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ABSTRACT
Significant quantities of gas are generated from labile
organic matter in contaminated sediments. The implica-
tions for the gas generation and subsequent release of
contaminants from sediments are unknown but may in-
clude enhanced direct transport such as pore water advec-
tion and diffusion. The behavior of gas in sediments and
the resulting migration of a polyaromatic hydrocarbon,
viz phenanthrene, were investigated in an experimental
system with methane injection at the base of a sediment
column. Hexane above the overlying water layer was used
to trap any phenanthrene migrating out of the sediment
layer. The rate of suspension of solid particulate matter
from the sediment bed into the overlying water layer was
also monitored. The experiments indicated that signifi-
cant amounts of both solid particulate matter and con-
taminant can be released from a sediment bed by gas
movement with the amount of release related to the vol-
ume of gas released. The effective mass transfer coefficient
of gas bubble-facilitated contaminant release was esti-
mated under field conditions, being around three orders
of magnitude smaller than that of bioturbation. A thin

sand-capping layer (2 cm) was found to dramatically re-
duce the amount of contaminant or particles released
with the gas because it could prevent or at least reduce
sediment suspension. Based on the experimental observa-
tions, gas bubble-facilitated contaminant transport path-
ways for both uncapped and capped systems were
proposed. Sediment cores were sliced to obtain phenan-
threne concentration. X-ray computed tomography (CT)
was used to investigate the void space distribution in the
sediment penetrated by gas bubbles. The results showed
that gas bubble migration could redistribute the sediment
void spaces and may facilitate pore water circulation in
the sediment.

INTRODUCTION
Contaminated sediments pose a serious challenge in
terms of remediation. Although physical removal by
dredging is practiced at various locations, this has proven
to be less effective than expected or desired, encouraging
the development of less-invasive and lower impact in situ
approaches. These approaches also present unique chal-
lenges because of the variety and complexity of natural
processes that occur in situ at the dynamic sediment-
water interface. In situ capping is one such method and
involves a conceptually simple approach to containment
and control of sediment contaminants. However, serious
challenges to the application of in situ capping are asso-
ciated with facilitated transport of contaminants by pro-
cesses including gas evolution and migration, groundwa-
ter seepage, nonaqueous phase liquid (NAPL) presence
and movement, and deep dwelling macrofauna that can
destabilize the sediment and a cap through bioturbation.
Cap placement and subsequent consolidation can desta-
bilize a separate gas or liquid phase previously held by
capillary forces. After placement, the development of an-
aerobic conditions beneath the cap may encourage signif-
icant gas generation and mobilization. These gases can
migrate out of the sediment into the overlying water and
vent to the atmosphere. This facilitated transport is of
concern at a number of locations.1,2 Gas movement has

IMPLICATIONS
Bubble-facilitated contaminant transport is one of the most
important processes in capped sediments. This study
shows that partition and sediment suspension are two fac-
tors responsible for contaminant transport during bubble
ebullition. In field conditions, both gas flux and sediment
suspension rates are small, and effective mass transfer
coefficients estimated from the experimental data indicate
that contaminant release due to gas ebullition is not ex-
pected to be significant relative to contaminant release
from bioturbation in uncapped sediment. Sand caps are
effective in reducing gas bubble-associated contaminant
release from sediment. With the help of CT techniques, we
observed that bubble movement could redistribute the void
spaces and increase pore water circulation in sediment,
thus changing the sediment structure and integrity. These
results are useful in the cap design.
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been demonstrated to be of concern when sediments are
contaminated with NAPLs.3 In this work, we seek to eval-
uate the potential for contaminant release due to migra-
tion in the absence of NAPLs.

Contaminated sediments often contain high organic
matter content. Both oxygen profiles and redox potential
data show that anaerobic conditions exist in capped sed-
iments.4 Under anaerobic conditions, organic matter is
converted into methane and carbon dioxide by bacterial
and microbial activities.5 Gas bubbles form when the gas
reaches saturation in the pore water. Methane gas plumes
(so-called gas flares) are found to form on the sea floor.6 As
previously discussed by Martens et al.7 and Hovland and
Judd,8 the movement of bubbles in sediments may cause
a destabilization of the sediment and/or stripping of vol-
atile pollutants out of contaminated sediments and sub-
sequent release into the water column.

Johnson et al.9 observed that bubbles in sediments
are nonspherical and often disk-shaped, with their long
axis in a near-vertical orientation. Boudreau et al.10,11 and
Gardiner et al.12 simulated the process by coupling a
reaction-diffusion model to a linear elastic fracture me-
chanics (LEFM) model. The model results conclude that
the bubble growth rate is strongly dependent on bubble
aspect ratio and the eccentric bubbles grow two to four
times faster than spherical bubbles for an equivalent vol-
ume of gas. Furthermore, isolated bubble growth may
become arrested so that small bubbles can cease to grow
in sediments; isolated bubbles can easily rise in sediments
by a buoyancy-driven fracture mechanism. Most recently,
they observed that bubbles in sand are essentially spher-
ical away from mud contacts.13

A number of papers have been published about gas
bubble ebullition rates from wetland sediments, paddy
soil, and other sediments.14–17 The gas fluxes from their
observations vary largely from 0.3 to 2640 mL/m2�day
because of the different local conditions. Recently, Him-
melheber and Hughes18 measured the methane genera-
tion from Anacostia River sediment in the laboratory and
reported that the gas generation rates normalized to sed-
iment-water interfacial area are near 0, 341, and 917 mL/
m2�day at 4, 22 and 35 °C respectively. Fendinger et al.19

estimated the overall pesticide contaminant fluxes by
measuring the gas bubble flux and assuming equilibrium
between the gas bubble and water. They noted that be-
cause the estimation is only approximate, more research
is needed to understand the gas bubble/water partition-
ing. Huls et al.2 conducted bench and field studies to
investigate the gas generation and the polycyclic aromatic
hydrocarbon migration from capped contaminated sedi-
ments. They concluded that gas release rates are highly
dependent on sediment temperature, and significant in-
sulation will be added to lower sediment temperatures
and terminate gas production when a sand cap is placed
on the sediment.

As discussed before, nucleation of gas bubbles occurs
when gases saturate in the pore water. During their
growth, bubbles push aside the surrounding sediment
grain matrix. Resulting stresses may initiate cracks around
bubbles. If these cracks join, they may form channels
stretching to the sediment surface along which gas may
escape. Van Kessel et al.20 reported that accumulation of

gas in sludge may continue until a bulk density less than
that of water is attained, and only then can gas escape as
a result of instabilities in the sediment matrix. The result-
ing gas movement can influence sediment structure.

X-ray computed tomography (CT) is a nondestructive
visualization and characterization technique that creates
three-dimensional images that map the variation of X-ray
attenuation within objects. The X-ray attenuation is a
function of the X-ray energy and the atomic number and
density of the material being scanned. Ketcham and Carl-
son21 provided an excellent review of the principles of CT
and application to geosciences. Because of its nondestruc-
tive nature and the large differences in X-ray attenuation
between the sediment and the gas bubbles, CT is an ex-
cellent tool for investigating the distribution and impact
of gas bubbles in sediment systems. Jepsen et al.22 studied
the effects of gas generation on sediment density and
erosion. Many others23,24 have employed CT techniques
to investigate the sediment structure nondestructively.
The method could capture the influence of gas release on
sediment structure.

In this study, a bubble column was used to investigate
phenanthrene flux from sediment while injecting meth-
ane gas bubbles at the bottom of the column. A hexane
layer was placed at the top to collect the material carried
by the methane gas bubbles, a process known as solvent
sublation.25,26 Multiple samples from the sediment slurry
and hexane were taken during the experimental run.
These samples provide contaminant distribution with
time in the aqueous phase, hexane, and suspended sedi-
ment particles. At the end of the experiment, the sedi-
ment in the column was cored. Several of the sediment
cores were scanned with CT equipment to determine the
void space distribution within the sediment and sand.
Finally, all the cores were sliced and analyzed for phenan-
threne. Contaminant mass balances were made to assure
that the results are reasonable.

MATERIALS AND METHODS
Materials

Phenanthrene of 98% purity as a tracer was purchased
from Aldrich Chemicals, Milwaukee, WI.

The sediment used was from the Anacostia River
(point 2, Washington, DC) (www.hsrc-ssw.org/anacos-
tia/). The phenanthrene concentration in the original
sediment was 0.68 mg/kg (n � 5, SD [standard deviation]
� 0.06). The sediment was sieved using a grid with 10 �
10-mm2 openings. The sieved sediment was inoculated
with phenanthrene using a procedure previously de-
scribed in the literature.27 The initial phenanthrene con-
centrations in three samples were 100.1 mg/kg (n � 5,
SD � 3), 99.6 mg/kg (n � 5, SD � 0.9) and 102.4 mg/kg
(n � 5, SD � 3.3), respectively.

A commercially available sand (QUIKRETE) was em-
ployed as the cap in these studies. Before use, it was sieved
through two sieves (U.S.A. Standard Testing Sieve Nos. 20
and 70) to remove larger and smaller particles, washed
several times with tap water then deionized water, and
then dried in the oven at 100 °C.
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Experimental Setup and Operations
Figure 1 is a schematic of the basic experimental setup. The
bubble column was a glass column with i.d. of 8 cm and a
total height of 74 cm. The gas flow meter (65-mm polytet-
rafluoroethylene with valve) and volumetric flow controller
(0.01–1 mL/min) were purchased from Cole-Parmer.

Contaminated sediment was first added into the bot-
tom of the column. The thickness of the sediment was
usually around 20 cm. Then sand (for the capped exper-
iment) and water were slowly and carefully added into the
column to minimize mixing and sediment suspension.
The height of the water was approximately52 cm. Finally
hexane was added on top of the water. The thickness of
the hexane layer was 5 cm (�380 g) for flow rates of 0.01
mL/min and capping experiments, and 10 cm (�760
grams) for the other experiments. A cooling condenser
was set up and the coolant water pump started to ensure
that no hexane evaporative loss occurred. Methane gas
from a cylinder was then introduced at the base of the
bubble column through a sparger. The gauge pressure of
the gas was 100 kPa for all the experiments.

Sample Collection and Measurements
Multiple samples were collected from the water/slurry and
hexane layers at several time intervals. The samples from
the hexane layer were collected into 2-mL flasks. The
hexane was concentrated using a nitrogen blow-down
and solvent-exchanged with acetonitrile before high-per-
formance liquid chromatography (HPLC) analysis (U.S.
Environmental Protection Agency [EPA] Standard
Method 8270).28 The water samples were collected from
sampling ports in the column, placed in 2-mL vials, and
directly injected into the HPLC. Slurry samples were col-
lected using a syringe barrel and immediately filtered
through a 0.7-�m glass fiber filter (Whatman) to remove
the sediment particles. The experimental results showed
that phenanthrene sorption to the filter was significant.
Extensive tests were conducted to determine the phenan-
threne fraction lost at different water-to-dry sediment
ratios and phenanthrene aqueous concentrations. Analy-
sis of these tests produced a factor to account for the
fraction lost to the filter. The samples from three different
heights of the column (bottom, middle, and top) were
analyzed at the same time. No significant difference was

observed. This suggests that the water/slurry was well
mixed by the bubble movement. Total suspended sedi-
ment (TSS) was measured by filtration of 4 mL of sediment
slurry. The data at several time intervals gave the variation
of TSS with time.

After the experiment reached a steady state, the hex-
ane and the slurry layers were drained from the column,
and sediment was cored with a transparent plastic tube
(diameter � 30 mm). One end of the plastic tube was
machined to a thin edge; it was pushed through the
sediment until it reaching the sparger at the bottom. A
soft tube was utilized to connect the top end of the tube
with a self-made piston-cylinder vacuum system. The vac-
uum provided a suction pressure to keep the sediment
sample in the tube. At this point the frit was unscrewed
and removed; the tube was capped and sealed. A Dremel
tool was employed to remove the top part of the tube
from the top end of the sediment core, and the top end of
the core was also capped and sealed.

All CT scanning of the sediment and cap was per-
formed at the High-Resolution X-ray CT Facility at the
University of Texas at Austin (UTCT). The CT equipment
used was a custom-made CT unit manufactured by Bio-
Imaging Research (BIR), Inc. (www.bio-imaging.com/).
The X-ray source was a 200 kV FeinFocus model FXE
200.20, which is capable of a focal spot size less than 10
�m. The detector system was an image intensifier from
which data were captured and digitized by a CCD 1024 �
1024 camera. All scans were done with X-ray peak energy
at 150 kV and current between 0.21 and 0.25 mA. Each
rotation consisted of 1000 angular positions (i.e., views),
with an acquisition time of 0.133 sec per view. Data for
multiple slices were acquired during a single specimen
rotation by utilizing data off the true horizontal plane
used for standard tomography. A slice-based reconstruc-
tion algorithm was used to produce one 16-bit TIFF image
for each slice. Each slice had an interpixel spacing of
0.03271 mm and the interslice spacing was 0.03675 mm.

The 16-bit TIFF images were loaded into BLOB3D, an
instrument detection limit-based program (Research Sys-
tems Inc., Boulder, CO) that was designed for processing
three-dimensional CT datasets and extracting informa-
tion concerning features or objects within the data vol-
ume. It was designed for efficient and rigorous definition,
separation, and measurement of hundreds to tens of
thousands of distinct and irregular objects from a data
volume comprising tens to hundreds of megabytes. In
this work, BLOB3D was used to uniquely separate, iden-
tify, and characterize each individual “macrovoid” within
the sediment or cap. Note that the resolution of the CT
system is insufficient to uniquely identify the individ-
ual grains and void spaces. Here we are using the word
“void” to identify a subregion within the system that
has a significantly different density than the surround-
ing material. Output from BLOB3D included the size
and surface area of each individual void within the
imaged subsection of the core. To make comparisons, a
control sample was prepared. Twenty centimeters of
sediment were placed into a glass cylinder and kept still
for several weeks without methane injection. The sed-
iment was cored using the same transparent plastic tube
and scanned with CT equipment.

Figure 1. Experimental setup.
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After removal of a core for CT scanning, a second
sediment core was collected and sliced to determine the
phenanthrene concentration profiles. Sections were ob-
tained by placing the core on a post. The plastic tube was
scaled and lowered 2 mm each section. A section was cut
from the top of the extruded core with a knife and spat-
ula.29 Each section was split into two samples, one for
moisture measurement and the other for contaminant
analysis.

RESULTS AND DISCUSSION
Initial efforts were focused on high flow rates, typically
much higher than might be expected with natural gas
generation and release rates. This can provide an indica-
tion of mechanism of release but may overestimate quan-
titatively or qualitatively the effects of gas release.

Effects of Methane Flux on TSS or Sediment Flux
A movie recording bubble movement through the sedi-
ment-water interface was taken with a digital camera
(Photron Motion Tools). The movie showed that the bub-
bles brought sediment particles into the water column
upon leaving the sediment. The larger, heavier particles
fell back to the sediment bed, whereas the smaller, lighter
particles remained suspended in the water column. The
experimental results show that TSS in the water column
increased with time until it reached a constant value.
Figure 2a shows the sediment fluxes with time at two
different methane gas fluxes derived from TSS data. It is
clear that the sediment flux to the water column increased
with time in the beginning, reached a maximum value,
and then gradually decreased to zero or a constant sus-
pension-deposition equilibrium. The larger the methane
flux, the higher the TSS or the sediment flux maximum
value. This is understandable because the larger methane
flux produces stronger forces on the particles resulting in
larger final TSS.

Effects of Methane Flux and TSS or Sediment
Flux on Contaminant Release

The experiments show that the phenanthrene concentra-
tion in the aqueous phase increased with time, reached a
maximum value, and then decreased. This reflects the
dynamics of the mass transfer processes occurring in the
water column. Methane gas bubbles not only take up the
contaminant from the pore water in the contaminated
sediment but also suspend fine particulates in the water
column. Both contaminated sediment particulates and
methane gas bubbles release phenanthrene into the wa-
ter. The driving force for mass transfer and phenanthrene
desorption from gas bubbles and sediment particles is
large in the beginning because phenanthrene concentra-
tion in the water is very small or near zero. This results in
an increase in phenanthrene concentration in the water
during the initial stages of the experiment. With time, the
driving force decreases because of increasing aqueous
phase concentration. As the methane gas bubbles transit
the aqueous column they carry with them a certain frac-
tion of phenanthrene to the overlying hexane layer.

When phenanthrene mass gain by desorption from sedi-
ment particles to water and the loss by gas bubble trans-
port are equal, the peak value of the phenanthrene con-
centration is reached in the water. Eventually the
phenanthrene concentration in the aqueous phase will
decrease with time because the rate of mass gain by de-
sorption from sediment particles becomes smaller than
the rate of mass lost by bubble transport. The mass in-
crease in the hexane layer with time shows a characteristic
S-shape (Figure 2b). Phenanthrene mass in the hexane
layer is mainly by methane bubble transport. In the be-
ginning, the bubbles redistribute phenanthrene from
pore water and release some into the water column. Dur-
ing this period, the phenanthrene mass increases slowly
in the hexane layer. When the phenanthrene concentra-
tion in aqueous phase is high, the bubbles will transport
phenanthrene from both the sediment pore water and the
aqueous phase; that increases the mass increase in the
hexane layer. Once the peak value of phenanthrene con-
centration in the aqueous phase is reached, bubbles will
transport less mass as the concentration in the aqueous
phase decreases with time. Thus the rate of mass increase
in the hexane layer slows.

Methane flux influences the mass distribution of
phenanthrene. A higher methane flux causes more sedi-
ment to be suspended in the water column and the peak

Figure 2. Sediment flux and phenanthrene mass in hexane (Mh)
with time. (a) Sediment fluxes at two different methane fluxes; (b) Mh
at three different methane fluxes.
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value of phenanthrene concentration is reached earlier. It
is obvious that the higher the flux of gas passing through
the column, the more phenanthrene mass carried into the
hexane. In fact, the total phenanthrene mass collected in
the hexane layer is proportional to the methane gas flux.

One experiment with low methane flux (0.01 mL/
min or 2.87 L/m2�day) was conducted to simulate near
field-flux conditions. The phenanthrene concentration in
the water column was very small and undetectable, but
the dissolved organic carbon (DOC) increased from 1.7 to
3.5 mg/L. The increase of phenanthrene mass in the hex-
ane layer with time was extremely slow (Figure 2b).
Phenanthrene fluxes and effective mass transfer coeffi-
cients (MTC) at various methane fluxes were estimated
(Table 1). The effective MTC based on a solid phase sedi-
ment concentration of 0.0017 cm/yr at the lowest gas
release rate can be compared with a typical bioturbation
sediment reworking coefficient of the order of 0.1–10
cm/yr or higher.30,31 Thus contaminant release due to gas
ebullition is not expected to be significant relative to
contaminant release from bioturbation in exposed con-
taminated sediments unless gas migration occurs at much
higher rates than that associated with the natural evolu-
tion of gas as a byproduct of anaerobic degradation of
organic matter. However, as indicated previously, the
presence of contaminants in a liquid phase, either as a
NAPL or soluble contaminants, could increase the propor-
tion moved by gas release. The movement of contami-
nants by gas may also become the controlling release rate
in capped systems, in which bioturbation is displaced to
the surface of a cap rather than within the contaminated
sediments.

Effect of Consolidation on Contaminant Release
For this experiment, the sediment was consolidated for 15
days before the methane gas was introduced into the
column. Note that the methane flux was slightly lower in
the experiment with sediment consolidation. Figure 3a
shows that the time needed for the sediment flux to reach
zero (i.e., TSS to reach a constant value) was around 95 hr
for the unconsolidated sediment system, but increased to
343 hr for the consolidated sediment. The sediment con-
solidation can make the sediment more compact and
harder to suspend. Because sediment suspension is a ma-
jor phenanthrene release mechanism into the aqueous

phase and transport into the hexane layer, the delay in
the TSS reaching a maximum for consolidated sediment
system leads to the delay in the peak aqueous concentra-
tion and less phenanthrene mass in the hexane layer
(Figure 3b).

Effect of Cap on Contaminant Release
A 2-cm sand cap was used to cap the contaminated, con-
solidated sediment. The stable phenanthrene concentra-
tion in the aqueous phase is approximately 5 ppb, around
5 times less than those for uncapped systems. The mass in
the hexane layer for the capped sediment is also much
smaller than those for the uncapped systems (Figure 3b).
The reason is that the sand cap layer functions as a filter
that effectively prevents sediment suspension. Although
the water column became slightly turbid and the DOC in
the aqueous phase increased from 1.3 to 5.7 mg/L, the TSS
was too small to be measured using the filtration method.
As stated earlier, the phenanthrene transport from the
contaminated sediment to the water column and hexane
layer was facilitated by bubbles in the uncapped case. For
the capped system, although bubbles transported some
phenanthrene, there was much less sediment suspended

Table 1. Contaminant fluxes and effective MTCs at different methane
fluxes.

Methane Flux
mL/min (L/m2�day)

Phenanthrene flux
(NA)a (�g/m2�hr)

Effective
MTCb (cm/yr)

6.85 (1963) 7069 80.11
1.07 (307) 877 9.94
0.01 (2.87) 0.42 0.0047
0.0035 (1) 0.15c 0.0017

Notes: aNA is estimated by the slope of linear regression of the phenanthrene
mass in hexane layer with time (Figure 2b) divided by the column cross
section area. bEffective MTC � NA/ (�bWs), where �b is the sediment bulk
density (kg/m3) and Ws is the sediment loading (mg/kg). cThis value is
estimated at expected rates of gas release under field conditions (�1
l/m2�day)18 assuming that contaminant flux is a linear function of gas flow at
low gas release rates.

Figure 3. Sediment flux and phenanthrene mass in hexane (Mh)
with time. (a) Sediment fluxes with and without consolidation; (b) Mh
with and without cap.

Yuan, Valsaraj, Reible, and Willson

Volume 57 September 2007 Journal of the Air & Waste Management Association 1107



in the water column. Hence, the water concentration of
phenanthrene was very small.

Contaminant Concentration Profiles in
Sediment Cores

The phenanthrene concentration profiles in all the sed-
iment cores were measured. Figure 4a and b, shows two
examples for capped and uncapped cores. The profiles
demonstrate that there is a concentration decrease at
the end of the sediment cores. At the top of the core,
water, slurry, and sediment mixing tend to cause the
concentration decrease. At the bottom of the core,
phenanthrene transport from pore water into methane
gas may be the reason for the concentration decrease.
The concentration gradient between the pore water and
the gas bubble should be larger at the column base
because of the injection of clean methane. This can
make phenanthrene concentration in the sediment de-
crease faster. No obvious concentration difference was
observed in the middle of the sediment core. This may
mean that bubbles circulated the pore water in the
sediment. Pore water circulation in the sediment would
make a uniform sediment loading possible. To confirm
this hypothesis, further experiments should be done us-
ing CT to quantify the void distributions during methane
injection. For capped cores, sediment and sand mixing at

the sediment-sand interface was observed, which can be
caused by the gas bubble movement and the density
difference between sand and sediment.

Mass Balance
Total phenanthrene mass added with the sediment can be
calculated by sediment loading and weight and water con-
tent that were measured when sediments were added to the
column. During each experimental run, phenanthrene mass
would redistribute in the sediment, slurry, and hexane layer.
Phenanthrene mass in the hexane layer and in the aqueous
phase are easily calculated using measured concentrations
and volume. To estimate the phenanthrene mass on the soil
particles in the slurry, an equilibrium partition coefficient,
Kd, was used to calculate the phenanthrene concentration
on the soil particles. This should not result in a large differ-
ence even if they are not at equilibrium because the phenan-
threne mass in the slurry is only a very small part of the total
phenanthrene mass. However, this practice can underesti-
mate the phenanthrene mass on the sediment particles if
there is no equilibrium between the aqueous phase and
sediment. The particle weight can be estimated by TSS and
slurry volume. The procedure to calculate the phenanthrene
mass remained in the sediment is as follows.

The total phenanthrene remaining in the sediment
can be calculated by

Figure 4. Phenanthrene concentration profile. (a) in sediment core (Q � 1.07 mL/min, 307 L/m2�day); (b) in sediment and sand core (Q � 0.77
mL/min, 221 L/m2�day).
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ms � �
i � 1

n

WsiVsi�bi (1)

where ms is the phenathrene mass (mg) in the sediment,
Wsi is the sediment loading in the ith section (mg/kg), Vsi

is the volume of the ith section, �bi is the sediment bulk
density (kg/m3), and n is the number of total sections,
being equal to the total height of the sediment divided by
the height of each section.

Usually sediment was sliced into several samples (2
mm each) from the top, middle, and bottom of the sedi-
ment core. As mentioned before, both sediment loading
and moisture were measured. Sediment moisture can be
used to estimate the sediment bulk density because the
volume of each section is known. The sediment loading
can be directly used in the above equation. For the other
part of the middle area where there are no experimental
data, the average of the loading from the middle (or
several inside data from both top and bottom) was used.
Because each sediment section is a conical frustum (on
the bottom side) or a cylinder (on the top side), the
sediment volume each section can be estimated by

Vsi �
� � hi

12
�Dhi1

2 � Dhi1 � Dhi2 � Dhi2
2) (2)

where Vsi is the volume of the section (m3,) hi is the
height of the section (m), Dhi1 is the top diameter (m),
and Dhi2 is the bottom diameter (m), which can be
calculated by Dh � 5h/11 � 0.03 (m) for this specific
column.

Table 2 lists the phenanthrene mass distributions for
different cases. Each case gives a reasonably good mass
balance. The data also indicate that methane flux is one
major factor for phenanthrene mass distribution. Higher
methane fluxes lead to more contaminant mass release
from the sediment. The sand cap can be another major
factor for phenanthrene mass distribution if the cap
maintains its integrity.

Void Size Distribution in Sand and Sediment
Four separate sediment cores were imaged using CT. The
first core was from the experiment at the high gas flow
rate (Q � 6.85 mL/min, 1963 L/m2�day), and the second
one from the experiment with a lower gas flow rate (Q �
1.07 mL/min, 307 L/m2�day). These two sediment cores
were scanned in three regions each 3 mm thick. The top
region begins 5 mm below the top, middle starts from the
center of the sediment, and bottom starts 8 mm above the
bottom. For the capped sediment core, four regions (6
mm each) were scanned, located at the middle of the sand
layer and the top, the middle, and the bottom of the
sediment. Only the middle part (6 mm) of the control
sediment core was scanned. Qualitatively (see Figure 5, a,
c, and d), it appears that there are a large number and
better spatial distribution of void spaces in the experi-
ments with methane injection compared with the control
column. Quantitative analysis shows that the number of

Table 2. Phenanthrene mass distribution in different phases and mass balance.

Cases

Total Mass
Added with
Sediment

(mg)

Mass Distribution in Different Phases after the Experimental Run

Relative
Error
(%)

Sediment
(mg)

Slurry

Hexane
Layer
(mg)

Total
Mass
(mg)

Suspended
Particles

(mg)

Aqueous
Phase
(mg)

Q � 6.85 mL/min (1963 L/m2�day),
t � 406.9 hr

56.6 39.8 (72.8%) 2.0 (3.6%) 0.07 (0.1%) 12.9 (23.5%) 54.7 3.6

Q � 1.07 mL/min (307 L/m2�day),
t � 366.5 hr

57.5 52.6 (96.4%) 0.3 (0.6%) 0.07 (0.1%) 1.6 (2.9%) 54.6 5.0

2 cm sand cap, Q � 0.77 mL/min
(221 L/m2�day), t � 473.5 hr

56.5 52.9 (98.5%) 0.6 (1.2%)
(in sand)

0.02 (0.03%) 0.1 (0.3%) 53.7 4.9

Q � 0.64 mL/min (183 L/m2�day),
15 days’ sediment consolidation,
t � 557.5 hr

56.0 49.5 (96%) 0.454 (0.9%) 0.07 (0.1%) 1.5 (3.0%) 51.5 8.0

Figure 5. Images of void distributions. (a) in the middle of sediment
core without cap (Q � 1.07 mL/min, 307 L/m2�day); (b) in the middle
of sand cap (Q � 0.77 mL/min, 221 L/m2�day); (c) in the middle of
sediment core with cap (Q � 0.77 mL/min, 221 L/m2�day); (d) in the
middle of the control sediment core (without methane gas flow).
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voids in the column sediments is larger than in the con-
trol sediment (Table 3). This helps support our hypothesis
that bubble migration enhances the pore water circula-
tion within the sediment column and may help redistrib-
ute the void spaces. Analyses of the size distributions
indicate that void spaces are smaller and more uniform at
lower flow rates (Figure 5 and Table 3). Finally, a large
‘bubble’ or void space in the sand layer was observed
(Figures 5b and 6b), suggesting the coalescence of the
methane bubbles in the sand layer.

Contaminant Transport Pathway
Based on the above experimental observations, we postu-
late a pathway of gas bubble facilitated sediment and
contaminant transport through sediment systems. For an
uncapped system, organics in the contaminated sediment

can be converted into methane, carbon dioxide, and ni-
trogen gas by biological and microbial activities under
anaerobic condition. Bubbles form with increasing gas
vapor pressure. The bubbles take up contaminants from
pore water in the contaminated sediment via gas/water
partitioning and would move up into the water column
when the pressure inside is larger than atmospheric plus
hydrostatic pressure. We visually observed that the oblate
bubbles (or ellipsoid) with their major (long) axis in the
horizontal direction bring soil particles in their wake as
they move through the sediment-water interface. The
large/heavy particles would sink to the sediment and the
small/light ones remain in the water column and form a
slurry. The contaminated particles in the slurry will des-
orb contaminants into the aqueous phase and initially so
will the bubbles. This increases the contaminant concen-
tration in the aqueous phase. As the bubbles traverse the
aqueous phase and break the surface, contaminants are
released into the air. The experimental results clearly
show that the sediment suspension is the major contam-
inant transport mechanism.

In the capped system (Figure 7), the bubbles gener-
ated in the contaminated sediment will move through the
clean cap material. The gas bubbles release the contami-
nants into the pore water in the sand cap and water
column. Although gas bubble movement may lead to
some mixing of the sediment and sand at the sediment-
sand interface, no significant sediment suspension is ob-
served if the sand cap is not breached by the gas bubbles.
In fact, the cap functions as a filter inhibiting sediment
suspension, which eliminates or reduces the source of
contaminant into the water column.

CONCLUSIONS
Partitioning and sediment suspension are two factors for
contaminant transport associated with bubble ebullition
in contaminated sediment. Experimental results show
that sediment suspension is an important factor as a con-
taminant release mechanism. A sand cap can prevent or at
least decrease the sediment suspension, making it a good
barrier to bubble-facilitated contaminant release from
contaminated sediments. At natural rates of gas genera-
tion and evolution in sediments (�1 L/m2�day), particle

Table 3. Void count and total volume for the different experimental
conditions.

Sediment
Specimens

Scanning
Parts

Scanning
Thickness

(mm)
Number
of Voids

Total Void
Volume
(mm3)

The first core Q �
6.85 mL/min
(1963 L/m2�day)

Middle 3 94 59.0

Bottom 3 61 35.2

The second core Q �
1.07 mL/min
(307 L/m2�day)

Middle 3 89 25.3

Bottom 3 204 54.8

Capping sediment Q �
0.77 mL/min
(221 L/m2�day)

Sand layer 6 50 123.9
Top 6 114 44.6
Middle 6 160 28.5
Bottom 6 35 20.5

Control sediment Middle 6 7 54.6

Figure 6. Void volume distributions (on a log scale): (a) in un-
capped sediment and (b) in capped sediment/sand core.

Figure 7. Depictions of gas bubble generation and migration
through a cap.
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resuspension rates and facilitated release rates of solid
associated contaminants are relatively small. For example,
bioturbation would be expected to give rise to far more
rapid contaminant transport in stable uncapped sedi-
ments. CT images show that the bubble movement can
redistribute the void spaces in the sediment and increase
pore water circulation in the sediment, thus changing the
sediment structure and integrity. Bubbles can also coa-
lesce in the sand layer and large bubbles are more likely to
break the sand cap. These factors should be considered in
the design of caps over contaminated sediments in the
field.
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