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[1] When carbon dioxide (CO2 ) dissolves into water, the
density of water increases. This seemingly insubstantial
phenomenon has profound implications for geologic carbon
sequestration. Here we show, by means of laboratory
experiments with analog ﬂuids, that the up-slope migration
of a buoyant current of CO2 is arrested by the convective
dissolution that ensues from a ﬁngering instability at
the moving CO2 -groundwater interface. We consider the
effectiveness of convective dissolution as a large-scale
trapping mechanism in sloping aquifers, and we show that
a small amount of slope is beneﬁcial compared to the
horizontal case. We study the development and coarsening
of the ﬁngering instability along the migrating current and
predict the maximum migration distance of the current with
a simple sharp-interface model. We show that convective
dissolution exerts a powerful control on CO2 plume
dynamics and, as a result, on the potential of geologic carbon
sequestration. Citation: MacMinn, C. W., and R. Juanes (2013),
Buoyant currents arrested by convective dissolution, Geophys. Res.
Lett., 40, 2017–2022, doi:10.1002/grl.50473.

1. Introduction
[2] The large-scale injection of carbon dioxide (CO2 ) into
deep saline aquifers is a promising tool for reducing CO2
emissions to the atmosphere [Bachu et al., 1994; Orr Jr.,
2009; Szulczewski et al., 2012]. These aquifers are thin, laterally extensive layers of porous rock saturated with saline
groundwater. Many are gently sloping, in which case the
relatively buoyant CO2 may migrate laterally up-slope for
tens or hundreds of kilometers after injection. Arresting the
migration of this buoyant gravity current of CO2 is essential to prevent leakage into shallower formations. Physical
mechanisms that trap the CO2 include residual trapping,
where small blobs of CO2 are immobilized by capillarity, and solubility trapping, where CO2 dissolves into the
groundwater [IPCC, 2005].
[3] Solubility trapping is greatly enhanced by a hydrodynamic instability where dissolved CO2 is carried away
from the buoyant current in dense ﬁngers of CO2 -rich
groundwater [Weir et al., 1996; Lindeberg and Wessel-Berg,
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1997; Ennis-King et al., 2005; Riaz et al., 2006]. Although
this process of convective dissolution has been studied
recently in the context of a stationary layer of CO2 [Hidalgo
and Carrera, 2009; Pau et al., 2010; Kneafsey and Pruess,
2010; Neufeld et al., 2010; Slim and Ramakrishnan, 2010;
Backhaus et al., 2011; Hidalgo et al., 2012; Slim et al.,
2013], the interaction of convective dissolution with a
migrating current of CO2 has received comparatively little
attention and is not well understood. Numerical simulations
and macroscopic theoretical models predict that convective dissolution will arrest the migration of such a current
[Pritchard et al., 2001; Pruess and Nordbotten, 2011; Gasda
et al., 2011; MacMinn et al., 2011]. MacMinn et al. [2012]
recently conﬁrmed this prediction in a horizontal aquifer but
found that the effectiveness of this process is greatly limited in horizontal aquifers by the small solubility of CO2 in
groundwater.
[4] Here, we study convective dissolution from a buoyant
current in a sloping aquifer. We conduct laboratory experiments using analog ﬂuids, and we compare the results with
the predictions of a sharp-interface mathematical model. We
then use the experiments to study the detailed dynamics of
the ﬁngering instability, and we use the model to quantify
the effectiveness of convective dissolution as a large-scale
trapping mechanism.

2. Laboratory Experiments
[5] To study buoyant currents with convective dissolution, we employ an analog-ﬂuid system in which water plays
the role of the buoyant CO2 and propylene glycol (PG) plays
the role of the denser and more viscous ambient groundwater
[Backhaus et al., 2011]. The density of water-PG mixtures
is a nonmonotonic function of water concentration so that
mixtures with up to about 54% water are denser than pure
PG, triggering convective dissolution in a system that is
initially stably stratiﬁed (see supporting information). The
large viscosity contrast between the water and the PG is
appropriate for studying a buoyant current of CO2 , which
is much less viscous than the ambient groundwater. Unlike
CO2 and groundwater, water and PG are perfectly miscible,
so capillarity plays no role in this analog system.
[6] To study buoyant currents without convective dissolution, we replace the PG with a mixture of glycerol and
water that has a viscosity similar to that of PG. As in the
water-PG system, the buoyant water will mix with the dense
glycerol-water mixture along their shared interface. Unlike
in the water-PG system, the resulting mixture will have
an intermediate density and will never trigger convective
dissolution.
[7] To perform an experiment, we release a ﬁxed quantity
of the buoyant ﬂuid in the lower corner of a sloping aquifer
(either a Hele-Shaw cell or a quasi-two-dimensional ﬂow
cell packed with glass beads; see supporting information).
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Figure 1. Convective dissolution arrests the up-slope migration of a buoyant current. Here we show snapshots of two
buoyant currents migrating up-slope in a sloping aquifer (a Hele-Shaw cell for illustration). The CO2 analog is water (dark)
in both cases. When the denser and more viscous ambient ﬂuid is a mixture of glycerol and water (left), the ﬂuids mix by
diffusion-dispersion only, and the buoyant current migrates to the top of the cell and accumulates there. When the ambient
ﬂuid is propylene glycol (right), the dense mixture of the two ﬂuids drives convective dissolution, which dissolves the
buoyant current as it migrates.
This ﬂuid rises toward the top of the cell and migrates
up-slope as a buoyant current. Without convective dissolution, the buoyant current migrates to the upper corner of
the cell and accumulates there. With convective dissolution,
the upward migration of the buoyant current slows and is
ultimately arrested (Figure 1).

3. Mathematical Model
[8] We have elsewhere developed and discussed a sharpinterface model for the evolution of a buoyant current in a
sloping aquifer, subject to residual and solubility trapping
[MacMinn et al., 2011]. The model is derived from Darcy’s
law and conservation of mass after assuming that the pure
ﬂuids are separated from each other by a sharp interface,
neglecting capillarity, and neglecting the vertical component of the ﬂuid velocity relative to the horizontal one (see
supporting information). For simplicity, we ignore the accumulation of dissolved buoyant ﬂuid beneath the migrating
current. This effect can in some cases suppress further convective dissolution, but it does not play a strong role in
the scenarios considered here. In addition, there is no residual trapping in our experiments since the analog ﬂuids are
perfectly miscible.
[9] The model takes the form of a partial differential
equation to be solved for the local plume thickness h(x, t):
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where x is the coordinate along the sloping aquifer, t is
time, # is the aquifer slope measured from horizontal,
 =  gk/g is the characteristic velocity of the buoyant
current, and qd is the volumetric rate of convective dissolution per unit area of ﬂuid-ﬂuid interface ( and k are the
porosity and permeability of the aquifer, respectively,  is
the amount by which the density of the ambient ﬂuid exceeds
the density of the buoyant one, g is the dynamic viscosity
of the buoyant ﬂuid, and g is the force per unit mass due to
gravity). The function f is given by f(h) = Mh/[(M–1)h+H],
where M = w /g is the mobility ratio, with w the dynamic
viscosity of the ambient ﬂuid. This fractional-ﬂow function
reﬂects the fact that, in a conﬁned aquifer, the viscosities
of both ﬂuids exert resistance to ﬂow. The term proportional to sin # in equation (1) represents up-slope migration,
the term proportional to cos # represents spreading against

the top of the aquifer, and the sink term on the righthand side represents convective dissolution of CO2 into the
brine.
[10] We make equation (1) dimensionless using characteristic thickness H, length L, and time T, where H is the
thickness of the aquifer, L is the initial width of the buoyant current, and T = L2 /(H cos #) is the diffusive spreading
timescale. The result is
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where  = h/H,
= x/L, and  = t/T. Equation (2)
is uniquely characterized by three dimensionless parameters: Ns = (L/H) tan # , which measures the importance of
up-slope migration; Nd = L2 qd /(H2  cos #), which measures the importance of convective dissolution; and M, the
mobility ratio.
[11] We compare the predictions of the model with experiments in the packed ﬂow cell at different values of the
slope # with the same initial condition of height H = 5.2 cm
and L  5.2 cm (see supporting information). The parameter Ns then depends only on the slope, whereas the parameter
Nd is a very weak function of the slope for the small angles
used here. This allows us to adjust the value of Ns essentially independently from the other parameters. We vary it
here from 0 to about 0.3 by changing the angle from 0 to
about 16°. We are also able to add or remove the effect of
convective dissolution while keeping all other parameters
nearly constant by switching the ﬂuid pair since, by design,
the value of M is similar for the water/glycerol-water system ( 39) and for the water-PG system ( 48). Nd takes a
constant value of 0 for the water/glycerol-water system and
a nearly constant value of about 2  10–4 for the water-PG
system.
[12] From each experiment, we measure the migration
distance of the buoyant current as the position xN of its leading edge or nose as a function of time. The predictions of the
model agree well with the experiments for buoyant currents
both without and with convective dissolution (Figures 2a
and 2b, respectively), differing most for the smallest
slopes where the current dissolves before reaching the long
and thin aspect ratio assumed in developing the model
(see supporting information).
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Figure 2. Migration distance as a function of time (both
dimensionless) from the experiments (circles) and the model
(solid lines) for several different slopes (a) without convective dissolution (water/glycerol-water system) and (b) with
convective dissolution (water-PG system). Buoyant currents
in the water/glycerol-water system all hit the end of the cell,
located at a dimensionless distance of about 10. In contrast,
buoyant currents in the water-PG system reach a maximum
migration distance and then begin to retreat as they dissolve completely (with the exception of the largest slope, for
which the current hits the end of the cell before reaching its
maximum migration distance). We mark with an ‘x’ the ﬁrst
data point after the maximum migration distance (the ﬁrst
point of the retreat) and truncate the data thereafter because
the buoyant ﬂuid breaks up into patches, no longer behaving
as a gravity current.

4. Coarsening Dynamics
[13] Our experiments also reveal the detailed dynamics of
this hydrodynamic instability: the formation, descent, and
coarsening of the ﬁngers. These small-scale features are
explicitly absent from macroscopic theoretical models and
are challenging to resolve in numerical simulations simultaneously with the long, thin current [Ennis-King et al., 2005;
Pruess and Nordbotten, 2011]. A migrating current provides
a unique setting for studying the evolution of the ﬁngering
instability because a single experiment provides data on the
evolution of many ﬁngers. A snapshot in time shows ﬁngers at different levels of maturity: younger near the nose
of the current and older further away from it (Figure 3a).
The typical morphology of the ﬁngers exhibits a thin neck
at the root, a winding core along which the ﬁnger widens,
and a round bulb at the tip (Figure 3a; see also Riaz et al.
[2006], Backhaus et al. [2011], Hidalgo et al. [2012], and
Slim et al. [2013]).

[14] We focus here on the evolution of two quantities: the
speed at which the ﬁngers fall and the spacing of the ﬁngers. The ﬁnger speed has macroscopic importance since
the dynamics of convective dissolution change when the ﬁngers begin to interact with the bottom of the aquifer, and the
ﬁnger speed determines the time at which this occurs. The
ﬁnger spacing informs the spatial resolution necessary for
numerical simulations to accurately capture the physics of
convective dissolution. The size and spacing of the ﬁngers
are also essential aspects of understanding how they will
interact with a heterogeneous permeability ﬁeld.
[15] We ﬁnd that all ﬁngers descend with roughly the
same characteristic speed, which we estimate from the
experiment to be vf  0.54 cm/min (Figure 3c). All ﬁngers
slow gradually as they begin to interact with the bottom of
the aquifer. We also estimate the onset time for the instability
from the experiment, ﬁnding tonset  0.42 min. From these
observations, we propose a simple model for the thickness
hf of the ﬁngering front that grows beneath the migrating plume: hf (x, t) = vf tconv (x, t) U (tconv ), where U is the
Heaviside step function and tconv (x, t) is the convective time,
measuring the amount of time that has passed since ﬁngers
ﬁrst formed at a location x. The nose of the migrating current arrives at location x at time tN (x), and ﬁngers form a
time tonset thereafter, so tconv = t – tN (x) – tonset . In other words,
the ﬁngering front grows at a constant rate vf at each location x, starting at a different time for each x based on when
the current arrives there. Here, we measure the function
tN (x) from the experiment directly—in ﬁeld applications,
when the nose position is not available for observation, it
can be predicted from equation (1). This model provides
an excellent approximation for the growth of the ﬁngering
front (Figure 3a).
[16] The ﬁnger spacing coarsens as the ﬁngers fall: older
ﬁngers are wider and spaced further apart (Figure 3a). Two
different physical mechanisms are involved in the coarsening process: “mergers and acquisitions,” when two ﬁnger
tips interact and then merge, and “ﬁnger suppression,” when
the root feeding an older ﬁnger consumes the root feeding
a younger one, diverting the ﬂux and causing the younger
ﬁnger to retreat and be absorbed (see Video S0 in the
supporting information). We highlight the evolution of the
ﬁngertip spacing by tracing the trajectories of the ﬁnger tips
as they fall (Figure 3b).
[17] Since tconv (x, t) reﬂects the age of the ﬁngers at location x and time t, it is also the appropriate independent
variable for studying ﬁnger coarsening. We compute the
average spacing between ﬁnger tips tips as a function of tconv
from Figure 3b. We ﬁnd that the tip spacing increases almost
linearly with convective time by a factor of about 3 over the
course of the experiment (Figure 3d, blue line). We study
the coarsening of the ﬁnger roots by analyzing, as a function of convective time, the color of the ﬂuid mixture in a
strip running along the underside of the water-PG “interface”
(Figure 3e). We ﬁnd that, after some early-time merging of
the young ﬁngers that form simultaneously at the onset of the
instability [tconv 2 (3, 6) min], new ﬁngers always migrate
laterally to merge with a neighboring, well-developed ﬁnger (Figure 3e). We compute the average spacing between
ﬁnger roots roots as a function of tconv from Figure 3e. The
root spacing (Figure 3d, black line) increases more slowly
than the tip spacing and appears to remain constant during an
intermediate period of time [tconv 2 (6, 10) min] when ﬁnger
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Figure 3. Experiments in a Hele-Shaw cell allow us to study the detailed dynamics of convective dissolution from a
migrating current. (a) The ﬁngering front grows as the current migrates, illustrated here with snapshots at two different times
and the prediction of a simple model (cyan line, see Video S1). (b) The ﬁngering pattern coarsens as the ﬁngers grow and
merge, illustrated here with the paths that the ﬁnger tips follow over time (see Video S2). (c) All ﬁngers fall with roughly
the same characteristic speed until nearing the bottom of the cell, illustrated here with ﬁnger depth versus convective time
for those ﬁngers that reach the bottom. (d) The ﬁngering pattern coarsens over time, illustrated here with the mean spacing
of the ﬁnger tips (blue line) and ﬁnger roots (black line) as a function of convective time, as extracted from Figures 3b and
3e, respectively. (e) The dynamics of the ﬁnger roots are illustrated here via the evolution of the color intensity of a ﬂuid
strip located along the underside of the water-PG interface.
formation balances ﬁnger merging and before the buoyant
ﬂuid is exhausted [tconv  12 min].
[18] Although the scalings behind ﬁnger coarsening
remain to be explored quantitatively, this analysis suggests
that the ﬁnger roots and tips exhibit different coarsening
dynamics: the root spacing saturates at a quasi-steady value,
while the tip spacing coarsens over the entire ﬁnger lifetime.
Further study will likely require insight from high-resolution
simulations.

5. Convective Dissolution at Geologic Scale
[19] Our results suggest that convective dissolution can
play a key role in arresting the migration of a buoyant current

of CO2 , rapidly transforming the CO2 from a buoyant ﬂuid
into a sinking ﬂuid. We now use the model to consider
trapping effectiveness in the context of large-scale carbon
sequestration: a migrating current of CO2 in the Mt. Simon
sandstone, a large deep saline aquifer in the Midwestern
United States (Region a as discussed in §S5.1 of
Szulczewski et al. [2012]). In particular, we compare the
effectiveness of solubility trapping from convective dissolution with that of residual trapping due to imbibition at the
back end of the CO2 plume [Juanes et al., 2006].
[20] We assume that 10 Gt of CO2 is injected uniformly
along a linear, 200 km array of wells, and we model the
evolution of the planar cross-section of the resulting current.
Using parameters from Szulczewski et al. [2012, Table S2],
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at the back end of the plume, whereas solubility trapping
effectively dissolves away the long, thin leading edge.
[24] Although we have focused here on the impact
of slope, other parameters (e.g., M, Nd , and ) also
have important quantitative impacts on trapping efﬁciency
[MacMinn et al., 2011]. However, these do not change the
qualitative trends discussed here.

6. Conclusions

Figure 4. We use the model to examine the impact of
residual and solubility trapping as a function of slope. We
consider a buoyant current of CO2 in the Mt. Simon sandstone and plot the lifetime of the buoyant current against its
maximum migration distance for slopes ranging from # = 0
(horizontal) to 2ı . Slope increases along each curve in the
direction of the arrow. The actual slope of the Mt. Simon
sandstone, about 0.5ı , is indicated on each curve by an
open circle.
we estimate M  13, Nd  3.7  10–6 , and Ns  0 to 0.078
for angles ranging from 0 to 2° (see supporting information).
This viscosity contrast is smaller than the value in our experiments ( 48) but still much larger than 1 since CO2 is much
less viscous than groundwater—as a result, the buoyant
current will have a similar shape, propagating up-slope in
a thin layer. This value of Nd is nearly 2 orders of magnitude smaller than the value in our experiments ( 2  10–4 ),
meaning that convective dissolution is much weaker in this
ﬁeld case. This range of values of Ns is very similar to the
range in our experiments ( 0 to 0.3).
[21] As measures of trapping effectiveness, we consider
the lifetime of the current (i.e., the time when all of the CO2
is trapped) and the maximum migration distance. We measure these quantities for the scenario above as functions of
the slope # for solubility trapping alone, for residual trapping alone, and for both mechanisms together (Figure 4). We
use a residual trapping number of  0.2, a conservative
value [Szulczewski et al., 2012, §5].
[22] With solubility trapping alone, the buoyant current
is arrested more quickly but travels much further as the
slope increases. The lifetime decreases because the current
stretches more quickly as it migrates [Hesse et al., 2008],
increasing CO2 -groundwater interfacial area and promoting
convective dissolution [MacMinn et al., 2011]. The migration distance increases because the current migrates more
quickly as the slope increases [Hesse et al., 2008], traveling
further even in less time. With residual trapping alone, both
the lifetime of the current and its migration distance decrease
as the slope increases. This is because residual trapping is
driven by migration [Hesse et al., 2008; Juanes et al., 2010].
As a result, residual trapping is not effective when the slope
is small.
[23] The combination of residual and solubility trapping
always traps the CO2 much more effectively than either
mechanism alone. This is because the two mechanisms complement one another: residual trapping effectively traps CO2

[25] Using laboratory analog experiments, we have
demonstrated that convective dissolution can arrest the upslope migration of a buoyant current. We have shown that
a simple theoretical model captures the macroscopic impact
of convective dissolution on the migrating current, and we
have used this model to study the effectiveness of convective dissolution as a trapping mechanism in sloping aquifers
at the geologic scale.
[26] We found that a small amount of slope is beneﬁcial
relative to a horizontal aquifer, leading to a sharp decrease in
the lifetime of a buoyant current with only a small increase
in the maximum migration distance. Larger slopes lead to
much larger migration distances with only small decreases in
lifetime, but residual trapping provides a strong complement
to convective dissolution as the amount of slope increases.
[27] In many aquifers, the effectiveness of convective dissolution will be limited by the accumulation of dissolved
CO2 in the groundwater near the current [MacMinn et al.,
2011, 2012]. This did not play an important role in the scenarios considered here, but we expect the beneﬁt of a small
slope to be even stronger in such aquifers since up-slope
migration exposes the current to fresh water.
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