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Abstract 1 Introduction

Observed concentrations of neon dissolved in seawater
We describe an analytical method with improved pre@re greater than would be expected for equilibrium with
sion for measuring the concentration of neon dissolvedthre atmosphere. The supersaturation of Ne is generally
water. Measurements were calibrated by isotope diluti@mntrolled by a balance of diffusive and bubble-mediated
with addition of a?’Ne spike directly to the evacuatedjas exchange, temperature change, and atmospheric pres-
sample flask prior to water collection. The use of glassire deviations (Jenkins, 1988; Hamme and Emerson,
flasks for water sampling, with flushing of air from the2002; Well and Roether, 2003). In some regions, ice pro-
system by CQ, greatly reduced the chance of contamingesses also play an important role (Hohmann et al., 2002).
tion. Dissolved gases were extracted from the water saNeon is less soluble than many inert gases and therefore
ple by equilibration with a headspace and cryogenicaliyas been recognized as a sensitive tracer of bubble dis-
processed to remove interferences. ThdefONe ratio solution caused by breaking waves (Bieri, 1971; Craig
was then measured on a quadrupole mass spectromater Weiss, 1971). As a tracer, Ne is also useful because
operated in static mode. Mass fractionation by the systésisolubility curve is less dependent on temperature than
was accounted for by frequent analyses ofiiéeP°Ne gases like Ar and Nare. These unique physical proper-
ratio in air. We routinely obtained precisions©0.13% ties mean that accurate and precise measurements of Ne,
based on the standard deviation of duplicate field samplgscombination with other gases, allow rates of gas ex-
Accuracy of the method, in the form of possible systenshange and temperature change to be quantified.
atic offsets that Co_uld skew a_lll the data, was assess_ed tBeyond improving estimates of bubble-mediated gas
be+0.18%, excluding a possibie0.2% error in the esti- gychange, better Ne measurements will help to reduce
mate of the Ne concentration of air. uncertainties in a number of specific applications. Car-
bon export can be determined from an oxygen mass bal-
ance, but only if the effect of bubbles on oxygen super-
saturations can be accurately estimated from measure-

“Corresponding author. Tel.: +1-858-822-5946; Fax: +1-838- Ment of gases like Ne (Craig and Hayward, 1987; Spitzer
3310; E-mail: rhamme@ucsd.edu and Jenkins, 1989; Emerson et al., 1995; Hamme, 2003).




Table 1: Comparison of published Ne analysis methods andgtexisions

Reference Purification method Standardization method ci$lon (%)
This work 77K charcoal trap isotope dilution 0.13
Kulongoski and Hilton (2002) getter & 77K charcoal trap moe dilution 0.7
Lott (2001) getter & 9K stainless trap air aliquots 0.3
Hood (1998) getter & 8K charcoal trap air aliquots 0.3
Roether et al. (1998) 25K charcoal trap air aliquots 0.4
Ludin et al. (1998) 24K and 10K charcoal traps air aliquots 2-0.5
Poole et al. (1997) getter & 77K charcoal trap isotope dluti 0.3

Top et al. (1988) 77K charcoal trap isotope dilution <1
Sano et al. (1982) combustion & 77K charcoal trap  air aliguot 10-20
Bieri et al. (1968) getter & 77K charcoal trap isotope dibuti 0.6-1.5
Craig et al. (1967) getter & 77K charcoal trap isotope diloti 1.4

Clues to water mass ventilation can be obtained from flisotope dilution.
estimates ofHe at the surface, and Ne data are commonly

F:]iei;%gorﬁggg fé)rr t(jh:sF:)rleZ?jnNcg (c):)Lnégf]f:t?;éJcZnn%gthOds is the accidental trapping of air bubbles in the
ns, ) Ver, dISSolV ! opper tubes during sampling. Because Ne is so insolu-

used to determine paleotemperatures from ground watglr . .
i : , a very small amount of air can overwhelm the dis-
(Stute etal., 1992; Stute and Schlosser, 1993), to estim fred signal. Clear signs of air contamination were de-

glacial meltwater fluxes (Hohmann et al., 2002), and 8cted by Well and Roether (2003) in 5-20% of Ne sam-

calcm:llate tge frait:tlcc):n (.)f hel:jur\xr_eleaig(; I_rOFT tTr? earttrg es collected on multiple cruises in the South Atlantic
manile and crust (Craig and Weiss, » ROEIher et dlyq South Pacific from 1990 to 1999, while further sam-

1998, 2001). ples may have been more subtly affected. Drift between
Halysis of standards and samples and incomplete extrac-
ion of neon from the water may also lower precision for

ﬁ,}gme methods.

The most important potential source of error in these

Water samples for Ne analysis are usually collect
in copper tubes by flowing water through the tube a
then crimping the ends (Weiss, 1968). When prope
used, copper tubes provide excellent sample preservatiohe goal of this paper is to fully describe an accurate
(Spitzer, 1989). For analysis, copper tubes are attaclaed precise method for the measurement of dissolved Ne
to a vacuum line where the dissolved gases are fully d® isotope dilution using a quadrupole mass spectrome-
tracted from the water (Hood, 1998; Ludin et al., 1998%r. This method uses a different technique for water sam-
The most common method of quantifying Ne samplesjie collection to reduce the possibility of air contamina-
quadrupole mass spectrometry in static mode, but metibn, although some new difficulties with sample preser-
ods used to separate Ne from interfering gases and to staation are introduced. Isotope dilution removes the neces-
dardize the measurement differ (Table 1). Often, reaity to completely extract gas from the water and controls
tive gases are first removed by absorption onto a getterfiog drift in the sensitivity of the mass spectrometer. A
material or by combustion. The heavier noble gases arecision of+ 0.13%, based on duplicate field samples,
then absorbed on to activated charcoal or stainless stdhonstrates the worth of these method improvements.
held at liqguid N temperatures or less (Lott and Jenkin¥\e assessed the accuracy of this methodl@t.8%, ex-
1984; Lott, 2001), leaving Ne and He free to enter theuding error in the known Ne concentration of air, which
mass spectrometer. Methods of standardization are eitb@ncels when saturations are calculated,-ard27% in-
by comparison with separate analyses of air aliquots ordyding this error.



ple times by reverse isotope dilution with air. Spike was

4

a added to one sample flask and a known pressure of air

o to another. The two flasks were connected with a Ca-
— . jon Ultra-Torr Tee and allowed to mix together for 1 h,
— to flask while one flask was heated to encourage convection. The
— 22NePONe ratio was then measured on both flasks, and

the concentration of the spike calculated from the known
. _ . concentration of 18.18ppm Ne in air (Glueckauf, 1951).
Figure 1: Schematic of the custom Louwers-Hapert Qg gifference was found between spike calibrations using

ring sealing valves used on our glass sample flasks. Thecollected outside the building and using dry, commer-
standard plunger was extended by 5 mm so that a secemy prepared, low hydrocarbon air.

O-ring could be added to the sealing end.

2 Analytical method 2.2 Sampling

R e L After adding the spike, the necks of the sample flasks
2.1 Isotopedilution and purification were filled with CQ and sealed with tight-fitting plastic
Pure??Ne (Isotec, isotopic enrichmeit 99.9%) was di- ¢aps, to reduce contamination by air leakage across the
luted with N, to a concentration of approximately 11 pprP-fings. Because changing air pressure during transport
Ne and stored in a 5-1 glass reservoir with a 2-mL aliqudust force air past the plastic cap, the flask necks were
ing valve. Aliquots of the diluted spike were added tggain flushed with C@and sealed after arrival at the sam-
evacuated 160-mL cylindrical glass sampling flasks, dittdling location. On long cruises, the flask necks were kept
with custom Louwers-Hapert 9-mm glass valves witivacuated by a vacuum pump to a pressure of less than a
dual O-rings on the sealing end of the plunger (Figure f§w tenths of a pascal (a few mTorr) using a custom-made
The spike addition was performed in a small glass vacuginless steel manifold with 3/8” Ultra-Torr adapters.
line inside a temperature-stabilized box (Figure 2). TheTo collect the water sample, the neck of the flask and
pressure of the spike in the sample flask and vacuum life space between the dual O-rings was first flushed with
was measured just as the first sealing O-ring on the sdfgsh CQ. A thin line flowing seawater directly from a
ple flask was engaged. This pressure was approximatdigkin bottle was inserted into the neck of the flask as
600 Pa (4.5 Torr) and was measured to a precisiost ofthe CQ line was removed. The valve was tapped to re-
0.1 Pa (0.001 Torr) on an MKS Baratron 10-Torr pressufeove excess bubbles as seawater continued to flush the
gauge (model 122AA-00010AD with an accuracy-bf neck. Then, the valve was very slightly cracked open, and
0.15%). The gauge’s zero reading was determined priosgawater was sucked into the flask until it was about half
each spike addition to correct for changes in zero stabilftyll [see Emerson et al. (1999) for full sample collection
(Hyland and Tilford, 1985). Temperature was measuré@tails]. This sampling procedure prevented the acciden-
to a precision of: 0.02°C on a mercury thermometer intal introduction of air bubbles to the sample, because only
side the box. Previous to the spike addition, sample flagkry small CQ bubbles could be present when water was
volumes were determined to a precisiortoD.06 ml by allowed into the flask. In addition, the large gradient in
comparing the masses of the flasks when evacuated aressure between the water flushing the neck and the near
when filled with water of a known temperature. Usingacuum in the flask prevented any spike from leaking out
the ideal gas law (PV=nRT), we then calculated the molakthis stage.
of 2’Ne spike added to each sample flask based only omAfter sampling, the necks and the space between the
the concentration of the spike, the measured pressura@oél O-rings were carefully cleaned with fresh water and
the spike during addition, the volume of the flask, and thigied using a vacuum pump. On long cruises, flasks were
temperature inside the box. reconnected to the vacuum manifold at this time. Other-
The concentration of the spike was determined multiise, a vacuum was left between the dual O-rings, and
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Figure 2: Schematic of the system used to add an aliquétNé spike to a sample flask. All valves were glass
Louwers-Hapert O-ring sealing valves and extended throliglfiront wall of the box. The 2-ml aliquoting valve was
made from a two-way Louwers-Hapert glass valve. The exdonwe and reproducibility of this aliquoting valve did
not affect the spike addition procedure. Metal blocks orlabiom of the box provided thermal inertia to the system.
A fan, attached to the back wall, circulated the air insidelibx. The top of the box was removable.

CO, was placed in the necks for transport back to the lab-In preparation for the analysis, each sample was cryo-
oratory. genically purified on a glass vacuum line directly con-

nected to the quadrupole mass spectrometer used for the

measurement (QMS) (Figure 3). A sample flask was
2.3 Sample processing attached to the line with an Ultra-Torr union, and then

_ immersed in liquid N. The line was evacuated for ap-

After sample flasks were returned from the field, theyroximately 30 min to a pressure of less than 0.1 Pa (1
were weighed to a precision of 0.01 g. Although m1om), with an oil diffusion pump backed by a rotary
most of the dissolved gas rushed into the headspace ‘i’HD‘gh pump. After isolating the line from the vacuum
ing sampling, it was important to achieve equilibrium bef:)'ump, the flask was opened and the sample allowed to
tween the tWQ phases_. To this e_nd, flasks were placedsRy, sequentially through two liquid Ntraps, for 1 min
a slowly rotating rack immersed macqnstant tenjperattggch, to remove $O and CQ. The sample then pro-
water bath for at least 8 h a22°C. Previous experimentSceeded to a U trap packed with activated charcoal also
with O2/No/Ar ratios have shown that 8 h is sufficient tqmmersed in liquid N. Over the course of 15 minutes the
reach equilibrium for these gases (Emerson et al., 199#%)ajor gases (N Oz, Ar) in the sample absorbed onto the
Because Ne diffuses faster, it must also reach equilibritgparcom surface, leaving only Ne and He in the process-
in this amount oftime. qu_ed on its solubility, greater thaRy jine. The line was then directly opened to the QMS,
99% of the Ne in the original water sample was preseéﬂﬁ)wing the sample to enter the mass spectrometer. The
in the headspace after equilibration. Upon removal froﬁ?essure in the line did not rise above 0.1 Pa (1 mTorr)

the bath, sample flasks were inverted, taking care 10 PfRjring the analysis, although blanks showed that a small
vent bubble formation, and attached to a vacuum flaglnount of air did diffuse into the processing line while it

The water sample was then removed by suction utlil |45 isolated from the vacuum.
ml remained, leaving the gas phase fully intact. Finally,

the flask necks and space between the dual O-rings were

cleaned, and the flask necks attached to a manifold evac-

uated by a vacuum pump until analysis.
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Figure 3: Schematic of the cryogenic vacuum line used to verrierfering gases from the Ne sample before analysis
in the QMS. All lines were made from 3/8” glass tubing excéyat tharcoal trap which was 1/2” glass tubing and the
last section of the line connected directly to the QMS whielsstainless steel. Valves were all glass Louwers-Hapert
9-mm valves except the last valve before the QMS, which was@dstainless steel valve. The pressure gauge was
a 10-Torr MKS Baratron.

24 QMSanalysis pletely returning to baseline between the larger peaks at
masses 20 and 22. Random Gaussian noise of unknown
The ratio of masses 22 to 20 in the sample was determisedirce was present in the output signal at a constant level
using a UTI 100C quadrupole mass spectrometer witto0.5-1*10 11 amps at typical sample amplifications,
Channeltron continuous dynode electron multiplier detesempared with peak heights in the 1-9*f0amps range.
tor and an open source utilizing yttrium-oxide-coated-iridche QMS electronics can perform some noise dampen-
ium filaments. Samples were run in static mode, meaniing, but concerns that further dampening would distort
that the spectrometer was isolated from the vacuum sgse peak shapes forced us to allow this level of noise to
tem. This increased signal strength to acceptable levadmain in the signal. It was also tempting to integrate the
and allowed the sample ratio to be measured for a lopgak areas to obtain tféNef°Ne ratio in order to re-
period of time. The QMS repeatedly swept from mass titice the effect of the noise. However, the lack of full
to 23 every 12 s. Its 0- to 10- V analog output signal waak separation between the three Ne isotopes, as well as
converted to digital with a 12-bit A/D converter and storeghriability in peak width over time, meant that only peak
at 16-msec intervals. The scan rate was set to 12 s so tigifhts were acceptable for this application.
at least 100 points per peak were stored. A faster data coneyr MatlLab algorithm to determine peak height was
version and storage rate would have allowed faster scgggefully designed to avoid two possible sources of bias.
and is a suggested improvement to reduce sample angdyst, because the peaks were slightly different widths, ex
sis time. Each sample was observed for approximateinsive filtering to remove noise would have introduced a
an hour, generating-200 measurements after the ratigjas to the ratio. Second, to avoid biasing by the presence
reached a plateau. The total analysis time was chosef@oise in the signal, it is important to evaluate the peak
reduce the standard deviation of the mean of the ratiogight at the same location on each peak in every scan,
approximately 0.03%. Changing the analysis time withigh that random noise will cancel. We found that noise in
reasonable constraints did not affect the final ratio. the signal was large enough to cause the maximum peak
The QMS signal baseline was measured at mass 23, height to randomly shift location near the top of the peak.
cause the smaifNe peak prevented the signal from comiFhis was especially problematic for two peaks of differ-



ent sizes, because the smaller peak will be more biased by

a constant noise level. The procedure we settled on be- Table 2: Summary of sample preservation tests.

gan by filtering the peaks with an 80-point running meang;psance p 7 # % OF
which was just a bit less than the distance between the,qck O-rings Days Replicates sample
peak top of one peak and the tail of the other. Informg;, cuum 1 7.8 3 01
tion from the filtered peaks was then used to determine\a.,um 1 16-52 5 0.1
consistent location on the unfiltered peaks for the maxgg, 2 7 1 01
mum peak height. A mean of the four points nearest thiso, 1 7 3 0.2
maximum peak height location on each unfiltered peako, 2 15-22 5 0.2
determined thé2Ne/”°Ne ratio for each scan. co, 1 20-21 4 0.5
COx* 1 20-21 4 1.2
Degassed water 2 7 1 0.7
3 Resultsand Discussion Degassed water 1 7 2 0.5
Water 2 10-15 2 0.8
3.1 Samplepreservation tests X\fter 21 98 1 12 1.158
1 8 1 3.1

Preventing air from leaking past the Viton O-rings andAIr

into the glass flasks was important to the success of t‘H?e last column indicates the average amounf®e that

sampling me_thOd' Preservation experiments _Wer_e Pfebked into the flask in terms of the percent impact on a typi-
formed by filling the necks of evacuated flasks with diffets5) water sample.

ent substances and sealing them with tight-fitting plastigygicates no special cap technique.

caps. After waiting a set number of days, the Ne content

of the flasks was determined on the QMS and compared

to the expected content of a typical water sample (Talliey air bubbles from the O-ring by flushing the neck with
2). In general, the leak rate for flasks with the custom duahter, or an air bubble may be more easily trapped under
O-ring stopcocks (Figure 1) was two to three times lefige cap when filling with water as opposed to £0

than for those with standard single O-ring stopcocks. TheBased on these results, only flasks with dual O-ring
small volume between the two O-rings(.1 ml, theoreti- stopcocks were used for Ne samples. Flasks containing
cally prevents the dual O-ring stopcocks from performingater samples or just tii@Ne spike were allowed to sit
better than this. Continuous evacuation of the flask nedks up to 10 days with C@in the necks. On longer cruises
by a vacuum pump until analysis was the best preservatand at all times in the laboratory, flasks were attached to
method. This technique reduced the leak to 0.1% or lessacuum manifold so that the necks were kept evacuated
of the expected content of a typical water sample, evey a rough pump to a pressure of less than a few tenths of
over 50 days. Filling the flask necks with G@vas the a pascal (a few mTorr). Our preservation tests, performed
next most effective at reducing leaks around the O-rings) evacuated flasks, suggest that leaks may raise the Ne
followed by degassed water, regular water, and finally aioncentration of the sample by as much as 0.1% for these
A special technique for sealing in which the cap was alsonditions. However, the presence of the spike or water
flushed with CQ as it was placed on the neck further ran the flask changes the gradient across the O-rings, and
duced the leak rate by trapping less air in the neck. experiments show that this reduces the leak rate. Dur-
short series of preservation experiments using flasks comg vacuum preservation prior to admitting a water sam-
taining the usual amount of spike indicated that the leple into the flask, there is little risk of significant amadan
rate was lower when spike was present in the flask thafispike leaking out of the flasks. This is because the gra-
when it was evacuated. The results for preservation witlent from the Ne in the flask to a vacuum is 250 times
water were surprising, because the reduced diffusion riss than that from air to a vacuum, due to the low pres-
of gases in water might be expected to slow leak ratasre of the spike inside the flask. Flasks containing only
considerably. It may be difficult to completely removepike would have to remain on the vacuum manifold for




at least 50 days before the leak could affect our analy-
sis by 0.2%. After sampling, there is even less concern
of leakage out of the flask, because the ratio of the two
Ne isotopes is then close to one. A modeling exercise T
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based on our preservation tests suggested that fractiona 3
tion would have a negligible effect on tR&Ne/”°Ne ratio b=
during vacuum preservation of water samples. 2
e
I
1 Q
3.2 AnalysislIssues g9 20 20 50
Each sample run had to be corrected for the time- run time (minutes)

dependent blank at masses 20 and 22. During purification
and analysis of the samples, a small amount of Ne dif-
fused into the cryogenic processing line, which was isbigure 4: Example of typical blank run showing the cur-
lated from the vacuum. Leaks through the Cajon Ultr&€Nt measured at the maximum peak height for masses 20
Torr compression fittings [fluorocarbon elastomer (FKVANd 22. Run time indicates the time since the valve be-
O-rings] accounted for the majority of the blank, and wiveen the processing line and the QMS was opened. For
were able to halve the blank by removing three unneg@mparison, the peak heights for water sample analyses
essary Ultra-Torr fittings from the line. Blanks were agvere approximately 3*10° amps at both masses.
sessed about twice a month by evacuating a flask and run-
ning it like a normal sample. Typically, the signal mea-
sured at mass 20 for a blank was 0.1-0.2% of the sigi®4120, which interferes with the measurement?Bile,
expected for a water sample (Figure 4), while the bla@d doubly charged COhas a mass to charge ratio of
at mass 22 was about five times smaller. The blank &2, which interferes with the measurement’@fle. To
creased over the course of the entire run as Ne contintigduce HO contamination, the processing line was ac-
to diffuse into the processing line. The average mass ®ly evacuated with the rough pump when not in use,
blank observed at 40 min was 4t30.8*10-12 amps, with and the last section of the line was heated between sam-
some of this variability caused by long-term drifts in theles to drive off moisture adhering to the glass. Inside the
sensitivity of the mass spectrometer rather than rand&MS, we installed a small getter (SAES Getters Metal
fluctuations. Appendage Pump with St 707 Zr-V-Fe getter material)
If just air was leaking into the processing line, the blariR absorb the reactive speciesy,HH,0, CO and CQ.
measured at mass 22 would be expected to be aboufilly, the ionizer electron energy was decreased from
times less than at mass 20. That this was not the c48eto 35 V to reduce the amount of doubly charged,CO
may indicate a small memory effect due to the O-ringoduced during ionization. These steps reduced #@ H
absorbing Ne in a 1:1 isotopic ratio from the samples. $fgnal at mass 18 to less than 1*#¢ amps, and the C9
a memory effect was indeed responsible, it was very cdiignal at mass 44 to about 3“1 amps, compared with
stant because blanks run at the beginning of the day &ile and®*Ne signals of 3*10° amps for a typical wa-
not differ from those run interspersed with samples. ~ ter sample. At these levels of contaminationsGHand
During analysis, measurable amounts of He, H,0, CO, only affected the Ne measurement at a level of about
CO, Ar, and CQ were present in the QMS. By isolating?-001%.
the QMS from both the vacuum and sample processingOf the nonreactive species present in the QMS, only Ar
line, we determined that H H,O, CO, and C@ were presented a possible problem, because doubly charged Ar
degassing from the filaments and metal walls inside thas a mass to charge ratio of 20, which interferes with the
QMS. Water also entered the QMS during analysis fromeasurement &®Ne. The charcoal trap could not com-
the cryogenic processing line. Of these reactive specipketely absorb all the Ar in a sample and the tiny amount
H,O and CQ were a concern becausg3® has a massof free Ar caused a signal of about 1*1¥ amps at
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Figure 5: (a) Example of the current measured at the maxineak peight for masses 20 and 22 over the course of a
typical water sample analysis. (b) The blank-correéfe°Ne ratio for the same sample.

mass 40. Because the ionization conditions were tailotecbe a useful diagnostic tool in detecting subtle electron-
to reduce double ionization, the contribution of doublyes problems, such as isolated capacitor and resistor fail-
charged Ar to the current at mass 20 was less than 0.01#&s in the QMS signal-processing components.

We estimated the contribution from doubly charged ions, pjthough the?2Ne”°Ne ratio stabilized after about 20
by allowing a larger quantity of Ar or C&Xbefore the get- min, the individual signals at masses 20 and 22 did not

ter was installed) into the QMS and measuring the effqglach a stable plateau (Figure 5). Calculation of the mean
on the signals at masses 20 or 22. free path in the cryogenic processing line after the major

lons with lower mass to charge ratios produce a grea@ses had been absorbgd onto the charcoal trap suggested
response by the electron multiplier detector, resulting @t the transport of Ne into the QMS was controlled by
mass fractionation in the measurement of the two Ne idgolecular diffusion. The increase in the individual sig-
topes. We characterized this process by measuring fifs during the first 10 min must have been caused by the
22NeONe ratio of air samples to determine a mass fraglow diffusion of gases into the QMS, especially through
tionation factor (MFF). For each MFF analysis, a sampi€ inline trap packed with activated charcoal granules,
flask was first filled with air collected outside the buildWhich would have acted as a significant barrier to diffu-
ing. The sample size was reduced to about 2% of the orien- BecauséNe diffuses faster thaffNe, diffusional
inal air sample, by expanding the sample into larger v&iontrol also explains why teNef Ne ratio was initially
umes and then evacuating them, in order to more C|Osd;[.53£/er than the final value. lon consumption, a process by
match the pressure of the water samples. The reduced™lich ions moving down the mass filter are buried in the
sample was then cryogenically processed and analyzeWis of the QMS, was probably the cause of the subse-
the same way as a water sample. The measdnelNe duent signal decrease over time, and is a common feature
ratio was compared to the actual ratio in air, 0.1020 (Eb&-Static quadrupole mass spectrometry (Rau and Putzka,
hardt et al., 1965; Walton and Cameron, 1966) to detd299). The buried ions did not seem to cause a memory
mine the MFF (defined here as the actual ratio / measufffct. as evidenced by the similarity between blanks run
ratio). The MFF was evaluated every day that sampfasthe beginning of the day and those run after samples,
were analysed and was found to vary from 1.08 to 1.1&)d also by the absence of an increase in Ne when the
changing slowly over a time scale of months. An MFF @MS was isolated from both the vacuum and processing
1.05 is predicted fof2Ne”°Ne with this type of electron line.
multiplier (MKS Instruments, 1998). The frequent mea- The?°Ne and®’Ne peak shapes were identical, but had
surement of essentially identical air samples also proveaine fine structure and were not symmetrical (Figure 6).
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Figure 6: (a) Example of the current measured over the 19-&3mange showing the peak shapes and relative sizes

for a typical water sample run. (b) Same as (a) but for a tyicaun. The?Ne peak is too small to observe on this
scale.

The same structure was also observed at other masses3\8e Error Analysis
qualitatively optimized the emission current, ion energy,
and focus voltage to obtain the best peak shape possiéeconcentrations determined on 170 pairs of duplicate
while maintaining acceptable sensitivity. This optimizdield samples, collected from 2000 through 2002, had a
tion affected the size of the bumps and the peaks themean relative standard deviation of 0.£3.10 %. This
selves, but not the position of the bumps on the peastimate of the precision includes errors resulting from
The specific location of the bumps is probably specifi@ariability in flask preparation, sampling, preservation
to each ionizer (Marty Suorsa, personal communicatiobjank variability, processing, and analysis. The preci-
While the peak shape was not ideal, it was extremely #on of just the?’NeP°Ne ratio determined by the QMS
producible on monthly timescales and certainly over thieas £0.03% (relative standard deviation of the mean).
course of a single run. The reproducibility of the pedRrecision can also be estimated by comparing deep wa-
shapes allowed ratios to be calculated from peak heighes. samples collected in the same location. We calcu-
Otherwise, precision could not have been maintained. lated a mean precision a£0.20% using samples from
1000, 2000, 3000, 4000, and 4600 m (15-21 samples per
The electron multiplier gain slowly varied by 10-2094lepth) collected at Station Aloha, Hawaii Ocean Time-
over the course of several years, but this had no effect¥iies (HOT), on 11 cruises between July 2000 and June
the sample accuracy because of the use of isotope dilutié®01. Ne saturations in the deep North Pacific should not
At h|gh Sample pressures, nonlinear effects and Sever@i%play Signiﬁcant natural Var|ab|l|ty on an annual basis
distorted peak shapes can be a problem, hence presstifislarger error estimated by this deep sample compari-
inside the QMS were always kept several orders of magtn indicates that the method was affected by some type
nitude below the maximum operating pressure of 1.3 mPamonthly timescale variability. The most likely source
(10-° Torr) for this type of ionization source (MKS In-Of this variability was either failure to completely accoun
StrumenIS, 1998) In a typ|ca| water samp|e, the Cor'ﬁQ.r Changes in the mass fractionation factor (MFF) or drift
bined pressure of all the contaminant ions in the QMS wiisthe calibration of the pressure gauge used to add the
similar to that of each Ne isotope. No relationship waPike.
observed between the mass of the water sample, whiclDetermining the#?Nef°Ne ratio of air samples, in or-
should be related to the total pressure of Ne, and deuier to evaluate mass fractionation, was more difficult than
tions in the measured ratio. From this, we conclude tHat the spiked water samples. The amount of spike added
changes in the pressure inside the QMS from sampletdothe flasks was specifically targeted to make the final
sample did not affect the discrimination between massésNe”°Ne ratio of the water samples near one. How-



ever, for air samples, th&Ne peak was nearly 10 time
smaller than thé°Ne peak (Figure 6). A constant leve

of noise can easily affect the smaller pedkNe) rela- the method

SITabIe 3: Magnitudes of the possible systematic offsets in

tively more, possibly causing a bias in the determination Possible source of error Nominal size _ Effect on
of the 22NeP°Ne ratio in air. The routine used to deter- and error Ne conc.

. . . . . 0,
mine the peak heights, described in the QMS Analysis : . (%)

. fullv desianed to avoid this sort of bias Ne concentration of dry air  18.18 0.04 ppm 0.2
section, was Care_ ufly 9 o Baratron pressure gauge 6800.9 Pa 0.15
as much as possible. In contrast, a systematic bias that spike concentration 11.29% 0.008 ppm  0.06
equally affected all our determinations of the MFF would _ 10.766+ 0.005 ppm  0.05
cancel out of the final calculations, because a mass frac- Sample preservation — 0.05?

. . . lied to both th . 22Ne abundance in spike 98.7240.14% 0.04

tionation correction is applied to both the reverse isotope 99.70+ 0.04% 0.01

dilution calculation, to determine the spike concentratio  Flask volume 166G 0.06 ml 0.04

and the normal isotope dilution calculation, to determine Sample mass 208 0.02g 0.02

: Thermometer calibration 2% 0.05°C 0.01

Fhe sample concentration (P_oole et al., 1997). Howevgr, Equilibrium fractionation L4k 0.3, 001

it was still necessary to precisely account for changes in g ne petween

the MFF, because spike calibrations were done only at air and water

widely spaced intervals, and the MFF can drift a couple Efqu”ibrium fractionation 0.0%o 0.001

of percent over several months. The difference between °f N between

. ) headspace and sample

the precisions calculated from duplicates and from deep non-ideality of gas in _ 0.0002

water intercomparisons (0.12% vs. 0.20%) may indicate spike addition — 0.0002
0.1020+ 0.0008  None

some remaining bias in the peak height determinations of natural’’Ne”°Ne ratio
air samples.
To assess accuracy, we examined the possible sources
of systematic offsets in the method (Table 3). Four ofthe _ _ _
possible inaccuracies considered could have had an effedthird, two separate spikes (mixtures@Ne with Np)
of > 0.05% on the final Ne concentrations. have been used over several years of sample measure-
First, the most recent estimate of the Ne concentratiBtent. Each of the spikes was calibrated multiple times,
of dry air is 18.18+ 0.04 ppm (Glueckauf, 1951). Ajrand we found no indication that the spike had become
was the ultimate standard in calibrating the spike concéi@ntaminated with atmospheric Ne or that its concentra-
tration, and the uncertainty in the air value results intipn had drifted with time. The relative standard deviation

0.2% uncertainty in the accuracy of our Ne measuremertsthe mean for the multiple spike calibrations was 0.05-
However, this error cancels when Ne saturation is cald06%, which transfers to a 0.05-0.06% possible offset
lated, because the equilibrium concentration of Ne in wii the Ne concentrations of the samples. Inaccuracies
ter is also determined relative to the amount in air (Weigigused by the pressure gauge cancel in the calculation of
1971; Top et al., 1987; Hamme and Emerson, 2004). the spike calibration, hence the pressure gauge was not an
Second’ the pressure gauge used to determine Qﬁgltlonal factor in the Spike concentration error.
amount of spike added to the sample flasks was factoryFinally, some error must be present due to Ne leak-
calibrated to+0.15%. Tests on older model capacitandag into or out of the samples during preservation. This
diaphragm gauges suggest that calibration drift rates mayiability in preservation must be small based on the ex-
be well over 0.15% over several years (Hyland and Titellent precision of the measuremertQ(13%). An av-
ford, 1985), but we detected no discernable drift in trerage leak-induced error cannot be calculated from the
calibrations of our two gauges relative to each other. Erqoreservation test on evacuated flasks, because the gradi-
in the pressure reading while adding the spike producesamt across the O-rings changes significantly when spike
error of the same magnitude in the Ne concentration of the sample is placed in the flask. However, given that
sample, and we assess this uncertainty at 0.15% baseéwatuated flask tests suggested a 0.1% error from leaks
the manufacturer specifications. and that tests with flasks containing spike showed a lower
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Figure 7: (a) The black line is the mean profile of Ne concatiin in nmol/kg (10° mol/kg) measured in June 2001
at HOT (22.8N 158W). Error bars are smaller than the size of the points. The lnayis the nearest Ne profile
measured during GEOSECS (3IN15C°W) in September 1973. (b) Mean profile of Ne supersaturatiotife same
data in percent. Ne solubility is calculated relative to ht@@and Emerson (2004). Error bars for the HOT data reflect
the standard deviation of duplicate samples.

leak rate, we guess that an error of 0.05% is appropridt&—3% supersaturated throughout the water column. The
for sample preservation. small subsurface peak in supersaturation, centred at 75

Combining all the errors considered, we estimatena, is caused by warming of this water mass, which is
+0.18% accuracy excluding the possible error in the Néthin the euphotic zone but beneath the mixed layer in
concentration of air, anét0.27% including this error. ~ June (Well and Roether, 2003).

This method differs from other published Ne analysis
3.4 Method Utility and Comparison to Pre- methods mainly in its p_rocedure for sample collection.
. M ethods The copper tube sampling method offers the advantage
vious of excellent long-term preservation of the samples until
To demonstrate the utility of this analysis method, wahalysis. However, the glass flask sampling method de-
present a recent depth profile of Ne from the HawdiFribed here, featuring the use of €@ flush air from
Ocean Time-series (HOT) measured by our method dhé flask neck before sampling, greatly reduces the chance
one from a nearby station measured during GEOSE®t small air bubbles could be trapped in the sample,
(Figure 7). The increased precision of our method §gusing contamination. Also, the error in determining
evident from the lower variability in Ne concentrationssample weight is reduced using our glass flask method,
especially in deep waters. The offset between our d@gcause the weight of an empty glass flask is 10 times
and GEOSECS could indicate air contamination or c&gss than that of an empty Cu tube and holder. Finally, the
ibration problems with the GEOSECS data. Typical N¢se of isotope dilution eliminates the need to completely
concentrations measured in the open ocean range f@gas the Sample and corrects for drift in the SenSitiVity
6.7 to 8.2 nmol/kg. Trends in concentration are controll€ the QMS, but requires accurate determinations of mass
mainly by temperature. When the measured concentif@ctionation.
tions were compared to the equilibrium Ne concentrationsThe equipment required for sample collection and anal-
expected for the potential temperature and salinity of tiisis with this method is relatively inexpensive. Currently
water (Hamme and Emerson, 2004), Ne was found to the total time for analysis of one sample is two hours, and
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the process is entirely manually operated. Because @mig, H., Weiss, R. F., Clarke, W. B., 1967. Dissolved
pressure gauge calibration is the method’s main sourcgases in the Equatorial and South Pacific Ocean. J.
of inaccuracy, we suggest that anyone wishing to dupli-Geophys. Res. 72 (24), 6165-6181.

cate this method choose a higher accuracy pressure gauge

to add the spike, as better models than the one descrig®&grhardt, P., Eugster, O., Marti, K., 1965. A redetermi-
here have become available. Meaningful improvementshation of the isotopic composition of atmospheric neon.
could also probably be made in the preservation of samZ- Naturforschg. 20 a, 623-624.

ples collected in glass flasks. With an additional monetar ,
investment, automation of the analysis could be achievgénerson’_ S. Quay, P. D"_ Stump, C., Wilbur, D
which would significantly decrease the individual atten- Schudlich, R., 1995. Chemical tracers of productivity
tion required to run samples and perhaps increase the préa_nd respiration in the subtropical Pacific Ocean. J. Geo-
cision of the method. If smaller sample sizes and reducecPhys' Res. 100 (C8), 15,873-15,887.

analysis time are desired, a trap whose temperature ¢ llﬂerson S., Stump, C., Wilbur, D., Quay, P., 1999. Ac-
be reduced to 10-40 K could be used to concentrate the, | .. ,me.élsureme’nt .(,)szNz ,an(.j, Ar ga,se.s, in wa;cer

Ne near the inlet to the QMS (Lott and Jenkins, 1984 and the solubilty of . Mar. Chem. 64 (4), 337-347.
Lott, 2001). Reduced analysis time could also be achieve

through faster analog signal conversion and data storaggueckauf, E., 1951. The composition of atmospheric air.
In: Malone, T. F. (Ed.), Compendium of Meteorology.
American Meteorological Society, Boston, MA, pp. 3—
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