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Abstract

Fluids circulate through the Earth’s crust perhaps down to depths as great as 5-15 km, based on oxygen isotope
systematics of exhumed metamorphic terrains, geothermal fields, mesozonal batholithic rocks and analysis of obducted
ophiolites. Hydrothermal flows are driven by both thermal and chemical buoyancy; the former in response to the
geothermal gradient and the latter due to differences in salinity that appear to be ubiquitous. Topographically driven
flows generally become less important with increasing depth. Unlike heat, solute cannot diffuse through solid matrix.
As a result, temperature perturbations advect more slowly than salinity fluctuations by the factor ¢, but diffuse more
rapidly by the factor x/D and are so smoothed out more efficiently. Here, ¢ is porosity, while ¥ and D denote the
thermal and chemical molecular diffusivity, respectively. Double-advective instabilities may play a significant role in
solute and heat transport in the deep crust where porosities are low. We have studied the stability and dynamics of the
flow as a function of ¢ and thermal and chemical buoyancy, for situations where mechanical dispersion of solute
dominates over molecular diffusion in the fluid. In the numerical experiments, a porous medium is heated from below
while solute provides a stabilizing influence. For typical geological parameters, the thermohaline flow appears
intrinsically chaotic. We attribute the chaotic dynamical behavior of the flow to a dominance of advective and
dispersive chemical transfer over the more moderate convective heat transfer, the latter actually driving the flow. Fast
upward advective transport and lateral mixing of solute leads to formation of horizontal chemical barriers at depth.
These gravitationally stable interfaces divide the domain in several layers of distinct composition and lead to
significantly reduced heat flow for thousands of years. The unsteady behavior of thermochemical flow in low-porosity
regions has implications for heat transport at mid-ocean ridges, for ore genesis, for metasomatism and metamorphic
petrology, and the diagenetic history of sediments in subsiding basins. © 1999 Elsevier Science B.V. All rights
reserved.
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than several kilometers, is characterized by a po-
rosity which is as small as one volume percent or
less [1-3]. Aqueous fluids are present down to at
least 9 km, based on deep borehole measurements
[4-6] and analysis of obducted ophiolites, e.g. [7].
Further, it has been argued from oxygen isotope
systematics of exhumed metamorphic terrains that
fluids may penetrate down to 10-15 km [8]. The
extensive collected works of Taylor and co-work-
ers (see [9] for a compilation) and others readily
demonstrates the pervasive role played by fluids in
mediating transport of heat and chemicals with
the Earth’s crust.

Large volumes of the Earth’s crust although of
low porosity may be fluid-saturated. Provided suf-
ficient permeability exists, these fluids advect
within the deeper crust, driven by both thermal
and chemical buoyancy; the former in response to
the geothermal gradient and the latter due to local
variations in salinity, an almost inevitable conse-
quence of complex geologic processes. For exam-
ple, very general and global mechanisms produce
gradients in the salt concentrations within the flu-
id: meteoric water recharge from above (e.g. rain)
while diagenetic, metamorphic and/or magmatic
fluid sources lead to high concentrations of dis-
solved elements (up to saturation level) deeper
within the crust, e.g. [10]. Advection of the saline
fluids through the rocks has implications for
many geological processes, such as heat transport,
ore genesis, metasomatism and metamorphic pet-
rology, and including the diagenetic history of
sediments in subsiding basins [11-16]. For an
overview of these and other hydrogeological im-
plications, the reader is referred to Person et al.
[17] and Ingebritsen and Sanford [18].

When a fluid moves through a porous medium,
heat and chemical elements can be transported by
(1) diffusion through the interstitial liquid, (2) ad-
vection of the liquid and (3) molecular diffusion
through the solid matrix. While diffusion of heat
through the solid and liquid is of the same order,
diffusion of chemical components through the
liquid is much larger than through the solid. In
addition to advective and diffusive transport of
chemical elements, hydrodynamic mixing of the
interstitial fluid at the pore scale also leads to
chemical transfer. This type of mixing, also called

mechanical dispersion, is due to obstructions and
the fact that all pores may not be accessible to a
fluid element after it has entered a particular flow
path [19]. Due to substantial heat diffusion
through the solid rocks, mechanical dispersion
of heat in the liquid is negligible under most geo-
logical circumstances [20,21].

Heat and dissolved elements thus influence the
interstitial fluid density in a different manner.
Heat advects slower than chemical elements
through the liquid by the factor ¢, while diffusion
of heat through the bulk porous medium is larger
by the factor ¢! times the ratio between the ther-
mal and chemical diffusivities [22]. Since the po-
rosities are quite low of the order 1072-10"* in
the deeper crust, double-advective double-diffu-
sive instabilities may play a large role in the trans-
port of solute and heat.

In this study, the stability and dynamics of
the flow as a function of ¢ and thermal and chem-
ical buoyancy are investigated, for situations
where dispersion of solute dominates over molec-
ular diffusion in the fluid. In our numerical ex-
periments, the low-porosity medium is heated
from below, while solute provides a stabilizing
influence.

The outline of the paper is as follows. In Sec-
tion 2, the governing equations describing ther-
mohaline convection in a porous medium and
the employed numerical method are given. The
stability and dynamics of thermochemical convec-
tion in low-porosity media are described in Sec-
tion 3. After demonstrating a few possible evolu-
tionary states of the flow, we discuss the general
picture of the fluid dynamical behavior as a func-
tion of the thermal and chemical buoyancy and
porosity. Furthermore, the sensitivity of the con-
vective flow to the anisotropic and dispersive
character inherent to rocks is discussed. We con-
clude the paper by summarizing the results and
discussing the geological implications of this
work.

2. Formulation

We have considered a two-dimensional homo-
geneous porous medium in a square domain,
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which is saturated with fluid (see Fig. 1). The
horizontal and vertical Cartesian coordinates are
denoted by x and z, respectively. In reality, ther-
mochemical convection in porous media is evi-
dently three-dimensional [23]. However, the essen-
tial physics involving low-porosity thermo-
chemical convection are captured in a two-dimen-
sional model [22]. Furthermore, modeling of low-
porosity convection is numerically challenging,
because the allowed time step size depends line-
arly on ¢. Therefore, we feel that a study with
good resolution in two dimensions fits our pur-
poses better than a three-dimensional one on a
rather coarse grid.

Conservation of mass of fluid in a porous me-
dium is described by:

Vegq=10 (1)

where it is assumed that the fluid is incompressi-
ble [20]. This so-called Boussinesq approximation
is reasonable when the fluid remains in the single-
phase regime and temperature contrasts do not
vary much across the domain [18]. Here, ¢ is the
seepage velocity.

Assuming that inertia effects are negligible, con-
servation of momentum in the porous medium
can be expressed by the empirical law of Darcy
[24]:

K
A (Vp—pg) (2)

with p for pressure, p for fluid density and g for
the gravitation vector. The permeability K vector,
consisting of the horizontal permeability K, and
the vertical component K, is assumed to be spa-
tially invariant and isotropic in most experiments.
However, a few experiments in strongly aniso-
tropic media have also been performed. The ori-
entation of the principal axes of K are assumed to
be parallel to the sides of the domain. For the
situation of an arbitrary orientation of coordinate
axes, the reader is referred to Tyvand and Store-
sletten [25]. The dynamic fluid viscosity u is taken
as a constant.

It is assumed that the fluid and matrix are in
thermal equilibrium; conservation of energy can

then be expressed as:

oT
Ga—t—KV2T+q-\7T:O (3)

where T denotes the temperature and k; the effec-
tive thermal diffusivity of the saturated medium,
is constant. Further, o represents the ratio of the
heat capacities between the solid matrix and the
fluid o= ¢+(1_¢)(pcp)matrix/(pcp)fluid- Here, ¢, rep-
resents the isobaric heat capacity and ¢ is the
porosity of the medium.

When we assume that the dispersive flux of
chemical concentration can be expressed in Fick-
ian form, conservation of the solute concentration
C is given by [26]:

0
0 sz‘ V-(DyVC)+¢VC =0 (4)

where Dy, is a second-order tensor which describes
the hydrodynamic dispersion [19]. The tensor con-
sists of the summation of the molecular diffusion
in the porous medium, Dy, and the tensor of
mechanical dispersion Dyp,. Here, the molecular
diffusion in the porous medium is defined as
Do = oDy, /7, where Dy, is the molecular diffusiv-
ity of the chemical component within the fluid
and 7 the tortuosity of the porous medium. The
coefficients of Dy are:

(Dmech)ij = (al_al)%

|q|+dt|q|5ij (5)

where @ and a; represent the longitudinal and
transversal dispersivities, respectively, and &; is
the Kronecker delta. In general, mechanical dis-
persion of chemical concentration is more impor-
tant than molecular diffusion, except when the
flow is very slow.

The laws for conservation of mass, momentum,
energy, species and a linearized equation of state
p=po[l—c(T—Tp)+P(C—Cy)] (reference values
are denoted by the subscript 0) describe thermo-
chemical convection in porous media mathemati-
cally. Here, o and S are the coefficients of thermal
and chemical expansion, respectively. The equa-
tions are non-dimensionalized with the height of
the domain / as the length scale, #>o/x as time-
scale, K, as the permeability scale, ux/K, as
dynamic pressure scale and AT=T,—T, and
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AC=C;—C, as the temperature and chemical
scale, respectively (maximum values of 7" and C
are denoted by the subscript 1). This results in the
following set of differential equations:
» _op  *p aC T px
ax Tlox a2 ez R

(6)
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Here, the circumflexes denote the non-dimen-
sionality of a parameter. Moreover, p* =
p—po= RacC—RarT is the difference between
the density and the density at the reference state.
The five dimensionless parameters governing the
convective dynamics are the thermal Rayleigh
number Rar, the chemical Rayleigh number
Rac, the permeability ratio K., ¢*, a, and the
Lewis number, Lepo. These dimensionless param-
eters are defined as:

_ oK,pogATh Ra _ BK;pogACh
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Besides the two Rayleigh numbers, their ratio is
also used in this study. This so-called buoyancy

ratio R, is given by:
Rac ﬂA C

Rp = =
Rar aAT

The heat capacity ratio is assumed to be
equal to o=1 in this study, a reasonable assump-
tion for most natural systems. That is, since
(PCp)matrix = (Pcp)muid, 0=1—¢ which goes to unity
for ¢ small. Scale analysis of Egs. 7 and 8 shows
that non-dissolvable elements are advected at the
fluid velocity §/¢*, while temperature advects with
the total fluid flux §. This leads to the develop-
ment of double-advective, double-diffusive insta-
bilities [22], especially in geological media of low
porosity.

Fig. 1 displays the configuration of the model
together with the boundary conditions. A square
domain with impermeable boundaries is consid-
ered. The temperature and chemical concentration
at the bottom boundary are equal to one, while at
the top, both quantities are fixed to zero. The
vertical walls are insulators with respect to heat
and solute transport. Initially, the fluid is motion-
less and the dynamical pressure distribution is
zero everywhere. The interior is cold and chemi-
cally depleted. Note that heat destabilizes the
liquid, while the solute provides a stabilizing in-
fluence.

At each time step, temperature and salinity are
used to compute the horizontally averaged heat
and solute fluxes at the surface. The heat flow
through the surface of the domain is defined as:

oT

qT:—lg; atz=0m 9)

where A (=2.5 W/m°C) denotes the thermal con-
ductivity and the overbar implies a horizontal
average. The chemical surface flux is defined as:

qc = —(Dh VC)Z,' atz=0m (10)

The system of Egs. 6-8 is solved on a cell-cen-
tered grid by using a second-order finite volume
multigrid method. Details of the method are given
by Trompert and Hansen [27], where it was used
for free convection at infinite Prandtl number.
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Spatially, a central approximation is used for the
diffusive fluxes. Furthermore, the flux-limited
Fromm scheme [28] is used for the advective com-
positional fluxes to preserve the monotonicity of
the solution at sharp interfaces. The non-limited
version of this scheme is used for the advective
thermal fluxes.

Time integration is carried out by the implicit
second-order Crank—Nicolson method for the dif-
fusion of heat. The second-order explicit Adams—
Bashforth scheme is used to advance the advective
terms of the energy and species equation in time.
This Adams—Bashforth scheme is also employed
for the velocity-dependent chemical dispersion
terms. Validation of the code was accomplished
by comparison with published results on thermal
and thermochemical convection in porous media
[29-31].

3. Results: dynamics of low-porosity thermohaline
convection

In this section, the stability and dynamics of
thermohaline convection in low-porosity media
are investigated for the case in which the porous
medium is heated from below, while chemical
concentration provides a stabilizing influence.
We investigate the case in which mechanical dis-
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Fig. 1. Geometrical setup and boundary conditions of the ex-
periments in a porous medium, which is heated and salted
from below. Initially, both temperature T and chemical con-
centration C equal zero.

persion of the solute dominates over molecular
diffusion of the solute within the fluid. First, the
results of a few numerical experiments are pre-
sented to give an overview of the possible evolu-
tionary states (Section 3.1). Next, the evolution-
ary states of the first set of experiments are
discussed for a variety of porosities. Finally, the
sensitivity of the fluid dynamical behavior to the
anisotropic permeability and dispersive character
of the rock is discussed (Section 3.3). The spatial
numerical resolution used is 64X 64 grid cells,
based on extensive testing with other (also finer)
discretizations and smaller time step sizes. The
grid cells are refined in vertical direction near
the base and the top of the domain in order to
resolve the horizontal boundary layers.

3.1. Flow dynamics and transport properties: a few
examples

In a first set of experiments, the thermal Ray-
leigh number Rart, the buoyancy ratio R, and the
porosity ¢ of the medium are varied systemati-
cally. All sides of the system are impermeable
(see Fig. 1). Furthermore, permeability and poros-
ity are isotropic and homogeneous throughout the
domain. The transversal dispersivity is 5X107°
times the vertical length scale of the domain,
while the dispersivity ratio is equal to a; = 10. Ini-
tially, the motionless fluid is cold and chemically
depleted, while the fluid is perturbed by giving the
lower left grid point a temperature T=0.1.

Within the whole set of experiments, we have
observed the system evolving to one of the follow-
ing states: (1) static diffusive, (2) steady convec-
tive, (3) oscillatory convective and (4) chaotic
convective. The system of equations is integrated
numerically until one of the stages can be clearly
distinguished. At this point, (1) the average veloc-
ity is smaller than 10™* and the heat flux through
the domain is purely diffusive, (2) the average
velocity is larger than 10™* and the difference be-
tween the surface heat flow and the globally aver-
aged heat flow is smaller than 107*, (3) at least
five similar periods of the oscillation have been
observed and finally, (4) a statistically steady state
has been reached.

Apart from the obvious static, diffusive solu-
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Fig. 2. Snapshots of temperature 7" and compositional concentration C fields of a simulation with AC=2.5 wt% and ¢=0.01 at
(a) t=0.0 kyr, (b) t=8.0 kyr, (c) 1=40.0 kyr and (d) #=200.0 kyr. The corresponding dimensionless parameters are Rar =600,
R, =0.25. The contour intervals are 25°C and 0.5 wt%, respectively (see legends). Flow evolves towards steady state solution.

tion, the observed evolutionary states of the flow
are elucidated in three examples with Rar =600
and a porosity of ¢=0.01. Dimensional parame-
ters are used in the following, in order to give a
better impression of the geological implications of
the flow. The depth of the system is H=4 km, the
temperature difference across the domain is
AT=200°C and permeability is K=6X10"1% m?.
Further, py=10° kg/m’, u=5x10"* Pa s,
B=10"% wt% !, a=1073°C"! and x=6x10""
m?/s.

In Fig. 2a—d, the temperature and chemical dis-
tributions are depicted at four stages during the
evolution of an experiment with a low chemical
contrast of AC=2.5 wt% between top and bottom
(corresponding with R, =0.25). A dark (light)
shading indicates a high (low) temperature or
chemical concentration. Initially, a thermal boun-
dary develops diffusively at the bottom of the do-
main, which quickly becomes unstable (Fig. 2a,b).
The thermally driven convective flow entrains sal-
inity dispersively through the bottom of the do-
main into the interior (Fig. 2b,c). Due to the low
buoyancy of the chemicals, there is not much hin-
dering force. The flow is therefore able to evolve
rapidly towards a convective steady state, in this

case consisting of four side-by-side slender cells
(Fig. 2d). The steady flow is characterized by
three ascending plumes of hot fluid and two sink-
ing colder currents in between. Note that solute
advects 100 times faster than heat in this simula-
tion. Thin thermal and even thinner chemical
boundary layers are visible at the top and bottom
of the domain. Since the solute transport is domi-
nated by advection and/or dispersion throughout
the domain, the interior is chemically well-mixed
and nearly homogeneous at an average of
C=1.25 wt%.

Fig. 3 shows the T and C distributions at four
stages of an experiment with a slightly larger
chemical contrast of AC=4 wt% between top
and bottom. During the first 10° years of the evo-
lution, an irregular flow pattern is visible (Fig.
3a), consisting of several irregular convection
cells. The system frequently bifurcates to a flow
pattern with another number of the cells. Note
that diffusive areas, indicated by gradually in-
creasing temperature and chemical concentration
with depth (for example, the right-hand side of
the domain in Fig. 3a), coexist with adjacent con-
vecting fluid. While the temperature field remains
smooth, vigorous advection of the solute mixes
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Fig. 3. Temperature and solute snapshots of a flow which evolves towards a oscillatory state. The parameters are similar to those
in Fig. 2, except AC=4 wt"% (R, =0.4). The corresponding times are (a) t=112.8 kyr, (b) t=513.6 kyr, (c) t=535.6 kyr and (d)

t=2736 kyr. The contour intervals are 25°C and 0.5 wt% again.

the solute very well in these advective parts of the
domain. As a result, these advective parts appear
as chemically almost homogeneous spots, while
sharp interfaces separate the diffusive and advec-
tive environments. Note that within the convec-
tive areas, a significant amount of fluid recircu-
lates.

Suddenly, the convection evolves towards a
spatially coherent flow pattern of three side-by-
side cells (Fig. 3b). Due to the slightly unstable
thermal boundary layers, variable amounts of
chemical concentration enter or leave the domain
dispersively through the bottom and top. As a
result, the chemical content of the interior varies
in an oscillatory fashion between AC=0.5 and 3.5
wt%, with a period of 6 kyr (see Fig. 3b—d).

Fig. 4 displays the thermal and chemical distri-
butions for an even larger chemical difference be-
tween the horizontal sides of the domain (AC=10
wt%), at five different stages in the evolution. Fig.
4a shows a hybrid pattern of advective and diffu-
sive areas. In contrast to the previous experiment,
the flow remains chaotic and reaches a statistically
steady state. We attribute the chaotic behavior at
larger chemical contrasts to the fact that the ther-
mochemical system is dominated by advection, in

this case, of principally one component: chemical
concentration.

Another characteristic feature of the flow at
low porosity is the spontaneous development of
horizontal chemical barriers at depth. These grav-
itationally stable interfaces divide the domain into
two or more separately convecting layers of a dif-
ferent chemical content. Rather than being an ex-
ception, the interface development is a common
and prominent feature observed in low-porosity
flow.

The formation and evolution of one of these
interfaces is shown in Fig. 4b-e. In Fig. 4b, the
interface is visible as the clustering of several hor-
izontal isopleths at a depth of 2.4 km. Further
convective mixing within the layers adjacent to
the interface results in an increase of the chemical
and thus density contrast across the interface up
to a maximum of AC=9 wt% (Fig. 4c).

When the convective vigor in the lower layer
increases, fluid is entrained convectively from
above the interface into the lower layer. Conse-
quently, the density interface gradually migrates
upward until it merges with the upper boundary
layer, such resulting in a single layered flow again
(Fig. 4c—e). Note that besides upward moving in-
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Fig. 4. Temperature and salinity snapshots of a flow which remains chaotic. Parameters are similar to those in Figs. 2 and 3, ex-
cept AC=10 wt% (R, =1.0). Snapshots b—e describe a cycle of the generation, migration and disappearance of a chemical inter-
face at depth. The corresponding times are (a) 1=312.6 kyr, (b) t=320.2 kyr, (¢) t=325.0 kyr, (d) 1=327.2 kyr and (e) t=329.4
kyr. The contour interval is 25°C in the temperature plots and 1 wt% in those of chemical concentration.

terfaces, we have also observed several interfaces
migrating downward in the same experiment. For
downward migration to occur, convection in the
upper layer has to be more vigorous as compared
to that in the lower layer. The migration of den-

sity interfaces which developed in an initially lin-
early stratified chemical concentration field is dis-
cussed in more detail by Schoofs et al. [32,33].
Besides elucidating the various possible evolu-
tionary states of the system, the three examples

1. 4
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Chemical flux (kg/(m?yr))

|
0 400 800 O

time (kyr)

I
400
time (kyr)

800 O 400 800

time (kyr)

Fig. 5. (a—c) Temporal evolution of the heat and solute fluxes through the top of the domain for the experiments depicted in

Figs. 2, 3 and 4, respectively.
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show an important effect of the chemically dis-
solved elements. Despite the stabilizing influence
of salinity on the density profile, increasing the
salinity difference between top and bottom results
in a transition from steady to chaotic behavior.
At the threshold value of the chemical to thermal
buoyancy ratio, the convection is often character-
ized by an oscillatory flow pattern. We attribute
this transition to an increasing influence of the
transport of chemicals over the thermally driven
flow field. The flow, although driven by a moder-
ate thermal difference, appears intrinsically un-
steady due to the advectively and dispersively do-
minated transport of the solute.

In Fig. 5, the temporal evolution of the heat
and chemical fluxes through the top of the do-
main are shown for the three examples. For the
experiment with the lowest chemical contrast, the
system evolves quickly to a steady state (Fig.
5a,d). For the intermediate chemical contrast
(AC=4 wt%), both heat and solute transport be-
come oscillatory after an initial stage of chaotic
flow behavior (Fig. 5b,e). When AC=10 wt%
(Fig. 5c,f), finally, both surface fluxes remain un-

steady up to the end of simulation. Furthermore,
the time-average of the chaotic heat flux is re-
duced as compared to the fluxes at a lower chem-
ical contrast, because a part of the internal energy
which enters the domain through the bottom is
used to transport the dense chemical elements up-
wards. Finally, heat (solute) fluxes are reduced
especially during those periods in which an inter-
face is present, because transport across this bar-
rier is mainly diffusive (dispersive) [32,33].

The shortest observed periods of the chemical
flux are of the order of a few decades. These fluc-
tuations are due to the variations in the chemical
content of the advected fluid which reach the top
of the domain. The highest frequency fluctuations
are not present in the heat flux curves, because
heat diffuses faster and advects at a slower rate
as compared to solute. The periods between the
large amplitude fluctuations correspond with the
time needed for the formation and disappearance
of the chemical interfaces. These time periods are
therefore related directly to the migration speed of
the interfaces.

The petrological evolution of the host rock de-

200.

(b) ©

[ | 1 |
0 400 800 0
time (kyr)

] B

time (kyr)

| ! ! [
400 800 0 400 800
time (kyr)

Fig. 6. Temporal evolution of temperature (upper panels) and salinity (lower panels) at the center of the domain (x=z=2.0 km).

() AC=2.5 Wt%, (b) AC=4 wt%, (c) AC=10 wt%.
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pends significantly on the temperature and salinity
of the fluid at a fixed location. Therefore, we have
plotted the temporal evolution of 7 and C at the
center of the domain for the three simulations (see
Fig. 6). Obviously, the dynamical behavior of the
flow is reflected directly in the thermal and chem-
ical evolution of the fluid and thus the host rock.
For the chaotic case, the migration of chemical
interfaces results in salinity variations of up to
AC=9 wt% on timescales as short as a few deca-
des. The flushing of the rocks with fluid of a
highly variable solute content may lead to alter-
nating periods of over- and undersaturation of
chemicals within the fluid. Precipitation and dis-
solution of typical chemical elements could then
easily produce the zonation, typically found in
metamorphic rocks (e.g. banded sphalerite) [34].

Due to significant diffusion of heat, the thermal
history of the rock is smoother as compared with
the chemical one. Nevertheless, fluctuations up to
half of the imposed temperature contrast between
top and bottom are observed within periods of
the order of 1000 years.

Results on the petrological history of a rock, as
inferred from methods like oxygen isotope analy-
sis [9] or fluid inclusion techniques [35], are there-
fore very sensitive to the typical convective style
of the flow. Salinities of distinct populations of
preserved fluid inclusions within crystalline phases
from many geothermal (including ore-forming) re-
gions are very commonly found [35,36]. The ori-
gin of these distinct populations may be related to
the instabilities modeled in this study.

3.2. Flow regimes at various porosities

After discussing the possible evolutionary states
of the system, we concentrate now on the distri-
bution of these states within the Rar—R,—¢ space
which was sampled by our numerical experiments.
Dimensionless parameters are used in order to
give a more general picture. The flow space is
plotted in Fig. 7a—c for three porosities, as a func-
tion of Rar and R,. The four different symbols
denote the evolutionary states of the system and
are explained in the figure caption.

Fig. 7a shows the first case in which the me-
dium has an hypothetical porosity of ¢ =1, which

means that heat and solute advect with the same
speed through the porous medium. At low buoy-
ancy ratios, R,=0.25, the flow evolves to a steady
or oscillatory convective solution when the ther-
mal Rayleigh number is large enough to destabi-
lize the fluid. Here, this critical Rayleigh number
Rar,, increases gradually with increasing buoy-
ancy ratio. For increased buoyancy ratios, chaotic
flows generically evolve. Note that for pure ther-
mally driven convection (R, =0), the transition
from oscillatory to chaotic convection occurs be-
tween Rar =600 and 1000, that is, at a higher
value than for thermochemical convection.

Neither density interfaces or diffusive areas
were observed in any of the experiments with
¢=1, in contrast to flow at low porosity
(¢=0.01). Instead, convective currents directly
connect the top and bottom of the system. The
unsteady behavior of the flow is due to instable
boundary layers and cell bifurcations.

Fig. 7b shows the flow space for the case when
the medium has an intermediate porosity of
¢=0.1. In most of the simulations, the flow
evolves through a stage of irregular convective
flow towards a static diffusive solution. During
the chaotic stage in the evolution, the convective
currents connect the top and bottom of the sys-
tem again, while the formation of density interfa-
ces is not observed. Diffusive areas do exist along-
side convective patches within the flow domain,
however, like in the low-porosity experiment
shown in Fig. 4. Despite the uniform heating
and salting of the interior through the bottom,
the difference in advection velocity of heat and
solute apparently concentrates the vertical trans-
fer of these quantities in laterally bounded areas.

At low porosity of the medium (¢=0.01), fi-
nally, the convective dynamics appear chaotic in
nearly all simulations (see Fig. 7c). The flow is
characterized by diverse, complex flow patterns,
consisting of, first, the coexistence of diffusive
and convective domains and, next, the formation,
migration and disappearance of horizontal density
interfaces. The dynamical behavior of the flow in
low-porosity media is therefore fundamentally dif-
ferent from flow at higher porosity. The manifes-
tation of this instability at typically low porosity
is visible in Fig. 7d, where the evolutionary states
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Fig. 7. Evolutionary states of the system in Rat—R, space for (a) porosity equal to ¢=1, (b) #=0.1 and (c) $=0.01. Here, (1) a
solid square indicates a static diffusive, (2) open circle a steady convective, (3) balloon an oscillatory convective and (4) an aster-
isk denotes a chaotic convective state. (d) Same evolutionary states, but now plotted on the surface of a cube with axes Rar, ¢
and Ry, as to show the appearance of the chaotic (white) regime at low porosity. The light-gray regimes include both steady and
oscillatory convective states, while the flow evolves towards the static diffusive state in the dark—gray shaded regime.

are plotted on the surface of a cube with axes flow at low porosity are observed. Apart from
Rar, ¢ and R,,. the obvious static diffusive solution which is ob-
A few exceptions from the almost intrinsically tained when the thermal buoyancy is not large

unsteady character of the thermohaline driven enough to even drive convection without the pres-
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ence of solute, the flow evolves to a steady or
oscillatory state when R, =0.4, similar to the
flow at the higher porosities. Furthermore, in
the regime of low thermal Rayleigh numbers
(Rar =200) and large buoyancy ratios, a steady
state solution is obtained consisting of a few
side-by-side slender cells. The chemical horizontal
boundary layers are completely embedded in the
thermal ones, due to low chemical dispersion as
compared to thermal diffusion. Since the chemical
field ‘freezes’ at the moment that the flow reaches
the steady state, the ultimate spatial averaged
chemical concentration is different for each ex-
periment.

From these experiments, we conclude that ther-
mohaline convection is almost intrinsically chaot-
ic at low porosity ¢=0.01. We attribute this in-
stability to a dominance of chemical transfer over
the moderate heat transfer that actually drives the
flow. Since advection and dispersion of chemicals
dominate over molecular diffusion, the flow field
appears unsteady.

The flow is characterized by the coexistence of
advective and diffusive areas. Moreover, fast up-
ward advective transport and lateral mixing of
solute spontaneously leads to the generation of
horizontal chemical interfaces at depth. Since
the chemical difference across the interface results
in a stable density interface, separately convecting
and chemically distinct layers develop on top of
each other. These layers either grow or decline by
the processes of advective and dispersive entrain-
ment across the density interface(s). The time
scale involved with the formation and disappear-
ance of these interfaces determines the period
between the major fluctuations of the flow.
This convective style is fundamentally different
from flow at intermediate and high porosities,
which often evolve towards the static diffusive
state.

Since the transition to chaos in three-dimen-
sional experiments of pure thermally driven
convection occurs at a lower thermal Rayleigh
number as compared to two-dimensional experi-
ments [37], we expect that the observed intrinsical
unsteadyness of low-porosity thermohaline con-
vection is also present in a three-dimensional set-
ting.

3.3. Anisotropic permeability and mechanical
dispersion

Permeability is one of the most critical param-
eters governing the flow in geological systems.
Unfortunately, it is also one of the most difficult
parameters to measure in the field (due to prob-
lems of heterogeneity and scale). Still, the perme-
ability field of both oceanic and continental crust
is very likely anisotropic and heterogeneous [1-
3,38-42].

Several linear stability studies address the onset
of thermal and thermohaline convection in aniso-
tropic media (e.g. [43]). Other studies have fo-
cused on the amount of heat transport at slightly
supercritical Rayleigh numbers, e.g. [44]. Kvern-
vold and Tyvand [45] reported results on steady
state thermal convection in anisotropic media for
anisotropy ratios ranging from 0.01 to 100 and
for Rayleigh numbers up to approximately 10
times the critical Rayleigh number Ra. (where
Ra,, also varies with anisotropy). The influence
of anisotropic permeability on the flow pattern
for the oceanic crust was studied by Rosenberg
et al. [39]. The reader is referred to Storesletten
[46] for a review on convection in anisotropic me-
dia.

In this section, we are interested in the influence
which anisotropic permeability has on the dynam-
ics of low-porosity thermohaline convection.
Therefore, we have performed a set of experi-
ments in a medium with ¢=0.01 in which the
permeability ratios K, = Ky/K, =10 and 0.1 have
been considered. First, a thermal Rayleigh num-
ber of Rat =600 is considered based on the ver-
tical permeability, while the buoyancy ratio is var-
ied between R, =0 and 3. The other parameters
are similar to those previously presented.

Fig. 8a displays the flow space of the experi-
ments in a medium with K; = 10. For all buoyancy
ratios, the flow appears unsteady. The most
prominent difference between the observed dy-
namical behavior as compared with experiments
in an isotropic medium is that the aspect ratios of
the convection cells are larger. Here, the aspect
ratio is defined as the width of a convection cell
divided by its length. For low buoyancy ratios
(R,=0.25), the flow pattern is characterized by a
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Fig. 8. Sensitivity of behavior of the flow to the anisotropic permeability of the rock, as a function of the buoyancy ratio R,. Pa-
rameters are Rar =600 and ¢=0.01. The various flow states are explained in the caption of Fig. 7. (a) Permeability ratio is equal
to K; = Ky/K,=10. (b) K;=0.1. (c) Similar permeability ratio as in (a), K; =10, but now for an effective thermal Rayleigh number
of Rarerr =129.53. (d) Similar permeability ratio as in (b), K;=0.1, but now for an effective thermal Rayleigh number of

RaT‘eﬂ' =~1295.3.

single convection cell. Oscillatory instabilities of
the thermal boundary layers lead to a multi-peri-
odic flow behavior. For larger buoyancy ratios,
chemical interfaces develop again at depth and
the flow appears very chaotic.

In Fig. 8b the flow space is shown as a function
of Ry, for the case in which K;=0.1. For nearly
all buoyancy ratios, the flow evolves to a steady
state in which the aspect ratios of the cells are
small, as compared to flow in isotropic media.
The chaotic character of the flow at R,=1 is
due to a nearly oscillatory bifurcation between a
two-cellular flow pattern and that of a single slen-
der convection cell and an adjacent diffusive area.
The chemical reorganization involved with this
bifurcation leads to an irregular behavior.

The differences between flow in isotropic and
anisotropic media are primarily caused by the dif-
ference in the globally averaged permeability of
these two media. In order to account for these
linear effects of the anisotropy on the onset of
convection and the vertical heat transport in ther-
mally driven flow, Nield [47] proposed an effective
thermal Rayleigh number Rarey rather than a
Rayleigh number based on the vertical permeabil-

ity. This effective Rayleigh number is defined as:
HATK
Rarer = apghialAsur (11)
UK

with:

1 1|72
Ksnr =4|—5+—5| -
K2 Kl

Using this Rart e, both the onset of convection
and the heat transport efficiency do not depend

anymore on the degree of anisotropy. In order to
investigate whether the transition from steady to
chaotic thermochemical convection also scales
with this effective Rares, a set of experiments
has been performed with the effective Rayleigh
number as proposed by Nield [47].

Fig. 8c shows the case in which K is 10 times
larger than K,. In this case, Rar ;= 129.53. For
R,=0.5, the flow evolves either to a steady or an
oscillatory convective state of two convection
cells. The flow evolves through an initial chaotic
stage towards the static diffusive solution when
R, =0.75. For even larger buoyancy ratios, a sin-
gle chaotic convection cell develops.

Fig. 8d shows the evolutionary states for vari-
ous Ry, for a permeability ratio K;=0.1
(Rarter = 1295.3). For low buoyancy ratios, the
flow evolves to a steady pattern consisting of 4—
6 side-by-side convection cells. The flow evolves
through an initial chaotic stage towards the static
diffusive solution when R, =1. For R,=2, finally,
the flow appears unsteady and it consists of slen-
der convection cells together with diffusive areas.
Furthermore, due to the development of chemical
interfaces, intermittent stages of vertical layered
convection are observed.

Comparison of the results of these experiments
in anisotropic media with those obtained in iso-
tropic ones (Fig. 8c) indicates that, despite the use
of a similar effective thermal Rayleigh number, we
do not obtain a similar transition to chaos as
compared with isotropic media. Irrespective of
the anisotropic character of the permeability,
however, the flow appears chaotic for almost all
buoyancy ratios.

Convective fluid flow through heterogeneous
media is beyond the scope of this study. For
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a detailed investigation of thermal convection
through heterogeneous country rocks during con-
tact metamorphism, the reader is referred to the
simulations with stochastic permeability models
of Gerdes et al. [14].

Mechanical dispersion of chemical concentra-
tion is another important factor which may influ-
ence the dynamics of the flow considerably. The
amount of solute dispersion is related to the char-
acteristic dispersion lengths of the porous me-
dium: the longitudinal g; and transversal «; dis-
persivities. Like the degree of anisotropy in
permeability, these two parameters also vary con-
siderably among hydrothermal systems. Further-
more, they are not well-constrained from field
measurements for km scale flow domains. Meas-
ured in situ values of longitudinal dispersivity are
of the order of 1-50 m, while the transversal com-
ponent is up to an order lower [48,49].

In the previous experiments, we have used the
dimensionless dispersivities of 4 =5Xx10"* and
G, =5x107>, which correspond to the dimension-
al values of 2 and 0.2 m for a system of 4 km
depth, respectively. Though these values are in the
range of measured values, they can also easily
be larger by more than an order of magnitude.
In order to study the sensitivity of the flow dy-
namics to chemical dispersion explicitly, we
have increased the dispersivities to ¢; =40 m and
a;=10 m. The permeability is assumed to be
isotropic again.

Fig. 9a, displays the evolution of the flow for
Rat =600 and ¢=0.01, as a function of R,. We
find this evolution to closely resemble the case
with lower dispersion lengths. This becomes evi-
dent from a comparison of Fig. 9a with the results
for Rar =600 in Fig. 7c. Nevertheless, some dif-
ferences between the flow in the two media are
observed. From the results, we have the following
indications for the dynamical consequences of me-
chanical dispersion. Locally, larger dispersion
lengths of the medium lead to a more uniform
chemical concentration. On the scale of the whole
domain, however, the global averaged fluctuations
of chemical concentration are large, as compared
with the simulations in media with low dispersiv-
ities. This can be seen in Fig. 9b in which the
domain-averaged chemical concentration is plot-
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Fig. 9. (a) Various flow states for the case of larger disper-
sion lengths for chemical concentration (4 =1x107> and
G, =2.5x107%), as a function of the buoyancy ratio R,. The
other parameters are Rar =600 and ¢=0.01. The various
flow states are explained in the caption of Fig. 8. (b) Do-
main-averaged chemical concentration plotted as a function
of time for the high dispersion (4=1%x10"3 and
4, =2.5%x107%, solid curve) and low dispersion model
(@=5x10"* and d,=5x107°, dotted). Parameters are
Rar =600, Rp=1 and ¢=0.01.

ted against time, for the two dispersivities. Param-
eters are Rat =600, R, =1 and ¢=0.01.

From these experiments in a low-porosity me-
dium, we conclude that the convection dynamics
depend significantly on the typical anisotropic and
dispersive character of the rocks. While anisotro-
py changes the pattern of the flow in a character-
istic manner, the transition from steady to chaotic
behavior is different from the transition path fol-
lowed in isotropic media. The characteristic dis-
persive length scales of the medium, on the other
hand, do not change the typical dynamical behav-
ior of the system, but do influence the interior C
field evolution. Irrespective of the structural char-
acter of the rock, however, our results indicate
that the dynamical behavior of thermohaline
flow at low porosity (¢=0.01) is almost under
all circumstances chaotic.

4. Discussion and conclusions

A large volume of the Earth’s outer crust of
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order 3x10° km? is characterized by a porosity
which is as small as one volume percent or less.
However, fluids are commonly present and may
remain so to depths of the order 5-15 km, as
based on deep borehole measurements, oxygen
isotope systematics of exhumed metamorphic ter-
rains and analysis of obducted ophiolites and
mesozonal granitic rocks. These deep fluids may
convect through the rocks, driven by both ther-
mal and chemical buoyancy; the former in re-
sponse to the geothermal gradient and the latter
due to differences in salinity that appear to be
ubiquitous.

We have investigated the stability and dynamics
of thermochemically driven convective flow in
these low-porosity environments (¢=0.01), as a
function of thermal and chemical buoyancy. De-
spite the stabilizing gravitational influence of the
solute, increasing the salinity contrast between top
and bottom of the domain (while keeping the
temperature contrast constant) leads to a transi-
tion from steady to chaotic behavior of the con-
vection. For typical geological parameters, the on-
set of chaotic convection occurs when, at least for
the two-dimensional flow studied here, the salinity
contrast is approximately 5 wt% or more. Consid-
ering the large salinity gradients present within
the crust, we conclude that advection of aqueous
fluids appears intrinsically unsteady within vast
volumes of the Earth’s crust.

The chaotic dynamical behavior of the flow is
due to the dominance of advective and dispersive
chemical transfer over the more moderate convec-
tive heat transfer, the latter actually driving the
flow. The flow pattern consists of distinct areas, in
which heat and solute transport is governed either
by advection or completely by diffusion. Further-
more, fast advective transport of solute enables
the convective flow to spontaneously form hori-
zontal chemical barriers at depth. These gravita-
tionally stable interfaces divide the domain into
two or more separately convecting layers of differ-
ent composition. Advective and dispersive en-
trainment across the interfaces results in either
upward or downward migration of the interfaces.

The convective style of low-porosity flow is fun-
damentally different from flow at intermediate po-
rosity (¢=0.1), which often evolves towards the

static diffusive state at larger buoyancy ratios.
This instability is therefore restricted to crust
with up to a few volume percents porosity.

The chaotic behavior of the flow evidently leads
to an unsteadyness of the heat and solute trans-
port across the domain. Within periods of only a
few decades, the salinity content of the fluid can
change from almost zero to almost the saturation
level at one location. The periods between these
fluctuations correspond with the time of the devel-
opment and disappearance of the chemical inter-
faces. Further, increasing the solute contrast re-
sults in a significant decrease in the kinetic energy
of the flow (not shown) and, related with this, the
volume flux. Moreover, the heat flow is reduced
considerably.

The convection dynamics depend significantly
on the anisotropic character of permeability and
on the specific dispersive character of the rocks.
While anisotropy of permeability changes the pat-
tern of the convective flow in a characteristic
manner, the typical dispersive length scales of
the medium mainly influence the chemical content
of the fluid. Irrespective of the structural charac-
ter of the rocks, however, our results indicate that
the dynamical behavior of thermohaline flow at
low porosity (¢=0.01) appears intrinsically un-
steady.

The unsteady flow has implications for various
hydrogeological processes like heat transport
through the crust, ore genesis, metasomatism,
metamorphic petrology and the diagenetic history
of sedimentary rocks in subsiding basins. There-
fore, caution must be taken when assuming a
steady convective flow field in the interpretation
of fluid inclusion and stable isotope data in hy-
drothermally altered crustal rocks. The results
presented here suggest that small differences in
the spatial pattern of ¢ even lead to further in-
stabilities. Finally, the intrinsic unsteadyness of
chemically reactive flows [35,50] follows naturally
from the hydrological unsteadyness shown.
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