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ABSTRACT
A tall passive flux chamber with a height significantly
greater than its horizontal dimensions is proposed for
measuring fluxes of volatile organic compounds (VOCs)
at the soil surface. The main feature of this tall chamber
is the presence of a vertical concentration gradient of the
target gas in the chamber. The emission and transport
behavior of the target gas in the soil-chamber system are
analyzed using the diffusion theory. A mathematical
model is developed to estimate the flux from the soil into
the tall chamber, providing the target gas establishes a
detectable vertical concentration gradient in the cham-
ber. To obtain the data required for calculating flux, only
two gas concentrations (C1 and C2)  at  two heights (h1

and h2) within the chamber need to be measured at the
end of a short chamber placement time (tp). To evaluate
the applicability of the tall chamber for measuring flux,
several laboratory tests have been conducted, using CH2Cl2

IMPLICATIONS
Flux chambers are convenient tools for measuring gas
emissions from soil and water to the atmosphere. In this
study, a tall passive chamber and its flux model have been
proposed. The intent of developing the tall chamber is to
avoid a common problem associated with shallow pas-
sive chambers, that is, the concentration build-up in most
chambers’ headspace. Laboratory experiments have
demonstrated that the tall chamber is likely an applicable
tool for emission measurement at the soil surface.

and CH3Br as the target gases. The results indicate that
the proposed tall chamber has promising potential as a
method for measuring fluxes of VOCs at the soil surface.

INTRODUCTION
The need for measuring gas fluxes from soils to the atmo-
sphere originated with interests in some agricultural and
ecological processes. For example, the measurements of
O2 and CO2 fluxes are important in evaluating the respi-
ration of soil microorganisms and plant root systems. The
measurements of volatile losses of nitrogen compounds
such as NH3, NO, NO2, and N2O from soils provide infor-
mation about the nitrogen cycle in agricultural and natu-
ral ecosystems, as well as in evaluating efficiencies of
fertilizer application. In the last decade or so, environ-
mental concerns have resulted in the need for accurate
measurements of fluxes of a variety of gases from soil to
the atmosphere. For example, it is believed that CO2 emis-
sions have contributed to the “greenhouse effect” and
global warming, that N2O fluxes have an effect on the
depletion of the O3 layer in the lower stratosphere, and
that emissions of some pesticides, such as soil fumigants,
and volatile organic compounds (VOCs) residing below
the soil surface have the potentials to cause health and
safety hazards.

In general, there are two major categories of meth-
ods for measuring gas fluxes from soils to the atmosphere:
micrometeorological methods and enclosure-based meth-
ods. The meteorological techniques require that emissions
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occur over a large surface area, so that a relatively stable
gas concentration gradient can be established and detected
above the soil surface. Reviews and comparisons of vari-
ous meteorological techniques are available. The enclo-
sure-based methods include passive (or closed) and active
(or flow-through) chambers, which allow the measure-
ments of gas emissions over small surface areas. In com-
parison to the meteorological techniques, the important
features of the chamber methods are their low cost, sim-
plicity of fabrication, and ease of operation. Their most
important feature, perhaps, is their capability for measur-
ing gas emissions over very small surfaces, which allows
them to be used in many in situ field studies of emissions
of VOCs from man-made sources, and in laboratory stud-
ies to obtain data necessary for understanding physical,
chemical, and biological fundamentals of volatile con-
taminant transport and fate in soils and at the soil–air
interface.

The passive chamber systems have long been used
for measuring fluxes of the traditional trace gases, such as
NO2, CO2, and CH4.

5-11 In this method, an open-bottom
chamber is placed over the soil surface, covering a surface
area (A) and creating a closed volume (V) above the soil
surface. The concentration of the target gas in the cham-
ber increases with time due to the gas flux from the soil
matrix into the chamber. By monitoring this concentra-
tion increase, the gas flux can be estimated. Various math-
ematical models have been used to calculate fluxes from
the data obtained by closed chambers. For example, a lin-
ear model is widely used under the following assumptions:
(1) the concentration of the target gas (C) in the chamber
increases linearly with time (t); (2) the gas flux at the soil
surface is constant within a relatively short chamber place-
ment period; and (3) there is no concentration gradient
of the target gas in any direction within the chamber at
any specific time (i.e., the target gas is evenly distributed
or well-mixed within the chamber).5,6,12,13 As noted by
many investigators, the closed chamber method with a
linear model yields an underestimate of the real gas flux
due to the concentration build-up of the target gas in the
chamber.5,10,14 To minimize this concentration effect,
chamber users employ short chamber placement times to
obtain an approximate linear relation between C and t
within the chamber.6,8 There have also been studies and
applications of nonlinear models, which do not require
the first two assumptions for the linear model as men-
tioned above.15-17

 In comparison to emissions of many soil trace gases,
emissions of VOCs from anthropogenic sources have some
unique features. First, the soil surface areas of VOC emis-
sions are often limited in size. Examples are accidental
leak/spill sites, small waste disposal sites, and small-scale
soil incorporation of volatile pesticides. Second, the VOC

fluxes are often very intense soon after the compounds
are introduced into the soil due to the high mass density
of the sources. Examples include accidental leak and/or
spill sites and early stages after soil-incorporated applica-
tion of volatile pesticides. When applying closed cham-
bers to these situations, it is obvious that a closed chamber
should have a relatively large volume (V) to compensate
for the rapid concentration increase of the target VOC
gas within the chamber. Assume that the chamber has a
height of H and a uniform cross-section area of A. The
chamber volume can then be given by V = HA, which
indicates that an increase in either A or H leads to an
increase of V. An increase in A will not serve the purpose
of increasing V, since the amount of gas emitted into the
chamber is directly proportional to A. Thus, increasing
the chamber height (H) becomes the preferred choice for
increasing the chamber volume. However, when the cham-
ber volume is enlarged by increasing the chamber height,
a well-mixed condition within the chamber may not be
obtained during a short chamber placement time (e.g.,
10–20 min), since there exists a vertical concentration gra-
dient within the chamber. The development of a suitable
model for the tall closed chamber becomes necessary.

In this study, a closed chamber (H > 50 cm) much
taller than those commonly used (H < 20 cm) has been
proposed. The main features of this tall chamber are that
it allows a vertical concentration gradient of the target
gas to exist within the chamber, and the concentration
build-up of the target gas in the chamber is minimized
due to the large vertical dimension of the chamber. The
emission and transport behavior of the target gas in a simu-
lated soil-chamber system were analyzed with diffusion
theory and the principle of mass balance. The proposed
tall chamber and its model were tested in a laboratory
prototype of the soil-chamber system. The results of the
laboratory tests are presented and analyzed.

THEORY
We define a tall closed chamber in our study to be an
enclosure that has a vertical dimension significantly larger
(1 order of magnitude) than its horizontal dimensions.
The tall chamber system at the soil surface used for our
theoretical analysis is shown schematically in Figure 1.
To facilitate our analysis, we make the following assump-
tions:

(1) The chamber placement time (tp) is relatively
short (e.g., less than 30 min).

(2) The target gas concentration in the chamber is
zero before the chamber is placed at the soil sur-
face. After the chamber is placed at the soil sur-
face, there are no sinks, or transformation
reactions of the target gas, within the chamber
during the short chamber placement period.
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(3) The flux of the target gas into the chamber is uni-
form over the entire covered soil surface. This
uniform input creates an upward, diffusion-driven
movement of the target gas in the chamber.

(4) The vertical dimension of the chamber is large
enough and the time frame for the chamber place-
ment is sufficiently short that the diffusion front
of the target gas will not reach the top of the cham-
ber. This allows a model of diffusion into a semi-
infinite medium to be used as an approximation
for describing the gas transport in the chamber.

The governing equation for the upward, 1-dimen-
sional diffusion of the target gas in the tall chamber is
Fick’s second law of diffusion:18,19

(1)

where Da is the diffusion coefficient of the target gas in
the air within the chamber. Equation 1 is subject to the
following initial and boundary conditions for the tall
chamber described earlier:

(2)

(3)

To solve eq 1, we further assume that the gas flux at the
covered soil surface is relatively constant over the short
chamber placement period

(4)

We make this assumption or simplification based on the
following facts: (1) the time frame of the chamber place-
ment (in magnitude of min) is much smaller than the
entire VOC emission period of interest, which is usually
in the magnitude of days or weeks; and (2) the ample
vertical space of the tall chamber allows the target gas to
diffuse freely away from the surface within the short cham-
ber placement time. Equation 1 with the conditions of
eqs 2, 3, and 4 can be solved using Laplace transform,
which gives the following solution:18

(5)

where erfc(x) = 1 – erf(x) is the complementary error func-
tion. If at t = tp, a target gas concentration of C1 is mea-
sured at a height of h1 above the soil surface in the
chamber, eq 5 can be rearranged and used to calculate
the flux (fs), provided Da is known.

(6)

When Da is unknown, the tall chamber and eq 5 can
also be used to calculate the flux if two gas concentra-
tions of C1 and C2 are measured at two heights of h1 and
h2 above the soil surface at t = tp. In this case, eq 5 will give
two equations with two unknowns, that is, fs and Da

(7)

By solving these two equations simultaneously, the two
unknowns in eq 7 can be obtained. Thus, this procedure
will be able to calculate the flux, as well as provide valuable
information for gas transport (i.e., Da) in the tall enclosure.

MATERIALS AND METHODS
Experimental Setup

In this laboratory study, an emission-diffusion system, as
shown in Figure 2, was designed and constructed to simu-
late a VOC emission situation. The source chamber for
the target gas was a 2-L Pyrex glass bottle with a small
injection/sampling port drilled on its wall ~10 cm from
the bottom. The effective volume of the source chamber

Figure 1. Schematic of soil-chamber system for model development.
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(Vs) was 2.23 L. The soil column was 10-cm high, formed
by air-dried silty loam or fine sands packed into a glass
tube with an i.d. of 5.2 cm, and placed on the neck of the
source chamber bottle. The soil surface area of this soil
column (As) was 21.24 cm2. The total volume of the soil
layer was 212.4 cm3.

Two diffusion chambers were designed to simulate a
tall passive chamber. One chamber consisted of a piece of
clear glass pipe, with a total height of 60 cm and an i.d.  of
5.75 cm. Another chamber was a clear PVC pipe with the
same height but an i.d. of 5.65 cm. The inside diameters of
these two diffusion chambers were selected so that they could
slide around the glass tube containing the soil layer. The
space between the diffusion chamber and the glass soil col-
umn tube was sealed with Teflon tape during flux measure-
ment. Due to the 10-cm thickness of the soil layer, the
effective height of the two diffusion chambers (H) was
50 cm, resulting in chamber volumes of 1298 cm3 for the
glass chamber and 1254 cm3 for the PVC chamber. The out-
side walls of the diffusion chambers were covered by adhe-
sive aluminum tape to block the light. A removable rubber
stopper was used as the top cover of the diffusion chambers.

To minimize possible reaction between the target chemi-
cal vapor and the PVC chamber and the rubber, the inside

wall of the PVC chamber was sprayed with a chemically
inert lubricant (Dry Film Lubricant, Fisher Scientific Co.),
and the rubber stopper was wrapped with Teflon tape. A
Teflon vent tube with an i.d. of 0.4 cm and a length of 6 cm
was installed through the rubber stopper to equalize the
barometric pressure between the inside and outside of the
chamber. Through the rubber stopper, two pieces of stain-
less steel tubing (0.6 mm i.d.) were installed at two different
heights (h1 and h2) above the soil surface as sampling ports
(see Figure 2). A twin-syringe set, which consisted of two
gas-tight glass hypodermic syringes, was used to draw two
10-mL gas samples simultaneously (i.e., at a placement time
of tp) at h1 and h2, as shown in Figure 2.  The gas samples
were directly injected into an HP 5890A gas chromatograph
(GC) equipped with a flame ionization detector (FID) to de-
termine the chemical concentration of the gas samples. The
detector (FID) contained a 0.5-mm × 75-m megabore col-
umn with the bound phase DB-624 (J & W Scientific, Folson,
CA). A 0.5-mL injection-sampling loop was equipped and
provided accurate injection volumes but required a gas
sample volume of at least 5 mL for loop flushing. Both the
injector and oven temperature were set at 90 °C, and the
FID temperature was maintained at 250 °C.  The GC opera-
tion and data acquisition were fulfilled by a computer-oper-
ated ChemStation (Hewlett Packard Co.).

Properties of Chemicals Used
Two VOCs were used in this laboratory study: CH2Cl2  and
CH3Br. CH2Cl2 is a colorless solvent commonly used for
degreasing and cleaning in industry. This chemical has a
relatively high vapor pressure of 440-mmHg at 25 °C and
a boiling point of 40 °C at the ambient atmospheric pres-
sure.20,21 In a regular laboratory at the ambient pressure
and temperature, liquid CH2Cl2 can be used to provide a
constant vapor source.22 The chemical used in our experi-
ment was obtained in a liquid form in dark brown glass
bottles with a 99.9+% purity (Fisher Scientific Co.) CH3Br
is a biocidal fumigant widely used for various commer-
cial and agricultural purposes, especially for soil fumiga-
tion. This chemical is highly volatile with a vapor pressure
of 1420-mmHg at 20 °C and a low boiling point of 3.6 °C
at the ambient pressure.21 At the ambient temperature and
pressure, CH3Br exists as a colorless and odorless gas. The
CH3Br used in our experiment was obtained in a com-
pressed liquid form with a 99.5+% purity within a small
steel cylinder (Aldrich Chemical Co., Inc.).

Experiment 1:  Measurement of Constant Flux
In the first experiment, the tall chamber was used to mea-
sure a constant flux created by a constant vapor source of
CH2Cl2. The purpose of this experiment was to compare
the fluxes measured by the tall chamber to a known con-
stant flux, so that the adequacy and accuracy of using the

Figure 2. Schematic of experimental system (not to scale).
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proposed tall chamber and its model (eq 7) could be evalu-
ated. In the experiment, the soil column was packed with
an air-dried loamy silt. The weight of the soil layer was
313.9 g (air-dried). The bulk density (ρ) of the soil layer
was 1.48 g/cm3, the porosity (φ) was 0.44, and the volu-
metric air content (a) was 0.43.

At the beginning of the experiment, ~150 mL of liq-
uid CH2Cl2 was introduced into the source chamber
through the injection port. The port was then sealed with
a small rubber stopper wrapped with Teflon tape. After
the liquid source was introduced, the source chamber was
wrapped with two layers of aluminum foil to block light.
With the diffusion chamber off, the system was placed
under a fume hood for 16 hr to obtain a constant flux at
the soil surface. From the second day, the flux at the soil
surface was measured with the tall glass chamber 5 times
a day for 4 consecutive days.

For each individual flux measurement, the tall cham-
ber was placed at the soil surface for 5 min (i.e., tp = 5
min), and two samples at h1 = 10 cm and h2  = 30 cm above
the soil surface were taken and analyzed to determine the
concentrations of the target chemical (C1 and C2). Imme-
diately after the twin samples (at h1 = 10 cm and h2 = 30
cm) were taken, another sample at h = 50 cm was taken to
determine whether the diffusion front reached the top of
the chamber. The majority of those top samples showed
an undetectable concentration of the target gas. A few
top samples showed concentrations at very low levels, at
least 1 order of magnitude less than those at h2 = 30 cm.
This indicated that no mass accumulation at the top of
the chamber occurred during flux measurements. Thus,
the diffusion assumption used in the model development
was valid during the experiment.

During these 5 days, the weight of the system, in-
cluding the source chamber, the liquid chemical source,
and the attached soil column, was monitored each day to
obtain data for estimating the chemical mass loss from
the system. After 4 days of flux measurement, the system
was set up again using the same procedure, except that
the soil surface was sealed with two layers of imperme-
able plastic film and two layers of adhesive aluminum
tape. The total weight of the system was monitored for
another 5 days to obtain data for estimating the chemical
mass loss from all possible leaks of the system except at
the soil surface. During the entire experimental period,
the temperature in the fume hood was monitored, and
showed a range of 23.9–26.2 °C.

Experiment 2: Measurement of Changing Fluxes
In the second experiment, the tall chamber was used to
measure fluxes created by two pulse vapor sources of
known quantities. The purpose of this experiment was to
conduct mass balance comparisons to further evaluate the

applicability and accuracy of the tall chamber and its flux
model. In this experiment, the soil column was packed
with a fine air-dried sandy soil. The weight of the soil
layer was 352.5 g (air-dried).  The bulk density of the soil
layer (ρ) was 1.67 g/cm3, the porosity (φ) was 0.37, and
the volumetric air content (a) was 0.36. Four emission
and mass balance tests were performed: two tests with a
known volume of a dense CH2Cl2 vapor as the source,
and two tests with a known volume of a dense CH3Br
vapor as the source.

In the two tests with CH2Cl2, a dense vapor of the
chemical was obtained using a gas-tight glass hypoder-
mic syringe, ~1 cm above the liquid CH2Cl2 surface in the
storage bottle. The density of this vapor at the room tem-
perature (25 °C) and pressure (1 atm) was determined to
be 2.26 mg/mL in our laboratory. At the beginning of the
first test (Test MC-1), 20 mL of the dense CH2Cl2 vapor
was introduced into the source chamber through the in-
jection port, and the port was immediately sealed with a
rubber stopper wrapped with Teflon tape. Approximately
3 min after the vapor was introduced, two gas samples
were taken from the source chamber, using a gas-tight
hypodermic glass syringe and a 22-gauge needle, to de-
termine the initial concentration and mass of the chemi-
cal in the source chamber. The flux of CH2Cl2 at the soil
surface was measured with the tall PVC chamber for a
34-hr period—at 0.5-hr intervals for the first 6 hr, at 1-hr
intervals for the next 12 hr, and at 2-hr intervals for the
final 16 hrs.

In each individual flux measurement, the tall cham-
ber was placed at the soil surface for 5 min (i.e., tp  = 5
min), and two gas samples at h1 = 10 cm and h2 = 30 cm
above the soil surface were taken and analyzed to deter-
mine the concentrations of the target chemical (C1 and
C2). Again, gas samples at h = 50 cm were taken, and the
results showed that the diffusion assumption used in the
model development was valid during the experiment.
After the last flux measurement, two gas samples were
drawn from the source chamber and analyzed to deter-
mine the final concentration and mass of the chemical in
the source chamber. The rubber stopper was then removed
and the source chamber was flushed with air for 12 hr.
The system was set up again and the test was repeated
(Test MC-2).

In the two tests with CH3Br, the chemical vapor was
obtained by releasing the compressed chemical in the steel
cylinder into an air-tight Teflon bag. The density of this
vapor at room temperature (25 °C) was determined to be
3.18 mg/mL. At the beginning of the first test (Test MB-1),
10 mL of CH3Br vapor was transferred, using a gas-tight
glass syringe, from the Teflon bag into the source chamber
through the injection port. The same procedures as used
in Tests MC-1 and MC-2 were followed to determine the
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initial concentration in the source chamber, to measure
the flux of CH3Br at the soil surface, and to determine the
final concentration of the chemical remaining in the
source chamber at the end of the test. This test was re-
peated as well (Test MB-2).

RESULTS AND DISCUSSIONS
Experiment 1: Measurement of Constant Flux

The concentrations of C1  and C2 measured at h1  and h2 in
each individual chamber placement were used in eq 7 to
calculate the corresponding flux. It should be noted that
this flux could be the flux at the soil surface only when
the tall chamber has a uniform cross-section area (Ac) that
is equal to the covered soil surface area (see Figure 1).
However, the tall glass chamber used in this experiment
had a cross-section area of 25.97 cm2, which was greater
than the soil surface area (As) of 21.24 cm2. The ratio of
Ac: As was 1.223. Thus, the fluxes calculated by eq 7 should
be corrected by a factor of 1.223 to obtain the flux at the
soil surface, assuming a mass balance (or continuity) con-
dition was present at the soil-air interface. The corrected
fluxes at the soil surface during the entire experimental
period are shown in Figure 3. The values of the 20 fluxes
in Figure 3 were from 10.65 to 12.66 mg/cm2-hr, with an

arithmetic mean of 11.93 mg/cm2-hr and a standard de-
viation of 0.47 mg/cm2-hr.

To evaluate the applicability and accuracy of the tall
chamber and its flux model (eq 7), we compared the
fluxes measured by the tall chamber to the flux at the
soil surface determined by mass loss from the system.
Data obtained from monitoring the weight of the sys-
tem during the experiment showed that CH2Cl2 escaped
from the system at a rate of 516.14 mg/hr when the soil
surface was open. When the soil surface was covered,
the loss rate of the chemical from the system was mea-
sured to be 268.35 mg/hr. Thus, the loss rate of the chemi-
cal from the soil surface was estimated to be 247.79 mg/
hr. The mass loss not from the soil surface was likely due
to leakage through the sampling port of the source cham-
ber and the gap between the source chamber neck and
the glass tube holding the soil column. The rate of this
mass loss was constant during the experiment, as shown
by the weight measurement data. Thus, this escaping
loss should not affect the gas flux at the soil surface dur-
ing the experiment.

 The ratio of the loss rate from the soil surface (Rs) to
the total loss rate from the entire system (Rt) was 0.48. We
divided the chemical loss rate from the soil surface by

Figure 3. Results of Experiment 1.
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the soil surface area, and obtained a surface flux of 11.67
mg/cm2-hr. This flux of CH2Cl2 is shown as a solid line in
Figure 3. It can be seen that the average measured by the
tall chamber flux (11.93 mg/cm2-hr) was close to the flux
estimated from the mass balance data (11.67 mg/cm2-hr).
The 20 tall-chamber fluxes were from 91.3 to 108.5% of
the mass-balance flux. The comparison indicates that the
tall chamber and its flux model can provide a reasonably
precise estimate of the actual flux.

As mentioned previously, eq 7 can provide Da val-
ues while calculating fluxes. Also shown in Figure 3 were
the individual Da values estimated by eq 7. The Da data
were plotted in correspondence to the individual fluxes
in the experiment. The 20 Da values were from 0.196 to
0.239 cm2/sec, with an arithmetic mean of 0.217 cm2/
sec and a standard deviation of 0.011 cm2/sec. The dif-
fusion coefficient of CH2Cl2  in the still air, as estimated
by the Fuller-Schettler-Giddings method,23 is 0.105 cm2/
sec under our experimental conditions (ambient tem-
perature of 25 °C and ambient atmospheric pressure of 1
atm). The average Da measured in our experiment is ap-
proximately twice as much as the estimated diffusion
coefficient in the still air. This is most likely due to the
non-still air environment within the tall chamber dur-
ing the chamber placement and the acquisition of gas
samples. Our experimental system was placed under a
fume hood that was ventilated continuously during the
entire experiment. The tall chamber was kept outside
the fume hood before the placement to maintain a zero-
concentration condition in the chamber. For each indi-
vidual flux measurement, the chamber was brought into
the fume hood and placed over the soil surface. The air
in the chamber could not reach a still state immediately
after the chamber placement. The residual air movement
was likely to remain in the chamber during the 5 min
placement period. On the other hand, the shaking of
the tall chamber caused by the ventilating air in the fume
hood could also create small and random air movement
in the chamber. The random movement of the air in the
chamber, although at a very small scale, could enhance
the diffusive transport of the target gas, resulting in a
greater or enhanced transport coefficient.

Experiment 2: Measurement of Changing Fluxes
For the four tests in this experiment (two tests with CH2Cl2

and two tests with CH3Br), we first used eq 7 and the
measured concentrations of C1 and C2 to calculate fluxes
The tall PVC chamber used in this experiment had a cross-
section area of 25.07 cm2,  which was 1.180 times as much
as the soil surface area of 21.24 cm2. Similarly, the flux
values calculated by eq 7 were then corrected by the fac-
tor of 1.180 to obtain the fluxes at the soil surface. The
surface fluxes for the tests with CH2Cl2 (Tests MC-1 and

MC-2) were plotted versus time in Figure 4. The surface
fluxes for the tests with CH3Br (Tests MB-1 and MB-2) were
plotted in Figure 5.

To further evaluate the capability and adequacy of
the tall chamber and its flux model (eq 7), mass balance
calculations were conducted for all four tests. The mass
of  CH2Cl2 or CH3Br lost from the system in each test was
calculated using two different approaches: (1) using the
initial and final concentrations in the source chamber to
calculate the total loss of the chemical from the system
(Mt, where the subscript “t” represents “total loss”), and
then using the ratio of Rs: Rt determined in Experiment 1
to obtain the actual mass loss from the soil surface (Ms,
where the subscript “s” represents “soil surface loss”); and
(2) using the flux data measured by the tall chamber to
estimate the mass loss from the soil surface (Mm, where
the subscript “m” represents “measured loss”). The mea-
sured loss (Mm) in each test was actually the total area
under the corresponding flux curve (see Figures 4 and 5)
multiplied by the soil surface area (As), which can be for-
mulated as

(8)

where f i is the flux measured at ti, and As is the soil sur-
face area. The mass balance calculations and results were
summarized in Table 1.

In Test MC-1, the emitted mass from the soil surface
measured by the tall chamber (Mm) was 21.19 mg, which
was 96.7% of the mass loss of 21.92 mg from the soil
surface (Ms) estimated by the concentration data from
the source (Ma). In Test MC-2, the emitted mass mea-
sured by the tall chamber was 20.28 mg, which was 94.0%
of the actual loss of (21.57 mg). In Test MB-1, the emit-
ted mass measured by the tall chamber was 14.16 mg,
which was 96.4% of the actual loss of 14.69 mg. In Test
MB-2, the emitted mass measured by the tall chamber
was 15.09 mg, which was 104.6% of the actual loss of
14.42 mg.

The chemical mass retained in the soil layer at the
end of each individual test and the possible degrada-
tion loss of the chemical in the soils may alter the above
mass recoveries. The alterations, however, will be likely
insignificant. In a preliminary test, we found that in
the fine sandy soil used in Experiment 2, the equilib-
rium sorbed-phase-to-gas-phase partition coefficients
(K) were 0.437 (mg/g)/(mg/mL) for CH2Cl2 and 0.289
(mg/g)/(mg/mL) for CH3Br. The sorbed-phase mass is
defined in this study as the overall partitioned mass
into both liquid and solid phases. If we assume that
the gas transport in the soil layer is at a steady state at
the end of each test, we can estimate the total mass
residing in the soil layer.
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Figure 4. Fluxes measured in CH2Cl2 tests of Experiment 2.

Figure 5. Fluxes measured in CH3Br tests of Experiment 2.
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At steady state, the governing equation of gas trans-
port in the soil layer is

(9)

or simply

(10)

where C is the gaseous phase concentration of the target
chemical in the soil layer, and z is the upward dimension
with z = 0 at the bottom of the soil layer and z = L at the
soil surface. Equation 10 is subject to the following bound-
ary conditions:

(11)

(12)

where Cend is the gaseous phase concentration at the bot-
tom of the soil layer (z = 0) at the end of each test, fend is
the gas flux at the top of the soil layer (z = L) at the end of
each test, and Dg is the gaseous phase diffusion coeffi-
cient of the target chemical in the soil layer.24,25 The solu-
tion of eqs 10, 11, and 12 is

(13)

Thus, the mass of the target chemical in gaseous phase (Mgas)
residing in the soil layer at the end of  each individual test is

(14)

where a is the volumetric air content of the soil layer, As

is the cross-section area of the soil layer, and L is the length
of the soil layer. The mass in the sorbed phase (Msorbed) can
be estimated using the following equation:

(15)

where ρ is the bulk density of the air-dried soil layer. Thus,
the total mass residing in the soil layer at the end of each
test (Mr-total) is

Mr-total = Mgas + Msorbed (16)

Using eqs 14, 15, 16, and the test data, we estimate
Mr-total to be 0.114 mg, 0.092 mg, 0.049 mg, and 0.055 mg
for Tests MC-1, MC-2, MB-1, and MB-2, respectively. These
estimates alter the mass recoveries in Table 1 to 96.2, 93.6,
96.0, and 104.2% for Tests MC-1, MC-2, MB-1, and MB-2,
respectively.

We considered degradation loss only for that portion
of the chemical sorbed in the soil layer. A laboratory study
showed that CH3Br has a half-life of 38.7 days in the air-
dried sandy soil used in this experiment.26 In a prelimi-
nary 24-day degradation test, we found that there was no
significant degradation for CH2Cl2 in the same soil. Due
to the small quantity of chemicals sorbed in the soil layer
during the experiment, the degradation loss in this study
was neglected.

General Discussions
As shown above, the tall chamber and its flux model
(eq 7) provide reasonably good estimates of the surface
fluxes in both Experiments 1 and 2 conducted in our
laboratory. The tall chamber and the flux model should
give reasonable estimates of the real fluxes, as long as

the assumptions used in
the model development
are satisfied to a certain
degree, and the target
gas behaves in the tall
chamber with a diffusive
nature. Our experiments
were conducted in the
laboratory under well-
controlled conditions,
which were set to facili-
tate the assumptions
used in the model devel-
opment. In both experi-
ments, the chamber
placement time (tp) was
kept relatively short
(5 min). In Experiment 1,

Table 1. Mass balance calculations and results for Experiment 2.a

Test MC-1 Test MC-2 Test MB-1 Test MB-2

Initial Concentration in Source Chamber C
0
 (mg/L) 21.247 20.788 14.004 13.818

Initial Chemical Mass M
0 
= C

0
 x V

sc
 (mg) 47.381 46.357 31.229 30.814

Final Concentration in Source Chamber C
end

 (mg/L) 1.185 1.051 0.555 0.619
Final Chemical Mass M

end 
= C

end
 x V

sc
 (mg) 2.643 2.344 1.238 1.380

Total Mass Loss in Test M
t 
= M

0
 - M

end
 (mg) 44.738 44.014 29.991 29.434

Mass Loss at Soil Surface M
s 
= 0.49 x M

t
 (mg) 21.922 21.567 14.696 14.423

Emission Loss Measured by Tall Chamber M
m

 (mg) 21.195 20.280 14.163 15.092
Mass Recovery = (M

m
/M

s
) x 100 (%) 96.7 94.0 96.4 104.6

Estimated Mass Retained in Soil Layer M
r-total

 (mg) 0.114 0.092 0.049 0.055
Degradation Loss (mg) 0 0 0 0
Altered Mass Recoveries (%) 96.2 93.6 96.0 104.2

aTerms used in table: Subscripts “0” and “end” represent the beginning (t = 0 hr) and the end (t = 34 hr) of each test; V
sc

 is the
volume of the source chamber (2.23 L); Other terms are self-explanatory or defined in the text.
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a relatively constant flux was maintained at the soil sur-
face during the entire experimental period. Thus, all re-
quirements or assumptions in the model development
were met, and then the flux was measured and estimated
by the tall chamber and its flux model. In  Experiment 2,
a changing flux was present at the soil surface in each
test. Thus, “a constant flux during the 5-min chamber
placement period” was only an approximate condition,
and the flux measured should be regarded as an approxi-
mate average over the 5-min placement period. How-
ever, the mass balance data obtained from all four tests
in Experiment 2 indicate that the tall chamber and its
flux could still provide reasonably good estimates of the
actual fluxes.

The experimental  protocol used in this study is con-
sidered to be an appropriate and effective approach for
evaluating the adequacy of the tall chamber technique.
We designed an experimental system and carefully selected
two volatile chemicals to generate either a constant flux
(Experiment 1) or a flux with a known mass source (Ex-
periment 2) at the soil surface. The tall chamber was then
used to measure these fluxes. The comparison of the mea-
sured flux with the known flux or the measured mass loss
provides good indications about whether the chamber
could operate as expected. Flux comparison and mass
balance experiments,  such as the ones in this study, will
enable chamber users to evaluate quantitatively  the per-
formance of flux chambers, including both passive and
active chambers. For example, similar experimental sys-
tems and protocols have been applied successfully in our
recent studies on other flux chambers.22

The tall chamber and its flux model appear to work
very well in this laboratory study, which indicates that
this new chamber technique can be an applicable tool for
measuring gas fluxes at the soil surface in laboratory stud-
ies where experimental conditions can be well controlled.
Laboratory experiments on VOC transport and fate in soil
have been, and will be, conducted extensively to obtain
information about mechanisms that govern VOC behav-
ior in subsurface soil. When a laboratory experiment in-
volves measurement of VOC volatilization rate at the soil
surface, the tall chamber and its flux model presented in
this study may be chosen as an adequate method. Use of
the complicated nonlinear model (eq 7) might be a disad-
vantage. However, the widespread and easy application
of computer programming makes it no longer a problem
to use the complicated model.

It is suggested that a tall closed chamber be designed
with a height significantly greater than 15–20 cm, the
typical height of shallow closed chambers widely used
previously. Considering that a very tall chamber might
be unstable and difficult to operate in a regular labora-
tory, a height from 50 to 80 cm is probably a reasonable

design range. Theoretically, the two sampling heights
(h1 and h2) can be selected arbitrarily within a tall cham-
ber. This laboratory study shows that an h1 of 10 cm and
an h2 of 30 cm may be choices of selection. Chamber place-
ment time depends on the diffusion coefficient (Da) of
the target gas.  Methods for estimating Da and the time
for the diffusion front to reach a certain height can be
found in the literature.19,23

The tall chamber technique may also have a potential
to be used in field situations. However, a field environment
is often associated with conditions that are not controllable
and not consistent with the requirements or assumptions
used in our theoretical analysis and model development for
the tall chamber. We consider the following to be the two
major problems for the tall chamber in the field: (1) radia-
tive heating on the chamber wall, which may create inter-
nal circulating convection of the target gas and destroy the
diffusive concentration gradient; and (2) vertical air con-
vection driven by the buoyancy due to the variations of tem-
perature and humidity near the soil surface, which may fail
the assumption of diffusion-driven transport of the target
gas in the tall chamber. The first problem may be avoided
by simply applying thermal isolation layer(s) to cover the
outside surface of the chamber wall. The second problem,
however, cannot be easily overcome because it is not associ-
ated with the chamber itself but with the actual thermal
and humidity conditions in the field. It should be pointed
out that this problem created by the ambient conditions is
present when applying any kind of chamber. For our tall
chamber, one possible remedy is to add a convection term
in the governing equation (eq 1) to include the transport of
the target gas along with the thermal convection of air. The
mathematical solution for the modified governing equation
may be relatively easy and straightforward. However, verifi-
cation of such a solution or the corresponding flux model
will require careful experimental design and a significant
amount of laboratory work, which is beyond the scope of
this paper.

CONCLUDING REMARKS
Previous studies have shown that closed chambers are
useful tools for measuring emissions of gases from soil
and water to the atmosphere, especially over small sur-
face areas. When measuring intense VOC emissions, a fast
and significant mass or concentration build-up will occur
within a shallow closed chamber. Under these situations,
a shallow closed chamber may become insufficient, un-
less an adequate flux model is used to account for the
nonlinear relation between concentration and time. The
tall passive chamber and its flux model proposed in this
study may be an attractive alternative to the shallow cham-
ber method. By providing a relatively large chamber vol-
ume and recognizing the presence of a gas concentration
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gradient in the chamber, a tall closed chamber is consid-
ered to be applicable for intense VOC emissions. Opera-
tion of a tall chamber is simple, since only a one-time
sampling at two different heights in the chamber is re-
quired for each flux measurement.

The tall chamber and its flux model were demon-
strated to be an applicable tool in laboratory experiments.
However, further work needs to be done to verify its ap-
plicability in field situations. In addition, sensitivities of
sampling and analysis may also limit the applicability of
the tall chamber for low-level emissions, where shallow
closed chambers and relevant nonlinear flux models may
remain preferable. Studies on the applicability of the tall
chamber to field situations and comparison of relative
applicability and effectiveness of tall and shallow closed
chambers under both intense and low-level emission situ-
ations are underway in our research group.
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