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Abstract The noble gas temperature climate proxy is an established tool that has previously been applied
to determine the source of groundwater recharge, however, unanswered questions remain. In fractured media
(e.g., volcanic islands) recharge can be so rapid that groundwater is significantly depleted in heavy noble gases,
indicating that the water has retained noble gas concentrations from higher elevations. Previous studies of rain
samples have confirmed a match to patterns seen in fractured-rock groundwater for heavy noble gases along
with a significant helium excess. Snow has been shown to be a credible source for both the helium excess and
the observed heavy noble gas pattern. Here, liquid cloud water samples were collected at two mountainous sites
and analyzed for noble gas concentrations. A pattern like that of rainwater was found. However, an analysis

of diffusive uptake of noble gases into cloud water demonstrates that droplets of 1 mm diameter and smaller
should be in constant solubility equilibrium with the atmosphere. To explain this, we present a novel hypothesis
that relies on the assumption that liquid water consists of two types of water molecule clusters bounded by
hydrogen bonds: a low-density ice-like structure and a high-density condensed structure. In this model, the
pressure gradient near the surface of a droplet resulting from surface tension could allow for the formation of a
surface layer that is rich in ice-like low density clusters. This can explain both the helium excess and the heavy
noble gas depletion seen in the samples.

Plain Language Summary Highly anomalous solubility values for atmospheric noble gases in
small water droplets within clouds were found for samples from Puerto Rico and Virginia, USA. Various
possible mechanisms were examined to explain the pattern of helium excess along with highly depleted argon,
krypton, and xenon. A hypothesis is presented that assumes that an ice-like coating forms on micron-scale
droplets due to the presence of large pressure gradients near the surface of small water droplets. It is assumed
that these gradients can separate high density water molecule clusters from low density (ice-like) clusters
because of buoyancy forces near the surface of the droplets. If confirmed by further research, this hypothesis
has implications for the physics of cloud formation.

1. Introduction

The groundwater noble gas temperature (NGT) proxy has been used for nearly four decades (Aeschbach-Hertig
et al., 2000; Ballentine and Hall, 1999; Hall et al., 2012; Kipfer et al., 2002; Mazor, 1972; Stute et al., 1992; Stute
& Schlosser, 1993; Sun et al., 2010) as a paleoclimate proxy. It does not rely on calibration as do many other
paleotemperature proxies because it utilizes the known temperature dependence of the water solubility of the four
heaviest stable noble gases (Ne, Ar, Kr, and Xe). The temperature dependence of noble gas solubility in water
increases substantially with increasing atomic mass (Ozima & Podosek, 2002). In practice, the concentrations
of the atmospheric component of the heavier stable noble gases in groundwater are assumed to be a function of
conditions existing at the water table at the time of recharge, which include both temperature and the altitude of
recharge. With higher recharge altitude, the partial pressures of noble gases decrease, leading to lower dissolved
concentrations in groundwater.

The solubility-controlled air saturated water (ASW) component of groundwater noble gas concentrations is con-
servative and dispersion of this component within an aquifer is a very slow process (e.g., Castro et al., 2007;
Stute & Schlosser, 1993), and therefore groundwater is expected to record the temperature and pressure of the air
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within the unsaturated zone at the time of recharge. Normally, this temperature is assumed to represent a close
approximation to the mean annual air temperature (MAAT) at the location of recharge to the aquifer (see, e.g.,
Aeschbach-Hertig et al., 2000; Ballentine and Hall, 1999; Stute & Schlosser, 1993).

Noble gas concentrations in groundwater, especially those of the lighter noble gases, often exceed levels ex-
pected for ASW. Heaton and Vogel (1981) attributed these anomalously high noble gas concentrations to the
incorporation and dissolution of air bubbles associated with rapid water table level changes. This excess air (EA)
component is not a direct measure of temperature, as it reflects the air composition in entrained bubbles that are
incorporated within groundwater. At deeper levels below the water table, the increased hydraulic pressure can
force the dissolution of all noble gases. The EA component is richer in the light gases, especially Ne, than is the
ASW component and the simplest NGT model, often referred to as the unfractionated air (UA) model assumes
that the EA component consists of noble gases whose relative concentrations match those of standard air (Stute
& Schlosser, 1993). Other more sophisticated EA models have been proposed; see Sun et al., (2010) for a review
of a variety of proposed models and their statistical properties.

For typical sedimentary aquifers, where groundwater slowly percolates down to the water table in the recharge
area, the NGT paleoclimate proxy is relatively well understood. However, in the case of areas with extremely
rapid recharge, such as with aquifers that consist of fractured rock (e.g., basalt aquifers, karst), the acquisition of
dissolved noble gases in groundwater is considerably more complex. Warrier et al. (2012) found that groundwater
in the Galapagos islands was often deficient in the heavy noble gases by an amount that indicated that the water
had not equilibrated with air at any possible recharge altitude for the islands. In addition, all samples displayed at-
mospheric He excesses. It appeared that, in effect, when recharge was very rapid, groundwater sometimes record-
ed precipitation signatures well above the altitude of an aquifer's recharge zone. A complete understanding of the
mechanisms of the dissolution of noble gases in both precipitation and highly fractured media is vital if the NGT
method is to be successfully used in the important role of determining the recharge zones for volcanic islands,
which frequently have poorly understood hydrological systems (Niu et al., 2017, 2020; Warrier et al., 2012).

Prior to the Warrier et al. (2012) study, only a few measurements of noble gas concentrations in rainwater had
been performed (Mazor, 1972). Subsequently, rainwater in SE Michigan was measured for noble gas concentra-
tions and a recurring pattern emerged (Warrier et al., 2013). Rainwater was typically enriched in He and depleted
in Ar, Kr, and Xe relative to the sampling conditions of temperature and altitude, with Xe being the most depleted
and Ar the least. It was hypothesized that this pattern could be due to rainwater representing partially equilibrated
ice, as Top et al. (1988) and later Malone et al. (2010) had found that He is more soluble in ice than in liquid
water, with Ar, Kr, and Xe having extremely low solubilities. This argument could apply for sites like SE Mich-
igan, where rain samples from mesoscale or larger storms were expected to have spent time in a frozen state due
to high altitude even during summer. A further test of the hypothesis was done by Amalberti et al., (2018) where
noble gases in fresh snow were measured, confirming that even fine-grained ice particles are enriched in He while
being highly depleted in Ar, Kr, and Xe. Amalberti et al. (2018) argued that ice structure has a sufficiently large
spacing to barely accommodate Ne and easily accommodate He. This space is too small, however, for the three
heaviest stable noble gases. For detailed controls on noble gas concentrations in ice, see Utting et al. (2016) and
Amalberti et al. (2018).

Additional tests of NGT systematics in fractured media were conducted on the island of Maui, Hawaii (Niu
et al., 2017, 2020). Despite the fact that most of the recharge on the windward side of Maui was from rain and/or
cloud water from low altitude clouds that never fall below the freezing point of water (Scholl et al., 2002), many
of the same noble gas patterns were found in spring water samples as had been seen previously in Galapagos
Island groundwater and SE Michigan rainwater samples. Specifically, the atmospheric component of He was in
excess while the three heaviest noble gases were significantly depleted. In the case of Maui, it seemed implausible
that ice or snow formation could be the cause of this unusual pattern of noble gas concentrations. Thus, we at-
tempted to measure noble gas concentrations in liquid cloud water samples directly, to see if some of the patterns
seen previously in fractured media aquifers were a direct result of recharge from small diameter water droplets
within clouds. Indeed, cloud water is believed to account for a significant proportion of streamflow occurring on
windward Maui (Scholl et al., 2002).

For the present study, liquid cloud water samples were collected to determine their noble gas concentrations.
These measured values are compared to the expected concentrations given known noble gas solubilities and
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diffusion coefficients. There is a substantial variance between the measured values and concentrations that were
expected under the assumption that cloud water droplets are homogeneous liquid water in thermal equilibrium
with air. Several alternative hypotheses are explored to account for the discrepancy between theory and empirical
data and a mechanism is proposed that can account for many of the features observed in the data. For noble gas-
es, cloud water droplets appear to act as if they are coated with a semi-permeable membrane that is structurally
similar to water ice. If confirmed, this might have implications for other nonpolar hydrophobic species that can
dissolve within clouds, along with theories connected to cloud condensation nuclei (CCN).

2. Sampling and Analytical Techniques
2.1. Cloud Water Sampling

Fog is small droplets of water suspended in the atmosphere, observed near or in contact with the land surface.
It can be found in numerous settings, for example, overnight fog formed in valleys where temperature is below
dew point, as coastal fog formed over the ocean and moving onto land, or as clouds formed in the atmosphere
intersecting mountain slopes. Fog and cloud water research includes transportation hazards (Gultepe et al., 2007),
fog as a human health hazard when it scavenges and alters the chemistry of atmospheric pollutants (Ervens
etal., 2018; Pye et al., 2020), and fog or cloud water as a source of water and nutrients in ecohydrology (Weathers
et al., 2000).

This study describes results from cloud water samples collected at two mountain sites that are frequently im-
mersed in clouds. The two mountain locations have distinctly different climates and were chosen to observe the
effects of different temperatures and moisture regimes on noble gases in cloud water. The mountain top site of
Pico del Este is at 1,030 m within the Luquillo Experimental Forest (also El Yunque National Forest), Puerto
Rico, a coastal tropical rainforest (designated herein as PR site, Figure 1). The slopes surrounding the site host
a cloud forest ecosystem immersed in clouds during overnight hours >85% of the time (Bassiouni et al., 2017).
Hydrometeorology and chemistry of the cloud system have been studied extensively at the site (e.g., Eugster
et al., 2006; Gioda et al., 2013).

The Compton Gap ridge-top site is at 749 m in a humid temperate hardwood forest in the Shenandoah National
Park, Virginia (designated herein as SNP site, Figure 1). Fog is common on the ridges and in valleys of the Appa-
lachian Mountains and plays a role in the ecohydrology of the forests (Berry et al., 2014; Weathers et al., 2006).
Samples were collected during periods when clouds were impacting the site and droplet density was sufficient to
collect enough water for noble gas analysis.

A modified single stage Caltech Active Strand Cloudwater Collector (mini-CASCC, see Figure 2) was used to
collect the cloud water samples (Daube et al., 1987; Demoz et al., 1996). The mini-CASCC is an active collector
that is capable of extracting ~40-50 mL of water per hour from dense fog. A fan draws air through a polycar-
bonate box that has a series of six rows of PTFE monofilament. These collect water by droplet collision, and they
are angled at 35° to the vertical to promote, via both gravity and aerodynamic drag, the rapid transport of water
into a collection trough.

Clear plastic tubing was attached from the collection trough to the bottom of a refrigeration grade 3/8” diameter
copper tube for the purposes of collecting water for noble gas analysis. The collected cloud water was routed
from the bottom so that the copper tube filled while avoiding the likelihood of entrapping air bubbles. The copper
tube was held in a clamp device to make both an airtight and watertight seal (Weiss, 1968). For this study, each
sampler was equipped with three stainless steel clamps so that two separate water samples of approximate volume
of 6.5 mL were obtained during a single sampling period. See Figure 2 for a photograph of the sample collec-
tion equipment. Details of the conditions at the PR and SNP sites at the time of sampling are given in Table 1.
It should be noted that the expected ASW concentrations for all the noble gases are extremely low compared to
many other possible molecules in solution. For the sample with the highest ASW concentrations (SNP 18 No-
vember 2015, 12 pm), the expected concentrations as a mass fraction are 0.077, 0.17, 675, 0.34, and 0.079 ppb
for He, Ne, Ar, Kr, and Xe, respectively. Thus, even for the highest concentration noble gas (i.e., Ar), all the gases
can be considered as trace constituents of cloud water.
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Figure 1. Sample site locations. (a) Pico del Este, Puerto Rico. (b) Compton Gap within the Shenandoah National Park.

2.2. Noble Gas Analysis

Water samples were analyzed for their noble gas composition at the Noble Gas Laboratory of the University of
Michigan. Noble gas separation procedures were generally similar to those used in our earlier groundwater stud-
ies (e.g., Hall et al., 2012; Warrier et al., 2012); however, the subsequent installation of a new cryogenic separator
system and two new mass spectrometers has led to significant detailed differences in the experiment methods.
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Figure 2. Battery powered fog collector set up at Pico del Este, Puerto Rico.
Upper inset shows the basic geometry of the collector, where cloud water
droplets impinge on PTFE coated strings. Water drops then slide down the

strings to a collection basin, and thence down a plastic tube to the bottom of a
copper tube equipped with stainless steel pinch-off clamps. Filling the copper

tube from the bottom reduces the chances of incorporating air bubbles.

Table 1
Sampling Conditions

Copper tubes were vertically attached to a vacuum extraction line and pumped
down to a vacuum of ca. 1 X 1073 Torr. Once a sufficient vacuum had been
achieved, the sample was isolated from its turbo-molecular pump and its low-
er steel sealing clamp was removed. The copper tube was then squeezed to
allow for the water to drain into a low-diffusion glass flask equipped with a
magnetic stirrer to promote the release of dissolved gases. After stirring for
20 min, the sample section of the system was opened to a cold trap that was
cooled by liquid nitrogen via a short length of small diameter tubing (1/16”
inside diameter stainless steel) for 10 min. The water vapor in the sample re-
gion acted as a carrier gas that pumped all dissolved gases into the cold trap.
After closing the inlet valve to the cold trap, the trap was warmed to room
temperature, thereby melting the small amount of water collected in the trap
(~10-20 mL). The water vapor from the trap was then used to act as a carrier
gas to pump noble gases for 15 s into a clean-up section using a tube filled
with 3 A molecular sieve, that traps water but not noble gases.

Once within the initial clean-up region, active gases were removed using a
Ti sponge getter operated at 600°C. During the initial sample release and
cleanup, a dual chamber cryogenic separator system was cooled down to an
initial set of operating temperatures, with the high temperature chamber at
94°K and the low temperature chamber at ~20°K. The high temperature side
of the cryo-separator bench is equipped with a Ti sponge getter operated at
600°C that is used for additional active gas clean-up and the low-temperature
side of the bench has a room temperature Ti sponge getter that was used to
reduce the H, partial pressure during the analysis of the *He/*He ratio. Why
is there extra vertical spacing here?

Both chambers are equipped with activated charcoal chambers, which mean
that the low-temperature chamber can quantitatively trap all noble gases, in-
cluding He. The three heaviest noble gases (Ar, Kr, Xe) were trapped at 94°K
in the high-temperature chamber, after which He and Ne were trapped in the
low temperature chamber at ~20°K. The release temperatures used were 49,
84, 210, 280, and 320°K for He, Ne, Ar, Kr, and Xe, respectively.

When the first sample was analyzed (PR 3/24/15 a), our Thermo Fisher Ar-
gus VI mass spectrometer was not yet operational, and all gases had to be

Pico del Este, Puerto Rico

Altitude = 1030 m Location 18°16'08.3"N 65°45'31.0"W

Date Time Average T (C) ASW He ASW Ne ASW Ar ASW Kr ASW Xe
ccSTP/g ccSTP/g ccSTP/g ccSTP/g ccSTP/g
24 March 2015 10:11 18.4 3.98E-08 1.65E-07 2.84E-04 6.41E-08 8.86E—09
26 March 2015 09:30 17.9 398E-08 1.66E-07 2.87E-04 6.49E-08 9.00E-09
27 March 2015 09:38 18.1 398E-08 1.66E-07 2.86E-04  6.46E—08 8.94E-09
18 August 2015 10:30 20.3 3.95E-08 1.63E-07 2.73E-04  6.11E-08 8.36E—09
17 September 2015 10:50 21.1 3.94E-08 1.62E-07 2.69E-04  5.99E-08 8.16E-09
Shenandoah National Park Altitude = 749m Location 38°49'27.1"'N 78°10'14.0"'W
Date Time Average T (C) ASW He ASW Ne ASW Ar ASW Kr ASW Xe
ccSTP/g ccSTP/g ccSTP/g ccSTP/g ccSTP/g
18 November 2015 12:00 7.0 431E-08 190E-07 3.79E-04 9.10E-08 1.35E-08
18 November 2015 13:00 8.0 429E-08 1.88E—07 3.70E-04  8.83E-08 1.30E-08
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Table 2
Normalized Noble Gas Concentrations (C/C ) C, o, Values Calculated Based on Solubility Data Referenced in Ballentine
and Hall (1999)
Sample He Ne Ar Kr Xe
1 sigma error (%) 1.5 1.3 1.3 1.5 2.2
PR 24 March 2015 a 1.15 E+00 1.08 E+00 9.01E-01 6.80E—01 5.36E-01
PR 26 March 2015 a 1.06 E+00 8.97E-01 7.17E-01 6.49E-01 5.65E-01
PR 26 March 2015b 1.04 E+00 8.89E-01 7.17E-01 6.17E-01 5.48E-01
PR 27 March 2015 a 1.09 E+00 1.02 E+00 9.27E-01 5.41E-01 3.30E-01
PR 27 March 2015 b 1.01 E+00 8.06E—01 5.98E—-01 5.06E-01 4.46E-01
PR 18 August 2015-1 a 1.05 E+00 9.28E-01 7.38E-01 6.57E—-01 5.82E-01
PR 18 August 2015-1 b 1.10 E+00 9.79E-01 8.06E—01 6.70E—01 6.04E—01
PR 18 August 2015-2a 1.10 E+00 1.07 E+00 9.92E-01 8.93E-01 6.07E—01
PR 18 August 2015-2 b 1.05 E+00 9.38E-01 7.66E—01 7.02E-01 6.54E-01
PR 17 September 2015-1 a 1.07 E+00 8.86E—01 6.94E-01 5.98E-01 5.25E-01
PR 17 September 2015-2 a 1.06 E+00 8.87E-01 7.31E-01 6.44E-01 6.09E-01
PR 17 September 2015-2 b 1.08 E+00 9.39E-01 7.80E—01 6.86E—01 6.36E—01
SNP 18 November 2015-1 a 1.05 E+00 9.43E-01 7.83E-01 7.57E-01 6.17E-01
SNP 18 November 2015-1 b 1.08 E+00 1.00 E+00 8.33E-01 7.96E-01 6.27E-01
SNP 18 November 2015-2 a 1.07 E+00 9.75E-01 8.37E-01 7.99E-01 6.62E—01
SNP 18 November 2015-2 b 1.05 E+00 9.54E-01 8.62E—01 8.66E—01 7.50E-01
Average C/CASW 1.07 E+00 9.50E-01 7.93E-01 6.91E-01 5.81E-01

NG Concentrations Normalized to Collection Point ASW
1.2 ; ‘ ‘ ‘ ‘

11

1.0

0.9
Seawater

C/Casw at Collection Altitude & Temperature

0.8 R
0.7 + i
0.6 [ R
051 ¢ — Puerto Rico 1st half il
® -—:- Puerto Rico 2nd half
0.4  ® —— Shenandoah 1st half 1
® -—:— Shenandoah 2nd half
@ —— Cloud Water Average
03 L L L L
He Ne Ar Kr Xe
Noble Gas

Figure 3. Noble gas concentrations to the ASW values expected at the
temperature and altitude at the sample collection point. First and second half
samples from a single copper tube are plotted separately. Shaded region in
cyan represents the expected effect of dissolved solids with a NaCl molarity of
0.54 (approximate seawater composition) from a temperature of 7°C-20°C.

analyzed with a Thermo Fisher Helix SFT. Subsequently, all further samples'
three heaviest noble gases (Ar, Kr, Xe) were analyzed using a Thermo Fisher
Argus VI mass spectrometer. The Argus VI has significantly better perfor-
mance for the measurements of isotope ratios for the three heaviest noble gas-
es as it is possible to analyze multiple isotopes simultaneously. All isotopes
were measured using Faraday detectors, except for *He, which was measured
using an electron multiplier operated in ion counting mode. The Faraday pre-
amplifier of the Helix SFT was operated with a feedback resistance of 10'! Q.
The Argus VI used 4 detectors with feedback resistances of 102 Q and one
detector (High2) with a resistance of 10'! Q. For Ar, all three isotopes (36,
38, and 40) were measured simultaneously. For Kr and Xe, series of two or
three isotopes could be measured simultaneously. Both mass spectrometers
were operated at a source ion trap current of 200 pA.

During the analysis campaign, there were frequent analyses of a known vol-
ume of outside air, which was used to calibrate both mass spectrometer ion
source sensitivity and mass discrimination effects. Water samples that were
equilibrated with air at a controlled temperature and 100% relative humidity
were analyzed to verify that expected ASW concentrations could be meas-
ured with the above analytical technique.

3. Results

The results of the noble gas measurements are shown in Table 2 in the form
of concentrations that are normalized to the expected air saturated water val-
ues (ie., C/C, gy
location of sampling. These results are shown graphically in Figure 3, which

) at the altitudes and temperatures existing at the time and
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has a reference line at C/C,, g,

rium with air at the time of sampling. Detailed noble gas concentrations along with all measured isotopic ratios

= 1, which is the expected value if the cloud water had been in solubility equilib-

are provided in Table S1 in Supporting Information S1.

3.1. Noble Gas Concentrations

Normalized He concentrations ranged from 1.01 to 1.15 with a mean of 1.07, and SD of 0.033. Given the high
diffusion coefficient of He at all the sampling temperatures, it is remarkable that all the samples yielded a small
but significant He concentration excess. Ne concentrations ranged from 0.81 to 1.08 with a mean of 0.95 and SD
of 0.072. In contrast to He, Ne was nearly in solubility equilibrium with water when sampled. For Ar, there were
distinct indications of significant depletion below ASW values, with a range of 0.60-0.93, mean of 0.79 and SD
of 0.098. This trend continued for Kr, with a range of 0.51-0.89, a mean 0.69 and SD of 0.108. Finally, Xe had a
range of 0.33-0.75, a mean of 0.58 and SD of 0.095.

An interesting pattern is apparent for the Shenandoah samples, where Kr concentrations did not drop off as
quickly from Ar concentrations as they did for the Puerto Rico samples. In addition, the Kr and Xe concentrations
for the Shenandoah samples were, on average, slightly closer to solubility equilibrium than were the Puerto Rico
samples. There is an almost linear trend in the average decline of the measured C/C gy, values if one regards He
as noble gas #1 and Xe is noble gas #5; however, there is considerable variability between both individual samples
and between runs of the two separate halves of a single sample tube, referred to as “first half” and “second half”
in Figure 3.

For PR samples 3/24/15 and 9/17/15-1, the internal steel clamp on the Cu sampling tube did not seal sufficiently
to allow for the analysis of a “b” half. It is clear from the data in Table 2 that results from the “a” and “b” halves
of a Cu tube, when available, are more distinct than expected from the precision estimates alone. This indicates
that the water that flowed into the tube was not completely mixed, that the two halves of a tube are not, strictly
speaking, replicates, and that within the inside diameter of 0.25” (6.35 mm), there was little internal mixing
during sampling. This is compatible with the results from a continuous water sampling system used to monitor
temporal variations of noble gases in Monterey Bay, CA, USA by Fiiri et al. (2009). Cloud water that collects in
the sampler trough then flows into the sampling tube will tend to equilibrate with air, such that over time, each
noble gas C/C

ASW
of sample collection and upon temperature. Temperature is a factor because the diffusion coefficients of the no-

should move toward the value of 1. The degree to which that happens will depend on the rate

ble gases in water are temperature dependent, with higher diffusion rates expected for higher temperatures. The
differences between “a” and “b” values for Puerto Rico samples average 5.5%, 9.2%, 13.5%, 6.3%, and 4.6% for
He, Ne, Ar, Kr, and Xe, respectively. The equivalent values for Shenandoah samples are 2.6%, 4.0%, 3.8%, 5.3%,
and 5.0%. Using the diffusion coefficient Arrhenius constants from Ballentine and Hall (1999) and assuming an
average sampling temperature of 19.5°C for Puerto Rico samples and 7.5°C for Shenandoah, noble gases should
have diffused into Puerto Rico samples faster than Shenandoah samples by factors of 23%, 30%, 44%, 43%, and
46% for He, Ne, Ar, Kr, and Xe, respectively.

For both sets of samples, the differences are relatively low for He, as this gas is not only, on average, close to being
in equilibrium, it is also the one with the highest diffusion coefficients. It is interesting to note that there is much
more consistency between results for the “a” and “b” results for the Shenandoah samples than for the Puerto Rico
samples. Since the Shenandoah samples were collected at a lower temperature than those from Puerto Rico, this
is consistent with the idea that diffusion rates might have exerted at least partial control over the differences seen
within a single Cu tube.

3.2. Isotope Fractionation

Representative isotopic ratios for four of the sampled noble gases are displayed in Figure 4 along with mass-de-
pendent fractionation (MDF) lines, which are the pattern for fractionation expected from diffusive transport.
Most Ne values shown in Figure 4a are close to the MDF line, with the majority of both Puerto Rico and She-
nandoah samples being rich in the light isotopes (i.e., above and to the right of the air value). The points that plot
below and to the left (i.e., rich in heavy isotopes) are likely less reliable because they have unusually large scatter
in the raw data. The Helix SFT sector magnet is large, with significant field heterogeneities, which can cause
inconsistent data collection if extra peak centering is not performed frequently during data collection. Since these
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Figure 4. Measured isotope ratios. (a) 2°Ne/??Ne versus 2'Ne/>*Ne. (b) “°Ar/*°Ar versus 33Ar/*°Ar. (¢) 8Kr/3*Kr versus $?Kr/%*Kr. (d) 13°Xe/'30Xe versus '32Xe/!3Xe.
Dashed lines indicate air values. Solid line indicates a mass dependent fractionation line (MDF) trend. Arrows show the direction along the MDF line that is enriched in
heavier isotopes. Most points fall close to the MDF trend, except for some Xe ratios to the right of the line. These may be due to mass independent fractionation of **Xe
relative to '32Xe and **Xe.
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samples were measured, additional precautions have been implemented, but for this data set, we consider the Ne
isotope ratios to be the least reliable ones measured.

The Ar isotopes plotted in Figure 4b show excellent concordance with the MDF line, with all samples from both
sites displaying enrichment in the lighter isotopes. This is strong evidence that Ar in all of the cloud water sam-
ples is not in solubility equilibrium and that during sample collection, Ar was being transported into the water
samples at a rate that was mass dependent (e.g., via diffusion). The isotopes of Kr plotted in Figure 4c also fall
extremely close to an expected MDF line. For Kr, because the heaviest isotope in the ratios, that is, 34Kr, is in the
denominator, samples rich in heavy isotopes plot below and to the left of air and samples rich in light isotopes
plot above and to the right of air. The pattern is distinctly different from that for Ar, as Shenandoah samples are
all rich in heavy isotopes while Puerto Rico samples vary from being nearly unfractionated to being significantly
enriched in light isotopes. The Puerto Rico samples are consistent with Kr diffusing into the water samples via a
velocity mediated mechanism. However, even though all Shenandoah samples are depleted in Kr, their Kr com-
positions are rich in heavy isotopes. Under the sampling conditions for the Shenandoah samples, the mechanism
that controls the solubility must favor heavier, slower-diffusing isotopes and this issue is discussed below.

For Xe, the situation appears to be more complicated. The isotope ratios plotted in Figure 4d show samples that
range from being rich in light isotopes to those that are rich in heavy isotopes. However, several points deviate
significantly from the MDF line and are more compatible with mass independent fractionation (MIF) of *°Xe.
This issue is explored more thoroughly in Section 3 and Figure S5 in Supporting Information S1. Briefly, there
is evidence for MIF depletion of isotopes 128 and 130 relative to the three heaviest Xe isotopes. In addition, both
isotopes 129 and 131 are enriched relative to isotope 130, suggesting a possible optical mechanism that uniquely
affects odd numbered isotopes, as is seen for the isotopes of Hg (e.g., Bergquist & Blum, 2009). This complex
pattern of MIF for Xe suggests that there is some feature on the surface of cloud water droplets that can slightly
modulate the solubility of individual Xe isotopes.

It should be noted that the degrees of isotope fractionation seen for Ar, Kr, and Xe are significantly in excess to
those found by Seltzer et al. (2019). In that study, the effects of diffusive transport and isotope-dependent solu-
bility were measured with a precision of <0.1%o. Solubility differences cannot explain the fractionation shown
in Figure 4. Diffusion effects are certainly possible for the water samples equilibrating with air after collection
within the fog collector, but it would not be expected within liquid cloud particles since they should be in solubil-
ity equilibrium (Seinfeld & Pandis, 2016, ch. 11). An analysis of the maximum time for falling water droplets to
be out of noble gas solubility is presented below.

4. Discussion

To assess the implications from the results shown above, we must examine what would be expected given the
known solubilities for the noble gases in water, along with likely transport mechanisms. The results show a
consistent pattern of He enrichment along with considerable depletion in Ar, Kr, and Xe. Ice and snow are ex-
tremely depleted in the heavy noble gases (Amalberti et al., 2018; Malone et al., 2010; Top et al., 1988; Utting
et al., 2016) and it is natural to examine how one would expect water droplets that form from melting snow or ice
pellets to evolve in terms of their noble gas concentrations during the course of falling to the ground. The ques-
tion is, would one expect rain or small-diameter cloud water droplets to retain any “memory” of an origin as ice
and thereby present as water with He enrichment and heavy noble gas depletion? If so, what droplet sizes might
have this pattern? In Section 4.1, we examine this question using a simplified water droplet model that assumes
standard values of temperature dependent solubilities and diffusion coefficients in water.

In addition, are there any modifications to standard noble gas solubilities that can explain our results in cloud
water? In Section 4.2, we examine the results of applying the NP model of Mercury et al. (2003, 2004) to the
case of small water droplets with significant positive pressure caused by surface tension, that is, Young-Laplace
pressure (De Gennes et al., 2013).

4.1. Model for Noble Gas Uptake From Melted Snow and Ice

In this simplified model, it is assumed that snow crystals or ice pellets that form at high altitude in a cloud melt
at 0°C and continue falling as a spherical water droplet. The initial noble gas concentrations, normalized to ASW
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Drop 0°C to 20°C at 1000 m, Lapse Rate 6.5°C/km at the initial altitude and 0°C (i.e., C/CASW) are assumed to be 2, 0.8, 0, 0,

‘ ‘ ‘ ‘ ‘ and 0 for He, Ne, Ar, Kr, and Xe, respectively. These values were used for

1.0 b P - —0 the ice modeling in Malone et al. (2010) and closely match values found in

Amalberti et al. (2018).

The water droplet is assumed to fall at terminal velocity according to the sim-

5 097 1 plified empirical relationship of Best (1950), which has the advantage over

é other formulae in that terminal velocity is guaranteed to be non-negative for

i 0s | | all values of droplet diameter (e.g., see equations in Foote & Du Toit, 1969).
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® — 3mm diffusion within the liquid water droplet. This is a very conservative assump-

o — ‘5‘22 tion since any stirring or advection within the liquid water will enhance the

05 '@ — 6mm ] uptake of noble gases. For example, in Elperin et al. (2009), it was assumed

®—7mm ‘ ‘ ‘ ‘ that the interior of a droplet has a uniform concentration beneath a thin dif-

He Ne Ar Kr Xe fusive boundary layer. Therefore, the model results presented here should

Noble Gas be considered the absolute minimum change expected in the C/C,,, value

Figure 5. Modeled normalized noble gas concentrations (C/C,g,,) of for any noble gas to move from initial ice values toward a value of 1, that is,

droplets that start as melted ice at 0°C and fall to an altitude of 1000m with
an assumed temperature of 20°C. The droplet is assumed to drop at terminal
velocity determined by its diameter and the atmospheric pressure. Droplets

solubility equilibrium.

The boundary condition for the droplet is that the surface value of the con-

are assumed to be in thermal equilibrium with the surrounding air. Initial C/ centration C should be the CASW appropriate for the altitude and tempera-
C, s Values are assumed to be 2, 0.8, 0, 0, and 0 for He, Ne, Ar, Kr, and Xe, ture at any moment during the droplet's fall. This value is determined by
respectively. Boundary conditions are set by the pressure, temperature of the both pressure and the temperature dependent Henry's constant for each of

air as the droplet falls and the corresponding Henry's constants. All noble gas
transport is assumed to be due to diffusion.

the noble gases. Because the diffusion coefficients for all noble gases in air
are much faster than those in liquid water (e.g., Huber et al., 2006; Jahne
et al., 1987), the concentration of noble gases in air at the droplet surface is
assumed to be the standard value for air at 100% relative humidity.

Due to the highly nonlinear nature of this problem, it has been solved numerically. The atmosphere is divided
into 10,000 layers and analytical solutions at constant pressure and temperature are found using a Fourier series
solution to the diffusion equation at each layer. Details of the underlying equations and the solution techniques
used are given in Section 1 of Supporting Information S1.

A series of simulations were run for lapse rates of 6.5 and 4.7°C/km, which approximately covers the expected
range for wet (moist adiabatic) lapse rates (e.g., Manning & Solomon, 2003; Niu et al., 2017; Niu et al., 2020;
Wallace & Hobbs, 2006). The result of one such simulation is shown in Figure 5 for a lapse rate of 6.5°C/km.
Plotted are expected values of C/C,, for the noble gases at the collection altitude of 1,000 m a.s.I. and a collec-
tion temperature of 20°C for droplets ranging in diameter from 1 to 7 mm. Droplets larger than 3 mm in diameter
would have fallen fast enough so that they retain a memory of their initial depletion in Ar, Kr, and Xe. However,
only the largest droplets shown retain any of their initial He excess. At these temperatures, He diffusion is fast
enough that one would expect all of the initial He excess to have been removed and droplets will have retained
a signature of being at higher altitudes where the He partial pressure is lower than at the collection point. An
interesting feature of the results shown in Figure 5 is that of the Xe value for a 2 mm diameter droplet. For rain-
drops of that size, the terminal velocity is slow enough so that Xe can partially equilibrate with the water at lower
temperatures and since the solubility of Xe is very temperature sensitive, it is possible for water to acquire a slight
Xe excess despite starting with a concentration of zero.

The results from further simulations are shown in Supporting Information S1 for collection point temperatures of
10°C and for a lapse rate of 4.7°C/km (Figures S1-S3 in Supporting Information S1). Features are very similar to
those of Figure 5, however, for a collection point temperature of 10°C, the diffusion of He out of the water droplet
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is sufficiently retarded that water droplets might be expected to retain at least
some of their initial He excess. It must be noted, however, that for droplets
of about 1 mm diameter, the terminal velocity is slow enough that one would
expect such rain to be in nearly continuous equilibrium with the surrounding
air and that one should not see a significant depletion in the concentrations of
the three heaviest noble gases.

This point is further illustrated by the results of a simulation showing what
might be expected for melted snow to only fall a distance of 1 m at a tem-
perature of 0°C. In FIgure S4 in Supporting Information S1, we can see that
droplets with a diameter of 100 pm or smaller should be in equilibrium for all
noble gases after only falling 1 m, and this droplet size is significantly greater
than the roughly 2-50 pm size range expected for cloud water in Puerto Rico
and the Appalachian Mountains (Li & Aneja, 1992; Speigel et al., 2014).
This strongly suggests that there is some mechanism that significantly alters
the solubility of noble gases in liquid cloud water droplets.

4.2. Negative Pressure Model of Noble Gas Solubilities

From the above analysis, given the diffusivity of noble gases in water, liquid
cloud water clearly should be in continuous equilibrium with respect to noble

Figure 6. Equilibrium solubility values for small droplets due to Young-

gas solubility at ambient pressure and temperature conditions. This suggests
that there must be some other mechanism that greatly modifies the solubility

Laplace pressure based on the thermodynamic model of Mercury et al. (2003).  of noble gases within small diameter water droplets.
Solubility of all gases decreases due to surface tension induced positive

pressure, but the effect is only significant for extremely small droplet
diameters (<100 nm). Excess He can occur due to excess air (gray shaded
regions), but this will also lead to excess Ne.

One possibility that was examined was the negative pressure (NP model)
solubility model proposed in Mercury et al., (2003, 2004). This solubility
model was developed to help explain apparently high solubilities for heavy
noble gases in groundwater. The NP model examined the thermodynamics of
noble gas solubility in the presence of concave water surfaces due to capillary
action at the air-water interface at the water table. In the case of cloud water droplets, there is a positive pressure
difference between the interior of a droplet and the outside air pressure (Young-Laplace effect), which is given by:

2
Po=" o
a

where 7 is the surface tension of water and a is the droplet radius. As a reasonable approximation, the excess
pressure will be equal to 1 atmosphere for a droplet with a diameter of about 3 pm. When one employs the anal-
ysis of Mercury et al. (2003, 2004) for the case of positive pressure, noble gas solubilities will decrease, with
the effect being greatest for the heavy noble gases. This is precisely the effect that could conceivably explain the
results shown in Figure 3.

Shown in Figure 6 are a series of calculated values of C/C,g, for droplets ranging in diameter from 10 to
1,000 nm. For diameters of 20 nm or less, there is a distinct reduction in solubility for the three heavy noble
gases. However, the extremely small diameters needed to produce the high internal pressures required to create
these effects are much smaller than the range of roughly 2—-50 pm expected for suspended liquid cloud droplets
at these sites. Although small diameter droplets could conceivably have coalesced to form larger droplets with
diameters greater than 1 pm, the results of simulations shown in Figure 5 and Figure S1-S4 in Supporting In-
formation S1 show that these droplets should immediately equilibrate with the atmosphere with respect to noble
gas concentrations.

An additional problem with the Mercury et al. (2003, 2004) model to explain the measured cloud water solu-
bilities is that elevated Young-Laplace pressure reduces solubility for all noble gases, including He. This is in
contrast to the measurements illustrated in Figure 3, where almost all of the samples yielded excess He concentra-
tions. Conceivably, excess He might have been caused by the presence of excess air resulting from air bubbles en-
trained in the plastic tubing and Cu sample tubes (Aeschbach-Hertig et al., 1999, 2000; Ballentine and Hall, 1999;
Mazor, 1972; Stute & Schlosser, 1993, etc.). The effect of unfractionated air (UA model) is shown as varying
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shades of gray in Figure 6. However, excess air would also increase concentrations of the heavier noble gases and
it is unlikely that our cloud water results could be due to the serendipitous addition of just the right amount of
excess air to cloud water whose heavy noble gas solubilities had been reduced via the Mercury et al. (2003, 2004)
NP model, even if some unforeseen mechanism could have preserved these noble gas concentrations as droplets
grew from roughly 10 nm diameter up to diameters of 2-50 pm.

One might also speculate that the cloud water droplets were coated with a film that effectively reduced heavy
noble gas solubility while enhancing helium solubility. However, it seems unlikely that a contaminant could be
the cause of this behavior for both sampled sites, as the flora, proximity to the ocean, temperature, and industrial
pollution levels at Pico del Este in Puerto Rico are quite distinct from Shenandoah. We note that solubilities of
noble gases in hydrocarbons are higher than those for liquid water.

In the next section, we explore the possibility that a film with the required noble gas solubility properties does
in fact develop on the surfaces of cloud water droplets; however, the film is not a foreign substance, but liquid
water itself.

4.3. Yet Another Anomalous Behavior of Water?

For well over a century, researchers have noted the many scores of anomalous properties displayed by water, both
in its solid and liquid form (e.g., Ball, 2008). These include unusual heat capacity, surface tension, heat of fusion,
viscosity, and temperature dependence of density. The latter property is why ice floats and why lakes that freeze
over during winter overturn every spring. It has long been surmised that liquid water behaves as if it is a mixture
of two separate liquids with differing structural properties. This polymorphism behavior, where water behaves as
a combination of a high-density liquid phase (HDL) and a low-density liquid phase (LDL), although not univer-
sally accepted, does provide a framework for understanding many of the unusual properties of water. See Gallo
et al. (2016) for a review of the subject.

Chaplin (2000) proposed that the LDL and HDL components of liquid water could be the result of the formation
of clusters of water molecules that are bound together by hydrogen bonds, with expanded low density struc-
tures (ES) accounting for the LDL component and condensed high density structures (CS) the HDL component.
This general approach has been pursued both experimentally and theoretically to the present time (e.g., Buck
et al., 2014; Gallo et al., 2016; Garcia-Ratés et al., 2011; Miiller et al., 2003).

Huang et al. (2013) noted that it was energetically favorable to have ES style clustering at a water surface,
where water molecules have a reduced number of nearest neighbors. The proposed ES cluster structure in Chap-
lin (2000) is similar to that of ice and this is a promising possible line of evidence that could lead to a mechanism
that would help to explain the anomalous solubility measured for our cloud water samples. However, just favoring
ES clusters at the air-water interface alone does not explain our results, because water with a flat or nearly flat
air water surface (i.e., no curvature) does not display anomalous solubility. Some feature of small diameter water
droplets must promote the solubility of He and greatly diminish the solubility of Ar, Kr, and Xe.

From Equation 1, a significant excess pressure can develop within a cloud water droplet due to the surface tension
of water. The interior of the droplet must be at a nearly uniform pressure as otherwise the interior liquid would
flow toward the surface of the droplet. There must be a significant pressure gradient very near the surface, where
near-surface water molecules are under significant tensile stress. Douillard (2009) reported that the air-water
interface consists of a depletion layer with a thickness of ~0.5 nm. This was confirmed by Tarasevich (2011),
who also noted that X-ray data suggest that liquid water has an unusually well-ordered structure up to a depth of
~35 nm below the air—water surface. Likely, any pressure gradient that might exist beneath the surface of a liquid
cloud water droplet extends for no more than a depth of a few nm.

As noted in Section 2 of Supporting Information S1, if the effective water surface thickness is 2 nm, then for a
droplet with a diameter of 3 pm, the pressure gradient near the surface would be equivalent to a centrifuge with
an acceleration of 5 billion times that of gravity. If water has a very high pressure gradient, then buoyancy forces
will push low density ES structures toward the lowest pressure zones (i.e., the surface of a droplet) and high
density CS structures would tend to sink toward the high pressure interior of the droplet. This is illustrated as a
cartoon in Figure 7.
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Figure 7. Cartoon showing possible mechanism that could concentrate expanded structure (ES) clusters at the surface of

a droplet due to buoyancy caused by a hit Young-Laplace pressure gradient. In addition, denser condensed structure (CS)
clusters will tend to “sink” inward toward the droplet interior. Clusters not shown to scale. In the upper diagram, the cluster
population at the surface is identical to the bulk water composition. For small diameter droplets with a high pressure gradient
(middle diagram), the surface is dominated by a high concentration of ES clusters.

Equations S13-S15 give the force expected to be exerted on ES and CS structures under differing assumptions
about the surrounding water density. Assuming the temperature dependent ES and CS density model of Veda-
muthu et al. (1994) along with Stoke's Law, it is possible to calculate the sinking velocity expected for CS clusters
that form at the surface of a droplet whose surface is populated solely by ES clusters. The results of these cal-
culations for 40 and 280 molecule clusters are shown in Figure 8a. For a droplet with a diameter of ~5 pm, one
would expect a 280 molecule CS cluster at the surface to sink toward the interior with an initial velocity of about
2,000 pm/s, which means that it could traverse a surface layer with a thickness of 2 nm in roughly 1 ps. If ordered
ES and CS clusters are long-lived on the time scale of micro-seconds, then this might be a possible mechanism
for droplets to continually resurface themselves. Figure 8a also shows the average diffusion velocity expected at

HALL ET AL.

13 of 19



A7t |

M\\JI Water Resources Research 10.1029/2020WR029306
2000 T T T T T T T T
T=15%5° — 40 molecule CS Cluster
1800 - Layer Thickness =2 nm — 280 molecule CS Cluster 1

—+= mean Ar diffusion speed
1600 4

1400
CS Cluster Drift Velocity Toward Interior i

1200 -

1000

Velocity Toward Droplet Interior (um/s)

[N]
o
S

0 5 10 15 20 25 30 35 40 45 50
Droplet Diameter (p:m)
100 T T T T T T T T T T T T T T T T T T T
» —— 40 molecule CS Cluster
90 H —— 280 molecule CS Cluster

80 - b

60 - Potential Energy Reduction Due to ]
Conversion from CS to ES Structure

30 |

20 -

Potential Energy Reduction (J/mol)
(€]
o

10 |-

Droplet Diameter (um)

Figure 8. Possible properties of CS clusters at the surface of a droplet which consists entirely of ES clusters. (a) Expected
drift velocity of 40 and 280 molecule clusters inward toward the droplet interior. Dashed line indicates the expected average
random walk distance per second for an Ar atom. (b) Reduction of potential energy expected per mole of clusters for a CS
cluster to rearrange into an ES cluster.

15°C for an Ar atom in liquid water and the CS cluster sinking velocity exceeds the diffusion speed of Ar over a

broad range of cluster and droplet sizes.

On the other hand, if water clusters rapidly shift back and forth between ES and CS configurations on time scales
much shorter than 1 ps, then a drift model that assumes that CS clusters on the surface of a droplet sink into the
interior becomes less tenable. Instead, the potential energy cost of a CS cluster being on the surface of a droplet
could be enough to bias cluster formation to the more ordered ES form. Thus, even if clusters might not migrate
for significant distances, the dynamics of cluster formation could still produce the effect that we hypothesize.
Mishima and Stanley (1998) argued that the LDL (ES cluster) form of water is the most stable form of water at
room temperature, but that there is a slight local minimum of the total energy of formation that corresponds to
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the HDL (CS cluster). The HDL form is favored at room temperature because the CS cluster structure has higher
entropy than the more highly ordered ES structure. Chaplin (2000) noted that the energy difference between the
two forms can be low, because no hydrogen bonds are broken if an ES cluster compresses to form a CS cluster.
Using Equation S19 in Supporting Information S1, we show in Figure 8b the energy cost per mole of water clus-
ters for CS clusters to reside on the surface of a droplet whose surface is dominated by ES clusters. If the energy
cost is similar in size to the local energy minimum for a CS cluster in the absence of a pressure gradient, then one
can see that small water droplets might favor ES clusters near the air-water interface.

By making some simplifying assumptions outlined in Supporting Information S1, it is possible to estimate the
effective thickness of a surface layer that is rich in ES clusters. The Gibbs free energy of a droplet is assumed to
be the same as a droplet with no pressure gradient (i.e., no surface tension). Enthalpy is reduced by the formation
of the ES surface layer, but this comes at the cost of an entropy decrease caused by the confinement of CS clusters
into the interior of the droplet below the surface layer. Where these two factors intersect is the point where there
is no external work on the droplet and the thickness that satisfies this criterion is nearly independent of droplet
diameter. As illustrated in Figure S5 in Supporting Information S1, the thickness of the surface layer should be
about 2.7 nm for water clusters averaging about 40 molecules each. Although the surface thickness should be
roughly constant with respect to droplet diameter, the reduction in enthalpy is highly dependent on the diameter,
suggesting that the cohesiveness of any ES-rich surface layer should be greatest for the smallest droplets within a
cloud (see Figure S5 in Supporting Information S1).

If a thin film that is rich in ES clusters does form on small diameter cloud water droplets, then our noble gas sol-
ubility data can be understood as being the result of a semi-permeable ice-like barrier that forms at the air-water
interface. From previous studies (e.g., Amalberti et al., 2018), it is known that the relatively open structure of
water ice accommodates He at roughly twice the solubility of liquid water and we expect that ES clusters being
preferred at a droplet's surface could indeed increase the apparent solubility for He in cloud water. Ice and liquid
water have similar Ne solubility, which is compatible with our cloud water data. Both He and Ne can likely be
accommodated within the interior of ES water clusters.

Voids in the structure of ice are too small to easily incorporate significant quantities of the three heavy noble gas-
es (Ar, Kr, and Xe). This can partially explain our noble gas solubility results, as all three heavy noble gases are
depleted with respect to their expected liquid water concentrations. Ar is the least depleted and Xe is the most and
this could partially be due to kinetic effects of partial equilibration within the fog collector after droplets coalesce
and begin draining into the copper tube. However, it is also possible that this pattern of depletion of the heavy
noble gases could be due to imperfections in the ES cluster film on a droplet surface. If the liquid water surface is
a dynamic feature, with continually shifting boundaries between ES clusters, heavy noble gases can be partially
accommodated. Surface defects can possibly be formed if a cluster briefly is compressed to the CS form and then
either reform as an ES cluster or sinks inward toward the interior of the droplet.

The lightest of the three depleted gases (Ar) will also have the highest thermal velocity within air and could enter
any imperfections most rapidly. In contrast, Xe is the slowest and could be expected to be less likely to enter via
any surface film defects. Heavy noble gases cannot be accommodated within a cluster having the relatively open
ES structure much less within the denser CS structure. This suggests that solubility of the heavy noble gases with-
in liquid water is normally controlled by spaces between water molecule clusters as opposed to being contained
within clusters. Holz et al. (1994) noted that the activation energy values for the diffusion of Ne and Xe in water
was less than the activation energy for the self-diffusion of water. This could be compatible with the concept that
noble gases reside between clusters of water molecules if self-diffusion of water requires the rearrangement of
hydrogen bonds within clusters.

The isotopic fractionation patterns shown in Figure 4 may give some clues to the mechanism for noble gas sol-
ubility in cloud water. For both Puerto Rico and Shenandoah samples, Ar is very enriched in the light isotopes,
which can be explained by an incorporation mechanism that is controlled by transport of Ar within the gas phase
moving toward short-lived spaces between water molecule clusters on the droplet surface. For Kr, there is an
interesting difference between Puerto Rico and Shenandoah samples. Puerto Rico samples range from being
identical to air up to being enriched in light isotopes, but the Shenandoah samples are uniformly enriched in
heavy isotopes. The Shenandoah samples were collected at a lower temperature than the Puerto Rico samples
and at lower temperatures, the capture of Kr might possibly be enhanced by the presence of Kr atoms that have
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adhered to the droplet surface. We note that the temperature for quantitative release of Kr from activated charcoal
in our cryo-trap is nearly identical to the temperatures during Shenandoah sampling. For Xe, most samples from
both Puerto Rico and Shenandoah are enriched in heavy isotopes, suggesting that surface adhesion may be an
important factor for this noble gas. The issue of Xe fractionation is more complex than for the other heavy noble
gases, as there appears to be both mass-dependent and mass-independent effects (Figure S7 in Supporting Infor-
mation S1). This is discussed in more detail in Section 3 of Supporting Information S1).

4.4. Possible Implications for Noble Gas Temperatures and Cloud Physics

The most immediate implication of our findings is that care must be taken when attempting to use the NGT pale-
otemperature proxy areas where infiltration into aquifers is too rapid for equilibration to take place at the water
table (e.g., fractured aquifer systems). Previous studies (Amalberti et al., 2018; Warrier et al., 2013) had stressed
the importance of ice as a starting point for rain formation to explain the widespread findings of He enrichment
and heavy noble gas depletion in rainwater and in volcanic island aquifers. However, recent studies from the
island of Maui called into question whether precipitation there was likely to have ever been in the form of ice
(Niu et al., 2017, 2020). Our present study confirms that liquid cloud water and fog can indeed present similar
noble gas signatures as previously seen in northern latitude rain (Warrier et al., 2013) that had likely formed from
melted snow or ice.

If our proposed hypothesis suggesting that small liquid water droplets have an ice-like surface of ES water clus-
ters due to buoyancy from the pressure gradient at the surface of the droplet is correct, then the nature of this
surface and its stability might account for variations in the so-called accommodation coefficient () that different
aerosol species display with regard to incorporation within cloud droplets. This purely empirical factor could
conceivably be affected by the coherence of an ES-rich surface, in which case large drops that have little surface
buoyancy might exhibit a different o than smaller droplets that have a higher surface pressure gradient.

In addition, this hypothesis implies that condensation that causes droplets to grow would energetically favor the
arrangement of ES clusters on the surface as opposed to CS clusters. From Equation S19 in Supporting Informa-
tion S1, one can estimate that the extra potential energy of a CS cluster consisting of 40 molecules at the surface
of a 50 nm diameter water droplet at 15°C would be in excess of 800 J per mole of water clusters, or over 20 J
per mole of water molecules. The energy cost per mole of water molecules to be in a CS structure on the surface
of a 10 nm diameter droplet would exceed 100 J. One can imagine that the droplet surface might always have He
excess and heavy noble gas deficiency relative to liquid water and that these characteristics might be transported
into the interior of the droplet as it grows due to condensation.

It has not escaped our attention that the hypothesis has further implications for the Kelvin effect that predicts that
the vapor pressure near a water droplet will be increased over that for water with a flat surface due to Young-Lap-
lace pressure. The Kelvin equation can be written as:

P _ 2yVa

Dsat " FRT

where p is the actual vapor pressure, p_ is the vapor pressure of water if the surface was flat, y is the surface

sat
tension of air/liquid interface, V,_ is the molar volume of the liquid, r is the droplet radius, R is the gas constant,
and T is the absolute temperature. This equation is in turn a part of Kéhler theory that is used to predict the con-
ditions for the growth of cloud condensation nuclei, or CCN (Seinfeld & Pandis, 2016, ch. 17). For pure water,
it is assumed that the Kelvin effect totally dominates, which has led to the assumption that extremely small pure
water droplets will invariably evaporate due to their elevated vapor pressure. However, as noted by Galvin (2005),
the derivation of the Kelvin equation assumes that the liquid is istotropic and homogeneous. If our hypothesis is
accurate, however, water droplets, especially those much smaller than 100 pm diameter, will likely have a surface
structure very close to that of ice. It is not known at the present time how this might affect the true vapor pressure
near cloud water particles, but it is conceivable that the vapor pressure could be much lower than that predicted
by the Kelvin equation. This in turn has possible implications for recent hypotheses concerning CCN formation
due to cosmic rays (Svensmark et al., 2013, 2016, 2017). Once a pure water droplet has formed, possibly due
to nucleation around an ionized atom, the droplet could have a greater than normally anticipated lifetime even
without a contaminating aerosol.
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5. Conclusions

From the studies by Warrier et al., (2012) and Niu et al., (2017, 2020), it is clear that an understanding of the
noble gas concentrations in precipitation is essential for the use of the NGT climate proxy in zones of rapid
groundwater recharge, such as is common on volcanic islands. Rain from clouds extending above the freezing
layer in the atmosphere was analyzed in Warrier et al. (2013) and snow was examined in Amalberti et al., (2018).
In the present study, liquid cloud water samples, including fog-sized droplets, were collected in two mountain
sites with distinctly different climates. The noble gas concentration results show similar features to both shallow
groundwater (springs) and rain samples in the earlier studies and they resemble partially equilibrated rain from
convective clouds extending to altitudes with below-freezing temperatures. Specifically, He is normally in excess
and the three heaviest noble gases are significantly depleted with respect to ASW. However, the liquid cloud water
samples that were collected were never below the freezing point of water and thus a freeze-melt cycle during the
precipitation process is an unlikely explanation for the measured noble gas concentrations.

An extensive set of numerical simulations was performed using the standard model of homogeneous liquid water
being formed from melting snow. The model included a range of possible atmospheric lapse rates, temperature
and pressure dependent terminal velocities, altitude dependent pressures, temperature dependent noble gas solu-
bilities, and temperature dependent noble gas diffusivities. In all cases, water droplets with a diameter of roughly
1 mm or smaller were nearly completely equilibrated in terms of noble gas concentrations. This result is a con-
servative estimate because all noble gas transport in cloud water droplets is assumed to be due to diffusion and
any advection within the liquid water would be expected to speed up the process of equilibration.

Alternative hypotheses were examined to explain the apparently anomalous results. These included the NP mod-
el of Mercury et al., (2003, 2004), wherein positive pressure within the droplets due to surface tension (i.e.,
Young-Laplace pressure) could reduce the solubility of the noble gases, with the heavy noble gases more affect-
ed than the light. However, the NP model requires droplet diameters roughly two to three orders of magnitude
smaller than are commonly seen in cloud water. In addition, the NP model cannot account for the He excess that
is commonly observed. Although a fortuitous combination of the NP model and excess air (EA) could mimic
our results, as soon as the submicron droplets coalesced to the size normally seen in clouds, the high pressures
needed to explain the heavy noble gas concentrations would no longer exist. Any such droplet should instantly
equilibrate to ASW values.

A novel hypothesis is offered that relies on the hypothesis that liquid water consists of clusters of molecules
bound together by hydrogen bonds. This concept of water polymorphism envisions that such clusters exist, and
they have a range of densities. For this study, if expanded structure (ES clusters, low density) and condensed
structure (CS clusters, high density) coexist within a water droplet, the pressure gradient near the surface of the
droplet that is the result of Young-Laplace pressure should provide a buoyancy force that causes CS clusters to
“sink” into the interior of a droplet and ES clusters to “float” toward the surface. ES clusters are expected to have
a structure similar to that of ice and therefore small water droplets could possibly present a spherical ice-like
surface to the surrounding air. In addition, an ice-like surface makes it possible that the Kelvin effect may need
to be revisited. A semi-permeable ice-like droplet surface would be compatible with the measured noble gas
concentrations in this study.

Simplified estimates of the enthalpy and entropy changes that might result from creation of an ice-like surface
are made and it is calculated that the thickness of this layer should be relatively insensitive to droplet diameter.
However, the enthalpy reduction from the formation of a surface layer rich in ES clusters is highly dependent on
droplet diameter and any solubility effects should rise with decreasing diameter. The results presented here, and
the proposed mechanism may have implications for uptake of other nonpolar hydrophobic species in contact with
cloud water.
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