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Abstract

Natural leakages of CO; are reported in the literature at mid ocean ridges and CH4 seepages in hydrocarbon rich ares. These could
potentially serve as natural analogues of leakages from CO, storages. In this study we have developed a model tool for the rise
and dissolution of droplets or bubbles of these gases and the subsequent spreading of the compounds. The preliminary results
shows some of the same trends as has been reported on observations from natural gas leakages. The model has been setup for an
idealized natural CO, leakage in the deep ocean to illustrate how the model can represent such a leakage.
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1.Introduction

A motivation for studying dissolution and spreading of liquid or gaseous CO, in the ocean comes from the desire
to mitigate anthropogenic CO, otherwise emitted to the atmosphere (IPCC [1]). Some of the options suggested are
geological storage, storage in the ocean or storage in deep water sediments. CO, dissolution and spreading is a
determining factor both for ocean storage and to predict the fate of leakages from subsea underground storages.
Natural analogues of gas leakages at the seafloor occur at several places around the world (Judd and Hovland [2]).
Hydro carbons mostly consisting of CH,, are leaked in hydrocarbon rich reach areas where one usually finds oil
exploration. In these areas the geological conditions are similar to what one would expect to find near potential CO,
sequestration sites, but the behavior of CH, in seawater is quite distinct from that of CO,. Natural leakage of CO, on
the other hand has been observed at Mid Ocean Ridges (Sakai [3], Lupton [4] and Inagaki [5]) near underwater
volcanic areas where gradients of temperature and other dynamically active tracers are high. The geological
conditions are also quite different from sites considered for CO, storage. CO, chemical properties are such that at
around 400-500 meters depth it changes from gas form to liquid form, and since it is more compressible than
seawater it becomes denser at around 2500 meters. Most of the observed natural leakages of CO, are located at 1400
to 1600 meters depth. Released CO, will therefore tend to form droplets rising and dissolving in the water column. It
should be possible to improve models for dissolution and spreading of CO in seawater by means of comparison to
observation of natural sources of CO,. The study of natural sources leaked at the seabottom is also interesting from a
phenomenological perspective.

Several investigations have been performed to clarify the fate of rising CO, droplets in the ocean, using in situ
experiments (Brewer [6]), lab experiments (Bigalke [7]) and modelling efforts (Alendal and Drange [8], Chen [9],
Gangste et al. [10]). Comparison between sophisticated models and in situ experiments and measurements has been
done by Brewer et al. [11] and McGinnis et al. [12]. Earlier studies have focused on the rise and dissolution of
droplets or bubbles. The present study differs from Brewer et al. [11] since a larger domain is employed and exact
replication of small scale phenomena is not expected.

In this study the MIT general circulation model (MITgcm, http://mitgcm.org/) has been coupled with a single
droplet/bubble model. Some modifications have been done to the latter incorporating new parameterizations of
solubilities and the drag coefficient. Since, to our knowledge, no measurements of the plume of dissolved CO,
above natural leakages has been available until recently, the comparison beween the model and measurements is
limited to CH. seepages in the North Sea. Results from an idealized setup for a natural CO, seepage is shown to
illustrate how the model can represent these phenomena.

2.Method

To be able to simulate both the rise and dissolution of droplets/bubbles and the subsequent spreading of the
dissolved compounds, the MITgecm has been coupled to a single droplet/bubble model. The latter has previously
been used in a study of the rise of single CO, droplets by Gangste et al. [9]. The MITgem can be used on a wide
range of scales from global climate studies to small scale channel flows. It also has a non-hydrostatic capability
which is important when transferring momentum from the single droplet/bubble model to the surrounding water.
The single droplet/bubble model integrates position, mass and size of the droplet/bubbles (particles hereafter). The
governing equations are the mass transfer

dm
= =—Shd,mD,(C=C)) @

Sh is the Sherwood number given by the correlation, d. is the equivalent diameter, D, is the diffusion C is the
solubility and C; is the ambient concentration. The momentum equations are given as a balance between the
buoyancy force and the drag force exerted on the particles. The rise velocity is then given as
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Here g is the gravitational acceleration, r. is the equivalent radius, p is the density of the surrounding water, p, is
the density of the particle and Cy is the drag coefficient. The position of a particle is stepped forward in time using a
fifth order Runge Kutta method. Important parameters to be estimated in these equations are the solubility C in the
mass transfer equation, and the drag coefficient C, in the rise velocity equation. A new implementation for the
solubilities has been used based on Teng et al. [13] for solubility of clean CO, droplets and Chen [8] for hydrate
coated CO, droplets and Duan and Mao [14] for CH4 bubbles. Figure (la) shows comparison between time
development of the equivalent radius in the model with existing measurements of hydrate coated CO, droplet
dissolution (Brewer et al. [5]). In the same way Figure (1b) represents same type of plot but for the time
development of equivalent radius of a clean bubble compared with an empirical correlation by Rehder et al. [15].
Both figures show favorable comparison between the model and the in situ measurements.

The drag coefficient previously used by Gangste et al. [9] was the parameterization derived by Bozanna and Dente
[16]. This was a drag parameterization originally developed for gas bubbles near atmospheric pressure, and has been
shown to disagree with recently published experimental data (Bigalke [7]). A different drag parameterization than
what was used by Gangste et al. [9] has been incorporated to improve the calculation of the rise velocity (Bigalke
[17]). The drag parameterization has been developed for clean and hydrate covered CO, droplets and will be
published elsewhere, but has shown good comparison with experimental data.
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Figure 1. Time development of equivalent radius of CO, droplets and CH, bubbles. The model
results are compared to ocean experiments.
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From the single particle model we obtain the mass deposited at each position of the particle. This mass is transferred
to the general circulation model. During this process the distribution of the dissolved mass is interpolated to the
MITgem model grid. The vertical distribution of the dissolved mass in MITgem is verified by comparing it with the
distributed mass from a run with the single particle model alone. Also the momentum transfer from the single
particle model is added in the momentum equation in MITgecm. This is possible because of the non-hydrostatic
possibility in MITgem. The drag force is given by

where 4 is the projected area Ui is the vertical velocity component of the surrounding fluid.

To keep track of the particles from they are released at the bottom to they are completely dissolved or reach the
surface, an interface routine between MITgcm and the single particle model is developed. In this routine the data of
the particles are stored in a dynamical pointer structure. Advection of each particle is computed based on the
velocity field in MITgem. The boundary conditions are given as periodic in the horizontal directions and a no-slip
condition at the bottom and free slip at the surface. Particles moving out of the domain are deleted.

3. Results
3.1. CH4 seepage

To compare the ability of the coupled model to represent the vertical distribution of dissolved mass, a qualitative
comparison with in situ data presented in Leifer and Judd [18] was performed. They presented averages of bottle
cast measurements giving vertical profiles of CH4 concentrations above and beside pockmark areas in the North Sea.
The results show a peak in the concentration at some distance from the bottom. They explain this peak by presenting
the “bubble deposition hypothesis” which implies that upwelling flow creates the maximum concentration at a
vertical distance from the source. By running the model both with and without the transfer of vertical momentum it
should be possible to give an indication of the validity of this transfer in the model.
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Figure 2. CH, concentrations as a function of depth modelled both with and without
transfer of momentum from the single particle model.
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The model setup is simple with a 20 x 20 x 350 grid size and 10 x 10 x 175 meters domain size. The flux at the
bottom is given as one bubble each 6 seconds (Hovland and Judd [19]) with a equivalent radius of 4.5 mm. A
temperature gradient is introduced giving a stable stratification near the surface. Since most parameters which will
determine the bubble deposition depth are unknown and due to the simple setup of the model, only qualitative
similarities can be expected.
Figure (2) displays the concentration profile of CH,4 as a function of the depth, both with and without transfer of
vertical momentum. Leifer and Judd [16] found a maximum concentration at 100-125 meters depth. With the setup
employed in the current numerical experiment we obtain such a maximum at 120 meters depth. In the case where
the vertical momentum forcing from the bubbles on the water column is left out, the profile is decreasing away from
the bottom. The model results suggest that upwelling flow affects the concentration giving higher concentrations
away from the bottom, and that the transfer of vertical momentum is included in a realistic manner.

3.2 CO; leakage

The model has been setup for an idealized CO, leakage in the deep ocean at 1600 meters depth. The flux used is
one droplet of 4.5 mm equivalent diameter released each 6 seconds. The release is distributed over an area of 10 x
10 meters. Tidal forcing is enforced giving a velocity ellipsoid. The effect of tidal flow on bottom currents was
measured by Barry et al. [20]. The diffusivity is set to 5.0 x 10" in the horizontal direction and 1.0 x 10 * in the
vertical direction. The domain is 300 x 300 x 400 meters with a grid resolution of 99 x 99 x 80.

Figure (3) shows the pH reduction profile as a function of distance from the bottom above the leakage. The
profile shows a linear trend away from the bottom. The larger concentration near the seafloor could be due to the
lower velocities close to the bottom and subsequently lower transport.
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Figure (3) shows the pH reduction profile as a function of distance from the bottom above the leakage. The
profile shows a linear trend away from the bottom. The larger concentration near the seafloor could be due to the
lower velocities close to the bottom and subsequently lower transport.

In Figure (4) an isosurface of pH reduction of 10 is shown together with a contour slice of the pH reduction. The
higher pH reductions is limited to a narrow band. This corresponds with the measurement of Barry et al. [20], where
they measured the pH reduction in the vicinity of liquid CO; released beneath the density inversion. For the droplet
flux rate used in the present model the pH reduction remains low. In an area with CO, seepage there will also be CO»
slowly diffusing out of the bottom sediment. This will create a larger pH reduction than if CO, is only released as
droplets. This effect is not included here, but should be added to the model in future studies.

4. Conclusions/Summary

A model has been developed where modeling of rise and dissolution of droplets and bubbles has been combined
with the subsequent spreading and transport of the dissolved tracers. The parameterization of the mass transfer and
drag coefficient has been verified using experiment and in situ data. Using a simple setup for a pockmark like
seepage the model reproduces roughly some of the features found in measurements presented in the literature. The
model was also setup in an idealized manner for a CO, leakage to illustrate how the model can represent such a
leakage.
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Figure 4. Isosurface of seawater with a pH reduction of 0.0001 together with a
slice of contours of the pH reduction
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