Special Section: Soil as
Complex Systems

Experimental Studies and
Model Analysis of Noble Gas
Fractionation in Porous Media

Xin Ding, B. Mack Kennedy, William C. Evans, and David
A. Stonestrom*

Core Ideas:
• Ambient noble gases in porous
media fractionate from through-flow
of other gases.
• CO2 fluxes and noble-gas fractionation are measured in simple
sandbox experiments.
• Modeled fractionation provides
indirect proxy, e.g., of steady CO2
leakage fluxes.

The noble gases, which are chemically inert under normal terrestrial conditions but vary systematically across a wide range of atomic mass and
diffusivity, offer a multicomponent approach to investigating gas dynamics in unsaturated soil horizons, including transfer of gas between saturated
zones, unsaturated zones, and the atmosphere. To evaluate the degree to
which fractionation of noble gases in the presence of an advective–diffusive flux agrees with existing theory, a simple laboratory sand column
experiment was conducted. Pure CO2 was injected at the base of the
column, providing a series of constant CO2 fluxes through the column. At
five fixed sampling depths within the system, samples were collected for
CO2 and noble gas analyses, and ambient pressures were measured. Both
the advection–diffusion and dusty gas models were used to simulate the
behavior of CO2 and noble gases under the experimental conditions, and
the simulations were compared with the measured depth-dependent concentration profiles of the gases. Given the relatively high permeability of the
sand column (5 ´ 10 −11 m2), Knudsen diffusion terms were small, and both
the dusty gas model and the advection–diffusion model accurately predicted the concentration profiles of the CO2 and atmospheric noble gases
across a range of CO2 flux from ?700 to 10,000 g m−2 d−1. The agreement
between predicted and measured gas concentrations demonstrated that,
when applied to natural systems, the multi-component capability provided
by the noble gases can be exploited to constrain component and total gas
fluxes of non-conserved (CO2) and conserved (noble gas) species or attributes of the soil column relevant to gas transport, such as porosity, tortuosity,
and gas saturation.
Abbreviations: AD, advection–diffusion; DG, dusty gas.
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Thermal gradients, gravity, and the production and depletion of gases from biologic,

magmatic, or other sources will alter the distribution and isotopic compositions of the
indigenous atmospheric gases in unsaturated soils, regolith, firn, or other surface material
(e.g., Severinghaus et al., 1996, 2003; Evans et al., 2001; Camarda et al., 2007; Freundt et
al., 2013; Jones et al., 2014). Atmospheric noble gases, comprising a mass range from 3 to
136 atomic mass units, have the potential to probe and quantify the various processes and
soil properties impacting gas transport (Severinghaus et al., 1996; Jones et al., 2014). Below
a few decimeters, shallow soil horizons are quasi-isothermal (thermally buffered). Under
these conditions, gas transport is driven by external pressure gradients (e.g., a CO2 or CH4
source, O2 depletion, etc.) resulting in laminar advective transport (Darcy’s law) and/or
a gradient in the concentrations of soil gas components that drives molecular diffusion
(Fick’s law). To simulate the mechanism of transport, two models are generally applied: the
advection–diffusion (AD) and the dusty gas (DG) models. The models differ in formulation in that the DG model explicitly accounts for Knudsen diffusion (Thorstenson and
Pollock, 1989a, 1989b). The apparent success of these two models in simulating transport
and matching field-measured soil gas data has often been cited as validation of the models
(e.g., Jones et al., 2014). However, field studies involve complex natural systems with many
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unconstrained variables; thus, a controlled, laboratorybased evaluation of the models would more directly
test their validity.
Federico et al. (2010) analyzed the fractionation of

13CO in a volcanic field using both the AD and DG
2

models. While several studies (e.g., Webb, 1998) have
compared the DG and AD models for binary mixtures
using laboratory data, laboratory multicomponent
comparisons are rare. None, to our knowledge, have
used noble gases.

Noble gases have recently been used to investigate processes of gas transport in ice caps (Huber et al., 2006;
Orsi et al., 2015). The inert nature of noble gases and
their presence at detectable levels in the atmosphere
and in soil gas make them ideally suited for laboraFig. 1. Schematic illustrations of (a) apparatus used in the laboratory experiment for
tory tests of transport models. We conducted a simple
simulating CO2 transport through a soil layer of known permeability and porosity,
laboratory column experiment representing a shallow
consisting of a 40-cm-high bucket (56 cm in diameter) with gas inlet from tank at
unsaturated soil horizon and determined the concenbottom and sampling tubes inserted at different fixed depths connected to a differential
pressure transducer at the sand-surface elevation, and (b) the one-dimensional model
trations and relative compositions of noble gases and
system for both advection–diffusion and dusty gas models. Models are defined by
CO2 as a function of depth in the column for a range
means of a list of volume elements and a list of connections between them. Model
−2
−1
of steady CO2 fluxes (?700–10,000 g m d ). The
boundary conditions are mean atmospheric pressure and composition at the top and
constant flux of pure CO2 at the imposed rate at the bottom. An infrared gas analyzer
measured composition profiles were compared with
(IRGA)-based accumulation chamber (gray) was used for brief (<120 s) periods to test
the profiles predicted by the AD and DG models in
the uniformity of flow.
the presence of a constant CO2 flux. The data were
then used in conjunction with the AD and DG models
to explore the utility of noble gases as process tracers of gas transrate was as much as ±4%, assumed to represent the stability of the
port in soils. Due to the wide range in molecular weights of the
regulator (Evans et al., 2001). Laboratory air temperature was connoble gases, the present work provides a fairly rigorous test of the
trolled at 20 ± 1°C. Laboratory air pressure was maintained about
multicomponent capabilities of each model.
5 Pa below ambient building pressure as required by state and federal safety regulations. While not directly monitored, short-term
fluctuations in laboratory pressure were evident as high-frequency
66
noise in differential pressures as automated air-handling equipment
switched on and off. Differential pressures were measured every
5 s at the highest flow rate and every second at lower flow rates, with
Experimental Apparatus and Methods
averages recorded every minute with the same transducer that was
A schematic of the laboratory test system is shown in Fig. 1. The
cycled through the sampling ports to average out fluctuations in
laboratory apparatus was the same as the test system described by
the reference (ambient laboratory air) pressure.
Evans et al. (2001) and consisted of a standard 208-L (55-gal) polyethylene drum, 56 ± 1 cm in diameter, cut to a height of 40 cm,
The sand column experiment was run at four different injected
with a perforated plastic disk supported 7 cm off the bottom. Above
CO2 fluxes: 707, 2995, 5079, and 10,135 g m−2 d−1. The injected
the perforated disk, the drum was filled to a height of 30 cm with
CO2 was allowed to flow through the column for at least 48 h
kiln-dried, 0.595-mm (30-mesh) beach sand with a porosity of 0.40,
(lowest flux) and 6 h (highest flux) before measurements, times
a bulk density of 1.59 Mg m−3, and a volumetric water content of
shown to be sufficient to allow the system to approach steady state
0.0017. Carbon dioxide was injected at the base of the column,
(Evans et al., 2001). For example, during a test run at an imposed
below the perforated disk, and maintained at a constant flow rate
flux of 507 g m−2 d−1 and 24 h after the initialization of flow,
set by an external pressure regulator and capillary restriction. The
flux at the sand surface was repeatedly measured by a conventional
regulator was calibrated and the stability tested using an in-line
infrared gas analyzer (IRGA)-based accumulation chamber both
flow meter and/or by momentarily diverting the flow to a calibrated
at the center and around the edges of the sand surface. All 18
water displacement flask. Agreement between the techniques was
flux measurements gave results within 10% of the imposed flux,
generally within 2%, but at flows >3000 g m−2 d−1, only the waterthe average (n = 6) for measurements made at the center was
displacement flask could be used. The diurnal drift in the flow
495 g m−2 d−1, and the average for the edge measurements (n =

Experimental Methods and
Numerical Simulations
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12) was 496 g m−2 d−1. This demonstrates a lack of edge effects
impacting the flow regime (and see Evans et al., 2001, Fig. 5) and
that a near steady-state condition was achieved in times much
shorter than the 48-h wait time used for the low-flux experiments.
Sampling ports within the sand were set at depths of 6, 12, 18, and
24 cm below the sand surface and from an outlet tube at a depth
of 30 cm from the sand surface and below the perforated plastic
disk (Fig. 1). At each sampling depth, following the initial flow
period, pressures were measured, gas samples for CO2 and noble
gas analyses extracted, and after sample extraction, pressures were
measured again. Samples for noble gas analysis were collected in
9.8-cm3 copper tubes sealed with refrigeration-style clamps at each
end. The CO2 concentrations and pressure profiles were measured
at the same depths as the noble gas samples. The CO2 concentrations (±3%) were determined with a portable IRGA manufactured
by Drager and Bacharach, calibrated against seven standards across
the 0 to 100% concentration range. Pressure profiles were measured and recorded using the most sensitive commercially available
closed-system differential pressure transducer (Setra 265; full-scale
range of ±62 Pa) together with a Campbell Scientific datalogger.
All pressure readings were taken with the transducer diaphragm
positioned at the same elevation as that of the sand surface and
the reference port open to ambient laboratory air. The gradient
measured in this way represents the pneumatic pressure-head gradient driving the viscous component of flow (Evans et al., 2001),
thus accounting for gravitational effects (Thorstenson and Pollock,
1989a, 1989b).
The He, Ne, Ar, Kr, and Xe analyses were performed at the Center
for Isotope Geochemistry, Lawrence Berkeley National Laboratory.
The Cu-tube samplers were attached directly to a gas purification
line, and reactive gases (e.g., CO2 , N2 , O2) were removed using a
Ti-sublimation pump followed by exposure to a Ti–Zr alloy getter
held at 300°C. Small fractions of the purified noble gas sample
were introduced into a quadrupole mass spectrometer (Pfeiffer
QMS 422) for analysis of the elemental abundances and Ar isotopic compositions. The noble gas abundances were determined from
peak height measurements of 4He, 22Ne, 36Ar, 84Kr, and 132 Xe.
Peaks at masses 44 (CO2), 35 and 37 (Cl isotopes), and 18 (H2O)
were monitored to correct for doubly charged ion interferences on
22Ne+, Ne isotopic compositions from H O, and 36,37Ar isotope
2
contamination from H35Cl and H37Cl. The necessary correction
factors (production efficiency of doubly charged CO2 relative to
singly charged ions and the H35,37Cl/35,37Cl ratios) were determined from mass spectrometer background analyses, and in all
cases corrections were less than ?1%. The analytical procedure
and mass spectrometer were calibrated using aliquots of air, the
conventional standard for noble gas analyses. During the measurement, 36Ar is the dominant peak, with a peak height ranging
from ?50 to 1000 times the peak heights for the other noble gases.
For this reason, 36Ar is the reference isotope of choice and data
are reported (Table 1) as F(i) values, defined as the (i/36Ar) ratio
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measured for a sample normalized to the same ratio measured in
the air standard. The latter is determined from an average of multiple analyses (n ³ 10) of the air standard.
During the runs at 707 and 10,135 g m−2 d−1, we used commercially available CO2 with a purity of 99.5%. However, it became
clear that the CO2 was contributing a small amount of noble gases,
particularly Kr and Xe. Whenever the CO2 concentration in the
sand column exceeded 95%, the large relative amounts of CO2–
tank-derived Kr and Xe and their putative fractionation prevented
confident correction of those samples for these components. For
the other two runs, we used a second source of higher purity CO2
(99.9995%). However, analyses of each CO2 tank found little difference in the Kr and Xe levels of the two different purity tanks
(Table 1). Thus samples with CO2 concentration >95% were considered unreliable with respect to Kr and Xe and were treated as
such during simulations of soil-gas profiles.

Transport Simulations
Both the DG and AD models were used to simulate one-dimensional steady-state CO2 and noble gas transport and corresponding
concentration profiles within the sand column. Flow geometry in
the simulation (Fig. 1b) was defined by a series of volume elements
and boundaries between them. Mass balance was attained by requiring that mass accumulation in each volume element to equal the net
mass flux across the element boundaries. Initially, with no CO2 flow,
the pore space was filled with air at ambient atmospheric concentrations. During the experiment, air at the top of the sand column and
pure CO2 at the bottom set the boundary conditions.
The DG model was derived specifically to describe gas transport in
porous media by including the coupling between gas molecule–gas
molecule interaction (ordinary diffusion) and gas molecule–particle interaction (Knudsen regime) through momentum transfer
(Thorstenson and Pollock, 1989a). The model assumes the porous
medium (sand particles) to be giant molecules fixed in space. The
ordinary and Knudsen diffusion terms are combined and added
to a term describing advection defined by Darcy’s law. In most
cases, due to the relatively small scale of the soil horizons of interest, thermal diffusion and gravitational forces can be ignored. If so,
then the expression for the total molar flux NT (mol m−2 d−1) after
Thorstenson and Pollock (1989b) for n components is given by
n

å

j =1
j ¹i

X i N Tj - X j N iT
Dije

-

N iT
DiK

=

X i Ñ Pg çæ
K o Pg ÷ö
÷
+
ççç1 + K ÷÷
RT
RT çè
Di m g ø÷

Pg Ñ X i

[1]

where X i is the mole fraction of the ith gas species, Nj T is the
total molar flux of the jth species, D ije is the effective binary
diffusion coefficient of the ith and jth gas species, D iK is the
p. 3 of 12

Table 1. Pressures, CO2 concentrations, noble gas ratios, and Ar isotopic compositions.
Depth dP

[CO2]

[36Ar]

cm

% (v/v)

vf‡

Pa

F(4He)†

F(22Ne)†

F(84Kr)†

F(132Xe)†

40Ar/36Ar

CO2 flux = 707 g m−2 d−1
0

−0.1

6

6.3

2.88 ´ 10−5 ± 1.9 ´ 10−8

1.0632 ± 0.0056

1.031 ± 0.012

0.9844 ± 0.0062

0.969 ± 0.060

294.58 ± 0.50

12

13.7

2.66 ´ 10−5 ± 1.1 ´ 10−8

1.0812 ± 0.0054

1.055 ± 0.011

0.9624 ± 0.0051

0.908 ± 0.055

294.14 ± 0.48

18

18.7

2.36 ´ 10−5 ± 1.4 ´ 10−8

1.1430 ± 0.0084

1.058 ± 0.011

0.9629 ± 0.0055

0.891 ± 0.023

292.76 ± 0.49

24

24.6

2.36 ´ 10−5 ± 1.5 ´ 10−8

1.1850 ± 0.0066

1.114 ± 0.012

0.9003 ± 0.0057

0.796 ± 0.053

292.15 ± 0.52

30

33.4
CO2 flux = 2995 g m−2 d−1

0

−0.1

6

25.9

2.39 ´ 10−5 ± 3.0 ´ 10−8

1.1822 ± 0.0084

1.104 ± 0.017

0.9025 ± 0.0130

0.793 ± 0.043

292.12 ± 0.58

12

45.9

1.74 ´ 10−5 ± 1.0 ´ 10−8

1.5736 ± 0.0098

1.265 ± 0.011

0.8131 ± 0.0118

0.699 ± 0.037

289.20 ± 0.62

18

59.0

1.35 ´ 10−5 ± 6.8 ´ 10−9

1.8902 ± 0.0122

1.396 ± 0.012

0.7379 ± 0.0062

0.567 ± 0.027

287.05 ± 0.58

24

70.2

9.36 ´ 10−6 ± 3.9 ´ 10−9

2.3855 ± 0.0148

1.677 ± 0.016

0.6983 ± 0.0055

0.480 ± 0.019

284.21 ± 0.58

30

82.5
CO2 flux = 5079 g m−2 d−1

0

−0.1

6

30.8

1.89 ´ 10−5 ± 1.0 ´ 10−8

1.4364 ± 0.0091

1.189 ± 0.011

0.8644 ± 0.0068

0.801 ± 0.035

289.31 ± 0.58

12

56.7

1.17 ´ 10−5 ± 8.9 ´ 10−9

2.1273 ± 0.0135

1.474 ± 0.013

0.7022 ± 0.0060

0.587 ± 0.032

284.31 ± 0.63

18

73.4

7.65 ´ 10−6 ± 4.3 ´ 10−9

2.8792 ± 0.0173

1.872 ± 0.013

0.6523 ± 0.0054

0.467 ± 0.019

281.60 ± 0.55

24

85.3

4.93 ´ 10−6 ± 2.4 ´ 10−9

4.2037 ± 0.0254

2.273 ± 0.016

0.5268 ± 0.0044

0.358 ± 0.016

280.64 ± 0.56

30

94.1
CO2 flux = 10,135 g m−2 d−1

0
6
12
18
24
30

0.00 ± 0.01

0.9

1.29 ± 0.54

61.6

1.11 ´ 10−5 ± 1.3 ´ 10−8

2.0511 ± 0.0089

1.472 ± 0.015

0.6815 ± 0.0055

0.391 ± 0.036

285.08 ± 0.52

2.25 ± 0.45

87.3

5.08 ´ 10−6 ± 2.9 ´ 10−9

4.2051 ± 0.0154

2.299 ± 0.027

0.4934 ± 0.0059

0.283 ± 0.042

278.35 ± 0.42

2.93 ± 0.35

95.1

1.8 ´ 10−6 ± 8.3 ´ 10−10

8.9285 ± 0.0307

3.218 ± 0.027

0.3637 ± 0.0025

0.306 ± 0.023

271.84 ± 0.44

3.65 ± 0.13

99.3

6.32 ´ 10−7 ± 3.2 ´ 10−10

18.593 ± 0.062

4.626 ± 0.040

0.3088 ± 0.0023

0.571 ± 0.034

264.81 ± 0.37

6.26 ± 0.18

99.7

1.0832 ± 0.0173

0.434 ± 0.015

1.9181 ± 0.0227

20.9 ± 1.3

2.0760 ± 0.0190

0.885 ± 0.031

1.4920 ± 0.0247

22.5 ± 2.2

º1

º1

º1

º1

CO2 tank (grade 99.5%)
1.80 ´ 10−8 ± 3.0 ´ 10−11
CO2 tank (grade 99.9995%)
1.69 ´ 10−8 ± 2.8 ´ 10−11
Air
295.50

† Noble gas fractionation factor F(i) = [(i/36Ar)sample/(i/36Ar)air].
‡ Volume fraction.

Knudson diffusion coefficient of the ith gas species, Pg is the
gas pressure, R is the universal gas constant, T is the temperature, Ko is the intrinsic permeability, and m g is the gas viscosity.
The first term on the left-hand side is the momentum lost
through molecule–molecule interaction and is derived from
the Stefan–Maxwell equations. The second term on the left is
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the momentum lost through molecule–particle (porous media)
interaction and includes the Knudsen diffusivity. The terms on
the right-hand side define the forces driving diffusion (ÑXi) and
advection (ÑPg ). The effective binary diffusion coefficient for
gas i against gas j, Dije , adjusts the free-air binary coefficient to
account for soil attributes and is given by
p. 4 of 12

Dije = Dij ft S g

(2002). Molecule–molecule interaction parameters, such as collision integrals and characteristics length scales, were estimated
using Lennard–Jones potential intermolecular force laws, which
approximate potential energy as a function of the distance between
atoms to calculate the binary diffusion coefficients in Eq. [2] (Bird
et al., 2002). We found almost no difference between the Bird et al.
(2002) binary diffusion coefficients and those calculated from other
published sources (e.g., Reid et al. [1987]; see Table 2 for a comparison). The impact of the porous medium attributes is included
through a porosity–tortuosity–gas saturation factor applied to the
free-air binary diffusion coefficients, as described above.

[2]

where Dij is the free-air diffusion coefficient and f, t, and Sg represent the medium’s porosity, tortuosity, and degree of gas saturation.
The jth gas is CO2 . The final term contains the Knudsen diffusion
coefficient DK . Throughout the discussion we have adopted the
relationship t = f1/3, which is a useful approximation for dry sand
(Millington and Quirk, 1961; Scanlon et al., 2002).
The DG model evaluates multicomponent transport simultaneously. By solving a set of equations, the molar diffusive flux of each
component can be calculated. The MIN3P (Molins et al., 2008,
2010) software package, which implements the DG model, was
used for simulations.
The AD model is a linear addition of the advective flux calculated using Darcy’s law and the molecular diffusion flux calculated
from Fick’s Law (Pruess and Battistelli, 2002). For gas species i,
and neglecting gravity, the mass flux (Fi) in the AD model can be
expressed for a binary mixture as
F i =-

K rg
mg

Ñ PgWi -r g Dije Ñ Wi

[3]

where Wi is the mass fraction of the ith component, r g is the gas
density, and Dije is as described above for the DG model. The first
expression on the right-hand side of the equation describes the
advective (Darcy’s law) flux, and the second expression describes
the diffusive (Fick’s law) flux. Note that Dije in both models is
computed independently of concentration and Darcian flux, and
the AD model fully parameterizes the dispersive flux. The AD
model does not explicitly include Knudsen diffusion. However,
it is generally accounted for by using an effective permeability
defined by
æ
b ö÷
ç
K = K o çç1 + ÷÷÷
çè Pg ø÷

[4]

where Ko is the intrinsic soil permeability and b
is the Klinkenberg factor. Unlike the DG model,
the AD model can predict transport of only two
components (i.e., Fi = −Fj). To compare the AD
and DG models to our multicomponent data set,
we used the TMVOC software package of Pruess
and Battistelli (2002), which is a numerical simulator extended from the TOUGH2 general-purpose
transport simulator (Pruess et al., 1999) for multicomponent fluid flow through porous media.
Using the AD model as implemented in TMVOC
and the DG model in MIN3P, simulations were
run using theoretical binary diffusion coefficients (noble gas–CO2) calculated after Bird et al.
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The pressure measurements and analytical results are provided in
Table 1. Pertinent characteristics of the sand column, calculated
binary diffusion coefficients, and gas viscosities used in the simulations are provided in Table 2.

Pressures
As anticipated, the pressure gradient across the sand column was
very small, ?6 Pa at the highest CO2 flux (Table 1), compared
with ambient air pressure (?105 Pa), and at the extreme low end
of our measurement capability even with the most highly sensitive
transducer we could acquire. For the three experiments with lower
applied fluxes, the total range in pressure across the sand column
dropped below 3% of the full-scale range of the pressure transducer,
and pressure gradients could not be accurately resolved. As a result,
only the pressure differences measured under the high-flux condition are presented in Fig. 2 and Table 1. The measured pressure
difference between the 30-cm depth and the surface (?6.3 Pa)
is near the values predicted from MIN3P and TMVOC (Fig. 2a).
The deviation of measured and theoretical profiles reflects the

Table 2. Gas parameters (at T = 298 K and P = 101 kPa) used in the model analysis for
porous medium characteristics of intrinsic soil permeability Ko = 5 ´ 10−11 m−2; porosity
f = 0.4; tortuosity t = 0.737.
s†

e/k†

Di-CO2†

s‡

e/k‡

Di-CO2‡

m§

10−10 m

K

m2 s−1

10−10 m

K

m2 s−1

Pa s

He

2.551

10.2

5.946 ´ 10−5

2.576

10.2

5.816 ´ 10−5

1.98 ´ 10−5

Ne

2.820

32.8

2.499 ´ 10−5

2.789

35.7

2.465 ´ 10−5

3.18 ´ 10−5

Ar

3.542

93.3

1.435 ´ 10−5

3.432

122.4

1.397 ´ 10−5

2.26 ´ 10−5

Kr

3.655

178.9

1.054 ´ 10−5

3.675

170.0

1.050 ´ 10−5

2.54 ´ 10−5

Xe

4.047

231.0

8.464 ´ 10−6

4.009

234.7

8.450 ´ 10−6

2.31 ´ 10−5

N2

3.798

71.4

1.547 ´ 10−5

3.667

99.8

1.502 ´ 10−5

1.77 ´ 10−5

O2

3.467

106.7

1.522 ´ 10−5

3.433

113.0

1.506 ´ 10−5

2.05 ´ 10−5

CO2

3.941

195.2

3.996

190.0

Gas i

1.50 ´ 10−5

† Collision diameter (s) and Lennard–Jones 12–6 potential (e/k) from Reid et al. (1987) and calculated Di-CO2 .
‡ Collision diameter (s) and Lennard–Jones 12–6 potential (e/k) from Bird et al. (2002) and calculated Di-CO2 .
§ Viscosity from Bich et al. (1990).
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2), the radius of the sphere corresponds to a depth uncertainty of
approximately ±3.3 cm. The vertical error bars in Fig. 3 have been
drawn to reflect this value, but if the gas sampled derives from
a spherical volume in a concentration gradient, its composition
should approximate that at the center of the sphere, i.e., reducing
the impact of any depth uncertainty.

Fig. 2. (a) Measured pressures shown as a times series during a single
measurement interval for the high-flux experiment and calculated
pressures computed by the dusty gas (dashed line) and advection–dispersion (dotted line) models, and (b) measured pressures together with
the one-sigma standard deviation about the mean of the eight pressuremeasurement intervals made at each depth and calculated pressures for
all fluxes computed by the dusty gas model.

difficulty of determining exceedingly small differential pressures
as well as possible impedance from the perforated plate. Despite
these difficulties, the results do indicate a pressure gradient
through the sand of about the anticipated magnitude.

Carbon Dioxide Profiles
The vertical profiles of CO2 concentrations as a function of depth
and flux are shown in Fig. 3. The depth of each sampling point
is well constrained (±2 mm), but additional uncertainty could
arise due to the relatively large volume of gas sampled (?60 cm3).
These large sample sizes were needed to stabilize the CO2 concentration measurements and to accommodate the 9.8-cm3 sampler
used for noble gas abundances. Assuming that the 60 cm3 was
extracted from a spherical volume with a porosity of 0.40 (Table
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The flux-dependent concentration profiles are consistent with
those found by Evans et al. (2001) under similar conditions. At
the lowest injected CO2 flux (707 g m−2 d−1), the concentration
of CO2 increased linearly with depth and was consistent with a
total CO2 flux dominated by molecular diffusion. At the highest injected CO2 flux (10,135 g m−2 d−1), the CO2 concentration
profile clearly showed the transfer from a total flux dominated by
molecular diffusion (linear concentration trend at shallow depths)
to an advection-dominated regime (rapidly increasing CO2 concentration gradients at greater depths in the column; Table 1). The
experimental data were compared with concentration profiles
simulated by the AD and DG models. Although in constructing
these curves we were unable to input a measured pressure gradient
for each flux (as discussed above), both the MIN3P and TMVOC
packages can determine the anticipated pressure gradients from
the CO2 fluxes and the properties of the sand column. A good
agreement was observed between both the AD and DG models
and the experimental data. Chi-squared tests showed that model
misfit was statistically insignificant relative to gas-concentration
measurement error, with no clear winner between the two models.
A detailed statistical analysis comparing the measured and predicted values was not conducted. However, calculated residual
values (measured − predicted) suggest that the measured CO2 concentrations were consistently ?1 to 5 mol% higher than the values
predicted by both the AD and DG models, with no correlation
with flux. Measured and modeled concentrations are presented
in the supplemental material.

Noble Gas Profiles
Figure 4 shows the concentration profiles of the noble gases plotted
as fractionation factors [F(i) values], defined as the concentration
of the ith gas normalized to 36Ar and the i/36Ar ratio in air: F(i)
= [(i/36Ar)sample/(i/36Ar)air]. The F(i) plots are arranged from the
lowest to the highest injected CO2 flux. At a given CO2 flux, the
noble gas fractionation factors depend on the molecular weight
of the noble gas with respect to 36Ar and depth. It is also clear
that the degree of fractionation (with respect to the i/36Ar ratio
in air) depends on the magnitude of the CO2 flux (note the difference in vertical scales in Fig. 4). With increasing CO2 flux, the
noble-gas fractionation profiles become increasingly curved and
the magnitude of fractionation increases. To compare the ability
of the AD and DG models to predict the noble-gas profiles, the
F(4He), F(22Ne), F(84Kr), and F(132Xe) percent residuals, defined
as [(measured/predicted) − 1] ´ 100, are shown in Fig. 5. The
F(i) residuals for He and Ne appear to be randomly distributed at
any applied flux, suggesting that the AD and DG models fit the
p. 6 of 12

Fig. 3. Carbon dioxide concentrations as a function of sampling depth and flux. The vertical error bars represent estimated uncertainties in sampling
depth related to the relatively large volume of gas sampled at each depth. The dashed lines are the concentration profiles predicted by the dusty gas
(right) and advection–dispersion (left) models.

data about equally well. The same holds true for Kr except at the
high flux. The non-random structure in the two heavier gases at
high flux occurred when the CO2 concentrations were >95 mol%
(Table 1), reflecting the contribution of CO2 tank-derived Kr and
Xe (as discussed above).
The isotopic composition of individual noble gases can provide
additional constraints on gas transport. Illustrated in Fig. 6 are
variations in Ar isotopic compositions (ratios) as a function of
depth in the sand column and the imposed CO2 flux, clearly showing the expected decrease in the heavier 40Ar isotope with depth
and CO2 flux. Even at the lowest CO2 flux, the gradient in Ar
isotopic ratios (?10‰ at 24 cm) is easily resolved given the precision of modern Ar isotopic measurements (e.g., Severinghaus et al.,
2003). As the injected CO2 flux increases, changes in 40Ar/36Ar
ratios with depth become systematically larger. At the highest flux,
the 40Ar/36Ar ratio is ?100‰ lower than the atmospheric value at
the 24-cm depth. Comparable shifts in N2 and CO2 isotopic compositions would also be expected (e.g., Severinghaus et al., 1996).
Furthermore, it is evident from Fig. 6 that both the AD and DG
models can be used to predict the depth- and flux-dependent isotopic variations in the same manner as gas abundances.

66Discussion

Advection–Diffusion and Dusty Gas Models
Applied to High-Permeability Systems

The sand column experiment, albeit simple in nature, clearly
demonstrates the viability of modeling soil gas transport in
binary and multicomponent systems. The model simulations
using either the DG or AD models adequately predicted concentration soil gas profiles for multicomponent systems in the
presence of varying CO2 fluxes. Although binary systems have
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been studied previously (Webb, 1998; Oldenburg et al., 2004;
Federico et al., 2010), to our knowledge, the multicomponent
capabilities of the MIN3P (DG) and TMVOC (AD) software
packages have never before been verified experimentally. It is
important to note that this demonstration is only valid within
the permeability regime of the experiment (?10−10 –10−11 m 2).
Therefore a full test of the AD and DG models across the spectrum of soil permeability has not been achieved. Nonetheless,
within the permeability regime of the experiment, both models
appeared to predict CO2 and noble gas compositions within the
sand column with comparable skill.

Advection–Diffusion and Dusty Gas Models
Applied to Low-Permeability Systems

Given that the Knudsen diffusion coefficient (DK) is a function of
permeability, Eq. [1] can be used to evaluate the relative contributions of the two terms on the left to the total flux as a function of
permeability for a given total flux (NT). In Fig. 7, the percentage
contribution of the second term on the left (the Knudsen regime)
is plotted as a function of permeability for Kr. The curves reflect
different sampling depths within the column. At the permeability
of the sand column experiment (dashed line), the Knudsen regime
contributed <1% of the total flux. The permeability at which the
Knudsen regime becomes important (accounts for more than ?5%
of the transport) is on the order of ?10−13 m2 . In low-permeability
lithologies, such as dolomites and shales, the Knudsen regime dominates the diffusive flux. The permeability of most unconsolidated
soils is likely to fall within a permeability regime where Knudsen
diffusion is not a measureable factor. However, Knudsen diffusion
is expected to be a factor in clay-rich soil columns or soil columns
with interbedded clay layers.

The AD model accounts for Knudsen diffusion by adjusting the
intrinsic permeability using the Klinkenberg factor (b, Eq. [4]).
p. 7 of 12

Fig. 4. Noble gas fractionation factors [F(i) values] as a function of depth for the four imposed fluxes compared with the composition profiles predicted
by the dusty gas (right) and advection–dispersion (left) models for F(4He) (blue squares), F(22Ne) (red diamonds), F(84Kr) (orange squares), and
F(132Xe) (green triangles). Vertical error bars represent one-sigma measurement error (these are smaller than the markers for gases other than Xe and
are the same at all flow rates).
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Fig. 5. Measured noble gas fractionation factors [F(i) values] compared with those predicted by the advection–dispersion (left) and dusty gas (right)
models, using residuals defined as [(measured/predicted) −1] ´ 100. The dashed horizontal lines represent predicted values.
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Utility of Noble Gases as
Conservative Tracers
In modeling transport in soil gas horizons, it is important to identify those species that are not conserved, i.e., those species that have
either a source or a sink or both. In the experiment presented here,
only CO2 has a source and is not conserved. Therefore,
T
N CO
¹0
2

whereas the noble gases (and in some cases N2 and O2) are considered stagnant in that they do not have any sources or sinks and
must be conserved in the system. For these gases, the total fluxes
at steady state must be zero:
T
T
N NT2 = N OT2 = N Ar
= ...... = N Xe
=0

Fig. 6. The isotopic composition of Ar as a function of depth and flux.
The dashed lines are the predicted values from the dusty gas model.

Webb and Pruess (2003) argued that at a permeability where
the Knudsen regime begins to dominate (Ko < 10−13), the AD
is clearly inadequate unless adjustments to the model are made.
One approach has been to add an additional diffusive flux that
affects non-equimolar species (e.g., He, Ar,..., Xe). The flux arises
because lighter species have greater velocities than heavier ones,
which results in an “internal” pressure gradient acting in the opposite direction to the ordinary diffusive flux (e.g., Scanlon et al.,
2002). It is clear that to provide a more comprehensive comparison of the DG and proposed adjusted AD models, future column
experiments need to be conducted at much lower permeability.

Given these constraints and assuming NT ? NCO2T, Eq. [1] can
be simplified and rewritten for a single conserved species as
Xi N T

Die-CO2

=

æ
K o Pg ö÷ X i Ñ Pg
ç
+ çç1 + K ÷÷÷
çç
RT
Di m g ÷ø RT
è

Pg Ñ X i

[5]

from which an expression for Xi (the mole fraction of the ith gas
species) as a function of depth in the soil column can be derived
by rearranging terms and integrating:
éæ
ù
T
RT Ñ Pg K Ñ Pg ö÷÷ ú
êç N
X i = X o exp êçç e
- K ÷÷ z ú
Pg
Di m g ø÷ ú
êççè Di -CO2 Pg
ë
û

[6]

The sampling depth in the soil column is given by z. The maximum pressure gradient observed during the high-flux experiment

Fig. 7. Knudsen regime as a function of permeability for Kr for a total CO2 flux of 10,135 g m−2 d−1. The Knudsen regime is defined as the percentage
contribution to the total flux of the second term on the left in Eq. [1] (NiT/DiK). The vertical dashed line marks the permeability of the sand used in
the column experiment and indicates that <1% of the Kr flux can be accounted for by Knudsen diffusion. The variously colored regimes represent the
range in permeability for a variety of common lithologies.
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was ?20 Pa m−1 and in the lower flux experiments was undetermined but smaller. Therefore, given the ambient pressure of
?105 Pa, the second term in the exponent is relatively small. For a
permeability of ?5 ´ 10−11 m2 (Table 2), the estimated Knudsen
diffusion coefficient is ?10−3 m2 (Webb and Pruess, 2003) and
the contribution from the third term in the exponent is ?8 to 100
times smaller than the first term, as calculated from the parameters
given in Table 2 and N T represented by the lowest and highest
injected CO2 flux, respectively. This term also has little impact on
the calculated mole fraction. Therefore, within the permeability
regime of the experiment, the mole fraction of a stagnant gas as a
function of depth can be approximated by
éæ
ö ù
ç N T RT ÷÷ ú
X i = X o exp êêçç e
÷÷ z ú
P ÷ ú
êçç D
ëè i -CO2 g ø û

[7]

In Fig. 4, the fractionation of the stagnant noble gases in the soil
column is depicted as F(i). As noted above, these are defined as the
i/36Ar ratio in the soil normalized to the ratio in air, the surface
boundary composition. Although the noble gas data could have
been presented as mole fraction concentrations, this would introduce additional analytical uncertainty related to sample pressure,
volume, etc. For this reason, the F(i) values are preferred because
(i) the values can be determined directly from the mass spectrometric measurements (see above) and (ii) analytical uncertainties
related to sampling are eliminated in normalization. Assuming
ideal behavior of the noble gases, Eq. [7] can be rewritten in terms
of F(i) values:
é N T RTz æ D
çç Ar-CO2 - Di -CO2
F (i) = exp êê
ç
P
çè tf S g DAr-CO2 Di -CO2
êë

ù
÷÷öú
÷÷ú
÷øú
û

[8]

The effective binary diffusion coefficients have been replaced
by their free-air equivalents and the tortuosity (t), porosity (f),
and degree of gas saturation (Sg) have been inserted using the
relationship given in Eq. [2]. In the column experiment, the sand
was dry; therefore Sg has a value of unity and can be ignored. It is
clear from Eq. [8] that if the total flux is known (e.g., measured
at the surface), then the measured F(i) values at depth z provide
an in situ measure of the soil attributes (tfSg) that impact gas
transport. Determining F(i) depth profiles can provide a vertical
profile of the soil attributes. Furthermore, collecting samples at
multiple depths provides additional constraints for determining
in situ soil attributes even for the case of much lower permeability
where the assumptions used to simplify Eq. [6] are no longer valid.
Alternatively, if the soil attributes are known, the depth-dependent
F(i) values provide a measure of the total flux.
The preceding discussion provides an illustration of how noble
gases can constrain parameters influencing gas transport in soils.
The utility of the noble gases lies in the fact that there are four
stable noble gases (Ne, Ar, Kr, and Xe), covering a mass range from
?20 to 132 atomic mass units that behave coherently in natural
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systems. As the one exception, 4He is excluded because of a potential source in soil and groundwater systems from radioactive decay
of U and Th and therefore will not always meet the criteria defining stagnant gases in soil horizons.
The development above did not take gravitational settling into
account due to the short height of the experimental column. For
deep unsaturated zones, the effects of gravitational settling will be
superimposed on those of any non-conservative flux (Severinghaus
et al., 1996).
We also note that the F(132 Xe) values in Fig. 5 do not conform
well with the plotted curves and that the deviations occur when
the CO2 concentrations are >95 mol%. This is an experimental
artifact reflecting contamination of the ambient-air-derived noble
gases with CO2–cylinder-derived Xe, as discussed above.

66Conclusions

Within the high-permeability regime of the sand column CO2
flux experiment (5 ´ 10 −11 m 2), the DG model (MIN3P software package) and the AD model (TMVOC software package)
accurately predicted the depth-dependent concentration profiles of
the non-stagnant CO2 and the stagnant noble gases across a range
of CO2 flux from ?700 to 10,000 g m−2 d−1. To our knowledge,
this is the first time the multicomponent capabilities and software
packages of both transport models have been laboratory tested and
confirmed. The primary difference between the two models is that
the AD model does not explicitly include the impact of gas molecule–particle (sand grain) interaction on gas diffusivity, referred
to as Knudsen diffusion. Molecule–particle interaction becomes
important at very low permeability, and at the permeability of
the sand column, Knudsen diffusion accounted for <1% of the
total diffusive flux (Fig. 7). For a more rigorous evaluation of the
DG model and modified versions of the AD model that take into
account Knudsen type diffusivity, column experiments at much
lower permeability need to be conducted. For instance, in column
experiments with a permeability of ?10−16 m2 , Knudsen diffusion
is expected to account for ?70% of the total flux.
When applied to natural systems, the multicomponent capability
built into the DG model and added to the AD model through
the TMVOC software package can be exploited to constrain the
total flux of non-conserved species, such as CO2 , and attributes
of the soil column relevant to gas transport, such as porosity, tortuosity, and gas saturation. In the presence of a gas flux driven by
a source or sink, conserved species in the soil column, including
the noble gases, will redistribute themselves in accordance with
their respective mass-dependent advection and diffusion velocities. The resulting mass fractionation with respect to the initial
compositions provides multiple equations that can be solved for
either total flux or soil attributes. In the case of the noble gases,
after excluding 4He (which may be locally radiogenic), an initial
p. 11 of 12

atmospheric composition in the soil column can be safely assumed
for the four conserved species (Ne, Ar, Kr, and Xe) to yield three
equations defining their relative fractionation with respect to
the atmosphere. For a single non-conserved species like CO2, the
system is well constrained.
Natural systems are more likely than not to be very complex, with
multiple non-conserved species added and/or removed from the
soil column. The present work provides experimental confirmation for the approach taken by Jones et al. (2014), who applied DG
modeling of noble gases to deconvolve subsurface biogeochemical
and transport processes associated with hydrocarbon degradation
at an oil-spill site. The ability to constrain both the processes and
rates of gas transport and generation in complex systems is an excellent example of how the multicomponent conserved species, such
as the noble gases, can provide valuable information regarding gas
dynamics in vadose and saturated zones.

Variables and Units
Dij
Dije
D iK
F(i)
Ko
K
b
Ni T
NT
Pg
R
T
Xo
Xi
Wi
z
rg
mg
f
Fi
t
Sg

binary diffusion coefficient of ith and jth gas species (m2 s−1)
effective binary diffusion coefficient of ith and jth gas species (m2 s−1)
Knudson diffusion coefficient of ith gas species (m2 s−1)
36Ar-based fractionation of ith gas species relative to air
intrinsic permeability (m2)
effective permeability (m2)
Klinkenberg factor (Pa−1)
total molar flux of ith gas species (mol m−2 s−1)
total molar flux of gas (mol m−2 s−1)
gas pressure (Pa)
universal gas constant (J mol−1 K−1)
temperature (K)
mole fraction of ith species at the surface boundary condition
mole fraction of ith species
mass fraction of ith gas species
depth (m)
gas density (Mg m−3)
gas viscosity (Pa s)
porosity
mass flux of ith gas species (Mg m−2 s−1)
tortuosity
degree of gas saturation (0 £ Sg £ 1)
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