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Abstract

Porewater data from vent sites of the northeastern shelf off Sakhalin Island, Sea of Okhotsk, exhibit bottom-water con-
centrations down to a sediment depth of up to 300 cm. Below this depth, solute concentrations rapidly change due to meth-
anogenesis and anaerobic methane oxidation (AMO). The profile shapes suggest an irrigation-like process that mixes on a
meter scale. At these sites active gas emanation into the overlying water column and near-surface gas hydrates are commonly
observed. We propose that methane gas bubbles rise through the soft surface sediments and cause mixing of the porewater.

Mathematically, the bubble-induced irrigation can be described by eddy diffusion enhancing the diffusive transport of sol-
utes by several orders of magnitude. A 3-D numerical transport-reaction model was developed to investigate the parameters
defining the mixing process, such as bubble rise velocity, tube size, tube distribution in the sediment, and ebullition frequency.

Model consistency with the field data requires eddy diffusivities >1 x 10> cm?/a, tube densities of >4 tubes/m? (equivalent
to a tube spacing of <40 cm), active gas seepage for more than a few weeks or months, and moderate to low diagenetic reac-
tion rates of solutes. The corresponding methane gas fluxes that are predicted from the results of the model realizations range
from 1 x 10°-5 x 10°> L/(m? a). Due to bubble mixing, solute fluxes in these sediments are increased by a factor of 3 and the

maximum AMO rate by a factor of 7.
© 2007 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

The ebullition of methane gas from sediments and soils
into overlying waters and ultimately into the atmosphere
has been recognized as an important transport process in
the global carbon cycle. The largest source to the atmo-
sphere comes from wetlands ranging from 115 to 237 Tg
of CH4 per year (IPCC, 2001). Estimates of annual methane
emissions from marine sources, such as seeps and mud vol-
canoes, are an order of magnitude lower, ranging from 5 to
33 Tg (Dimitrov, 2002; Judd et al., 2002; Dimitrov, 2003;
Judd, 2003; Milkov et al., 2003; Milkov and Etiope, 2005;
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Wallmann et al., 2006b). Though most of the methane flux,
especially from the deep water, is oxidized at the seafloor
and in the water column, about 6 Tg/a of CHy, is estimated
to reach the atmosphere (Milkov et al., 2003) and thus, may
have an impact on global climate change. Gas bubbles also
seem to get stripped of methane while rising to the sea sur-
face, exchanging CH,4 for nitrogen and oxygen (McGinnis
et al., 2006). However, other studies show that methane
gas bubbles from deep water can reach the atmosphere if
coated with oil (MacDonald et al., 2002) or a gas hydrate
skin (Sauter et al., 2006).

Gas bubbles rising through surface sediments have been
widely observed and investigated in coastal sediments (e.g.,
Reeburgh, 1969; Martens, 1976; Martens and Klump, 1980;
Chanton et al., 1989; Anderson et al., 1998; Martens et al.,
1998). In these sediments, apparent diffusivities 2-3 times
higher than molecular diffusion have been determined for
dissolved constituents. This was attributed to gas bubble
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tubes that stay open and hence, facilitate the exchange of
porewater and bottom-water (Martens, 1976; Martens
et al., 1980; Martens and Klump, 1980; Kipphut and Mar-
tens, 1982).

Porewater profiles with a bottom-water signature, pres-
ent in sediment to depths of several meters, have repeatedly
been reported in the literature (e.g., Schulz et al., 1994; Nie-
wohner et al., 1998). Commonly, these profiles have been
explained by meter-scale bioirrigation of unknown macro-
fauna, but Fossing et al. (2000) also mention the possibility
of methane ebullition. In the respective studies, these types
of porewater distributions are found in organic-rich sedi-
ments at continental margins and other high-productivity
areas, such as the Congo Fan and the Amazon Shelf, as
well as in upwelling regions, such as the South Atlantic
off Namibia. In this study, we report the observation of
similar porewater profiles in the organic-rich sediments
northeast off Sakhalin Island in the Sea of Okhotsk. Here,
the bottom-water signature of the porewater reaches down
as far as 3 m into the sediment.

While bioirrigation has been shown to occur in the top few
decimetres of the sediment (e.g., Aller, 1980; Aller and Aller,
1992; Schliiter et al., 2000; Meile et al., 2001), we propose that
irrigation caused by rising gas bubbles is more likely to ex-
plain such observations on a meter scale. Methane gas bub-
bles produced by methanogenesis or methane hydrate
dissociation rise through the sediment, thereby, mixing the
porewater and ultimately mixing bottom-water concentra-
tions down into the sediment. The wake of a rising gas bubble
leads to turbulent mixing of porewater. An eddy diffusion
constant, K,4,, can be assigned to this process. We show that
eddy diffusivities for this mixing process can be several orders
of magnitude larger than molecular diffusion.

In this paper, we present a model investigation of the
diffusive mixing of porewater constituents engendered by
gas bubbles rising through surface sediments. First, we ana-
lyse porewater data from vent sites located in an area called
‘Obzhirov Flare’, northeast off Sakhalin Island, Sea of
Okhotsk, using a 1-D transport-reaction model. Then, we
develop a transient 3-D numerical transport-reaction model
to simulate the mixing of solutes in a bubble tube and how
this affects their distribution in the surrounding sediment.
Further, we investigate the influence of eddy diffusivity
(i.e., bubble rise velocity), tube size, tube density in the sed-
iment, and ebullition frequency on the mixing process, as
well as its time dependence. Finally, methane gas fluxes
are calculated based on the bubble-induced eddy diffusive
mixing and the 3-D model parameters are translated into
a 1-D representation of porewater irrigation.

2. METHODS

First, the geochemical analytical procedures are summa-
rized in this section. Then, the 1-D transport-reaction model
with its comprehensive reaction system, which is used to
analyse the observed data, is described. Subsequently, the
physically more realistic 3-D model for simulating the
bubble-induced porewater mixing process is introduced, fol-
lowed by linking the 3-D model parameters to the easy-to-use
1-D irrigation formula by Boudreau (1984). Finally, an

expression is proposed to relate the mixing coefficient of the
3-D model to physically meaningful gas bubble characteris-
tics, such as bubble radius, rise velocity, and methane fluxes.

2.1. Geochemical analytics

Surface sediment samples were retrieved using a gravity
corer. The plastic liners were cut open and ~3 cm thick
slices of sediment were taken in approximately 20-40 cm
intervals. Subsequently, the porewater was extracted using
a low-pressure squeezer (argon at 1-5bar) at approxi-
mately in situ temperature of 4-8 °C in the ship’s cold
room. While squeezing the porewater was filtered through
0.2 pm cellulose acetate Nuclepore filters and collected in
recipient vessels. Onboard, the collected porewater samples
were analysed for their content of dissolved NH,*, H,S,
and total alkalinity (TA), whereas the analyses for SO,>~
and Br~ were performed at the home laboratory. These
porewater samples were stored refrigerated. In addition
for home-based analyses, ~5 ml of wet sediment were col-
lected for porosity and solid phase CNS (carbon, nitrogen,
and sulphur) analyses, and an additional 5 ml of sediment
was suspended in 20 ml of 1 N NaOH for methane head-
space analyses. These samples were stored at room
temperature.

Analyses of the dissolved porewater species NH, and
H,S followed standard chemical procedures (Grasshoff
et al., 1999): Ammonium was measured as indophenol blue
and sulphide as methylene blue, using a Hitachi UV/Vis
spectrophotometer. Since high sulphide contents (>1 mM)
interfere with the NH,* analytics, these sub-samples were
bubbled with argon for 1-3 h to strip any H,S prior to
the analysis. The total alkalinity of the porewater was deter-
mined by titration with 0.02 N HCI using the Tashiro indi-
cator, a mixture of methyl red and methylene blue. The
titration vessel was bubbled with nitrogen to strip any
CO, and H,S produced during the titration. The IAPSO
(The International Association for the Physical Sciences
of the Oceans) seawater standard was used for calibration
of the method. The porewater sulphate and bromide con-
tent was determined by ion chromatography. Again, the
IAPSO seawater standard was used for calibration. Poros-
ity was determined by weight difference, before and after
freeze drying the wet sediment sample and subsequently,
transferred into a volume ratio (volume of porewater/vol-
ume of bulk sediment) assuming a dry sediment density
of 2.5 g/em® and a seawater density of 1.024 g/cm®. Head-
space methane was measured by gas chromatography
(GC) using a flame-ionization detector (FID). Finally, the
sedimentary organic carbon content was determined using
a Carlo Erba element analyser.

2.2. Numerical 1-D model

The numerical 1-D transport-reaction model C.CANDI
(Boudreau, 1996; Haeckel et al., 2001; Luff et al., 2001) was
used to simulate the measured concentration-depth profiles
of Corg, SO,*", NH, ", H,S, CHy, total alkalinity (TA), and
Br~ in order to analyse the geochemical situation in the
sampled sediments. The general mathematical expressions
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governing early diagenetic processes used in this numerical
code were first advanced by Berner (1980):

Solutes : (fftc 0 (¢DS u¢C) + Z OR, (1a)
A1 — )
Solids : (67;15)(;:&(_ C)+;(1 — ¢)R; (1b)

where C is the concentration of a solute or solid, ¢ is the
porosity, ¢ is time, x is depth, Ds is the effective diffusion
coefficient, u is the vertical advection velocity of the pore-
water, w is the sediment burial velocity, and XR; represents
the biogeochemical reactions the compound is involved.
Since the sediments were anoxic, bioturbation was not an
important transport process for solids and hence, it was
not modelled.

The model then consists of a set of partial differential
equations (PDEs), which are coupled by the reaction terms.
In C.CANDI, the partial derivative with respect to depth,
x, is approximated by block-centred finite differences, and
the resulting set of ordinary differential equations (ODEs)
is solved using the implicit ODE-solver VODE (Brown
et al., 1989). Fast equilibrium reactions, such as protolytic
reactions and dissolution—precipitation reactions, are
expressed by non-linear algebraic equations and solved by
the Newton—Raphson algorithm with a full Jacobian (Press
et al., 1992). The concentrations in Eq. (1) are corrected for
their thermodynamic equilibrium value at every time step
(for details, see Luff et al., 2001).

Upper and lower boundary conditions were selected
either as constant concentrations (Dirichlet condition) or
constant gradients (Neumann or Robin condition) (for
details, see Table 1). Model simulations were carried out

in a time-dependent way until steady state (i.e., 0C/0r =
0) was reached. Hence, the final model output should be
independent of the initial conditions. Simulations of the
background situation started with initial values based on
the observed surface concentrations or linearly interpolated
profiles between upper and lower boundary value. In con-
trast, the model simulations of the gas venting situation
started from the steady state reference results.

An empirical relationship was least-squares fitted to the
measured porosity data and imposed as a forcing function
upon the model (Murray et al., 1978; Berner, 1980; Martin
et al., 1991; Rabouille and Gaillard, 1991a,b):

P, 1) = doc + (dg — do)e 2)

where ¢ is the porosity at the sediment surface, ¢, is the
porosity at infinite depth, and f is the porosity attenuation
coefficient (see Table 2 for the fitted parameter values). Use
of Eq. (2) assumes steady state compaction of the sediment.

The effective diffusion coefficients of solute compounds,
Dg, were calculated from the molecular and ionic diffusion
coeflicients and corrected for salinity, pressure, and temper-
ature according to Li and Gregory (1974) and using the
Stokes—FEinstein relation. Finally, the molecular diffusion
coefficients were corrected for tortuosity using the expres-
sion Dg = Dp,01/(1-21n¢p) (Boudreau, 1997).

If we assume steady state compaction, then the sediment
burial velocity, w, can be calculated as:

() = 2
wx) = —=wy
1-¢
where w,, is the sediment burial velocity at infinite depth.
Similarly, the porewater advection velocity at steady state
compaction can be expressed as:

3)

Table 1

Boundary conditions used in the 1-D and 3-D steady state modeling of the field data (background stations and vent sites)
Parameter [Unit] 3-D model 1-D model
Upper boundary conditions

Labile Cy, flux: Fg (x =0, t) [nmol/(cm? a)] — 15
Refractory Corg flux: Fg, (x =0, 1) [umol/(cm? a)] — 25
SO )(x = 0,r,)[mM] 28 28
[TNH,](x =0, r, £) [mM] 0 0
[THoS) x =0, r, ) [mM] 0 0
[TCO,)(x =0, r, £) [mM] 22 22
[TAlx =0, r, £) [meq/1] 2.4 2.4
[CH,Y(x =0, r, ) [mM] 0 0
[Br Jx=0,r, t) (mM] 0.84 0.84
Lower boundary conditions

dc/dd ., mM/cm] 0 0
[TNH.,] (x=L,r,¢) [mMT 4.9 —
[CHy(x =L, r, £) [mM]° 15 100
Left boundary conditions

dc/dd ,—o, [mM/cm] 0 —
Right boundary condition

dc/dd ,,—,,, [mM/em)] 0 —

C = respective concentration of solute or solid compound.

% A Dirichlet boundary condition was only used for TNH, in the 3-D bubble mixing realizations. For the reference model simulation, a

Neumann boundary condition was used.

® A Dirichlet boundary condition was only used for CHy in the 3-D reference simulation and the 1-D bubble irrigation simulations. In all

other model runs Neumann boundary conditions were used.
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Table 2
Parameter values used in the 1-D and 3-D model simulations
Parameter [Unit] 3-D model 1-D model
Maximum depth of calculation: L [cm] 600 1000
Number of vertical layers 150 1000
Number of horizontal layers 51 —
Length of bubble tube: xt [cm] 3007 —
Irrigation depth: x;,, [cm] — 300*
Irrigation coefficient: o [a~'] — 0.1*
Porosity at x = 0: ¢, 0.82(3)° 0.82(3)°
Porosity at x = co: ¢oo 0.781(4)° 0.781(4)°
Porosity attenuation coefficient:  [cm™'] 0.04(4)° 0.04(4)°
Sediment burial velocity at x = oo: w,, [cm/a] 0.05¢ 0.05°
Corg concentration at x = 0: Gy [wt%)] 1.65(5) —
Corg concentration at x = 600: G, [wt%) 1.26(14)¢ —
Attenuation of C,,, degradation rate: y [em™ '] 0.004(3)¢ —
Rate constant for labile C,,, degradation: kg, [a ! 2%x107° 1x107*
Rate constant for refractory C,, degradation: kg, [a " — 1x107°
Organic matter composition (C:N:Br) 106:16:0.4 106:16:0.4
Monod and inhibition constant for SO,*": Kso, [nM] 1° 1°
Rate constant for AMO: kamo [mM’1 a’l] 1x10° 1x10*

# Parameters are only used in the respective 1-D or 3-D simulations of bubble-induced irrigation.

® Results of least-squares fit to all porosity data (3> = 0.18) with 2¢ standard deviation given in brackets (last digit).

¢ Approximated mean of values found in the literature (Niirnberg and Tiedemann, 2004; Wallmann et al., 2006a).

4 Results of least-squares fit to all background Corg data ( %> = 0.33) with 2¢ standard deviation given in brackets (last digit).

¢ For example, Van Cappellen et al. (1993) and Boudreau (1996).

Do and
u(x) = fwoc (4)
Kso
. . . Ry = k6, Gi— o —— 8

This representation assumes that no external forces exist, M Z G "Kso, +[SO,27] (8)

which induce additional fluid advection. Our field data do
not indicate upward fluid flow at the vent sites (see Section
4.1.2 for the discussion) and hence, our simplification is
warranted.

Organic matter (C,,,) was modelled as two fractions (2-
G model), a labile (G;) and a refractory (G,) component.
Degradation of the organic material followed first-order
kinetics with respect to C,,, concentrations (G, and G,)
and the microbial mediation was described by Monod-type
functions and inhibition terms. Since the reference stations
are dominated by anoxic conditions, only sulphate reduc-
tion (SR) and methanogenesis (M) were considered as deg-
radation pathways:
a
2

a _ a a o

(CH,0),(NH,),(H;PO,), (Br ), + 550,

+dBr + gHzo (5)
(CH:0),(NHs),(H;PO4), (Br),
- %CH4 + gco2 + bBNH; + cH3PO, + dBr~ (6)

where a, b, ¢, and d represent the stoichiometry of the or-
ganic matter composition with respect to carbon, nitrogen,
phosphorus, and bromine.
The respective rate laws for sulphate reduction (Eq. (5))
and methanogenesis (Eq. (6)), Rsg and Ry, are:
[SO,*"]
Rsr ZkGfG’ Kso, + [SO,>] @

where kg, is the rate constant for organic matter degrada-
tion with respect to each fraction, i, of the organic matter
(i.e., G; and G») and Kgo, is the Monod constant for
sulphate reduction of C,. In Eq. (8), we assume that the
value of the inhibition constant for methanogenesis due
to sulphate reduction equals the value of the Monod
constant Kso,.

As the only additional reaction affecting dissolved com-
pounds reported in this study, anaerobic methane oxidation
(AMO) was included:

CH, +S0,>~ — HCO,™ + HS™ + H,0 (9)

Mathematically, a second-order rate law describes this
redox reaction (Van Cappellen and Gaillard, 1996; Van
Cappellen and Wang, 1996):

Ramo = kamo[CH4][SO,>] (10)

where kamo is the rate constant for AMO.

The resulting reaction terms, XR;, of Eq. (1) for each
transported compound displayed in Figs. 4 and 5 are given
in Table 3. Most model parameters were adjusted to repro-
duce the observed field data and some are literature-based
(see Table 2 for details).

The kinetically controlled reactions above (Egs. (5), (6),
and (9)) release or consume protolytic compounds, such as
bicarbonate and hydrogen sulphide, that undergo fast
dissociation reactions, which are thermodynamically
controlled. In the 1-D model simulations with C.CANDI
the ‘alkalinity conservation approach’ (Boudreau, 1987;
Boudreau and Canfield, 1988; Luff et al., 2001) was used
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Table 3
Reaction rate terms, XR;, for each compound considered in the
numerical 1-D and 3-D models

Compound IR~

Corg *RSR*RM

S0,* —1/2 Rsr—Ramo

CH, 1/2 Ry—Ramo

TNH, bla (Rsr + Rw)

Br~ dfa (Rsg + Rn)

TH,S/ HS™/ HCO,~ 1/2 Rsg + Ramo
TCO, Rsr +1/2 Ry + Ramio
TA Rgr +2 Ramo

Note: The concentrations of C,,, (G) were converted from wt%
into mM prior to the calculations. Thus, the factor, ps/
Mw x (1 — ¢)/¢p x 10*, was applied, where pg is the dry density of
the sediment (i.e., 2.5 g/cm®) and My, is the molar weight of carbon
(i.e., 12 g/mol).

to correct for the disequilibrium arising from the formula-
tion of the kinetic reactions. Thus, the sum parameters
TCOZ, Tst, and TA,

TCO, = [HCO,| + [CO,*7] + [CO;]
TH,S = [HS™] + [H,S] (11)
TA = [HS™] + [HCO, ] + 2[CO,*"]

were transported and reacted in the numerical model. The
respective diffusion coefficients and concentration gradients
were calculated from values for the individual species. The
equilibrium constants of the acid—base reactions were calcu-
lated using empirical functions that account for their depen-
dence on pressure, temperature, and salinity (Millero, 1983;
Clegg and Whitfield, 1995; Millero, 1995). For a detailed
description on the alkalinity and pH treatment in C.CAN-
DI, please refer to Luff et al. (2001).

2.3. Numerical 3-D model

A transient 3-D finite-difference transport-reaction mod-
el was developed to simulate the mixing of porewater
caused by gas bubbles rising through the sediment. In the
model realizations the influence of various parameters
(Table 4) characteristic for the gas bubble transport process,
such as bubble radius, spacing between bubble tubes, mix-
ing coefficients, and time of mixing, on the distribution of
dissolved porewater constituents were tested. Ammonium
was chosen as representative dissolved species to investigate
the bubble mixing process. The numerical grid is continu-
ous, but consists of two domains (Fig. 1a): (a) an inner do-
main representing the bubble tube with radius r; and (b) an

Table 4

outer domain representing the sediment surrounding the
tube. Hence, neighbouring tubes have a distance between
their outer walls of 2(r, — r;). As a first approximation
and due to computational costs, a cylindrical bubble tube
geometry was chosen, though it is known that bubbles grow
in oblate spheroidal shapes (Johnson et al., 2002; Gardiner
et al., 2003). It is further assumed that radial symmetry
exists which simplifies the mathematical problem to solving
a set of two-dimensional non-linear partial differential
equations (PDE). Thus, the respective equations solved
simultaneously for both domains are:

(a) sediment domain:

opC 0 oC 10 oC
o (¢Dsa - ud)C) 5 <¢Dsi’5) + Zqﬂej

.
(12a)
(b) tube domain:
opC 0 oC 1
o & (¢(Ds + Keaay) i M¢C> + -
0 oC
x5 <¢(Ds + chdy)rg) + Z]: OR; (12b)

where C is the concentration of the dissolved constituent,
Dy is the effective diffusion coefficient (radial and vertical
components are assumed identical), K.qqy is the bubble-
related eddy diffusion coefficient, u is the vertical porewater
advection velocity, XR; are the diagenetic reactions rates of
the porewater constituent, ¢ is the porosity, ¢ is the time, x
is the depth, and r is the radial distance from the tube
centre.

The publicly available algorithm PDETWO (Melgaard
and Sincovec, 1981a,b) was chosen to solve this time-depen-
dent problem. The solver approximates the PDE system
spatially with a five-point differencing scheme and solves
it in conjunction with the ODE integrator GEARB. Neu-
mann boundary conditions were chosen for the left and
right boundary, while a combination of Dirichlet and Neu-
mann conditions was applied to the upper and lower
boundary of the model grid (see Table 1). The initial condi-
tion for the model realizations simulating bubble mixing
was provided by the steady state simulation of the reference
situation. In this model simulation without gas venting the
same porewater constituents as in the 1-D model were in-
cluded. The radial resolution was chosen such that the tube
always consisted of a minimum of 5 grid points. The total
number of grid points in the radial direction was always
51. Hence, the lateral resolution of the sediment domain
was dependent on the total size of the domain. Vertically,

Parameter variations in the 3-D model realizations of continuous bubble streams

Parameter [unit]

Range of values

Radius of bubble tube, r| [cm]
Radius of total model domain, r, [cm]
Time, ¢ [a]

Eddy diffusivity, Keaay [cm*/a]

0.05; 0.1; 0.5; 1; 5; 10

0.5; 1; 5; 10; 20; 50; 100; 200

0.0001; 0.001; 0.01; 0.1; 0.5; 1; 5; 10; 20; 50

1x 10% 5x 10% 1x10% 5x10% 1x10% 5% 10% 1x 107; 5% 107; 1 x 10%; 5% 10%; 1 x 10°
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Fig. 1. (a) 3-D cylindrical geometry of the numerical model. The model grid consists of 2 domains, representing the gas bubble tube (light
grey) of radius r; and the surrounding sediment (dark grey). The spacing between adjacent tubes is 2(r, — r1). (b) Schematic sketch of a single
bubble rising in a tube. Streamlines indicate flow of water relative to bubble; vortices indicate turbulence in the wake of the bubble. The
attached graph sketches the depth distribution of the corresponding eddy diffusion coefficient according to Eq. (18).

151 grid points were always used, and thus, the resolution
was 4 cm as 600 cm were modelled in total.

The vertical porosity distribution was prescribed in the
model using Eq. (2) and the parameter values of the least-
squares fit to the data (Table 2). The porosity was assumed
to be laterally homogeneous in the sediment domain. In the
tube domain, porosity was set to 1, because the bubble tube
is filled with water.

Radial advection was neglected in the model, as was the
vertical porewater velocity, u, arising from sediment burial,
woo (Eq. (4)). Since sediment burial velocities in the Sea of
Okhotsk are generally below 100 cm/ka (Niirnberg and
Tiedemann, 2004; Wallmann et al., 2006a), porewater
advection rates are about 2 orders of magnitude smaller
than the other rate terms in Eq. (12). Also, any diagenetic
reaction in the bubble tube was disregarded (i.e.,
XR;=0). In the tube domain, the apparent diffusion coeffi-
cient represented a combination of eddy diffusion and
molecular diffusion (Kegay + Dmoi), While molecular diffu-
sion prevailed in the sediment domain. The molecular diffu-
sion coefficient was corrected for salinity, temperature, and
pressure according to Li and Gregory (1974) and the
Stokes—FEinstein relation. Finally, the molecular diffusion
coefficient was also corrected for tortuosity using the
expression Ds = Dy,01/(1-21n¢) (Boudreau, 1997).

In the sediments, organic matter is degraded according
to a first-order rate law with respect to the concentration
of C,,. Since solid compounds were not explicitly modelled
in the 3-D calculations of this study, the measured organic
matter concentration profile, G(x), was prescribed using a
depth-dependent function:

G(x) = Gy + (G — Gy)e ™™ (13)

where G is the organic matter concentration at the sedi-
ment surface, Gy is the organic matter concentration at a

sediment depth of L =600 cm, and y determines the expo-
nential decrease of C,, with depth (see Table 2 for the
resulting parameter values of the least-squares fit).

To keep computational costs to a minimum no thermo-
dynamic equilibrium calculations were performed in the 3-
D model. Thus, bicarbonate represents TCO, and hydrogen
sulphide represents TH,S. Total alkalinity was simply cal-
culated from the concentrations of bicarbonate and hydro-
gen sulphide (i.e., TA = [HCO,™] + [HS™]). However, the
two ions were transported and reacted separately in the
model and not as a summed variable.

Other parameter and variable choices are based on field
data from the north-eastern shelf of Sakhalin Island, Sea of
Okhotsk (see Table 2 and Section 4.1).

2.4. 1-D approximation of porewater irrigation

In order to provide an easy-to-use expression for simu-
lating the porewater irrigation due to gas bubble rise in soft
sediments, Aller’s bioirrigation model (Aller, 1980) has
been adopted. In one dimension, the radial component of
Eq. (12) can be reduced, under appropriate conditions, to
a simple source-sink term (Boudreau, 1984):
a(aitc - % (qus%f _ u¢c) +éa(C—C) + Z ok, (14)

where C is the radially averaged concentration, C, the con-
centration at the tube wall, and o is the irrigation coefficient
(i.e., the fraction of solute exchanged per unit time) (Boud-
reau, 1984):

2}”1¢Ds
(3 =r—r)

where r; and r, are the same radii as defined in our cylindri-
cal model geometry (Fig. 1a).

a(x, 1) = (ry <7<r) (15)
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Eq. (14) assumes that the gas bubbles are mixing on a
much faster time scale than solutes are transported by molec-
ular diffusion and advection, and thereby ‘instantaneously’
mix the tubewater to keep it at bottom-water concentrations
(i.e., C.= Cyp). The irrigation coefficient, o, provides some
information on the spatial distribution (r,) and size of the
bubble tubes (r;), while the eddy diffusivity assigned to the
3-D bubble mixing process also provides information about
the gas flux (as outlined in Section 2.5). Thus, a K44y can
be translated into an «-value using the definition in Eq.
(15). The other way around, the above assumption of instan-
taneous flushing of the tube (Eq. (14)) requires a certain Keqqy
value (as demonstrated in Section 4.3). An estimate of the
minimum gas flux necessary to keep the tube well-flushed at
bottom-water concentrations, Cy, based on an a-value is thus
possible. However, o is generally a fitting parameter and the
associated geometry is unknown.

Recently, Grigg et al. (2005) and Meile et al. (2005) re-
viewed the equivalence of the above non-local 1-D repre-
sentation with 3-D cylinder models and discussed the
limits. Grigg et al. (2005) stated that Eq. (14) is ideally sui-
ted for simple reaction kinetics (e.g., non-linear reaction
terms can be radially averaged, no radial dependence of
the reaction term). These authors also advanced other
expressions for o that could be related to parameters of
our 3-D model under certain assumptions. In addition,
Meile et al. (2005) report that not only the irrigation coef-
ficients are highly solute-specific because of the variable
reactivities of the porewater constituents, but also the 1-D
representation is affected by the three-dimensional chemical
dynamics created by flushing of the burrows and tubes.

2.5. Gas bubble rise and eddy diffusion

In our 3-D model, we assume that initial gas bubbles
have already formed the tubes in which the subsequent bub-
bles rise. It is beyond the scope of this study to derive a for-
mula for the speed of the initial crack formation and
propagation in soft sediments. Instead, we assume that a se-
quence of bubbles has already created an enlarged bubble
tube in sediments, which is greater than a bubble diameter
and acts like a pipe (Fig. 1). Davies and Taylor (1950) have
shown that gas bubbles, which ascend through a pipe filled
with water, reach a terminal rise velocity, ., proportional
to the bubble radius, rpupble. They derived a theoretical rela-
tionship that closely matched the experimental results:

Urise = 0.464\/g * Fbubble (16)

where g is the acceleration due to gravity (g = 9.81 m/s?).
Furthermore, Prandtl and Tietjens (1957) state that an
eddy diffusion coefficient (Kcqqy) for turbulent mixing is
proportional to the velocity of the wave (v) times its mixing
length (d): Keqay o< vd. A gas bubble rising in a tube com-
pletely mixes a volume of water equivalent to its own vol-
ume at any time (Fig. 1b). Hence, the mixing length is
equivalent to the diameter of the bubble, dyuppee. Thus,
applying Prandtl’s mixing length theory to Taylor’s equa-
tion (Eq. (16)) and assuming a proportionality of 1 provides
a first-order estimate of the maximum eddy diffusivity
caused by a bubble rising in a tube (see also Fig. 2a):
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Fig. 2. Eddy diffusion coefficient as a function of (a) bubble radius
(Eq. (17)) and (b) bubble frequency (Eq. (20) and a bubble radius
of 1 cm). The theoretical relationships are based on the definition
of the terminal rise velocity of bubbles in pipes (Eq. (16)) after
Davies and Taylor (1950) and Prandtl’s turbulent mixing length
theory (Prandtl and Tietjens, 1957). Dots represent parameter
values used in the 3-D model realizations.

Keddy A Urise * doubble = 0.928 \/ g rl33ubble (17)

Hence, we also imply that the diameter of the rising gas
bubbles is equivalent to the size of the initial tube. Davies
and Taylor (1950) used a straight glass pipe to develop
Eq. (16), but bubbles can follow a curved path when rising
in sediments (Boudreau et al., 2005). Eq. (17) will give a
theoretical maximum for the eddy diffusion coefficient.
Thus, Egs. (16) and (17) provide us with the means to relate
the eddy diffusion coefficient used in the model realizations
to bubble rise velocities and tube geometry.

Generally, surface porewaters are undersaturated with
respect to methane and methane bubbles will shrink and
dissolve. We show that high eddy diffusivities, i.e. high rise
velocities, are necessary in order to observe a mixing effect.
Hence, the interaction time between gas bubble and pore-
water is short and thus, the shrinking of gas bubbles was
neglected in this study.

While Eq. (17) represents a continuous stream of bub-
bles, in natural settings gas ebullition is generally observed
in discrete pulses of gas bubbles with intermediate intervals
of quiescence (Martens et al., 1980; Martens and Klump,
1980; Leifer et al., 2004). In our model we approximated
these bubble pulses by assigning a Gaussian distribution
to the eddy diffusivity as a function of depth and time:
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’C’"rise')2

Keddy = KOei( ’

(18)

where K is the eddy diffusion constant in the centre of the
pulse, o is a measure of the width of the bubble pulse, and
Usse 18 the bubble rise velocity. Hence, u..t gives the sedi-
ment depth of the bubble pulse as a function of time. This
smooth function was preferred over a rectangular function
in order to facilitate the numerical integration of the prob-
lem of pulsed bubble ebullition. Thus, a period of bubble
ebullition, where eddy diffusivities prevail in the tube, is fol-
lowed by a period of quiescence, where mixing is reduced to
molecular diffusion only (Fig. 1b). The average value of
K.qqy over the tube length and simulation time can be cal-
culated using the mean value theorem for integrals:

[fexp (—(=t=!)*) deds
<Keddy> = ff[f{}i;;j:dt - KO (f;dxdt) ) (19)

Finally, the previous discussions allow us to translate the
(Keddy) value into a bubble frequency (i.e., the number of
gas bubbles leaving the sediment per time interval) and
thus, into a gas flux. Since the rise velocity, us, provides
us with the total time of rise, 7, for a given tube length,
xt, and continuous bubble streams require a certain
amount of bubbles, nyuppe, With diameter, dypypple, in the
tube, Eq. (17) can be written as:

~ 2 Hpubble
<Keddy> R Usise * Apubble = dbubble Py (20)
rise

Fig. 2b displays a semi-logarithmic plot of Eq. (20) as a
function of the bubble frequency, i.e., foubble = Mbubble/ Lrises
for a bubble radius of r; =1 cm. The dots represent the
eddy diffusivities of continuous bubble streams that were

142°E 144°E 146°E

used in our model. The bubble frequency can easily be
translated into a methane flow by multiplying with the aver-
age volume of a gas bubble, Viupple:

<K eddy>

2
47 uppie

(1)

volume
Fen, = foubble * Vbubble = bubble { }

time
3. SITE DESCRIPTION

The joint German—Russian project KOMEX (Kurile-
Okhotsk Sea Marine Experiment) (Biebow and Hiitten,
1999; Biebow et al., 2000) discovered several vent sites on
the north-eastern slope and shelf of Sakhalin Island, Sea
of Okhotsk (Fig. 3). Numerous hydro-acoustic anomalies
(commonly called ‘gas flares’) caused by gas bubbles in
the water column, as well as elevated methane concentra-
tions in bottom-waters, indicate active gas venting (Obzhi-
rov et al., 2004). These flares have been observed during the
last 20 years, and methane emissions are reported to have
increased during this time, due to periods of seismo-tectonic
activity (Obzhirov et al., 2004). Water column methane
concentrations reach 400-800 nM of methane (i.e.,
10,000-20,000 nl/1 at a pressure of 1 atm) in the flares com-
pared to background concentrations of less than 5 nM of
methane (i.e., <100 nl/l at a pressure of 1 atm), and flares
rise as high as 300400 m above the seafloor (Obzhirov
et al., 2004).

Gas emissions from vent sites, as well as mud volcanoes
at the Sakhalin slope, are likely activated by tectonic move-
ments along the transform plate boundary which separates
the Okhotsk Sea plate from the Eurasian and Amur plates
(Shakirov et al., 2004). The tectonic activity provides a

Fig. 3. Map of the Sea of Okhotsk showing the study area, Obzhirov Flare, northeast off Sakhalin.
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Table 5
Sampling locations on the northeastern Sakhalin shelf, Sea of Okhotsk
Core Latitude (N) Longitude (E) Water depth/m Remarks
LV 28 20-2 54°26.519 144°04.093' 685 Background
GE 99 26-2 54°31.176 144°05.276' 700 Background
GE 99 24-2 54°26.662' 144°04.517 700 Seep
GE 99 27-2 54°26.663' 144°04.812 690 Seep
GE 99 29-3 54°26.784 144°04.765' 700 Seep

complicated setting of folded and disrupted strata. In addi-
tion, the northern slope and shelf of Sakhalin Island are
strongly influenced by sediment input from the Amur Riv-
er. Primary production is high, reaching values of 250 g/
(m? a) of carbon (Antoine et al., 1996), and Holocene sed-
iment burial velocities can be as high as 0.1 cm/a (Wong
et al., 2003).

This combination of tectonic activity, opening up deep
faults, and high organic carbon content leads to methane
accumulation in the sediments and allows for the formation
of methane hydrates in surface sediments as well as a pro-
nounced bottom-simulating reflector (BSR) throughout
the northern slope area off Sakhalin Island (Liidmann
and Wong, 2003). A BSR marks the lower boundary of
the gas hydrate stability zone. Methane hydrates sampled
in surface sediments of active vent sites in this area are pre-
dominately of biogenic origin (Ginsburg et al., 1993; Mat-
veeva et al., 2003).

4. RESULTS AND DISCUSSION

First, we will present a geochemical analysis of the
observed data using the 1-D model, before the 3-D analysis
of the bubble-induced mixing process is discussed. This is
followed by a sensitivity analysis of the 3-D model param-
eters and a discussion of pulsed bubble ebullition versus
continuous streams of bubbles. Finally, methane gas fluxes
are calculated from the model parameters and the 3-D
parameters are related to a 1-D representation of porewater
irrigation.

4.1. Steady state modelling of the geochemical data

During two sampling campaigns with the RV Akademik
M. A. Lavrentyev (cruise LV-28 in 1998) and the MV Mar-
shal Gelovany (cruise GE-99, in 1999) several gravity cores
were taken in an area called ‘Obzhirov Flare’ (Table 5) at a
water depth of ~700 m, where emissions of free methane
gas had been observed in the water column (Obzhirov
et al., 2004). As a result of the methane flux, the vent sites
are characterized by extremely high enrichments of sulphide
and methane in the porewater, carbonate precipitation,
near-surface gas hydrate formation, and a chemoautotro-
phic fauna typical of vent sites where reduced geochemical
substances escape.

The gravity cores exhibit two different types of pore-
water profiles. Type I reflects the background situation of
anoxic degradation of organic material (Fig. 4), whereas
type II indicates intense irrigation of bottom-water concen-
trations into depth (Fig. 5). Steady state simulations were
performed with the comprehensive numerical 1-D trans-

port-reaction model C.CANDI (dashed lines in Figs. 4
and 5). In addition, the model output of 3-D simulations,
which are discussed later in the text, is also shown (solid
lines in Figs. 4 and 95).

4.1.1. Background situation

Early diagenesis in sediments of two background gravity
cores, LV28 20-2 and GE99 26-2, is controlled by anaerobic
degradation of particulate organic carbon (POC) (Fig. 4).
Due to high productivity and sediment input from the
Amur river, sediment burial velocities are generally high
(10-100 cm/ka) (Niirnberg and Tiedemann, 2004; Wall-
mann et al., 2006a), and thus POC contents are about
1.65 wt% close to the sediment surface and decrease to
~1.26 wt% within the upper 600cm of the sediment
(Fig. 4 and Table 2). The results of the 1-D model (dashed
lines) suggest a total flux of 40 pmol/(cm? a) of carbon into
the anoxic sediments (Table 1). Organic matter degradation
in the reference sediments is well reproduced by considering
2 fractions (2-G model) of relatively low reactivity. Rate
constants of kg, =1x10"%a' and kg=2x10""a"'
reproduce the measured concentrations best.

During the mainly anoxic degradation of organic matter
considerable amounts of NH," as well as Br™ are released.
The concentrations of these compounds steadily increase
with depth and do not reach an asymptotic concentration
at 600 cmbsf (centimeter below seafloor). The respective
concentration increases amount to: A[NH,"] =5-6 mM
and A[Br~]=100-150 uM. Applying a Redfield ratio of
106:16 (C:N) and a Neumann condition for NH," at the
bottom boundary reproduces the C,., and NH, " data quite
well (dashed line in Fig. 4). Sulphate becomes completely
depleted at a sediment depth of 200-300 cm and, as a con-
sequence, methanogenesis begins at this depth. Therefore,
only sulphate reduction and methanogenesis are considered
as pathways for POC degradation in the numerical model,
and microbial methane production is simulated down to a
sediment depth of 1000 cm. At that depth, a Neumann bot-
tom boundary condition is imposed on the 1-D model (see
Table 1). A 1-D simulation (not shown) also predicts the
depth of methane saturation with gas hydrates (~59 mM
according to Tishchenko et al. (2005)) to be at least 60 m
below the seafloor.

The linearity of the sulphate profile indicates a hot spot of
methane oxidation by sulphate (AMO). The depth profiles
also indicate a steady state situation for the compounds
involved in this reaction. This gives a total flux of sulphate
from above of ~15 pmol/(cm? a). The numerical model runs
revealed that ~90% of the sulphate flux is balanced by the
CH,4 flux from below and only ~10% is related to POC deg-
radation. Consequently, sulphide and alkalinity values also
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Fig. 4. Biogeochemical background situation (‘no venting’) in the sediments of the Obzhirov Flare area. Solid symbols represent the observed
field data of Cyyg, SO42’, CHy, porosity, H,S, TA, NH,*, and Br. The steady state results of the numerical analyses are given by the lines: (a)
solid—radially averaged 3-D profiles and (b) dashed—1-D model. Note, that the observed methane concentrations are largely altered during
core recovery and sampling, and they do not reflect in situ concentrations.

increase linearly within the upper 300 cm of the sediment,
because they are primarily produced by AMO in this interval.
Below the AMO reaction front at ~300 cmbsf, the gradient
of both variables changes drastically, because methanogene-
sis produces very little to no alkalinity and no sulphide. The
discrepancy between the observed sulphide concentrations

and the modelled profiles (1-D and also 3-D) is most likely
the result of the formation of iron sulphides, which remove
dissolved sulphide from the porewater. This process was
not included in the model simulations.

In general, the importance of AMO and POC degrada-
tion on sulphate reduction seems to be highly variable in
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Fig. 5. Biogeochemical situation at the vent sites with active methane gas ebullition in the Obzhirov Flare area. Solid symbols represent the
observed field data of C,g, SO,*, CHy, porosity, H,S, TA, NH,*, and Br™. The lines depict the results of the numerical analyses: (a) solid —
example result of the 3-D bubble mixing model (only NH,*; see Table 2 and Fig. 6 for tube geometry) and (b) dashed — steady state result of
the 1-D irrigation model. Note, that the observed methane concentrations are largely altered during core recovery and sampling, and they do

not reflect in situ concentrations. Cores 24-2 and 29-3 recovered the top of a gas hydrate layer in a sediment depth of ~300 cm.

sediments at continental margins. While Fossing et al.
(2000) and Jergensen et al. (2001) found that the major
fraction of sulphate in sediments off Namibia and in the
Black Sea, respectively, was consumed by POC degrada-
tion, Niewohner et al. (1998) report that almost 100% of
the sulphate is consumed by AMO in slope sediments off

(2000).

Namibia. A similar range has been reported for Sakhalin
slope sediments (Wallmann et al., 2006a) with an average
of 40% consumed by AMO. Our model determines a max-
imum AMO rate of ~300 mM/a that is comparable to the
maximum rates measured in experiments by Fossing et al.
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4.1.2. Gas flare situation concentration gradients of the solutes change rapidly, lead-

The second type of porewater profiles shows bottom- ing to much steeper gradients than observed in the reference
water concentrations down to a few meters of sediment cores (Fig. 5). However, early diagenesis at the vent sites is
depth (i.e., ~70 cmbsf at GE99 29-3, ~180 cmbsf at GE99 dominated by the same reactions as in the reference cores:

24-2, and ~300 cmbsf at GE99 27-2). Below this depth, anoxic POC degradation and AMO.
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Fig. 6. Time-dependent simulation of the bubble mixing effect on dissolved porewater constituents. NH,* is produced in the sediment with a
pseudo zero order reaction rate. Initial condition is the steady state distribution without bubble mixing. Gas bubble mixing occurs only in the
upper 3 m of the sediment. (a) Radially averaged 1-D profile of NH,* after 9 h, 37 d, 1 a, and 5 a. (b) Corresponding 3-D NH," distributions
in cylindrical coordinates. An eddy diffusion constant of 1 x 10% cm?/a, a tube radius of 1 cm (rectangle in the upper left corner), and a tube
spacing of 18 cm were chosen for the model simulations shown here.
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In a first attempt, Aller’s tube model for bioirrigation
(Aller, 1980; Boudreau, 1984) has been adopted to describe
this phenomena. In a 1-D representation the irrigation of
porewater reduces to a simple source/sink term (Eq. (14)).
An irrigation constant of at least 0.1 a~' is necessary to
reproduce the observed data (dashed lines in Fig. 5). Addi-
tionally, in the model simulation a methane concentration
of 100 mM at the lower boundary (at 1000 cm) was neces-
sary to account for the higher methane flux from below in
order to balance the increased sulphate gradient. Though
these cores were recovered from seep sites, the porewater
profiles do not indicate upward fluid flow. However, a
strongly increased CH4 flux from below is apparent. Over-
all, diffusive fluxes are increased by a factor of 3 when com-
pared to those of the background situation. The SO,>~ flux
from above totals ~45 pmol/(cm? a), ~95% of which is bal-
anced by CHy4 from below. As a consequence, the AMO
rate maximum is increased by a factor of 7, from
~300 mM/a at the reference sites to ~2200 mM/a at the
vent sites (values are deduced from the 1-D model results).
A similar effect of increased AMO rates, as well as a deep-
ening of the reaction front due to bioirrigation, was
reported in a modelling study for carbonate crust formation
at cold vents (Luff et al., 2004).

Methane gas bubble transport without fluid venting pro-
vides the most plausible explanation for the increased meth-
ane flux. The emanating gas bubbles lead to numerous
intense gas flares observed in the overlying water column
by hydro-acoustic methods (Obzhirov et al., 2004). In addi-
tion, bioirrigation on the scale of a meter or more is very un-
likely, especially in anoxic environments, such as methane
vent sites. Organisms that could be responsible for such deep
irrigation have never been reported. Therefore, we propose
that methane gas bubbles rise through the soft surface sedi-
ments, thereby irrigating the porewater and enhancing solute
exchange with the overlying bottom-water. Two of the cores,
GE99 24-2 and GE99 29-3, recovered the top of a hydrate
layer at their base. The formation of surface hydrate layers
at cold vents often requires methane supply from gas bubbles
(Haeckel et al., 2004), possibly affecting the bubble rise
behaviour in the sediment and thus, explaining the shallower
mixing depth at these two stations.

4.2. 3-D modelling of the bubble mixing process

The 3-D transport-reaction model for gas bubble mixing
consists of 2 primary domains (Fig. 1): the inner bubble
tube and the surrounding sediment. During mixing events,
eddy diffusion is added to the molecular diffusion (i.e.,
Keqay + D) in the bubble tube domain, whereas the effec-
tive molecular diffusion, Ds, prevails in the sediment do-
main. In total, more than 2300 model realizations have
been carried out for a wide combination of parameter val-
ues (Table 4): 6 different bubble radii, 8§ different tube spac-
ings, eddy diffusion coefficients ranging from 10* to
10° cm?/a, and simulation times of bubble-induced mixing
from 9 h to 50 a.

The effect of gas bubble mixing is demonstrated for
porewater ammonium concentrations. This solute is
released to the porewater during organic matter decay

through a zero-order reaction with respect to ammonium it-
self and transported by diffusion. Fig. 6 shows an example
of the model output for a bubble radius of 1cm, a tube
spacing of 18 cm, and an eddy diffusivity of 10% cm?/a in
the tube. This parameter set reproduces the observed
NH,* data quite nicely (solid line in Fig. 5) and the bubble
radius is a representative average value observed in gassy
sediments (Anderson et al., 1998). In the upper panel the
radially averaged concentration-depth profile of ammo-
nium for mixing times ranging from 9 h to 5 a is shown,
while the respective 3-D distributions are depicted in the
lower panel. It takes more than a year of constant bubble
ebullition for mixing to change the porewater composition
to bottom water values to a sediment depth of 3 m, under
the stated conditions. All 3-D model simulations of bubble
mixing start from the steady-state model output of the ref-
erence station as depicted in Fig. 4 (solid lines) and use a
Dirichlet bottom boundary condition of 4.9 mM (see Table
D).

The bottom-water signature is quickly transported to
the bottom of the bubble tube. It takes less than 9 h to com-
pletely mix the tubewater (Fig. 6, lower panel). Using
the well-known Einstein—-Smoluchovski relation, 7 = %
the vertical mixing time scale in a bubble tube of a length
of 6 =300 cm and a diffusion coefficient of D = (Keqqy +
Dg) ~ 108 cm?/a is assessed to be t =4 h. The diffusivity
in the sediment domain is about 5 orders of magnitude
smaller (Dpoi(NH, ™) = 316 cm?/a) and thus, the 3-D con-
centration profiles clearly show how lateral molecular diffu-
sion slowly transports the ammonium concentration from
the surrounding porewater to the tubewater. Finally, after
about 5 years a steady state situation is reached with the
low bottom-water concentrations down to 300 cmbsf and
a subsequent steep increase in NH," concentrations to
about 4 mM at 400 cmbsf (Fig. 6). This model output is
equivalent to the one depicted in Fig. 5 (solid lines).

4.3. 3-D parameter sensitivity analysis

A number of parameters, such as horizontal tube spac-
ing, tube radius, mixing time, and bubble rise speed, have
been tested for their effects on the bubble-induced pore-
water mixing process. These model simulations assume
the rise of a continuous stream of gas bubbles through
the tube, i.e., an eddy diffusion coefficient that is constant
over the tube domain and simulation time. In the following
sections, we will discuss only selected model results; more
figures of the model realizations can be found in the elec-
tronic compendium to this article.

4.3.1. Tube spacing and diameter

The horizontal tube spacing was varied from 0.9 to 390 cm
with respect to the various tube diameters ranging from 0.1 to
20 cm. Fig. 7a depicts the radially averaged concentrations at
200 cm sediment depth at 5 years into the simulation with a
bubble mixing coefficient of 1 x 10% cm?/a, a tube radius of
1 cm, and various tube spacings. It becomes obvious that
mixing is most effective for dense packings of bubble tubes
in the sediment, and this efficiency diminishes with increasing
distance between the tubes. In addition, there seems to exist a
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corner) were chosen for these model realizations.

maximum spacing, above which bottom-water concentra-
tions can no longer be mixed into depth. In this example,
the critical tube spacing is somewhere above 40 cm. Fig. 7b
presents the respective 2D ammonium distribution in the
model domains after 5 years for tube spacings of 8, 18, 38,
and 98 cm. While mixing within the bubble tube itself is very
effective, vertical diffusion starts to dominate over lateral dif-
fusion with increasing distance from the tube. As a result,
downward mixing of bottom-water into the sediment is
incomplete for a tube spacing of 98 cm.

In contrast, the tube diameter has a less dominant effect
on the efficiency of the mixing process (see Electronic sup-
plement for additional figures). However, for very narrow
tubes flushing of the tube with bottom-water becomes very
difficult because lateral solute transport quickly levels out
the concentration difference between bubble tube and sedi-
ment. Thus, for narrow tube diameters and small tube spac-

ings almost no radial concentration gradients can occur
within the sediment, but only a vertical gradient develops
over the simulation time. In addition, mixing of bottom-
water concentrations into the sediment remains incomplete
for tube spacings above 10 cm.

4.3.2. Time-dependent irrigation

The effect of bubble mixing was simulated for a total
time of up to 50 years. In most cases a steady state situation
was reached much earlier. Fig. 8 illustrates the changes of
the radially averaged NH,* concentration with time at a
sediment depth of 200 cm for a variety of eddy diffusivities
and thus, also allows estimation of the time to reach steady
state for the respective parameter combinations. In the
upper panel (a) the tube spacing was chosen to be 18 cm,
and in the lower panel (b) it was 98 cm. The radially aver-
aged NH," concentration at 200 cmbsf slowly decreases
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Fig. 8. NH,* concentrations at a sediment depth of 200 cm are
plotted as a function of the mixing time for eddy diffusivities
between 10* and 10° cm?/a. Dots represent results of model
realizations for (a) a tube spacing of 18 cm and (b) 98 cm. The
tube radius is 1 cm in all depicted model realizations.

while the mixing proceeds. Again, the dependence of the
mixing efficiency on the tube spacing becomes apparent
when comparing Fig. 8a and b: even high eddy diffusivities
(>5 % 10° cm?/a) do not allow for sufficient mixing of bot-
tom-water NH,* concentrations (i.e., 0 mM) to 200 cmbsf
if the spacing is large (lower panel, b). Conversely, for a
high density of bubble tubes (upper panel, a), the mixing
can reach bottom-water concentrations within a few years.

While it generally takes between a few years and 1 or 2 dec-
ades of gas bubble ebullition to produce a fully irrigated con-
centration profile, this porewater distribution is quite stable
after the gas flow has ceased (Fig. 9). The model simulation
started with the well-mixed ammonium profile shown in
Fig. 6 as initial condition and considered NH,* release due
to organic matter degradation and molecular diffusion in
the sediment domain, as well as molecular diffusion in the
tube domain, but no bubble-induced mixing. A bubble radius
of 1 cm and a dense tube distribution with a spacing of 18 cm
were chosen for these depicted results. Since molecular diffu-
sion is orders of magnitude slower than the bubble-induced
eddy diffusion, the well-mixed initial profile is maintained
for several years (Fig. 9b). In total, it takes more than 500
years to return to the “normal” background NH,* distribu-
tion characterizing the ‘no-vent’ situation (Fig. 9a).

4.3.3. Eddy diffusivity
Eddy diffusivities were varied over 5 orders of magni-
tude (10°-10° cm?/a). As expected, the efficiency of bub-

ble-induced irrigation increases with increasing diffusivity
(Fig. 8). This effect is even more obvious for simulations
with low tube spacing (e.g., 18 cm in Fig. 8a). Low eddy dif-
fusivities, i.e., up to two orders of magnitude above the
molecular diffusion coefficient, are insufficient to create bot-
tom-water concentration conditions at 200 cmbsf. For large
tube spacing, mixing efficiency increases with time, but
remains incomplete even at very high eddy diffusivities
(Fig. 8b). Overall, the model realizations (see also addi-
tional graphs in the Electronic supplement) reveal that there
seems to be a threshold eddy coefficient of generally
5% 10%°cm?/a, above which the mixing efficiency is
enhanced.

Additionally, the relative competition between the bub-
ble-induced porewater mixing and the production (or con-
sumption) of solutes can be deduced. In our example,
ammonium is produced with a moderate to slow rate of
organic matter degradation (kg <10"*a~') and thus, at high
K.qqy values, bubble mixing is the dominant process. In
contrast, at low eddy diffusivities, the production of ammo-
nium becomes dominant. From this we can also infer that
faster diagenetic reactions will require higher eddy diffusiv-
ities in order to sustain the irrigation pattern for porewater
constituents. Again, the Einstein—-Smoluchovski relation is
a suitable assessment tool: bubble-induced irrigation is
the dominant process as long as its time scale is shorter than
of any reaction. While the time scale of a K.qqy value of
10% cm?/a was ~4 h, a low value of Keaay = 10* cm?/a has
a time scale of ~4.5 a and hence, even slow organic matter
degradation becomes important.

4.4. Ebullition of bubble pulses

In Section 4.2 and 4.3, the model realizations involved
eddy diffusion coefficients representing continuous streams
of gas bubbles rising in the tubes. However, in natural set-
tings, such as cold seeps and methanogenic surface sedi-
ments, pulses of methane gas ebullition alternating with
intermittent intervals of quiescence are more commonly ob-
served. Hence, bubble pulses were simulated by applying a
Gaussian function to the distribution of the eddy diffusivity
over the tube length and simulation time (Eq. (18); Fig. 1b).
The Gaussian distribution was chosen for numerical stabil-
ity reasons to provide a smooth transition between the sit-
uation of gas bubble mixing and purely molecular diffusion
in the tube domain. Nevertheless, these model simulations
turned out to be computationally expensive: a ‘pulsed’
model run took ~3 months (simulating 0.2 a) on a 2 GHz
CPU, compared to only minutes to hours for a simulation
of a continuous bubble stream (simulating the total of
50 a). When simulating bubble pulses, the automated
PDE solver takes only very small time-steps in the order
of milliseconds, whereas for constant K.4q, values this
time-step can increase rapidly (to days and weeks) during
simulations, and numerical stability is still maintained.

Fig. 10 shows the model results of pulsed bubble ebulli-
tion (dots), i.e. the difference between the initial NH, " con-
centration (Cop=2mM) at 200 cmbsf and the actual
concentration (C,) as a function of time. The bubble pulse
has a half-height peak width of ~5 cm, which is equivalent
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Fig. 9. Evolution of NH,* concentration at a sediment depth of 200 cm with time after bubble mixing has ceased. Right panel is a blow-up of
the left plot for  =0-10 a. Initial condition is the well-mixed profile of Fig. 6. Model geometries are a bubble radius of 1 cm and a tube

spacing of 18 cm.

to 2-3 gas bubbles of radius r; = 1 cm ascending through
the tube at all times. The corresponding parameters in
Eq. (17) are: ¢ = 3.16 cm and K = 1 x 10® cm?/a. The outer
wall tube spacing, 2(r, — ry), is 18 cm. For comparison, the
model results of continuous bubble streams and identical
tube geometries are plotted for a range of K.q4y values
(solid lines). Thus, a pulse of ~2 gas bubbles with an eddy
diffusivity of 1x 10% cm?/a is equivalent to a continuous
bubble stream with an eddy diffusion coefficient of
~2 % 10% cm?/a. This value is equal to the mean value of
the K.qqy distribution over the tube length and simulation
time (Eq. (19)).

Hence, the mean eddy diffusivity, (K.qqy), decreases
quickly as the time interval of quiescence (i.e., no bubble
ebullition) increases (Fig. 11a). In the same way, (Kcqdy)
increases as the bubble pulses become longer (Fig. 11b).
The theoretical maximum number of bubbles in the tube
is, of course, given by the bubble radius. Hence, in a tube
with a length of 300 cm, 150 bubbles with a radius of
1 cm will lead to a continuous stream of bubbles with no
quiescent periods.
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Fig. 10. Porewater mixing of a pulsed bubble flux (dots) versus
continuous bubble streams (lines) of various eddy diffusivities. The
change of NH," concentration with time at a sediment depth of
200 cm is depicted for a tube radius of 1 cm and a tube spacing of
18 cm. The bubble pulse has a maximum eddy diffusivity of
Keaay = 1 x 10° cm*/a.

Finally, we can translate (K.qqy) values into bubble fre-
quencies (Eq. (20); Fig. 2b) and a gas flow (Eq. (21)). With-
in our assumption for the 3-D model geometry of spherical
bubbles, gas bubbles with a radius of 1 cm rising at a speed
of 1.6cm/s (i.e., Keaay= 1x 10° cm®/a) carry a methane
volume flux of ~4 x 10°L/(m?a) (i.e., Eq. (21)), if there
are 4 bubble tubes per m> (i.e., a tube spacing of
~40 cm). Under the in situ conditions of the Obzhirov
Flare area (p = 70 atm, T = 2.4 °C), this volume flux results
in a methane flux of ~1 x 10° mol/(m? a). A rise velocity of
~0.2mm/s (ie., Keaay ~ 1% 10® cm?/a) would result in a
CH,4 flux that is 2 orders of magnitude smaller, i.e.,
Fen,=4x10° L/(m” a) (i.e., ~1 x 10* mol/(m? a)). Overall,
the simulated methane fluxes range from 5x10' to
1x10° L/(m?a) with a minimum CH, flux necessary to
achieve a visual mixing effect within several weeks or
months of 1x10°~1 x 10° L/(m? a). Since gas bubbles in
sediments may, in fact, be hindered by interaction with
the sediment (i.e., friction), these methane fluxes may be
overestimated. In addition, the shape of the bubbles may
not be spherical (Boudreau et al., 2005). A volume of
0.3 cm? was reported for a disc-shaped bubble of 2 cm size
(Boudreau et al., 2005), as compared to a volume of 4.2 cm?
for a truly spherical bubble with the same diameter of 2 cm.

4.5. Linking 1-D and 3-D bubble-induced irrigation

The 1-D expression for porewater irrigation (Eq. (14))
assumes that mixing occurs on a much faster time scale
than solutes are transported by molecular diffusion and
advection. Thus, the water in the tube is ‘instantaneously’
flushed with bottom-water. Similar predictions are made
by the 3-D model realizations: generally, the bubble tube
was well-flushed within hours or days, if a minimum K.qqy
of 5% 10°-5x 10% cm?/a was applied. The larger the tube
(i.e., the bubble), the easier the tubewater is mixed. Only
for tube radii <0.1 cm were larger eddy diffusivities of
1 x 10® cm?/a necessary to create quickly bottom-water val-
ues in the tube. In the latter case, lateral diffusion becomes
dominant, because the tube domain is so small. Thus, the
minimum eddy diffusivity necessary to keep the tube well-
flushed is equivalent to a CH,4 flux per bubble tube of
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Fig. 11. Spatially and temporally averaged eddy diffusivity of bubble pulses based on Egs. (18) and (19) with a K 4qy of 1 X 108 cm/a. (a) As a
function of time between pulses and (b) as a function of spatial distance between pulses in tube (i.e., number of bubbles in the tube at all
times). The bubble pulse has a half-height peak width of ~5 cm, the tube radius is 1 cm and the spacing between tubes is 18 cm. The dots
represent the results of the pulsed model realization (i.e., log{K) = 6.3; see also Fig. 10) and a continuous bubble stream (i.c., log(K) = 8).

5% 10?-5 x 10° L/a, provided the average bubble radius is
1 cm (Eq. (21)).

For a given tube radius, the irrigation coefficient itself
implies a certain tube density per unit area (Eq. (15)). For
example, an irrigation coefficient of =0.1a""', ie., the
result of the 1-D model simulation in Section 4.1.2, and
our assumed tube radius of r; =1 cm require the radius
of the sediment domain, r,, to be >17.5 c¢m, i.e., a tube spacing
>33 cm. Similarly, a tube geometry of r;=1cm and
r, =10 cm, i.e., a tube spacing of 18 cm, defines the irriga-
tion coefficient to be «>0.57 a~!. Thus, the resulting spa-
tial methane fluxes based on these irrigation coefficients
are 5x10>-5x10* L/(m?a) and 2x 10*-2x 10° L/(m? a),
respectively.

Additionally, if the tube spacing, 2(r, — r;), becomes
large (i.e., r» — oo in Eq. (15)), the 1-D irrigation coefficient
tends towards zero (i.e., « — 0) and the mixing becomes
ineffective. This resembles a similar result obtained with
the 3-D mixing model (see Figs. 7 and 8).

The major drawback of the 1-D representation of pore-
water irrigation is that fitting the model to the data will
always yield only a minimum irrigation coefficient, which
might not be defined for the actual tube geometry. In turn,
the actual tube geometry will require much higher irrigation
coefficients than can be determined by any fitting proce-
dure. Thus, the methane flux calculated from irrigation
coefficients might be quite flawed because the radial trans-
port information is not well represented in the 1-D
source/sink term.

5. CONCLUSIONS

Our 3-D modelling study shows that gas bubble-induced
irrigation of porewater can mix bottom-water concentra-
tions into the sediment on meter scales. General require-
ments for the observation of such porewater profiles are:
(1) gas bubble rise velocities corresponding to a
Keaay = 1x10° cm?/a, (2) a density of at least 4 tubes/m*
(i.e., a distance of 40 cm between bubble tubes), (3) active
gas seepage for at least a few weeks or months, and (4)
moderate to low diagenetic reaction rates of solutes.

Thus, bubble irrigation with a visual effect similar to
that observed in cores from vent sites northeast off Sakhalin
Island, Sea of Okhotsk, is predicted by the 3-D model to
create CH, fluxes of 1x 10°-5 x 10° L/(m? a) (i.e., 3 x 10°—
1 x 10° mol/(m? a)), lasting for, at least, a few weeks to
months. The resulting porewater profiles are stable for sev-
eral years to decades without further gas bubble ebullition.
Our estimated CH, fluxes lie well within the range of meth-
ane fluxes reported from other areas with active methane
seepage. One example, given here for comparison is the
well-studied Hydrate Ridge, Cascadia margin with (a)
1 x 10°-1 x 10* mol/(m? a) for methane hydrate formation
(Haeckel et al., 2004) and (b) 4 x 10° mol/(m? a) for discrete
discharge at Hydrate Ridge (Torres et al., 2002), and (c) an
average of 24 mol/(m” a) over the entire area of 4 x 10° m?
(Torres et al., 2004). The second example is the Coal Oil
Point gas seep with 8 x 10’ mol/(m? a) (Boles et al., 2001).

Besides, providing a handle on quantifying methane gas
transport and fluxes in sediments, our model simulations also
show that gas bubble transport in surface sediments signifi-
cantly enhances solute transport by means of eddy diffusion.
Several studies have reported increased diffusivities of solutes
in gassy sediments, such as coastal areas, lakes, and wetlands,
but could not provide satisfactory explanations. For exam-
ple, Martens and Berner (1974), Martens (1976), Martens
et al. (1980) showed that in the anoxic sediments of Cape
Lookout Bight, North Carolina, solute diffusivities are 2-3
times higher than molecular diffusion. They could, of course,
not observe any visual mixing effect because the eddy diffusiv-
ities are too small, but the process is still important for solute
exchange with the overlying water, as numerical analysis has
proved. Similar observations were made by e.g., Rothfuss
and Conrad (1998) in the upper layers of an anoxic paddy soil
and Strayer and Tiedje (1978) for lake sediments. Addition-
ally, Brennwald et al. (2005) observed an unusual isotopic
signature of dissolved gases that is most likely caused by eddy
diffusion, rather than molecular diffusion. Whereas molecu-
lar diffusion affects the isotopic composition, eddy diffusion
would not because it is a macroscopic physical process and
as such does not lead to isotope fractionation, i.e., all isotopes
are mixed equally.
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Eddy diffusion associated with bubble rise can be orders
of magnitudes larger than molecular diffusion and hence
plays an important role in transporting solutes in anoxic
sediments, where methane is released by bubble ebullition
into the overlying water column (and atmosphere), e.g. wet-
lands, high productivity coastal sediments, hydrate bearing
surface sediments. This irrigation process increases diffusive
solute fluxes and thus leads to enhanced biogeochemical
turnovers.
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APPENDIX A. SUPPLEMENTARY DATA

The electronic annex contains additional figures for the
3-D parameter sensitivity analysis regarding tube spacing,
tube radius, mixing time, and eddy diffusivity (correspond-
ing to Figs. 6-8 in the article). Supplementary data associ-
ated with this article can be found, in the online version, at
doi:10.1016/j.gca.2007.08.011.
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