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[1] Methane is a potent greenhouse gas, but its effects on
Earth’s climate remain poorly constrained, in part due to
uncertainties in global methane fluxes to the atmosphere.
An important source of atmospheric methane is the methane
generated in organic‐rich sediments underlying surface
water bodies, including lakes, wetlands, and the ocean.
The fraction of the methane that reaches the atmosphere
depends critically on the mode and spatiotemporal charac-
teristics of free‐gas venting from the underlying sediments.
Here we propose that methane transport in lake sediments
is controlled by dynamic conduits, which dilate and release
gas as the falling hydrostatic pressure reduces the effective
stress below the tensile strength of the sediments. We test
our model against a four‐month record of hydrostatic load
and methane flux in Upper Mystic Lake, Mass., USA, and
show that it captures the complex episodicity of methane
ebullition. Our quantitative conceptualization opens the door
to integrated modeling of methane transport to constrain
global methane release from lakes and other shallow‐water,
organic‐rich sediment systems, and to assess its climate
feedbacks. Citation: Scandella, B. P., C. Varadharajan, H. F.
Hemond, C. Ruppel, and R. Juanes (2011), A conduit dilation
model of methane venting from lake sediments, Geophys. Res.
Lett., 38, L06408, doi:10.1029/2011GL046768.

1. Introduction

[2] Atmospheric methane (CH4) concentrations have risen
steadily over the past two centuries, following an anthro-
pogenically‐driven trend that is similar to that for carbon
dioxide [Intergovernmental Panel on Climate Change, 2007].
Global warming is in turn affecting natural methane emis-
sions, particularly in the largely land‐covered Northern lati-
tudes where newly‐produced methane is often emitted
directly to the atmosphere through an intervening (oxidizing)
biofilter [Rudd et al., 1974], accessing carbon long seques-
tered from the global carbon cycle [Walter et al., 2006;
Archer et al., 2009]. Ebullition of methane from sediments in
lakes, the deep ocean, wetlands, and estuaries is a primary
means for emitting methane to the ocean‐atmosphere system
[Walter et al., 2006; Solomon et al., 2009; Shakhova et al.,
2010; Greinert et al., 2010; Bastviken et al., 2011].

[3] Past studies have made fundamental contributions
to understanding the life cycle of methane in sediments,
including microbial methane production, bubble growth and
migration within sediments, emission at the sediment‐water
interface, and bubble rise, dissolution and oxidation in the
water column [Martens and Klump, 1980; Valentine et al.,
2001; Judd et al., 2002; Rehder et al., 2002; Heeschen
et al., 2003; Boudreau et al., 2005; Leifer and Boles, 2005;
McGinnis et al., 2006; Greinert et al., 2010]. The importance
of methane gas in limnetic environments has also been
long recognized [Fechner‐Levy and Hemond, 1996], and
evidence is mounting that transport of methane in the gas-
eous phase dominates dissolved transport both within lake
sediments and once methane reaches the water column
[Crill et al., 1988; Keller and Stallard, 1994; Walter et al.,
2006; Delsontro et al., 2010; Bastviken et al., 2011]. The
magnitude of the atmospheric release—the portion of bub-
bles not dissolved during rise through the water column—
depends on the mode and spatiotemporal character of
venting from sediments [Leifer et al., 2006; Gong et al.,
2009], so models of methane transport in the sediment col-
umn must reproduce the spatiotemporal signatures of free‐
gas release from the underlying sediments to correctly
predict the fraction that by‐passes dissolution and reaches
the atmosphere.
[4] Here, we introduce a quantitative model of methane

production, migration and release from fine‐grained sedi-
ments. We constrain and test the model against a record
of variations in hydrostatic load and methane ebullition
from fine‐grained sediments in Upper Mystic Lake (UML),
a dimictic kettle lake outside Boston, Massachusetts
[Varadharajan et al., 2010] (Figure 1a). Our model is moti-
vated by two key observations: ebullition is triggered by
variations in hydrostatic load [Martens and Klump, 1980;
Mattson and Likens, 1990; Fechner‐Levy and Hemond,
1996; Leifer and Boles, 2005; Varadharajan et al., 2010],
and gas migration in fine sediments is controlled by the
opening of fractures or conduits [Boudreau et al., 2005; Jain
and Juanes, 2009; Algar and Boudreau, 2010; Holtzman
and Juanes, 2010]. The high degree of synchronicity in
ebullative fluxes among distant venting sites located at
different depths (Figure 1) suggests that the release mech-
anism is governed by the effective stress, which is the
average stress between solid grains [Terzaghi, 1943]. We
propose that gas bubbles escape by dilating conduits upward
to the sediment surface as falling hydrostatic pressure
reduces the compressive effective stress below the effective
tensile strength of the sediments. This model of “breathing”
conduits for gas release couples continuum‐scale por-
omechanics theory with multiphase flow in porous media
to capture the episodicity and variable rates of ebullition.
The ability of the model to match the flux record from
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UML, as well as the direct observation of episodic gas
venting (Figure 1c), suggests that this mechanism indeed
controls ebullition from lake sediments.

2. Model Formulation

[5] Methane is generated in anoxic lake sediments by
microbial decomposition of organic matter, and the gener-
ation rate depends on organic carbon availability, reduction‐
oxidation potential, and temperature. Once the total pressure
of all the dissolved gases exceeds the hydrostatic pressure,
any additional gas exsolves into a bubble. Gas bubbles—
often mostly comprised of methane—grow, coalesce, and
are transported vertically through the sediment until they are
released into the water column. Gas is buoyant with respect
to the surrounding water filling the pore space, but mobili-
zation of gas bubbles in a rigid, fine‐grained porous medium
requires connected gas bubbles of very large vertical
dimension [Hunt et al., 1988], Lv ≈ 2�

�w��gð Þgrt, where g is the

interfacial tension, rw and rg are the water and gas densities,
respectively, g is the gravitational acceleration, and rt is
the pore throat radius, which is of the order of one‐tenth of
the particle radius. For a typical value of g ∼ 0.070 N/m, and
a conservative value of the particle diameter at UML, dg ∼
10 mm, we estimate that a connected bubble height Lv ∼ 30 m
would be required to overcome capillary effects. This is
three orders of magnitude larger than observed bubble sizes
[Martens and Klump, 1980; Sills et al., 1991; Boudreau et al.,
2005], clearly indicating that capillary invasion in a rigid
medium cannot explain methane venting, and that methane
release must involve sediment deformation. A drop in
hydrostatic load on the sediments lowers the compressive

sediment stress and provides an opportunity for buoyant
bubbles to overcome their confinement and expand by
deforming the sediments. However, theoretical analysis
shows that spherical bubbles of realistic size would be
mobilized in sediments with reasonable shear strength only
under unrealistically large vertical stress variations on the
order 10 m of water head [Wheeler, 1990]. The ebullition
record from UML [Varadharajan et al., 2010], however,
shows gas venting in response to head drops of less than
0.5 m (5 kPa, Figure 1b), which implies that some other
mechanism must mobilize bubbles for vertical transport.
[6] The observation that bubbles in clayey sediments

grow in a highly‐eccentric, cornflake‐shaped fracture pat-
tern [Boudreau et al., 2005; Algar and Boudreau, 2010],
rather than as spherical bubbles, suggests that this mode of
growth may also allow for vertical mobility. The relevance
of this transport mechanism in fine‐grained sediments is
supported by micromechanical models of gas invasion
in water‐filled porous media [Jain and Juanes, 2009;
Holtzman and Juanes, 2010]. Following these observations,
we hypothesize that the dilation of near‐vertical conduits
is the primary mechanism controlling free‐gas flow and
release from lake sediments. Instead of modelling the rise of
individual bubbles through sediment, we propose that gas
cavity expansion dilates a vertical conduit for free gas flow
to the sediment surface (Figure 2a). Since the flow con-
ductance of these conduits is several orders of magnitude
larger than that of undisturbed sediments, we assume that
bubble release is much faster than the daily timescale
resolved here, and in the model implementation we evacuate
gas instantaneously from the entire depth range of the open
conduit. We have confirmed that the flux records using this

Figure 1. Spatially‐ and temporally‐concentrated ebullition from lake sediments in response to hydrostatic pressure drops.
(a) Location of Upper Mystic Lake (inset, Massachusetts shaded) and bathymetry at 2.5‐m shaded intervals superposed on
an aerial photomosaic. Colored circles mark bubble trap locations that produced the data shown in Figure 1b, and the profile
shown in Figure 1c was collected along the pink transect, with the star marking the gas plume location. (b) Record of hydro-
static load variations (left axis, blue curve) and cumulative gas collected (right axis) from early August through November
2008. The flux records from individual traps are highly synchronous, especially during periods of pronounced drop in
hydrostatic head, denoted by grey bars. (c) Acoustic subbottom profile across UML (blue), where lighter shading indicates
reduced reflectivity associated with gassy areas near the sediment surface. Overlain is a sonar image showing a bubble
plume rising ∼5 m from the sediments, following a drop in hydrostatic pressure in December 2009.
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simplification are nearly identical to those from more
detailed simulations that assume Darcy flow of gas through
the conduits [Scandella, 2010].
[7] Flow conduits dilate in response to changes in effec-

tive stress, s′, which is the average stress carried by the solid
skeleton and is the primary determinant of deformation
[Terzaghi, 1943]. When two fluid phases are present, the
effective stress is a function of both fluid pressures [Coussy,
1995], but a series of experiments on fine, gassy sediments
suggests that the overall deformation depends primarily on
the total (vertical) stress and gas pressure alone [Sills et al.,
1991]. This is consistent with the view that sediment and
water form a coherent “mud” phase, where gas bubbles have
a characteristic size much larger than the pore size [Sills
et al., 1991; Boudreau et al., 2005]. Thus, we approximate
the effective stress in gassy sediments as:

�′ ¼ �� Pg; ð1Þ

where s is the total vertical stress—the sum of integrated
bulk sediment weight and hydrostatic load—and Pg is the
gas pressure. In soft, cohesive sediments, the ratio of lateral
to vertical effective stress is often around one, so vertical

and horizontal stresses are roughly equal. Conduits dilate
when the effective stress at a particular depth becomes
negative and matches the magnitude of the effective tensile
strength, T.
[8] A drop in hydrostatic load may reduce s′ to this

cohesive yield limit and initiate bubble transport to the
sediment surface. While the total stress is forced by changes
in hydrostatic load, the gas pressure evolves in response
to compression and dilation of gas cavities within a plastic,
incompressible matrix of sediment and water. Therefore,
two separate mechanisms are at play: cavity deformation
and conduit opening. Cavity deformation changes the gas
pressure and volume whenever the effective stress reaches
tensile or cohesive limits. The conduits, however, open only
at the tensile limit. The gas generation rate is assumed to be
constant and to increase the bubble volume only. Thus,
changes in gas pressure occur only in response to changes
in hydrostatic load. Specifically, the gas cavities maintain
their pressure until the effective stress in the surrounding
matrix reaches a plastic yield limit [Coussy, 1995] under
compression (C) during hydrostatic loading, or tension (T)
during hydrostatic unloading,

�T zð Þ � �′ z; tð Þ � C zð Þ; ð2Þ

where both T(z) and C(z) are assumed to increase linearly
with depth from a zero value at the sediment surface,
reflecting that sediment strength increases with the degree
of compaction (Figure 2). Experiments confirm that the
compression of gas cavities is a plastic process, in which
compressed cavities do not expand upon subsequent un-
loading [Sills et al., 1991] (see Figure S1 of the auxiliary
material).1 When the effective stress reaches either yield
limit, the gas pressure changes during dilation or contraction
to keep the effective stress within these bounds, and gas
volume variations are calculated using the ideal gas law.
Because gas conduits dilate at the tensile yield limit, these
changes in gas pressure and volume impact the timing and
magnitude of gas release from each depth interval.
[9] The model of plastic cavity evolution and release

through dynamic conduits is designed to capture the average
gas venting behavior from a representative area (such as an
entire lake), rather than to simulate the detailed dynamics of
a single venting site. The model was run for a period of four
months from an initial gas‐free state, and the simulated lake‐
surface fluxes were compared against data from UML,
which were collected near the lake surface using bubble
traps (Figure 1a). Each surface‐buoyed bubble trap—an
inverted funnel connected to a PVC pipe that collects a column
of free gas—continuously records the buoyant force from the
gas as a proxy for the column height, which allows estima-
tion of the rate at which gas enters the funnel [Varadharajan
et al., 2010]. The dynamics of bubble dissolution during rise
through the water column are complex [Rehder et al., 2002;
McGinnis et al., 2006; Gong et al., 2009], and beyond the
scope of this sediment‐centric study. Here, we assume that
volume fluxes at the sediment and lake surfaces are pro-
portional, and the season‐averaged release from the model is
scaled to the season‐averaged flux from the lake‐surface trap
data, averaged over all traps. Although the assumption of

Figure 2. Model response to water level drop. (a) Initial
condition: the cartoon at left shows the lake level (blue)
above a sediment column with gas bubbles trapped below
the open conduit depth and down to the active bubble gen-
eration depth, h (not to scale). The conduit opens to the sur-
face from the greatest depth where the effective stress, s′ =
s − Pg, falls to its tensile limit, −T. The stress and pressure
profiles at right show that this occurs when Pg (red solid
line) equals s + T (gray dashed line). (b) A drop in hydro-
static load reduces s throughout the sediment column. (c)
Plastic cavity dilation allows shallow gas bubbles to decom-
press to s + T. The conduit opens from the deepest location
where s′ = −T and releases the formerly trapped bubbles. In
the case of a hydrostatic load increase (not shown), the stress
rises, and the cavity compression mechanism pressurizes gas
bubbles to enforce s′ ≤ C, or equivalently Pg ≥ s − C. The
effective stress would nowhere equal its tensile limit, and
the conduit would close completely.

1Auxiliary materials are available in the HTML. doi:10.1029/
2011GL046768.
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proportional fluxes at the lake bottom and lake surface is
clearly an approximation (water depths at the bubble traps
vary between 9 and 25 m), it is justified given the uncertainty
in sensing the spatially heterogeneous surface flux using
only five, randomly placed bubble traps. The assumption of
constant methane generation rate is also a simplification, but
it is well justified for our four‐month venting record given
the anoxic conditions through the measurement period and
the near‐sediment water temperature of ∼4°C in all mea-
surements [Varadharajan, 2009].

3. Results

[10] We applied our model to study the dynamics of
methane venting at UML during a period of ∼120 days over
which gas flux was recorded (Figure 3). Because the sea-
sonally‐integrated model flux is scaled to match the cumu-
lative gas collected by the five traps, the overall magnitude
of the model flux has little significance. The timing and
relative magnitudes of the venting events, however, are
characteristics that our model predicts given the input
hydrostatic pressure variations and a single, dimensionless
parameter. These characteristics of the data are clearly well‐
reproduced, suggesting that the model captures the essential
dynamics of methane ebullition.
[11] The distribution of ebullition in time is controlled by

three physical quantities: the generation zone depth, h, and
the vertical gradients in tensile and compressive strength,
dT/dz and dC/dz, respectively. These variables, however, do
not act independently. The amount of gas released following

a given drop in hydrostatic load depends on the depth to
which the flow conduit dilates, and the drop required at a
given depth depends on the total sediment strength, the sum
of T and C. The appropriate dimensionless parameter char-
acterizing the balance of total sediment strength and
hydrostatic load variations is the ebullition number,

Ne ¼ h dT=dzþ dC=dzð Þ
DPh

; ð3Þ

which defines the drop in hydrostatic load, normalized by an
arbitrary characteristic variation DPh, required to evacuate
the entire active generation zone. Alternatively, Ne

−1 defines
the fraction of the active zone evacuated by a characteristic
drop in hydrostatic load, DPh. The value of the ebullition
number, Ne, must be obtained by calibration of the model
response to flux data. Taking DPh as the standard deviation
of nearly normally‐distributed hydrostatic pressure inputs,
∼1 kPa, the best model fit for UML is obtained with Ne = 5.
Smaller values of Ne in the model result in methane being
released in response to smaller hydrostatic variations, and
predictions that are less sensitive to extreme pressure drops—
the model flux signal is composed of more frequent, smaller
peaks. Larger values of Ne in the model cause gas stored
deep in the sediment column to remain trapped during the
smallest hydrostatic drops; this trapped gas is released more
vigorously but less frequently during the largest pressure
drops (see Figure S2 of the auxiliary material).

4. Discussion and Conclusion

[12] We have shown that the timing and distribution of
flux magnitudes predicted by our single‐parameter model
match the flux data, averaged over 5 traps (Figure 3).
However, the methane venting signals from individual traps
are composed of fewer, more vigorous events because not
all venting sites activate strictly simultaneously (Figure 1b).
The single parameter, called the ebullition number, controls
the venting episodicity and reflects the balance between
hydrostatic pressure forcing and sediment strength. The
model calibration of the ebullition number (Ne = 5) is more
representative for the average flux of the system, and larger
values of Ne are required to capture the dynamics of indi-
vidual venting sites.
[13] Our mechanistic model of methane transport captures

the dynamics of ebullition by coupling the plastic evolution
of trapped gas bubbles with their release through dynamic
flow conduits. Reproducing these dynamics is important not
only to understand how gas escapes the sediments into the
water column, but also to understand the subsequent disso-
lution and atmospheric release [Leifer et al., 2006;McGinnis
et al., 2006; Gong et al., 2009; Greinert et al., 2010]. The
same mechanisms likely control gas release from fine,
methane‐bearing sediments under other surface water bod-
ies, including marine sediments controlled by tides [Martens
and Klump, 1980] or swell [Leifer and Boles, 2005], and
the model could be extended to systems where the methane
source pressurizes gas sufficiently to drive the episodic
releases [Tryon et al., 2002]. Our model lays the ground-
work for integrated modelling of methane transport in the
sediment and water column, linking estimates of methane
generation [Price and Sowers, 2004] with models of water
column dissolution [Leifer et al., 2006; McGinnis et al.,

Figure 3. Best fit of model gas ebullition fluxes to data
from Upper Mystic Lake. The left axis and solid blue line
show a time series of the hydrostatic load forcing, and the
right axis shows the methane fluxes from the mean bubble
trap data (black, dashed) and model (orange, solid). The
gray shaded area indicates the range of flux values from
the five traps; note that in four instances the range extends
above the limit of the vertical axis up to a value of
∼700 mL/m2/day. The fluxes are binned daily, and the cumu-
lative model release is constrained to match the data. The cal-
ibrated value of the ebullition number, Ne = 5, reflects that a
hydrostatic pressure drop of about 5 standard deviations
(5 kPa in this case) is required to evacuate the methane from
the entire active generation depth, h (equation (3)). The
single‐parameter model accurately predicts the timing of
large flux events and usually their magnitude, as well.
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2006] to constrain the global methane release from lakes,
wetlands, estuaries and shallow continental margins.

Appendix A: Methods Summary

A1. Ebullition Measurements

[14] The ebullition data were collected using surface‐
buoyed bubble traps, which funnel rising methane bubbles
into a column and measure the gas volume collected with a
temperature‐corrected pressure sensor at the top. A pressure
sensor fixed relative to the lake bottom measured the total
hydrostatic load. Both gas flux and hydrostatic load data
were recorded at 5‐minute resolution and smoothed using a
1‐hour moving average filter to remove noise from surface
waves [Varadharajan et al., 2010].

A2. Geophysical Surveys

[15] Acoustic imagery was acquired in December 2009
using an Edgetech 424 Chirp fish towed ∼30 cm below the
lake’s surface and operating at 4 to 24 kHz with 4 ms
sampling. Acoustic data and GPS navigation were recorded
in real‐time in SEGY files, and two‐way travel time to depth
conversion was accomplished using freshwater sound
velocity of 1472 m/s. The superposed water column image
of a methane plume was simultaneously captured using the
83 kHz mode of a Humminbird 798ci fishfinder with built‐in
GPS. The bathymetric data shown in Figure 1a were gridded
in ESRI ArcMap software using lake bottom depths picked
from Chirp data acquired during 3 surveys in 2009 and 2010,
as well as depths independently recorded by the fishfinder in
October 2010.

A3. Numerical Methods

[16] We solved the model equations numerically to evolve
the gas pressure and gas saturation (fraction of the pore
volume occupied by gas), in each depth interval in response
to variations in the hydrostatic load at the surface. We dis-
cretized the equations in space using a second‐order finite
volume scheme with linear reconstruction and a central
limiter to ensure monotonicity. Time integration was per-
formed using second‐order Runge‐Kutta method, following
the poromechanical evolutions in a staggered manner. The
numerical grid was the same for poromechanics and flow,
with 64 control volumes in the vertical direction. Both the
cm‐scale vertical resolution and hourly time‐step were fine
enough that the results are insensitive to further refinement
[Scandella, 2010].
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