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a b s t r a c t

We describe a new method for the purification, transfer, and analysis of heavy noble gas isotope ratios in
water, air, or volcanic gas samples using a dynamic dual-inlet isotope-ratio mass spectrometer (IRMS).
IRMS noble gas analysis offers the potential for orders-of-magnitude higher precision than traditional
(static) noble gas mass spectrometry. However, due to both inherent IRMS requirements and challenges
associated with sample collection and purification, measuring noble gases via IRMS has typically been
limited to samples with an air-like elemental composition. Our new method allows for highly accurate
and precise measurements of Ar, Kr, and Xe isotope ratios via IRMS, independent of sample composition,
thereby opening the door to air, water, or volcanic gas analyses all made with the same technique. This
approach exploits the fact that purified heavy noble gas samples are dominated by 40Ar, such that
matching 40Ar ion beams between sample and reference gas streams results in pressure balancing. We
further introduce new techniques for precisely quantifying and correcting for (i) Kr and Xe isotope non-
linearity and matrix effects, (ii) interference of the low energy 40Ar tail on 36Ar and 38Ar ion beams, and
(iii) the impact of short-term background fluctuations on trace Xe isotope measurements. We also
present results from adsorption-desorption experiments with multiple adsorbent materials across a
range of temperatures. For adsorption on silica gel, we find small equilibrium isotopic fractionation of Kr
(εeq ¼ �0.37 ± 0.04‰ amu�1, ±2 SE) and Xe (εeq ¼ �0.06 ± 0.02‰ amu�1, ±2 SE) that may be relevant to
studies of terrestrial Xe isotope signatures. We demonstrate that adsorption and desorption of heavy
noble gases on silica gel at 77 K and 303 K, respectively, is highly reproducible and thus constitutes a
viable and efficient method for transferring gases without reliance on cryostats or liquid helium.

© 2022 Elsevier B.V. All rights reserved.
1. Introduction

Noble gases are versatile tracers of physical processes in nature
due to their chemical and biological inertness. Applications of noble
gases in the geosciences are far ranging, from constraining plane-
tary volatile origins and geochronology with noble gases trapped in
rocks to quantifying past climate conditions based on noble gases in
occluded ice core air bubbles or dissolved in ancient groundwater.
Since the early 20th century, analytical techniques for measuring
noble gases have grown hand-in-hand with mass spectrometry. In
fact, the discovery of neon isotopes (22Ne and 20Ne) is associated
with the advent of mass spectroscopy itself [1].

Today, there are two primary techniques for noble gas analysis:
static and dynamic mass spectrometry. Both techniques involve
sector-field, gas-phase mass spectrometers with Nier-type sources
[2]. With a static mass spectrometer [3e5], commonly referred to
as a “noble gas mass spectrometer,” a purified gas sample is first
introduced a single time and then consumed over time as it is
ionized. This technique is suitable for extremely small samples,
such as noble gases trapped in rocks, and it has been widely used
for geological applications including KeAr and AreAr dating [6]
and studies of the sources of crustal and mantle volatiles [7].
Conversely, with a dynamic mass spectrometer, often called an
“isotope ratio mass spectrometer” (IRMS), purified noble gases
continuously flow from a dual inlet, which consists of two variable
volumes containing sample and reference gases, into either an ion
source that is dynamically pumped or to a waste line. Rapid
switching between analysis of sample and reference gas streams
reduces the effect of instrumental drift [8] and thereby greatly
enhances analytical precision. Dynamic mass spectrometry re-
quires orders-of-magnitude more gas than static mass spectrom-
etry to ensure sufficiently high pressure and thus viscous flow from
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the inlet bellows. For this reason, application of dynamic mass
spectrometry for noble gas analysis has largely been limited to gas-
rich samples like ice core air bubbles [9].

In addition to needing large volumes of gas, dynamic mea-
surements require that the total gas pressure is balanced between
sample and reference bellows to ensure similar flow dynamics and
ion beam intensities. Thus, any physical fractionation or non-
linearity in ion beams is largely canceled out since it affects sam-
ple and reference gases equally. Existing techniques for high-
precision dynamic noble gas isotope measurements and correc-
tions for non-linearity and matrix effects [9,10] have grown out of
techniques for measurement of O2 and N2 elemental and isotopic
ratios in air [11,12]. Because the elemental ratios of sample and
reference gases are air-like in each of these techniques, measure-
ment of trace gases is straightforward without violating the
requirement for balanced sample and reference gas pressures. For
example, if one were to measure Xe isotopes in an air-like purified
noble gas sample, with an air-like reference gas, ion beam in-
tensities and total gas pressurewould be similar in both sample and
reference bellows because they have similar Xe/Ar ratios. However,
if one were to measure Xe isotopes in purified dissolved gases from
a water sample (Xe/Ar ratio roughly three times higher than air)
using an air-like reference gas and balancing 132Xe beam intensities
before analysis, the total gas pressure would be roughly three times
lower in the sample bellows than in the reference bellows. With
unbalanced flows, differences in physical fractionation between the
bellows, and space charge and ion-molecule interactions in the ion
source, can lead to large biases. To circumvent this issue, a recent
study analyzed dissolved noble gases using a reference gas with air-
equilibrated water (AEW)-like elemental noble gas ratios [13].
However, regularly switching between water-like and air-like
reference gas cans is impractical for routine analysis of both air
and water samples, and for samples in which noble gas elemental
ratios are unknown a priori (e.g., volcanic gases) there presently
exists no method for dynamic measurement of noble gas isotopes
while assuring balanced flow.

Here we introduce a new unified technique that permits anal-
ysis of heavy noble gas isotopes (Ar, Kr, and Xe) in air, water, and
volcanic gases via dynamic mass spectrometry without prior
knowledge of elemental ratios. Our approach makes use of the fact
that 40Ar comprises over 99.5% of the total gas content of any air,
water, or volcanic gas sample that has undergone quantitative
purification, such that all reactive gases and helium are removed.
Thus, by balancing sample and reference 40Ar beams, total gas
pressures are similarly balanced. This technique allows for highly
accurate and precise isotope ratio measurements of Ar (40Ar, 38Ar,
36Ar), Kr (86Kr, 84Kr, 82Kr), and Xe (136Xe, 134Xe, 132Xe, 131Xe, 130Xe,
129Xe, 128Xe) via dynamic mass spectrometry, independent of Ar/Kr
and Ar/Xe ratios. However, it requires robust corrections for matrix
effects, fluctuations in Faraday cup background voltages that
impact the rarest isotopes, and isobaric interference of 38Ar and
36Ar by the low energy 40Ar tail. In thus study, we describe each of
these important corrections and introduce a new gas purification
system that accommodates air, water, and volcanic gases while
using Si gel cooled by liquid nitrogen (77 K) for gas transfer, thereby
eliminating the need for a cryostat or liquid helium. Finally, we
present the results of experiments testing the elemental and iso-
topic effects of using different adsorbent materials at different
temperatures to transfer noble gases from the purification system
to an IRMS.

2. Materials and methods

Here we describe the full sequence of steps involved in heavy
noble gas measurements via IRMS, including purification of gas
2

samples, transfer from the purification system to the IRMS in silica
gel-containing dual-valve dip tubes, IRMS analysis, and the appli-
cation of a series of analytical corrections. All sample processing
and analysis was performed in the Seltzer Lab in the Department of
Marine Chemistry and Geochemistry atWoods Hole Oceanographic
Institution (Woods Hole, MA, USA).

2.1. Sample purification and transfer

Before analysis via dynamic mass spectrometry (described in
Section 2.2), all samples and standards are purified and transferred
to the IRMS following an identical protocol. As shown in Fig. 1, the
extraction line consists of a series of valves, dilution volumes, as
well as gauges, a water trap, a silica gel trap, a getter furnace, and a
dual-valve dip tube (far right). High vacuum (<10�4 Torr) is main-
tained by an Edwards 75DX turbomolecular pump backed by an
Edwards nXDS 6i scroll pump, with a bypass valve such that the
scroll pump can also be used to rough pump the extraction line. The
dilution volumes are interchangeable, but a 100 mL glass bulb is
always used for air standards. The silica gel trap is a 3/4” diameter
stainless steel tube filled with 50 silica gel granules (Thermo
Scientific,�3þ8 mesh) and has a heating coil on the outside, which
is connected to a variable transformer. The water trap (Ace Glass
8670) is immersed in an ethanol/liquid N2 slurry and monitored to
maintain a temperature between �80 and �100 �C. The getter
furnace consists of a 1/200 diameter quartz tube (Ace Glass 8683)
containing ~4 g of Ti sponge (Alfa Aesar 3 mm) that is positioned
inside a ceramic cylinder heater (Watlow VC400N06A) that is
connected to a separate variable transformer and mounted to a
movable rack so that the tube can be removed, and the getter
material replaced, between samples. There are three pressure
gauges on the line: two Granville-Phillips 275 Convectron gauges to
either monitor backing pressure behind the turbomolecular pump
(convectron 1) or leak check the main line (convectron 2), and one
1000 Torr MKS Baratron capacitance manometer used to roughly
estimate sample size and monitor gettering progress. Finally,
detachable dip tubes are connected to the line (far right in Fig. 1)
and used to transfer Ar, Kr, and Xe from the purification line to the
IRMS. The dip tubes each consist of two Swagelok 4BG bellow
sealed valves that isolate a main stainless-steel chamber (~10 mL)
from a smaller volume (~1 mL) filled with ten silica gel granules.

The overall goal of sample processing is to isolate the heavy
noble gases in a gas sample (e.g., air, extracted dissolved gases from
water, or volcanic gas) connected to the left side of the extraction
line in Fig. 1, remove all reactive gases (e.g., N2, O2, CO2, hydrocar-
bons), and transfer the Ar, Kr, and Xe quantitatively into the
detachable dip tube on the right side of the line. The dip tube is
initially evacuated, with valve VT2 open. After the sample and dip
tube are connected, the line is pumped to high vacuum and leak
checked by closing valve TP, which isolates the line from the tur-
bomolecular pump. To proceed, the apparent leak rate must be
below 10�4 Torr min�1 measured on convectron 2 in Fig. 1 (a
Granville-Phillips 275 Convectron gauge). After passing a leak
check, the getter oven is heated to 900 �C while being pumped to
precondition the Ti sponge. Next, valve 5 is closed, forcing the
sample to pass through the water trap, and valves TP, FV, ST, GO, DT,
and CV are also closed to isolate the interior of the vacuum line.
Valves 2 and 3 may be opened or closed, depending on the desired
dilution and whether the sample contains multiple replicate ali-
quots of gas that will each be processed separately. (Note: valve 1 is
open by default after the sample is connected, it is assumed that
sample flasks have their own valves.) The sample is introduced by
opening the valve on the sample flask and the Baratron pressure is
noted. Gettering proceeds in two stages: a first stage inwhich gas is
quickly drawn into a smaller volume, expanded, and gettered to



Fig. 1. Overview of gas extraction, purification, and transfer system. Numbered concentric circles indicate valves (Swagelok 4BG), while all other labeled components are pumps,
gauges, traps, a getter furnace, glass volumes for dilution, a bypass valve between the scroll and turbomolecular pumps, a sample flask, or the detachable dip tube. The abbreviations
TP, FV, ST, CV, BT, GO, and DT refer to valves that isolate the turbo molecular pump, fore pump, in-line silica gel trap, Convectron gauge, Baratron manometer, getter oven, and dip
tube, respectively. The labels VT1 and VT2 refer the outer and inner valve on the detachable dip tube, respectively.
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~80% completion, and a second stage in which the gas is quanti-
tatively transferred onto the silica gel trap, released into a small
volume, and getter for 2.5 h. At the beginning of the first stage, the
sample is partially gettered for 5 min by opening GO and the Si gel
trap is immersed in liquid N2 (77 K), with valve ST remaining closed.
After 5 min, the pressure is noted, valve ST is opened, and 5 min are
given for initial sample trapping on the Si gel. The pressure is then
noted, valve 6 is closed, the N2 dewar is removed and the Si gel trap
is heated to 400 �C. At this point, typically over 95% of the total gas
has either been gettered or trapped on the Si gel, such that when it
is released into the smaller volume (~50mL) of the linewith valve 6
closed, the pressure is high and gettering is most efficient. Getter-
ing proceeds for 10 min, after which the Si gel heating coil is
switched off and re-immersed in liquid N2. The second stage then
begins with 5 min of re-trapping on the Si gel, after which the
pressure is noted (usually close to the baseline), valve 6 is re-
opened, and 15 min are given to trap any residual gas that was
not initially trapped or gettered. After 15 min, valves 6 and ST are
closed, the pressure is noted, and valve TP is opened to remove
incondensable gases (e.g., He in the case of volcanic gas samples). In
a sample that is not expected to have appreciable He or H2 content
(e.g., air), the pressure should not change when valve TP is opened,
and this step thus serves as a useful internal check for air standards.
Valve TP is then closed again, valve ST is opened, the liquid N2
dewar is removed, and the Si gel trap is heated to 400 �C once again
to getter the remaining reactive gases thoroughly. After 2.5 h, the
pressure is noted and the getter oven is switched off and moved to
the back of the quartz tube, allowing 10 min for removal of any H2
that has been produced by gettering. During this period, the bottom
Si gel chamber of the dip tube is immersed in liquid N2. Next, the
pressure is noted, and valves DT and VT1 are opened, beginning the
transfer of heavy noble gases into the dip tube. After 15 min, valve
VT1 is closed, the pressure is noted (it should be at the baseline)
and valve TP is opened as a check that no gases remain in the line.
Finally, valve DT is closed, and the line is prepared for the next
sample (e.g., Ti sponge replaced, Si gel trap cooled to room tem-
perature, line pumped back to high vacuum). The dip tube is then
placed in a 30 �C water bath, where noble gases desorb from the Si
gel and reach equilibrium over a period of at least 3 h. After this
period, valve VT2 is closed, the dip tube is removed from the water
bath, dried, and connected to the dual-inlet system of the IRMS.
3

In this study, we distinguish between samples, standards (air or
AEW), and reference gases in the following manner: samples and
standards are initially unpurified gases that undergo gettering to
remove all reactive gases before being transferred to the IRMS in a
dip tube, while reference gases are pure noble gases in stainless
steel cans with aliquoting chambers that can be directly connected
to the IRMS dual-inlet system. All samples, standards, and reference
gases yield ~1 mLSTP of pure noble gases (of which >99.5% is 40Ar)
with variable Ar/Kr and Ar/Xe ratios. We use two reference cans,
called RC0 and RC25, each of which consists of 2 L stainless steel
cylinder connected to a 2.5 mL aliquoting chambers isolated on
both sides by Swagelok 4BG bellows-sealed valves. Reference can
RC25 is always connected to the dual-inlet system, thus serving as
the permanent reference for IRMS analysis. Both cans contain
mixtures of pure Ar, Kr, and Xe at ~300 Torr total pressure, and both
cans have a ~800:1 reservoir-to-aliquot volume ratio. The Ar/Kr and
Ar/Xe ratios of RC25 and RC0 approximately resemble 25 �C and
0 �C AEW, respectively. Air standards consist of ~100 mLSTP of
laboratory air that is introduced to the extraction system and
processed identically to any sample. AEW standards are collected
by equilibrating a 9 L reservoir of deionized water with continu-
ously flowing, humidified laboratory air following the method of
Jenkins et al. [14]. For each AEW sample, approximately 2.5 L of
water is collected into a 6 L flask (Restek TO-Can with a Swagelok
4H bellows valve) that is subsequently equilibrated in an
isothermal chamber on an orbital shaker at 50 rpm for a minimum
of three days before the water is drained, leaving only the head-
space and ~30 mL of residual water following the method of
Emerson et al. [15]. As in Emerson (1999), solubility equilibrium
corrections are made for the fraction of Ar, Kr, and Xe dissolved in
the flasks, as well as the small residual water after draining, using
most current elemental and isotopic solubility values [13,14]. Close
agreement between measured 40Ar/36Ar ratios in AEW standards
and published equilibrium values (root-mean-square
deviation ¼ 0.012‰; n ¼ 16) indicates that AEW standards achieve
full solubility equilibrium with negligible isotopic fractionation.
Although all samples and standards are analyzed against a common
reference gas (R25), final isotope ratios are ultimately reported
with respect to the mean values of air standards because any po-
tential biases during purification, transfer, and analysis should
affect samples and standards equally.
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2.2. IRMS analysis

Purified samples and standards were measured using a Thermo
MAT 253 plus equipped with 10 Faraday cups that allow for
simultaneous detection of either Ar, Kr, or Xe isotopes depending
on the magnetic and electrical field strengths. An overview of the
amplification, typical beam intensities, and elemental and isotopic
abundances of the 13 noble gas isotopes analyzed with this tech-
nique is provided in Table 1. The analytical techniques and correc-
tions used in this study generally follow existing IRMS techniques
for inert gas isotopes [9,10,13], with several important
modifications.

First, as described previously, balancing of pressure between
sample and reference bellows is achieved by compressing the
bellows such that the 40Ar ion beam intensity reaches a target value
of 6650 mV (3 � 108 U resistor). To measure Ar isotopes, analysis
begins immediately after pressure balancing, whereas to measure
Kr or Xe isotopes, magnetic peak jumping is employed after pres-
sure balancing, and electric peak centering is then performed using
either the 84Kr or 132Xe peaks for alignment.

Second, to accommodate a wide range of sample sizes and
minimize the overall impact of small pressure imbalances between
the bellows, pressure readjustment takes place after eight inte-
gration cycles. We define a set of contiguous integration cycles,
separated by pressure rebalancing, as a “block.” An integration
“cycle” consists of a sample gas measurement made in between
two reference gas measurements. We define integration time (Tint)
as the duration of time when ion beams are measured (for either
sample or reference gas) and idle time (Tidle) as the duration of time
after switching between gas streams before integration begins. A
summary of measured isotope ratios and their associated bellows
run pressure, integration times, idle times, number of total inte-
gration cycles per typical analysis, measurement uncertainties in
air and water, and correction factors for pressure imbalance and
matrix effects (describe in Section 2.3) is provided in Table 2. A
typical analysis consists of six Ar blocks (48 cycles), eight Kr blocks
(64 cycles), and twelve Xe blocks (96 cycles). Importantly, this
method allows for measurement of smaller samples, for which
fewer blocks can be measured.

Third, intermediate masses are measured on unused Faraday
cups situated in between the 36Ar, 38Ar, and 40Ar to record and
ultimately correct for interference by the low energy tail of 40Ar.
This tail correction is described and demonstrated in Section 2.3.4.
A final key modification to prior techniques is the processing of
sample data. A MATLAB subroutine was developed to process raw
output from Thermo's ISODAT software, enabling (i) automated
determination of Kr/Ar and Xe/Ar ratios by back-projecting 84Kr and
132Xe beam intensities recorded throughout a measurement block
to the time of 40Ar pressure balancing, and (ii) long-term tracking of
important parameters including the pressure and 40Ar ion beam
intensities of the sample and reference bellows at the time of
pressure balancing (which facilitates convenient logging of
Table 1
Overview of 13 heavy noble gas isotopes measured in this study, including the magnitude
isotopic abundances.

40Ar 38Ar 36Ar 86Kr 84K

Amplification (U) 3 � 108 1012 1011 1013 101

Beam intensity, air (V) 6.6 13.7 7.0 6.1 20.6
Beam intensity,
22⁰⁰C water (V)

6.6 13.7 7.0 10.8 36.4

Bulk elemental mixing ratio, dry air 9.34 � 10�3 1.14 � 10�6

Isotope abundance, air (%) 99.6 0.06 0.33 17.3 57.0
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instrument sensitivity over time) as well as the background Faraday
cup voltages recorded before and after each analysis.

To analyze a sample, a dip tube or reference gas can is first
connected to the sample side of the dual-inlet system and the inlet
is pumped to high vacuum and leak checked. Next, an aliquot of
reference gas is equilibrated within the reference gas can for
10 min. The reference gas aliquot and sample aliquot are then
introduced to their respective bellows, allowing for 10 min of
equilibration. Finally, the bellows are isolated and analysis begins.
Before the first block of analysis of each element (Ar, Kr, or Xe), the
ion source is completely isolated from the inlet and, after 60 s,
background voltages are recorded on all Faraday cups by inte-
grating for the duration of one integration cycle. These background
voltages are then subtracted automatically from all measurements
by Thermo's ISODAT software in reporting ion beam intensities. Ar
isotope blocks are measured first, followed by Kr isotope blocks and
then Xe isotope blocks. Finally, at the end of the measurement, 28N2
is measured by peak jumping as a first-order check on sample
purity. Typical 28N2 beam intensities in air standards are <1000mV,
measured on a 1 � 1011U resistor at 30 mbar pressure. At 30 mbar,
40Ar beam intensity is 6650mV as measured on a 3� 108U resistor,
indicating that typical gettered air standards have N2/Ar ratios on
the order of 10�4 (assuming Ar and N2 have ionization efficiencies
on the same order of magnitude), implying that gettering results in
the successful removal of ~99.999% of N2 (the N2/Ar ratio of air is
~83.6). A typical measurement (i.e., with the number of integration
cycles of Ar, Kr, and Xe listed in Table 2) takes roughly 7 h to
complete.

In this study we present IRMS data using d notation,

d¼ Rsample

Rstandard
� 1 (1)

where Rsample is an isotopic or elemental ratio measured in a sample
and Rstandard is the same ratio measured in either (i) air or (ii) the
working reference gas R25. We conventionally report d values as‰
deviations from air or R25 in this study. We report the reproduc-
ibility (±1s) of isotope ratiomeasurements in air standards (n¼ 26)
and AEW standards (n ¼ 16) in Table 2. For any single analysis, the
reported d value for each isotopic or elemental ratio of interest
represents the mean of all integration-cycle d values, corrected for
four sources of random or systematic error: (i) fluctuations in the
background voltages of Faraday cups that introduce small random
errors that become appreciable for ratios involving trace Xe iso-
topes; (ii) matrix effects, wherein the combination of multiple
processes leads to a systematic bias in Kr or Xe isotope ratios as a
function of the Ar/Kr or Ar/Xe ratio of the sample; (iii) pressure
imbalances between the sample and reference bellows, which
induce small systematic biases associated with instrumental
nonlinearity; and (iv) isobaric interference of the 36Ar and 38Ar ion
beams with the low-mass tail of the 40Ar ion beam. We describe
each of these corrections in detail in the following section.
of ion beam amplification and beam intensities in air and water, and elemental and

r 82Kr 136Xe 134Xe 132Xe 131Xe 130Xe 129Xe 128Xe

3 1013 1013 1013 1013 1013 1013 1013 1013

3.9 0.7 0.8 2.2 1.8 0.3 2.1 0.2
7.0 2.2 2.6 6.6 5.5 1.0 6.4 0.5

8.7 � 10�8

11.6 8.9 10.4 26.9 21.2 4.1 26.4 1.9



Table 2
Summary of IRMS analysis parameters, sample precision, and correction factors for isotopic ratios of interest. Prun refers to the bellows pressure during IRMS analysis; ncycles

refers to the total number of integration cycles for a given isotope ratio during a typical sample measurement; Tidle and Tint are idle and integration times, respectively; sair and
sh2o are air and AEW standard 1-s reproducibilities, respectively; PIS refers to pressure imbalance sensitivity; and ME refers to matrix effect correction factor.

40Ar/36Ar 38Ar/36Ar 86Kr/82Kr 86Kr/84Kr 136Xe/129Xe 134Xe/129Xe 132Xe/129Xe 131Xe/129Xe 130Xe/129Xe 128Xe/129Xe

Dm (amu) 4 2 4 2 7 5 3 2 1 �1
Prun (mbar) 30 30 22 22 30 30 30 30 30 30
ncycles 48 48 64 64 96 96 96 96 96 96
Tidle (s) 8 8 15 15 18 18 18 18 18 18
Tint (s) 10 10 20 20 22 22 22 22 22 22
sair (‰) 0.007 0.009 0.030 0.017 0.079 0.059 0.061 0.076 0.076 0.136
sh2o (‰) 0.012 0.017 0.023 0.018 0.029 0.027 0.017 0.032 0.044 0.071
PIS (10¡4) 2.9 (±0.5) 1.3 (±1.3) 3.0 (±3.0) 0.8 (±2.5) 10.1 (±4.7) 5.6 (±4.4) 0.8 (±3.4) 0.5 (±3.4) 19.0 (±6.5) �8.5 (±10.3)
ME (10¡5) e e 2.5 (±1.6) 9.1 (±1.1) 14.9 (±0.9) 12.3 (±1.0) 8.5 (±0.6) 16.1 (±1.1) 1.3 (±1.1) 24.8 (±1.6)
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2.3. Analytical corrections

2.3.1. Background fluctuations
A novel aspect of this new technique is the inclusion of three

more Xe isotopes (131Xe, 130Xe, 128Xe) than prior Xe IRMS studies
[13,16e19]. The inclusion of the trace isotopes 128Xe and 130Xe,
which are respectively ~4 and ~2 times less abundant than 136Xe
(the least abundant Xe isotope measured in prior studies), raises
important concerns about the high sensitivity of trace Xe isotopes
to small variations in measured ion beam intensities (e.g., due to
Johnson noise in Faraday cup amplifiers). That is, a given error in a
measured background intensity (which is subtracted from a
measured ion beam intensity) will lead to a correspondingly larger
fractional error for less abundant isotopes with smaller ion beams.

To investigate the impact of background fluctuations on trace Xe
isotope measurements, we explored variability in background in-
tensities measured on the Faraday cups that detect 128Xe, 130Xe,
134Xe, and 136Xe ion beams (the four least abundant Xe isotopes
that we measure) throughout 195 total measurements from May
through December 2021. Note that all four of these isotopes are
measured with the same magnitude of amplification (1013 U). Fig. 2
shows background beam intensities (BG) and anomalies (BG0) of
measured BG intensities from a spline fit of each isotope's back-
ground time series (smoothing parameter ¼ 0.0005). We find no
temporal trend in BG0 for any isotope, and we observe that the
sample-to-sample deviation in background intensities is quite
Fig. 2. Time series of background intensities (BG, top panel) and anomalies (BG0 ,
bottom panel) from a spline fit to background data recorded at the beginning of Xe
analysis for 195 sample measurements from May through December 2021. (Note that
the sign and absolute magnitude of BG values are not meaningful, as they include
arbitrary offsets from zero and thus result in some negative values.)

5

consistent among all four isotopes, with standard deviations of BG0

equal to 0.10, 0.11, 0.15, and 0.14 mV for 128Xe, 130Xe, 134Xe, and
136Xe, respectively. Given that BG0 data for different isotopes are
uncorrelated with similar standard deviations despite considerable
variation among these four isotopes in isotopic abundance
(Table 1), we suggest that sample-to-sample differences in back-
ground intensities reflect uncorrelated electronic noise on each
detector cup, rather than differences in detection of actual back-
ground Xe or other isobaric contaminants in the instrument.

In Fig. 3, we compare anomalies of measured Xe isotope ratios in
air (Xe/Ar ratio ~10�6) to background anomalies associated with
each air standard measurement. In Fig. 3, each data point repre-
sents an individual air standard BG’ value and d anomaly (from the
mean of 26 air standards), where each trace Xe isotope is normal-
ized to 129Xe. We normalize to 129Xe both because of prior
convention (e.g., Ref. [16] and because 129Xe is ~2.5e~14 times
more abundant than these four rarer Xe isotopes and thus is less
sensitive to background fluctuations. We find significant correla-
tions for all four isotope ratios with regression coefficients (slopes)
that scale with the atmospheric abundance of the rarer of the two
Xe isotopes in each ratio. Crucially, the slope of each linear
regression is negative, such that positive d anomalies are associated
with negative background anomalies. This observation of negative
slopes that scale with isotopic abundance in air is consistent with
the notion that subtraction of erroneous background intensities
from isotope measurements leads to corresponding random errors
in d values. That is, if a background measurement for 128Xe is
erroneously high and this value is subtracted from measured 128Xe
beam intensities for a given sample, then the 128Xe/129Xe ratio for
this sample (neglecting any background-related error in 129Xe
because of its high abundance) will appear erroneously low. If
background errors are similar in magnitude for all detector cups (as
appears to be the case; Fig. 2), then the 129Xe-normalized ratios
with the least abundant isotopes in the numerator will be the most
affected, as we observe.

We introduce a correction, b, for background-induced error in
d values by making use of the fact that these anomalies are small
(<1‰) and thus d values are additive to good approximation:

bi ¼
BG0

i
VR;i

� BG0
i

VSA;i
(2)

where i corresponds to a trace Xe isotope (128Xe, 130Xe, 134Xe, or
136Xe), BG0 is the background anomaly (mV), VSA is the measured
sample gas ion beam intensity (mV) of isotope i, and VR is the
measured reference gas ion beam intensity (mV) of isotope i. The
background correction is applied as follows for a measured
iXe/129Xe ratio (diXe=129XemeasÞ:

diXe=129XeBG�corrected ¼ diXe=129Xemeas � bi (3)



Fig. 3. Comparison of Xe isotope anomalies in air-standard measurements and associated background error for the four rarest Xe isotopes measured (normalized to 129Xe). An
isotope ratio anomaly refers to a measured d value minus the mean of all air-standard measurements (n ¼ 26). A background error (BG’; subscript refers to a rare Xe isotope mass) is
the associated anomaly of a background measurement from the long-term trend, as shown in Fig. 2. Slopes and R2 values for each isotope ratio refer to linear regressions with zero
intercept.
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By correcting air and AEW samples in this manner, we find that
sample reproducibility improves considerably for all isotope ratios
except for 134Xe/129Xe, which is essentially unchanged. For air
standards (n ¼ 26), corrected (uncorrected) 1-s reproducibilities
are 0.136 (0.252)‰, 0.76 (0.186)‰, 0.59 (0.060)‰, and 0.79
(0.126)‰ for 128Xe/129Xe, 130Xe/129Xe, 134Xe/129Xe, and 136Xe/129Xe,
respectively. Because background corrections are negligible for
134Xe/129Xe in air and AEW, we do not attempt to correct 131Xe,
132Xe, or 129Xe for background-related errors, as each of these
isotopes is at least twice as abundant as 134Xe and would thus
require an even smaller background correction. We discuss the
importance of background corrections, the origin of errors in the
measured background (Johnson noise) and speculate about stra-
tegies for minimizing these corrections in Section 3.2.
2.3.2. Matrix effects
The bulk composition of gas is well known to influence the

apparent isotope ratios of individual gases in a mixture. For
example, prior studies employing an IRMS to measure inert gas
mixtures have empirically determined, and corrected for, changes
in isotopic ionization efficiency due to changes in bulk gas ratios
between sample and reference gases. For example, Severinghaus
et al. [9] determined a “chemical slope” to correct measured
d40Ar/36Ar for sample versus reference gas differences in the N2/Ar
ratio in ice core and air samples. Past studies employing chemical
slope corrections have demonstrated the suitability of linear
6

corrections over a wide range of changes in bulk gas composition
[9,13]. In this technique, differences in the Ar/Kr and Ar/Xe ratios
between sample and reference gases similarly lead to linear biases
in measured Kr and Xe isotope ratios that require a chemical-slope
correction. Additionally, because we pressure balance sample and
reference gases using 40Ar beams, the Ar/Kr and Ar/Xe ratios of a
sample also influence the ion beam intensities of Kr and Xe iso-
topes. That is, Xe isotope beam intensities will be higher in a sample
with a lower Ar/Xe ratio when pressure balancing is performed
using the 40Ar ion beam. Consequently, measured Kr and Xe isotope
ratios can be impacted in two ways due to the Ar/Kr and Ar/Xe
ratios of a sample, both by the chemical slope effect and instru-
mental nonlinearity. In this study, we refer to the combined influ-
ence of these effects as matrix effects (ME), and we corrected
measured Kr and Xe isotope ratios as follows:

diKr=jKrME�corrected ¼ diKr=jKrmeas �MEij � dAr
.
Kr (4)

or

diXe=jXeME�corrected ¼ diXe=jXemeas �MEij � dAr
.
Xe (5)

where i and j refer to Kr or Xe isotopes andMEij refers to the matrix
effect associated with the ratio of isotopes i and j. All d values in
equations (4) and (5) are reported with respect to the working



Fig. 4. Independent evaluation of Kr isotope matrix effects. Markers show data for
experiments in which UHP Ar was added to aliquots of reference gas R0 and analyzed
against reference gas R25. Solid lines show the expected change in Kr isotope ratios as
a function of dAr/Kr using matrix effect values (ME) determined from air-normalized
AEW measurements. For clarity, we emphasize that these lines are independent ex-
pectations; they are not lines of best fit to the data points shown in this figure. The
agreement between the data and expectations thus provides independent confirma-
tion of our AEW-based determination of ME values. Error bars indicate ±2s.
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reference gas (R25).
We empirically determined optimal ME values by minimizing

disagreement between measured AEW isotope ratios (normalized
to the mean of air standards) and high-precision published solu-
bility equilibrium values in freshwater [13]. It is important to note
that all measurements (samples and both AEW and air standards)
are corrected for matrix effects using the same ME values. This
approach yields well constrained ME values and provides a
straightforward way to estimate error in the ME correction, by ac-
counting for the combined errors of air standards, AEW standards,
and uncertainty in the published solubility equilibrium values. In-
dividual isotope ratio ME values and their associated uncertainties
are provided in Table 3. We also apply this approach to correct
measured elemental ratios for matrix effects in the same manner,
by using precisely constrained solubility equilibrium data [14].

We attempted to independently evaluate these ME values by
adding varying amounts of ultra-high purity (UHP) Ar to aliquots of
the secondary reference gas R0 and analyzing these mixtures
against the common reference gas R25. As shown in Fig. 4, we
observe remarkably close agreement between these Ar-addition
tests and the ME slopes independently determined by optimizing
air-normalized AEW isotope ratios to known solubility equilibrium
values for the two Kr isotope ratios measured in this study. For Xe
isotopes, we observe the same pattern of ME values (Supp. Fig. S1;
large values for 128Xe/129Xe and 136Xe/129Xe, low values for
130Xe/129Xe with no obvious mass dependence). However, we find
that (i) ME values determined via Ar addition are slightly higher
than air-water determinedME values (Supp. Fig. S1), (ii) the offset is
clearly mass dependent (Supp. Fig. S2), and (iii) the Xe/Kr ratio of
these Ar-enriched samples increases linearly with the Ar/Kr (or Ar/
Xe) ratio (Supp. Fig. S3). Together, these lines of evidence indicate
that there must be a small, but non-negligible, amount of heavy-
isotope-enriched Xe in the UHP Ar gas. Based on these findings,
we urge caution for the use of UHP Ar in other Xe-related experi-
ments, and we speculate that the highly adsorptive nature of Xe
may explain its trace presence in supposedly pure Ar.
2.3.3. Pressure imbalance sensitivity
Measured isotope ratios can be slightly biased by pressure im-

balances between sample and reference bellows during analysis.
Following prior work [9,11] we correct for biases due to pressure
imbalance in the following manner:

dPI�corr ¼ dmeas � PIS� PI (6)

where dPI-corr is a corrected isotopic or elemental ratio d value, PIS is
the pressure imbalance sensitivity for that particular ratio and PI is
the pressure imbalance, defined using the 40Ar beam intensity:

PI¼V40;SA

V40;R
� 1 (7)

where V40,SA and V40,R refer respectively to sample and reference
gas mean 40Ar beam intensities over the course of a measurement
Table 3
Matrix effect (ME) corrections, their associated uncertainty estimates, and internal unc
Kr ¼ 800‰; dAr/Xe ¼ 2400‰; vs. R25) or 40Ar-rich volcanic gases (dAr/Kr ¼ 10000‰; d

86Kr/82Kr 86Kr/84Kr 136Xe/129Xe 134Xe/129

ME corrair (‰) 0.020 0.073 0.358 0.295
sint,air (‰) 0.030 0.017 0.079 0.059
sME,air (‰) 0.013 0.009 0.022 0.024
ME corrvolc (‰) 0.250 0.910 1.490 1.230
sint,volc (‰) 0.074 0.042 0.142 0.106
sME,volc (‰) 0.160 0.110 0.090 0.100
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block. We determined mean PIS values for each isotope ratio in this
study by regressing d versus PI independently for each sample
(recall that a typical sample involves 6, 8, and 12 blocks of Ar, Kr,
and Xe measurements, respectively, for which pressure is reba-
lanced each time). PIS values are remarkably small (Table 2) and, for
an entire sample measurement, result in isotope ratio corrections
on the order of 0.001‰, since typical PI values for individual blocks
are several ‰ (typically randomly distributed around zero). The
large number of blocks we analyze per sample leads to very small
mean PI values and thus small corrections for each sample.

2.3.4. Interference from 40Ar tail
Due to dispersion of ion energies, a small fraction of the ions

generated for any analyte will enter the flight tube at a slower
velocity and thus experience additional deflection and interfere
with other analytes that have lower ratios of mass to charge (m/z).
Interference from such a low-mass tail is often negligible, except in
instances for which there are analytes of interest that are orders-of-
magnitude less abundant than an analytewith a slightly higherm/z.
The measurement of Ar isotopes is an example one such instance,
as 40Ar is ~300 times more abundant than 36Ar and ~1500 times
more abundant than 38Ar in air. Because only 3 Faraday cups are
needed to measure the three stable Ar isotopes, multiple Faraday
cups that are used for Kr and Xe analysis are unused in the Ar gas
configuration. Here we introduce a first-order approach to resolve
the low-mass 40Ar tail using these additional Faraday cups and
correcting 38Ar and 36Ar accordingly. We implemented 40Ar tail
ertainty estimates for Kr and Xe isotope ratios measured in air-like samples (dAr/
Ar/Xe ¼ 10000‰; vs. R25).

Xe 132Xe/129Xe 131Xe/129Xe 130Xe/129Xe 128Xe/129Xe

0.204 0.386 0.031 0.595
0.061 0.076 0.076 0.136
0.014 0.026 0.026 0.038
0.850 1.610 0.130 2.480
0.110 0.137 0.137 0.245
0.060 0.110 0.110 0.160



A.M. Seltzer and D.V. Bekaert International Journal of Mass Spectrometry 478 (2022) 116873
detection on two IRMS instruments in the Seltzer lab: a Thermo 253
plus and a Thermo 253, each with 10 Faraday cups but slightly
different configurations, such that 4 intermediate mass cups (be-
tween 36 and 40m/z) are available for 40Ar tail detection on the 253
plus while 5 cups are available on the 253. Fig. 5 demonstrates the
ability of these intermediate mass cups to detect the low-mass 40Ar
tail and shows the magnitude of isobaric interference at 38Ar and
36Ar at various run pressures of a gas with an atmospheric Ar
isotope composition.

Due to the curvature of the 40Ar tail in m/z space, the interfer-
ence is not constant with run pressure. At higher run pressures (and
correspondingly higher beam intensities for all isotopes), the frac-
tional 40Ar tail interference on the 38Ar and 36Ar beams increases
(Fig. 5). Because the fractional interference scales quite linearly
with run pressure, the existing (linear) pressure imbalance
correction (Section 2.3.3.) effectively removes any bias on
d38Ar/36Ar caused by differential tail interferences between sample
and reference gases, as long as the 40Ar/36Ar (or 40Ar/38Ar) ratios of
sample and reference gases are similar. Indeed, we find that PIS
values for 38Ar/36Ar are reduced from 0.0023 ± 0.0001 to
0.0001 ± 0.0001 when a tail correction is made to the 38Ar and 36Ar
beam intensities prior to determination of PIS. For this reason, prior
studies have indirectly corrected for 40Ar tail interference by cor-
recting for pressure imbalance, since these studies involved ice core
air bubbles and groundwater, both of which have air-like Ar isotope
ratios (e.g., Refs. [20,21]; [36]; [22].

However, for volcanic gases, in which 40Ar/36Ar ratios can be
over an order of magnitude higher than in air (e.g., Ref. [23],
pressure imbalance corrections will not remove the effect of 40Ar
interference from the 38Ar/36Ar ratio (if a reference gas with air-like
Ar isotopes is used). Instead, a direct correction for 40Ar tail inter-
ference is essential, such that a fitted curve constrained by inter-
mediate mass measurements between m/z 36 and 40 is evaluated
atm/z 38 and 36 to estimate interference (Fig. 5). To provide a sense
Fig. 5. Detection of 40Ar tail on MAT 253 using 5 Faraday cups with intermediate m/z betwe
at each cup and fitted 40Ar tail curves (exponential fit) are shown for a reference can with
fractional interference predicted (using the fitted curves) at 38Ar and 36Ar due to the 40Ar tai
run pressure).
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of scale for the magnitude of 38Ar/36Ar bias due to 40Ar interference
we refer to Fig. 5, in which the 40Ar tail is shown to account for ~1%
of the 38Ar beam (in an air-like reference gas) at a run pressure of
30 mbar and a corresponding 40Ar beam intensity of ~3600 mV on
the ThermoMAT 253 used for this analysis. If one were to analyze a
volcanic gas sample with a 40Ar/36Ar ratio of ~600 (twice the at-
mospheric ratio) by pressure balancing on 40Ar, the sample gas 38Ar
and 36Ar beams would be roughly half as intense as the reference
gas beams. Consequently, because the 40Ar tail is identical between
sample and reference gases (because pressure balancing is per-
formed using 40Ar), the fractional interference of the 38Ar beam in
the volcanic gas sample would be ~2%, leading to a bias of þ10‰
(1%) in the uncorrected d38Ar/36Ar value (slight interference of 36Ar
is neglected in this example for the sake of simplicity). Based on
goodness of fit between fitted 40Ar tail curves and measured in-
termediate mass beam intensities, we conservatively estimate that
our first-order approach accurately removes 40Ar tail interference
with a residual bias of less than 5% of the original interference. For
volcanic gas samples have 40Ar/36Ar of less than twice the atmo-
spheric value (which is very common due to subsurface mixing
with air-derived Ar in groundwater), we suggest that this first order
tail-correction permits interpretation of 38Ar/36Ar at the sub-‰
level in those samples. However, considerably more work is
required to develop and rigorously evaluate a 40Ar tail correction
for samples with 40Ar/36Ar that exceed the atmospheric ratio by an
order of magnitude. For such samples, the influence of instrumental
non-linearity on the 38Ar and 36Ar beams may also be appreciable.
Evaluation of 40Ar tail corrections either by adding pure 40Ar to
aliquots of reference gas or by cross-instrument comparison of
40Ar-enriched gas samples is also key. We note that using a double-
focusing IRMS is another possible approach to limiting the influ-
ence of the 40Ar tail. Future work may benefit from implementing
several of these strategies to improve 40Ar tail correction.
en 36Ar, 38Ar, and 40Ar cups. On the left panel, measured beam intensities (open circles)
air-like Ar isotope ratios analyzed at different run pressures. On the right panel, the

l is shown to increase with 40Ar beam intensity (each marker corresponds to a different
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3. Results and discussion

3.1. Adsorption/desorption effects

A central component of this new technique is the transfer of Ar,
Kr, and Xe gas using dual-valve dip tubes containing silica gel in a
small chamber. The reproducibility of air and AEW standards (e.g.,
±0.007‰ 1-s precision for d40Ar/36Ar in 26 air standards) is
equivalent to the reproducibility of reference can versus can mea-
surements and is on par with previous IRMS noble gas studies that
have used liquid helium. This suggests that the use of silica gel does
not reduce isotopic precision. However, it is important to fully
understand whether, and by how much, the adsorption and sub-
sequent desorption of Ar, Kr, and Xe may reproducibly fractionate
isotopic and elemental ratios. Crucially, because air standards and
samples are processed and analyzed identically, any reproducible
fractionation should cancel when samples are normalized to air.
Nonetheless, to gain awareness of the potential limitations of this
technique, we carried out a suite of experiments using different
absorbents and equilibrating in an isothermal bath at various
temperatures. In each of these experiments, aliquots of a well
characterized secondary reference gas were transferred into a dual-
valve dip tube at 77 K, which was then closed at valve VT1 (Fig. 1)
and placed in a water bath, leaving valve VT2 open for a minimum
of 3 h for desorption and equilibration, following the same method
for all samples and standards (Section 2.1). Valve VT2 was then
closed upon removal of the dip tube from the bath, and the gas
between valves VT1 and VT2 was analyzed.

Fig. 6 shows the results of dip tube fractionation experiments
(n ¼ 6) carried out using ~4 g of silica gel and a bath temperature
30 �C. All reported fractionation is givenwith respect to themean of
R0 measurements from aliquots sampled directly from the refer-
ence can (i.e., with the can itself attached to the sample side of the
dual-inlet system). We observe no statistically significant frac-
tionation of Ar isotopes, with mean offsets in 40Ar/36Ar and
38Ar/36Ar of �0.002 ± 0.006‰ and 0.002 ± 0.006‰, respectively
(±2 SE). Based on this lack of fractionation and correspondence
between measured and expected total gas pressures, we conclude
that Ar must be quantitatively trapped on silica gel at 77 K and
quantitatively desorbed at 30 �C. We find highly reproducible
Fig. 6. Isotopic and elemental offset induced by dual-valve dip tubes containing silica gel wit
for Ar, Kr, and Xe isotope ratios are shown against isotopic mass difference with linear trend
low abundance and thus higher uncertainties). In panel b, the net offset in elemental ratios
bars indicate ±1 SE (combined error from measurement of R0 aliquots from dip tubes and
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fractionation of elemental ratios, such that aliquots of R0 trapped
on silica gel and released at 30 �C have Kr/Ar and Xe/Ar offsets
of �27.969 ± 0.198‰ and �152.410 ± 0.622‰, respectively (±2 SE),
from the mean of direct aliquots from the R0 can. Assuming Ar is
quantitatively desorbed from the silica gel, this implies that ~2.8%
of Kr and ~15.2% of Xe remain adsorbed at equilibrium at 30 �C. We
find small, yet reproducible and statistically significant, isotope
effects for Kr and Xe associated with this incomplete equilibrium
desorption that favors the heavy isotopes by 0.0103 ± 0.0012‰
amu�1 and 0.0085 ± 0.0024‰ amu�1, respectively (±2 SE; Fig. 6).

Only the high reproducibility, not the magnitude, of these
isotope and elemental ratio effects is relevant for methodological
focus of this study since samples and standards are processed
identically. Nonetheless, here we briefly consider the physical
origin of these Kr and Xe isotope effects. We assume that trapping
of Kr and Xe in aliquots of R0 gas at 77 K is quantitative because Ar
trapping appears to be quantitative and Kr and Xe should have
higher adsorptivities than Ar. We can also rule out the possibility of
incomplete equilibration leading to kinetic fractionation, both
becausewewould expect that incomplete adsorption or desorption
would favor the light isotopes and because we observe no rela-
tionship between equilibration time and Kr or Xe isotope ratios
across air and AEW standard measurements equilibrated at 30 �C
for time periods ranging from 3 h to 2 days. Thus, the observed
heavy-isotope enrichment of Kr and Xe in the dip tubes implies that
the light isotopes of these gases are preferentially adsorbed on
silica gel at equilibrium at 30 �C. Accounting for the fractions of Kr
and Xe that remain adsorbed at equilibrium (i.e., ~2.8 and 15.2%
respectively), we can estimate equilibrium adsorption fractionation
factors, aeq (where aeq ¼ Rads/Rgas, Rads and Rgas are adsorbed and
gas phase isotope ratios, respectively, and R is defined with a heavy
isotope in the numerator and light isotope in the denominator with
a 1-amu mass difference). For 30 �C adsorption on silica gel,
aeq ¼ 0.99963 ± 0.00004 (εeq ¼�0.37 ± 0.04‰ amu�1, ±2 SE) for Kr
isotopes and aeq ¼ 0.99994 ± 0.00002 (εeq ¼�0.06 ± 0.02‰ amu�1,
±2 SE) for Xe isotopes. Past studies carried out at lower analytical
precision using static noble gas mass spectrometers have found
minimal fractionation of Xe isotopes due to adsorption [24,25]. For
example, Marrocchi and Marty [25] find the same sign and
approximate magnitude of Xe isotopic fractionation (~-0.2‰
h adsorption at 77 K and equilibrium desorption at 30 �C. In panel a, net isotope effects
lines indicating mass dependency (128Xe/129Xe and 130Xe/129Xe are not shown due to
is shown (error bars are substantially smaller than markers: ~0.2 and 0.6‰). All error
directly from can).
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amu�1) due to equilibrium adsorption on kerogen and montmo-
rillonite, and Bernatowicz & Podosek [24] find no statistically sig-
nificant fractionation of Xe isotopes adsorbed on charcoal at lower
(order ‰) statistical precision. Bernatowicz and Podosek [24] also
derive theoretical expectations for isotopic fractionation due to
equilibrium adsorption, predicting small effects (order‰ amu�1 or
below) that favor the light isotope in the adsorbed phase. Our
estimated fractionation factors for Kr and Xe equilibrium adsorp-
tion on silica gel are therefore consistent both with prior experi-
ments and theory.

While developing this new technique, we carried out tests with
different adsorbent materials in the dual-valve dip tubes equili-
brated at water bath temperatures ranging from 30 to 80 �C. In each
experiment, aliquots of the same reference gas were trapped in a
dip tube immersed in liquid nitrogen (77 K), and the dip tube was
subsequently equilibrated for a minimum of 3 h in the water bath
before valve VT2 was closed and the equilibrated gas between VT1
and VT2was analyzed on aMAT 253 in the Seltzer lab for Ar isotope
ratios, Kr/Ar, and Xe/Ar. In total we carried out experiments with
dip tubes containing ~4 g of silica gel, zeolite (molecular sieve 13X:
10 Å pores), or activated charcoal. Fig. 7 summarizes the results of
these experiments, which are reported relative to experiments
with the silica gel dip tube at 30 �C.

As shown in Fig. 7, we find no statistically significant fraction-
ation of Ar isotopes as a function of temperature or adsorbent
material, suggesting that Ar is likely quantitatively adsorbed at 77 K
Fig. 7. Effects of using different absorbent materials at varying equilibration temper-
atures on measured 40Ar/36Ar, Kr/Ar, and Xe/Ar ratios. All data are reported as de-
viations (Dd) from the mean of experiments carried out with silica gel at 30 �C. In other
words, Dd ¼ Rmeas/RSi30 e 1, where Rmeas is a measured isotopic or elemental ratio and
RSi30 is that ratio measured on a silica gel-containing dip tube at 30 �C. Solid lines are
logarithmic temperature trend lines for experiments carried out with each material.
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and desorbed at temperatures �30 �C. Kr/Ar and Xe/Ar ratios,
however, do exhibit substantial differences in relation to adsorbent
material and equilibration temperature. At all temperatures, Kr/Ar
and Xe/Ar ratios are highest when silica gel-containing dip tubes
are used and lowest for charcoal-containing dip tubes. Given that
~15.2% of Xe is found to remain adsorbed on silica gel at equilibrium
at 30 �C (Fig. 6), the observed Dd value of ~-825‰ for charcoal at
30 �C (Fig. 7) implies that only ~2.7% of Xe is desorbed, with ~97.3%
remaining adsorbed at equilibrium. We find apparent temperature
sensitivities for Kr/Ar and Xe/Ar, respectively, of ~0.36‰ K�1 and
2.21‰ K�1 for silica gel, ~0.76‰ K�1and 4.94‰ K�1 for zeolite, and
~3.05‰ K�1 and 7.90‰ K�1 for charcoal. (Note that the above values
are linear regression coefficients and are thus approximations, as
there is slight curvature to the temperature trend lines as shown in
Fig. 7.)

There are several important implications from these adsorption/
desorption experiments. First, the lower equilibrium absorptivities
and temperature sensitivities of both Kr and Xe on silica gel justify
its use for gas transfer in dip tubes in our new technique, instead of
other common adsorbent materials (at least charcoal and zeolite,
which we tested). That is, low equilibrium adsorption of Kr and Xe
at 30 �C leaves more Kr and Xe in the dip tube available for analysis,
while low temperature sensitivities reduce the need for stringent
regulation of the water bath temperature. Second, the observations
of small equilibrium isotope effects (Fig. 6) and high reproducibility
of measured isotope ratios further support the use of silica gel-
containing dip tubes as a viable approach for transferring Ar, Kr,
and Xe for high-precision IRMS isotope ratio analyses. Finally,
although silica gel-containing dip tubes exhibit the smallest Kr/Ar
and Xe/Ar temperature sensitivities, we caution against using this
technique for applications in which high-precision elemental ratio
measurements are needed, such as ice-core based reconstructions
of mean ocean temperature where signals of interest in Kr/Ar and
Xe/Ar occur at the order-0.1‰ level [26e28]. However, for appli-
cations in groundwater and seawater, where solubility-related
signals of interest in Kr/Ar and Xe/Ar ratios occur at the order-1‰
level [17,18,29e31], regulation of water bath temperatures to
within ~0.1 �C is both practical and adequate for measuring
elemental ratios at sufficiently high precision.

3.2. Importance of correcting for background error

In section 2.3.1, we described observations of background error-
induced scatter in measured Xe isotope ratios and outlined a pro-
tocol for correcting Xe isotope ratios accordingly. Here we briefly
demonstrate the importance of correcting trace Xe isotope ratios
for background error effects, speculate on the origin of background
errors, and suggest an approach for reducing their magnitude.

The sensitivity of a given Xe isotope ratio to error in the sub-
tracted background value is related to both the abundance of the
isotopes involved and the difference in Xe/Ar ratios between
sample and reference gases. For this reason, we expect that the
128Xe/130Xe ratio in low Xe/Ar samples would be the most sensitive
to background errors. In volcanic gas samples, the 128Xe/130Xe ratio
is crucial for correcting other Xe isotopes for mass-dependent
fractionation since 128Xe and 130Xe are the only non-radiogenic
and non-fissiogenic isotopes analyzed in our new IRMS tech-
nique. Coincidentally, the Xe/Ar ratiowill also be low in volcanic gas
samples due to the abundance of radiogenic 40Ar. Thus, we expect
that background corrections will be most important for volcanic
samples. To demonstrate the relative importance of background
corrections, in Fig. 8 we show anomalies of d128Xe/130Xe in water,
air, and volcanic gas samples relative to their respective means for
both background-corrected and uncorrected data. The volcanic gas
samples (n ¼ 3) refer to three replicate samples collected from



Fig. 8. Reproducibility of water (AEW), air, and volcanic gas 128Xe/130Xe ratios with
and without background (BG) corrections. As expected, we find that making back-
ground corrections (i.e., via equations (2) and (3)) substantially improves the repro-
ducibility of samples with lower Xe/Ar ratios.
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Mount Etna (Italy) via the Giggenbach technique [23,32,33] in
which ~102e103 L of CO2-rich volcanic gas is bubbled into an
evacuated 1.5-L flask filled with 200 mL of 5 M NaOH solution such
that CO2 dissolves and the headspace is concentrated in other gases
(including the noble gases). The headspace is then analyzed
following the technique outlined in this study. The Mount Etna
samples have 40Ar/36Ar ratios of ~1900 and Xe/Ar ratios of
~2 � 10�7. We find that 1-s reproducibility improves from 0.079 to
0.069‰ for AEW standards, from 0.264 to 0.160‰ for air standards,
and from 0.601 to 0.208‰ for volcanic gas samples.

To reduce the magnitude of background corrections, it is first
important to understand the underlying source of error. If the error
in the measured background voltages on each Faraday cup is gov-
erned purely by Johnson noise, the background noise should be
white. Thus, by increasing the background integration time (tint),
the error should correspondingly decrease with tint1/2 in theory. In
practice, however, if the background noise is red then increasing tint
may not substantially reduce the error. To test this, we carried out a
background scan at 0.15-s resolution for ~30 min and investigated
the power spectrum of the 128Xe Faraday cup (1013 U resistor; Supp.
Fig. S4). We find a broad peak at ~0.2 Hz and sharp peaks near 3 and
3.6 Hz. The standard error of the background scan over a period of
22 s (equivalent to our default background integration time) is
~0.075mV, which is somewhat smaller than the standard deviation
of BG’ (~0.10 mV). The fact that the default integration time only
captures 4.5 cycles of the ~0.2 Hz-1 oscillation may explain why the
standard deviation of BG’ is somewhat higher than the equivalent
standard error from the ~30-min background scan. We therefore
suggest that increasing the background integration time prior to
analysis of Xe blocks is a viable solution to reduce error in back-
ground Faraday cup voltages. Practically, a longer background scan
(e.g., we suggest ~6 min) should reduce background errors and
associated Xe isotope anomalies (e.g., by a factor of ~4) without
wasting a substantial amount of gas from the bellows. Additionally,
even with an increased background integration time, we recom-
mend monitoring background voltages over time and correcting in
the manner described in section 2.3.1, as these corrections may
remain important for samples with low Xe/Ar ratios.
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3.3. Uncertainty analysis

In other IRMS noble gas studies, uncertainty of individual
sample measurements has often been estimated using the pooled
standard deviation of replicate measurements [9,13]. Such an
approach implicitly incorporates error stemming from shot noise
(ion counting statistics), pressure imbalance corrections, and any
fractionation related to gas collection, processing, storage, or
transfer. This approach does not, however, consider the error
associated with matrix effect corrections, since replicate samples
have the same elemental ratios and thus the same matrix effects.
Because volcanic gas samples are often difficult to collect as iden-
tical replicates, and matrix effect corrections can be large due to
high Ar/Kr and Ar/Xe ratios, an independent method for estimating
single sample uncertainty that considers error in matrix effect
corrections is needed.

We assume that the leading sources of uncertainty (after
implementing all corrections described in section 2.3) arise from
(a) shot noise/ion counting statistics and (b) matrix effect correc-
tions. Pressure imbalance corrections are often very small (order
0.001‰) and thus their associated error is likely negligible. Given
the reasonably close agreement between the expected background
error from the ~30-min 0.15-s resolution background scan
(0.075 mV for 128Xe) and actual sample-to-sample background
anomalies (BG’) calculated based on deviations from the long-term
trend (e.g., 0.10 mV for 128Xe), any residual error in background
corrections must be quite small. Finally, we note that air standard
and reference can vs. can reproducibilities are quite similar. For
example, s ¼ 0.007‰ for 40Ar/36Ar in air and 0.006‰ in reference
can vs. can measurements. Since Ar isotopes are the most sensitive
of all measured isotope ratios to leakage or incomplete transfer,
human error in sample processing is similarly unlikely to be a
leading source of error.

Thus, to estimate uncertainty, we expect that internal uncer-
tainty (sint), arising from ion counting statistics, should scale with
inverse square root of ion beam intensities, and matrix effect-
related uncertainty (sME) can be determined from the combined
standard errors of air standards, AEW standards, and the published
solubility fractionation factors for each of the Kr and Xe isotope
ratios analyzed in this study. These matrix effect uncertainty esti-
mates are provided in Table 2. Since sint and sME are not correlated,
we estimate the total uncertainty of any Kr or Xe isotope mea-
surement in a single sample from the quadrature sum of these two
values. For high Ar/Kr and Ar/Xe ratios (e.g., due to higher abun-
dances of 40Ar in volcanic samples), both sources of uncertainty are
substantial: sint is high because Kr and Xe ion beams are small, and
sME is high because the ME correction is large at high values of Ar/
Xe and Ar/Kr. To illustrate this point, Fig. 9 shows estimates of the
combined and individual sources of uncertainty for 86Kr/82Kr and
136Xe/129Xe as a function of the Ar/Kr and Ar/Xe ratios. We find that
the uncertainty in the matrix effect correction becomes the leading
source of error for Kr isotopes once the Ar/Kr ratio of a sample is �
~3.5 times that of reference can (i.e., dAr/Kr ~2500‰ vs. R25). For Xe
isotopes, internal ion counting is the leading source of error even
once the Ar/Xe ratio is an order of magnitude higher than the
reference can. For future studies of volcanic samples measured via
IRMS, this approach to decomposing sources of error and esti-
mating sample-specific uncertainties will be important in the ul-
timate interpretation of measured Kr and Xe isotope ratios.

3.4. Consistency of air sampling methods

The well-mixed atmosphere is the ultimate standard against
which all measured isotope ratios are compared (e.g., equation (1)).
For this reason, it is crucial to ensure that the collection, processing,



Fig. 9. Estimated total 1-s uncertainty (stot) and uncertainties arising from matrix
effect corrections (sME) and internal ion counting (sint) for 86Kr/82Kr and 136Xe/129Xe as
a function of dAr/Kr or dAr/Xe (reported with respect to the reference gas R25).

Fig. 10. Deviations (Dd) of air collected via the Giggenbach method from the mean of
air standards. Solid lines indicate mean offsets for each ratio, and shaded regions
indicate ±2-s ranges.
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and analysis of air standards is both precise and accurate. The
sampling method for air standards is described in section 2.1 and
the precision of measured isotope ratios is summarized in Table 2.
To test the robustness of this sampling technique, we collected
additional air standards using two separate methods. First, we
collected outside air by continuously pumping air into a flow-
through 2-L flask at ~4 L min�1 using a Metal Bellows MB-41
pump following standard methods (e.g., Severinghaus and Gra-
chev, 2003). In four ~100 mL aliquots, we observed no statistically
significant fractionation with respect to the mean of n ¼ 26 lab air
aliquots. For example, we found a mean offset of �0.004 ± 0.010‰
(±2 SE) for 40Ar/36Ar in outside air aliquots versus lab air. We note
that 40Ar/36Ar should be the most sensitive of any measure isotope
ratios to any kinetic or thermal fractionation associated with the
different methods of sample collection. Second, we collected lab air
following by bubbling air (pumped using the same Metal Bellows
MB-41 pump) into pre-evacuated inverted (valve-side down) 1.5-L
flasks with flow-through necks and teflon stopcocks (at the bot-
tom), filled with ~200 mL of 5 M NaOH solution, following the
method of Giggenbach [33]. While the Giggenbach sampling
technique is well established, we are not aware of any study that
has attempted to quantify the potential for either kinetic fraction-
ation associated with bubbling of gas through the NaOH solution or
fractionation due to dissolution of gases in NaOH. Multiple ~100mL
aliquots were collected from each Giggenbach bottle, and bottles
were stored for varying periods of time up to four months before
sample processing and analysis for Ar isotopes and elemental ratios
on the MAT 253. Fig. 10 shows the offsets of these ratios measured
in Giggenbach air samples from the mean of lab air standards
analyzed on that instrument. We find no statistically significant
fractionation of 40Ar/36Ar, 38Ar/36Ar, Kr/Ar, or Xe/Ar with mean
offsets of 0.003 ± 0.006‰, 0.002 ± 0.006‰, �0.028 ± 0.404‰,
and �0.066 ± 1.863‰, respectively (±2 SE).

The close agreement between Giggenbach air samples, lab air
standards, and outside air provides confidence in the accuracy of air
measurements across all three techniques. The absence of any
fractionation associated with the Giggenbach technique is
encouraging for future applications of this technique to measure
heavy noble gas isotopic and elemental ratios in CO2-rich volcanic
gas samples. These Giggenbach air sample tests also confirm the
expectation that the solubility of Ar, Kr, and Xe must be extremely
12
low in 5 M NaOH solution, as evidenced by the lack of any
elemental or isotopic fractionation relative to air standards. We
therefore suggest that the Giggenbach technique is a viable
approach for collecting unfractionated volcanic gas samples,
opening the door to IRMS measurements of heavy noble gases in
mantle volatile-rich samples.

4. Conclusions

We have developed and tested a new, unified analytical tech-
nique for high-precision measurement of heavy noble gas isotope
ratios in air, water, and volcanic gas samples. This method offers
several key advantages and caveats. First, this technique eliminates
the need for cryostats or liquid helium, using silica gel and dual-
valve dip tubes as a convenient, inexpensive, and sustainable so-
lution to gas transfer without sacrificing precision for isotope ratio
measurements. Second, the implementation of new correction
schemes for background errors, Ar tail interference, and matrix
effects represents a step towards improving the accuracy of IRMS
measurements in samples with substantially different composition
than reference gases. Finally, for samples in which Xe/Ar and Kr/Ar
ratios are entirely unknown prior to measurement (e.g., volcanic
gases), this method opens the door to IRMS analysis. Until now,
analyses of Kr and Xe isotopes in such samples have not been
possible due to the stringent requirements for balanced pressure
between sample and reference gases in a dual-inlet system.
Moreover, the evaluation of the Giggenbach technique demon-
strates that this approach constitutes a viable method for collecting
concentrated noble gas samples from CO2-dominated volcanic gas
sources, enabling one to obtain sufficiently large samples for IRMS
analysis (e.g., 1 mLSTP of 40Ar).

There are several important limitations of this technique, as well
as opportunities for future improvement. First, the order 0.1‰
sensitivity of Kr/Ar and Xe/Ar ratios to order 0.1 �C fluctuations in
equilibration bath temperatures renders this silica gel/dual-valve
dip tube approach unsuitable for applications in which high pre-
cision elemental ratios are required (e.g., for ice-core based mean
ocean temperature reconstruction). However, for seawater,
groundwater, and volcanic gas applications, Kr/Ar and Xe/Ar fluc-
tuations at the 0.1‰ level do not preclude resolution of signals of
interest. Second, it is conceivable that an adsorbent material exists
or could be developed that quantitatively traps Ar, Kr, and Xe at
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77 K while quantitatively releasing all three gases at room tem-
perature. While silica gel is clearly the most suitable material of the
three adsorbents we tested, future studies investigating other
materials may identify a better adsorbent and would thus be
worthwhile. Finally, while the first-order Ar tail correction we have
implemented represents an important step toward eliminating this
common source of isobaric interference, it could be improved upon
in several ways. For example, the use of a double-focusing IRMS
[34] may reduce or eliminate the low-energy Ar tail. Additionally,
adding pure 40Ar to known reference gas aliquots and testing for
38Ar/36Ar biases would represent a useful approach to evaluating
and refining the Ar tail correction method we have introduced.
However, we were unable to obtain sufficiently pure 40Ar (enrich-
ment factor > 104) from any commercial or scientific supplier for
the present study. Ultimately, with a robust correction for 40Ar tail
interference, we suggest that this IRMS technique offers the po-
tential to resolve longstanding questions about the origin of Earth's
Ar through unprecedently accurate and precise measurements of
the 38Ar/36Ar ratio of the mantle which, to date, has not been found
to differ significantly from the atmosphere at the order-‰ level
[35]. Building upon the strong foundation laid by prior methodo-
logical advances that facilitated IRMS measurements of air and ice
core bubbles [9,11,12], we anticipate that this new technique - and
future advances built upon it - will open the door to new applica-
tions of heavy noble gas isotopes in hydrology, oceanography, and
mantle geochemistry.
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