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CH-8092 Zürich, Switzerland

Bubble-mediated mass transfer is of major importance for
the gas exchange between soil air and groundwater.
The presence of entrapped air bubbles in the upper, quasisaturated aquifer zone can crucially affect the interpretation
of atmospheric trace gas concentrations in groundwater
and associated fluids as well as intrinsic and enhanced
bioremediation procedures that rely on the actual
dissolved gas content of gases such as oxygen or nitrogen.
To describe the bubble-mediated gas exchange in detail,
a kinetic multi-species model for dissolved gas transport in
a porous medium including inter-phase mass transfer
with entrapped gas bubbles was developed. It takes into
account changes in the entrapped gas bubble sizes resulting
from the mass exchange and therefore allows the
quantification of mass transfer between bubbles of any
gas composition and flowing or stagnating water in a substrate
column. Considering the dissolution of entrapped air
bubbles, the resulting concentrations of dissolved atmospheric
gases significantly exceed their solubility equilibrium
concentrations. The temporal evolution of the composition
of this excess gas is controlled by the solubility and the
molecular diffusivity of the gases considered, by the flow
conditions, and by the physical properties of the aquifer
such as the ratio of entrapped air to water in the pore space.
In the case of noble gases in a through-flow system,
solubility differences appear to be more important for the
composition of the gas excess than the differences
between molecular diffusivities.

Introduction
The interaction of gas bubbles with a surrounding liquid is
an essential part in both natural and technical gas exchange
processes. In chemical engineering systems, the dissolution
of a discrete gas phase that bubbles through either liquid or
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liquid-solid reactors is an important application. Factors
controlling the flux of gas into the liquid are the rising velocity
of the gas bubbles and the bubble size distribution (1-3).
Considering natural environments, the ocean-atmosphere
mass transfer is a prominent example of a bubble-mediated
gas exchange process. Small air bubbles introduced by
breaking waves are dissolved in the near-surface water
column, altering the overall water-air gas exchange (4, 5).
In environmental engineering, the concept of bubblemediated gas transfer has successfully been employed in
oxygen bubble plumes to enhance the restoration of deep
stratified lakes (6).
In subsurface hydrology, concentrations of dissolved
conservative atmospheric gases indicate that the physical
processes involved in the gas exchange between atmosphere,
entrapped air, and groundwater lead to a supersaturation of
atmospheric gases (i.e., that the dissolved gas concentrations
are greater than their hypothetical saturation concentrations).
The dissolved gas excess has been called excess air (7), and
its formation has been attributed to the dissolution of
entrapped air bubbles in the uppermost, so-called quasisaturated aquifer zone in the recharge area. The term “excess
air” is retained, although noble gas data of numerous field
studies indicate that the composition of the excess gas does
not correspond to atmospheric air (8). Excess air and its
fractionation affects the interpretation of gas concentrations
in groundwater [e.g., in noble gas based paleoclimate
reconstruction (9-12), in groundwater dating with the 3H3He method (12-14), or with SF (15)]. Simplified models
6
describing the dissolved gas concentrations in the final state
after interaction with entrapped air have been employed to
estimate excess air and its composition (9, 11). Whereas these
models are appropriate to interpret observed dissolved gas
concentrations in terms of few “lumped” parameters, they
do not describe the exchange between entrapped air bubbles
and groundwater in any detail. In particular, they do not
include the kinetics of the gas exchange process and the
resulting temporal evolution of dissolved gas concentrations
during excess air formation.
Entrapped air not only influences the gas composition
but also the transport dynamics of dissolved gas components
in groundwater. Retardation of artificially added helium used
in tracer experiments in the presence of entrapped air bubbles
has been demonstrated (16), complicating the correct
interpretation of the tracer data. Injected oxygen used for
in-situ bioremediation of groundwater contaminants can be
retarded by entrapped air bubbles as well (17). This is of
importance since the activity of aerobic microorganisms and
hence the effectiveness of in-situ bioremediation strongly
rely on the availability of injected oxygen. However, even
under natural conditions air bubbles that are entrapped
during a rise of the groundwater level can serve as oxygen
source in groundwater, especially in aquifers with a dissolved
oxygen deficit.
Except as a sink or source for a single gas component,
entrapped air bubbles are usually not included in gas
exchange calculations between groundwater and soil air.
Correspondingly, the incorporation of entrapped air bubbles
into modeling of dissolved gas transport so far has focused
on the retardation effect (17, 18) or on the oxygen input to
anoxic waters (19). Modeling of excess air and its fractionation
however requires us to consider changes in the size of
entrapped air bubbles and thus to simulate the mass transfer
between water and bubbles for all major gas constituents.
We present a kinetic model for dissolved gas transport in
a porous medium including inter-phase mass transfer with
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entrapped air bubbles. It considers all major atmospheric
gases as well as changes in the entrapped air bubble sizes
resulting from the mass exchange and therefore allows
detailed studies of the gas composition in the bubbles and
dissolved in water. To our knowledge, this is the first model
describing the dynamics of the generation of a dissolved gas
excess by considering the interaction and dissolution of
bubbles of entrapped air with water. The response of different
gases to flow and boundary conditions is demonstrated using
N2 and O2 as the main constituents of atmospheric air and
noble gases as an example for atmospheric trace gases. The
latter were chosen because noble gases are only affected by
physical processes and data sets from field and column
experiments are available for comparison. The kinetic model
is not intended to replace simplified models that are used
to interpret noble gas data (9, 11) but to provide a deeper
insight into the process of gas exchange between entrapped
air bubbles and surrounding water and its effect on the
concentration of dissolved gases. The wider aim of our
investigation is a better understanding of the mechanisms
responsible for the gas exchange between atmosphere and
groundwater in general. This will provide a basis to appraise
the role of entrapped air bubbles in applications concerned
with multi-species volatile organic contaminants in the upper
groundwater zone or in studies employing rare gases as
environmental tracers.

Theory
We consider entrapped air bubbles in the upper, quasisaturated groundwater zone. Such entrapped air bubbles
resulting from naturally occurring vertical water movement
are spatially fixed since the capillary forces that act to trap
the gas phase usually dominate over the buoyancy forces in
a natural porous medium (20). The air bubbles are assumed
to be spherical and surrounded by water.
If air bubbles are entrapped in a water body that initially
was in solubility equilibrium with the atmosphere, gas will
be transferred from the bubbles into the water as a result of
the pressure that acts on the bubble. This pressure is the
sum of the hydrostatic pressure given by the depth of the
bubble in the water body and the capillary pressure resulting
from the surface tension of the curved bubble surface. The
inter-phase mass flux is proportional to the concentration
deficit in the water phase and can be described for gas i by

(

Ji ) ki(cw,i - csat,i) ) ki cw,i -

pi
RTKH,i

)

(1)

where Ji is the mass flux of the considered gas i from the
aqueous phase to the gas phase (M L-2 T-1), ki is the mass
transfer coefficient (L T-1), cw,i is the actual aqueous phase
concentration (M L-3), and csat,i is the equilibrium concentration in the aqueous phase (M L-3). The equilibrium
concentration in water is expressed by Henry’s law with KH,i
as the dimensionless Henry coefficient for the considered
gas, pi as the partial pressure of the gas in the air bubble, R
as the universal gas constant, and T as the water temperature.
The determination of the correct mass transfer coefficient
for bubble-mediated gas transfer can be crucial. Depending
on the considered system, several different formulations for
k can be found in the literature. An overview of the underlying
concepts is given in refs 21 and 22. Conceptually, the mass
transfer between an immobile small entrapped gas bubble
and groundwater for volatile gases is limited by a diffusioncontrolled stagnant water film around the bubble. Within
the bubble, mixing processes in the gas phase are fast; hence,
the gas phase can be described as homogeneous. In our
model, we assume the mass transfer coefficient to depend
on the water flow condition. Two situations are distin1338
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guished: Bubbles in a stagnant fluid (no-flow regime) and
air bubbles that are passed by flowing water (advective
regime).
In case of no flow, the mass transfer coefficient k for a
spherical structure with radius r (L) is given by (21, 23)

ki )

Dw,i
1 1
) Dw,i +
δeff
r δ

(

)

(2)

where Dw,i is the gas diffusion coefficient in water (L2 T-1),
and δ is the thickness of the stagnant, diffusively controlled
film layer in the liquid around the sphere (L). In no-flow
conditions and for small bubble radii, the term r-1 dominates
over δ-1. The effective boundary layer thickness δeff is
therefore proportional to r, and consequently ki ≈ Dw,ir-1.
For advective flow regimes, the boundary layer thickness
depends on the flow velocity v. In this case, we use (from ref
24)

(

ki ≈ Dw,i

1
+
r

1

xπDw,iτ

)

≈ Dw,i

( x
1
+
r

)

v
2πrDw,i

(3)

where τ is the contact time (i.e., the time a water parcel with
flow velocity v needs to pass by a bubble with diameter 2r).
The rate of change of dissolved mass for gas i in each
spherical air bubble can be expressed by

(

)

dni
pi
)
) - AintJi ) -Aintki cw,i dt
RTKH,i
xi
2σ
-4πr2ki cw,i - patm - pw + Fgh +
Si
r

(

)) (4)

(

where Aint is the surface area of the bubble, xi ) ni/ntot is the
mole fraction of gas i in the bubble, patm is the barometric
pressure, pw is the partial pressure of the water vapor in the
bubble, Fgh is the hydrostatic pressure at depth h, 2σr-1 is
the capillary pressure according to the curvature of the bubble
surface with surface tension σ, and Si ) RTKH,i is the solubility
of gas i. ntot ) ∑ini is the total number of moles of gas in the
bubble. To describe the dissolution of an entrapped air bubble
and its effect on the dissolved noble gas concentrations, we
assume the bubble to consist of the noble gases He, Ne, Ar,
Kr, and Xe and the main air constituents nitrogen and oxygen.
Index i in eq 4 runs over all gases mentioned. The total gas
exchange per unit time for one initial bubble size class is
then given by the sum of the changes of all considered gases.
The change in bubble radius with time associated with
this total mass transfer is described by

(

)

dntot
dr 3RT
1
)
dt 4πr 4σ + 3r(patm - pw + Fgh) dt

(5)

If different-sized bubble classes are postulated, the temporal
evolution of dissolved gas i referring to concentrations in
water is

dcw,i
dt

)

nbubble,rAint,r
Ji,r )
Vw

∑
r

∑
r

(

nbubble,r
Vtotθ

(1 + rR-w)

)

dni,r
dt

(6)

where nbubble,r is the number of bubbles in the respective
bubble size class, Vtot is the total volume, Vw is the waterfilled volume, θ is the porosity, and rR-w is the volume ratio
of entrapped air and water in the pore space. To enable the
calculation of nbubble for each bubble class, its volume fraction
of the total air-filled pore space has to be specified. The
coupled differential eqs 4-6 are the governing model

equations for the mass transfer between water and entrapped
air bubbles.
To obtain the differential equations describing aqueous
phase transport of the dissolved gases, we combine the mass
conservation statement for a control volume with the wellknown advection-dispersion equation (25). The onedimensional vertical flow is given by

(

)

∂(θwcw,i)
∂cw,i
∂
θ D
)
- θwvcw,i + B
∂t
∂z w z ∂z
∂cw,i
∂
)
- qcw,i + B (7)
θwDz
∂z
∂z

(

)

where θw is the water-filled porosity, Dz is the hydrodynamic
dispersion coefficient in flow direction (L2 T-1), v is the
aqueous phase velocity (L T-1), and q is the water flux (L T-1).
B represents the source term that results from the mass
transfer between water and entrapped air bubbles given in
eq 6. Note that θw is assumed to increase with dissolution of
the gas bubbles.
Finally, eqs 4-7 completely describe the dissolved gas
transport in the presence of entrapped gas bubbles in
groundwater. These model equations are solved numerically
with the method of lines employing a fully implicit finite
difference code.
The initial composition of the gas phase is preset to
atmospheric values. The initial dissolved concentrations are
usually at solubility equilibrium for the given temperature,
salinity, and barometric pressure, but they may as well be
changed to model more specific situations. From the given
bubble sizes, initial bubble radii profiles for different depths
are calculated assuming pressure equilibrium between the
surrounding water and the bubbles at depth h:

r3(h) )

3ntotRT
4π(patm - pw + Fgh + 2σr(h)-1)

(8)

In the final phase of the bubble dissolution when the
bubble volume tends to zero and the capillary pressure
evolves to infinity, the following rigorous scheme is utilized
in the numerical simulation: If the number of moles of any
conservative gas in the bubble reaches zero, the bubble is
immediately forced to dissolve completely. This means that
the remaining amounts of all other gases are transferred into
the water, and the bubble radius at the end of the time step
is set to zero. This procedure is based on the observation
that, in a liquid, the smallest gas bubbles collapse under the
influence of the enlarged capillary pressure and that the final
bubble dissolution phase is irreversible. Numerically, variable
time steps are used in the model. To resolve the final
dissolution stage correctly, before the bubble extinction the
time step size is progressively reduced to 1 s.

Results and Discussion
The kinetic bubble dissolution (KBD) model describes an
efficient method to assess the relevance of entrapped gas
bubbles on the solute transport in porous media. While
virtually any kind of entrapped gas can be considered in the
modelsprovided its solubility and its molecular diffusivity
in water is knownswe will focus on entrapped air bubbles
with atmospheric composition being present in the upper,
quasi-saturated groundwater zone. To elucidate the capabilities of the model, we discuss in the following results a set
of simulations employing various model parameters.
Illustrative Model Application. For a more detailed insight
into the physical concepts of the KBD model, the results of
a model simulation of a 1-m sand column are presented in
Figure 1. The model parameters used in this simulation are
given in Table 1. In the simulation, a vertical spatial

discretization of 1 cm was employed. Two different scenarios
were considered: an advective flow regime with vertical water
flow in the simulated substrate column and a stagnating
situation without advective transport. Except for the flow
velocity and the dispersion coefficient associated with the
flow, the model parameters are identical in the two scenarios.
Stagnant Flow Regime. For the stagnant conditions, the
entrapped air bubbles in the simulated 1-m aquifer column
dissolve only partially (Figure 1a). As a result of the increased
pressure acting on the bubbles, gas will be transferred into
the water until a new equilibrium condition between the
surrounding water and the remaining gas phase is reached.
The relative change in bubble size as well as in dissolved gas
concentrations increases with depth (i.e., with increasing
hydrostatic pressure). Analogously, the time to reach equilibrium between the entrapped gas phase and the surrounding water increases with depth.
Figure 1b shows relative concentrations of the noble gases
(He, Ne, Ar, Kr, Xe) and of oxygen and nitrogen near the
bottom of the modeled column at 0.95 m depth for stagnant
conditions. The diffusivities of the gases in water and their
solubilities are given in Table 2. Starting from solubility
equilibrium (c:cini ) 1) at the given temperature, salinity, and
pressure, the dissolved concentrations rise for all gases as a
result of the mass transfer from the gas bubbles into the
water. The final degree of concentration increase is entirely
controlled by the solubility of the gases: Higher solubility
gases result in a smaller relative rise in the water phase.
Therefore the response of gases with a low solubility such as
He and Ne is most sensitive to air injection and can indicate
the presence of dissolved excess air. The resulting new
dissolved gas composition equals the prediction of the excess
air model describing bulk dissolved gas abundance patterns
in groundwater as the result of closed-system equilibration
between entrapped air and a stagnant water body (11). The
KBD model allows us to study the transition from the initial
condition toward the new equilibrium, which is influenced
by the diffusivities of the gases in water. The time to reach
the new equilibrium concentration decreases with increasing
diffusivity of the gas (Figure 1b). Since nitrogen and oxygen
diffuse more slowly in water than Ar, their concentrations
are rising slower than the Ar concentration. But as Ar is more
soluble, the final degree of supersaturation is larger for oxygen
and nitrogen than for Ar. In result, the oxygen and nitrogen
concentration curves cross the Ar concentration curve before
reaching the final equilibrium state.
Generally, the temporal scale of the equilibration between
entrapped air and closed water phase depends on the initial
bubble size distribution and on the air-water ratio in the
pore space. An increasing amount of entrapped gas in relation
to the water volume leads to a prolongation of the equilibration time. If the air-water ratio is considered constant, a
distribution of the entrapped air volume in small bubbles
facilitates the equilibration process and hence results in a
shorter equilibration time as compared to that based on larger
bubbles.
If multiple entrapped bubble sizes are assumed, the
bubble sizes are rearranged, leaving only one hydrostatically
stable bubble class. As this redistribution takes place diffusively, the time scale of the overall dissolution process in
the multiple-size simulation is significantly prolonged. Details
are given in the Supporting Information.
Advective Flow Regime. If we assume a vertical downward
water flow in the modeled substrate column, the entrapped
air bubbles dissolve completely (Figure 1c). Because of the
permanent supply of water that is undersaturated with
respect to the local pressure at a considered depth, a
continuous mass transfer from the entrapped gas bubbles
into the water takes place. As a result, the entrapped air is
finally completely dissolved. The time needed for the
VOL. 37, NO. 7, 2003 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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FIGURE 1. Bubble radii and relative concentrations of He, Ne, Ar, Kr, Xe, N2, and O2 in the water phase from the KBD model simulation
using the model parameters shown in Table 1. Ci,ini is the initial water concentration of gas i. Panels a and b show the results for stagnant,
no-flow conditions. Panels c and d display the simulations for an advective vertical downward water flow in the modeled aquifer column.
Panel b shows results from near the bottom (0.95 m depth) of the 1-m column, and panel d shows results from the column outflow.

TABLE 1. Model Parameters Used in the KBD Model Simulations
model parameter
simulation
column length (m)
no. of bubble classes
initial bubble radius in class (mm)
total porosity
air-water ratio
water temperature (°C)
atmospheric pressure (atm)
hydrostatic overburden (atm)
salinity (‰)
flow velocity vertical flow (cm/h)
flow velocity stagnant regime (cm/h)
initial water concentration

complete air bubble extinction is orders of magnitudes larger
than the time that is required for establishing new equilibrium
conditions in the stagnant regime (∼8 d vs ∼30 min).
In Figure 1c, the bubble radii in the uppermost and in the
lowermost three depth levels are shown with time. Regarding
the chronology of the bubble collapses at the different depths,
two competing mechanisms that influence the evolution of
the bubble extinction within the vertical column are evident.
The hydrostatic pressure acting on the bubbles favors a
bubble dissolution sequence from bottom to top (depth
0.995-0.975 m, Figure 1c) whereas the freshwater flushing
of the column enhances the extinction from the top to the
1340
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value
standard

hydrostatic overburden

1
1
0.35
0.4
0.1
20
1
0
0
10
0
Cequi

1
1
0.35
0.4
0.2
8
0.9615
0.02
0
10

Cequi + 8 × 10-4 cm3
air/g of water

bottom of the column (depth 0.005-0.025 m, Figure 1c).
Depending on the flow velocity, the air-water ratio in the
pore space, the column length, and the initial bubble sizes,
any kind of spatial sequence of bubble dissolution is possible.
In Figure 1d, the relative dissolved gas concentrations in
the outflow are shown for the vertical water flow regime.
Compared to the time scale for the complete dissolution
process, the first adaptation of the dissolved concentrations
in response to the application of pressure on the entrapped
air occurs very fast (within a few minutes). The concentrations
rise rapidly from solubility equilibrium to the initial solubilitycontrolled supersaturation pattern that resembles the final

TABLE 2. Molecular Diffusivities and Dimensionless Henry
Coefficients
Dia
(10-5 cm2/s)

He
Ne
Ar
Kr
Xe
N2
O2

KH,ib
[(mol/L of gas)/(mol/L of water)]

5 °C

15 °C

25 °C

5 °C

15 °C

25 °C

5.10
2.61
1.63
1.02
0.774
1.11
1.36

6.30
3.28
2.13
1.41
1.12
1.49
1.80

7.22
4.16
2.69
1.84
1.47
1.96
2.35

107
83.4
20.9
10.5
5.36
46.8
22.9

107
88.0
25.2
13.4
7.29
55.6
27.7

105
90.7
29.3
16.4
9.41
63.5
32.2

a Molecular diffusivites in water. Measured values for He, Ne, Kr,
and Xe were taken from ref 26. The diffusivity of Ar was approximated
by the relationship Di ∼ massi-0.5 using the measured values of He, Ne,
Kr, and Xe. Diffusivities of oxygen and nitrogen were taken from ref 27.
b Dimensionless Henry coefficients. They are calculated using the
equilibrium concentrations from refs 28-30 for He, Ne, Ar, Kr, O2, and
N2 and from ref 31 for Xe.

FIGURE 2. Relative gas composition of the dissolving gas phase
for the vertical advective water flow regime in the lowermost depth
class. xi,ini is the initial concentration of gas i in the gas bubbles.
state of the stagnant simulation. Afterward, the relative
concentrations of the different gases evolve in different ways.
The concentrations of the gases of low solubility increase
whereas those of the heavier gases with a high solubility
decrease. This is explained by the solubility-controlled
changes in the relative gas composition of the entrapped gas
phase (Figure 2). The total gas pressure in the bubbles is
dominated by nitrogen, which has the highest abundance of
all considered gases. As a result, the relative contribution of
nitrogen to the gas composition remains nearly constant
throughout the whole bubble dissolution process. In contrast
and as a direct result of the enhanced mass transfer into the
water, the mole fractions of the highly soluble gases such as
Kr or Xe decrease in the gas phase, which in turn causes a
relative decrease in the dissolved concentration of these gases.
Because of the the low solubility of the light noble gases,
their mole fraction in the gas phase is enlarged during the
bubble dissolution process, resulting in the equivalent
increase in the dissolved concentrations as shown in Figure
1d. After these concentration changes, a plateau-like phase
with a nearly constant concentration pattern is reached that
resembles a quasi-steady-state condition, although the
dissolution process is still continuing. This quasi-steadystate is again reached the faster, the more soluble the gas is.
After the entrapped gas volume is completely removed, the
concentrations in the column outflow decrease toward the

prescribed solubility equilibrium concentrations for all gases.
With the extinction of the entrapped air bubbles in the
lower-most column box, a small peak is manifest in the
dissolved concentrations of all gases (Figure 1d). This increase
reveals the transfer of the remaining gas volume into the
water volume at the depth associated with the bubble
collapse. Because the light gases with low solubility react
most sensitively to air transfer, they show the most pronounced peak. The bubble dissolution in the adjacent
upstream column boxes also influences the outflow concentrations and generates the second and the third peaks,
respectively.
The decisive quantity that controls the temporal scale of
the extinction of entrapped air bubbles is the amount of
gassrelative to the total entrapped air volumesthat can be
dissolved per time step in a given water volume. A decrease
of the flow velocity (v) and an increase in the air-water ratio
(rR-w) both prolong the time needed for a complete bubble
dissolution, as the amount of entrapped air soluble per time
step is reduced. Vice versa, if v is increased, the rapid flushing
of the column leads to a faster dissolution of the entrapped
gas phase. Similarly, a decrease in rR-w leads to a distribution
of the dissolved gas on a larger water volume and, hence, a
more effective gas dissolution process and a faster bubble
extinction.
The distribution of the entrapped gas volume into
different-sized bubble classes only slightly affects the dissolution process. In contrast to the stagnant flow regime, the
vertical water transport dominates the bubble dissolution
processes, which minimizes the effect of the bubble size
rearrangement taking place. More details are given in the
Supporting Information.
Comparison of Model Results and Measured Data. Noble
gas data from actual column experiments are in general
agreement with the illustrative calculations presented above
as has been demonstrated by ref 32. Here we present results
from a large-scale column experiment using a sand filter in
the waterworks of the city of Zurich, Switzerland, which were
used to test the applicability of the KBD model.
The 1 m × 1120 m2 filter of initially dry quartz sand was
water-saturated from the bottom of the sand to the top.
During this process, air bubbles are entrapped in the sand.
In the next step, the water level in the system was raised 20
cm above the sand surface, and a vertical downward water
flow through the sand filter was initiated. Because of the
constant water supply to and discharge from the sand filter,
the hydraulic conditions in the system can be considered
constant. The water at the inflow and at the outlet of the
filter was sampled for noble gas analysis. Details on sampling
procedure and analytical method are given in ref 33.
The water in the inflow is not in solubility equilibrium
with the atmosphere, but it contains already an approximately
constant dissolved gas excess with atmospheric composition.
This initial supersaturation is the result of the pretreatment
of the water in the waterworks. In the operation mode, the
air that is entrapped in the first imbibition process is
continuously dissolved, resulting in a dissolved gas excess
that exceeds the input concentrations and that is detectable
at the outflow of the filter very soon after the start. The
parameters of the model simulation considering one bubble
class are given in Table 1 (hydrostatic overburden). Except
for the initial bubble size and the air-water ratio, all
parameters are known from the experiment. The two free
parameters were adjusted such that the model results agree
well with the first six measurements of He. Using these
parameters, the model was employed to predict He and Ne
concentrations. The model results and the measured He and
Ne data agree very well (Figure 3). The KBD model correctly
predicts the initial concentration rise, the following plateaulike phase, and the final collapse of the entrapped air bubbles.
VOL. 37, NO. 7, 2003 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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FIGURE 3. Comparison between measured He and Ne data and
simulation results. The experiment investigated the formation of
excess air in a quartz sand filter in the waterworks of the city of
Zurich, Switzerland. The simulation parameters are given in Table
1 (hydrostatic overburden). Initial and upper boundary concentrations
are He ) 4.92 × 10-8 cm3 STP/g and Ne ) 2.12 × 10-7 cm3 STP/g.
The very good agreement between the overall concentration
profile predicted by the KBD model and the measured data
supports the validity of the model and the conceptualizations
made within the model. The KBD model also predicts the
concentrations of the heavier noble gases Ar, Kr, and Xe
reasonably well. Because of their larger solubility, they are
much less sensitive to dissolution of entrapped air than the
light noble gases He and Ne, resulting in less significant
excesses that are not shown here. A comprehensive discussion
of the complete data set from the Zurich waterworks
experiment will be presented elsewhere.
Relevance of Subsurface Bubble-Mediated Oxygen Transfer. Entrapped air bubbles in the upper, quasi-saturated
groundwater zone are a relevant source of dissolved gases
in groundwater. The dissolution of entrapped air serves in
particular as an important oxygen supply for the aquatic
fauna in the transition zone between groundwater and soil
air. As per volume, 28 times more oxygen is contained in
entrapped air than is dissolved in water at atmospheric
solubility equilibrium at 15 °C (20). Entrapped air will
significantly enhance all biogeochemical processes within
the quasi-saturated zone for which oxygen is the rate-limiting
1342
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FIGURE 4. Oxygen concentrations and bubble radii from the KBD
model simulation considering anoxic water flowing through the
simulated aquifer column. The different lines correspond to the
results at different depths of the column.
factor. Especially in aquifers with cyclic groundwater level
fluctuations that steadily refill the entrapped air volume, the
bubble-mediated oxygen supply will work most efficiently.
Considering anoxic groundwaters, the importance of the
bubble-mediated oxygen supply is even larger. Examples for
the occurrence of anoxic groundwaters are the downstream
zone of in-situ redox manipulations (19) of contaminated
aquifers and aquifer systems that are charged by carbonrich wastewater inflows (34).
To demonstrate the importance of entrapped air for the
oxygen supply in anoxic environments, we simulated a 1-m
aquifer column with entrapped air that is flown through by
oxygen-free water (see model parameters in Table 1). As a
result of the entrapped air bubble dissolution, the dissolved
oxygen concentrations rise nearly immediately to a noticeable
level (Figure 4 a). Because of the bubble extinction from top
to bottom of the column, the oxygen concentration in the
outflow shows significant oxygen values for a relatively long
time. The temporary oxygen input from the upper parts of
the column retards the completion of the bubble extinction
in the lower column parts (Figure 4b). The overall oxygen
input from the entrapped air bubbles for this simulation is
about 4750 cm3 or 3.4 g of dissolved oxygen in 24 h. To attain
this amount of dissolved oxygen solely by diffusion across
the groundwater table would take several months. This clearly
points out the ecological importance of the bubble-mediated
gas exchange in the upper, quasi-saturated aquifer zone.

This example emphasizes the importance of entrapped
air bubble dissolution for the dissolved gas budget in
groundwater. The presented KBD model helps in quantifying
this type of bubble-mediated gas transfer in porous media
and promises new interesting applications in the field of
environmental sciences.

Supporting Information Available
Additional details including one figure. This material is
available free of charge via the Internet at http://pubs.acs.org.
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