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On the Dynamics of NaCl-H O Fluid-Convection in the Earth’s
Crust
S. Geiger1, T. Driesner1, C. A. Heinrich1, and S. K. Matthäi2
Abstract.

1. Introduction
The dynamics of porous media thermohaline convection,
i.e. the simultaneous buoyancy-driven movement of heat,
water, and salt (NaCl), have been studied intensely by
means of numerical simulations and laboratory experiments
for single-phase fluid systems. The motivation for those
studies is two-fold. On the one hand, thermohaline convection is a key process that is driving many important geological processes in the earth’s crust including fluid flow
in sedimentary basins [Schoofs et al., 2000b], salt intrusion
into groundwater aquifers [Oude Essink, 1996], formation of
hydrothermal ore deposits in sedimentary basins [Garven et
al., 1999] or around magma chambers [Henley and McNabb,
1978; Burnham, 1979], convection in geothermal systems
[Oldenburg and Pruess, 1998], or chemical fluctuations in
submarine hydrothermal systems [von Damm et al., 1997].
Here, numerical simulations have been employed to better
understand the transient spatial and temporal evolution of
these geological processes.
On the other hand, thermohaline convection represents
an interesting nonlinear flow problem. The nonlinearity
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was quantified in theoretical numerical simulations and laboratory experiments [Nield, 1968; Griffith, 1981; Trevisan
and Bejan, 1987; Murray and Chen, 1989; Rosenberg and
Spera, 1992; Mamou et al., 1998; Mamou and Vasseur, 1999;
Schoofs et al., 1999; Cooper et al., 2001; Pringle et al., 2002].
These applied and theoretical studies of thermohaline
convection have revealed important insights into the emergent behavior of so called double-convective and doublediffusive processes, i.e. processes where both the advection and diffusion rates are different for solute (NaCl) and
heat. The possible impact of double-convective and doublediffusive fluid flow on geologic processes was also investigated. Most of these studies made the simplifying assumption that the fluid is incompressible and its density depends
linearly on temperature and salinity. NaCl-H O fluids do
not conform with this assumption and, moreover, can separate into a high-density, high-salinity brine phase and a lowdensity, low-salinity vapor phase well above the critical point
of pure H O [Sourirajan and Kennedy, 1962]. Fluid inclusions show that phase separation is a common and important
process in continental and oceanic magmatic hydrothermal
settings [Roedder, 1971; Bodnar et al., 1985; Nehlig, 1991].
It is responsible for the formation of large economic ore deposits [Heinrich et al., 1999], or fluctuations in the fluid
circulation along mid-ocean ridges, as indicated by chemical
data of fluids vented from black smokers [von Damm et al.,
1997].
Very recently, two studies have tried to asses the general
behavior of saline multiphase hydrothermal systems. Bai et
al. [2003] have used one-dimensional numerical heat-pipe
experiments and calculated the fluid properties at seawater

salinity from the equation of state by Palliser and McKibbin,
[1998a-c]. Kawada et al. [2004] have calculated steady state
solutions for multiphase thermohaline convection systems at
low Rayleigh number. They assumed that the Boussinesq
approximation can be applied, the fluid is incompressible,
heat capacities and viscosities are constant and identical for
both phases, and the latent heat of vaporization can be neglected. They used the equation of states by Anderko and
Pitzer [1993] above 300◦ C and Pitzer et al. [1984] below
300◦ C to compute the fluid density and phase state as a
function of pressure, temperature, and salinity.
While heat-pipe models offer insight into the dynamics of counter-current liquid and vapor flow and Bai et al.
[2003] could show that NaCl-H O heat-pipes may be vapor or liquid dominated with possible formation of highsalinity zones at the base, their one-dimensional study could
not asses the complex multi-dimensional aspects of thermohaline convection, such as oscillatory or chaotic flow patterns [Schoofs et al., 1999; Schoofs and Spera, 2003] or the
transient separation of thermal and saline plumes [Oldenburg and Pruess, 1999]. While the study by Kawada et al.
[2004] has been the first attempt to investigate the dynamics of multi-dimensional thermohaline convection including
phase separation, their numerical setup unfortunately does
not represent the physics of these systems accurately. As
shown by Grant and Sorey [1979] for pure H O, the compressibility of a liquid-vapor system is orders of magnitude
higher than the compressibility of a slightly compressible
liquid or highly compressible vapor. Hence, the Boussinesq
approximation should not be applied for a liquid-vapor system, in particular in combination with constant and identical heat capacities and viscosities for both phases, because
these vary over orders of magnitude between both phases
and are nonlinear functions of pressure, temperature, and
salinity [Palliser and McKibbin, 1998a-c]. Strauss and Schubert [1979a] and Jupp and Schultz [2004] have further shown,
also for pure H O, that the Boussinesq approximation can
underpredict the onset and vigor of convection if the fluid
properties change nonlinearly as a function of pressure and
temperature. The study by Kawada et al. [2004], however,
is restricted to low Rayleigh number systems only and cannot investigate the nature of convection at high Rayleigh
numbers associated with high permeabilities that may occur in the shallower parts of the continental or oceanic crust
[Fisher, 1998; Manning and Ingebritsen, 1998].
For this paper, we have studied the dynamics of porous
media thermohaline convection by means of numerical simulation for a variety of geologically realistic pressure, temperature, and compositional input ranges to understand the
flow dynamics that evolve when a compressible NaCl-H O
fluid with realistic fluid properties convects and can separate into a brine and vapor phase. For the numerical simulations, we have used a novel finite element – finite volume
(FEFV) solution technique [Geiger et al., 2005a; Geiger et
al., 2005b]. The FEFV algorithm employs an earlier version
[Driesner and Heinrich, 2003], valid from 0 to 750◦ C, 0 to
4000 bar, and 0 to 100 Wt. % NaCl, of a new equation
of state for the NaCl-H O system [Driesner and Heinrich,
2005; Driesner, 2005] to calculate the fluid properties.
This paper is organized as follows: In the first part, we
discuss the results of previous studies of single-phase porous
media thermohaline convection. The governing equations
and numerical method are described in the second part. The
third part introduces the thermodynamics of the NaCl-H O
fluid system. This is followed by a description of the model
setup. The obtained numerical results are then presented in
detail. We close by discussing the results introducing a new
method for quantifying the different regimes of multi-phase
thermohaline convection.

subject to double-convection and double-diffusion [Phillips,
1991; Nield and Bejan, 1992]. Four dimensionless parameters are commonly used to quantify the behavior of porous
media thermohaline convection. The Lewis number Le describes the ratio between the thermal and chemical diffusivity. The normalized porosity φ∗ describes matrix porosity
multiplied with the ratio between the heat capacity of the
fluid and the heat capacity of the solid matrix. This expresses the degree by which the advection of the thermal
front is retarded with respect to the salt front. In numerical
studies of thermohaline convection, it is commonly assumed
that the heat capacity ratio is one. In this case, the temperature front moves at the Darcy velocity and the salt front at
the pore velocity. The buoyancy ratio Rb describes the ratio of the rates at which the fluid density is changing due to
the applied salinity and temperature differences. Heat and
salt have opposing effects on the fluid density. An increase
in temperature leads to a decreasing fluid density, and an
increase in salinity to an increasing fluid density. The last
descriptive parameter is the thermal Rayleigh number RaT .
It quantifies the onset and vigor of convection due to the
applied temperature gradient.
Initial density stratifications can stabilize or destabilize
convection [Phillips, 1991]. Of particular interest to the
studied scenario is the configuration where cold salt-poor
fluid overlies hot saline fluid. Here, the presence of salt
delays the onset of convection because a high density lid
of cold, saline fluid evolves above the buoyant hot saline
fluid [Oldenburg and Pruess, 1999]. The onset of thermohaline convection can be analyzed by linear stability analysis.
A minimum critical thermal Rayleigh number can be derived at which convection sets in [Nield, 1968; Phillips, 1991;
Mamou and Vasseur, 1999]. If a porous medium, which initially hosts a salinity distribution with a stable density stratification, is heated from below, horizontally layered convection may evolve [Schoofs et al., 1998; Schoofs et al., 2000a].
Each layer is well mixed by convection restricted to the individual layer and a sharp density contrast exists between
adjacent layers. If a porous medium, on the other hand, is
heated and salted from below [Rosenberg and Spera, 1992;
Schoofs et al., 1999; Schoofs and Spera, 2003], low values
of Rb (fluid density changes are dominated by variations in
temperature) along the basal boundary force the flow dynamics to evolve towards a convective steady state without
the formation of layered structures. This steady state is
similar to a convective steady state driven by temperature
gradients only. With increasing Rb values, flow dynamics
become periodic oscillatory and eventually chaotic. At high
Rb values (fluid density changes are dominated by variations in salinity), flow dynamics evolve towards a diffusive
steady state in which the basal salt layer stabilizes the system. Chaotic thermohaline convection is governed by an
irregular transition from layered to non-layered interfaces.
It has been suggested that typical geological parameters for
temperature and salinity often produce such chaotic flow dynamics [Schoofs et al., 1999; Schoofs and Spera, 2003]. A decrease in φ∗ shifts periodic oscillatory convection dynamics
to multi-periodic oscillatory systems and steady convective
systems to chaotic systems [Mamou et al., 1998; Schoofs et
al., 1999; Schoofs and Spera, 2003].

2. Single-Phase Thermohaline Convection

3. Governing Equations and Numerical
Method

During subsurface fluid flow through a thermally conductive porous medium, heat is transported faster by diffusion than salt, while salt is transported faster by advection.
Thermohaline convection of a single-phase fluid is hence

The governing equations have been discussed in detail in
Geiger et al [2005a]. They are posed in terms of fluid pressure p, temperature T , and salinity, i.e. mass fraction NaCl,

X. Assuming an incompressible rock matrix, conservation
of energy is given by [e.g., Delaney, 1982]
∂T
=
∂t
−∇ · (vv cpv ρv T ) − ∇ · (vl cpl ρl T )
+∇ · (K∇T )

((1 − φ) ρr cpr + φ (Sl ρl cpl + Sv ρv cpv ))

(1)

of salt by [e.g., Bai et al., 2003]
φ

∂
(ρf Xf ) = −∇ · (vv ρv Xv ) − ∇ · (vl ρl Xl )
∂t
+∇ · (Dl ∇ρl Xl ) + ∇ · (Dv ∇ρv Xv )

(2)

and of fluid mass by [e.g., Huyakorn and Pinder, 1983]
φρf βf
∇· k

krl
krv
ρl +
ρv
µl
µv

∂p
=
∂t
∇p

krl
krv
ρ +
ρ g∇z
µl l
µv v
∂X
∂T
+ γf
+φρf αf
∂t
∂t

+k

(3)

The dispersion tensor D in equation 2 is defined as [e.g.,
Bear, 1972]
Di = Dpi I + (aL − aT )

vix viz
+ aT | v i | I
| vi |

(4)

The generalized Darcy’s law yields the velocity v at which
phase i moves individually [e.g., Bear, 1972]
vi = −k

kri
[∇p − ρi g]
µi

(5)

the solution of the governing equations by the numerical
method that is best suited for a certain type of sub-equation.
Parabolic equations are solved by a semi-implicit finite element method. Hyperbolic equations are solved by an explicit second-order accurate finite volume method. In the
first step of the sequential procedure, the fluid pressure field
is updated (Eq. 3) via the finite element method. Fluid
velocities are obtained from equation 5. In the second step,
the diffusive spreading of the salt and temperature fields is
calculated for the parabolic parts of equations 2 and 1 via
the finite element method. In the third step, the advection of salt and heat is computed for the hyperbolic parts of
equations 2 and 1 via the finite volume method. The fluid
properties ρ, µ, cp , S, α, β, and γ are updated as a function of
p, T , and X at the next time level. If halite precipitated, φ
is recalculated according to equation 6. α and γ account for
fluid volume changes due to the thermal or chemical expansion of the fluid. An earlier version, valid from 0 to 750◦ C, 0
to 4000 bar, and 0 to 100 Wt. % NaCl, of the new equation
of state for the system NaCl-H O by Driesner and Heinrich
[2005] and Driesner [2005] is used for the calculation of the
phase state and according fluid properties.
The numerical solution technique was benchmarked for
various component-processes of multiphase thermohaline
convection to ascertain that it produces accurate results for
steady state and oscillatory convection driven by temperature and/or concentration gradients, multiphase flow, and
energy transport in a pure H O fluid at liquid, vapor, twophase, and supercritical conditions [Geiger et al., 2005b].
We have further shown that this decoupled technique is computationally more efficient for the solution of highly nonlinear fluid flow problems than fully coupled approaches or iterative techniques that use higher order timestepping schemes
but produces very similar or even better results because of
its higher-order transport schemes [Burri, 2004, Burri et al.,
2004, Geiger et al., 2004].

where the relative permeability kri of phase i is given by the
relation [e.g., Faust and Mercer, 1979b]
Critical Curve

krv = Sv 1 − Sl

(6)

As in Faust and Mercer [1979a] we neglect the capillary pressure and set pl = pv because its effect in high-temperature
geothermal systems is not well understood and further assume that diffusion due to capillary effects is negligible, because the permeability is uniformly and fluid velocities are
large.
Vapor, brine, and halite are modeled as separate phases.
While vapor and brine can flow into separate directions as
indicated by equation 5, we treat halite as immobile rock
matrix if it precipitates. The porosity then changes directly
as a function of the halite saturation Sh
φ = φ (1 − Sh )

(7)

In the presented simulations, halite only precipitates during
the buoyant rise of a fluid if halite plus liquid plus vapor
surface is hit. This typically happens only after most of the
brine has already been boiled off. The halite saturations are
hence very low (Sh ∼ 0.001) and the dynamic changes in
porosity are negligibly small.
The numerical solution technique, which is employed to
solve the governing equations, is discussed in Geiger et al.
[2005a] and implemented into the object-oriented C++ code
CSP [Matthäi et al., 2001]. It combines finite element with
finite volume (FEFV) methods. The governing equations
are solved decoupled and sequentially using operator splitting. They are separated into their parabolic (diffusion type)
and hyperbolic (advection type) sub-equations. This allows
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Figure 1. Phase diagram of the binary NaCl-H O system. The open circle denotes the critical point of pure
H O, LV-Surface denotes the liquid plus vapor surface.
HLV-Surface denotes the halite plus liquid plus vapor
surface. The zone of liquid plus vapor coexistence is
bounded by the LV and HLV surfaces.

4. Thermodynamics of the NaCl-H2 O
System

5. Model Setup
Free convection of heat and salt in a two-dimensional uniform square domain of 4 × 4 km has been modeled (Fig. 2).
The rock properties are listed in Table 1.
An open top boundary condition is applied with the pressure fixed at 1 bar at z = 0 km, resulting in fluid velocities
that are always perpendicular to the top boundary. Depending on the sign of the fluid velocity, fluid can recharge or discharge which is more realistic, particularly for convection at
mid-ocean ridges, than a no flow condition at the top. As in
Wilcock [1998], Cherkaoui and Wilcock [1999] or Oldenburg
and Pruess [1999], we fix temperature and salinity at the
top boundary (T = 20◦ C and X = 0 Wt. % NaCl). Wilcock
[1998] has shown that the fixed temperature and salinity
condition has, except for the region close to the surface, little effect on the upwelling plume if compared to a boundary
condition where the vertical temperature and concentration
gradient is zero at the top boundary. Cherkaoui and Wilcock
[1999] demonstrated that different convection patterns can

Table 1. Rock properties for the free thermohaline convection study.
Property

Value

Unit

Porosity φ
Permeability k
Pore diffusivity Dp
Thermal conductivity rock K
Rock density ρr
Rock heat capacity cpr
Longitudinal dispersivity aL
Transversal dispersivity aT

0.05
10−
10−
2.25
2750
880
20.0
2.0

[-]
[m ]
[m s− ]
[W m− ◦ C− ]
[kg m− ]
[J kg− ◦ C− ]
[m]
[m]

or 10−

T = 20oC, p = 1 bar, X = 0.0 (constant)
0m

x
z

4000 m

wolf on

wolf on

A key feature of the binary NaCl-H O system (Fig. 1)
is the large miscibility gap in which a high-density, highsalinity liquid phase (brine) coexists with a low-density, lowsalinity vapor phase [Sourirajan and Kennedy, 1962; Bodnar et al., 1985]. At high pressures, the miscibility gap is
bounded by the liquid-saturated vapor surface and vaporsaturated liquid surface. In the following, we call the combined two surfaces the liquid plus vapor (LV) surface. At
low pressures, the miscibility gap is bounded by the halite
plus liquid plus vapor (HLV) surface. The crest of the LV
surface is the critical curve of NaCl-H O. It starts at the critical point of pure H O (373.976◦ C, 220.561 bar) and extends
to the critical point of pure NaCl (>3000◦ C, ∼ 300 − 400
bar). Below the critical point of pure H O at X = 0, the
liquid-saturated vapor surface and vapor-saturated liquid
surface meet in the boiling curve of pure H O. At pressures above the LV surface, the fluid is a single phase with
either liquid-like or vapor-like properties. A smooth transition from liquid-like to vapor-like properties exists above the
LV surface for pressures and temperatures above the critical
curve NaCl-H O. At pressures below the HLV surface, vapor
coexists with halite, i.e. the solid salt phase. At salinities
above and temperatures below the halite liquidus, halite can
coexist with a liquid phase.
A NaCl-H O fluid can take several possible p − T − X
paths that are considerably different from a pure H O fluid.
For example, consider a single-phase liquid fluid at 500 bar,
10 Wt. % NaCl and 100◦ C that is isobarically heated. When
crossing the LV surface, it separates into brine and vapor.
Further heating of the fluid does not change the phase state
of the fluid. The volumetric steam content (i.e. saturation),
however, increases with increasing temperature. If, on the
other hand, the same fluid parcel is isobarically heated at
300 bars, it encounters the LV surface at a lower temperature. When the temperature is increased, the brine vaporizes and halite precipitates when crossing the HLV surface.
If the temperature continues to increase, the fluid encounters the HLV surface for a second time. Here, halite dissolves into a brine condensed out from the vapor. At very
high temperatures (>700 ◦ C), a vapor phase coexists again
with a brine phase. This phase state does not change anymore if the fluid is further heated. Phase separation into a
vapor and brine may also occur if a single-phase fluid is adiabatically depressurized. By contrast, a pure H O fluid can
only coexist as a liquid and vapor phase for p − T conditions
along the saturation curve.
Several equations of state are available for the NaCl-H O
system. For example Rogers and Pitzer [1982], Bischoff and
Rosenbauer [1985], or Anderko and Pitzer [1993] all have
developed equation of states that allow the calculation of a
small number or all fluid properties for certain p − T − X
regions of the NaCl-H O system. These formulations, however, commonly do not overlap smoothly at the boundaries
of their validity ranges, producing discontinuities if the fluid
properties are calculated from different formalisms for different regions of the NaCl-H O system. Palliser and McKibbin [1998a-c] have used correlation functions to describe
the entire NaCl-H O system. Unfortunately, their mathematical formalism uses different correlation functions for
sub- and supercritical temperatures for each fluid property,
giving rise to non-physical artifacts where the two functions
meet. For example, the enthalpy versus temperature curve
for a given salinity shows a negative slope just above the
critical temperature of water, implying a negative heat capacity. Furthermore, the model by Palliser and McKibbin
[1998a-c] yields fluid properties in some parts of the singlephase region above the critical point of pure H O that are
substantially different from published experimental data.
We hence have used an earlier version [Driesner and Heinrich, 2003] of the new equation of state by Driesner and

Heinrich [2005] and Driesner [2005], which is based on a
critical review of essentially all published experimental data
on the phase boundaries in the NaCl-H O system and all
available data for volumetric and thermodynamic properties. Its accuracy is within the uncertainty of the best available experimental data, resolving most of the apparent inconsistencies.

Geothermal gradient
Hydrostatic pressure
0.0 Wt. % NaCl Salinity

Hydrostatic p, varying T, X (constant)
0m

no flow

4000 m

Figure 2. Domain, initial, and boundary conditions
for the multi-phase thermohaline convection simulations.
See Table 2 for T and X values at z = 4 km.

Table 2. Observed fluid flow patterns as a function of temperature T , bulk salinity X, and permeability k.
Initial fluid densities ρl and ρv , and saturations Sl , Sv , and Sh for an initial pressure of 388 bar (pure H O
hydrostatic) are shown as well. Note that halite coexists with liquid at T = 200 ◦ and 40.0 Wt. % NaCl. The fluid
salinity is hence 31.5 Wt. % NaCl. Halite also coexists with vapor at T = 600 ◦ C. The vapor salinity is hence very
close to zero. The halite saturation Sh is given by Sh = 1 − Sl , respectively Sh = 1 − Sv . All flow patterns can
occur for a single or multiple convection cells.
Nr.

T

X

ρl

ρv

Sl

Sv

Sh

log k

Flow Pattern

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

200.0
200.0
200.0
200.0
200.0
200.0
200.0
200.0
200.0
200.0
400.0
400.0
400.0
400.0
400.0
400.0
400.0
400.0
400.0
400.0
450.0
450.0
450.0
450.0
500.0
500.0
500.0
500.0
500.0
500.0
500.0
500.0
500.0
500.0
600.0
600.0

3.2
3.2
10.0
10.0
20.0
20.0
30.0
30.0
40.0
40.0
3.2
3.2
10.0
10.0
20.0
20.0
30.0
30.0
40.0
40.0
10.0
10.0
20.0
20.0
3.2
3.2
10.0
10.0
20.0
20.0
30.0
30.0
60.0
60.0
3.2
3.2

914.9
914.9
966.5
966.5
1044.2
1044.2
1127.7
1127.7
1141.1
1141.1
599.1
599.1
717.1
717.1
836.5
836.5
939.8
939.8
1044.9
1044.9
792.1
792.1
792.1
792.1
1048.6
1048.6
1048.6
1048.6
1048.6
1048.6
1048.6
1048.6
1175.8
1175.8
-

336.67
336.67
336.67
336.67
188.29
188.29
188.29
188.29
188.29
188.29
188.29
188.29
118.86
118.86

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
0.929
0.929
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
0.247
0.247
0.835
0.835
0.011
0.011
0.041
0.041
0.105
0.105
0.209
0.209
1.0
1.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.753
0.753
0.165
0.165
0.999
0.999
0.959
0.959
0.895
0.895
0.791
0.791
0.0
0.0
0.998
0.998

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.071
0.071
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.002
0.002

-14
-15
-14
-15
-14
-15
-14
-15
-14
-15
-14
-15
-14
-15
-14
-15
-14
-15
-14
-15
-14
-15
-14
-15
-14
-15
-14
-15
-14
-15
-14
-15
-14
-15
-14
-15

Single-phase convective (oscillatory)
Single-phase diffusive
Single-phase convective (steady)
Single-phase diffusive
Single-phase convective (layer formation)
Single-phase diffusive
Single-phase convective (layer formation)
Single-phase diffusive
Single-phase diffusive (temp. layer formation)
Single-phase diffusive
Phase separation (chaotic)
Phase separation (steady convective)
Phase separation (oscillatory)
Phase separation (steady convective)
Phase separation (oscillatory)
Single-phase convective (steady)
Phase separation (oscillatory)
Single-phase convective (steady)
Single phase diffusive (temp. layer formation)
Single-phase diffusive
Not studied
Initial boiling (steady convective)
Not studied
Initial boiling (steady convective)
Initial boiling (oscillatory)
Initial boiling (steady convective)
Initial boiling (oscillatory)
Initial boiling (steady convective)
Initial boiling (oscillatory)
Initial boiling (steady convective)
Initial boiling (oscillatory)
Initial boiling (steady convective)
Phase separation (chaotic)
Phase separation (oscillatory)
Initial halite plus vapor coexistence (chaotic)
Initial halite plus vapor coexistence (chaotic)

develop for the open top boundary condition and fixed temperature as well. They also showed that convection for an
open top boundary is less stable than at closed top boundary
conditions, i.e. for a no flow boundary at the top.
All other boundaries are no flow boundaries. The boundary conditions at z = 4 km for temperature and salinity
are also held constant but were varied systematically from
simulation to simulation (Table 2). The pressure at z = 4
km changes transiently and is computed as the current hydrostatic pressure. For the initial conditions, a geothermal gradient is computed for a basal heat flux of 0.05 W
m− yielding dT /dz ≈ 22◦ C km− . Initially the salinity is
X = 0 Wt. % NaCl. A hydrostatic fluid pressure distribution is calculated for the initial temperature and salinity distribution yielding an initial pressure of 388 bars at
z = 4 km. The domain is discretized into 8192 uniform
triangular finite elements and 4425 node-centered finite volumes using a constrained conforming Delauney triangulation [Shewchuck, 2002]. Depending on the permeability, the
governing equations were integrated for more than 100,000
years or more than 1,000,000 years. In the high-permeability
experiments, irregular or repetitive flow patterns commonly
appeared during the first 10,000 to 20,000 years, particularly
if the fluid underwent phase separation, and they did not
change as the simulations were progressed to 100,000 years.
In the low-permeability experiments or if steady state patterns evolved, simulations where run for at least 1,000,000
years to ascertain that oscillations do not increase again after an apparent steady state has been reached.

6. Results
Five basic fluid flow patterns can be distinguished for
the input parameters defined in Table 2. They comprise
(i) purely diffusive transport, (ii) thermohaline convection
of a single-phase fluid, (iii) thermohaline convection with
supercritical phase separation during the ascent of a singlephase fluid, (iv) convection of a low-salinity vapor if a brine
coexists with vapor at z = 4 km, and (v) temperature-only
driven convection of pure H O if a vapor coexists with halite
at z = 4 km. Convection patterns may have steady state
solutions or exhibit oscillatory or chaotic behavior.
Our distinction between these three different patterns is
mainly qualitative. Patterns where the convection cell does
not move in space and time are regarded as steady state. We
refer to oscillatory patterns if one of the three flow patterns
are observed: (1) The location of the upflow zone and largescale flow field remains largely constant and symmetric in
space and time but the boiling zone repeatedly disappears
and reappears at relatively constant periodicity. (2) Small
convection cells shear off at the base and merge with the
main upflow zone without changing its location. (3) The entire convection cell and associated flow field are continuously
overturning in a predictable way, i.e. at an approximately
constant periodicity. Patterns where the entire convection
cell and associated flow field are continuously overturning in
a non-periodic irregular way are referred to as chaotic. All
patterns can occur for one convection cell or multiple cells,
i.e. a single or several upflow zones.

Flow patterns for the according T − X basal conditions
are summarized in Table 2 and plotted for both permeability
values in Figure 3.
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Figure 3. Observed fluid flow patterns mapped in T − X space at k = 10−
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Figure 4. Snapshots of Xf , T , and streamline profiles over an oscillatory cycle at basal conditions
200◦ C, 3.2 Wt. % NaCl, and k = 10− m (Simulation 1) after 557,059 (a), 594,559 (b), and 625,436
(c) years.
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Figure 5. Steady convection solutions at basal conditions of (a) 200 C, 10 Wt. % NaCl, and k = 10−
m (Simulation 3) and (b) 400◦ C, 20 Wt. % NaCl, and k = 10− m (Simulation 16).
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Figure 6. Layer formation during the evolution of a convection cell at basal conditions of 200 ◦ C, 20
Wt. % NaCl, and k = 10− m (Simulation 5) after 130,000 years.
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Figure 7. Phase separation, shrinking, and vanishing of a boiling zone at basal conditions of 400 ◦ C, 10
Wt. % NaCl, and k = 10− m (Simulation 14) after 232,796 (a), 236,381 (b), and 249,956 years (c).
Streamlines are calculated for the sum of vl and vv . The gray-shaded area in the streamline plot shows
the extent of the vapor phase. Note how flow is focused into the vapor pocket.
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Figure 8. Phase separation in multiple convection cells at basal conditions of 400 ◦ C, 20 Wt. % NaCl,
and k = 10− m (Simulation 15) after 75,951 (a) and 85,958 (b) years . Streamlines are calculated for
the sum of vl and vv . The gray-shaded area in the streamline plot shows the extent of the vapor phase.
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Figure 9. Phase separation in multiple convection cells at basal conditions of 400 ◦ C, 3.2 Wt. % NaCl,
and k = 10− m (Simulation 11) after 16,325 years. Streamlines are calculated for the sum of v l and
vv . The gray-shaded area in the streamline plot shows the extent of the vapor phase.
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Figure 10. Development of a vapor pocket above a high-temperature, high-salinity single-phase basal
layer at basal conditions of 500◦ C, 60 Wt. % NaCl, and k = 10− m (Simulation 34) after 23,379
years. Streamlines are calculated for the sum of vl and vv . The gray-shaded area in the streamline plot
shows the extent of the vapor phase.
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Figure 11. Steady convective pattern with three vapor-dominated upflow zones at basal conditions of
500◦ C, 20 Wt. % NaCl, and k = 10− m (Simulation 30) after 20,309 years. Streamlines are calculated
for the sum of vl and vv . The gray-shaded area in the streamline plot shows the extent of the vapor
phase. Note that the scale of Xf is adjusted to better represent the low values.
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Figure 12. Oscillatory convection with three liquid-dominated upflow zones at basal conditions of
500◦ C, 20 Wt. % NaCl, and k = 10− m (Simulation 29) after 10,005 years. Streamlines are calculated
for the sum of vl and vv . The gray-shaded area in the streamline plot shows the extent of the vapor
phase. Note that only small amounts of salt are transported upwards from the basal two-phase layer into
the liquid upflow zones.
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changes from cold to hot hydrostatic, enhancing the development of vertically extensive vapor zones. Chaotic
convection results from this heterogeneous distribution
of vapor zones causing steep lateral pressure gradients.

(Simulations 35 and 36), salt is ﬁxed in the halite phase
and essentially no salt is transported during convection
(Fig. 13). The convection dynamics are driven only
by the evolving temperature gradient and the moving
ﬂuid is essentially pure H2 O. Phase transitions between
liquid and vapor can only occur below the critical pressure of H2 O if the saturation curve is crossed. The
phase state along the basal boundary, however, is inﬂuenced by the presence of NaCl and has an impact
on the development of the convection cell. Due to the
vapor-halite coexistence, high-density cold liquid overlies low-density hot vapor. This initial conﬁguration
destabilizes the ﬂow ﬁeld. Unsteady, chaotic convection results, in which multiple upﬂow zones form. They
change their location due to the development of smaller
convection cells that merge with the large upﬂow zones.
Initially these upﬂow zones are supercritical H2 O. Boiling occurs only below the critical point of H2 O. During
the evolution of the convection patterns, the pressure

10000

7. Discussion and Quantiﬁcation
of Results
7.1. Classical Dimensionless Parameters

Thermohaline convection is commonly parameterized
in terms of RaT , Rb, φ∗ , and Le. Assuming incompressibility and a Boussinesq ﬂuid in which the ﬂuid density
only acts on the gravity term, these are deﬁned for a
homogeneous geologic layer as
ρkz αΔT gZ
κμ
γΔX
Rb =
αΔT
φ
κ
∗
φ =
Le =
σ
D

RaT =
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Figure 14. Thermal Rayleigh number RaT at single phase (a) and two-phase (b) conditions, buoyancy
ratio Rb (c), and normalized porosity φ∗ (d) computed as a function of the temperature T for various X
at Z = 4000 m, φ = 0.05, and kz = 10−15 m2 . If denoted “bottom α”, all ﬂuid properties are computed
at the basal pressure of p = 388 bar but for diﬀerent basal temperatures and salinities. In this case,
ﬂuid properties and RaT vary nonlinearly with increasing temperature. If denoted “surface α”, ﬂuid
properties are calculated at ﬁxed surface conditions of p = 1 bar, T = 20◦ C, and X = 0 Wt. % NaCl
(dotted line). In this case ﬂuid properties are constant and RaT increases linearly with increasing ΔT .
Note that the kink in the RaT , Rb, and φ∗ proﬁles at 30 Wt. % NaCl is due to the precipitation of halite
below ∼ 180◦ C.
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fusive to convective regime can be associated with layer
formation. The single-phase convective regime transforms into a phase-separating convective regime if φ∗
increases, i.e., if the ﬂuid is relatively hotter and energy
is transported more rapidly. If only RaT is increased,
single-phase convection becomes oscillatory. At high
RaT and low Rb values, a steady and oscillatory convection regimes exist where the ﬂuid is already in the
two-phase state along the basal boundary.
Some counter-intuitively diﬀerent ﬂow patterns can
also be identiﬁed for relatively similar parameters. For
example, a diﬀusive proﬁle evolves at 200◦ C, 20 Wt. %
NaCl, and k = 10−15 m2 . The parameters for these
conditions are RaT = 28.6, Rb = 1.06, and φ∗ = 0.07.
A ﬂow pattern in which the ﬂuid separates into a brine
and vapor phase at large depth, halite precipitates, and
convection is oscillatory occurs at the same permeability but at 500◦ C and 60 Wt. % NaCl. At these conditions the dimensionless parameters have the values
RaT = 31.6, Rb = 1.43, and φ∗ = 0.17. It is very
unlikely that this parameterization obtained for the 4
kilometer depth model can be upscaled to predict ﬂow
processes at say 6 kilometer depth and the corresponding higher hydrostatic pressure because ﬂuid properties
and phase state change with pressure.
A rigorous parameterization in terms of RaT , Rb,
and φ∗ is possible only if the ﬂuid is incompressible,
single-phase, the Boussinesq approximation holds, the
viscosity is constant, and the density can be computed
by a linear T − X relation. Geological settings where
these assumptions are valid are probably rare. In particular, the above assumptions do not accurately represent
ﬂow dynamics in continental and oceanic magmatic hydrothermal systems where temperature variations are
large.
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Figure 15. Flow dynamics listed in Table 2 parameterized in terms of Rayleigh number Ra, buoyancy ratio
Rb, and normalized porosity φ∗ calculated for the various
basal boundary conditions.

vection occurs at increased RaT values and/or lower Rb.
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Figure 16. Local Rayleigh number RaL for various salinities computed as a function of temperature
at (a) 388 bars (∼ 4 km hydrostatic pressure) and (b) 582 bars (∼ 6 km hydrostatic pressure). The
permeability in both cases is k = 10−15 m2 . The initial geothermal gradient is Γ = 22◦ C km−1 . The
sharp decrease in RaL at ∼ 430◦ C, respectively ∼ 500◦ C and X > 0 Wt. % NaCl is related to the onset
of phase separation. The discontinuity in RaL at ∼ 565◦ C and p = 388 bar corresponds the coexistence
of vapor and halite.
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Figure 17. Evolution of RaL and ρl for two initially
stable density conﬁgurations at (a) 200◦ C, 30 Wt. %
NaCl, k = 10−14 m2 and (b) 400◦ C, 30 Wt. % NaCl,
k = 10−15 m2 . The evolution of RaL and ρl is monitored 32 m above the basal boundary. When RaL > 1
convection cells can form.

steady convective, oscillating, or chaotic state. As in
the computation of RaT , identical values for RaL can be
obtained for completely diﬀerent thermodynamic conditions and permeabilities. RaL allows, however, to
identify if convective distortion of the temperature and
salinity ﬁeld occurs. The presented simulations show
that if buoyancy is positive, i.e., if the density at the
basal boundary is less than that of the cold overlying
ﬂuid, and if RaL > 1, convection always sets in. The
simulations further demonstrate that even high ﬂuid
salinities cannot prevent convection if the buoyancy is
positive and RaL > 1. In this case, convection can
only be delayed by the formation of a high density lid
of cold saline ﬂuid above the hot saline basal boundary
layer. The density in this basal layer, however, is always
low enough to destabilize the ﬂow and onset convection. This gives, for realistic ﬂuid properties, a better
explanation of the onset of convection and stabilizing effects of the salinity than the stability criterion deﬁned in
equation 11 because it accounts for the fact that an increase in temperature decreases the ﬂuid density which
drives the buoyant rise of the ﬂuid.
For the presented simulations at 4 kilometers depth,
RaL peaks when the ﬂuid coexists as vapor and brine at

X - 19

the basal boundary (Fig. 16a). This implies that basal
two-phase conditions always introduce an additional instability. Convection therefore occurs almost instantaneously even at relatively low permeabilities. At these
conditions, only the vapor phase with a very low salinity rises. Little salt is transported in the system and
stabilization eﬀects of salinity are low. This agrees well
with the ﬁndings of Schubert and Straus [1977b], who
argue that for a pure H2 O system convection is always
more vigorous if the ﬂuid is boiling.
An interesting behavior at the onset of convection
becomes apparent from equation 16 and Figure 16. Initial density conﬁgurations with negative buoyancy exist. Here, the basal density, although ﬂuid is hot, is
higher than the density of the cold ﬂuid above, i.e.,
(ρ − ρi ) < 0 and RaL < 0. This is the case if the ﬂuid
is hot but very saline, for example at temperatures between 200 and 400◦ C and high salinities (Table 2). In
this case it is not clear if convection should ever occur.
The stability of this single-phase negative buoyancy conﬁguration can also be examined by the local
Rayleigh number. Again, it is assumed that the ﬂuid
is initially at rest and the velocity is zero everywhere
but at the basal boundary. Note that this time, the
velocity as computed from equation 15 would have a
downward component. The system, however, is initially
stable and ﬂuid is not ﬂowing. At early times, it can
therefore be assumed that heat and salt move by diffusion only. Hence the governing equations (Eqs. 1,
2, 3) can be solved for a one-dimensional problem with
the vapor phase being absent and vl = 0. The local
Rayleigh number RaL is computed using equation 13
as a function of time. It is assumed that the horizontal
velocity is zero and the vertical velocity of the liquid
phase can be calculated from equation 15 to obtain the
divergence ∇ · (ρl hl vl ). As heat and salt diﬀuse upwards, the cold ﬂuid above the hot saline basal layer
heats up. If its density decreases such that the buoyancy forcing transports heat faster by advection than
the temperature ﬁeld diﬀuses, in other words if RaL
becomes larger than one, convection sets in. This can
be shown for two initially stable density conﬁgurations
(Fig. 17).
Figure 17 shows how RaL increases with decreasing
density and viscosity and becomes larger than one after
approximately 11 or 23 years. The initial increase of
RaL is independent of the salinity because salt diﬀuses
about 1000 times slower than heat. Once RaL > 1,
convection sets in and salt is mined from the hot, saline
ﬂuid underneath and transported upwards. The concept of the local Rayleigh number hence explains the
onset of convection in a physically intuitive way.
At high salinities it is possible that convection ceases
if the advective transport of salt creates a high density
lid that stops convection. This has been observed in
the simulations at 200◦ C, 40 Wt. % NaCl (ﬂuid salinity is 31.5 Wt. % NaCl), and k = 10−14 m2 . Here
convection cells and layer formation exist only tempo-
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Figure 18. Fluxibility F (a,b) and its derivative |∂F/∂T | (c,d) as a function of temperature at varying
salinities. Pressures of 388 (a,c) and 582 (b,d) bars correspond to a hydrostatic head of approximately
4 and 6 kilometers depth, respectively. The sharp increase in F in the presence of salt corresponds to
the onset of phase separation. The discontinuity in F and the corresponding large derivative |∂F/∂T | at
∼ 600◦ C at 388 bar are due to the halite plus vapor coexistence.

8. Concluding Remarks
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Matthäi, S.K., S. Geiger and S. Roberts (2001), Complex
Systems Platform: CSP3D3.0: User’s Guide. http://ecollection.ethbib.ethz.ch/show?type =bericht&nr=239, Eidgenössische Technische Hochschule Zürich, Switzerland.
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