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Abstract 22 

Air-derived neon is used for routine calibration of magnetic sector mass spectrometers, 23 

principally for determining sensitivity and mass discrimination for Ne isotope determinations. 24 

The commonly accepted 21Ne/20Ne ratio of air (0.002959 ± 0.000022; Eberhardt et al. (1965) 25 

does not take account of the contribution of 20NeH+ at m/z = 21. Honda et al. (2015) and 26 

Wielandt and Storey (2019) have recently re-determined the 21Ne/20Neair by resolving 20NeH+ 27 

from 21Ne+. The 21Ne/20Neair values of the two studies differ by 1.8%, beyond the uncertainty of 28 

the measurements (± <0.1%). We have developed a protocol for precise determination of NeH+ 29 

in air using a low-resolution Thermo Fisher ARGUS VI mass spectrometer and use it to re-30 

determine the 21Ne/20Ne of air. 22NeH+/22Ne+ measured at different H2
+ and Ne+ intensities reveal 31 

that (i) the partial pressure of H2
+ in the instrument is the primary control on NeH+ production, 32 

and (ii) increasing Ne+ pressure suppresses the formation of NeH+. Calibration curves of 33 

22NeH+/22Ne+ vs. 22Ne+ at constant H2
+ are used to calculate the 20NeH+ production in aliquots of 34 

air-derived Ne and allow for hydride correction at m/z = 21. The fully isobaric interference-35 

corrected Ne isotope compositions measured at different electron energy (eV) settings define a 36 

single mass fractionation line in 22Ne/20Ne vs. 21Ne/20Ne space. The 20NeH+/21Ne+ ratio varies 37 

between 0.4% (90 eV) and 2.3% (60 and 70 eV). Correcting for 20NeH+ assuming 38 

22NeH+/20NeH+ = 22Ne/20Ne yields an over-correction of up to 0.7% and the data do not plot on a 39 

single mass fractionation line. Our study defines 21Ne/20Neair to be 0.002959 ± 0.14% (1σ) 40 

assuming 22Ne/20Ne = 0.102 (Eberhardt et al., 1965). This overlaps the value determined by 41 

Wielandt and Storey (2019), albeit with a slightly higher uncertainty. However, our value is 42 

statistically more robust and accounts for the dependency on hydride formation by Ne partial 43 

pressure. From this we conclude that high precision Ne isotope ratio determinations in future 44 

require the quantification of 20NeH+. The improved precision of air 21Ne/20Ne will result in more 45 

precise cosmogenic 21Ne surface exposure and (U+Th)/Ne ages.  46 
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1. Introduction  47 

The precise determination of the noble gas isotopic composition of air is essential because it is 48 

routinely used to calibrate magnetic sector mass spectrometers. Further, variable amounts of air-49 

derived noble gases are present in all terrestrial and extra-terrestrial material that can obscure the 50 

intrinsic isotopic composition and contribute significantly to the uncertainty of the corrected 51 

isotopic composition. The precise determination of the isotopic composition of noble gases in air 52 

is essential for many applications. Recent advances in magnetic sector mass spectrometry have 53 

led to increased precision and accuracy of He, Ne and Ar isotopic ratio determinations that have 54 

been exploited to refine air compositions (Honda et al., 2015; Mark et al., 2011; Mishima et al., 55 

2019; Wielandt and Storey, 2019). 56 

All three Ne isotopes (20, 21, 22Ne) are primordial in origin, and are produced by nuclear processes 57 

in nature, making it an exceptional geochemical tracer. The Ne isotopic composition of 58 

meteorites and lunar regolith material have been key to identifying distinct primordial 59 

components of the early solar system history and determining how the planets formed (Black, 60 

1972; Wieler, 2002). Neon isotopes in samples of terrestrial mantle have allowed the origin of 61 

Earth’s volatile inventory to be determined and have revealed how the interior has evolved since 62 

accretion (Colin et al., 2015; Harrison et al., 1999; Moreira et al., 1998). The Ne isotope 63 

composition of crustal fluids can be used to quantify the contribution of magmatic volatiles and 64 

to trace fluid interaction histories (Ballentine et al., 2005; Ballentine and O'Nions, 1991). 65 

Cosmogenic 21Ne produced in rocks in the upper few centimeters of Earth surface is now widely 66 

used to unravel long-term landscape development, particularly in arid regions that are sensitive 67 

to climate change (Ma and Stuart, 2018). The recently developed (U+Th)/21Ne chronometer is 68 

finding use for determining the timing of Earth processes that have hitherto proved difficult to 69 

date (Gautheron et al., 2006). 70 

The majority of the historical measurements of the Ne isotope composition of air (Bottomley et 71 

al., 1984; Eberhardt et al., 1965; Heber et al., 2009; Nier, 1950; Valkiers et al., 1994; Walton and 72 

Cameron, 1966) have not accounted for the effect of 20NeH+ at 21Ne+ as the resolving power of 73 

most instruments have not allowed the two peaks to be separated (m/Δm = 3,271; Table 1). 74 

Consequently, the 21Ne/20Ne ratio of the global reference material may be over-estimated. New 75 

high-resolution mass spectrometers that allow the neon hydride (20NeH+) peak to be adequately 76 

separated from 21Ne+ have permitted more accurate and precise determinations of air 21Ne/20Ne 77 

ratio (Honda et al., 2015; Wielandt and Storey, 2019) (Figure 1). Honda et al. (2015) re-78 

determined the 21Ne/20Neair to be 0.002905 ± 0.000003 (1σ), for an assumed 22Ne/20Ne of 0.102 ± 79 

0.0008 (Eberhardt et al. 1965). This is significantly lower than the widely-used value of 80 
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Eberhardt et al. (1965) (0.002959 ± 0.000022, 1σ), and a more recent high precision 81 

determination (0.0029577 ± 0.0000007) by Wielandt and Storey (2019). The reason for the 1.8% 82 

difference between the new values is currently unresolved but it places significant limitations on 83 

the routine geoscience applications of Ne isotopes. 84 

Neither of the recent studies investigated the extent of, or controls on, NeH+ formation in static 85 

vacuum mass spectrometers. This is important as the majority of magnetic sector mass 86 

spectrometers currently used for noble gas isotope determinations do not have the ability to 87 

resolve the 20NeH+ and 21Ne+ peaks. Where 20NeH+ corrections have been made at low 88 

resolution, they are based on the measured 22NeH+ beam intensity and assumption that 89 

22NeH+/20NeH+ = 22Ne/20Ne (Codilean et al., 2008; Poreda and di Brozolo, 1984; Wielandt and 90 

Storey, 2019). However, analysis of Ne+ vs. NeH+ data of Honda et al. (2015) and Wielandt and 91 

Storey (2019), suggests that NeH+ formation is independent of the partial pressure of Ne+, thus 92 

the simple correction technique needs to be refined. 93 

Here we present a series of experiments aimed at determining how NeH+ is formed in a low-94 

resolution static vacuum mass spectrometer with a standard Nier-type ion source (Thermo Fisher 95 

ARGUS VI). We have developed a protocol to quantify the production of 20NeH+ on the basis of 96 

the measured 22NeH+. Using neon isotope determinations of large volumes of air, in a manner 97 

similar to the procedure we have used previously to determine the Ar isotopic composition of air 98 

(Mark et al. 2011), has allowed a re-determination of the air 21Ne/20Ne value. Further, we 99 

consider how the precise NeH+ correction is unavoidable for routine application of Ne isotope 100 

geochemistry. 101 

 102 

2. Analytical procedure 103 

The data reported in this study are derived from the analysis of aliquots of ~2.2 x 10-8 cm3 STP 104 

of Ne, extracted from a 2 litre air reservoir at ~1390 Pa and purified in an all-metal system 105 

maintained at ultra-high vacuum using a combination of turbo-molecular and triode ion pumps. 106 

Active gases are first removed from the air by exposure to a GP50 ZrAl alloy getter (SAES) held 107 

at 250°C for 15 minutes. The gas is then exposed to liquid nitrogen-cooled (-196°C) charcoal for 108 

15 minutes to adsorb Ar, Kr & Xe. The remaining gas is exposed to charcoal at -243°C for 20 109 

minutes using a Sumitomo coldhead (IceOxford) for 20 minutes to adsorb Ne. The residual He is 110 

pumped from the extraction line and cryopump volume, prior to the release of the Ne into the gas 111 

phase at -173°C. The Ne is equilibrated with the mass spectrometer for 45 seconds prior to 112 

analysis. The procedure for purification and cryogenic separation of Ne is fully automated. A 113 
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GP50 ZrAl alloy getter held at room temperature and a liquid nitrogen-cooled charcoal finger 114 

have been installed on the source block of the mass spectrometer to reduce the levels of H, CO2 115 

and Ar during Ne isotope analysis. The liquid nitrogen-cooled charcoal trap on the line and mass 116 

spectrometer are fully automated, permitting non-stop operation for up to 80 hours. 117 

The Thermo Fisher ARGUS VI mass spectrometer used in this study is fitted with five Faraday 118 

cups (H2, H1, Axial, L1, L2) and a compact discrete dynode (CDD) electron multiplier at the L3 119 

position. Whilst it is primarily used for multi-collector Ar isotope analysis by geochronology 120 

communities (e.g. Bai et al., 2018) flexible collector array allows multi-collection Kr and Xe 121 

isotope analysis (Ruzié-Hamilton et al., 2016) and by tuning the magnet position and the 122 

individual deflection voltages on the detectors neon peak coincidence can be achieved: 22Ne+ on 123 

H2, 21Ne+ on Axial, 20Ne+ on L2 detector (Figure 2). Multi-collection provides a large time 124 

saving and increases the precision at the cost of the need of thorough and robust detector cross 125 

calibration. All the Faraday channels are equipped with 1012 Ω amplifiers. The ion source has 126 

been tuned for maximum sensitivity using 20Ne+ on the L2 detector. Prior to the experiments 127 

reported here the instrument sensitivity at 110 eV was determined to be 1.41 x 1015 cps/cm3 STP 128 

20Ne (1 cps = 1.6 x 10-19 A). This is slightly lower than the 40Ar sensitivity of 5 x 1015 cps/cm3 129 

STP at 110 eV of a similar instrument reported by Ruzié-Hamilton et al. (2016). 130 

The Faraday detectors were cross-calibrated using gain calibration electronics intrinsic to the 131 

Qtegra software. We also cross-calibrated the detectors by peak jumping of m/z = 22 on all the 132 

Faraday detectors for fixed source conditions. There was no measurable difference in the cross-133 

calibration parameters determined by both techniques thus we used electronic gain calibrations. 134 

The CDD detector was cross-calibrated relative to the L2 Faraday cup by peak jumping the m/z 135 

= 22 beam on both detectors prior to analysis. This was monitored during all air analyses by 136 

measuring the m/z = 21 beam on the CDD and the axial Faraday. The cross-calibration factor did 137 

not change over the 4 months of analytical period. 138 

No measurable Ne was present in all blank determinations. Beam intensities at m/z = 20 and m/z 139 

= 22 are due to the presence of 40Ar2+ and CO2
2+ respectively (see section 3). The peak at mass 140 

21 in full procedure blanks was typically between 0.1 and 0.3‰ of the beam intensity in the air 141 

Ne measurements. This is neither 20NeH+ nor 63Cu3+, based on the absence of measurable 65Cu3+ 142 

(m/z = 21.67) (Codilean et al., 2008). It is likely to be produced by organic compounds such as 143 

diketene (12CH2
12C16O2+), propene (12C3H6

2+) or acetone fragment of CH3CCH3
*2+ (Table 1). The 144 

peak at m/z = 23 in blank determinations is 50-90% of that measured in air Ne analyses. Less 145 

than 5% of this is from 46CO2
2+, thus it is also likely to be an organic compound such as ethanol 146 

(C2H5OH2+). 147 
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 148 

3. Isobaric interferences 149 

The low resolution (<200) of the ARGUS VI mass spectrometer means that the Ne isotope peaks 150 

cannot be separated from the common isobaric interferences (Table 1). Separation of the 22Ne+ 151 

peak from 12C16O2
2+ requires a resolution of 6,232 (Table 1), which is unattainable with most 152 

magnetic sector mass spectrometers. In this study we have used the established protocol of 153 

determining the 12C16O2
+/12C16O2

2+ for each measurement setting before analysis and using this 154 

factor along with 12C16O2
+ measured during each air Ne analysis (e.g. Osawa, 2004). 155 

12C16O2
+/12C16O2

2+ is determined in dynamic mode by peak jumping the m/z = 44 and 22 beams 156 

on the CDD at different electron energy settings. The 12C16O2
+/12C16O2

2+ ratio decreases with 157 

increase in electron energy from 84.9 ± 1.3 at 60 eV to 42.0 ± 0.8 at 110 eV, with a plateau 158 

between 70 and 90 eV at the value of ~62, consistent with previous studies (e.g. King and Price, 159 

2008). We also determined CO2
+/CO2

2+ by measuring the beam intensity at m/z = 22.5 160 

(13C16O16O2+ and 12C17O16O2+) and m/z = 44 (44CO2
+) in dynamic mode, and calculating the 161 

abundance of 45CO2
+, where (44CO2/

45CO2)natural = 83.86. This confirms that the contribution of 162 

22Ne at mass 22 in dynamic mode is negligible. There is no statistical difference between 163 

CO2
+/CO2

2+ determined both ways. The m/z = 45/22.5 technique allows CO2
+/CO2

2+ ratio 164 

determination at Ne partial pressures that are representative of conditions of Ne isotope ratio 165 

analysis of air in this study. We found no significant differences in the CO2
+/CO2

2+ ratio by 166 

varying the H2
+ and Ne+ partial pressure (see e.g. Niedermann et al., 1993). The contribution of 167 

CO2 at m/z = 22 determined by the measurement of 44CO2
+ during air analysis and the pre-168 

determined CO2
+/CO2

2+ is <0.3‰.  169 

In order to determine the 40Ar2+ at m/z = 20 (20Ne+), 40Ar+ was measured during Ne isotope ratio 170 

analysis and correction made using 40Ar+/40Ar2+ ratios determined in dynamic mode by peak 171 

jumping of m/z = 20 and 40 on the CDD detector. 40Ar+/40Ar2+ decreases from 3.6 ± 0.1 (60 eV) 172 

to 1.9 ± 0.1 (110 eV) with a plateau between 80 and 90 eV at 2.3 ± 0.1, consistent with previous 173 

work (Man et al., 1993). It does not appear to be affected by H2
+ partial pressure in the mass 174 

spectrometer. A linear correlation between 40Ar+/40Ar2+ and CO2
+/CO2

2+ (R2 = 0.92) is similar to 175 

that reported by Balco and Shuster (2009). Thus, we rule out strong source pressure dependency 176 

on 40Ar2+ production and we use the Ar2+ generated in dynamic mode. The 40Ar2+ contribution at 177 

m/z = 20 during the air Ne measurements is <0.2‰. 178 

The contribution of H2
18O+ at m/z = 20 is determined from the measured H2

16O+ and 179 

(18O/16O)natural = 498.8 and is < 0.01‰. Correction for H19F+ at m/z = 20 is based on the 180 

measurement of 19F+ (typically 0.6 cps). In the worst case scenario where m/z = 19 is 19F+, free 181 
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from the interference of H2
17O+ and H18O+ fragment, and F+ = H19F+ we calculate the H19F+ 182 

contribution at m/z = 20 to be < 0.02‰. Organic compounds (Table 1) are maintained at low 183 

levels (~0.001 fA) by baking the mass spectrometer at 350°C. 184 

 185 

4. Discussion 186 

4.1 The formation of NeH+  187 

Honda et al. (2015) and Wielandt and Storey (2019) determined levels of 20NeH+ that 188 

contributed ~2% of the peak at m/z = 21 in analyses of air-derived Ne. This suggests that high 189 

precision Ne isotopic analysis using low resolution instruments require routine determination of 190 

20NeH+. Neither study determined the controls on NeH+ formation. 191 

Moran and Friedman (1963) showed that the majority of NeH+ generated in gas-source mass 192 

spectrometers occurs via two reactions: 193 

(a) H2
+ + Ne = NeH+ + H, and 194 

(b) H2 + Ne+ = NeH+ + H.  195 

We have measured the 22NeH+/22Ne+ ratio in pipettes of constant amounts of air-derived Ne with 196 

varying H2
+ levels in order to determine the importance of reaction path (a). The level of 197 

hydrogen in the mass spectrometer was adjusted by manually varying the degree of closure of 198 

source GP50 getter valve. H2
+ and CO2

+ were analysed at the beginning of each analysis 199 

sequence (7 minutes) allowing precise 22NeH+/22Ne+ determinations to be made by peak jumping 200 

of mass 22 and 23 (2 hours). In order to determine the importance of reaction path (b) these 201 

experiments were repeated with varying amounts of air-derived Ne, by taking multiple air shots 202 

from the reservoir, while keeping the H2
+ level constant (Table 2). 203 

22NeH+/22Ne+ increases systematically with increasing H2
+ (at constant 22Ne+) for all electron 204 

energy settings (Figure 3A). This implies that reaction path (a) dominates because linearity 205 

between atomic hydrogen and H2
+ cannot be assumed, as H3

+ and other species are formed in the 206 

source (e.g. Sessions et al., 2001; Smyth, 1925). Hydride formation is highest at 60 and 70 eV 207 

(22NeH+/22Ne+ > 50 ppm). Linear relationships imply that despite the large number of different 208 

products generated when ionizing hydrogen (Smyth, 1925) the dominant products are likely to 209 

be a mixture of H2
+, H+ and H. In contrast, the 22NeH+ production rate shows no strong 210 

relationship with Ne+ availability in the source (Figure 3B). Over a large 22Ne+ partial pressure 211 

range there is a minor negative relationship between 22NeH+ formation and Ne+ availability. The 212 
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decrease is most pronounced at 60-80 eV, while at >90 eV hydride formation rate is less 213 

dependent on 22Ne+ availability. 214 

The absence of a positive correlation between 22NeH+ and 22Ne+ rules out reaction path (b) as the 215 

dominant formation mechanism. This also rules out the importance of atomic Ne in reaction path 216 

(a) because of the linearity between Ne and Ne+. Together with the positive relationship in 217 

Figure 3A this strongly implies the H2
+ + Ne = NeH+ + H reaction is the key mechanism for 218 

Ne-hydride formation and is controlled by H2
+ instead of the combination of H2

+ and atomic Ne. 219 

This is consistent with the kinetic theory of NeH+ formation (Kaul et al., 1961; Moran and 220 

Friedman, 1963) and previous observations (Niedermann et al., 1993). It implies that 221 

maintaining H2
+ level constant during analyses keeps the NeH+ constant. The 22NeH+/22Ne+ vs. 222 

22Ne+ relationship (Figure 3B) implies that there may be either a small pressure-dependent 223 

sensitivity or a decrease in the concentration of 22NeH+, or a combination of both, that may also 224 

explain the deviation from linearity. It is important to note that the 22NeH+ production shown in 225 

Figure 3B has been determined for a range of 22Ne+ that extends to equivalent to the 20Ne+ 226 

amount used for the precise ratio determinations (sections 4.2 and 4.3). 227 

The strong dependency of NeH+ formation with hydrogen and Ne+ level is also observed in the 228 

study of Wielandt and Storey (2019). They made NeH+ corrections at different hydrogen and 229 

Ne+ intensities. The 20NeH+ contribution in their study is highest (1.16%) with high hydrogen 230 

background levels. NeH+ formation at low hydrogen levels is dependent on the intensity of Ne+. 231 

The 20NeH+ contribution at m/z = 21 (0.65-0.85% at 40,000-25,000 fA 20Ne+, respectively) is in 232 

line with the observed decrease of NeH+ signal with increasing Ne+ in this study. 233 

 234 

4.2. Correcting for 20NeH+ 235 

The Ne isotopic composition of air has been measured seven times at several electron energy 236 

settings (Table 3). Analysis starts with a measurement of H2
+, 44CO2, 

40Ar+ (10 minutes), 237 

followed by multi-collection of 22Ne+ (H2) – 21Ne+ (Ax) – 20Ne+ (L2) for ~3 hours. This allows 238 

the magnet current to remain unchanged and generate high precision Ne isotope ratio 239 

measurements. Beam intensities are determined by extrapolation to inlet time and isobaric 240 

interference corrections are carried out using the pre-determined CO2
+/CO2

2+ and 40Ar+/40Ar2+ 241 

ratios and Ne+-NeH+ calibration curves. Uncertainties induced by these corrections have been 242 

propagated. All data are plotted in Figure 4A. The different electron energy settings yield clearly 243 

distinct isotope ratio data. The key point to note is that the corrected data plot along a trend that 244 

is consistent with a single mass fractionation line. The data from the 70 eV analyses plot below 245 
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the commonly accepted air 22Ne/20Ne value (0.102; Eberhardt et al. 1965) while data from all 246 

other source settings have higher 22Ne/20Ne. The extent of the fractionation is likely a simple 247 

function of electron energy (Honda et al., 2015). The hydride correction is most significant at 60 248 

and 70 eV, on average 2.3% of the 21Ne+ beam. This drops to ~0.4% at 90 eV and beyond (Table 249 

3). 250 

The best Gaussian fit to the probability density distribution (Kirkup, 2012) and 1σ uncertainty of 251 

each data group are reported in Table 4 and Figure 4B. The uncertainty of the 22Ne/20Ne data is 252 

at a minimum at 80 eV (0.03%) and increases with electron energy to maximum of 0.13% at 110 253 

eV. This may reflect decreasing source stability at high eV settings. The uncertainty of the 254 

21Ne/20Ne ratios is a minimum (0.11%) at 80 and 90 eV, increasing at lower electron energies 255 

due to increasing signal/noise ratio, and at higher electron energies, due to source instability. 256 

The 21Ne/20Ne ratios corrected for 20NeH+, assuming a direct linear relationship between 22NeH+ 257 

and 20NeH+ (22NeH+/20NeH+ = 22Ne/20Ne) (e.g. Wielandt and Storey, 2019), do not define a 258 

single mass fractionation line and appear to over-estimate the correction in all cases (Figure 4). 259 

At 70 eV the corrected 21Ne/20Ne ratios differ by 0.7%, decreasing to ~0.15% at 100 and 110 eV. 260 

At 60 eV the difference is negligible, which is reflected in the shape of the NeH+-Ne+ calibration 261 

curve (Figure 3B). The differences in the two correction methods are significant relative to 262 

uncertainties at and below 90 eV. 21Ne/20Ne ratios that have been corrected using the two 263 

techniques overlap within uncertainty at 100 and 110 eV (Figure 4B). Minimising the NeH+ in 264 

the mass spectrometer may not be the best method for accurate and precise Ne isotope ratio 265 

measurements by low-resolution mass spectrometers because it may be associated with 266 

unexpected source instability (above 100 eV in our case). NeH+ formation needs to be fully 267 

characterized in order to minimise the uncertainty of 21Ne/20Ne. The nature of NeH+ in the source 268 

is fundamentally different than any other interfering compound with Ne isotopes (CO2, Ar), 269 

which may require a high but quantifiable NeH+ and optimum Ne+/NeH+ (Table 5). 270 

 271 

4.3. The 21Ne/20Ne composition of air 272 

Our hydride-corrected air data lie on a mass fractionation line in 22Ne/20Ne-21Ne/20Ne space 273 

defined by:  274 
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Applying this equation to calculate 21Ne/20Neair at the reference value of 22Ne/20Neair = 0.102 275 

(Eberhardt et al., 1965) at each electron energy setting we obtain 21Ne/20Ne ratios that vary 276 

between 0.002955 ± 0.000006 (100 eV) and 0.002959 ± 0.000003 (80 and 90 eV) (Table 4). The 277 

best Gaussian fit to the probability density distribution of the complete dataset yields 21Ne/20Neair 278 

of 0.002958 ± 0.000005 (0.15%, 1σ). Ignoring the data from 100 and 110 eV where source 279 

instability has affected data quality, the 21Ne/20Neair is 0.002959 ± 0.000004 (0.14%, at 1σ level). 280 

The degree of data scatter (± 0.14%) and the mean analytical uncertainty (± 0.13%) (obtained 281 

from 32 data points, 7 measurements at 4 different eV settings) are similar. 282 

Our 21Ne/20Neair value overlaps with that determined by Wielandt and Storey (2019) and 283 

Eberhardt et al. (1965). It does not overlap with other determinations (Bottomley et al., 1984; 284 

Heber et al., 2009; Honda et al., 2015; Valkiers et al., 1994) apart from that of Walton and 285 

Cameron (1966) due to its high uncertainty in 21Ne/20Ne (1.9%, 1σ). The high 21Ne/20Neair 286 

determined by Bottomley et al. (1984) (0.002980 ± 0.000006) may be explained by the presence 287 

of NeH+, although they argue it is negligible. All other studies have produced significantly lower 288 

21Ne/20Ne than our study (Figure 5). 289 

The uncertainty in the air 21Ne/20Ne determined here is a 5-fold improvement on the value (± 290 

0.74%, 1) determined by Eberhardt et al. (1965). It is less precise than the value published by 291 

Wielandt and Storey (2019) (± 0.023%, 1σ). Based on the new understanding of NeH+ 292 

production gained in this study it is likely that their uncertainty is significantly underestimated. 293 

The 20NeH+ correction they used in low resolution mode was determined on the assumption that 294 

22NeH+/20NeH+ = 22Ne/20Ne. We have shown this to be incorrect; NeH+ production is inversely 295 

and non-linearly proportional to Ne+ partial pressure. Consequently, the ‘dynamic’ dataset 296 

reported by Wielandt and Storey (2019) cannot be used in support of the ‘high intensity static 297 

data’. Thus, their whole static dataset ‘high and low intensity’ should be used. The best Gaussian 298 

fit to the probability density distribution of this dataset yields a significantly increased 299 

uncertainty (± 0.1%, 1σ). Further, the intensity (pressure) effect on 21Ne/20Ne remains 300 

unresolved, suggesting that above uncertainty is a minimum. Thus, until a more thorough 301 

determination of 21Ne/20Neair is carried out using a high resolution mass spectrometer, the value 302 
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reported here (0.002959 ± 0.000004) should be considered as the best estimate for the primary 303 

international standard. 304 

 305 

4.4. Implications for Ne isotope determinations 306 

4.4.1 Accuracy of Ne isotope data 307 

We have demonstrated that the 20NeH+ contribution at m/z = 21 varies between 0.4% and 2.3%, 308 

broadly consistent with previous studies (Honda et al., 2015; Wielandt and Storey, 2019). 309 

Further, 20NeH+ production is strongly governed by source parameters. The NeH+ contribution at 310 

m/z = 21 is a similar order as the reproducibility of 21Ne/20Ne ratio measurements of multiple air 311 

standards in the majority of operating instruments (0.5–1%; Ballentine et al. (1991); Györe et al. 312 

(2015). 313 

The NeH-corrected measurements of 21Ne/20Ne ratios in air standards will produce mass 314 

fractionation factors that are different from those calculated without the correction. NeH-315 

uncorrected 21Ne/20Ne ratios of unknowns will be inaccurate only if the NeH correction was 316 

different to the relevant air calibration measurements. Typically, the measured Ne signal from 317 

minerals and rocks is significantly less than the amount of air-Ne used for mass discrimination 318 

and sensitivity determinations (e.g. Ritter et al., 2018). A 10-fold decrease in Ne abundance 319 

significantly affects the NeH+ correction, resulting in an increased 21Ne/20Ne of up to 0.7% at 70 320 

eV, and 0.15% for 110 eV (Figure 3B) (see differences in correction techniques outlined in Table 321 

4). Similar effects are noted for modest changes in the H2
+; for instance, 1% increase results in a 322 

0.3% increase in 21Ne/20Ne at 60 eV (Figure 3A). Getter pumps attached to mass spectrometer 323 

source blocks go some way to minimising background hydrogen levels. The extent to which they 324 

maintain a constant level is unclear as the level of H2
+ is rarely reported in published work, 325 

consequently it is difficult to assess the extent to which it has affected published Ne isotope data. 326 

Experience from the workhorse MAP 215-50 instrument in the SUERC laboratory shows that 327 

H2
+ signal varies ± 5% over several days. This could result in a 1% variation in 21Ne/20Ne ratio 328 

(Figure 3A). 329 

The combined effect of lower Ne+ and higher H2
+ in the analysis of unknowns compared to air 330 

standards means that 21Ne/20Ne ratios may be overestimated beyond the quoted 1σ uncertainty. 331 

This has implications for studies where accurate Ne isotope ratio determinations are important. 332 

An obvious case is the determination of Ne isotope composition of the terrestrial mantle. 333 

Accurate 21Ne/20Ne ratios are essential for distinguishing lithosphere from asthenosphere mantle 334 

sources (Gautheron et al., 2005; Jalowitzki et al., 2016) and, in the case of intra-plate basaltic 335 
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volcanism, for distinguishing a deep, relatively undegassed mantle source from the convecting 336 

upper mantle (e.g. Trieloff et al., 2000). 337 

 338 

4.4.2 Improving the precision of Ne isotope analysis  339 

We have shown here that state-of-the-art low resolution (<3,300) noble gas mass spectrometers 340 

are now capable of Ne isotope ratio precision (± 0.1-0.2%), that is significantly less than the 341 

potential contribution of 20NeH+ at m/z = 21. In order to ensure the veracity of Ne isotope 342 

determinations, we suggest that 20NeH+ be determined and corrections made for analyses by low 343 

resolution mass spectrometers. The uncertainty reported here was obtained from analysis of 344 

aliquots of 2.2 x 10-8 cm3 STP 20Ne measured using Faraday detectors in multi-collection mode. 345 

This is ~100 times more than routinely used on the SUERC MAP 215-50 mass spectrometer (8 x 346 

10-10 cm3 STP 20Ne, average reproducibility ~1%). Neon isotope analysis of 3.38 x 10-10 cm3 347 

20Ne on the ARGUS VI mass spectrometer yields 21Ne/20Ne reproducibility of ± 3‰ (n = 10). 348 

Assuming linear relationship between relative error and concentration this represents nearly an 349 

order of magnitude improvement in the uncertainty compared to the MAP 215-50 mass 350 

spectrometer. Given that the reproducibility of the standard is the governing factor for 351 

uncertainty of unknowns, we suggest that low volume, high precision low resolution mass 352 

spectrometer such as the Thermo Fisher ARGUS VI is capable of producing high precision Ne 353 

analysis, suitable for most geoscience applications. 354 

The improved precision of isotope ratio determinations combined with the lower uncertainty of 355 

air 21Ne/20Ne has implications for studies that require the calculation of the absolute amount of 356 

non-atmospheric 21Ne (21Ne*), such as cosmogenic exposure dating (Codilean et al., 2008; Ritter 357 

et al., 2018) and (U-Th)/Ne geochronology (Gautheron et al., 2006). 358 

At its simplest the non-atmospheric 21Ne concentration is calculated from: 359 

𝑁𝑒∗ = 𝑆21 𝑁𝑒𝑚𝑒𝑎𝑠
2121  [

( 𝑁𝑒21 / 𝑁𝑒20 )
𝑚𝑒𝑎𝑠

− ( 𝑁𝑒21 / 𝑁𝑒20 )
𝑎𝑖𝑟

( 𝑁𝑒21 / 𝑁𝑒20 )
𝑚𝑒𝑎𝑠

] (2) 

where S21 refers to the sensitivity for 21Ne and the subscript meas refers to measured. For a 360 

hypothetical sample with 21Ne/20Ne that is twice the air value, the uncertainty in the 21Ne* 361 

concentration using the Eberhardt et al. (1965) air value (± 0.74%) and typical isotope ratio 362 

reproducibility of last-generation instruments (e.g. MAP 215-50 or VG5400; ± 1%), is 363 

approximately 3.5 times higher than if determined on state-of-the-art instrument (± 0.3% for the 364 

ARGUS VI in this study) and new air value (± 0.14%; this work). These improvements translate 365 
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directly to the uncertainty of cosmogenic 21Ne exposure ages and (U-Th)/21Ne cooling ages. 366 

Systematic reporting of Ne isotope ratio uncertainties requires that the external reproducibility of 367 

standards is used, rather than within-run uncertainties. 368 

 369 

5. Conclusions 370 

A Thermo Fisher ARGUS VI noble gas mass spectrometer has been used for high precision 371 

multi-collection determination of Ne isotopes in air. The method fully accounts for the formation 372 

of 20NeH+ via the measurement of 22NeH+. The production of 20NeH+ is strongly dependent on 373 

source tuning, the level of Ne+ and residual H2
+ in the mass spectrometer during analysis. 374 

Consequently, it cannot be assumed that 22Ne/20Ne = 22NeH+/20NeH+. Ne+-NeH+ calibration 375 

curves for constant hydrogen levels are required to avoid over-correction of 20NeH+, which we 376 

found may be up to 0.7%. Hydride-corrected Ne isotope data from multiple aliquots of air define 377 

a single mass fractionation line that produces 21Ne/20Neair = 0.002959 ± 0.000004 (0.14%, 1σ) at 378 

22Ne/20Neair = 0.102. This overlaps the commonly-used value of Eberhardt et al. (1965) and the 379 

recent redetermination by Wielandt and Storey (2019). The uncertainties in the latter study are 380 

underestimated and we recommend that the new, albeit less precise, value is used because the 381 

effect of pressure is taken into account. The uncertainty of the mass fractionation line in the 382 

22Ne/20Ne vs. 21Ne/20Ne space is now governed by that of 22Ne/20Ne, thus it is time for absolute 383 

22Ne/20Ne re-determinations of air by measurement of manufactured Ne standards with 384 

accurately known ratios (gravimetry) and/or by theoretical means following the work of Valkiers 385 

et al. (2008). Ensuring the quality of Ne isotope determinations requires that 20NeH+ is measured 386 

and corrected-for in Ne isotope analysis using low resolution mass spectrometers. 387 
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Tables 496 

 497 

Table 1. Potential isobaric interferences occurring at Ne compounds relevant in this study. 498 
Ne compound Interference  Mass (g/mol) m/Δm 
20Ne+ 40Ar2+ 19.981190 1,777 

M = 19.992440 g/mol H19F+ 20.006228 1,450 

 H2
18O+ 20.014810 894 

 C3H4
2+ 20.015650 

 
861 

21Ne+ 63Cu3+ 20.976534 1,213 

M = 20.993847 g/mol 20NeH+ 21.000265 3,271 

 12CH2
12C16O2+ 21.005283 1,836 

 12C3H6
2+ 21.023475 709 

 12C3H6*2+ 21.020933 775a 
22Ne+ 12C16O16O2+ 21.994915 6,232 

M = 21.991386 g/mol    
22NeH+ 12C18O16O2+ 22.997038 10,582 

M = 22.999211 g/mol 13C17O16O2+ 22.998701 45,096 

 12C2H5OH2+ 23.020933 
 

1059 
a Acetone fragment, elimination of oxygen from H3C-CO-CH3 molecule.499 
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Table 2. The degree of hydride formation expressed as 22NeH+/22Ne+in the ARGUS VI mass spectrometer with varying H2
+ and Ne+ concentrations at 500 

a number of different electron energy settings. 501 
Electron 
energy (eV) 

H2
+ (fA) 22Ne+ (fA) 22NeH+/22Ne+ Electron 

energy (eV) 
H2

+ (fA) 22Ne+ (fA) 22NeH+/22Ne+ 
 (x 10-6)   (x 10-6) 

60 Varying amount of Ne+ at constant H2
+ 70 Varying amount of Ne+ at constant H2

+ 

 3.3 (1.2) 188.94 (0.04) 69.4 (0.5)  9.9 (0.1) 303.46 (0.03) 83.1 (3.0) 

 3.5 (0.8) 190.45 (0.06) 69.9 (1.1)  9.5 (0.1) 301.18 (0.04) 86.4 (0.5) 

 4.0 (0.3) 189.99 (0.10) 69.1 (1.3)  9.0 (0.3) 302.63 (0.21) 87.1 (7.4) 

 3.8 (0.9) PNF 

 

N/A  9.6 (0.2) 1538.1 (0.9) 77.4 (1.9) 

 3.4 (0.4) PNF 

 

N/A  9.8 (0.3) 1533.8 (0.3) 73.6 (2.9) 

 4.1 (0.4) 975.4 (0.5) 

 

PNF  PNF PNF N/A 

 5.1 (1.1) 1988.8 (0.8) PNF  PNF PNF N/A 

 5.0 (0.7) 1970.6 (0.7) 70.2 (0.4)  11.3 (0.4) 3080.7 (1.1) 67.0 (1.2) 

 4.4 (0.6) 1958.3 (0.8) 65.8 (0.4)  10.2 (0.2) 3078.4 (0.4) 64.8 (4.2) 

 4.0 (0.6) 2956.3 (1.3) 60.7 (0.3)  9.4 (0.4) 4637.0 (1.3) 54.0 (0.4) 

 4.4 (1.2) 2965.0 (1.2) 58.5 (0.3)  9.4 (0.2) 4643.7 (1.4) 53.6 (0.9) 

 4.9 (0.7) 2950.5 (1.0) 56.8 (0.2)  PNF PNF N/A 

 Varying amount of H2
+ at constant Ne+   Varying amount of H2

+ at constant Ne+  

 5.0 (0.1) 2175.9 (1.4) 

 

 

56 (1)  8.5 (0.1) 2844.6 (1.3) 51 (1) 

 4.7 (0.2) 2156.8 (0.5) 57 (1)  9.3 (0.3) 2843.1 (1.2) 47 (1) 

 5.2 (0.2) 2152.5 (0.5) 56 (1)  9.2 (0.1) 2845.7 (1.5) 50 (2) 

 9.8 (0.1) 2024.6 (0.6) 130 (4)  18.6 (0.1) 2905.3 (1.3) 97 (2) 

 10.4 (0.1) 

 

2039.5 (0.5) 117 (1)  17.9 (0.3) 2906.3 (1.2) 100 (1) 

 10.0 (0.1) 2063.3 (0.7) 121 (2)  18.8 (0.1) 2932.7 (1.5) 97 (2) 

 16.8 (0.2) 2121.8 (1.2) 202 (3)  33.8 (0.2) 2841.7 (0.8) 168 (2) 

 18.4 (0.3) 2052.4 (1.6) 205 (3)  33.6 (0.5) 2834.2 (0.8) 167 (3) 

 18.7 (0.3) 2057.5 (0.5) 211 (2)  32.9 (0.2) 2831.5 (1.4) 170 (3) 

80 Varying amount of Ne+ at constant H2
+ 90 Varying amount of Ne+ at constant H2

+ 

 8.5 (0.6) 292.0 (0.1) 35.4 (0.6)  5.0 (0.1) 363.6 (0.1) 20.1 (2.7) 

 7.6 (0.4) 291.0 (0.2) 35.8 (0.4)  5.4 (0.2) 346.4 (0.1) 24.5 (11.0) 

 8.1 (1.1) 292.0 (0.2) 36.7 (0.4)  5.4 (0.3) 344.9 (0.1) 20.8 (1.3) 

 8.2 (0.5) 1471.4 (0.6) 32.9 (0.3)  3.7 (0.5) 1604.1 (0.4) 15.1 (0.2) 
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 7.8 (0.2) 1468.9 (0.5) 33.0 (0.2)  3.6 (0.5) 1603.0 (0.4) 14.8 (0.1) 

 7.8 (0.4) 1474.0 (0.5) 31.9 (0.3)  3.9 (0.8) 1611.3 (0.7) 14.4 (0.2) 

 8.1 (0.8) 2982.0 (1.7) 27.8 (0.2)  4.0 (0.5) 3243.1 (1.1) 12.9 (0.1) 

 7.5 (1.1) 2974.8 (1.6) 28.1 (0.2)  4.9 (0.2) 3237.7 (1.1) 12.9 (0.1) 

 6.2 (2.1) 2989.6 (1.1) 28.4 (0.2)  3.5 (0.9) 3233.3 (1.0) 12.7 (0.1) 

 8.3 (0.8) 4552.9 (2.3) 23.9 (0.2)  3.8 (0.7) 4872.2 (1.8) 12.8 (0.1) 

 9.1 (0.7) 4517.5 (1.3) 23.4 (0.2)  3.6 (0.9) 4882.4 (2.3) 13.4 (0.1) 

 8.1 (0.3) 4557.0 (1.7) 23.0 (0.2)  3.8 (0.8) 4749.8 (2.4) PNF 

 Varying amount of H2
+ at constant Ne+  Varying amount of H2

+ at constant Ne+ 

 9.3 (0.3) 3069.1 (1.3) 28 (1)  5.4 (0.3) 3199.7 (0.4) 16.0 (0.2) 

 9.9 (0.2) 3068.3 (1.5) 26 (1)  5.0 (0.2) 3209.2 (0.9) 16.0 (0.2) 

 9.5 (0.1) 3071.7 (1.6) 28 (1)  5.0 (0.1) 3195.2 (0.8) 15.6 (0.3) 

 18.4 (0.4) 3187.6 (3.7) 49 (1)  10.6 (0.3) 3308.4 (1.0) 27.0 (0.6) 

 19.0 (0.1) 3189.9 (2.8) 53 (1)  11.1 (0.2) 3326.3 (0.8) 27.5 (0.4) 

 18.9 (0.2) 3176.2 (1.8) 54 (1)  PNF 3547.5 (1.0) 27.6 (0.3) 

 34.6 (0.2) 3088.2 (1.9) 81 (1)  17.8 (0.1) 3211.0 (0.7) 40.4 (0.5) 

 34.3 (0.2) 3096.2 (1.6) 82 (3)  18.7 (0.2) 3201.8 (0.5) 39.9 (0.4) 

 33.0 (0.1) 3078.0 (2.2) 79 (1)  17.7 (0.3) 3211.3 (1.0) 40.5 (0.5) 

100 Varying amount of Ne+ at constant H2
+ 110 Varying amount of Ne+ at constant H2

+ 

 2.6 (0.9) 315.9 (1.0) 16.4 (0.4)  2.2 (0.5) 338.8 (0.9) 17.4 (0.3) 

 1.9 (0.5) 314.3 (0.7) 16.1 (0.4)  2.4 (0.5) 341.3 (0.9) 16.8 (0.4) 

 PNF 313.2 (0.7) 17.0 (0.5)  PNF 338.6 (1.0) 16.5 (0.4) 

 2.5 (0.3) 1588.7 (3.3) 10.9 (0.2)  PNF 1709.6 (4.7) 12.7 (0.1) 

 2.6 (0.9) 1581.7 (1.1) 14.7 (0.1)  PNF 1708.8 (4.7) 12.6 (0.2) 

 2.2 (0.4) 1577.5 (2.1) 13.6 (0.1)  3.3 (0.5) 1716.4 (4.6) 12.8 (0.1) 

 2.0 (0.6) 3171.1 (5.4) 12.3 (0.1)  2.7 (0.8) 3425.3 (6.5) 12.0 (0.1) 

 2.4 (0.5) 3183.0 (6.0) 11.9 (0.1)  2.2 (0.7) 3449.6 (7.8) 11.9 (0.1) 

 2.5 (0.9) 3195.3 (5.9) 11.7 (0.1)  3.0 (0.2) 3431.6 (7.7) 11.9 (0.1) 

 2.1 (0.9) 4791.2 (8.6) 12.1 (0.1)  2.6 (0.5) 5124.9 (12.3) 12.0 (0.1) 

 1.6 (0.5) 4795.0 (10.5) 12.2 (0.1)  2.2 (0.4) 5158.3 (8.7) 11.9 (0.1) 

 2.4 (1.0) 4769.5 (8.7) 12.2 (0.1)  PNF 5082.2 (2.5) 12.5 (0.1) 

 Varying amount of H2
+ at constant Ne+  Varying amount of H2

+ at constant Ne+ 
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 2.7 (0.1) 3496.1 (2.1) 12.2 (0.7)  4.0 (0.2) 3573.7 (5.4) 11.6 (0.4) 

 3.5 (0.3) 3428.6 (4.1) 12.1 (0.5)  3.7 (0.3) 3578.0 (7.1) 12.0 (0.4) 

 3.0 (0.1) 3439.3 (6.3) 11.4 (0.6)  3.6 (0.2) 3584.4 (8.6) 11.8 (0.4) 

 8.9 (0.1 3266.9 (4.9) 26.3 (1.1)  8.7 (0.3) 3568.2 (2.5) 24.9 (0.8) 

 8.2 (0.2) 3293.2 (1.7) 24.3 (0.4)  8.7 (0.3) 3581.8 (2.5) 21.6 (0.5) 

 PNF PNF PNF  7.7 (0.3) 3577.6 (2.9) 21.3 (0.6) 

 11.1 (0.1) 3238.3 (6.1) 31.8 (0.9)  13.6 (0.2) 3578.2 (15.2) 32.7 (0.7) 

 10.4 (0.5) 3245.5 (3.9) 31.9 (0.8)  13.3 (0.4) 3519.2 (4.7) 33.3 (1.0) 

 11.8 (0.2) 3250.2 (3.1) 32.0 (0.5)  13.2 (0.1) 3530.9 (9.7) 32.0 (0.7) 
22Ne+ is corrected for CO2

2+ (see text). M/z = 23 (22NeH+) is blank corrected. 502 

1σ uncertainties are in brackets. At constant Ne+ 3 analysis at 4 settings, at constant H2
+ 3 analysis at 3 settings have been carried out. 503 

PNF: Peak not found. N/A: Not applicable. Occasional high error on H2
+ measurements are due to peak-centering issues. 504 

Data are plotted on Figure 3A (constant 22Ne+) and 3B (constant H2
+) using weighted (1/σ2) averages.  505 
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Table 3. Ne isotopic ratios of air from the ARGUS VI mass spectrometer in multi-collection mode and the significance on 20NeH+ correction method. 506 
Electron 
energy (eV) 

22Ne/20Ne(1) 
Uncorrected(2) Corrected(3) Corrected(4) 
21Ne/20Ne 21Ne/20Ne 20NeH+ 20NeH+/21Ne+ 21Ne/20Ne 20NeH+ 20NeH+/21Ne+ 

60 0.10308 (7) 0.003043 (4) 0.002973 (5) 0.1279 (58) 2.33% 0.002973 (4) 0.1281 (8) 2.34% 
 0.10311 (4) 0.003040 (4) 0.002971 (5) 0.1279 (58) 2.34% 0.002970 (4) 0.1281 (8) 2.34% 
 0.10310 (4) 0.003042 (5) 0.002973 (6) 0.1272 (58) 2.34% 0.002973 (5) 0.1273 (8) 2.34% 
 0.10307 (5) 0.003043 (4) 0.002974 (5) 0.1281 (58) 2.33% 0.002974 (4) 0.1284 (8) 2.34% 
 0.10294 (1) 0.003041 (3) 0.002975 (5) 0.1517 (73) 2.21% 0.002971 (3) 0.1603 (10) 2.34% 
 0.10316 (3) 0.003043 (4) 0.002975 (5) 0.1424 (67) 2.27% 0.002973 (4) 0.1468 (9) 2.34% 
 0.10308 (3) 0.003042 (5) 0.002975 (6) 0.1420 (66) 2.27% 0.002973 (5) 0.1463 (9) 2.34% 

BG 0.10320 0.0030423 0.0029733   0.0029725   
Error. 0.00006 0.0000045 0.0000055   0.0000042   
Rel. error. 0.05% 0.15% 0.18%   0.14%   

70 0.10159 (6) 0.003020 (3) 0.002950 (3) 0.1833 (42) 2.35% 0.002933 (4) 0.2282 (58) 2.94% 
 0.10164 (7) 0.003022 (4) 0.002953 (4) 0.1831 (42) 2.35% 0.002936 (5) 0.2279 (58) 2.94% 
 0.10150 (7) 0.003018 (4) 0.002949 (4) 0.1833 (42) 2.35% 0.002932 (4) 0.2282 (58) 2.94% 
 0.10153 (7) 0.003021 (3) 0.002952 (4) 0.1836 (42) 2.35% 0.002935 (4) 0.2287 (58) 2.94% 
 0.10156 (6) 0.003024 (3) 0.002955 (3) 0.1829 (42) 2.35% 0.002938 (3) 0.2275 (58) 2.94% 
 0.10164 (2) 0.003028 (2) 0.002961 (3) 0.1989 (48) 2.25% 0.002941 (3) 0.2576 (65) 2.93% 
 0.10159 (9) 0.003036 (4) 0.002969 (5) 0.1986 (47) 2.24% 0.002950 (5) 0.2570 (65) 2.92% 

BG 0.10156 0.0030211 0.0029517   0.0029348   
Error. 0.00008 0.0000039 0.0000044   0.0000049   
Rel. error. 0.08% 0.13% 0.15%   0.17%   

80 0.10258 (5) 0.002997 (2) 0.002968 (2) 0.0803 (9) 0.96% 0.002961 (2) 0.1024 (20) 1.22% 
 0.10260 (9) 0.002998 (4) 0.002970 (4) 0.0806 (9) 0.95% 0.002962 (4) 0.1029 (20) 1.22% 
 0.10255 (5) 0.002993 (3) 0.002967 (3) 0.0907 (11) 0.89% 0.002957 (3) 0.1239 (24) 1.22% 
 0.10253 (4) 0.002994 (3) 0.002967 (3) 0.0905 (11) 0.89% 0.002957 (3) 0.1233 (24) 1.22% 
 0.10254 (2) 0.002994 (4) 0.002968 (4) 0.0906 (11) 0.89% 0.002958 (4) 0.1235 (24) 1.22% 
 0.10255 (2) 0.002993 (4) 0.002966 (4) 0.0904 (11) 0.89% 0.002957 (4) 0.1232 (24) 1.22% 
 0.10255 (2) 0.002995 (3) 0.002968 (3) 0.0905 (11) 0.89% 0.002958 (3) 0.1234 (24) 1.22% 

BG 0.10254 0.0029950 0.0029674   0.0029586   
Error. 0.00003 0.0000038 0.0000033   0.0000039   
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Rel. error. 0.03% 0.13% 0.11%   0.13%   

90 0.10432 (6) 0.003008 (2) 0.002996 (2) 0.0404 (3) 0.43% 0.002988 (3) 0.0656 (65) 0.69% 
 0.10447 (8) 0.003005 (3) 0.002993 (3) 0.0384 (3) 0.43% 0.002985 (4) 0.0618 (61) 0.70% 
 0.10448 (9) 0.003007 (3) 0.002995 (3) 0.0384 (3) 0.43% 0.002987 (3) 0.0619 (61) 0.70% 
 0.10448 (7) 0.003007 (3) 0.002994 (3) 0.0385 (3) 0.43% 0.002986 (4) 0.0620 (61) 0.70% 
 0.10441 (6) 0.003009 (3) 0.002997 (3) 0.0390 (3) 0.43% 0.002989 (4) 0.0631 (62) 0.69% 
 0.10441 (9) 0.003007 (3) 0.002994 (3) 0.0390 (3) 0.43% 0.002986 (4) 0.0630 (62) 0.70% 
 0.10441 (5) 0.003009 (3) 0.002996 (3) 0.0389 (3) 0.43% 0.002988 (4) 0.0628 (62) 0.69% 

BG 0.10443 0.0030074 0.0029951   0.0029871   
Error. 0.00009 0.0000030 0.0000032   0.0000039   
Rel. error. 0.09% 0.10% 0.11%   0.13%   

100 0.10552 (37) 0.003016 (11) 0.003004 (11) 0.0365 (9) 0.41% 0.003000 (11) 0.0489 (14) 0.55% 
 0.10553 (10) 0.003021 (4) 0.003009 (4) 0.0383 (10) 0.40% 0.003005 (4) 0.0516 (15) 0.55% 
 0.10556 (10) 0.003020 (5) 0.003008 (5) 0.0382 (10) 0.40% 0.003004 (5) 0.0515 (15) 0.55% 
 0.10547 (10) 0.003020 (4) 0.003008 (4) 0.0380 (10) 0.41% 0.003003 (4) 0.0512 (15) 0.55% 
 0.10533 (14) 0.003022 (5) 0.003009 (5) 0.0408 (11) 0.40% 0.003005 (5) 0.0554 (16) 0.55% 
 0.10540 (12) 0.003017 (4) 0.003005 (4) 0.0388 (10) 0.40% 0.003001 (4) 0.0524 (15) 0.55% 
 0.10538 (14) 0.003019 (6) 0.003007 (6) 0.0385 (10) 0.40% 0.003003 (6) 0.0520 (15) 0.55% 

BG 0.10546 0.0030195 0.0030075   0.0030033   
Error. 0.00016 0.0000054 0.0000055   0.0000053   
Rel. error. 0.15% 0.18% 0.18%   0.13%   

110 0.10485 (14) 0.003017 (5) 0.003005 (5) 0.0382 (2) 0.39% 0.003000 (5) 0.0553 (15) 0.57% 
 0.10483 (16) 0.003013 (5) 0.003001 (5) 0.0405 (2) 0.39% 0.002996 (5) 0.0589 (16) 0.57% 
 0.10488 (7) 0.003013 (4) 0.003001 (4) 0.0403 (2) 0.39% 0.002996 (4) 0.0585 (16) 0.57% 
 0.10495 (9) 0.003011 (5) 0.002999 (5) 0.0405 (2) 0.39% 0.002994 (5) 0.0589 (16) 0.57% 
 0.10501 (13) 0.003013 (4) 0.003001 (4) 0.0404 (2) 0.39% 0.002996 (4) 0.0587 (16) 0.57% 
 0.10489 (20) 0.003015 (6) 0.003003 (6) 0.0425 (3) 0.39% 0.002998 (6) 0.0619 (17) 0.57% 
 0.10459 (15) 0.003009 (6) 0.002998 (6) 0.0410 (2) 0.39% 0.002992 (6) 0.0596 (16) 0.57% 

BG 0.10490 0.0030129 0.0030015   0.0029964   
Error. 0.00014 0.0000048 0.0000050   0.0000051   
Rel. error. 0.13% 0.16% 0.17%   0.17%   

(1) 22Ne/20Ne ratios corrected for Ar and CO2, other for other isobaric interferences (see text). 507 
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(2) 21Ne/20Ne ratios corrected for everything other than 20NeH+. 508 
(3) Corrected 21Ne+ on the basis of 22NeH+/22Ne+ vs. 22Ne+ calibration curves (see text). 509 
(4) Corrected 21Ne+ on the basis of measured 22NeH+ assuming 22NeH+/20NeH+ = 22Ne/20Ne (aka traditional way). 510 
Outliers are marked Italics. 511 

BG: Best Gaussian fit to the probability density distribution. Error: 1σ, Rel. error: Relative error (%, 1σ).  512 
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Table 4. Calculated 21Ne/20Ne composition of air. 513 
Electron energy (eV) 22Ne/20Ne 21Ne/20Ne(1) 21Ne/20Ne(2) 

60 0.10310 (6) 0.002973 (6) 0.002957 (6) 
70 0.10156 (8) 0.002952 (4) 0.002958 (5) 
80 0.10254 (3) 0.002967 (3) 0.002959 (3) 
90 0.10443 (9) 0.002995 (3) 0.002959 (3) 
100 0.10546 (16) 0.003008 (6) 0.002955 (6) 
110 0.10490 (14) 0.003002 (5) 0.002958 (5) 

BG (60-90 eV)   0.002959 (4) 

rel. error   0.14% 
22Ne/20Ne values are that of Table 3.  514 
(1): 21Ne/20Ne ratios corrected by Ne+ - NeH+ calibration curves. 515 
(2): 21Ne/20Ne ratios corrected for fractionation by equation 1 (see text), at the reference value of 22Ne/20Ne = 0.102 and error is propagated 516 
accordingly. 1σ errors are shown as last significant figures in brackets. 517 

BG: Best Gaussian fit to the probability density distribution. Error: 1σ, Rel. error: Relative error (%, 1σ). Italics: Not taken into account due to 518 
possible source instability.  519 
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Table 5. Recommendation for interference correction for Ne isotopes on the ARGUS VI low resolution mass spectrometer. 520 

Compound 
Interferes 

with 
Pre-determine Measure with Ne Best approach 

44CO2
2+ 22Ne+ 44CO2

+/44CO2
2+ (44/22) and 45CO2

+/45CO2
2+(45/22.5) in 

dynamic mode and 45CO2
+/45CO2

2+ in static mode f(H, Ne) 

44CO2
+ (m/z = 44) Optimize the ratio of 

Ne/interfering agent 
with Ne/NeH+ 
formation 

40Ar2+ 20Ne+ 40Ar+/40Ar2+ (40/20) in dynamic mode, evaluate pressure 
dependency (H, Ne) by correlation of 44CO2

+/44CO2
2+ 

40Ar2+ (m/z = 40) 

H2
18O+ 

N/A 

H2
16O+ (m/z = 18) 

H19F+ F+ (m/z = 19) 

63Cu3+ 21Ne+ 
 

65Cu3+ (m/z = 21.67) 

20NeH+ 22NeH+ vs. 22Ne+ curve extending to the range of 
pressure of 22Ne+ where 20Ne+ is analysed 

H2
+ (m/z = 2), early 

in the sequence 
Optimize ion source 
between stability 
and intensity of 
NeH+ generation  

46CO2
2+ 22NeH+ CO2

+/CO2
2+ (see above) 44CO2

+ (m/z = 44) 

N/A Organics 
blank N/A 

20,21Ne 

 521 
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Figures 

 

Figure 1. Previous determinations of the Ne isotopic composition of air. With the exception of 

Honda et al. (2015) and Wielandt and Storey (2019) all studies have assumed m/z = 21 

represents 21Ne peak rather than correcting for the presence of 20NeH+. MFL: Mass fractionation 

line, following square root law. Uncertainties shown are 1σ. The uncertainty of the Wielandt and 

Storey (2019) air value is smaller than symbol.  
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Figure 2. The full peak coincidence of Ne isotopes measured by the Thermo Fisher ARGUS VI 

mass spectrometer at SUERC. Peak coincidence has been obtained between H2 (22Ne+), Axial 

(21Ne+) and L2 (20Ne+) Faraday detectors at magnetic field reference of 4.3224 V by changes to 

the position of the flight tube magnet and Faraday cup deflection voltages.  
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Figure 3. (A) The degree of hydride formation with respect to H2
+ at constant Ne+, and (B) Ne+ 

and constant H2
+, at different electron energy settings in the ARGUS VI mass spectrometer. The 

strong positive correlation between 22NeH+/22Ne+ and H2
+ (A), regardless of the electron energy, 

proves that the chemical reaction H2
+ + Ne = NeH+ + H dominates. The lack of a positive 

correlation between 22NeH+/22Ne+and 22Ne+ (B) suggests that the H2 + Ne+ = NeH+ + H 

reaction is significantly less important (see text for details). The negative correlation between 
22NeH+/22Ne+ and 22Ne+ (B) implies that NeH+ formation is suppressed by increasing Ne+. Beam 

intensities are given in fA as sensitivity is a function of electron energy. 1σ uncertainties are 

smaller than symbols.  
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Figure 4. Plots showing the effect of hydride correction to Ne isotope composition of air 

measured at different source electron energy settings (A). Uncorrected data (i.e. not corrected for 
20NeH+) display a large variation in 21Ne/20Ne. The corrected data (see text) define a single mass 

fractionation line (MFL) while the data corrected using the measured 22NeH+/20NeH+ = 22Ne/20Ne 

does not define a single MFL and overestimate 20NeH+ at all source conditions. The best 

Gaussian fit to the probability density distribution of each group (B) has a minimum uncertainty 

for 21Ne/20Ne at 80 & 90 eV (0.11%) and for 22Ne/20Ne at 80 eV (0.03%). All uncertainties are 1 

sigma.  
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Figure 5. 21Ne/20Ne composition of air. This study yields air 21Ne/20Ne of 0.002959 ± 0.000004. 

This overlaps the Eberhardt et al. (1965) & Wielandt and Storey (2019) values, but no other 

moderately precise determinations. The uncertainty in the Wielandt and Storey (2019) 21Ne/20Ne 

value is underestimated (see text). 1 sigma uncertainty in case of Wielandt and Storey (2019) is 

smaller than symbol. 
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