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[1] A numerical modeling approach was used to investigate the relevancy of the feedback
mechanisms between geochemical reactions and variable density flow during free
convection. The problem was studied by reformulating the classic Elder problem as a
reactive multicomponent transport problem. It was found that for the studied system, the
importance of this feedback decreased with increasing density contrast between intruding
salinized water and the ambient fresh water body. For the smaller density contrasts,
the flow patterns that develop during intrusion in the reactive simulations are characterized
by different convection cells, higher rates of plume descent, and an increase in the
total mass of solutes by up to 22% at the end of the simulation compared to the
nonreactive simulations. For field situations, the results suggest that it may be necessary to
consider the feedback between reactions and variable density flow where subtle density
variations drive flow such as in contaminant plumes. For seawater intrusion problems,
however, the feedback mechanism appears to be negligible for most cases.
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1. Introduction

[2] Groundwater salinization is a problem that threatens
fresh groundwater resources around the world. It is often
caused by improper management such as aquifer overex-
ploitation but may also have natural causes. Salinization is
particularly important in coastal aquifers where seawater
and continental fresh water meet and also plays a role near
landfills [Zhang and Schwartz, 1995] and below saline
disposal basins [Simmons and Narayan, 1997].
[3] Salt water intrusion, defined in this paper as the

migration of saline water into a fresh water aquifer, gives
rise to chemical reactions, most notably mineral dissolution
and precipitation [Wigley and Plummer, 1976; Sanford and
Konikow, 1989], redox transformations [e.g., Snyder et al.,
2004] and cation exchange. Especially the latter process has
been studied extensively in laboratory, field and modeling
studies [Valocchi et al., 1981; Appelo and Willemsen, 1987;
Appelo et al., 1990; Appelo, 1994]. These studies elucidated
in detail the typical chromatographic patterns that develop
along flow lines when (diluted) seawater displaces fresh
water or vice versa.
[4] Where salt water intrusion occurs, groundwater flow

is typically affected by density gradients that result from
variations in solute concentration. Density is predominantly
affected by the solute load of the solution, but density
variations may also arise from differences in the type of
dissolved solutes. For example, for 2 solutions with the

same salt mass fraction (defined as the ratio of the mass of
solute over the mass of solution), the solution has a lower
density when the dissolved salt is NaCl rather than CaCl2
[Lide, 2005]. Therefore the density of a solution containing
both or either cations will change if the relative proportions
of their concentrations change by geochemical reactions.
Geochemical reactions may alter the groundwater density
further by changing the solute load, for example by disso-
lution and/or precipitation of solids. This potentially creates
a feedback mechanism between chemistry and flow in cases
when groundwater flow is affected by density gradients.
[5] To date, most quantitative studies of variable density

flow have ignored the potential impact of geochemical
reactions and only a limited number of studies have inves-
tigated reactive multicomponent transport under variable
density conditions. Zhang and Schwartz [1995] used a
numerical model with two species to study a dense leachate
plume emanating from a landfill and found that the vertical
spreading of contaminants increased when density-driven
flow induces downward flow. The effects were minimized,
however, for contaminants that were strongly adsorbed.
Christensen et al. [2001] modeled the horizontal movement
of seawater into a fresh water aquifer, incorporating the
effects of cation exchange and organic matter degradation.
Their study focused on the effect of reactions on the water
chemistry but did not consider the interaction between
chemistry and flow. Freedman and Ibaraki [2002] simulat-
ed the effects of calcite dissolution in a mixed convective
transport tank experiment. They found that the flow fields
that developed led to complicated spatial variation of
species concentrations and that there was no noticeable
effect of the chemical reactions on the flow field. Mao et
al. [2006] modeled horizontal seawater intrusion and cation
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exchange, also for a tank experiment, and found that the
observed concentration patterns in the tank experiment
could only be replicated by the model if variable density
effects were taken into account. Furthermore, Rezaeia et al.
[2005] extended the study of Sanford and Konikow [1989]
by using a reactive transport model for the simulation of the
porosity development due to the dissolution of limestone in
the seawater-fresh water mixing zone. They found that
enhanced mixing near discharge zones increases reaction
rates for calcite dissolution. Bauer-Gottwein et al. [2007]
studied the reactive transport under islands in the Okavango
Delta, Botswana and found that the onset of variable density
flow was delayed by mineral precipitation.
[6] While these studies have employed coupled models

that simultaneously account for variable density flow and
chemical reactions, to our knowledge only the study of
Freedman and Ibaraki [2002] has specifically addressed the
potential link between chemical reactions and instability
development (i.e., the formation of salt plumes that sink
downward because of their higher density than the ambient
groundwater). They studied a carbonate system where the
dissolution of calcite resulted in a change of the permeabil-
ity of the porous medium and concluded that the perme-
ability change was too small to affect the development of
the salt plumes.
[7] For our present study we employ a numerical mod-

eling approach to revisit and investigate the existence and
relevancy of the feedback mechanisms between reactions
and variable density flow in natural waters. Compared to the
study by Freedman and Ibaraki [2002], we consider a more
comprehensive set of chemical reactions that is characteris-
tic for seawater intrusion and apply it to a modified version
of the classic Elder problem [Elder, 1967] in which ground-
water flow is solely driven by density gradients, i.e., a free
convection problem. The Elder problem represents an
analog for natural settings in which salt water is carried
on top of fresh water because of for example, tides, floods,
shoreline migration, saline disposal or evaporative enrich-
ment at the ground surface (salt lakes). Previous laboratory
and numerical studies [e.g., Wooding, 1969; Diersch and
Kolditz, 2002] have demonstrated that free convection is
characterized by (1) the initial occurrence of a boundary
layer as a result of diffusion, which (2) subsequently
becomes unstable when reaching a certain critical thickness
and (3) then breaks up into salt fingers. A complicated flow

pattern results with fingers of salt water sinking into the
aquifer and plumes of fresh water rising up in between.

2. Problem Definition and Methods

2.1. Adapted Elder Problem for Multicomponent
Transport

[8] For our study we reformulate the classic Elder prob-
lem. It was selected because (1) it is an analog for the
problem of vertical salt water intrusion by free convection
and (2) it is an extensively studied standard benchmark for
density-dependent flow and transport codes. The Elder
problem is one of the most studied variable density prob-
lems and there is a vast body of literature about its use for
testing models and understanding dense plume migration.
While its use as a benchmark is still debated [Simpson and
Clement, 2003], and unresolved issues pertain to the gen-
eration of instabilities and grid convergence [Diersch and
Kolditz, 2002], the present study does not intend to inves-
tigate its suitability as a benchmark problem.
[9] The Elder problem was originally designed to study

thermal convection [Elder, 1967] but was adapted by Voss
and Souza [1987] for solute transport. The latter will be
referred to as the original Elder problem. The basic setup
consists of a 600 m wide by 150 m high section with
impermeable (no-flow) boundaries (see Figure 1). For the
simulations by Voss and Souza [1987], a fixed concentration
boundary was defined for the central part of the upper
boundary (termed source zone in Figure 1) and along
the model’s bottom. The concentrations allocated to these
boundaries correspond to brine and fresh water, respectively.
To all other boundaries, i.e., the left- and right-hand bound-
aries and the top boundary outside the source zone, a no-flux
concentration boundary condition was assigned.
[10] The pressure (and head) distribution is initially

hydrostatic and the entire domain is filled with fresh water.
Solutes can enter or leave the model domain only via
diffusional transport through the source zone and, once
sufficient solute has accumulated in the boundary layer,
flow within the domain is solely generated by density
gradients. The parameter values for the original Elder
problem are listed in Table 1.
[11] For our modified version of the problem, which we

will refer to as the adapted Elder problem, two alterations of
the original Elder problem were made. First, the concentra-

Figure 1. Boundary conditions for the Elder problem. All boundaries are impermeable to flow. Top left
and right corner nodes are fixed head nodes. The central part of the top boundary has fixed concentrations
for both the original and the adapted Elder problem. The bottom boundary is a fixed concentration
boundary in the original Elder problem and a no-flux concentration boundary in the adapted Elder
problem.
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tion boundary condition at the bottom of the model
domain was changed. In the original Elder problem, a
fixed-concentration boundary exists at the bottom, which,
in combination with the high diffusion coefficient, results in
high rates of solute removal through the aquifer base.
Aquifers are usually underlain by low-permeability units
in which very slow transport by diffusion prevails. High
removal rates through the model bottom boundary were
therefore not considered realistic for solute transport under
natural conditions. Instead, we chose to replace the fixed-
concentration boundary at the bottom of the model domain
by a no-flux boundary for solutes.
[12] Second, in the original Elder problem the density

contrast between the salt water at the top and the fresh water
initially present in the aquifer is Dr0 = 200 kg/m3. This
value is representative for brines. The present study, how-
ever, focuses on salinization by (diluted) seawater and
therefore the concentrations of the aqueous components at
the top model boundary, and hence the density, were
lowered compared to the original Elder problem. Since this
change would alter the characteristics of the free convection
process, such as the onset of plume generation, the rate of
plume descent and the plume dimensions, the simulations
where further adapted such that the Rayleigh number (Ra)
of the original Elder problem was maintained, whereby Ra
is defined as [Holzbecher, 1998]

Ra ¼ Dr0gkH
mnD

ð1Þ

where Dr0 is the density contrast between the fresh water
initially present and the salt water at the top (M L�3), g is
the gravitational acceleration (L T�2), k is the intrinsic
permeability (L2), H is the height of the aquifer or model
domain (L), m is the dynamic viscosity (M L�1 T�1), n is
the porosity (dimensionless) and D is a scalar measure of
dispersion (L2 T�1). As will be detailed below, a range of
density contrasts Dr0 were investigated in our study. To
maintain the same Rayleigh number as in the original Elder
problem (Ra = 400), the value of k was changed
proportionally to Dr0. Changing the value of k, instead of
for example D, ensured that the rate of plume descent vz �
Drgk/mn [e.g., Gebhart et al. 1988, p. 822] remained
constant for all simulations.
[13] This approach was adopted to enable a direct com-

parison between all simulations. Maintaining Ra = 400 was
essential in order to let free convection occur for all density
contrasts considered: Lowering Dr0 without concomitantly
increasing k would result in a diffusion-dominated system.

The prime motivation for preserving plume speed was that
the timescales remain the same between simulations. The
alternative approach, maintaining the same k and changing
D instead while varying Dr0, would result in different
simulation times and hence cause difficulties in simulation
intercomparison. It is important to note that all chemical
reactions were treated as equilibrium reactions so that
differences in timescales are of no consequence to the
chemical mass transfers. This was confirmed by comparing
models in which k was held constant and model in which k
varied with Dr0: The time-variant phenomena in the sim-
ulations remained essentially identical between the two
different approaches despite the differences in timescale.

2.2. Reactive Transport Model

[14] The simulator used for the present study is a variable
density version of the previously validated reactive multi-
component transport model PHT3D [Prommer et al., 2003;
Prommer and Stuyfzand, 2005; Greskowiak et al., 2005;
Prommer et al., 2006]. The standard version of PHT3D
solves advective-dispersive-reactive transport in constant-
density systems by coupling the solute transport model
MT3DMS [Zheng and Wang, 1999] with the geochemical
reaction model PHREEQC-2 [Parkhurst and Appelo, 1999].
PHT3D uses flow fields that are obtained a priori by the
flow model MODFLOW [Harbaugh et al., 2000]. In the
variable density version, the SEAWAT-2000 code [Langevin
and Guo, 2006] is used, which accounts for (nonreactive)
multicomponent solute transport under variable density
conditions. The SEAWAT-2000 code combines the two
codes MT3DMS and MODFLOW-2000. The following
mass balance equations for the liquid phase and solutes
were solved:

@ nrð Þ
@t

þr � r~qð Þ ¼ 0 ð2Þ

where r is the fluid density (M L�3) and q is the Darcy
velocity (L T�1). For a fluid of variable density the Darcy
velocity is expressed as

~q ¼ � k

m
� rpþ r~gð Þ ð3Þ

where k is the intrinsic permeability tensor (L2) and p is the
fluid pressure (Pa). Within SEAWAT-2000 the governing
equations are rewritten in terms of equivalent fresh water
heads [Langevin and Guo, 2006] such that they can be
solved by the standard MODFLOW-2000 code. Advective-
dispersive-reactive transport for multiple mobile compo-
nents is described by

@ nCð Þ
@t

¼ r � nD � rCð Þ � r � ~qCð Þ þ rreac ð4Þ

where C is the component concentration (M L�3) and rreac
is a source/sink rate due to chemical reaction (M L�3 T�1).
The first two terms, i.e., advection and dispersion, are
solved by MT3DMS-based routines within SEAWAT, while
the reaction term is computed by PHREEQC-2. The
combined SEAWAT-2000-PHREEQC-2 code will hereafter
be referred to as the coupled model.

Table 1. Parameter Values for the Original and Adapted Elder

Problems

Parameter Original Value Units

r0 1000 kg/m3

Dr0 200 kg/m3

D 3.565 10�6 m2/s
k 4.845 10�13 m2

n 0.1
m 1.0 10�3 kg/m/s
g 9.81 m/s2

W10404 POST AND PROMMER: REACTIVE ELDER PROBLEM

3 of 13

W10404



[15] The coupling between the flow/transport algorithm
and the reaction solution is achieved through a noniterative
split-operator approach [Herzer and Kinzelbach, 1989;
Steefel and MacQuarrie, 1996; Prommer et al., 2003],
based on a user-defined temporal discretization. Split-oper-
ator errors can be evaluated and/or minimized by refining
the temporal discretization. Furthermore, for each user-
defined time step the solute transport simulator MT3DMS
evaluates the Courant criterion and automatically refines the
transport time step length, if required.

2.3. Density Computation

[16] In variable density problems, the equations for
groundwater flow and solute transport are coupled through
the groundwater density. Thereby the coupling generally
relies on the assumption that the fluid density is a function
of the concentration of a single solute. In many
models, including SEAWAT-2000, a linear equation of state
[Langevin and Guo, 2006] is used to represent fluid density
as a function of solute concentration. Similarly, a linear
approach might also be used for multicomponent problems.
Mao et al. [2006], for example, presented a SEAWAT-based
reactive transport model, where an empirical linear equation
was used to reflect the relationship between density
and concentrations [see also Zhang and Schwartz, 1995;
Simpson and Clement, 2003]:

r ¼ rf þ
X
i¼1;n

�Ci ð5Þ

where rf is the density of freshwater, �i is the coefficient
describing the influence of concentration of the ith of in
total n components on the fluid density.
[17] In contrast, for the present work SEAWAT-2000 was

modified such that the density is calculated using the VOPO
algorithm [Monnin, 1989, 1994]. VOPO calculates the
density of water from the concentrations of the solutes
Na+, K+, Ca2+, Mg2+, SO4

2�, HCO3
� and CO3

2�, on the basis
of Pitzer’s ion interaction model. Incorporation of the
algorithm allows for the accurate calculation of the density
of natural waters over a wide range of salinities (i.e., fresh
water to brine). For the range of fresh water to seawater, the
relation between density and salinity is linear when no
reactions are considered. Incorporation of the chemical
reactions did not affect the linear form of the relation but
instead of forming a line, the data points form a banded
envelope with the same slope.

2.4. Reaction Network of the Adapted Elder Problem

[18] The solution compositions and reaction scheme for
this modeling study were chosen to be typical for the
intrusion of seawater into an aquifer containing fresh water
and are largely analogous to those employed by Appelo and
Willemsen [1987]. The aqueous components that were
considered in the simulations are the major ions (Ca2+,
Mg2+, Na+, K+, Cl�, SO4

2�, HCO3
�) and, in the reactive

simulations, additionally the complexes that may form
among these components. For the reactive simulations
cation exchange was considered in all and calcite dissolu-
tion/precipitation in some of the calculations, as detailed
below. In aquifers, pH changes triggered by calcite disso-
lution/precipitation might be buffered by proton exchange
between the solution and sorption sites on solids. These

reactions were neglected. However, equilibrium with gas-
eous CO2 was considered instead, as suggested by Appelo
and Postma [2005]. The CO2 pressure was maintained at
PCO2 = 10�2 atm. Test simulations with PHREEQC-2
showed that this approach underestimated the dissolution
of calcite.
[19] All chemical reactions were treated as equilibrium

reactions, which is a reasonable assumption given that the
time to reach equilibrium for ion exchange and calcite
dissolution/precipitation is in the order of hours [Bahr and
Rubin, 1987; James and Rubin, 1979] while the residence
time of the water in a model cell is in the order of days. The
equilibrium reactions and their corresponding reaction con-
stants were based on the standard database of PHREEQC-2
[Parkhurst and Appelo, 1999]. The values of the thermo-
dynamic data for the speciation and reaction calculations, as
well as the parameters of the VOPO model for the density
computations, corresponded to a temperature of 25�C.
[20] Multiple simulations were carried out to investigate

the influence of the density difference Dr0 between the
ambient and the intruding aqueous solution. For this pur-
pose, 6 different solution compositions were defined by
diluting seawater with pure H2O. The corresponding total
aqueous component concentrations were applied as fixed
concentrations at the top model boundary. The initial water
composition (fresh water) in the aquifer below remained
constant for each simulation. The chemical characteristics of
the fresh water as well as the 6 dilutions of seawater are
listed in Table 2. The fraction of seawater in the diluted
solutions is indicated by fs, which was varied between 0.05
and 1.0. The densities of the solutions were computed with
the VOPO model and the results are listed in Table 2,
together with the corresponding Dr0 values. Table 2 also
lists the cation concentrations on the exchanger sites, which
result from equilibration with the fresh water composition
and which also served as initial concentrations (i.e., t = 0).
Following Appelo and Willemsen [1987] the cation ex-
change capacity (CEC) was set to CEC = 200 meq per liter
of pore water, or CEC 	 25 meq per kg of sediment. For the
simulations in which calcite and CO2 equilibrium was
considered, excess amounts of these phases were specified
as initial concentrations (i.e., 1 mol per liter of solution),
ensuring that they would not become exhausted during the
simulation.
[21] Six adapted Elder problems with differing density

contrasts were simulated and for each density contrast 4
different types of models were considered: (1) nonreactive
SEAWAT simulations in which density was a linear function
of Cl� (SW), (2) nonreactive simulations with the coupled
model (NR), (3) reactive simulations with the coupled
model incorporating cation exchange (EX) and (4) reactive
simulations with the coupled model, including cation ex-
change as well as calcite and CO2 equilibrium (EC). In
(1) the density varies linearly with Cl�, in (2)–(4) the
density of the aqueous solution was computed by the VOPO
subroutine. The only difference between the SW and NR
simulations is therefore the computation of fluid density. In
the following, individual model runs will be indicated by
one of the codes for the model types listed above, followed
by a subscript that corresponds to the fraction of seawater in
the salt water in the source zone on the top model boundary
(fs) according to Table 2. For example, simulation NR1.0
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denotes the nonreactive simulation with fs = 1.0, which
corresponds to the highest density contrast (i.e., Dr0 =
26.29 kg/m3).

2.5. Spatial and Temporal Discretization

[22] Various studies have shown that the development of
free convection in the Elder problem is dependent on the
grid discretization [Diersch and Kolditz, 2002]. Therefore
the same grid discretization was used for all simulations. A
uniform mesh spacing of Dx = 5 and Dz = 2.5 m,
respectively, was used on the basis of the criteria proposed
by Kooi et al. [2000] to warrant the proper resolution of the
thickness of the diffusive boundary layer and the salt
plumes emanating from the salt source. Test runs with both
Dx and Dz refined twice (i.e., 4 times as many cells),
showed that the influence of numerical errors due to grid
discretization had a negligible effect on instability develop-
ment and also that their effect on plume development was
much smaller than the effect of density changes by chemical
reactions. In the original Elder problem, the simulation time
is 7300 days [Voss and Souza, 1987] because at this time
steady state convection cells have formed and the salt
plumes no longer change their shape. In the adapted Elder
problem, however, no steady state is reached until the entire
model domain is filled with saline water. Therefore the total
simulation time was increased to 14,600 days by which the
model domain was largely filled with salt water and the
driving forces for convective flow had abated. Transport
within the model domain is then predominantly by diffusion
and because removal of solutes from the region directly
below the source zone is much slower than with convective
flow, the diffusive flux over the fixed-concentration bound-
ary at the top decreases with time. Solute mass still enters
the model domain but at a successively decreasing rate.
[23] The maximum transport step size in the MT3DMS

GCG solver package was set to 3 days. In total, 200 reaction
steps were carried out during the simulation period (i.e.,
every 73 days). No differences in results were found when
up to 4 times more reaction steps were carried out, indicat-

ing that operating splitting errors resulting from splitting the
computation of the flow/transport and the reactive processes
were negligible.

2.6. Simulation Intercomparison

[24] Prasad and Simmons [2003] proposed a set of
measurable characteristics of instability, including the Nus-
selt number, the amount of solute present and the center of
gravity of the plume. Here we propose the normalized
average density contrast (NAD) as a measure to facilitate
the comparison of the simulations and their density contrast.
It represents the mass increase relative to the background
value and is analogous to the amount of solute present, as
previously used by Prasad and Simmons [2003]. It is
defined as

NAD ¼ 1

Dr0WH

Z x¼W

x¼0

Z z¼H

z¼0

Drdxdz ð6Þ

where W and H are the width and height of the model
domain, respectively (i.e., 600 and 150 m) and Dr is the
spatially and temporally variable density difference between
the water and the fresh water originally present in the model
domain (M L�3). Normalizing the average density differ-
ence with Dr0 ensures that NAD varies between 0 and 1 for
each simulation; that is, NAD = 0 corresponds to a model
domain filled with fresh water (initial condition) and NAD =
1 represents the (hypothetical) case where the model
domain is completely filled with salt water.
[25] The behavior of individual solutes is analyzed by

quantifying the amount of solute present (SP), defined as

SPi ¼ n

Z x¼W

x¼0

Z z¼H

z¼0

mi � m0ð Þdxdz ð7Þ

where mi is the concentration of aqueous component
i (M L�3) which varies with space and time and m0 is the
concentration of component i at the start of the simulation
(M L�3). SPi (M) represents the change of solute present

Table 2. Summary of the Chemical Characteristics and Densities of the Fresh and Diluted Seawater End-Members and Fresh Water

Hydraulic Conductivities Used in the Simulationsa

Fresh Dilution 1 Dilution 2 Dilution 3 Dilution 4 Dilution 5 Dilution 6

2–2 3–8 fs 0.00 0.05 0.10 0.20 0.30 0.50 1.00
Na+ 0.100 24.27 48.54 97.07 145.6 242.7 485.4
K+ 0.100 0.513 1.026 2.052 3.078 5.130 10.26
Ca2+ 1.603 0.536 1.071 2.142 3.213 5.355 10.71
Mg2+ 0.500 2.762 5.523 11.05 16.57 27.62 55.23
Cl� 0.100 28.32 56.63 113.3 169.9 283.2 566.3
SO4

2� 0.400 1.463 2.926 5.852 8.778 14.63 29.26
TIC 3.835 0.121 0.241 0.482 0.723 1.205 2.410
pH 7.318 8.554 8.553 8.490 8.433 8.349 8.220
NaX 0.190
KX 0.938
CaX2 83.12
MgX2 16.33
SIcalcite 0.00 �0.91 �0.43 �0.02 0.19 0.45 0.80
r 997.35 998.42 999.78 1002.5 1005.2 1010.5 1023.6
Dr0 - 1.07 2.43 5.14 7.82 13.15 26.29
Kf - 76.8 33.8 16.0 10.5 6.2 3.1

aHere fs denotes the fraction of seawater in the fresh water–seawater mixture. Concentrations of the chemical components are in mmol/kg H2O. Values of
NaX, KX, CaX2, and MgX2 represent the initial concentrations of the exchangeable cations in equilibrium with the fresh water. SIcalcite is the saturation
index of the solution with respect to the calcite mineral. Values of r and Dr0 are in kg/m3, and Kf (the fresh water hydraulic conductivity) is in m/d.
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with respect to the beginning of the simulation. Positive
numbers indicate an increase and negative numbers a
decrease of SPi.

3. Results and Discussion

3.1. Nonreactive Multicomponent Transport

[26] To verify the accuracy of the numerical model the
nonreactive multicomponent transport simulations (NR0.05

� NR1.0), which are characterized by different density
contrasts, were compared. Since all simulations have the
same Rayleigh number, differences between individual
simulations can be directly attributed to numerical inaccu-
racies. However, for the chosen model discretization the
intercomparison of the results exhibits only negligible
differences. The left-hand plots of Figures 2 and 3, for
example, show the simulation results of NR0.05 and NR1.0,
respectively, at different stages of the plume development,
which compare very well.

3.2. Effect of Density Calculation

[27] A comparison of the above mentioned nonreactive
multicomponent simulations was also made with the results
of the SEAWAT simulations. In that way the effect of the
two different approaches for density computation (i.e., a
linear equation of state versus the VOPO model) on the
generation of the salt plumes could be studied. The com-

parison between SW1.0 and NR1.0 is shown in Figure 4.
Figure 4 shows that local density differences of up to
0.5 kg/m3 can be noted for the results at the inspected
simulation times of 1168, 1752 and 2920 days, respectively.
However, these discrepancies tend to disappear during later
times and at the end of the simulated period the differences in
the NAD between SEAWAT simulations (SW) and the
nonreactive simulations (NR) are less than 0.6%. The differ-
ences that exist between the SW and NR simulations are
localized at the fringes of the plumes where density gradients
are high. The disappearance of these differences during later
times is attributed to the transition toward a more diffusion
dominated system with more gradual density gradients. It
can be inferred from Figure 5 that the same holds for the
nonreactive simulations 1–5. Figure 5 shows that the ratio of
the NAD of the SWand NR simulations after 14,600 days is
essentially 1, implying that for nonreactive simulations, the
use of the VOPO subroutine to calculate density holds no
true advantage over the linear equation of state as used in
SEAWAT.

3.3. Reactive Processes During Free Convection

3.3.1. Calcite Dissolution and Precipitation
[28] The aqueous composition at the start of the simula-

tion (t = 0, fresh water) was in equilibrium with the mineral
phase calcite. Calcite was allowed to both dissolve and/or
precipitate during the simulation. The initial calcite content

Figure 2. Density contours of simulations (left) NR0.05 and (right) EC0.05 after (a) 584, (b) 1168,
(c) 1752, (d) 2920, (e) 4088, (f) 7300, and (g) 14,600 days.
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of the aquifer material was sufficiently high such that it
could not be depleted anywhere within the model during the
simulation period. In contrast, the different aqueous com-
positions of the (diluted) saline water at the model’s top
boundary were either undersaturated or oversaturated with
respect to calcite, depending on the dilution factor. The
saturation index (SI) of each solution is given in Table 2.
When the saline water intrudes into the underlying fresh
water body, displacement of the fresh water and mixing
between the two water types occurs. Therefore calcite
dissolution or precipitation takes place directly near the
model’s top boundary, where the undersaturated (SI < 0) or
oversaturated (SI > 0) aqueous solution enters the model
domain. Calcite dissolution or precipitation also takes place
during the further migration of the plumes, where the
mixing of water would cause undersaturated or oversatura-
tion in the absence of mineral reactions. This process is
complicated by the simultaneous occurrence of ion ex-
change reactions.
3.3.2. Ion Exchange
[29] The model domain was initially filled with fresh

water and for all reactive simulations it was assumed that
the exchanger composition was in equilibrium with this
water at the start of each simulation. Most exchange sites
were therefore initially occupied by Ca2+, which is the
dominant cation in the modeled fresh water composition
(Table 2). In contrast, the dominant cations in the saline

water are Na+ and Mg2+. When the saline groundwater
migrates into the model domain it displaces the fresh
groundwater and consequently Na+ and Mg2+ replace
Ca2+ on the exchanger sites to establish a new equilibrium.
Hence Na+ and Mg2+ are partially transferred from the
aqueous to the solid phase and aqueous concentrations
decrease compared to the nonreactive case. Dissolved
Ca2+ concentration increase accordingly. Where this occurs,
Ca2+ reaches concentrations that are higher than those in the
mixture of the fresh and salt water within the aquifer, which
gives rise to the so-called snow plow effect [Starr and
Parlange, 1979; Barry et al., 1983; Appelo and Postma,
1999]. This name refers to the characteristic 1D concentra-
tion profile that is observed when cation concentrations
initially increase in response to the higher anion concen-
trations in the saline water and subsequently decrease when
the exchange sites are no longer able to maintain the high
cation concentrations. The increase of Ca2+ can trigger the
precipitation of calcite.

3.4. Effect of Reactive Processes on Plume Behavior

3.4.1. Plume Development
[30] The results of the simulations show that for the

investigated scenarios the overall effect of geochemical
reactions on the free convection process varies significantly.
Figure 2, for example, which compares simulations NR0.05

and EC0.05 demonstrates that the plume development of the

Figure 3. Density contours of simulations (left) NR1.0 and (right) EC1.0 after (a) 584, (b) 1168, (c) 1752,
(d) 2920, (e) 4088, (f) 7300, and (g) 14,600 days.
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Figure 4. Density contours of (left) simulation SW0.05 and (right) the difference between simulations
SW0.05 and NR0.05 after (a) 584, (b) 1168, (c) 1752, (d) 2920, (e) 4088, (f) 7300, and (g) 14,600 days.

Figure 5. Ratios of NAD of the SEAWAT (SW) and reactive simulations (EX and EC) over NAD of the
nonreactive simulations (NR) for different fractions of seawater after 14,600 days.
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model incorporating cation exchange and calcite equilibri-
um (EC0.05) can differ substantially from the results of the
nonreactive simulation (NR0.05). The simulation results for
case EC0.05 indicate that after 1752 days 5 separate plumes
have formed below the top boundary, whereas only 4
plumes have formed in the corresponding nonreactive
simulation (NR0.05). Similarly, the snapshot after 2920 days
shows 4 separate plumes for case EC0.05 while only 2
plumes are present in the nonreactive case. However, such
a clear change in plume configuration and hence in major
flow patterns was mainly observed in simulation EC0.05. For
simulations with a higher initial density contrast (i.e.,
simulations 2–6), the number of plumes did not differ
between the nonreactive and the reactive cases. Figure 3
shows that differences between simulations NR1.0 and EC1.0

(i.e., plume geometry, rate of plume descent) are almost
negligible. It follows that the impact of the geochemical
reactions is most noticeable under conditions where density
contrasts are lower.
[31] From previous modeling studies of free convection it

is known that the onset of plume formation is dictated by
local perturbations of the density field [Schincariol et al.,
1994]. In the reactive simulations such perturbations are
added through the chemical transfers due to the reactions.
Only for simulation EC0.05 were the perturbations capable
of significantly changing the plume behavior. This is
ascribed to the fact that for this simulation the magnitude
of the change of the density due to reactions was large
enough relative to the initial density contrast.
[32] The differences in plume configuration between

simulations NR0.05 and EC0.05 are especially pronounced
during early times but tend to disappear during late times.
Three explanations can be given for this observation. The
first is that the dependency of the flow on density gradients

is strongest during the early stages of the simulation; hence
perturbations of the density by chemical reactions during
this phase will directly influence the flow pattern. As
density gradients become smaller during the final stages
of the simulation, the dependency of the flow pattern
becomes also lower. Second, chemical reactions, especially
ion exchange, are strongest in the mixing zone of the saline
and fresh water. As more saline water enters the model
domain, changes in chemical composition become less
pronounced as the exchange complex attains a new equi-
librium with the displacing salt water. Third, downward
sinking plumes have the tendency to coalesce, thereby
reducing the number of plumes. Multiple small plumes that
existed during the early parts of the simulations tend to form
a single larger plume.
3.4.2. Temporal Evolution of NAD
[33] The above result is further corroborated by Figure 6,

which shows the temporal evolution of the NAD for each
model for the nonreactive cases and the corresponding
reactive cases. The plots show that, as expected, the
computed NADs for all nonreactive simulations are essen-
tially identical. Compared to these nonreactive simulations
the NAD of the reactive simulations increases faster and the
differences are most pronounced in the case where both ion
exchange and calcite equilibrium are included and where
the density contrast is lowest. This finding is illustrated in
more detail in Figure 5, which shows the ratio between the
NAD of the reactive simulations and the nonreactive simu-
lations after 14,600 days. It can be inferred that the solute
mass in the model domain in simulation EC0.05 increases
approximately 22% more than in simulation NR0.05. In the
simulations with the highest initial density contrast the
increase was considerably less: simulation EC1.0 yields only
1% more solute mass than simulation NR1.0.

Figure 6. Graphs of NAD versus time for (top) nonreactive simulations, (middle) simulations with
cation exchange (EX), and (bottom) simulations with both cation exchange and calcite equilibrium (EC).
The numbers in the inset in the top graph denote fs.

W10404 POST AND PROMMER: REACTIVE ELDER PROBLEM

9 of 13

W10404



[34] Comparing the relative contributions to the NAD
increase (relative to the nonreactive cases) it becomes
evident that the main impact comes from dissolution of
calcite and to a lesser extent from cation exchange
(Figure 5). The importance of calcite dissolution stems from
the undersaturation of the low-salinity salt solution with
respect to calcite and the greater relative contribution of the
dissolved mass to the density of the solutions. The increase
of the NAD invoked by the chemical reactions can be
ascribed to (1) the overall changes of the solution compo-
sition that result from the cation exchange reactions, which
tend to increase the density of the solution, (2) a
further increase from calcite equilibria due to a net transfer
of Ca2+ and CO3

2� from the solid to the aqueous phase and
(3) accelerated plume descent inducing a higher diffusive
flux over the top model boundary, as will be discussed below.
3.4.3. Impact on Convective Flow Rates
[35] For all simulations, the changes due to chemical

reactions affected the free convection process by accelerat-
ing the rate of plume descent. By comparing the arrival time
of the plumes at the bottom of the model domain of
simulations NR0.05 and EC0.05, it was inferred that the rate
of plume descent was circa 15% higher for the reactive case
than for the nonreactive case. The magnitude of this
difference decreased with increasing initial density contrast.
This is because the driving force for convective flow Dr

increases because of the chemical reactions and the plumes
tend to sink faster. Accordingly the total diffusive flux
across the model’s top boundary also increases because
steeper concentration gradients are maintained directly
below the source zone. The increased diffusional flux is
inferred from the SP of the inert component Cl� that is
solely affected by transport processes. This can be seen in
Figure 7, when the SPCl computed for simulation EC0.05 is
compared with those computed for cases NR0.05 and EX0.05.
In simulation EC0.05 the mass of Cl� increases faster and
SPCl is up to 3% higher than in the nonreactive case NR0.05.
However, the coincidence of the SPCl versus time curves for
simulations NR1.0, EX1.0 and EC1.0 in Figure 7 demon-
strates that the effect becomes negligible at higher concen-
trations. The decreasing impact of reactions on the
convective flow pattern with increasing Dr0 is ascribed to
the fact that the relative density increase is small for high
values of Dr0. Hence the driving force for convective flow
is only slightly affected.
[36] The significant effect of the chemical alterations on

the flow field contrasts the results of Freedman and Ibaraki
[2002], who simulated instability development in the pres-
ence of a background flow. In their model the feedback
mechanism between chemistry and flow was caused by
permeability and density changes due to calcite dissolution.
However, they found the impact of these feedback mecha-

Figure 7. Change of SPCl, SPNa, SPCa, and SPCa,tot with time for (left) simulations NR0.05, EX0.05, and
EC0.05 and (right) simulations NR1.0, EX1.0, and EC1.0. Ca,tot is the total Ca concentration (1) contained
in the aqueous solution, (2) contained in calcite, and (e) sorbed to the exchanger sites.
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nisms on the development of the instabilities to be negligible.
The most conspicuous differences between the simulations
presented in this paper and the models of Freedman and
Ibaraki [2002] are in the (1) reaction network and (2) the
flow field. While Freedman and Ibaraki [2002] modeled
the kinetically controlled dissolution of calcite with a
limited number of aqueous species, we consider more
species and simulated both cation exchange and calcite
equilibrium. Moreover, our study focuses on free convec-
tion, whereas Freedman and Ibaraki [2002] considered a
mixed-convective system.
[37] To assess whether the feedback that was observed in

the adapted Elder simulations would also operate in a
mixed-convective flow system, we used the coupled model
to simulate the tank experiments described by Schincariol
et al. [1994]. In these experiments water flows laterally
across a tank and a plume with a higher salinity than the
ambient fresh water enters the model through a narrow
(source) zone in the upper part of the upstream boundary.
The same reaction scheme was used as for the simulations
EC in the adapted Elder problem. A discussion of the
details of the simulations is not given here, but the same
behavior was found in the mixed-convective system as in
the free-convection system considered here. The feedback
between chemistry and flow through a modification of the
fluid density was significant at low-density contrasts only.
From this it is inferred that the difference between our
results and those by Freedman and Ibaraki [2002] is due to
the different water compositions and reaction schemes
considered, and not due to differences in the flow regime.

3.5. Behavior of Individual Aqueous Components

[38] Besides the total mass flux into the model domain,
the flux of individual aqueous components also differs
among the models. Figure 7, for example, shows the
temporal changes of SPi of Cl�, Na+, Ca2+ and total Ca
(i.e., the sum of Ca contained in the aqueous solution, in
calcite and on the exchange sites.) for simulations NR0.05,
EX0.05, EC0.05 and NR1.0, EX1.0 and EC1.0, respectively. It
can be seen that the increase of the SPNa is faster for the
reactive simulations not only for low (as is the case for
SPCl) but also for high-density contrasts.
[39] When the salt diffuses across the model’s top bound-

ary, dissolved Na+ is exchanged for Ca2+ from the exchange
complex. The result is that Na+ concentrations below the
source zone decrease, which causes a higher diffusive
influx. As no difference in SPNa occurs between simulations
EX1.0 and EC1.0, it can be concluded that calcite dissolution
does not affect the flux of Na+ across the model boundary
for these simulations. On the other hand, SPNa of simulation
1EC0.05 is higher than that of simulation EX0.05, for the
same reason as was discussed earlier for Cl�.
[40] The changes in SP of both dissolved Ca2+ and total

Ca differ markedly between individual simulations. Con-
centrations of dissolved Ca2+ increase because of cation
exchange and calcite dissolution, resulting in higher values
of SPCa for the reactive simulations compared to the
nonreactive simulations. Interestingly, for simulation
NR0.05, dissolved Ca2+ decreases with time, even though
the total solute mass increases, as evidenced by an increase
in NAD (see Figure 6). The net loss of Ca2+ within the
model domain, which occurs despite the downward con-
vective flow, is explained by the fact that the Ca2+ concen-

trations that were defined at the model’s top boundary were
in this case slightly below the (initial) fresh water concen-
trations. In contrast, the concentration of Ca2+ specified at
the model boundary for case NR1.0 was significantly higher
than that in fresh water (cf. Table 2), resulting in an influx of
Ca2+ across the boundary and a concomitant increase of
SPCa.
[41] For all density contrasts considered, the inclusion of

reactive processes leads to an increase of dissolved Ca2+

compared to the nonreactive cases, resulting in higher
values of SPCa (Figure 7). The increase in dissolved Ca2+

in the reactive simulations is accompanied by a decrease of
SP of the total Ca in the system. The loss of Ca from the
model domain is greater for simulations EC0.05 and EC1.0

than for simulations EX0.05 and EX1.0 (Figure 7). Quite
remarkably, SPCa (i.e., the mass change of dissolved Ca2+)
is equal for simulations EC1.0 and EX1.0, suggesting that the
average concentrations and hence the loss of Ca from the
model by diffusion are equal. This apparent contradiction is
due to the fact that calcite predominantly dissolves just
below the source zone at the upper boundary. The Ca
concentrations thereby increase in this particular zone,
which drives an increased diffusive flux out of the model.

3.6. Limitations of the Approach

[42] While the investigated model simulations were
intended to be an analogue for real aquifer systems, ques-
tions remain regarding the translation of the results to field
conditions. Although cation exchange has been recognized
in many aquifers and calcite is an ubiquitous mineral, the
consideration of only these reactions is still an oversimpli-
fication for many settings where variable density flow
occurs. Important additional processes might include sulfate
reduction by organic matter and the dissolution of halite or
gypsum near diapirs.
[43] Furthermore, the model runs presented in the paper

did neither consider heterogeneities of hydraulic nor of
geochemical (aquifer) properties. In a previous modeling
study involving the Elder problem, Prasad and Simmons
[2003] demonstrated that the plume development also
depends significantly on the heterogeneity of the perme-
ability field. The controls hereof on the flow and density
field could be much stronger than density changes arising
from chemical alterations. On the other hand, heterogene-
ities might also amplify the importance of reactions on the
flow and transport patterns.
[44] It should also be noted that conditions of truly free-

convective flow are probably rare in aquifers. The prelim-
inary model simulations in a mixed-convective system
discussed above do show that the feedback mechanism also
operates in the presence of a background flow field, but
more work is needed to identify and quantify the importance
of the flow regime. The analysis could be extended to
include also, for example, flow in relation to stable density
stratifications. These are common where saline groundwater
migrates horizontally, such as when seawater intrusion
occurs in coastal aquifers.
[45] Finally, the diffusion coefficient used, despite its

modification compared to the original Elder problem, is
still above those considered representative for solute trans-
port problems in groundwater. Simulations that employ a
lower, more realistic diffusion coefficient, however, would
require a much finer grid discretization because the dimen-
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sions of both the boundary layer below the source zone and
the salt plumes will decrease. Consequently, the associated
computational demand could become a limiting factor.

4. Summary and Conclusions

[46] Most studies of variable density flow do not consider
the impact of geochemical reactions on the flow field. To
assess the relevance of this coupling in seawater intrusion
problems, a new variable density version of the reactive
transport model PHT3D was used to quantify the feedback
between chemical reactions and convective flow for an
adapted version of the classical Elder problem.
[47] Both nonreactive and reactive multicomponent sim-

ulations were carried out for a range of density contrasts
between the more saline water that enters the domain
through the model’s top boundary and the ambient fresh
water. The reactive multicomponent simulations considered
cation exchange and calcite equilibrium. The main finding
of this study was that for simulations with a low initial Dr0/
high k value, the density changes resulting from geochem-
ical reactions caused significant changes in plume character-
istics compared to the nonreactive simulations. These
differences tended to decrease with increasing Dr0. The
reactive simulations with a low Dr0 also displayed an
increased diffusive flux across the model’s top boundary
in response to increasing rates of plume descent, where the
reactive processes increased the density of the aqueous
solution. This affected not only the solutes involved in
geochemical reactions, but also nonreactive solutes such
as Cl�.
[48] The results imply that it is not essential to consider

the feedback between reactions and convective flow in
seawater intrusion type of problems where density contrasts
are in the order of Dr = 25 kg/m3. For the reaction scheme
considered in this study, the impact on the density field is
insufficient to affect the flow field. On the other hand, density
difference are typically much lower in the case of leachate
plumes emanating from landfills. Schincariol et al. [1994]
observed the development of instabilities below a moving
plume with density contrasts as low as 0.7 to 1.5 kg/m3. As
follows from the present study, it may be necessary to
consider the coupling between reactions and flow for these
ranges of density contrasts.
[49] In the literature, no data from field or laboratory

studies exist to allow an evaluation of the model outcomes.
While the present study clearly shows the potential rele-
vance of the impact of chemical reactions on groundwater
flow patterns, questions pertaining to the effects of different
reaction schemes, type of flow regime and hydraulic and
geochemical heterogeneities remain. Therefore, to address
these issues, future work should be directed toward collec-
tion of suitable field data and conducting laboratory experi-
ments. Such data, combined with modeling, are needed to
indicate more precisely under what conditions the coupling
between chemistry and flow needs to be considered in
hydrogeologic studies.
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