Earth and Planetary Science Letters 514 (2019) 156-165

Contents lists available at ScienceDirect

Earth and Planetary Science Letters

www.elsevier.com/locate/epsl

Check for
updates

Precise determination of Ar, Kr and Xe isotopic fractionation due to
diffusion and dissolution in fresh water

Alan M. Seltzer*, Jessica Ng, Jeffrey P. Severinghaus

Scripps Institution of Oceanography, La Jolla, CA, United States

ARTICLE INFO ABSTRACT

Article history:

Received 30 October 2018

Received in revised form 1 March 2019
Accepted 6 March 2019

Available online xxxx

Editor: F. Moynier

Dissolved noble gases are ideal conservative tracers of physical processes in the Earth system due to their
chemical and biological inertness. Although bulk concentrations of dissolved Ar, Kr, and Xe are commonly
measured to constrain physical models of atmosphere, ocean, and terrestrial hydrosphere processes,
stable isotope ratios of these gases (e.g. 36Xe/129Xe) are seldom used because of low signal-to-noise
ratios. Here we present the first results from a new method of dissolved gas sampling, extraction and
analysis that permits measurement of stable Ar, Kr, and Xe isotope ratios at or below ~5 per meg amu~"

Keywords: precision (10), two orders-of-magnitude below conventional Kr and Xe isotopic measurements. This gain
noble gas in precision was achieved by quantitative extraction and subsequent purification of dissolved noble gases
groundwater from 2-L water samples via helium sparging and viscous dual-inlet isotope ratio mass spectrometry.
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We have determined the solubility fractionation factors («so) for stable Ar, Kr, and Xe isotope ratios
between ~2 and 20°C via laboratory equilibration experiments. We have also conducted temperature-
controlled air-water gas exchange experiments to estimate the kinetic fractionation factors (o) of these
isotope ratios. We find that both oo and oy, normalized by isotopic mass difference (Am), decrease
in magnitude with atomic number but are proportional to Am for isotope ratios of the same element.
With the new ability for high precision isotopic measurements, we suggest that dissolved Kr and Xe
isotope ratios in groundwater represent a promising, novel geochemical tool with important applications
for groundwater modeling, water resource management, and paleoclimate.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction Ar, Kr, and Xe isotope ratios in seawater or groundwater, typical

analytical 1-o precision is on the order of 1% (Stanley et al., 2009;

Because of their chemical and biological inertness, dissolved no-
ble gases are widely used as quantitative geochemical tracers of
physical processes in seawater and groundwater (Aeschbach-Hertig
and Solomon, 2013; Stanley and Jenkins, 2013). Bulk dissolved no-
ble gas concentrations - rather than isotope ratios - are frequently
studied to constrain physical processes in the atmosphere, ocean,
and terrestrial hydrosphere. Exceptions include dissolved helium
isotope ratios, which exhibit large variations in nature (e.g. Jenkins
et al,, 1972; Torgersen and Clarke, 1985), and radiogenic and fissio-
genic noble gas isotope ratios in extremely old (>1 Ma) groundwa-
ter (e.g. Lippmann et al., 2003). Common applications of dissolved
noble gas measurements include quantifying groundwater recharge
temperatures (e.g. Aeschbach-Hertig et al., 2000; Mazor, 1972;
Stute et al., 1995) and abiotic properties of air-sea gas exchange
(Hamme and Severinghaus, 2007; Loose et al., 2016; Stanley and
Jenkins, 2013). Among recent studies that have measured dissolved
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Wen et al., 2016), with the exception of one single higher-precision
study of seawater Ar isotope ratios (Nicholson et al., 2010).

Here we present results from a new sampling, extraction and
analysis system for high-precision measurement of dissolved stable
Ar, Kr, and Xe isotope ratios. Quantitative extraction of dissolved
gases from large water samples collected in air-tight 2-L flasks
was achieved by sparging with ultra-high purity helium. Dissolved
gases were subsequently purified and measured via viscous dual-
inlet multicollector isotope ratio mass spectrometry. The observed
order-0.01%o precision of individual isotope ratio measurements
across replicate samples analyzed via this method represents a two
orders-of-magnitude improvement over existing analytical tech-
niques. Using this 2-L water sample method, we have carried out
air-water gas-exchange experiments to determine the kinetic frac-
tionation factors of Ar, Kr, and Xe isotopes in fresh water. A sepa-
rate set of experiments to determine solubility fractionation factors
was also conducted, by measuring noble gas isotope ratios in both
the dissolved and gas phases of an equilibrated closed system, us-
ing fresh water ranging from ~2 to 20°C.
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Fig. 1. Dissolved gas extraction system. Arrows indicate flow direction of liberated dissolved gases and helium carrier gas.

To our knowledge, these are the first solubility fractionation
factor measurements of Kr and Xe isotope ratios in water. We
discuss the sensitivity of observed solubility and kinetic fraction-
ation factors to temperature and isotopic mass differences. We
also compare our results to previous estimates of 4°/3gAr solubil-
ity and kinetic fractionation factors (Tempest and Emerson, 2013;
Tyroller et al., 2014) and a recent study which found no fraction-
ation (at order-1%. precision) of Kr or Xe isotope ratios due to
diffusion through water (Tyroller et al., 2018). Finally, we discuss
the implications of our new findings for the potential of Kr and
Xe isotope ratios in groundwater as quantitative indicators of past
water-table depth.

2. Methods
2.1. Dissolved gas sampling, extraction, purification, and analysis

In this study, 2-L water samples were collected in evacuated
glass flasks by a method similar to that of Hamme and Emer-
son (2004a). Custom glass flasks were used, fitted with two 9-mm
Louwers-Hapert valves, each with two inner Viton o-rings sepa-
rated by a ~0.04 cm? space for sealing redundancy. To collect a
sample, the neck of an evacuated flask was first inserted into ~25
cm of PVC tubing (~1.25 cm inner diameter), forming an elongated
neck. Next, ambient air inside the elongated neck was flushed out
by inserting a thin nylon tube (0.25 cm inner diameter) carrying
N, from a compressed gas cylinder. With N, flowing, a second
thin nylon tube (0.25-0.5 cm inner diameter) was inserted car-
rying the water sample from either the laboratory equilibration
bath or a groundwater well. With the elongated tube filled com-
pletely with water, the N, tube was removed and the flask valve
was opened only enough to expose the inner o-ring to the wa-
ter. This allowed any air in the cavity between the two o-rings
to be flushed out. Care was taken to dislodge any bubbles. Once
the elongated neck was free of bubbles, sample collection was be-
gun by opening the valve to allow water to enter the flask. The
valve position was adjusted throughout sampling to ensure that a
roughly 20 cm column of water sat in the elongated neck between
the valve and ambient air. Once ~95% full, the valve was closed
leaving a small headspace to allow for any possible thermal ex-
pansion of the water during storage. The cavity between the two
o-rings, and the space between the outer o-ring and a cap on the
end of the neck, were flushed with N; to minimize any possible
permeation of atmospheric noble gases into the sample headspace
during storage.

Dissolved gases were quantitatively extracted using a helium
carrier-gas sparging system (Fig. 1). For each sample, water was

first introduced to the evacuated system and poured into the ex-
traction vessel. Any residual gas in the flask was then cryogenically
transferred to a stainless-steel diptube immersed in liquid helium
(~4 K) for 15 min, and then the sample flask (now evacuated) was
closed to the system. Ultra-high purity tank helium was then intro-
duced to the system, bringing the total pressure to ~1 atm before
beginning a 90-min sparging. During the sparging period, a Metal
Bellows MB-41 pump recirculated helium at ~1 Lsrp min~!, induc-
ing bubbling through a fritted disc (with ~10~% m diameter pores)
at the base of the extraction vessel and thereby stripping gases
from solution. These liberated gases were then carried through two
glass traps at —80°C to remove water vapor before being trapped
in the 4K diptube. The gaseous helium, which cannot be trapped
in the diptube due to its low boiling point, continually circulated
through the system during the 90-min extraction. To avoid adsorp-
tion saturation of the available surface area in the diptube, the
tube was progressively lowered from ~15 cm above the liquid he-
lium dewar to complete immersion over the sparging period.

At the end of the sparging period, residual helium was pumped
to waste before closing the diptube and removing it from the liquid
helium dewar. Trapped gases were warmed to room temperature
and then exposed to SAES Zr/Al getter sheets and Ti sponge at
~900°C for 125 min. To absorb any released H;, the getter oven
temperature was subsequently lowered to ~300°C for five min-
utes and then remaining noble gases were cryogenically trapped
into a second diptube at 4K. After allowing at least three hours
of homogenization at room temperature, the gettered gas sample
pressure was measured in a calibrated volume attached to the inlet
of a MAT 253 dual-inlet mass spectrometer in the Scripps Insti-
tution of Oceanography (SIO) Noble Gas Isotope Laboratory. The
temperature of the volume was recorded to enable a subsequent
manometric determination of dissolved Ar concentration. For each
sample, Ar isotopes were analyzed first, followed by Xe isotopes
and then Kr isotopes. During isotopic analyses of each separate gas,
isotopes were measured by simultaneous collection, and Kr/Ar and
Xe/Ar ratios via sequential, non-simultaneous peak jumping.

The measurements presented in this study were made as part
of two wider analytical campaigns, which included measurements
outside the scope of this study. The replacement of the ion source
filament in mid-June 2018 separated campaign A (March-June
2018) from campaign B (June-October 2018). Because the replace-
ment campaign-B filament had lower sensitivity than the original
campaign-A filament, the ion beam intensities, integration times,
and number of integration cycles were adjusted to achieve com-
parable precision. A summary of analytical parameters for each
measurement campaign is presented in the supplemental materials
(Supplemental Table S1). Each sample analyzed in both measure-
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Table 1

Ar, Kr, and Xe isotopic solubility (at 15°C) and kinetic fractionations (& values) and measurement precision of campaigns
A and B. ¢ and o values have units of %o, d&so/dT has units of %o °C~!, and Am has units of amu.

540/35Al‘ 538/35Al‘ 586/321(1‘ 586/331(1' 586/341(1' 6136/129Xe 5134/129XE 8132/129Xe

Am 4 2 4 3 2 7 5 3

O pld A 0.019 0.021 0.017 0.015 0.012 0.031 0.028 0.019

O pld,B 0.019 0.012 0.024 0.027 0.023 0.046 0.051 0.029

Esol 1.072 0.563 0.237 0172 0119 0.156 0121 0.067
degor/dT —0.007 —0.004 —0.001 0.000 —0.001 0.000 0.002 0.000

Ekin —3.689 —1.946 —1.384 —1.205 —0.769 —0.998 —0.564 —0.400

0.15

ment campaigns was measured against the same working standard
(ST-AEW1).

2.2. Measurements, corrections, and reproducibility

For each dissolved gas sample, eight independent isotope ra-
tios were measured in addition to Xe/Ar ratios, Kr/Ar ratios, and
Ar concentrations (via manometry). Xe and Kr concentrations
were subsequently determined by multiplying measured Xe/Ar and
Kr/Ar ratios by Ar concentrations. All gas and isotope ratios are re-
ported in units of %o with respect to the well-mixed atmosphere:

(h/l)meas
shy = =L2meas _ q)103
/i ((h/batm )

where h and [ refer to heavy and light gases or isotopes, respec-
tively. Atmospheric air, routinely collected from the end of the
research pier at SIO, was analyzed relative to working standard
ST-AEW1 throughout the measurement campaigns. For Kr and Xe
isotope measurements, aliquots of ST-AEW1 were mixed with pure
Ar to match the Kr/Ar and Xe/Ar ratios of atmospheric air. This
served two important purposes: first, it minimized chemical slope
corrections (Severinghaus et al., 2003) in these measurements; sec-
ond, it ensured that the run pressures in both the sample and
standard bellows of the mass spectrometer were equal (whereas
the pressures would differ by a factor of three for Xe isotope mea-
surements of pure air vs ST-AEW1).

We report the precision of measured isotope ratios as pooled
standard deviations of replicate samples, o pq, from the mean of
replicates from the same source. That is, for n total replicate sam-
ples collected from k distinct water sources (e.g. equilibration ex-
periments, groundwater wells):

(1)

k <
i (B —8))?

Opld =
P n—k

opid values for individual measured isotope ratios during each
campaign are presented in Table 1 and Fig. 2.

To minimize redundancy in the presentation of measured Xe
and Kr isotope ratios, we make use of the nearly linear mass
proportionality of Kr and Xe isotopic fractionation, following Orsi
(2013), to define the following mass difference-normalized, error-
weighted mean variables (in units of per meg amu~!):

836 /goKr | 886 /g3Kr | 8%6/g4Kr
2 2 2
0386/82 0386/83 086/84
§*Kr = / / £ )10° (3)
4 3 2
7t o+ —
036/82 36/83 0386/84
81%6/130Xe | 8134/150Xe | 8132 /150Xe
* ‘71236/129 0134/129 ‘71232/129 3
§*Xe = 10 (4)
7 5 3
o2 + o2 + o2
136/129 134/129 132/129

The observed linear mass proportionality in our solubility and ki-
netic fractionation factors of Kr and Xe isotopes in water (Fig. 7,
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Fig. 2. Reproducibility of isotope ratio measurements, expressed as pooled standard
deviations, and results of repeat standard aliquot tests. Standard aliquot test values
are reported as isotope ratio departures, A§, from the known composition of the
reference gas used in the tests (ST-AEW2). (For interpretation of the colors in the
figure(s), the reader is referred to the web version of this article.)

Section 4.1) further justifies the use of §*Kr and §*Xe. The pre-

cision (o pg) of §*Kr and 6*Xe was 2.9 and 3.2 per meg amu~!,

respectively, during campaign A and 5.3 and 5.2 per meg amu~’,
respectively, during campaign B.

Ar concentrations were determined manometrically, correcting
for the contribution of Ne in air-equilibrated water (<0.1% of to-
tal gas pressure) and non-ideality of Ar gas using the first Virial
coefficient. Measured Ar concentrations were then corrected for
incompleteness of extractions. Mean Ar extraction efficiency was
determined to be 99.7 + 0.1% based on four repeat experiments
in which 4%Ar ion beam intensities were compared between dis-
solved gas samples and residual gases, which were subsequently
extracted and processed identically.

Three separate small corrections, on the order of o4, were
made to measured isotope ratios for 1) the so-called “chemi-
cal slope” (the influence of Ar concentration differences between
the sample and reference aliquots on Xe and Kr isotope ratios
(Severinghaus et al., 2003)), 2) the sensitivity of measured Ar, Kr,
and Xe isotope ratios to total pressure imbalances between sample
and reference gas (Severinghaus et al., 2003), and 3) trace amounts
of “apparent fractionation” by the dissolved gas extraction and/or
purification methods, as follows.

To empirically estimate the apparent fractionation of individual
Ar, Kr, and Xe isotope ratios due to extraction and/or purifica-
tion, we carried out seven repeat experiments (hereafter “standard
aliquot tests”). During each standard aliquot test, an aliquot of gas
from working standard can ST-AEW2 was introduced to the ex-
traction vessel, which was prepared with two liters of >99.9%
degassed water (except for helium). The extraction and purifica-
tion method were then carried out in an identical manner to an
actual water sample. For each standard aliquot test, measured iso-
tope ratios (versus ST-AEW2) were normalized to the mean of 18
measurements of ST-AEW2 vs ST-AEW1 carried out over the course
of campaign A. In other words, an observed deviation of 0% from
the known ST-AEW2 value would imply that there was no frac-
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tionation of the standard gas aliquot due to the extraction and
purification methods.

For each measured isotope ratio, corrections were made to dis-
solved gas samples equal to the magnitudes of mean apparent frac-
tionation across all standard aliquot tests (black squares in Fig. 2),
which in all cases were below campaign B o pg values. Although
these corrections are sufficiently small to ensure confidence in the
data presented in this study, their non-zero values suggest scope
for future improvement of the method. We speculate that they
may reflect two processes: slight kinetic fractionation associated
with the order 0.1% incompleteness of extractions, and isobaric in-
terference by substances resistant to Zr/Al and Ti gettering.

2.3. Solubility fractionation experiments

To determine the solubility fractionation factors (o) of Ar, Kr,
and Xe isotopes in fresh water at temperatures between ~2 and
20°C, we conducted both closed-system (CS) and open-air (OA)
equilibration experiments. These experiments are described in de-
tail in Sections 2.3.1 and 2.3.2. Solubility fractionation factors, sy,
are defined for an isotope ratio R as:

Usol = (5)

where Rgs and Rgjss refer respectively to isotope ratio R in the
gas and dissolved phases at equilibrium. Throughout the text, we
often refer to & values where € = o — 1 (in units of %o, per meg,
or per meg amu~, if normalized by isotopic mass difference).

In individual OA experiments, 2-L water samples were collected
from an isothermal bath of de-ionized (DI) water after 4-14 days
of gas-exchange with laboratory air. In each sample, Ar, Kr, and Xe
isotope ratios were analyzed and compared against atmospheric
air. In CS experiments, an initially degassed reservoir of DI water
was equilibrated with a pure noble gas headspace in a closed sys-
tem surrounded by an isothermal water bath. At the end of each
experiment, isotope ratios of a specific gas (Ar, Kr, or Xe) were an-
alyzed both in the water and headspace.

The CS experiments - in which pressure, temperature, and hu-
midity were constant throughout the equilibrating headspace -
revealed that the OA experiments exhibited reproducible tempera-
ture-dependent biases, which were most significant for Ar isotopes
at cold temperatures. We suggest that these biases were due to
thermal diffusion (Grew and Ibbs, 1953) and water-vapor flux frac-
tionation (Severinghaus et al., 1996) caused by gradients in tem-
perature and absolute humidity between well-mixed atmospheric
air in the laboratory and a thin stagnant air layer (hereafter SAL)
above the water bath. A physical model for observed OA-CS differ-
ences is presented and discussed in Supplemental Section S1. Due
to the discovery of the SAL fractionation in the OA experiments,
our determinations of &g, (Section 3.1) are based solely on the CS
experiments.

2.3.1. Description of CS equilibration experiments

CS experiments were carried out by bringing ~200-300 cm?
of initially degassed water to solubility equilibrium with a ~1.8 L
headspace, filled with pure Ar, Kr and Xe at ~1 atm total pressure
inside a closed ~2-L chamber at constant temperature (Supple-
mental Fig. S1). Each equilibration was carried out for at least
36 h, during which the water reservoir was continuously stirred
by a magnetic stirrer at 500 revolutions per minute. Upon com-
pletion of the experiment, a 2 cm® sample of headspace gas and
a ~10 cm? sample of water were collected simultaneously. The
headspace samples were collected in an aliquot chamber con-
nected to the headspace throughout the duration of each exper-
iment. Water samples were collected in a ~40 cm? glass volume

evacuated immediately prior to sample collection. Dissolved gases
were extracted from water samples under vacuum, using a mag-
netic stirrer to accelerate degassing, and collected in a stainless-
steel dip tube immersed in liquid helium downstream of a —80°C
water trap. Extracted gas and headspace gas samples were get-
tered using SAES Zr/Al sheets for 90 min (for Ar isotope samples)
and 60 min (for Kr and Xe isotope samples) at 900 °C. Purified
headspace and dissolved gas samples were then measured on a
MAT 253 mass spectrometer against a common reference gas (ST-
AEW1). The measured § values of the headspace and dissolved gas
samples, §ps and J4iss, respectively, were used to calculate ogq):

Sdiss
+1
Usol = % (6)
1000 +1

where §ps and 34iss are reported with respect to the same refer-
ence gas.

In total, 18 individual CS experiments were carried out: seven
Ar isotope experiments, six Kr isotope experiments, and five Xe
isotope experiments. In each Kr and Xe experiment, Kr/Ar and
Xe/Ar ratios in the headspace were both ~10~3, roughly ten and
one hundred times larger than their respective atmospheric ra-
tios. Isotopes of different gases could not be measured in the
same experiments because pure Ar gas was added, in different
proportions, to the dissolved gas samples for each Kr and Xe iso-
tope experiment. The purpose of adding Ar was to ensure that
Kr/Ar or Xe/Ar ratios were the same between headspace and dis-
solved gas samples. Ensuring constant Kr/Ar or Xe/Ar between
headspace and dissolved samples fulfilled two important needs:
1) given the large solubility differences between Kr, Xe, and Ar, it
allowed for the total gas pressure (mostly Ar) to be sufficiently
high to ensure viscous flow during analysis, and 2) it circum-
vented the need for any chemical slope corrections (described in
Section 2.2 for 2-L water samples). Because the equilibration tem-
perature for each experiment was known, exact Ar concentrations
could be added to dissolved gas samples based on the known
solubility ratios of Kr, Xe and Ar in fresh water (Clever, 1979;
Hamme and Emerson, 2004b).

Throughout each experiment, an Arduino microprocessor logged
water temperatures at the top and bottom of the equilibration
bath, as well as air temperature, humidity, and pressure just above
the surface of the bath at ~2.5-min intervals. Observations and
a simple model both indicated that isotopic equilibration was
achieved after 36 h and that a 30-min extraction time allowed for
quantitative extraction of all dissolved gases (Supplemental Figs. 4
and 5). For Ar isotopes, which have the largest-magnitude kinetic
and solubility fractionation factors of the isotope ratios considered
in this study (Sections 3.1 and 3.2), individual experiment anoma-
lies of &5, from a linear trendline of &4, vs temperature revealed
no dependence on equilibration time (between 1.5 and 2.5 days)
or extraction time (between 30 and 55 min). In a simple two-
box diffusive gas exchange model, we simulated the equilibration
of 300 cm? of degassed water with a 1.8-L pure Ar headspace at
1 atm initial pressure and 2 °C. Numerical integration of this model
at 0.5-min resolution suggested that 4°Ar/36Ar would achieve sol-
ubility equilibrium (to within 1 per meg) within 1.3 days (Sup-
plemental Fig. S4). This calculation used a conservatively low gas
transfer velocity of 0.2 mday~! (over three times smaller than gas
transfer velocities observed in the experiments described in Sec-
tion 3.2) and assumed both the CS solubility fractionation factors
and kinetic fractionation factors found in this study (Fig. 4). Be-
cause actual gas transfer velocities were likely much higher in CS
experiments, we are confident that 36 h is sufficient to achieve
isotopic solubility equilibrium.
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2.3.2. Description of OA equilibration experiments

Each OA experiment involved gas-exchange between a ~15-L
bath of DI water and atmospheric air in the SIO Noble Gas Isotope
Laboratory. The water bath was maintained at constant tempera-
ture by a recirculating chiller and mixed continuously by an over-
head stirrer (Supplemental Fig. S2). Because exchange of labora-
tory air with outside atmosphere air is rapid, with an overturning
timescale of ~10 min, we assume noble gas concentrations and
isotopic ratios in the laboratory are atmospheric and constant over
time. Individual OA equilibration experiments were carried out for
4-14 days, after which 2-L samples were collected using the sam-
pling method described in Section 2.1. Each 2-L OA sample was
analyzed for Ar, Kr, and Xe isotope ratios in addition to bulk Ar,
Kr and Xe concentrations. In the absence of any fractionation be-
tween atmospheric air in the laboratory and the SAL above the
equilibration bath, measured isotope ratios from OA samples, di-
vided by their ratios measured in atmospheric air, would be equal
to ag. In total, 17 OA samples from 12 total experiments were
analyzed (two outlier samples collected from a single equilibration
experiment at 2 °C were rejected).

We originally neglected to consider the possibility of fractiona-
tion between atmospheric air in the lab and the SAL above the wa-
ter bath, which equilibrates with dissolved gases in solution. How-
ever, as described in Supplemental Section 1, we observed small
reproducible, temperature-dependent offsets between OA and CS-
derived estimates of &g, (Supplemental Figs. S6 and S7). In light of
these offsets, our ultimate determination of solubility fractionation
factors is restricted to the results of the CS experiments. However,
we used the differences between OA and CS experiments to es-
timate a temperature-dependent fractionation factor between the
SAL and atmospheric air, asar, and its uncertainty, which we ex-
plicitly account for in the model-based interpretation of the kinetic
fractionation experiments.

2.4. Kinetic fractionation experiments

To determine Kkinetic isotopic fractionation factors (ayi,), we
designed and carried out three nearly identical gas-exchange ex-
periments using the same temperature-controlled water bath used
for OA equilibration experiments. The fractionation factor oy, for
diffusive gas exchange is defined by the ratio of heavy and light
isotope piston velocities, k; and k;, respectively:

k
Qkin = k_’; (7)

Each experiment was conducted by first bringing the water
bath used in the OA equilibration experiments to steady state at
~13°C, then rapidly cooling the well-mixed bath over ~3 h by
~10°C, and finally collecting two replicate 2-L water samples over
a period of ~10 min. These rapid cooling experiments (RCEs) in-
duced rapid dissolution of atmospheric gases due to the increasing
solubilities of Ar, Kr, and Xe in the cooling reservoir. By measuring
bulk gas concentrations ([Ar], [Kr], and [Xe]) and isotope ratios in
each sample and logging the water temperature and air pressure
throughout each experiment, we were able to constrain a simple
one-box diffusive model of gas exchange to numerically solve for
oin. For each RCE, there were two stages of least-squares opti-
mization required to arrive at a value and uncertainty range for
oin for each separate isotope ratio.

In the first stage, we used the MATLAB nonlinear solver fmin-
search to seek initial piston velocities, kg o, for Ar, Kr, and Xe that
minimized squared deviations between replicate-mean measured
gas concentrations, and concentrations modeled by numerically in-
tegrating Equation (8) at 0.5 min resolution:

dc.t) 1
;t( ) _ Zkg,o(1 + T (®))(Cgeq(T (), P(1)) — Cg(0)) (8)

In Equation (8) at time t (min), Cg is the dissolved concentration
of gas g (molcm™3), L is the depth of the water reservoir (cm),
is the fractional change in piston velocity for a change in temper-
ature (°C™1) from a linear fit to the data of Jihne et al. (1987), T
is the reservoir temperature at time t (°C), and Cg ¢q is the sol-
ubility concentration (molcm~3) of gas g at temperature T and
pressure P (Torr). For each integration of Equation (8), the his-
tories of T and P throughout each experiment were prescribed
from RCE observations. We carried out 1000 Monte Carlo simu-
lations per experiment for each of the three gases (Ar, Kr, and
Xe), adding Gaussian perturbations to the measured concentra-
tions with standard deviations equal to the pooled measurement
standard deviations and to the temperature history based on the
absolute temperature uncertainty associated with the sensors.

In the second stage, having already solved for a distribution of
kg o values for Ar, Kr, and Xe in the first stage, we again used fmin-
search for each individual Monte Carlo simulation, isotope ratio,
and experiment to seek a value of o, that minimized squared
deviations between measured replicate-mean § values and mod-
eled experiment-end § values (Equations (9)-(11)).

dCp(t)
dt

1
= ZOlkinkg,O(1 + MT(t))fh((xsolaSAch,eq(T(t)s P(t)) - Cg(t))

(9)
dc 1
d,t(t) = Tkg0(1+ LT(O) fi(Ceq(TM. PO) = C®)  (10)
Cu
5=(%—1>1o3 ()

1

In Equations (9) and (10) at time t, C;, and C; are the dissolved
concentrations of the heavy and light isotope, respectively, and
fn and f; are the mole fractions of the heavy and light isotope,
respectively, in atmospheric air. We account for the observed frac-
tionation of noble gas isotope ratios in the stagnant air layer by in-
cluding the empirically estimated fractionation factor (csar), which
represents heavy-to-light temperature-dependent isotopic fraction-
ation between atmospheric air and the stagnant air layer (Sup-
plemental Figs. S6 and S7) in Equation (9). As in the first stage,
we conducted 1000 Monte Carlo simulations in which Gaussian
perturbations were added to the measured isotope ratios, solubil-
ity fractionation factor (ago), and SAL fractionation factor (osar)
determined from differences in linear fits of CS and OA data to ex-
periment temperatures. By comparing modeled § values at the end
of the simulated experiment to measured § values, we generated
probability distributions of i, each isotope ratio in each experi-
ment.

The equilibrium solubility concentrations, Cg, ¢q, and isotopic
solubility ratios, oo, were prescribed from best fit curves based
on the OA equilibration experiments described in section 2.3.2. By
using the OA-experiment derived solubility curves, we eliminate
any potential bias that could be introduced by using prior solu-
bility curves in the literature that might not have accounted for
the slight fractionation of the stagnant air layer. We note that our
fitted OA-equilibration Ar, Kr, and Xe solubility curves agree well
(within ~1% at all temperatures) with previously published Ar,
Kr, and Xe solubility curves (Supplemental Fig. S11; Clever, 1979;
Hamme and Emerson, 2004b).
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Fig. 3. Mass-normalized freshwater solubility &40 values between ~2 and 20°C de-
termined in closed-system (CS) equilibration experiments. Markers represent values
for individual experiments, each constrained by a pair of measurements (one dis-
solved gas and one headspace gas measurement) at solubility equilibrium. Vertical
error bars indicate individual measurement precision (+10), shaded error regions
around dashed trendlines indicate +1-0 range of linear fits, and horizontal error
bars indicate +0.2 °C absolute error of equilibration temperatures.

3. Results
3.1. Solubility fractionation factors

We present the mass-normalized &g, values for Ar, Kr, and Xe
isotope ratios between ~2 and 20°C from the 18 CS-equilibration
experiments carried out in this study (Fig. 3). Table 1 provides the
observed &4, values of individual isotope ratios (at 15°C) and their
temperature dependences. Normalized by isotopic mass difference,
argon isotopes exhibit the strongest solubility fractionation, fol-
lowed by krypton and then xenon isotopes, at all temperatures.
Interestingly, only the temperature sensitivity of Ar isotopic solu-
bility fractionation is statistically significant from zero. The regres-
sion coefficient of &4, versus temperature for 4°Ar/*6Ar is —1.8
per meg amu~!°C~! (R?2 =0.92, p << 0.05), whereas for Kr iso-
topes and Xe isotopes the coefficients are orders of magnitude
smaller: —0.16 per meg amu~!°C~! (R =0.07, p = 0.61) and
0.05 per meg amu~! °C~! (R2 =0.10, p = 0.60), respectively. We
estimate the 1-o precision of individual CS experiments as the
standard deviation of individual experiment &g, values from the
linear temperature trendlines, which indicate Ar, Kr, and Xe iso-
topic precisions of 3.0 per amu~!, 41 per meg amu~!, and 1.3 per
meg amu~!, respectively.

The observed positive sign of g4, for all isotope ratios mea-
sured in this study is typical for monatomic and diatomic gas
heavy-to-light isotope ratios (Benson and Krause, 1984, 1980; Klots
and Benson, 1963; Knox et al., 1992; Muccitelli and Wen, 1978;
Tempest and Emerson, 2013). Supplemental Fig. S12 also shows
observed temperature-dependent &g, values for §38/3gAr (from
this study) alongside experimental values from the literature for
noble gas, O, and N, stable isotope ratios. At 20 °C, we find that
8501 for 840/36Ar is 1.036 & 0.012%, agreeing reasonably well with
Tempest and Emerson (2013) who found 1.07 + 0.02%c at the
same temperature. Our results are also broadly consistent with
a lower resolution compilation of 70 surface freshwater §4°/3gAr
isotope measurements, which found a mean value of 1.3 + 0.2%0
(Beyerle et al., 2000). We know of no prior studies in which Kr or
Xe isotopic solubility fractionation has been measured.
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Fig. 4. Weighted-mean &y, values for each isotope ratio measured across three
rapid cooling experiments. Colored bars represent +1-o confidence ranges from
three individual experiments (from least-squares fits of 1000 Monte Carlo simula-
tions to observations for each experiment and isotope ratio). Yellow circles indicate
results of two “°Ar/36Ar kinetic fractionation experiments presented in Tempest and
Emerson (2013) using an independent experimental method.

3.2. Kinetic fractionation factors

In all three rapid cooling experiments, each replicate-mean
measured heavy-to-light isotope ratio decreased over time from its
initial OA experiment steady-state value at ~13 °C, consistent with
the canonical viewpoint that heavy isotopes diffuse more slowly
than light isotopes. Bulk Ar, Kr, and Xe concentrations all increased
as expected, indicating rapid gas uptake induced by cooling. The
isotopic kinetic fractionation factors (&yi, values) determined in
these RCEs are shown in Fig. 4 and Table 1. Weighted-mean oy,
values, calculated for each isotope ratio based on probability distri-
butions resulting from 1000 Monte Carlo simulations for each RCE,
were below unity in all cases. That is, for each measured isotope
ratio in each experiment, we observed the lighter isotope to have
a faster piston velocity than then heavier isotope.

To provide a visual illustration of the two data-model optimiza-
tion stages required for the determination of o,, we show spe-
cific results from a single experiment (RCE1) in Figs. 5 and 6. Fig. 5
shows 1000 modeled simulations of Ar, Kr, and Xe concentrations
over ~180 min, a period in which 12.9 °C water, brought to steady
state in an OA experiment, was rapidly cooled by ~10°C. As the
water cooled, atmospheric Ar, Kr, and Xe were taken up resulting
in measured ~5%, 6%, and 7% respective increases in concentra-
tion (relative to air-equilibrated 12.9°C fresh water). The median
initial piston velocities resulting from the 1000 Monte Carlo sim-
ulations were ~0.73, ~0.66, and ~0.66 mday~! for Ar, Kr, and
Xe, respectively. oyi, values for each isotope ratio were then sim-
ulated by prescribing these distributions of initial piston velocities
to numerically integrate Equations (9) and (10). Modeled Ar iso-
tope histories, measured Ar isotopic fractionation, and probability
distributions of resulting kinetic fractionation factors are shown
(Fig. 6). Experiment-specific results for each RCE are included in
the Supplemental materials (Supplemental Figs. S8-S10).

We note that because the total gas added in these RCEs to
the pre-existing Ar, Kr, and Xe in solution was only ~5-10%, and
calculated &y, values were on the order of 1%, the total ob-
served fractionation (order 0.01-0.1%c) provided a relatively low
signal-to-noise ratio. For this reason, the probability distributions
for eyin values (Figs. 4 and 6) span a range of order 0.1%, consid-
erably higher than o for any individual isotope ratio measured
in this study. The values and uncertainty ranges for ¢y, found in
this study are still useful for environmental tracer applications in
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Fig. 5. Modeled evolutions of Ar, Kr, and Xe gas concentrations ([X]) during RCE1, in
which a water-bath brought to steady state in an OA experiment at 12.9°C over
four days was cooled by ~10°C over ~3 h. In the left panel, markers indicate
replicate-mean measured [Ar], [Kr], and [Xe] (filled circles) and solid lines indicate
median modeled gas uptake by fitted gas exchange model (shaded regions indi-
cate 95% confidence intervals of 1000 Monte Carlo simulations per gas). In the right
panel, histograms of modeled Ar, Kr, and Xe piston velocities (at start of experi-
ment) are shown from 1000 Monte Carlo gas-exchange model-data fits (described
in Section 2.4). Measured and modeled concentrations are presented as percent de-
partures from initial steady-state OA experiment conditions for 12.9°C water.
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Fig. 6. Modeled 5%0/36Ar and §38/36Ar departures over the course of RCE1 from
values in steady-state OA experiments at 12.9 °C. Shaded regions indicate 95% confi-
dence intervals of 1000 Monte Carlo simulations (per isotope ratio) and filled circles
show replicate-mean replicate values with +1-0 uncertainty. Distributions of &ip
values shown in right panel reflect least-squares minimization of measured data to
1000 Monte Carlo simulations.

groundwater and seawater (section 4.2) but could be resolved at
even higher precision by conducting diffusion experiments with
pure Ar, Kr, and Xe gas.

4. Discussion

4.1. Solubility and kinetic fractionation factors: comparison with past
estimates, mass proportionality

The freshwater solubility fractionation factors presented in this
study for Kr and Xe stable isotope ratios and §38/3Ar are, to our
knowledge, the first ever published. However, prior experiments
have measured the solubility fractionation factor for §40/3gAr at
20°C (Tempest and Emerson, 2013) and the kinetic fractionation

factors for §%0/36Ar (Tempest and Emerson, 2013; Tyroller et al,
2014) and stable Kr and Xe isotopes (Tyroller et al., 2018). Our
finding of —3.69 + 0.25%¢ for the kinetic fractionation factor
(&xin) Of 40/36Ar agrees reasonably well with Tempest and Emerson
(2013), who found values of —3.7% and —4.1%c in two closed-
system gas exchange experiments (Fig. 4).

An unpublished freshwater ey, finding at 2°C of 1.21%. for
40/36Ar was referenced in Nicholson et al. (2010), who used this
value to interpret deep-ocean §0/36Ar solubility anomalies as con-
straints on ventilation of the deep ocean. The value obtained in
our study at ~2°C (1163 £ 0.009%c) is slightly lower. Because
Nicholson et al. (2010) observed deep-ocean §4C/3gAr solubility
anomalies on the order of 0.1%o, this difference may affect phys-
ical interpretation of these disequilibria. We suggest that future
measurements of deep-ocean §%0/35Ar and careful measurements
of the solubility fractionation factor in seawater would be helpful
in quantifying deep-ocean §4°/3gAr disequilibrium. Additionally, we
believe that our finding of Kr and Xe &4, values that are small and
(within error) insensitive to temperature (Fig. 3) has potential rele-
vance to seawater applications. We suggest that Kr and Xe isotope
ratios in the deep ocean may provide further constraints on ki-
netic fractionation during deep-water formation, since they should
be rather insensitive to disequilibrium cooling and bubble injec-
tion.

We also compare our &j, estimates to prior studies which
measured the diffusivity ratios of Ar, Kr, and Xe isotopes in wa-
ter (Tyroller et al., 2018, 2014) by assuming that diffusivity ratios
raised to the 2/3 power (Jdhne et al., 1984; Ledwell, 1984) are
equal to piston-velocity ratios for diffusive gas exchange across
smooth interfaces. Tyroller et al. (2014) found an isotopic diffusiv-
ity ratio in water of 1.055 + 0.004 for 36/40Ar, equivalent to an &y,
value of ~—35 =& 3% for 4°/3gAr (for exchange across a smooth in-
terface). This value is clearly inconsistent both with our result and
the independent finding of Tempest and Emerson (2013). Tyroller
et al. (2018) conclude that Kr and Xe isotope Kinetic fractionation
in water is negligible, finding diffusivity ratios of unity within their
measurement precision. However, the stated measurement preci-
sion of Tyroller et al. (2018) is equivalent to ~ 1%, which is
the order of the Kr and Xe &y, values found in this study. We
suggest that kinetic fractionation of Kr and Xe isotopes in water,
though small, is in fact not negligible at our level of precision. In
fact, mass-proportional differences among different isotope ratios
of Kr and Xe are even discernable (Fig. 7). We further suggest that
higher-precision &y, estimates could be achieved by merging our
dual-inlet mass spectrometry technique with a Barrer diffusion-cell
experiment method (e.g. Tyroller et al., 2018, 2014).

Measured kinetic and solubility ¢ values (at 15°C) are shown
versus isotopic mass differences (Fig. 7). We find that the mag-
nitude of both solubility and kinetic fractionation, for Kr and Xe
isotopes, increases linearly with isotopic mass difference. Extended
regression lines of the presented data pass through the origin
within measurement precision. The apparent linear mass depen-
dences of Kr and Xe isotope fractionation due to dissolution and
diffusive gas exchange justify the use of §*Kr (Equation (3)) and
8*Xe (Equation (4)) for dissolved gas measurements. The observed
Ar isotopic solubility and kinetic fractionation factors also increase
in magnitude with isotopic mass difference, but the relationship
does not appear to be exactly linear (e.g. the ratio of 40/3gAr
and 38/36Ar g4 values is slightly below 2, the ratio of their iso-
topic mass differences; Table 1, Supplemental Fig. S12). Overall,
our observations are consistent with the conclusions of other re-
cent noble gas isotope studies in water (Bourg and Sposito, 2008;
Tempest and Emerson, 2013; Tyroller et al., 2018, 2014), which all
found that the kinetic-theory expectation of a uniform square-root
relationship between mass and diffusivity ratios fails to account
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all four regression lines pass through the origin within £1-0 uncertainty.

for both observed and modeled kinetic fractionation of noble gas
isotopes in water.

4.2. Implications for heavy noble gas isotope ratios as geochemical
tracers

The newly determined solubility and kinetic isotopic fraction-
ation measurements presented in this study have implications for
potential applications of dissolved Ar, Kr, and Xe isotopes as tracers
of physical processes in the atmosphere, ocean, and terrestrial hy-
drosphere. Here we briefly consider one such application: §*Kr and
§*Xe in groundwater as quantitative indicators of past water-table
depth. Prior work has indicated that Kr and Xe isotopes in the un-
saturated zone are fractionated from their ratios in the well-mixed
troposphere by gravitational settling (Seltzer et al., 2017). The dis-
solution of unsaturated zone gases into groundwater at the water
table should preserve this gravitational fractionation signal in the
dissolved isotope ratios of Kr and Xe. Because gravitational frac-
tionation is a nearly linear function of depth, quantitative recon-
struction of past water-table depth may be possible by measuring
dissolved §*Kr and §*Xe in ancient groundwater samples that have
not experienced gas exchange since the time of recharge.

The finding of Kr and Xe isotopic fractionation factors near
unity (€50 and &yin close to zero) implies that groundwater §*Kr
and §*Xe should be extremely insensitive to the injection and frac-
tionation of excess air, which is a confounding issue in noble-gas
paleotemperature studies (e.g. Stute et al., 1995). To demonstrate
the importance of this insensitivity, we assume that the isotopic
composition of groundwater, 3giss, gw, reflects the gravitationally-
fractionated isotopic composition of unsaturated zone air above
the water table, Syz wr, plus solubility fractionation and fractiona-
tion due to excess air:

Sdiss,gw = Suz,wt(d) + €s01(T) + €ea(T, A, F) (12)

In Equation (12), €ga is the isotopic fractionation due to excess air
at a given recharge temperature T, amount of initially entrapped
air A, and modification F of that entrapped air due to partial

gravitational settling

’
l-meter

e, (per meg amu™)
EA
o

Complete dissolution of entrapped air (UA model)
_§ L/~ = —CE model (F parameter = 0.25)
————— CE model (F parameter = 0.5)
PR model (R parameter = 0.25)
PR model (R parameter = 0.5)
6 w w w
0 0.01 0.02 0.03 0.04

Entrapped air, A (volume ratio)

0.05

Fig. 8. Sensitivity of ega to entrapped air amount for Xe isotopes in groundwater
(i.e. 8*Xe). Two common excess-air models (CE and PR models) and their shared
limiting case of complete dissolution of entrapped air (i.e. the unfractionated excess
air [UA] model: F =0, R =0) are considered. The F parameter in the CE model
refers to the partiality of dissolution (the ratio of initial to final entrapped air to
water volumetric ratios). The R parameter in the PR model refers to the degree of
diffusive re-equilibration of supersaturated dissolved gases with the overlying un-
saturated zone (such that higher R values indicate more complete re-equilibration).
For comparison (blue scale), note that the fractionation due to 1 m of gravitational

settling is ~4 per meg amu~!.

dissolution or re-equilibration. Excess air can be added to ground-
water and fractionated via either the closed-system equilibration
(CE, Aeschbach-Hertig et al., 1999) or partial re-equilibration (PR,
Stute et al., 1995) models. Reconstructing the isotopic composition
of unsaturated-zone air Syz, wr, at water-table depth d, requires
knowledge of both e4o and €ga (Equation (12)). By measuring bulk
noble gas concentrations in a given groundwater sample to deter-
mine T, A, and F, the &g, values determined in this study can be
substituted directly into Equation (12).
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However, to quantify e€ga, an excess-air model (typically either
the CE or PR model) and the values of €5, and/or €y, presented
in this study must be used. In Fig. 8, we show that ega is small
in magnitude and largely insensitive to the choice of excess-air
model, owing to the small values of &5, and &yi, determined
in this study. The range of A (the volumetric ratio of initially
entrapped air to water) considered in Fig. 8 covers the range
of realistic values in groundwater. For reference, assuming com-
plete dissolution of entrapped air (i.e. the unfractionated-air [UA]
model), A =0 corresponds to 0% neon supersaturation, ANe, while
A =0.05 corresponds to ANe = ~450%. As shown in Fig. 8, differ-
ences between ega calculated via the PR and CE models for typical
values of fractionation and re-equilibration parameters, F and R,
are typically ~5 per meg amu~!, equivalent to ~1 m of gravita-
tional settling fractionation. Similar results (~5-10 per meg amu "
CE vs. PR differences) were found for Kr isotopic fractionation due
to excess air (Supplemental Fig. S13). We therefore suggest that
dissolved §*Kr and §*Xe in groundwater represent promising new
tracers of past water-table depth, based on our finding that gga is
small and rather insensitive to the choice of excess-air model.

5. Conclusions

In this study, we present results from a new method for high-
precision measurement of Ar, Kr, and Xe stable isotope ratios in
water. By conducting closed-system experiments at temperatures
from ~2-20°C, we have determined freshwater Ar, Kr, and Xe
isotopic solubility fractionation factors and their temperature de-
pendences. We also carried out three separate air-water gas ex-
change experiments in which gas disequilibrium was induced by
rapid cooling of water for the purpose of modeling kinetic fraction-
ation due to diffusion in water. The solubility and kinetic fraction-
ation factors we found exhibit mass proportionality for different
isotope ratios of a given element and decrease in isotopic mass-
difference-normalized magnitude with increasing atomic number.
The discovery of solubility and kinetic fractionation factors near
unity for stable Kr and Xe isotopes gives promise to the potential
for §*Kr and 6*Xe in groundwater as a novel tool for the recon-
struction of past water-table depths.
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