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ABSTRACT

In this study, three subsurface wastewater infiltration systems (SWISs) at different aeration were set up to study the transport
of pore-water oxygen and quantify the amount of trapped gas. Bromide and dissolved oxygen were introduced into SWISs
as partitioning tracer and non-partitioning tracer, respectively. A model named CXTFIT based on the convection diffusion
equation was used to describe the shape of breakthrough curves for bromide and dissolved air in column experiments. In
CXTFIT code, the parameter β obtained from the bromide test ranging from 0.2940 to 0.7600 indicates that the physical nonequilibrium model was relatively suitable for dissolved air transport. Retardation factors obtained by CXTFIT code indicate
2–20% porosity filled with gas. Tracing the transport of air and determining the percentage of porosity filled with trapped gas
has lain a foundation for further study on gas clogging in SWISs.

Keywords: gas-partitioning tracer, convection diffusion equation, subsurface wastewater infiltration system,
dissolved air transport, gas clogging

INTRODUCTION
Subsurface wastewater infiltration systems (SWISs) are effective
wastewater treatment methods due to the integrated mechanism
of chemical, physical and biological reactions, as wastewater
passes through the unsaturated soil in SWISs (Jiang, 2017).
SWISs are widely used due to their low operation cost, easy
maintenance, and low energy consumption (Li, 2017b).
Unfortunately, SWISs have the disadvantage of poor
performance if clogging occurs. Clogging can be divided into
four types: physical clogging (caused by suspended solids)
(Yang, 2018; Alem, 2015); bioclogging (caused by accumulated
biofilms) (Newcomer, 2016; Hua, 2014); chemical clogging
(caused by chemical materials such as carbonate and iron
oxide ) (Larroque, 2011; Weidner, 2012); and gas clogging
(caused by gas bubbles) (Heilweil, 2013). Currently, researchers
are devoted to the study of physical clogging, bioclogging and
chemical clogging, but little is known about gas clogging. Gas
bubbles can block pore throats, increasing the resistance to
flow and reducing permeability (Martin, 2013). To study gas
clogging, the sources and characteristics of gas in SWISs need
to be understood.
The presence of gas bubbles in SWISs has been attributed
to the biogenic gas and entrapped air. Previous studies have
investigated biogenic gas. Nitrogen and nitrous oxide are
produced by nitrification and denitrification. The impacts of
influent loadings, drying-wetting cycles and carbon-nitrogen
ratio on nitrous oxide emission and spatial distribution of
nitrous oxide have been studied by Ying-Hua Li (Li, 2017a;
Li, 2018). N2O conversion rate decreased with an increase in
hydraulic loading (HL) but increased with increasing pollutant
loading (PL) (Li, 2017a). A moderate carbon-nitrogen ratio leads
to an increase in N2O emission rate and the 0–75 cm depth layer
was the main contributor to N2O emissions (Li, 2018).
However, there is limited knowledge on the pathways of
entrapped air transportation. Dissolved gases carried with
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the influent were a major source of entrapped air bubbles.
Compared to a saturated system, dissolved gases are more
inclined to separate from the influent and penetrate into
small pores in an unsaturated system like a SWIS. Entrapped
air bubbles are no longer connected to the atmosphere,
occurring in the form of small, immobilized, disconnected
bubbles (Heilweil, 2013). By reducing the effective (quasisaturated) hydraulic conductivity, entrapped air bubbles
impact water flow and solute and contaminant transport
(Marinas, 2013). In order to research entrapped air, a gaspartitioning tracer test was introduced to distinguish
between two fluid phases. The gas-partitioning tracer test
was initially used to determine residual oil saturation by
the petroleum industry (Tang, 1991a; Tang, 1991b). This has
been applied more recently for the movement of air in the
non-saturated zone and to measure air-filled porosity. Both a
partitioning tracer and a non-partitioning tracer are injected
simultaneously with influent and measured in effluent. A
partitioning tracer, the low-solubility dissolved gas, will
partition to the gas phase partially while a non-partitioning
tracer stays in the liquid phase, which results in a partitioning
tracer travelling at a lower velocity than a non-partitioning
tracer. Common partitioning tracers are oxygen (Fry, 1996)
and noble gas (e.g. helium, neon and argon) (Burnard, 2013;
Reid, 2013). Common non-partitioning tracers are chloride
and bromide. A series of transport experiments showed
that the presence of small amounts of entrapped gas in the
pore space could result in retardation factors for dissolved
oxygen (Fry, 1995). The retardation factor is interpreted as
the ratio of groundwater velocity to dissolved gas velocity
and Fry reported retardation factors for dissolved oxygen
varying from 1.0 to 8.0 (Fry, 1995). Higher retardation factors
indicate more entrapped air. Heilweil used retardation factors
obtained from a gas partitioning tracer to quantify entrapped
gas in an infiltration experiment and indicated that 7% to
more than 26% of the porosity was filled with gas (Heilweil,
2004). Vulave (2002) used dissolved Kr and SF6 gases to
determine hydrogeological parameters. Through there were
lower aqueous diffusion coefficients for SF6 than that for Kr,
both Kr and SF6 can be used with confidence to delineate
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and validate aquifer characteristics. It is noted that there is a
special gas-partitioning tracer test referred as the ‘Push-Pull’
test (PPT). In the ‘Push-Pull’ test, a partitioning tracer and a
non-partitioning tracer are injected (‘pushed’) into a porous
media and then extracted (‘pulled’) in situ. Reid exploited the
‘Push-Pull’ test to research dissolved gas dynamics in wetland
soils (Reid, 2015).
In this study, laboratory experiments were conducted,
combined with numerical simulations, with the aim of
achieving better understanding of the transport of dissolved
air under various aeration conditions and quantifying the
amount of trapped gas in SWISs. Tracing the transport of air
and determining the percentage of porosity filled with trapped
gas has lain the foundation for further studies on gas clogging
in SWISs.

MATERIALS AND METHODS
System description
The soil column made of plexiglass was constructed (height
180 cm and internal diameter 29 cm) and operated indoors.
The 145 cm high substrate was built on top of 5 cm of gravel
(0.6–0.9 cm, diameter). The substrate was evenly mixed with
sand, slag and farmland soil at a ratio of 1:2.5:6.5. The porosity
of the substrate was 55.0%. The gravel at the bottom was used
to support the infiltration system, evenly distribute the treated
water and prevent outlet blockage. Influent from the water
tank to the column was pumped with a peristaltic pump and

distributed via a 2-cm-diameter perforated water distribution
pipe placed at 65 cm depth under the soil. The water was
purified by the substrate and finally collected at the outlet.
Rhizon soil solution samplers were placed at 40, 70, 100 and 130
cm depths (Fig. 1).
Wastewater
Artificial domestic wastewater was prepared with tap water
including glucose, ammonium chloride, potassium nitrate,
sodium nitrite and monopotassium phosphate. The parameters
of the wastewater were as follows: COD 330.21 ± 7 mg/L, NO3−-N
3.12 ± 0.1 mg/L, NO2−-N 0.40 ± 0.004 mg/L, NH4+-N 49.08 ±
0.6 mg/L, TP 4.0 ± 0.3 mg/L. The domestic wastewater was
treated in different ways to form the following 4 kinds of water:
• Degassed water (DW): The domestic wastewater was filtered
through a degasification membrane. DO concentration was
2.0 mg/L.
• Non-aerated water (NW): The domestic wastewater without
any treatment. DO concentration was 6.0 mg/L, the same as
that of tap water.
• Micro-aerated water (MW): The domestic wastewater
was continuously aerated by a 45 L/min aeration pump.
DO concentration was 9.1 mg/L. Gas bubble content was
3.6%. Gas content was measured following the method of
Du (2016).
• Aerated water (AW): The domestic wastewater was
aerated continuously by a 70 L/min aeration pump. DO
concentration was 9.2 mg/L. Gas bubble content was 6.3%.

Figure 1. Diagram of SWIS and Rhizon soil solution sampler embedded in SWIS
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Gas-partitioning tracer test operation

Table 1. DO concentrations in SWIS dosed with DW
Depth (m)
DO (mg/L)

Bromide tracer test

−0.4
1.0±0.1

−0.7
1.0±0.1

−1.0
1.0±0.1

−1.3
1.0±0.1

−1.5
1.0±0.1

Phenol was added to the four types of water (DW, NW, MW and
AW) as a biocide to prevent biological consumption of oxygen.
Phenol concentration was 1%. When the operation of the system
was steady, DW was dosed in the SWIS for the first time for
several days to maintain the same initial conditions. Table 1
shows measured DO concentrations after DW was injected for
several days. Potassium bromide (KBr) was added to the influent
and Br− concentration was 10 g/L. The influent with KBr was
injected for 4 h via a peristaltic pump. Then DW was introduced
to the SWIS for the second time for about 4 days to discharge
all KBr. The hydraulic loading was 0.14 m/d. Water samples
were collected at 40, 70, 100, 130 and 150 cm depths. KBr was
measured to get breakthrough curves at different depths. KBr, a
non-partitioning tracer without retardation, was used to select
an adaptive model and parameters for the transport of DO.

where c is the measured concentration (g/L or mg/L), c0 is the
initial concentration (g/L or mg/L), x is distance (m), L is the
characteristic length (m) representing the column length, D is
the dispersion coefficient (m2/d), t is time (d), v is the average
pore-water velocity (m/d).
In CXTFIT code, the non-equilibrium transport includes
chemical and physical non-equilibrium processes. The
chemical non-equilibrium can be described by a two-site
non-equilibrium model. The two-site non-equilibrium
model divides adsorption sites into instantaneous
equilibrium adsorption sites and non-equilibrium
adsorption sites governed by first-order kinetics. The twosite non-equilibrium model reduced to the dimensionless
form can be written as:

Oxygen tracer test

			 β R

Instead of the influent with KBr, NW, MW and AW were injected
for 4 h after dosing DW for the first time. All other experimental
procedures were the same as for bromide tracer test. With the
model and parameters acquired from bromide tracer test, DO
concentrations were measured to get breakthrough curves at
different depths and various aerations. Aeration with air was used
to increase air content, i.e., increase oxygen content; the transport
of DO represents the transport of air.

where β is a partitioning coefficient, ω is a dimensionless mass
transfer coefficient, and the subscripts 1 and 2 represent the
(mobile) liquid phase and the (immobile) trapped gas phase,
respectively.
The physical non-equilibrium can be described by a
two-region non-equilibrium model. The two-region nonequilibrium model supposes that the liquid phase can be
partitioned into mobile and immobile regions. Mass transfer
between the two regions is simulated as a first-order process.
The two-region non-equilibrium model reduced to the
dimensionless form can be written as:

Numerical simulations
CXTFIT code was developed by the U.S. Salinity Laboratory.
Based on the convection-dispersion equation (CDE),
CXTFIT code is a model developed to estimate parameters in
equilibrium and non-equilibrium transport from laboratory
or field tracer experiments (Toride, 1995). CXTFIT allows for
analyses of concentration distributions versus time as well
as depth, and permits the use of the equilibrium and nonequilibrium transport formulations (Van Genuchten, 2012).
In CXTFIT code, the dimensionless form of equilibrium
transport according to the convection-dispersion equation
(CDE) is written as:

∂C
1 ∂ 2Cr ∂Cr
=
R r
−
				 ∂T
P ∂Z 2
∂Z

(1)

where R is retardation factor, Cr is the dimensionless solute
concentration, T is the dimensionless time, P is the Peclet
number, Z is the dimensionless distance. The following
equations define the dimensionless parameters:

c

							 C = c 		
0

vL
							 P =
D
							 Z = x / L
							 T

=

vt
L

(2)
(3)
(4)
(5)

∂C1 1 ∂ 2C1 ∂C1
=
−
− ω ( C1 − C2 )
∂T P ∂Z 2 ∂Z

			 (1 − β ) R

∂C2
=
ω ( C1 − C2 )
∂T

(6)

(7)

In this study, the equilibrium and physical nonequilibrium model in CXTFIT code was used to simulate
breakthrough and elution curves of KBr and DO in SWISs.
CXTFIT code uses a non-linear least-square optimization
approach based on the Levenberg-Marquardt method to
estimate unknown parameters (Toride, 1995). R is fixed as
1 due to no retardation for non-partitioning tracers such as
bromide. For equilibrium transport, CXTFIT code is used
to fit D and v. For non-equilibrium transport, v is the set
value, CXTFIT code is used to fit D. Partitioning tracers have
same D and v with non-partitioning tracers. For partitioning
tracers such as oxygen, D and v are fixed to be the same as
for non-partitioning tracers. CXTFIT code is used to fit
R in equilibrium transport and R, β as well as ω in nonequilibrium transport.
Sampling and analytical methods modification
Water sampling was done at 40, 70, 100 and 130 cm depths
via Rhizon soil solution samplers and effluent was collected at
150 cm depth.
Bromide was measured via the phenol red
spectrophotometric method (Tomiyasu, 1996). The phenol red
spectrophotometric method is suitable for low concentrations
nd water samples should be diluted. DO concentrations were
measured using a dissolved oxygen meter.
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Method to quantify trapped gas
Fry put forward the following equation to describe the
retardation factor (Fry, 1995):
					 R =1 + H ′

Vg
Vw

(8)

where H′ is dimensionless Henry’s law constant, Vg is volume of
trapped gas per volume of pore space and Vw is volume of water
per volume of pore space.
With R from CXTFIT code and dimensionless Henry’s
law constants for oxygen from Fry’s research (Fry, 1995),
the percentage of gas-filled porosity can be obtained by the
following equation:

θg =
				

Vg / Vw
1 + Vg / Vw

(9)

where θg is the per cent gas-filled porosity.

RESULTS AND DISCUSSION
Transport of bromide
Figure 2 shows bromide transport at different depths in SWISs.
The peak measured bromide concentration reached 7.83 g/L
(C/C0 = 0.783) at 4 h (T = 0.028) and 0.7 m from the surface, due
to the nearby water distribution pipe placed at 0.65 m depth
under the soil. After bromide was injected for the first 4 h, the
measured bromide concentration decreased rapidly to zero at
0.7 m from the surface. Under capillarity action, water travelled
upward and the peak measured bromide concentration reached
1.07 g/L (C/C 0 = 0.107) at 6 h (T = 0.042) and 0.4 m from the
surface. Subsequently, water moved down along the column.
The time to reach peak measured bromide concentration was
12 h (T = 0.085), 32 h (T = 0.226) and 58 h (T = 0.410) at 1.0, 1.3,
1.5 m from the surface, respectively. Except for 0.4 m from the
surface, the peak measured bromide concentrations decreased
with increasing depth.
The bromide tracer test not only showed the transport
of non-partitioning tracer, but was also used to choose a
suitable model and parameters for the transport of DO. The
constraint for the chemical non-equilibrium model is that
1/R ≤ β ≤ 0.9999. Because R is fixed as 1 in the simulation
of non-partitioning tracers, the chemical non-equilibrium
model is unfit for the transport of bromide. As shown in Fig.2,
the equilibrium and physical non-equilibrium model were
exploited to simulate bromide transport. Table 2 presents
the fitted model parameters in the equilibrium and physical
non-equilibrium model. Both the equilibrium and physical
non-equilibrium model didn’t fit bromide transport at 0.4 m.
Compared with the equilibrium model, the physical nonequilibrium model was more suitable for bromide transport
due to higher r2 . In the physical non-equilibrium model, the
simulation was strong and significant with r2 > 0.8 at 0.7, 1.0,
1.3, 1.5 m under the soil while it was very weak at 0.4 m under
the soil (CXTFIT code didn’t obtain a correlation coefficient).
The highest dispersivity (0.01488 m) at 0.7 m under the soil was
probably due to water distributed nearby, which meant much
more complicated water flow conditions than other positions.
The dispersivity increased from 2.712 × 10−3 to 7.280 × 10−3 m
with depths from 1.0 to 1.5 m under the soil. The partitioning

Figure 2. Observed and simulated bromide breakthrough curves at
different depths. (a) −0.4 m (b) −0.7 m (c)—1 m (d) −1.3 m (e) −1.5 m

coefficient, β, determines the distribution of soil water between
mobile and immobile regions. Through water in immobile
regions doesn’t move, mass exchange between mobile and
immobile regions is carried out by molecular diffusion. β
ranged from 0.2940 to 0.7600 (except for 0.4 m under the soil),
which meant that mobile regions accounted for 0.2940 to 0.7600
of the soil water and the other was immobile regions, which
also had a wide range of values. A wide range of immobile
regions indicates that immobile regions played an important
role in bromide transport and the physical non-equilibrium
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Table 2. Fitted model parameters in bromide transport
Equilibrium
λ
v
D
r2
(m)
(m/d)
(m2/d)
−0.4
0.401
3.6000
8.978
0.26
−0.7
3.83
0.2440
0.064
0.88
−1
2.94
0.0370
0.013
0.91
−1.3
1.88
0.0100
0.005
0.76
−1.5
1.34
0.0103
0.008
0.75
λ is dispersivity, λ = D/v (m) ; r2 is correlation coefficient
Depth
(m)

couldn’t be neglected. The asymmetric breakthrough of
bromide also proved the importance of immobile regions.
Therefore the physical non-equilibrium model was shown to
be suitable for bromide transport. With v and D obtained by
bromide transport in Table 2, the physical non-equilibrium was
used to simulate oxygen transport.
Transport of dissolved air in NW
Figure 3 shows the transport of oxygen in NW. DO concentrations greater than 2.0 mg/L commonly refer to aerobic
environments, while less than 0.2 mg/L represents anaerobic
environments (Pan, 2016). DO concentration was 5.0 mg/L
at 0.7 m under the soil, attributed to dissolved air carried by
influent. DO climbed up first and then flowed down along
the water’s pathway. Without biological consumption of
oxygen, DO could reach as deep as 1.0 m under the soil. All
DO concentrations stabilized to be about 0.9 mg/L after 30 h,
indicating that the system with NW was under an anoxic
environment. DO concentrations remained at about 0.9 mg/L
at 1.3 and 1.5 m under the soil for the whole run, revealing that
DO couldn’t run through the whole column due to dissolved air
partitioning to gas phase. The time of the peak measured DO
concentrations was at 7 h, 6 h, and 14 h at 0.4, 0.7, and 1.0 m under
the soil. Comparing the breakthrough curves of DO at 0.4, 0.7
and 1.0 m under the soil with bromide, the time of peak measured
DO concentrations was later than peak measured bromide at 0.4,
0.7 and 1.0 m under the soil, which is referred to as retardation.
The simulated DO breakthrough curves and model
parameters are presented in Fig.4 and Table 3, respectively.

Figure 3. Breakthrough curves of DO in NW at different depths

Physical non-equilibrium
D
λ
β
(×10 -3m2/d) (×10 -3m)
0.50
1.988
0.0001
3.33
14.880
0.4450
0.68
2.712
0.2940
0.93
3.720
0.5240
1.82
7.280
0.7600

r2
−
0.91
0.93
0.82
0.80

Table 3. Fitted model parameters of DO breakthrough curves at 0.7
and 1.0 m under the soil in NW
Depth (m)
−0.7
−1

R
1.5
7.8

Physical nonequilibrium
ϑg
Vg/Vw
0.017
0.224

0.016
0.183

r2
0.97
0.83

Retardation factors ranged from 1.5–7.8 indicating 1.6–18.3%
pore space was filled with gas. 1.6–18.3% of the pore space was
filled with gas, mainly occurring at 0.65–1.0 m under the soil.
DO couldn’t run through the whole column, so R at −1.3 m
and −1.5 m couldn’t be obtained, thus pore space filled with
gas at −1.3 m and −1.5 m couldn’t be determined. A possible
explanation for the low percentage of gas-filled porosity at
0.7 m under the soil is that the influent was distributed nearby
and drove away the gas. With water moving down along the
column, the dissolved air in water would gradually partition to
the gas phase, resulting in higher gas-filled porosity at a deeper
position.
In oxygen tracer tests, C and C0 was obtained by measured
values minus the background values in Table 1.

Figure 4. Observed and simulated DO breakthrough curves at 0.7
and 1.0 m under the soil in NW (a) −0.7 m (b) −1.0 m
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Table 4. Fitted model parameters of DO breakthrough curves at 0.7
and 1.0 m under the soil in MW
Depth (m)
−0.7
−1

Physical nonequilibrium
R

Vg/Vw

ϑg

r2

1.4
7.9

0.013
0.228

0.013
0.185

0.98
0.84

Figure 5. Breakthrough curves of DO in MW at different depths

Transport of dissolved air in MW
Breakthrough curves of DO in MW at different depths are
shown in Fig. 5. The peak measured DO concentrations in MW
were higher than NW at all depths. The low DO concentrations
were measured at 48–49 h and 1.3 m under the soil. That deeper
DO reach position can be explained by higher initial DO
concentrations due to aeration.
The simulated DO breakthrough curves and model parameters are presented in Fig. 6 and Table 4, respectively. Although
DO concentrations were measured at 1.3 m under the soil, the
measured values were too few to obtain a simulated curve.
Retardation factors ranging from 1.4–8.1 indicate 1.3–23.4%
pore space filled with gas.
Transport of dissolved air in AW
Breakthrough curves of DO in AW at different depths are shown
in Fig. 7. Compared to the breakthrough curves of DO in NW,
MW and AW, breakthrough curves showed a similar shape and
tendency. Both peak measured DO concentrations in MW and
AW were much higher than in NW, mirroring that aeration
improved the aerobic and anaerobic conditions in the substrate.
The peak measured DO concentration at 0.7 m under the soil in
AW was almost the same as in MW. But the peak measured DO
concentration at 1.0 m under the soil in AW was a little higher
than in MW, which is probably due to the higher gas content
in AW than in MW. DO concentrations in MW and AW were
both measured at 1.3 m under the soil, reflecting that higher DO
concentrations could cause deeper breakthrough positions.
The simulated DO breakthrough curves and model
parameters are presented in Fig. 8 and Table 5, respectively.
Simulations of NW, MW and AW produce better model fitting at 0.7 m under the soil and relatively worse fitting at 1.0 m
under the soil. This is probably because water climbing to 0.4 m
under the soil moved down to 1.0 m under the soil and affected
the simulation effect. At 0.7 m under the soil, the measured DO
concentrations were relatively high and water climbing to 0.4 m
under the soil had little effect. Retardation factors indicate 1.9–
17.1% of porosity filled with gas. Retardation factors remained
similar at various aerations. Two possible causes can explain
this phenomenon: (i) When gases in dissolved air (e.g. nitrogen,
oxygen, carbon dioxide, noble gas) partition to the gas phase,
gases in the gas phase (e.g. nitrogen, nitrous oxide, methane,

Figure 6. Observed and simulated DO breakthrough curves at 0.7
and 1.0 m under the soil in MW (a) −0.7 m (b) −1.0 m

Figure 7. Breakthrough curves of DO in AW at different depths

nitrogen dioxide) partition to the liquid phase simultaneously.
Gas exchange between the gas phase and the liquid phase
reach equilibrium, keeping almost unchanged the percentage
of porosity filled with gas. (ii) Gases in dissolved air partitioning to the gas phase move with the mobile water, resulting in a
stable percentage of porosity filled with gas.
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Table 5. Fitted model parameters of DO breakthrough curves at 0.7
and 1.0 m under the soil in AW
Depth (m)
R
−0.7
−1

1.6
7.24

Physical nonequilibrium
ϑg
Vg /Vw
0.020
0.206

0.019
0.171

r2
0.97
0.85
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