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Figure 7.11:(a) Various flow states for the case of larger dispersion lengths for chemical concentration
(âL = 1×10−3 andâT = 2.5×10−4), as a function of the buoyancy ratioRρ. The other parameters are
RaT = 600 andφ = 0.01. The various flow states are explained in the caption of Figure 9. (b) Domain-
averaged chemical concentration plotted as a function of time for the high dispersion ( ˆaL = 1×10−3

andâT = 2.5×10−4, dotted curve) and low dispersion model ( ˆaL = 5×10−4 andâT = 5×10−5, solid).
Parameters areRaT = 600,Rρ = 1, andφ = 0.01.

across the interfaces results in the migration of the interfaces, being it either in upward or
downward direction.

The convective style of low-porosity flow is fundamentally different from flow at inter-
mediate porosity (φ = 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 per-
cents porosity. The chaotic behavior of the flow evidently leads to an unsteadiness of the heat
and solute transport 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 loca-
tion. The periods between these fluctuations correspond with the time of the development
and disappearance of the chemical interfaces. Further, increasing the solute contrast results
in a significant decrease in the kinetic energy of the flow and, related with this, the volume
flux. Moreover, the heat flow is reduced considerably.

The convection dynamics depends significantly on the anisotropic character of perme-
ability and on the specific dispersive character of the rocks. While anisotropy of permeability
changes the pattern of the convective flow in a straightforward fashion, the typical dispersive
length scales of the medium mainly influence the chemical content of the fluid. Irrespec-
tive of the structural character of the rocks, however, our results indicate that the dynamical
behavior of thermohaline flow at low porosity (φ = 0.01) appears intrinsically unsteady.

The unsteady flow has implications for various hydrogeological processes like heat trans-
port through the crust, ore genesis, metasomatism, metamorphic petrology, and the diagenetic
history of sedimentary rocks in subsiding basins. Therefore, caution must be taken when as-
suming a steady convective flow field in the interpretation of fluid inclusion and stable isotope
data in hydrothermally altered crustal rocks. The results presented here and other experiments
(not shown) suggest that small differences in the spatial pattern ofφ even lead to further in-
stabilities. Finally, an intrinsic unsteadiness of chemically reactive flows [Steefel and Lasaga,
1994;Bolton et al.,1996;Ferry and Gerdes,1997] follows naturally from the hydrological
unsteadiness shown.
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8
Free thermochemical convection in

and beneath intracratonic basins

Abstract

Observations of episodic subsidence and high organic maturity in the intracratonic Michi-
gan basin may be attributed to periods of free convection of aqueous fluids within a frac-
tured rift body underlying the sediments. From linear stability analysis is known, that
the convective (in)stability of the fluids in homogeneous, isotropic media primarily de-
pends on both rock permeability and the salinity distribution within the fluid. Since the
crustal rocks are known to be heterogeneous and anisotropic, the onset of thermochemical
convection is studied in a scaled medium, with a stochastic representation of the perme-
ability field. The sensitivity study considers different permeability fields by varying the
stochastic correlation lengths of the medium and by introducing anisotropy on the subgrid
scale. The onset of convection in these media occurs at thermal Rayleigh numbers, which
are slightly reduced as compared with those valid for homogeneous media. The results
have been used to study the evolution of the Michigan basin. Focus is on the thermal,
chemical and subsidence effects of the convective flow in the igneous body and the over-
lying sediments. The simulations start with a thermally anomalous crust, while salinity
increases mildly with depth. Two surface conditions are considered for salinity. First,
when the basin is filled with seawater, the upper crustal fluid destabilizes if permeability
of the igneous plug exceeds 2×10−15 m2. Thermochemical circulation explains the el-
evated level of organic maturity in the sediments and up to a quarter of the observed fast
subsidence rates. Hydrological interaction between the igneous plug and sediments alters
the chemical content of the sedimentary pore fluids. This may explain the formation of
Ca-rich, MgSO4-poor evaporites after closure of the basin from the open sea. The second
salinity condition resembles the situation during or after evaporation of the saline lake.
Salty downwellings from the surface homogenize the initially stable salinity distribution
in the sediment column and the igneous plug. Eventually, destabilization of the liquid in
the igneous plug is only thermally determined. This reduces the minimal permeability
needed for convection to 10−16 m2. The convective flow explains both the high organic
maturity and the steep salinity gradient that are observed in the sediments. Gravitational
energy provided by destabilization of the saline lake induces no additional subsidence,
but dissolution of an already formed evaporite may have led to extra sedimentation.

Submitted by Schoofs, Trompert and Hansen toJ. Geophys. Res.,1999.
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8.1 Introduction

Heat transport plays an important role in the thermomechanical evolution of sedimentary
basins. After a thermal disturbance due to extension or thermal upwelling, cooling leads
to thermal contraction of the lithosphere [McKenzie,1978]. If the lithospheric heat loss is
purely conductive, the basin subsides exponentially with time. The subsidence curves of
intracratonic basins often deviate from this theoretical curve (e.g. Figure 8.1 for the Michigan
basin, afterCoakley et al.[1994], or seeQuinlan [1987] for other basins). The deviations
have been attributed to various processes. For a review of these basin-forming processes, the
reader is referred toQuinlan [1987] andKlein [1991]. In a comparison of the application
of the proposed models to North-American basins, these authors concluded that there is no
generally accepted mechanism for the formation of the intracratonic basins and combinations
of processes are likely to occur. The Michigan basin, for example, consists of a small rift
basin overlain by a basin fill that is saucer shaped, and extends over a wider area than the
underlying rift body [Klein, 1991]. A two-layered thermomechanical extension model, in
which the crust and mantle part of the lithosphere are stretched differently, explains the most
important aspects of the evolution of this basin in a general way [White and McKenzie, 1988].

Convincing evidence that fluids may circulate through fractured rocks down to depths of
10 to 15 km [Nur and Walder,1990;Taylor,1990;Nesbitt and Muehlenbachs,1991] has led
Deming[1992] to propose that free thermal convection in continental crust in orogenic zones
can result in a heat release much larger than conductive values.Nunn[1994] argued that pe-
riods of free hydrothermal convection in a fractured igneous plug beneath the Michigan basin
explains the episodic subsidence history of the basin. It also provides an explanation for
the elevated level of organic maturity observed within the sediments [Cercone and Pollack,
1991]. Since at these depths topographically driven flow has diminished, thermally driven
convection occurs when the permeability of the fractured rocks is sufficiently high. The frac-
tures in the igneous plug gradually close with time due to increasing temperatures, pressure
release of the pore fluid, or precipitation sealing [Nur and Walder,1990;Lowell et al.,1993].
As a result, the convective circulation terminates after a certain period. At that instant, the
temperatures of the sediments are slightly depressed, as compared to the situation in which
no convection has taken place [Nunn,1994]. This leads to a period of an anomalously slow
subsidence rate. During this period of depressed surface heat flow, thermo-elastic stresses and
build-up of pore pressure above the hydrostatic value tend to reopen the fractures. Alteration
of these processes of fracture sealing and reopening, as suggested byNur and Walder[1990],
may explain the episodicity of the subsidence curves. Thus, hydrothermal convection in the
upper crust can potentially explain various aspects of the thermomechanical basin evolution.

Besides temperature variations, however, dissolved chemical components also induce
buoyancy forces in the liquid. The fluid dynamical phenomenon where both heat and com-
positional concentration of the dissolved components drive the flow is called thermochemical
convection. This type of convection, known from physical oceanography [Schmitt,1994]
and magma dynamics [Turner, 1985], is a more appropriate way to describe the flow than
convection driven by heat alone. The most important difference between thermochemical
convection in porous media and that of purely viscous fluids arises from the fact that so-
lute, differently from heat, cannot diffuse through the solid matrix (see Chapter 7). In most
sedimentary basins, both temperature and salinity increase gradually with depth. From lin-
ear stability analysis is known that, under these conditions, both rock permeability and the
salinity profile determine the convective (in)stability of the fluids in homogeneous, isotropic
media. Provided that permeability is high enough, double-advective double-diffusive insta-
bilities dominate the transport of heat and solute (Chapter 7).
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Figure 8.1:Sediment accumulation and tectonic subsidence curves from backstripping the Doornbos
well (after Coakley et al.,[1994], with permission). The thick curves show tectonic subsidence as
predicted by conductive models of heat contraction models [McKenzie; 1978]. Obviously, periods of
rapid and slow subsidence rates cannot be explained by these simple conductive models.

In the first part of this chapter, the onset of thermochemical convection is studied in an
idealized domain for the case in which both heat and salinity increase linearly with depth
(section 8.2). First, the results from linear stability analysis are reviewed and compared with
those produced by our numerical model for the situation in which permeability is homoge-
neous and isotropic. However, crustal rocks are known to be heterogeneous and anisotropic
[Huenges et al.,1997;Baumgartner et al.,1997;Manning and Ingebritsen,1999]. Therefore,
the onset of convection is also studied with a model employing a stochastic representation of
permeability heterogeneities and by variation of the amount of anisotropy.

The remaining part of the chapter is invoked to demonstrate some of the thermal, chemi-
cal and subsidence effects of thermochemical circulation in and beneath intracratonic basins
(section 8.3). Our model is set up to resemble the Michigan basin as a typical example, be-
cause there is independent evidence for fluid flow beneath this basin. Rather than to perform
a precise model study of the Michigan basin, we focus on a better understanding of the onset
and dynamics of thermochemical circulation in and beneath intracratonic basins. Therefore,
topographically driven flow, sedimentation, compaction and reactive flow, although generally
important in the evolution of sedimentary basins, are not taken into account [Garven et al.
1993;Raffensperger and Garven,1995ab;Person et al.,1996;Bolton et al.,1996, 1997].
The model is set up in a similar way as the one ofNunn[1994], but goes beyond his work
in the sense that (1) both heat and salinity variations drive the flow instead of heat alone, and
(2) a stochastic representation of the permeability field has been employed.

At present, the salinity of the pore fluids in the Michigan basin increases steeply with
depth to about 40 wt% Na-Cl equivalent at one kilometer depth, while it is nearly uniform
further below [Hanor, 1979]. Since the salinity-depth profile during the early stages is not
known from the evolution of the basin, however, the initial salinity conditions are an addi-
tional degree of freedom. The salinity conditions of the surface water depend primarily on the
hydrological connection to open sea. Prior to the hydrological closure of the Michigan basin
in Ordovian time, seawater filled the basin. In a first set of simulations, the salinity increases
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mildly with depth from a seawater surface (C = 3.5 wt%) up to 6.5 wt% at the bottom of the
permeable crust (section 8.3.1).

After (periods) of hydrological closure of the basin from the sea, several carbonate-
evaporites cycles including sylvite have been deposited under MgSO4-poor and Ca-rich con-
ditions [Sonnenfeld,1991;Wilson and Long,1993ab]. Although dolomitization appeared to
be important for the abundant Ca observed within the evaporites, it cannot explain all of the
present Ca [Wilson and Long,1993b]. Our simulations lead us to suggest anomalous pore
fluid chemistry within the sediments may be due to a hydrologic connection with the basaltic
fractured plug underneath the basin. In a second set of experiments, the hydrogeological
consequences of the presence of brine in the groundwater just below the surface are studied
(section 8.3.2). These brines have likely been formed either by a convective destabilization
of the surface chemical boundary layer during evaporation of the saline lake (salina) [Wood-
ing et al.,1997ab], or by the dissolution of already deposited evaporites in the groundwater
[Sarkar et al., 1995].

8.2 Onset of thermochemical convection

In most sedimentary basins, including the Michigan basin, the geotherm increases almost lin-
early with depth. Various processes produce also gradients in the salinity distribution within
the fluid: meteoric or seawater recharge from above while dissolution, diagenetic, metamor-
phic and/or magmatic fluid sources lead to high concentrations of dissolved elements deeper
within the basin [Hanor,1994;Person et al.,1996]. Though not verifiable, it is plausible to
assume that similar processes set up a stable salinity stratification within permeable regions
deeper within the crust.

The temperature distribution gives rise to an inverse density distribution within the crustal
liquid and, provided that permeability is sufficiently high, it may induce convective instabil-
ities. The salinity of the fluid, on the other hand, initially has a stabilizing influence. In
double-diffusive convection terms, the system is said to be in the ”diffusive” regime [e.g.
Phillips, 1991], which refers to the fact that the driving component (in this case heat) is more
diffusive than the stabilizing one (salt).

Under special circumstances, in which relatively fresh water is overlain by salty liquid, the
dissolved salt can also destabilize the fluid. Due to a low diffusivity of the chemicals within
the liquid, these inversed salinity situations are very unstable to infinitesimal perturbations
[Phillips 1991; Cooper et al.,1997]. We will return to this issue in section 8.3.2. First,
the more general situation is considered in which salinity is initially stably stratified. In the
following, we assume that the salinity initially increases linearly with depth, with the gradient
as a degree of freedom.

Besides the chemical profile, the permeability of the fracture/porous network is also not
well-constrained. Permeability of crustal rocks may vary over orders of magnitude [Brace,
1980, 1984], and it depends significantly on the pressure and temperature conditions [Nur
and Walder,1990;Walther,1990;Lowell et al.,1993]. Moreover, permeability of these rocks
is generally heterogeneous and anisotropic [e.g.Manning and Ingebritsen,1999]. Hence,
in our mathematical representation of the flow (equations (2.16), (2.17) and (2.18)) both the
thermal Rayleigh number (which depends on permeability) and the buoyancy ratio (which is
related to salinity) can vary significantly. Therefore, the onset of convection is studied here
systematically as a function of these two parameters in homogeneous isotropic media (section
(8.2.1)) and in heterogeneous (an)isotropic media (section (8.2.2)).
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Figure 8.2:Critical Rayleigh numberRaT for the onset of thermochemical convection in a homoge-
neous and isotropic medium, plotted as a function of the buoyancy ratioRρ for three values for porosity:
(a) φ = 1.0, (b)φ = 0.1, and (c)φ = 0.01. Here,Leeff = 20. Note the different scales of the horizontal
axes in the figures. The dotted curves denote the oscillatory bifurcation, while the solid ones follow the
direct mode. The critical Rayleigh numbers for the onset of convection, as obtained from a parameter
survey with our numerical model (error bars), coincide with the curve of the oscillatory mode.

8.2.1 Homogeneous isotropic media

Linear stability analysis of the system of equations has given insight into the onset of thermo-
chemical convection in homogeneous isotropic porous media [Rosenberg,1991;Nield and
Bejan,1992]. In the diffusive regime, the onset of convection is characterized by two types
of bifurcations. First, a so-called pitchfork bifurcation gives rise to a direct mode of instabil-
ity [Batchelor,1967]. Here, the flow evolves by the exponential growth of the infinitesimal
perturbation(s). For this direct mode, the critical thermal Rayleigh numberRad

T depends on
the buoyancy ratio (defined asRρ = β∆C/α∆T), porosityφ and effective Lewis numberLeeff:

Rad
T =

4π2

1−RρLeeff/φ
. (8.1)

The second bifurcation is of Hopf type, and this results in an overstable mode of instability.
The critical thermal Rayleigh number of this bifurcation is given by:

Rao
T =

4π2(1+ 1/Leeff)
1−Rρ/φ

(8.2)

For a constant buoyancy ratio, the Hopf bifurcation generally occurs at a much lower thermal
Rayleigh number as compared with the direct mode (see Figure 8.2, forLeeff = 20 and various
values ofφ), just like in double-diffusive convection of purely viscous fluids [Turner,1980].
Furthermore, from equation (8.2) it is clear thatRao

T increases with increasing buoyancy ratio
or decreasing porosity. At onset, convection generally takes the form of an oscillatory type
of flow. The oscillatory motion is due to the difference in diffusivity between the thermal and
chemical components. A rising hot and chemically enriched fluid parcel looses its thermal
buoyancy, by diffusive interaction with the colder environment, on a shorter time scale as
compared with its chemical buoyancy. The density of the fluid parcel increases and, eventu-
ally, this leads to a reversal in the vertical motion of the parcel. Reheating of the parcel starts
this process all over again.

As is visible in Figure 8.2, a decrease in porosity leads to an increase of the stable (static)
regime (which lies below the curves). Linear stability analysis predicts that if porosity is
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φ = 0.01 or less, the fluid is stable against infinitesimal perturbations for almost all Rayleigh
numbers and buoyancy ratios [Rosenberg,1991].

We have checked our numerical algorithm by comparing the critical Rayleigh number for
the onset of convection with those as predicted by linear stability analysis (equation (8.2)).
Therefore, simulations have been performed in a homogeneous, isotropic medium of aspect
ratioA= 2 and impermeable sides. On the top and bottom of the domain, Dirichlet boundary
conditions have been applied forT̂ andĈ. The vertical sides are assumed to be insulators for
heat and solute flux. Initially,̂T andĈ are linearly stratified, while reproducible ’noise’ of the
form 10−3×sin(15πẑ)cos(15πx̂) is superposed on the temperature field. The wavelength of
the noise was chosen arbitrary, but significantly smaller than the wavelength of the perturbed
oscillation (the latter being of the order of one). The effective Lewis number is taken as
Leeff = 20. The field is discretized with 128×64 uniform control volumes.

The critical Rayleigh numbers as obtained from the numerical calculations are in excel-
lent agreement with the curve of the overstable mode (see Figure 8.2). Moreover, the onset
is characterized by an oscillatory motion for all porosities. For Rayleigh numbers slightly
aboveRao

T , the convective flow pattern in media withφ = 1 indeed becomes oscillatory. At
lower porosities, on the contrary, the oscillatory motion changes into a convective overturn
at Rayleigh numbers which are only slightly above critical. We attribute this behavior to the
double-advective character of the flow inherent to thermochemical convection at low porosity.
Following the overturn, the salinity is homogenized effectively by the convective flow. As a
result, the flow evolves toward a steady convective pattern. Obviously, the critical wavelength
of the convective instabilities at the onset of the overstable mode, as derived from linear sta-
bility analysis, is not useful to determine the wavelength of the finite amplitude motions. The
merging of the overstable with the direct mode, at a porosity smaller thanφ = 1, has also
been observed in thermochemical convection experiments within a vertical porous enclosure
of which the vertical walls are subject to constant heat and salt flux [Mamou et al.,1998].

Once convection has been initiated, advective and dispersive mixing leads to a reduced
stabilizing influence of salinity on the flow. As a result, convection can be maintained even
when the amount of heat supplied to the system is reduced to subcritical values, as predicted
with linear stability theory [Nield and Bejan,1991]. This hysteresis effect was also observed
by Murray and Chen[1989], in laboratory experiments of thermochemical convection in
porous media.

8.2.2 Heterogeneous (an)isotropic media

The permeability of the upper crust is heterogeneous and anisotropic, rather than homoge-
neous and isotropic [Huenges et al.1997;Manning and Ingebritsen1999]. Local maxima
in permeability and porosity may relax the stringent stability conditions that are valid for the
onset of thermochemical convection in homogeneous media, but at present this has neither
been verified nor quantified. Therefore, the onset of thermochemical convection in hetero-
geneous and anisotropic media is studied here. The heterogeneity of the permeability field
is introduced by considering stochastic models, while anisotropy is defined on the subgrid
scale.

Stochastic models approximate spatial variations in geological variables (like permeabil-
ity and porosity) by reproducing the variable’s overall statistical characteristics (mean, vari-
ance and spatial correlation), while a random component creates the noise typically observed
in geological media [de Marsily,1986;Gelhar,1993]. Thermally driven convection in het-
erogeneous media was studied recently by considering stochastic models, in the context of
metamorphic fluid flow in the upper crust [Baumgartner et al.,1997;Gerdes et al.,1998].
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Figure 8.3:Four stochastic representations of the permeability field with a variance ofΣ2 = 0.5: (a)
xcorr = 2000 m andzcorr = 2000 m (M1), (b)xcorr = 125 m andzcorr = 125 m (M2), (c)xcorr = 2000
m andzcorr = 125 m (M3), and (d)xcorr = 125 m andzcorr = 1000 m (M4) (see also Table 8.1). Light
(dark) shading corresponds with high (low) permeability. The legend denotes logK0 (m2).

Geostatistical estimates of the mean, variance, and correlation structure of a permeability field
can be derived from field data when available. Where direct statistically based constraints for
the permeability in the upper crust are lacking, sedimentary rocks can be used to provide a
first approximation of the variability and spatial correlation of the rocks. FollowingGerdes
et al. [1998], we have generated permeability fields with a lognormal amplitude distribution
with a variance equal toΣ2 = 0.5, while the correlations distances are Gaussian distributed.

Four stochastic permeability models are considered, which differ in the sense that the hor-
izontal and/or vertical correlation lengths are varied (see Figure 8.3 and Table 8.1). The cor-
relation lengths have been chosen such that four extremes of permeability fields are obtained.
The first medium, M1, is correlated very well in both horizontal and vertical directions; the
correlation distances are both equal to 2000 m (xcorr = zcorr = 2000 m). Permeability may
also vary on a scale considerably smaller than the grid spacing. A stochastic model which
represents such a permeability field is medium M2, in which both horizontal and vertical cor-
relation distances are spatially uncorrelated for the grid used (xcorr = zcorr = 125 m). Crustal
rocks are often horizontally layered like sedimentary strata. Layering can be represented in
the stochastic model by assuming that the vertical correlation distances are shorter than the
corresponding horizontal ones [Davis et al.,1993]. Medium M3 represents such a horizon-
tally layered medium, asxcorr = 2000 m andzcorr = 125 m. In fractured media, finally, the
correlation distances are determined by the orientation of the fractures. Therefore, these pa-
rameters are determined by the specific tectonic history of the area. Medium M4 represents
a fractured medium with predominantly vertical fractures,xcorr = 125 m andzcorr = 1000 m.

The porosity is assigned to each cell according to its permeability value using the equation
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of Walder and Nur[1984]:

φ =
[

K
K0

(
φ3

0−φ3
c

)
+ φ3

0

]1/3

, (8.3)

where the reference permeabilityK0 is the average of the lognormal distribution. The critical
minimum porosity value required for pore connectivity,φc, is taken as 0.00001. The reference
porosityφ0 is taken either equal to 0.1 or 0.01 here, in order to evaluate the influence of
porosity on the critical Rayleigh number. Porosity ranges from 0.015 to 0.78 in caseφ0 = 0.1,
while it is one order lower whenφ0 = 0.01.

Obviously, the onset of convection within these heterogeneous media cannot be deduced
with linear stability theory. Therefore, a systematic numerical survey of the parameter regime
is performed for the four models. The simulations are started from the same boundary and
initial conditions as the ones used in the previous section. The results are compared with the
overstable mode of instability again.

Figure 8.4 shows the critical Rayleigh number as a function of the buoyancy ratio for
φ0 = 0.1 andφ0 = 0.01, for the four different media. In the case ofφ0 = 0.1, the curves
of onset of convection reasonably follow the ones given by the overstable mode (Rao

T), as
derived from linear stability theory. Forφ0 = 0.01, on the contrary, the onset takes already
place at significantly lower Rayleigh numbers than those predicted by linear stability theory.
From the experiments, it is observed that small disturbances first homogenize the salinity field
within regions with relatively high permeability and porosity. Subsequently, the homogenized
convective patches grow slowly by entraining fluid from the surrounding regions.

Generally, the permeability field of layered or fractured media depends also on the flow
direction. The anisotropy arises from mineral and fracture orientation or other layer-parallel
chemical alteration patterns [Bowman et al.,1994;Baumgartner et al.,1997]. The influence
of anisotropy on the onset of convection is studied here for the layered and fractured models.
Models M5 and M6 are anisotropic variations of model M3 (see Table 8.1), where the hori-
zontal permeabilityKx in each cell is one and two orders higher than the vertical component
Kz, respectively. Models M7 and M8, finally, are the anisotropic variants of model M4, in
which Kx is now one and two orders lower thanKz, respectively. The reference porosity is
equal toφ0 = 0.01.

Figure 8.5 shows the onset of convection in these anisotropic media. For a constant buoy-
ancy ratio, the critical Rayleigh number scales directly with the degree of anisotropy of the
permeability field. In the layered case (Figure 8.5a), this behavior is contradictive to what
we would expect from the onset of purely thermal convection in anisotropic media [Nield,
1997]. In purely thermal convection, the effective Rayleigh number for anisotropic media
scales directly with the square of the harmonic mean of the square roots of the horizontal
and vertical permeabilities (see also section 7.2.4 in Chapter 7), Apparently, the increased
horizontal permeability enables the liquid to smooth out small disturbances efficiently. In

Model Kr xcorr (m) zcorr (m) Model Kr xcorr (m) zcorr (m)
M1 1 2000 2000 M5 10 2000 125
M2 1 125 125 M6 100 2000 125
M3 1 2000 125 M7 0.1 125 1000
M4 1 125 1000 M8 0.01 125 1000

Table 8.1:Summary of the statistical characteristics of the rock permeability in an idealized domain.
The permeability ratio is defined asKr = Kx/Kz.
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Figure 8.4:Critical Rayleigh numbersRaT for the onset of thermochemical convection in the hetero-
geneous (isotropic) media presented in Figure 8.3 (solid curves), as a function of the buoyancy ratio
Rρ: (a) M1, (b) M2, (c) M3, and (d) M4. The curves of the overstable mode, as obtained from lin-
ear stability analysis, are shown for comparison (dotted curves). Forφ0 = 0.1 (top panels) the observed
critical Rayleigh numbers agree reasonably well with those defining the overstable mode. Forφ0 = 0.01
(bottom panels), the onset of convection occurs at Rayleigh numbers which are significantly lower than
those predicted by linear stability theory. Note that horizontal scale is different from Figure 8.2.

the fractured case, on the contrary, the critical Rayleigh number does increase when hori-
zontal permeability decreases (Figure 8.5b). The aspect ratio of the convection cells depends
significantly and in an obvious manner on the amount of anisotropy.

Apart from the heterogeneity of the permeability field, finite thermal perturbations or
chemical inhomogeneities will also lower the critical Rayleigh number. For example, the
intrusion of a (swarm of) dike(s) is a very efficient finite thermal perturbation. Fluid flow in
the approximation of the dike can locally homogenize the initial chemical stratification. This
type of initial perturbation was previously considered byRaffensperger and Garven[1995a],
in a case study of uranium mineralization in intracratonic basins. In section 8.3.2 another
type of perturbation is discussed, namely that of brines which have entered the sediments
overlying the permeable igneous body. Smaller chemical inhomogeneities may also arise
from compactive expulsion or differential interaction with the surrounding rocks.

Finally, the thermodynamic fluid properties in the calculations presented here were as-
sumed constant and mechanical dispersion of salinity was represented by a scalar effective
dispersion coefficient. In the basin simulations presented in the next section, these parame-
ters are varied. Furthermore, the bottom boundary conditions differ in the sense that heat and
salinity fluxes are imposed, rather than constant values forT andC. Therefore, deviations
from the stability curves are expected.



102 Free thermochemical convection in and beneath intracratonic basins

0.0 0.1 0.2
Rρ

0.

400.

800.

1200.

1600.

R
a T

(a)

0.0 0.1 0.2
Rρ

0.

400.

800.

1200.

1600.

R
a T

(b)

0.0 0.1 0.2
Rρ

0.

400.

800.

1200.

1600.

R
a T

Figure 8.5:Critical Rayleigh numbersRaT in heterogeneous (an)isotropic media plotted as a function
of Rρ: (a) M3 (solid), M5 (dash-dotted) and M6 (dotted) and (b) M4 (solid), M7 (dash-dotted) and M8
(dotted). M4 and M7 almost coincide. Characteristics of the permeability models are explained in Table
8.1. The reference porosity isφ0 = 0.01.

8.3 Thermochemical convection in and beneath the Michi-
gan Basin

In this section, the results of thermochemical convection simulations in and beneath intracra-
tonic basins are described. Our model is scaled to resemble the Michigan basin as a case
study, because there is independent evidence for fluid flow in a permeable igneous plug be-
neath the sediments of this basin (see below). Emphasis is on the thermochemical evolution of
the basin during periods of free convection in the upper crust, rather than on a precise model
study of the evolution of the Michigan basin. Topographically driven flow, sedimentation,
compaction, and reactive flow are neglected for simplicity. The subsidence effects induced
by excessive heat loss during convection in the upper crust are compared with models in
which heat transport is purely conductive.

The Michigan basin consists of the lower peninsula of Michigan and parts of the sur-
rounding states (see Figure 8.6a). The basin is filled with a few kilometers of gently dipping
shallow-water sediments. Depth to the basement rocks is nearly radially symmetric around its
center south-west of Saginaw Bay, as indicated by the contour lines of Figure 8.6a. Combined
seismic and gravitational data give a reasonable picture of the subsurface [Zhu and Brown,
1986]. An approximately 70 km wide rift basin is filled with up to 8 km thick medium- and
coarse-grained upper Keweenawan mafic igneous rocks [van der Voo and Watts,1978]. The
igneous rift body has a rectangular shape in NW-SE direction. Analysis of core samples at
5310 to 5315 meters depth shows evidence for both fracture enhanced permeability and flow
of saline fluids in these volcanic rocks [Stakes,1978;Wang and Simmons,1978;McCallister
et al. 1978]. Overlying the igneous plug and the adjacent impermeable basement rocks are
shallow-water sediments of Proterozoic and Paleozoic origin.

Backstripping well data from the Michigan basin has shown clear evidence for episodic
subsidence (Figure 8.1, afterCoakley et al.[1994]). Short periods of rapid tectonic subsi-
dence are alternating with longer periods of slow, linear subsidence. Borehole measurements
show a sharp increase of salinity of present-day fluids up to 40 wt% at one kilometer depth
[Hanor,1979]. Below this depth, the salinity is nearly uniform up to a depth of at least 3 km,
the depth of Silurian evaporite deposits. During the cooling stage of the basin, however, the
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Figure 8.6:(a) Map of the Michigan Basin. The contour lines display the depth to the basement rocks
in km (afterZhu and Brown,[1986], with permission). Grey shading denotes land surface, while white
areas represent the lakes. (b) The numerical model of the upper crust. The model is 64 km wide and
16 km thick and is divided into three regions. Physical properties are listed in Table 8.2. Boundary and
initial conditions are defined in the text.

salinity distribution within the sediments and the igneous plug is unknown.
We have discretized the crust with a two-dimensional model. The model domain contains

the upper crust, which is taken 16 km deep and 64 km wide, and is divided into three different
regions (see Figure 8.6b). The top layer represents a 4 km thick package of sediments. A
stochastic permeability field is considered with an average vertical permeability ofK0,z =
10−16m2, a horizontal permeability of one order higher, and a reference porosity ofφ0 = 0.1.
The variance of the permeability field of the sediments is equal toΣ2 = 0.5 and the correlation
lengths arexcorr = 2000 m andycorr = 125 m, respectively. These parameters are reasonable
for sedimentary rocks, although the permeability may have been different by a few orders of
magnitude [Davis et al.,1993;Manning and Ingebritsen,1999]. The underlying igneous plug
is 32 km wide and 8 km thick, and has a fracture enhanced permeability. The heterogeneity of
the permeability field is represented by the same parameters as for models M1 - M4, while the
amount of anisotropy is varied. The igneous plug is surrounded by an almost impermeable
basement. The physical properties of these regions properties are summarized in Table 8.2.

The system of equations describing the flow in the basin is defined in Chapter 2, by equa-
tions (2.16), (2.17) and (2.19). The thermodynamic and transport properties are assumed to
be independent of pressure, temperature or chemical concentration, except for density in the
buoyancy term of the momentum equation. Here, a non-linear equation of state, a temperature
and chemically dependent viscosity and velocity-dependent mechanical dispersion of chem-
ical concentration are taken into account (for definitions, see Chapter 2). The heat capacity
ratio of the medium is assumed to be equal toσ = 0.75. Mechanical dispersion of salinity
is included by assuming a longitudinal dispersivity of 8 meters and a transversal component
which is one order of magnitude lower. The molecular diffusion of salinity is taken 100 times
smaller than that of heat. These values are reasonable at least for sedimentary rocks [Gelhar
et al.,1992;Schulze-Makuch and Cherkauer,1997].
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All boundaries of the domain are assumed to be impermeable for fluid flux. At the bottom,
a heat flow of 55 mW/m2 is imposed, while the solute flux is zero. The surface temperature is
fixed to 0◦C. The vertical walls are insulators for heat and solute flux. The basin simulations
start from an extended crust with an anomalous geotherm of 25◦C/km. The cause of stretch-
ing of the crust is not relevant here and is assumed to have taken place before the start of the
simulations. The domain is discretized with equally spaced cells of 125 m x 125 m, and the
integration time steps are of the order of 3 to 12 months.

Two sets of simulations with different surface salinity conditions have been performed.
Within each set, the simulations differ in the sense that the statistical characteristics of the
permeability field of the fractured igneous plug were varied. In the first set, the salinity
increases mildly with depth from the surface with a salinity of standard seawater (section
8.3.1). In a second scenario, the hydrogeological basin evolution is discussed during and
after evaporite formation (section 8.3.2).

8.3.1 Simulations with linear salinity profile

As mentioned before, the salinity of the pore fluids is not well-known during the evolution
of Michigan basin. From the stratigraphy of the basin, however, it is clear that the rift basin
was connected with the open sea until at least Mid-Ordovician [Sonnenfeld and Al-Aasm,
1991]. From this time on, evaporation of the lake (and periodic seawater refills) led to several
carbonate-evaporite cycles depositions. These evaporite deposits explain the extremely high
salinity of the pore fluids presently observed within the sediments [Hanor, 1979]. For the
moment, we leave the matter of the present-day salinity and concentrate on the situation prior
to the evaporative conditions.

At the surface, the fluid is assumed to have a salinity of standard seawater (C = 3.5 wt%).
We assume a moderate initial salinity gradient of 0.25 wt%/km from the seawater surface up
to the bottom of the igneous plug at 12 km depth. This gradient is reasonable in sedimentary
basins lacking of salt deposits [Hanor,1979;Person et al.,1996]. Below the igneous plug,
the initial salinity content is taken constant atC = 6.5 wt%. The heterogeneity of the per-
meability field of the igneous body is represented by the four stochastic models described in
the previous section, although the permeability values are different. The reference horizontal
permeability of models L1, L2 and L3 is 10 times higher than the vertical one, while it is
just reversed in the fourth model (L4). The statistical characteristics of the igneous plug are
summarized in Table 8.3. The reference vertical permeability in the igneous plug necessary
to induce convection was found to vary betweenK0,z = 2×10−15 m2 andK0,z = 5×10−15 m2

for the four permeability models used. In the simulations described in this section, vertical
permeability in the plug equalsK0,z = 5× 10−15 m2. In Figure 8.7, the temperature (con-

Region/parameter Value Region/parameter Value
Sediments Igneous rift body
Mean porosityφ0 0.1 Mean porosityφ0 0.01
Mean hor. permeabilityK0,x 10−15 m2 Thermal conductivityλc 2.5 W/m◦C
Mean vert. permeabilityK0,z 10−16 m2 Basement rocks
Hor. correlation lengthxcorr 2000 m Porosityφ 0.001
Vert. correlation lengthzcorr 125 m PermeabilityK 1×10−20 m2

Thermal conductivityλc 1.7 W/m◦C Thermal conductivityλc 2.5 W/m◦C

Table 8.2:Physical parameters for basin simulations.
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tour lines) and velocity fields (arrows) of the four simulations are displayed after 1.5 Myr of
elapsed model time. Clearly, a large scale convective flow pattern has developed within the
fractured igneous plug in all simulations. The flow is influenced largely by the permeability
structure within the plug, as can be deduced from the different flow patterns in the plots. Hot
plumes carry water from the bottom of the plug towards the top, while cold currents are di-
rected downwards. However, the small scale flow direction often deviates significantly from
the large scale pattern, because the fluid has to find its way through the permeable network.
The magnitude of the fluid velocity scales directly with local permeability. Convection ho-
mogenizes the temperatures within the igneous plug to values between 180◦C and 220◦C.
Temperatures near the top of the plug are approximately 75◦C higher than the conductive
temperatures at a similar depth near the edges of the domain. At the bottom of the plug, on
the other hand, temperatures are lower than those in the adjacent basement rocks, by nearly
the same amount. Temperatures in the sediments overlying the plug have increased, as indi-
cated by the closely spaced isotherms.

At the right of the snapshots, the geotherms at three laterally distinct positions in the basin
are depicted. The geotherm at the edge of the model (dashed curve) is within a few percent
equal to the temperature profile computed for a model with only conductive heat transport.
The other two geotherms are taken through an ascending (dotted) and descending (solid)
plume in the igneous plug. These profiles show both high temperatures at the top of the plug
and in the sediments and low temperatures near the bottom of the plug and further below, as
compared to the conductive edges of the basin.

From the temperature field it is observed that two important results, as shown already in
thermal convection calculations [Nunn,1994], also hold for the thermochemical convection
simulations presented here:

• convection in the plug produces a short-lived positive thermal anomaly in the overly-
ing sediments. This explains the high levels or late-stage thermal maturation in the
Cambrian-Devonian sediments [Cercone and Pollack,1991];

• temperatures of 200◦C at the top of the plug agree well with temperatures predicted
from oxygen isotope analysis of the greenschist metamorphic rock samples from the
Michigan basin Deep Borehole [Stakes,1978].

The snapshots in Figure 8.8 display the corresponding salinity distribution. A dark (light)
shading indicates a high (low) solute content. From these snapshots, it can be observed that
convection in the igneous plug has homogenized the salinity concentration, not only within
the plug but also in the overlying sediments. This means that once a convective pattern has
been established in the igneous plug, the chemical buoyancy effects are almost negligible.
However, whether the heat provided by crustal extension is sufficiently high to destabilize

K0,x (m2) K0,z (m2) xcorr zcorr K0,x (m2) K0,z (m2) xcorr zcorr

L1 5×10−14 5×10−15 2000 2000 E1 5×10−15 2×10−15 2000 2000
L2 5×10−14 5×10−15 125 125 E2 5×10−15 2×10−15 125 125
L3 5×10−14 5×10−15 2000 125 E3 5×10−14 2×10−15 2000 125
L4 5×10−16 5×10−15 125 1000 E4 5×10−16 2×10−15 125 1000

Table 8.3:Summary of the statistical characteristics of the rock permeability in the fractured igneous
plug. Correlation lengths are given in meters.
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Figure 8.7:Temperature (contour lines, with intervals of 25◦C) and velocity fields (vectors, at discrete
points every one kilometer) of the simulations (a) L1 (b) L2 (c) L3 and (d) L4, after 1.5 Myr elapsed
model time. The runs start with a stably stratified linear chemical profile in the upper 12 kilometers. At
the right of the snapshots, the geotherms at three laterally different positions (numbers denotex (km))
are depicted.

the initially stably stratified salinity field depends critically on the crustal permeability and the
initial solute distribution of the crustal liquid. The homogenized salinity within the sediments
are indicative of a hydrological interaction between the igneous body and the sediments.
Reaction with the basaltic rocks may have increased the Ca content and decreased the MgSO4
content of the pore fluids.

Another important feature is visible in the vertical salinity profiles at the right of the snap-
shots. Due to advective transport of solute within the plug and overlying sediments, a high
salinity gradient develops within the first kilometer from the surface (solid and dotted curves),
as compared with simple conduction models (dashed curves). Once convection has stopped,
the chemical profile is eroded by (low) molecular diffusion. Therefore, the homogeneous
salinity may have been maintained during a long period of time, provided that topographi-
cally and/or compactively driven flow did not alter the salinity profile within the sediments.
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Figure 8.8:Snapshots of the salinity distributionC of the simulations presented in Figure 8.7. Dark
(light) shading corresponds with high (low) solute content of the fluid (see also legend). At the right,
vertical solute profiles are plotted for three different lateral positions (numbers denotex (km)).

The shape (but not the absolute values) of the salinity profile is remarkably similar to present-
day salinity observations in bore holes [Hanor,1979].

Figure 8.9(a) depicts the surface heat flow across the basin after 0.5 (solid curves) and
1.5 Myr (dashed) of elapsed model time for the simulations L1, L2 and L3. The simulation
L4 is shown at the time instants of 1 (solid curves) and 2 Myr (dashed), because convection
evolves slower than in the other simulations due to a lower average permeability within the
igneous plug. Above the igneous plug, the surface heat flow is at maximum two times higher
than the (conductive) heat flux near the edges of the domain. Since advective transport of
heat out of the plug is higher than the amount of heat which enters the plug from below by
conduction, the surface heat flow decreases with time [Nunn,1994]. The heat flow values
depicted in Figure 8.9(a) represent the period of time in the simulations in which surface heat
flow is maximal.

Due to cooling of the crust, the density of the basement rocks increases. FollowingHaxby
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et al. [1976], we assume that thermal contraction of the continental crust imposes a load on
the lithosphere and induces subsidence. The load is calculated from the net loss of tempera-
ture at a certain position∆T(x,z,t), integrated over depth:

∆P(x,t) = ρcαcg
Z z′

0
∆T(x,z,t)dz, (8.4)

where∆P(x,t) is the net load imposed at a lateral distancex over time intervalt. The reference
density of the basement rocksρc is assumed to be equal to 2800 kg/m3, while the volumetric
coefficient of thermal expansion is chosen asαc = 3.3× 10−5 ◦C−1. The maximal depth
of integrationz′ is determined by the depth of the diffusive boundary layer which develops
beneath the domain. This thickness is estimated analytically by calculating the depth at which
the temperature difference has decreased to 0.1 times the temperature deviation at 16 km
depth [Turcotte and Schubert,1982]. The temperature of the lower crust is approximated by
a linear interpolation between the temperature deviation at 16 km depth to zero deviation at a
depth ofz′ km.

The load on the lithosphere is assumed to be compensated by flexure. We calculate the
flexural response of the lithosphere to the load by employing a thin elastic plate model [Buiter
et al., 1998]. The model is sufficiently long so as not to induce any boundary effects. A
flexural rigidity of E = 1.1011 Nm, a Poisson’s ratio ofν = 0.25 and an effective elastic
thickness ofh = 25 km are used. These values are representative for the Michigan basin
[Haxby et al.,1976;Nunn and Sleep,1984].

Figure 8.9(b) depicts the water-filled tectonic subsidence at the similar times as the sur-
face heat flow curves. Flexure smoothes the shorter wavelengths present in the load distri-
bution (not shown), resulting in a more or less symmetric subsidence profile. Furthermore,
the width of the flexural depression increases gradually with time. The computed amount
of excessive water-filled subsidence due to convective heat loss is approximately 8 meters
in one million years (difference between thick solid and dotted curves). When filled with
sediments instead of water, this would allow for 100 meter of additional subsidence within 5
Myr of convection. The accelerated subsidence rate of 20 m/Myr is about 25 percent of the
fast subsidence rates of the Michigan basin during Ordovician (see Figure 8.1).

Ultimately, convection in the igneous plug stops when the amount of heat which enters the
plug has become too low (not shown). However, continuous fluid flux through the fractures
induces diagenetic reactions very efficiently [Wood and Hewett,1984;Tenthorey et al.,1998].
Convection will therefore probably have stopped due to the reduction of permeability by
chemical precipitation in the fractures, before the heat flux decreased substantially. Build-up
of pore pressure and/or thermoelastic stresses due to cooling of the plug can then reopen the
fractures after a period of time. This process of sealing and reopening of the fractures may
alternate [Nur and Walder,1990;Lowell et al.,1993]. During the stage in which the fracture
permeability is large, on the one hand advective heat transport across the plug leads to a high
subsidence rate. When most fractures are sealed, on the other hand, a depressed surface heat
flow gives rise to an anomalously low subsidence rate [Nunn,1994].

At this point, we can conclude that in case the initial salinity profile increases mildly with
depth, convection can develop within the fractured igneous plug underlying the sediments
of the Michigan basin when the permeability of this plug is larger thanK ≈ 2×10−15 m2.
Convective heat loss of the crust explains up to 20 m/Myr of sediment-filled subsidence, a
quarter of the excessive subsidence rates as obtained by backstripping well data [Coakley
et al., 1994]. Thermochemical circulation leads to elevated temperatures within the sedi-
ments such explaining the high levels of thermal maturation observed in the Michigan basin.
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Figure 8.9:(a) Surface heat flow plotted versusx-distance of the simulations L1 to L4, at two stages in
the basin evolution: for L1 - L3: 0.5 Myr (solid curves) and 1.5 Myr (dashed). Corresponding times for
model L4 are 1.0 Myr (solid curves) and 2.0 Myr (dashed). Reason for these delayed times for model
L4 is the fact that convection starts at a later stage. (b) Water-filled tectonic subsidence of the models
at similar stages during the evolution (early stage: thin curves; later stage: thick curves). For model
L4, the dashed thin curve coincides with the thick solid one. Subsidence is calculated with flexure of a
thin elastic plate. Subsidence due to convective heat loss is given by the difference between the model
which includes convection (dashed curves) and the pure conduction model (solid curves).

The amount of heating significantly depends on the physical properties of the overlying sed-
iments, as was pointed out earlier byNunn, [1994]. Finally, interaction between the plug
and overlying sediments leads to the formation of a steep chemical gradient just beneath the
surface. Chemical reactions between the seawater-derived fluids and the basaltic rocks may
have increased the Ca content of the sedimentary pore fluids. Once convection diminished by
chemical precipitation of the pores and fractures, this salinity profile may have been main-
tained for a long period of time. This interaction provides an explanation for the abundant
Ca within the sedimentary pore fluids, which should be present during the deposition of the
(chemically anomalous) evaporites at a later stage in the basin evolution [Wilson and Long,
1993b].

8.3.2 Dissolution of evaporites

Up to this point, the hydrogeological evolution of the Michigan basin was studied during
Cambrian and Ordovican time, when the basin was filled with seawater. Closure of the basin
and a change to a more arid climate gradually changed the surface water conditions within the
basin. This led to the deposition of several carbonate-evaporite cycles during Mid-Ordovician
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to Devonian [Sonnenfeld and Al-Aasm,1991;Wilson and Long,1993ab;Coakley et al.,1994].
These evaporites are known to have formed in a MgSO4-poor and Ca-rich environment, as
compared to standard seawater conditions. Moreover, a significant amount of sylvite pre-
cipitated in the earliest, thus stratigraphically lowermost evaporite cycle (A-1 Silurian unit).
Although dolomitization has been important in the brine evolution, this cannot explain all of
the Ca present within the brines [Wilson and Long,1993b].

Dissolution of (part of) these evaporites may have increased the density of the groundwa-
ter in the upper regions, as compared to the deeper fluids. This density inversion may have
induced convection instabilities in the underlying strata in the same manner as suggested re-
cently for evaporative salt lakes in Australia [Wooding et al.,1997ab]. These authors revealed
the critical dependence of the onset of gravitational instability on the evaporation rate and the
permeability of the underlying aquifer. Alternatively, dissolution of an already developed salt
sheet may also have led to destabilization of the water column beneath the salt deposit. A
natural example of this phenomenon is presently found in the Gulf Coast region. Numerical
modeling has shown that dissolution of the salt sheet occurs even if the underlying sediments
have permeabilities of 10−17 m2 [Sarkar et al.,1995]. Both porosity and permeability were
shown to be dominant factors in determining the rate of salt dissolution.

Since the hydrological parameters of the sediments underlying the evaporites in the Michi-
gan basin are not known during Ordovician-Devonian, it is impossible to determine whether
convective destabilization by dissolution of the evaporites has taken place. Nonetheless, it
is interesting to investigate the influence of the salty brines present in the sediments on the
thermal, chemical and subsidence evolution of the basin. Therefore, we have performed four
simulations in which an evaporative saline lake or salt sheet is placed on top of the sedi-
ments. Again, these simulations differ in the sense that the permeability fields in the igneous
rift body are varied (models E1 to E4). The corresponding correlation lengths and the amount
of anisotropy within the plug are listed in Table 8.3. The average vertical permeability in the
igneous plug isK0,z = 2×10−15 m2.

Evaporation or dissolution of a salt sheet is simulated simply by assuming that the pore
water at the salt-sediment interface is always saturated with respect to halite (C≈ 28.5 wt%).
Numerically, the bottom of the sheet is included only in the model by fixing the salinity of the
fluid at the surface atC = 28.5 wt%. The simulations start from the same initial conditions as
in the previous simulations: a stably stratified salinity distribution fromC = 3.5 wt% at the
top of the domain toC = 6.5 wt% at the bottom of the plug. Note that for the seawater surface
salinity condition, described in the previous section, these initial conditions would keep the
fluid within the igneous plug from destabilizing.

In Figure 8.10, the temperature (contour lines) and velocity fields (arrows) are displayed
at four stages during the evolution of the simulation with model E3 for the igneous body. The
features described in this section were also observed in the other three simulations. Figure
8.11 shows the accompanying salinity fields. As expected, the initial salinity stratification
prohibits fluid flow in the igneous plug and the temperature field is conductive everywhere
(Figure 8.10a). The pore water salinity near the surface leads, however, to the formation
of a large amount of downwelling fingerlike structures within the layered sediments (Figure
8.11a). Though the vertical velocities in these downwellings are low, a substantial amount
of solute is transported downwards advectively. The wavelength of the instabilities is known
to depend critically on the evaporative or dissolving conditions and on the hydrological pa-
rameters of the underlying sediments [Sarkar et al.,1995;Wooding et al.,1997ab]. Here,
the horizontal length scale of the incipient finger structures is approximately 2 km, but this
increases in time due to a clustering of the individual downwellings in the more permeable
parts of the sediments.
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Figure 8.10:Temperature (contour lines, with intervals of 25◦C) and velocity fields (vectors, mutual
distance is one kilometer) of the simulation with model E3 after (a) 0.2 Myr (b) 0.4 Myr (c) 1.0 Myr
and (d) 2.0 Myr of elapsed model time. This simulation has similar initial conditions as those used in
the previous simulations, but differs in the sense that an evaporite is placed on top of the sediments.
At the right of the snapshots, the geotherms at three laterally different positions are shown (numbers
denotex (km)).

When these fingerlike structures arrive at the sediment-plug interface, the salty (thus heavy)
fluid accelerates into the slightly more permeable fractured plug (panels b in Figures 8.10
and 8.11). In this way, the fluid in both sediments and the upper part of the igneous plug is
chemically homogenized by these salty downwellings. As a consequence, the initial salinity
(thus density) profile in the igneous plug diminishes gradually. The permeability of the base-
ment rocks adjacent to the plug is, on the other hand, not high enough to allow for further
sinking of the highly saline fluid. Instead, solute transport between fluid in the sediments and
basement rocks is diffusive and thus negligible.

The continuous supply of salt by the downwellings coming out of the sediments, induces
flow in localized areas within the igneous plug. This leads to a further increase of the depth of
the chemically homogeneous region. Aroundt ≈ 1 Myr, the depth of this region has become
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Figure 8.11:Snapshots of the salinity distributionC of the same simulation presented in Figure 8.10
at identical stages during the evolution. At the right, the solute profiles through three different vertical
cross sections are plotted (numbers denotex (km)).

so large that the fluid in the igneous plug destabilizes as a whole (panels c in Figures 8.10
and 8.11). As soon as the fluid in the plug convects, the buoyancy effects due to salinity are
negligible again. The thermal and fluid-dynamical features due to convection in the igneous
plug are similar to the simulations described in the previous section: the large scale flow
pattern depends significantly on the permeability structure of the rocks, while the small scale
flow direction is determined by the local permeability structure. Due to the lower average
permeability, however, the Darcy velocities are significantly smaller than those in the previous
simulations.

The salinity profiles depicted in Figure 8.11 show a highly varying salinity within the
sediments. Moreover, the inflow of saline fluid leads to a gradual increase of salinity in
the igneous plug. After 2 million years, the average salinity within the plug is equal to 15
wt%. Continuous salinity supply from the evaporative instability or the dissolving salt sheet
increases the solute content within the plug and sediments. The amount of solute which enters
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Figure 8.12:(a) Surface heat flow plotted versusx-distance, for models E1 to E4, at two stages in
the basin evolution: 1.0 Myr (solid curves), and 2.0 Myr (dashed). (b) Water-filled tectonic subsidence
after 1.0 Myr (thin curves) and 2.0 Myr (thick curves), as calculated with flexure of a thin elastic plate.
Subsidence due to convective heat loss is given by the difference between the model which includes
convection (dashed curves) and a pure conduction model (solid curves).

the domain depends largely on the porosity and permeability of the sediments and the excess
salinity of the salt sheet [Sarkar et al.,1995] or, in case of evaporation, on the evaporative
conditions [Wooding et al.,1997ab]. For the hydrological parameters in the sediments (K0,z =
10−16 m2, φ = 0.1), a salinity equal to a 240 m thick salt sheet enters the domain in two
million years. This is more than the presently lowermost evaporite, the Salina A-1 unit,
which has a maximum thickness of 145 m.

The large amount of salt which is dissolved implies that (1) the sediments had a porosity
and permeability smaller than those considered here, (2) the interaction between the plug
and evaporite deposits was prevented by a hydrological seal (note that between the plug and
evaporites a few kilometers of sediments are present, among which are shales [Coakley et al.,
1994]), (3) a steady state evaporative situation occurred during the formation of the Salina
A-1 evaporite, or (4) an earlier formed evaporite cycle disappeared completely. From our
simulations, we cannot discriminate between these possibilities.

However, interaction between the igneous rocks and the pore fluids within the sediments
does explain the evaporation of the salina in a MgSO4-poor, Ca-rich environment [Ingebritsen
and Sanford,1998]. The downward migration of brines may also explain the substantial
spilitization (albitization) of the rocks at the top of the igneous plug [McCallister et al.,1978],
at temperatures lower than 400◦C. In case the brine was produced by the dissolution of an
already existing salt sheet, the disappearance of this sheet has led to extra sedimentation.
The amount of excessive subsidence depends highly on the hydrological parameters of the



114 Free thermochemical convection in and beneath intracratonic basins

underlying sediments [Sarkar et al.,1995]. Quantification of this hypothesis needs a variation
of the hydrological parameters, but this is out of the scope of the present study.

The surface heat flow curves for the four simulations are depicted in Figure 8.12a for
the time instants 1 and 2 Myr again. The heat flow near the edges of the domain agree
within a few percent with the amount that would result from only conductive heat transport,
indicating that the salty downwellings are not strong enough to disturb the temperature field
in the sediments. Due to the convective destabilization within the igneous plug, a number
of peaks have developed in the heat flow curve. The positions of these peaks correspond
roughly with the upward fluid currents in the plug, although in some of the simulations it
was difficult to distinguish these currents. The amount of excessive surface heat loss above
the plug is almost equal to that in the previous simulation (compare with Figure 8.9(a)), as
the amount of heat loss is determined primarily by the sediment conductivity rather than by
the convective vigor within the plug. This is reflected in the subsidence curves: the maximal
subsidence rates are the same as those observed in the previous simulations (compare with
Figure 8.9b).

When convection stops after sealing of the fractures, finally, the solute distribution in
the plug is nearly homogeneous. This distribution may be maintained during the period
in which the fractures are closed, due to a low chemical diffusivity. At the start of a next
convection period, the solute will still be homogeneously distributed within the igneous plug.
Consequently, the fluid in the igneous plug will destabilize already at a smaller amount of heat
flow from below than was needed for the first time. The shape of the salinity profile above the
evaporite deposits cannot be obtained from our simulations. Referring to the calculations in
the previous section, however, we believe that late-stage convection within the crust elevated
the salinity within the sediments in a similar way. This would explain the present-day salinity
profile [Hanor,1979].

8.4 Discussion and conclusions

The thermomechanical evolution of intracratonic basins is often characterized by episodic
subsidence and elevated levels of organic maturity within the sediments. These deviations
cannot be explained by simple conductive cooling of a thermally anomalous crust. In the
Michigan basin, the deviations may have been caused by periods of free hydrothermal con-
vection within a fractured igneous rift body underlying the sediments [Nunn,1994]. It is
likely that the pore fluids are driven by both thermal and chemical variations, rather than by
heat alone. In this chapter, we have studied the onset of thermochemical convection and its
consequences for the evolution of the Michigan basin.

As known from linear stability analysis, fluid in a homogeneous low-porosity medium
is stable against infinitesimal perturbations when porosity is low and salinity increases grad-
ually with depth [Rosenberg,1991; Nield and Bejan,1992]. However, crustal rocks are
typically heterogeneous and anisotropic [e.g.Manning and Ingebritsen,1999]. Therefore,
the onset of thermochemical convection in heterogeneous and anisotropic media is studied
by using stochastic representations of the permeability field. The sensitivity study considers
different permeability fields by varying the stochastic correlation lengths of the medium and
by introducing anisotropy on the subgrid scale.

It is shown that the initial salinity profile also dominates the stability conditions for the
onset of convection in heterogeneous, low-porosity media. Significant effects of salinity
on the onset of convection in single fractures [Tournier et al.,1999] or dual-permeability
models [Bear,1993] are therefore to be expected. Local maxima in permeability and poros-


