headspace of the ice container about 300 mbar. During ic

core air extraction, the mass flow controller (MFC, Fig. 1) & flow rate of 50mL/min and a collection time of 2min.
causes a flow restriction due to a lack in pressure differ- "€ relationship between Safze blank and collection time

ence across the MFC, resulting in a long ice processing timeWas studied. The Séze blank signal was observed to

However, for regular field air sample and routine calibration P& dependent on the collection time and was measured to

measurements, a MFC is required to control the flow and t®€ 72:3pmol CO (16.20.7ppbv at STP for a 100mL
quantify the volume of air processed. The headspace pre&il sample) for a collection time of 10min and a flow
sure drops to 60 mbar after the air sample was processed fgft€ Of S0mL/min (Table 1). A linear relationship was

5 min, at which time a 150 mL glass flask filled with zero air found between Sdlize *?'a”k S'Q”a' and cqllectlon t!me:
was expanded into the ice container to build up pressure t6::3.84t+370.8,.where C is the 50'_“26 blank S'Q”a' and|§
around 500 mbar. The mixed air was processed for anothe}€ collection time. Sdltze blank increases with collection
5min. The total processing time is 10 min. The ratio of fi- iMe; indicating one unknown contribution to the background
nal pressure to the initial pressure of each step shows hop iMme dependent. The intercept shows a large portion of the

much sample remains in the container. The total percentaggladm; is time(ijndependdent, W_h_iCh r?ight be from the i&i;]zb |
of the original air processed for the two steps is calculated®"? Nas not ecrease significantly for two years. The rela-
according to the following equation: tionship between Schze blank and flow rate has also been

studied and measurements are shown in Table 2. With a col-
P—1—P2/P1.P4/P3 (5) lection time of 2min or 10 min, the Sdkze blank sigr_lal
showed independence of flow rate between 10 mL/min and

where P is the total percentage of the original air processed!09 mL/lrgin. 18 }
The §+°C ands§~°0 for all the Sclitze blank results (Ta-

P1 is the initial headspace pressure after air released from

ice, P2 is the pressure after 5min processing, P3 is the preQ!es 1 and 2) is-15.2£0.3%. and 33.6:0.4%o, respectively.
sure after loading zero air, and P4 is the final pressure af-.l "€ iSOtope ratios of the Sttre blank were independent on

ter 10 min processing. Temperature of water in the ice concollection time, sample size and flow rate. The iz blank

tainer is close to Dafter ice melts. The pressure measure- Signal was also found to be independent of the amount of

ments were corrected for saturated water vapour pressure €70 @ since the CO in zero air was estimated to be smaller
this temperature (6.1 mbar) (Murphy and Koop, 2005). Thethan 1.ppbv ?ased on an offline extraction method (Mak and
percentage of the original air processed is calculated to b@renninkmeijer, 1994). _

around 95%. The flow rate signal of the MFC during the ex- '€ ice core analysis system blank includes the total
traction is monitored by a data acquisition device (Labjack&mount of Schitze blank and ice blank. The former was de-

Corporation, Lakewood, CO) and Labview program. The termined to be 722 pmol for a collection time of 10 min
, ' O%Table 2). The system blank was determined using artificial

volume of air processed for each step is, thus, integrated b ) ) )

the real time flow rate data. The total volume of the released?tPPle-free ice and the secondary calibration gas. The sys-

air sample processed is determined by the pressure and tfig™ Plank CO concentration was taken as difference between

integrated volume based on real time flow rate based on thi® measured CO concentration for calibration with bubble-

following equation: free ice and the CO concentration of.secondary cahbratpn
gas. The system blank CO concentration was calculated with

Vs=V1+V2.P2/P3 (6) the following equation:
Cg =Cc-Vc/V-PA/PAc—Cc )
where G is the system blank CO concentratiorng & the

CO concentration of the secondary calibration gasjsthe
gﬁ)lume of secondary calibration gas; ¥ the volume of

eThe Sclitze blank was measured to be lower than
40 pmol CO (9 ppbv at STP) for a 100 mL air sample with

where \s is the total volume of air processed for the ice
core sample, V1 is the integrated volume for 5min extrac-
tion, V2 is integrated volume for the second 5 min extrac-
tion, and P2 and P3 are the same as above. CO concentrati . . .
of ice core samples is then calculated according to Egs. (6 ir processed in the bubble-free ice tests and determined by

and (3), with system blank subtracted from sample signal. 2,’ @’ tEA IS thke peak e;rea of (;allbranlc_)g |r][.|ce condition, d
Based on this volume calculation, the water vapour pressurg c IS the peak area of secondary caiibration gas accord-

(6.1 mbar) only causes a 2% difference. Isotope ratios wer N9 t_o a vqume_z of ¥ and equals to PA—PAg in Eq. (3)'
calculated according to Eq. (4). Uncertainties for ice core he isotope ratios of system blank were calculated using the

measurements include both the analysis reproducibility anéollowmg equations:
the error propagation of calculations. §=(81-PA —8c-PAL)/(PA —PAY) (8)

www.atmos-meas-tech.net/3/1307/2010/ Atmos. Meas. Tech., 3, 1307-2010
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Table 1. ScHitze blank of the cryogenic system using zero air at a different collection time and with a flow rate of 50 mL/min.

Sample Collection COblank  §13C 8180
Volume (mL) time (min) (pmol) (%0, VPDB) (%0, VSMOW)
100 2 3&3 —15.2£0.3 33.4:0.3
250 5 49 —15.6 33.0
500 10 723 —15.3+0.3 33.9:0.4
750 15 89 —-15.3 33.9
1500 30 145 —15.0 33.8

Table 2. ScHitze blank of the cryogenic system using zero air at a different flow rate.

Sample Flowrate Collection COblank §13C s180
Volume (mL)  (mL/min) time (min) (pmol) (%0, VPDB) (%0, VSMOW)
20 10 2 3%1 —15.8£0.3 34.10.4
50 25 2 36:0.3 —-15+0.4 33.%£0.2
100 50 2 343 —15.2£0.3 33.4:0.3
150 75 2 462 —15.6£0.4 33.2£0.5
200 100 2 46-2 —15.3£0.3 33.20.5
100 10 10 72 —-15.1 33.3
250 25 10 725 —15.710.2 33.6t0.4
500 50 10 723 —15.3£0.3 33.%+0.4
750 75 10 69 —-15.1 34.1
1000 100 10 74 —-15.5 33.8
PAL=PA--V,/Vc 9) blank to a high degree of precision. For future study, an old

fashioned mercury toepler pump could be ideal for solving

; 13 18 i 13
whelr8e§ |sfthhe8 C or$§+°0 of syTtem.blahnk&lés the318C this problem by reducing extraction time and 8tze blank
or §-°0O of the measurement valuég is the §+°C or §-°O (Brenninkmeijer, 1983).

of secondary calibration gas, RAPAC, VI, and \ are the
same as those in Eq. (7), PAis the expected peak area of  An initial high system blank of 200 pmol CO was thought
calibration gas in ice condition according to a volume ¢f V to be caused by CO adsorption on the ice surface. The
The long processing time and the concomitant large blankblank decreased significantly to a level of 90 pmol CO af-
from the Sclitze reagent limit the precision of isotope ra- ter ice and container were evacuated and flushed with zero
tios measured using this technique. To shorten the processir three times. Further flushing with zero air did not re-
ing time and decrease the Sithe blank, we attempted to duce the system blank further. The bubble-free ice was also
use adsorbents such as molecular sieve 5A and moleculdested under light and dark environments to rule out the pos-
sieve 13X held at liquid nitrogen temperature to condensesibility of photochemical production. The isotope composi-
the air released from ice cores. However, the moleculattion (513C=—15%o) of the system blank and the similar blank
sieves caused isotope fractionation of both carbon (2—3%cpignal between light and dark environment indicates that the
and oxygen (4%o), thus, these adsorbents were no longer apee blank is from air diffusion/adsorption — not in situ pho-
plied. The use of a Teflon beaker liner (Welch Fluorocarbontochemical production — sinc&3C of CO from oxidation
Inc.) was also tried, as its volume was adjustable and, thusprocesses is much lower (Stevens and Wagner, 1989). The
could contribute to a buildup of pressure in the headspace bgix measurements of system blank are shown in Table 3. The
shrinking and pushing water upward. However, the perme-measured system blank is88 pmol. Thes3C ands*®0 of
ability of Teflon for major components of air limited the use system blank is-15.3+0.3%. and 33.4-0.5%o, respectively.
of this material. Tedlar (polyvinyl fluoride), another polyflu- The uncertainties in CO concentration and isotope ratios in
orocarbon was investigated as a low-permeability substitutesystem blanks, which will be used for evaluating the uncer-
for Teflon. The rigidity of Tedlar film made engineering a tainties of ice core samples, are ascribed to random error in
Tedlar liner quite difficult and gives no real advantage. In thepreparing bubble-free ice samples. The system blank signal
end, while the idea of reducing the size of the &zl blank is subtracted from the sample signal by a mass balance calcu-
is intriguing and may warrant further study, we opted to keeplation. The system blank is crucial for the ice core data since
our sampling protocol simple and characterised thdigeh it accounts for~30% of the total signal and the CO blank
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Table 3. System blank using calibration gas and artificial bubble-free ice.

Avrtificial ice sample #  Artificial ice type Weight  CO blaffk s13c 8180
(9) (pmol) (%o, VPDB) (%0, VSMOW)
1 Polycrystalline ice 256 90 —-154 34.0
2 Polycrystalline ice 385 99 —-15.3 329
3 Monocrystalline ice 200 77 —15.6 33.6
4 Monocrystalline ic® 275 90 —15.0 33.3
5 Monaocrystalline ice 150 99 —-14.9 32.9
6 Monocrystalline ice 347 86 -15.3 33.7

Note: @: system blank including Seitze blank and ice blank?: Dark test: glass container was wrapped with aluminum foil during the experiment.

Table 4. Comparison 0B13C ands§180 results of field CO samples obtained by dual inlet microvolume analysis and online extraction
CF-IRMS.

Dual inlet microvolume analysis On-line extraction CF-IRMS
Sample ID Collection  [CO]  Sf® s13c sp@ 5180 sD®  sample [co] sD %8¢ SD 5180 SD Sample
Date (ppbv) (%0, VPDB) (%0, VSMOW) Volume (L)  (ppbv) (%0, VPDB) (%0, VSMOW) Volume (L)

315MLCO (lZ}b) 28-Aug-07 61 3 —31.00 0.4 —-1.27 0.5 286 62 1 —30.80 0.17 —-1.33 0.61 0.1
393ICE(5) 24-Jan-07 126 3 —27.19 0.4 8.74 0.5 658 125 2 2745 0.28 8.49 0.20 0.1
394ICE(7) 31-Jan-07 128 3 —27.25 0.4 8.25 0.5 678 124 2 2736 0.24 8.35 0.38 0.1
396ICE(4) 17-Jan-07 137 3 —27.63 0.4 9.16 0.5 662 139 1 -27.84 0.19 9.39 0.36 0.1
397ICE(4) 07-Feb-07 134 3 —27.58 0.4 8.19 0.5 602 137 2 =-27.71 0.10 8.32 0.21 0.1
398ICE(5) 28-Feb-07 139 3 —26.93 0.4 9.64 0.5 674 144 4 -27.15 0.28 9.43 0.38 0.1

Note @: this standard deviationt(1 o) for dual inlet includes both analytical error for mass spectrometric analysis and sample preparation error (Mak and Brenninkmeijer, 1994).
®): the number in parentheses next to sample ID is the number of analyses by online extraction CF-IRMS.

applied for each sample. The evaluation of the blank correc9 Field sample measurement

tion to the uncertainty of ice core samples will be discussed

later in this paper. Measurements of 6 field air samples using the new online ex-
traction CF-IRMS as well as the offline method are shown in
Table 4. With a sample volume of only 0.1% of that used in

8 Calibration gas the offline method, our new online analysis system still pro-

) ) . vided comparable precisions for both CO concentration and
The CO concentration of the secondary calibration gas wagsstope ratios as the offline method. For this offline method,

measured to be 141 ppbv based on the primary calibration 01,1, standard deviation of CO concentration is 3 ppbv with
National Oceanic and Atmospheric Administration/Climate sample preparation errors and 888C ands80 is 0.4%. and

Monitoring and Dlaglgostlcs Laboratory (NOAA/CMDL) ¢ 59, respectively (Mak and Brenninkmeijer, 1994). Ana-
CO reference scales™C of CO in the secondary calibra- 4| precision of 2 ppb+10) for CO mixing ratio, 0.2%o
tion gas was measured to bel5.56%. VPDB with the dual (+10) for 813C and 0.6%. {-10) for 5180 were obtained
inlet method by the IRMS3180 of CO in the secondary cal-
ibration gas was measured to be 2.44%. VSMOW accordin
to Eq. (1). The results 0813C of CO ands!80 of derived
CO, from the secondary calibration gas runs are shown in
Fig. 2. The mean value &3C is —45.40%0 (VPDB) with

for a sample size of 268 pmol CO (100 mL air sample with
9CO mixing ratio of 60 ppbv) from the new online analysis
method. Notice that the sample from Mauna Loa can be
used to assess the linearity of the system since its isotope ra-
tios are very different from the others (Table 4). Considering

a standard deviation of 0.33%t(o) for 47 runs with CO 0 ncertainties, no significant difference for CO concentra-
amount ranging from 232 pmol to 4nmol. The mean value;ion s13c. ands®0 was found between the offline dual in-

18 : brati
of 60 of derived CQ from the secondary calibration gas et microvolume analysis and the online extraction CF-IRMS
is 0.42%. (VSMOW) with a standard deviation of 0.32%. 5nq|ysis, implying the reliable accuracy of the new online

(+10). 813C shows an offset of +0.16%., which is smaller \.ihod
than the standard deviation of 0.33%:10 ), indicating good '
performance of the line. This'®0 value was used for deter-

mining thes180 of CO for air samples according to EQ) (
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Table 5. Online extraction CF-IRMS measurements for South Pole ice core CO.

Sample Meangas [CO] SD s13c  sD s13c@ s180  sD §180@  [cO].blank Ice weight
Depth (m) age (Yr ADY (ppbv)  (ppbv) (%o, VPDB)  (%0) (%o, VPDB) (%o, VSMOW)  (%0) (%o, VSMOW) (ppbv) (9)

135 1821110 57 4 —2883 04 —29.43 -179 11 —2.99 22 872

147 1688110 39 4 —29.40 0.4 —30.00 -189 11 —-3.09 18 877

157 1578110 37 4 —29.15 0.4 —29.75 -1.02 11 —2.22 18 918

165T@ 1490£110 42 4 —28.47 04 —29.07 —049 11 ~1.69 18 922

16580 1490£110 46 4 —28.95 0.4 —29.55 -096 1.1 -2.16 18 957
177 1358110 57 4 —27.40 0.4 —28.00 1.43 1.1 0.23 22 939

Note@: 165m top;(b) 165 m bottom. Standard deviation is based on the results from calibration runs with bubble-free ice processed the same way as that for real ice core samples.
(©: gas ages are linearly interpolated based on the gas age-depth relationship of South Pole ice core according to (Neftel et al., 1985; Schwander and Stauffer, 1984; Friedli et al.
1984); age errors are calculated according to (Friedli et al., 1984; Neftel et al., 1985; Schwander and Stauffef)198¢jope ratios corrected by gravitational fractionation

(Battle et al., 1996; Landais et al., 2006).

measurement and before #6 artificial ice measurement (Ta-

445

Ep' Moan: 45.40;$..:0.3 o] ble 3), so the average of #3 and #6 system blank was speci-
& g fied for the other four ice core samples.

,%:’n o ] The uncertainties are shown as standard deviations (SD,
s

[

g

-45.0

-45.5 4

+10) (Table 5) and calculated according to the error prop-

. agation of calculation and the reproducibility of bubble-free

1 ice tests. The contribution of the system blank is as high as

30% and introduced uncertainties to ice core measurements

] due to the blank correction. The 3 ppbv uncertainty of CO
&2 T concentration for field sample measurement and 9 pmol un-

054 %Fu oo ] certainty of system blank determined the uncertainty of CO
[=

-46.0 4

5"°C (per mil, VPDB), CO

-46.5 = T
1.5 (b)

- o ] concentration of ice core samples to be 4 ppbv. According
to the uncertainties of CO concentration (9 pmol) of system
blank and Eg. (3), the correction of the blank introduced an
uncertainty of 0.4%o. fos3C and 1.1%. fos180. According
to uncertainties of isotope ratios (0.3 ®C and 0.5%o for

2 M s ) 523C and(b) 5280 for calibrat 8180) of system blank, the correction introduced an uncer-
Ig. 2. Measurements df) and(b) orcalibralion gas — ainty of 0.1%. fors13C and 0.2%. fors180. As a result, the

versus voltage mass-44 ranging from 400 mv to 6 V. Mean value of . o o
813C(CO): —45.40%0 (with standard deviation 0.33%o0); mean value uncertainty was calculated to be 0.4%. ®°C and 1.1%

of 8180(COy): 0.42% (with standard deviation 0.32%). Sample OF 5180 for ice core samples. The signal/noise ratios for
size is linear with voltage of mass-44 and 700 pmol CO gives 1V ¢oncentration and isotope ratios were larger than 3, indicat-

0.0 - =

50 (per mil, VSMOW), CO,
o

-0.5

T T T T T T T T T T T
0 1000 2000 3000 4000 5000 6000
Voltage of Mass-44 (mv)

for the signal of voltage mass-44. ing significant change in both CO concentration and isotope
ratios.

The raw data for CO mixing ratio and isotope ratios shown

10 South Pole ice core measurement have been corrected for gravitational fractionation accord-

ing to thes1°N measurement performed on South Pole firn

Six ice core samples were measured in this study. Results diBattle et al., 1996; Landais et al., 2006). The gravitational
the measurements of the 6 South Pole ice core samples, ifgffect for CO can be neglected (Haan and Raynaud, 1998).
cluding both CO mixing ratios and isotope ratios, are shown 1€ isotope ratio corrections féf°C ands*®0 are—0.6%o

in Table 5. CO concentration was calculated according to@nd —1.2%o, respectively (Battle et al., 1996; Landais et al.,
Egs. (3) and (6), and the isotope ratios were calculated us?006). The corrected isotope ratios are also shown in Ta-
ing the above Eq. (4). The system blank specified for eacﬂ?le 5. The con5|stenc_y of CO mixing ra_tlo and isotope ra-
ice core sample (column 11 in Table 5) was the average ofios between the _dupllcate South Pole ice core samp!es at
system blank before and after the ice core sample. Ice coré6> M (AD 1490) indicate that the new analytical technique
sample at depths of 135 m and 177 m were measured after #roduces consistent results for ice core samples with a CO
artificial ice measurement and before #5 artificial ice mea-2mount as low as 223 pmol,

surement (Table 3), so the average of #2 and #5 system blank

was specified for these two ice core samples. The other

four ice core samples were measured after #3 artificial ice
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Present-day observations at Scott Base (73,867.53 E) 11 Conclusions
indicate annual mean CO concentration is 51 ppbv with
813C ands180 is —29.4%. VPDB and—3.8%. VSMOW, re-  Six South Pole ice core samples were analysed with a new
spectively for the period 1993-1995 (Brenninkmeijer, 1993;technique using online cryogenic extraction and CF-IRMS
Moss et al., 1998). Thus, CO concentrations at 135 manalysis for simultaneous measurement of stable isotope ra-
(AD 1821) and 177 m (AD 1358) are comparable with thosetios ¢**C ands'80) of atmospheric CO in small air sam-
in modern atmosphere, whereas CO concentration at 157 rles. The concentrations and isotope ratios provide important
(AD 1578) is around 20 ppbv lower than that in modern at- information on the source strengths of CO such as biomass
mosphere. Furthermore, bo##3C and 580 of the sam-  burning emissions in preindustrial times and help to extrap-
ple at 177 m (AD 1358) have a shift of isotope ratio larger olate the overall stability of tropospgeric chergistry basics:
than the gravitational fractionation compared with present-CHs-CO-OH cycle. Cc.)ncentrauors,.l C, ands*80 values
day values (Wang, 2009), showing real variations of CO iso-for atmospheric CO with sample size as small as 220 pmol
tope ratios in the past atmosphere. can be determined using this new technique with high preci-
Based on isotope mass balance calculation (Wang, 20095i0N. _T_his new online teghnique is especially useful in char-
and MOZART simulations on present CO source strengthgicterising air samples with very small volume, such as atmo-
(K. Park, personal communication, 2010), the 600 ppb ofspheric CO trapped in an ice core. This is to our knowledge
[CH4] in 1500 will cause an enrichment of 2.6%. 620 the first measurement of CO isotopes in ice core samples.
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