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[1] A novel technique for quantitative nondestructive study of two-dimensional
disposition of gas phase in unsaturated porous media is presented. Carbon dioxide was
pumped through a backlit 1 cm thick chamber packed with translucent sand, which
was variably saturated with water containing the pH indicator dye methyl red. As the
carbon dioxide dissolved in the pore water, lowering the pH and changing the dye color, a
CCD camera captured images of the resultant changes in transmitted light. These digital
image files were then processed using a series of calibrated steps to relate light intensity
to dye attenuation, dye attenuation to solution pH, and solution pH to aqueous and
gaseous carbon dioxide concentration. The final product was a series of false-color images
showing the development of the gaseous carbon dioxide plume. Limitations were found that
will require further development, including more attention to calibration of dye
concentration versus observed transmission and investigation of dye solubility across the
range of pH values employed. With refinement, this technique may prove to be a useful tool
in studying the complexities of gas phase transport in variably saturated porous media.
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1. Introduction

[2] The development of new experimental methods for
observing gases in unsaturated porous media is an essential
step toward improved understanding of gas phase transport
which plays an important role in the hydrology, biology, and
chemistry of natural unsaturated porous media. Here we
describe a strategy to use the two-dimensional light trans-
mission method (LTM) to observe gas transport in unsatu-
rated media. A pH indicator dye was used to quantify
carbon dioxide (CO2) concentration based on soluble CO2

alteration of pH. The LTM is a quantitative noninvasive
laboratory-based measurement approach to make observa-
tions of unsaturated zone processes including water and
solute distribution, colloid transport, nonaqueous phase
liquid flow, and interactions between water flow and mi-
crobial colonization [e.g., Niemet and Selker, 2001;
Weisbrod et al., 2003; Schroth et al., 1998; Yarwood et
al., 2002]. To our knowledge, the LTM has not yet been
applied to the observation of gas transport, but this appli-
cation would be useful in its own right, and an important
complement to the proven capabilities of these systems.

2. Methods

2.1. Chamber Preparation

[3] The pH indicator dye methyl red was used because its
pH range approximates that of the CO2-water system (pH

7–3.9) and its color change, from yellow to red, is readily
detectable by the human eye. Methyl red (0.005% w/v
methyl red powder (Matheson, Coleman and Bell) in
deionized water) was prepared in 10 L batches with
0.25 M KOH added to aid dissolution.
[4] The 50 � 50 � 1 cm chamber was packed with a

40/50 sieve-size silica sand [Schroth et al., 1996] and
prepared following the methods of Niemet and Selker
[2001]. After saturation with the 0.005% methyl red solu-
tion, the chamber was drained to residual saturation, with a
roughly 12 cm saturated capillary fringe along the bottom
of the chamber. The upper boundary of the chamber was
sealed with an aluminum cover to preclude escaped gas and
eliminate evaporation from the sand’s surface. CO2 was
sparged through water and pumped into the left-hand and
out of the right-hand sparging stones, located 15 cm from
the left and right chamber edges and 22 cm from the bottom
of the chamber with gauged identical peristaltic pump heads
(see Figure 1). Experiments lasted for 34 min at temper-
atures of 20�C ± 2 �C. Data from 3 experiments are
presented here: experiment 1 was conducted with a gas
flow rate of 40 mL h�1, while experiment 2 and 3 were
conducted with a gas flow rate of 280 mL h�1.
[5] The predicted mass of CO2 in the chamber was

compared with the total mass added to the system at 3
min intervals. Added mass was computed as the product of
time and flow rate, and does not account for gas removal
from the outlet port. Predicted masses were separately
calculated in both phases and then summed. Dissolved
phase concentrations were multiplied by corresponding
water content values, and resulting pixel values were
summed to yield total dissolved phase CO2 mass. Gas phase
concentrations were multiplied by corresponding available
pore volumes, which were computed by subtracting water
content at each pixel from porosity (h = 0.348, from
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packing data). Resulting values were summed to yield total
gas phase CO2 mass.

2.2. Image Capture

[6] The light bank behind the translucent sand was
illuminated during experiments as data images were cap-
tured at 18 s intervals by the camera, a liquid-cooled 16-bit,
grayscale, 512 by 512 pixel charge coupled device (CCD)

imaging chip (Princeton Instruments), used with a Nikon 35
mm, f-1.4 aperture lens (Nikon Corporation). The camera’s
500 nm wideband filter (70 nm spread) (model 57561, Oriel
Instruments) provided sensitivity to the color change of the
methyl red dye with pH. Images were saved in WinView
software (Princeton Instruments) as arrays of 512 by 512
pixels (1 pixel ffi 1 mm2 of chamber surface area). Each
array was imported into Fortner Transform (version 3.4,

Figure 1. Images portraying the development of a plume of gaseous CO2 in experiment 3 at 9, 15, 21,
and 27 min. Scale bar indicates [CO2]g in mol L�1; bull’s-eyes mark gas inlet and outlet ports, and axes
show depth and width in centimeters. Arrows show direction of gas flow.

Figure 2. Volumetric liquid content profiles of experiments 1, 2, and 3. Profiles represent a vertical
transect through the chamber at a point 7 cm from the left side of the chamber. The y axis represents
volumetric liquid content (q); the x axis represents depth from the top of the chamber.
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Fortner Software LLC), and was processed via the equations
described below on a pixel-by-pixel basis.

2.3. Image Processing

[7] Raw data were initially corrected for bias signal con-
tributions as described by Niemet and Selker [2001], and
image edges were trimmed, yielding a 467 by 435 pixel array
(46.2 cm by 43.1 cm). Image processing, described below,
sequentially transformed the raw data into (1) water content,
(2) light attenuation due to dye, (3) pH, (4) dissolved ([CO2]l)
(mol L�1), and (5) gas phase [CO2]g (mol L�1).
[8] 1. One image of water content prior to CO2 addition

was created per experiment, after Model E described by
Niemet and Selker [2001]. Water content was assumed to
be constant throughout the duration of the CO2 trace exper-
iment as the gas was humidified before being introduced to
the chamber. Sample water content profiles are shown in
Figure 2.
[9] 2. The change in transmitted light due to the effects of

CO2 dissolution on dye color was expressed as a function of
dye extinction coefficient and water content, using an
equation developed by Rockhold [2002]. In a series of

dye visualization experiments in the chamber, Rockhold
[2002] found that dye concentration could be determined
from light attenuation through modification of Beer’s law to
account for nonlinear effects of water content on light
attenuation, such that

a ¼ k

q0:42
ln

I

I0

� �� �1:35
; ð1Þ

where q is the volumetric liquid content, a = dye extinction
coefficient, Io = pre-CO2 addition pixel intensity, I = post-
CO2 addition pixel intensity, and k is a dye-specific
constant. Assuming CO2 saturation (0.039 mol L�1 at
standard pressure) around the inlet, the k value was
calibrated using a = 5.9 at CO2 saturation (computed using
CO2-a relationships described below) and averaged values
of I, Io and q of 20 pixels around the inlet, where I represents
the last image in an experiment. The concept of this
approach was to find an area of the chamber that had
definitely been exposed to pure CO2 for a period long
enough to be at equilibrium liquid phase concentration.
Using the least squares method, optimal k values were
found for each experiment as follows: experiment 1, k =
�1.62; experiment 2, k = �2.04; experiment 3, k = �1.83.
For this paper, data was processed twice using both
individual k values and an average k value of –1.94 (from
experiments 2 and 3).
[10] 3. A standard curve was created to relate dye

attenuation to solution pH. Three replicates of sixteen
0.005% methyl red samples spanning pH 3.9–7.2 were
measured for percent transmittance at 520 nm using a
spectrophotometer (Spectronic 21, Bausch & Lomb). Sam-
ple pH was manipulated with drop-wise additions of hydro-
chloric acid and measured with a pH meter (model SA250,
Orion Research). Attenuation was fit to measured transmit-
tance by adjusting a in Beer’s law,

T ¼ e�1:14a; ð2Þ

where 1.14 is the thickness (cm) of the cuvette used to
measure transmittance and T is a fractional value of
transmittance. The attenuation-pH data resembled the shape
of the van Genuchten [1980] water retention function, thus
the data were fit to an equation of this form using the least
squares method, where p = pH, with fitting parameters r =
0.475, s = 1, a = 0.174, n = 15.4 and m = 0.94:

p ¼

s� r

1� e�1:14a � r

� �1
m�1

� �1
n

a
: ð3Þ

The fit of this model to attenuation-pH data (R2 = 0.84) was
impaired by the dye’s tendency to flocculate at low pH, as is
discussed in greater detail in the results and discussion
section of this paper.
[11] 4. Considering CO2 as a nonreactive tracer, with a

diffusion coefficient in water of 1.6 � 10�5 cm2/s [Hillel,
1998], and a film thickness of 0.01 cm (an upper bound
based on the typical pore size being approximately 1/3 of
the mean grain size), we can estimate that the gas and liquid
phase CO2 concentrations equilibrate in less than two sec-
onds, thus we take the equilibria to be instantaneous for the

Figure 3. Mass balance analysis of predicted CO2.
Experiments are grouped by gas flow rate. Data points
represent calculations made at 3 min intervals. Solid
diamonds and shaded triangles show data computed using
an averaged k value; open diamonds and open triangles show
data computed with a k value individual to that experiment.
The 1:1 line represents the mass added to the system.
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purpose of these experiments. We can thus calculate [CO2]l
from a given pH based on equilibrium equations describing
the hydration and ionization reactions of CO2 in water,
combined with the definition of pH and a value for the
equilibrium constant K at 20�C, K = 10�6.381 [Butler, 1982].
Hence we may compute the liquid phase concentration as

CO2½ �l¼
10�2pH

K
: ð4Þ

[12] 5. Henry’s law, describing the solubilization of gases
into liquid, is used to calculate [CO2]g from [CO2]l, where
KH = 0.774 [Butler, 1982],

CO2½ �g¼ KH CO2½ �l: ð5Þ

Plume images were smoothed to minimize noise using
the ‘‘Smooth Data’’ function in Transform, and contours

of CO2 gas concentration were generated from the
images.

3. Results and Discussion

[13] Image processing produced a series of 120 images of
gas phase and dissolved phase CO2 plumes. Examples of
these false color images are shown in Figure 1; an entire
series is viewable as Animation S11. Note that the gas-filled
pore space in the chamber did not become saturated with
CO2 because the volume of introduced CO2 (154 mL) was
smaller than the gas-filled pore volume (>500 mL). An
apparent detection threshold of about 0.0002 moles can be
seen in Figure 3, which is about 5 ml at STP. Though we
have not conclusively determined the source of this effect,
this coincides with the volume of the tubing leading from

Figure 4. Contour images showing the extent of the plume at time = 30 min within which CO2 is at or
above 5 and 75% saturation as follows: (a) 5% (average k value), (b) 75% (average k value), (c) 5%
(individual k value), and (d) 75% (individual k value). Shaded lines represent data from experiment 2,
and solid lines represent experiment 3. Bull’s-eyes mark gas inlet and outlet ports, and axes show depth
and width in centimeters.

1Auxiliary material is available at ftp://ftp.agu.org/apend/wr/
2005wr004080.
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the pump to the chamber, which due to its incorporation into
the chamber could not be purged prior to the experiment.
[14] The predictions from the procedure are highly

dependent on k values, the variability of which may be due
to dye insolubility. Predicted CO2 mass values from exper-
iment 1 were closer to the 1:1 line when the averaged k value
was used (Figure 3); the assumption of CO2 saturation of the
inlet area may have been inaccurate in this experiment where
the gas flow rate was relatively low (40 mL h�1). In contrast,
the individual k values yielded more accurate CO2 mass
predictions from experiment 2 and 3 data (Figure 3), appar-
ently due to variability in dye behavior between experiments.
Small-scale experiments (data not shown) revealed that dye
tended to flocculate at low pH, which could cause changes in
dye concentration in the stock solution between experiments.
This variability in concentration should affect the intensity,
rather than the shape, of the predicted plume, which is
evidenced in contour plots of experiments 2 and 3. Contour
plots in Figures 4a and 4b were computed using the average k
value, while those in Figures 4c and 4d were derived from
individual k values. Using the individual k values did not
markedly affect the overall plume geometry, which is similar
between the two experiments, but did result in more similarly
sized regions of high concentration.
[15] A number of the data transformation steps described

above may present sources of error to the method. In step 1,
the coefficients used to calculate water content were com-
puted using a different filter and using water instead of dye
solution, thus their accuracy for this application is uncertain.
In step 2, the main source of error is the k calibration which
was sensitive to dye variability, yielding a wide variety of k
values. Dye variability also may contribute to error in step
3, where we found pH dye attenuation data at low pH to
vary between replicates. This error could be largely elimi-
nated through the use of a more soluble dye, and through
more direct calibration in the chamber system.
[16] This imaging method enabled the visualization of the

development and movement of a CO2 plume through
unsaturated porous media. The method was primarily ham-
pered by dye behavior, which could be remedied with a
more soluble pH indicator dye. The accuracy of the model
might be improved by: recalibration of the water content
equation to the dye solution over a range of pH values using
Niemet and Selker’s [2001] technique; and, reformulation
of the dye attenuation equation to calculate solution pH
directly from light intensity. Alternatively, one could use a
blended CO2, with for example 50–90% N2. In this way
one could adjust the equilibrium pH to avoid the solubility
threshold observed here. Finally, one could test the forma-
tion of precipitates as a function of dye concentration.

[17] This new technique has many appealing features for
the observation of gas flow in variably saturated porous
media. It provides spatial resolution at the millimeter scale;
provides temporal resolution of seconds; is nondestructive
and noncontact; and in principle allows simultaneous ob-
servation of other key parameters such as liquid saturation,
microbial distribution, and solute distribution. At present
further research is needed in the area of the optimal
concentrations of dye and CO2 to be used, and simultaneous
measurement of water content will require attention, either
to assuring the observation of light transmitted is carried out
at light wavelengths that are not effected by the changing
dye color, or by calibration of the water content based on
the observed dye color. The technique is also limited to use
with gases such as CO2 which alter the solution pH. Clearly
buffered solutions, as may be required in biological experi-
ments, would interfere with this technique, as might other
alterations of media or liquid solutes. Hence the light
transmission technique is shown to have the potential to
be an important addition to the study of gas phase flow in
unsaturated media, with direction for development indicated
through interpretation of a set of laboratory experiments.
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