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ABSTRACT 

Variations in temperature and salinity in hypersaline 
liquid-dominated geothermal systems like the Salton Sea 
Geothermal System (SSGS) tend to be correlated such that 
liquid density is relatively constant in the system. The 
tendency toward small density variations may be due to 
connectivity with a surrounding regional aquifer at 
multiple depths in the stratigraphic column. We present 
numerical simulation results for natural convection in 
geothermal systems like the SSGS in hydraulic connection 
with a constant-density aquifer. Natural convection where 
there are two sources of buoyancy such as heat and salt, 
with different diffusivities, is called double-diffusive 
convection. Simulations of double-diffusive convection 
are carried out using our general-purpose reservoir 
simulator TOUGH2 with a newly developed two- 
dimensional heat and brine transport module (T2DM) that 
includes Fickian solute dispersion. The model includes an 
accurate formulation for liquid density as a function of 
temperature and salinity. Our simulation results show 
many features that are consistent with observations of the 
SSGS, making conceptual models that involve hydraulic 
connectivity with a surrounding aqulfer appear plausible. 
The generality of our model makes the results broadly 
applicable to systems similar to the SSGS. 

I. INTRODUCTION 

Although temperature and salinity variations are large in 
liquid-dominated geothermal systems such as the Salton 
Sea Geothermal System (SSGS) in southern California, 
they tend to be correlated such that liquid density 
differences are small. Liquid density data from wells 
across the SSGS field show that overall differences 
average about lo%, with density larger at greater depths in 
the system. Meanwhile temperature data show a 
conductive cap underlain by a convective hydrothermal 
system. These data define a fundamental paradox of the 
SSGS: liquid density changes are small with density stably 
stratified, yet temperature profiles imply that convective 
heat transfer occurs. 

It must be kept in mind that large-scale stable density 
profiles do not preclude local free convection as local 
gravitational instabilities can arise due to the different 
diffusivities of the buoyancy-producing components, such 

i 
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as heat and salt. Free convection caused by two sources of 
buoyancy with different diffusivities is called double- 
diffusive convection. The potential significance of 
double-diffusive convection and associated layered 
convection for conceptual models of the SSGS was 
pointed out by Fournier (1990). Recent numerical 
simulation results (Rosenberg, 199 1) of porous media 
convection show that layered double-diffusive convection 
is a transient phenomenon. 

Constraints on conceptual models of the SSGS are 
provided by the wealth of observations and data collected 
through the years. A comprehensive early discussion of 
the thermodynamics of the field was published by 
Helgeson (1968). Recent reviews of the state of 
knowledge of the SSGS have been presented by Younker 
et al. (1982), Newmark et al. (1986:) and Fournier (1990). 
The essential observations which any conceptual model 
must account for are: (1) temperature and salinity 
variations should be correlated such that the variation of 
liquid density with depth is small; ( Z ! )  vertical temperature 
gradients should be larger near the :surface and smaller in 
deeper parts of the system; (3) brine concentrations should 
increase sharply at depth as hypersaline brine is 
encountered; and (4) the temperature of the hypersaline 
brine should be above 260 "C. 

In this paper, we present results of simulations of a 
convective scenario in which a temperature- and salinity- 
stratified system is heated from below while in hydraulic 
connection with an adjacent constant-density aquifer. The 
plausiblity of the scpario for the SSGS will be evaluated 
with respect to the constraining observations presented 
above. The idealized system modeled is sufficiently 
general that the results can be broadly applied to other 
geothermal systems similar to the SSGS. 

11. DENSITY FORMULATION 

Following the work of Reeves et al. (1986) and Herbert et 
al. (1988), we adopt a mixing model in which the aqueous 
phase consists of two components, a concentrated brine 
with mass fraction Xb, and pure water with mass fraction 
Xw = 1 - Xb. The brine component is taken as aqueous 
NaCl solution. Assuming the volumes of pure water and 
brine are additive, we obtain for the mixture density ( p )  
the equation 
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where the density of each component is given by pw = 
M w N w  and p b  = M f l b  . The density of pure water at 
elevated temperatures is calculated from equations given 
in the steam tables of the International Formulation 
Committee (1967), while the temperature dependence of 
brine density is calculated using a coefficient of thermal 
expansivity : 

Tabulated densities in Pitzer et al. (1984) show that the 
coefficient of thermal expansivity for pure water is more 
than two times larger than the coefficient of thermal 
expansivity for a concentrated brine solution. For pure 
brine, we define the coefficient of thermal expansivity 
(ab) by specifying two reference brine temperatures and 
densities @Ob and TOb, p26 and T2b) obtained from the 
tables of Pitzer et al. (1984). The coefficient of thermal 
expansivity for the brine is applied through the 
exponential relation 

Plotted in Fig. 1 are results of the above model for the 
density of brine as a function of temperature and brine 
mass fraction ( X b )  where X b  = 1 .O corresponds to a 24.98 
wt. % NaCl solution. Pressure is set at IO5 Pa (1  bar) 
above the saturation pressure (Psat). Superimposed on the 
density isopleths are temperature and-salinity (TDS) of 45 
fluid samples of low TDS brines, hypersaline brines, and 
mixed brines from the SSGS (Williams, 1988; Williams 
and McKibben, 1989). In superimposing these data, we 
implicitly assume the predominant solid is NaCl and that 
TDS = 24.98 wt. % corresponds to X b  = 1.0. (Note that 
the mixed brines do not represent reservoir conditions but 
are mixtures of low-TDS and hypersaline brines). 

The data in Fig. 1 show that while temperature and salinity 
are correlated, the reservoir fluid is not at uniform density. 
Higher densities occur at hotter (deeper) levels making the 
reservoir density-stratified. Furthermore, the densities are 
generally in the range 850-950 kg m3 rather than the oft- 
quoted 1000 kg nr3. We note here also that viscosity 
varies by a factor of two between pure water and pure 
brine but such changes have been neglected in the present 
study. 

Subsequent to the calculation of the thermal effects on 
density for each component, the mixing relation (Eq. 1) is 
applied to obtain the density of the mixture. The 
calculated densities agree to within 3% with data tabulated 
in Pitzer et al. (1984) across the applicable range of 
temperatures and salinities. The method has been coded 
as an extension to EOS7, a TOUGH2 thermophysical 
properties module for water, brine and air (Pruess, 1991b). 
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Figure 1. Density (kg m-3) of NaCl brines as a function of 
temperature and brine mass fraction. Superimposed are 
fluid temperature and TDS data for the SSGS from 
Williams (1988) and Williams and McKibben (1989). 
The mixed fluids are thought to be mixtures of hypersaline 
and low-TDS fluids and do not represent true reservoir 
conditions. 

111. TRANSPORT MODEL 

The general conservation equations solved by the integral 
finite difference method (IFDM) in TOUGH2 (Pruess, 
1987, 1991a) consist of balances of mass accumulation 
and flux and source terms over all grid blocks into which 
the flow domain has been partitioned. The flux term has 
contributions from Darcy flow, molecular diffusion, and 
hydrodynamic dispersion and can be written 

for single-phase conditions where K = 1,2 denotes the fluid 
components (IC= 1: water, 2: brine). The advective flux is 
given by Darcy's Law: 

The second term on the right-hand side of Eq. 4 is the 
dispersion term. We have implemented a standard model 
for dispersion which accounts for both molecular diffusion 
and hydrodynamicdispersion (deMarsily, 1986). In the 
dispersion model, D in Eq. 4 is the dispersion tensor, a 
second order, symmetric tensor with one principal 
direction in the average (Darcy) flow direction, and the 
other normal to it. Dispersion is written in terms of 
dispersion coefficients in the longitudinal (DL) and 



transverse (DT)  directions relative to the flow direction 
where 

Df = @ . Z .  d K  + O ~ L U  (6) 

Here 4 is porosity, z tortuosity of the medium, d 
molecular diffusivity, O ~ L  longitudinal dispersivity, 01 T 
transversal dispersivity, and u magnitude of the Darcy 
velocity. Thus, the dispersion tensor of Eq. 4 can be 
written as 

Substituting Eq. 8 into Eq. 4 gives the corresponding mass 
flux of component K due to molecular diffusion and 
hydrodynamic dispersion: 

In the discretized equations solved in TOUGH2, the 
interface conductivity arising from the molecular diffusion 
terms in Eqs. 6-7 is derived from harmonic averages of 
the properties of the two connected grid blocks. Note 
from Eq. 9 that full Darcy velocity and mass fraction 
gradient vectors are required at each interface between 
grid blocks. In the usual IFDM, only the vector 
components normal to the interface are known directly. In 
order to calculate dispersive transport, the parallel 
components must be interpolated from neighboring direct 
values. The details of the interpolation and calculation of 
the dispersive flux, along with verification studies, are 
presented in Oldenburg and Pruess (1993). 

The transient equations are solved with a fully implicit 
time-stepping scheme in TOUGH2. The simulator uses a 
fully coupled residual-based solution technique that is 
efficient for strongly coupled flow problems such as 
double-diffusive convection. Solution of the resulting 
system of linear equations was accomplished with a bi- 
conjugate gradient solver with incomplete LU 
decomposition as preconditioner (Greenbaum, 1986; 
Seager, 1992; Moridis, private communication, 1993). 

IV. CONNECTION TO ADJACENT AOUIFER 

In this section, we present results of simulations of 
convection in an idealized system representing a liquid- 
saturated hypersaline geothermal system in hydraulic 
connection with a constant-density aquifer. The domain is 
shown in Fig. 2 along with boundary and initial 
conditions. The two-dimensional domain is 2500 m on a 
side, with 25 grid blocks in the Y-direction, and 27 grid 

T = 200 "C 
2500 m 0 Y noflow 

Z 

0 
F: 

-2500 m 

1 Initial Conditions: 

T = 2 0 0 ° C -  
Z/2500 * 80 "C 

Xb = variable such 
that p = constant. 

no flow 
T = 300 "C 

Figure 2. Boundary and initial conditions for the model. 
The right-hand side represents a constant-density aquifer 
with a linear temperature profile and corresponding brine 
mass fraction profile such that the density of the liquid is 
exactly 925 kg m-3. 

blocks in the Z-direction. This highly idealized system is 
sufficiently general that the results will have broad 
applicability. 

The boundary condition on the right-hand side was 
established as gravity equilibrium in a column of liquid 
linearly stratified in temperature from 200 "C at the top to 
280 "C at the bottom. The mass fraction of brine is 
adjusted such that the density is constant with depth and 
equal to 925 kg m-3. This constant-density column of 
liquid is assigned an effectively infmite volume making it 
inactive (its properties do not change with time). The 
column is directly connected to the hydrothermal system. 
The entire hydrothermal system is initially identical in T 
and Xb to the inactive column. At t = 0, the temperature at 
the bottom of the system is raised to T = 300 "C. We 
initialized the lower left-hand corner of the system with 
slightly elevated temperatures to initiate clockwise 
convection. Brine does not enter or leave the system 
except through the right-hand side boundary. 

Parameters were chosen to approximate average 
conditions at the SSGS (Table 1) The porosity of the 
medium was set to a uniform value of .20. The 
permeability was set to be anisotriopic, with the vertical 
permeability 100 times smaller ($ = 5 x 10-15 m2) than 
the horizontal permeability (ky  = 5 x 10-13 m2). This is 
believed to be a reasonable approximation for the 
sedimentary sectior, at the SSGS. Numerical values for 
properties of the liquid and of the medium are given in 
Table 1. 

Shown in Figs. 3-5 are computed temperature, brine mass 
fraction, and density fields at three different times. In Fig. 
3a, we observe at early time ( t  = 10,000 yrs.) that 
decreased density due to heating along the bottom drives a 
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convective plume. The upward flow is supplied with 
liquid from the lowest part of the right-hand side column. 
The liquid flowing horizontally along the bottom heats up 
and flows upward to a depth of 1500 m. The plume 
encounters cooler regions as it moves upward. Upward 
flow occurs only as long as the density of the plume is less 
than the ambient density of 925 kg m-3. Thus the plume 
turns at about 1500 m and flows horizontally into the 
right-hand side column. Horizontal flow is favored by the 
anisotropic permeability field. The brine mass fraction 
field (Fig. 3b) shows the plume carrying concentrated 
brine upward in the thermal plume. The density field (Fig. 
3c) shows that the largest densities are at the leading edge 
of the plume. This is due to the cooling of concentrated 
brine solutions at this edge. Only where the brine is hot 
will its density be low enough to drive a convective plume 
upward. 

At t = 20,000 yrs. (Fig. 4), the plume reaches a depth of 
800 m before the fluid flows horizontally into the right- 
hand side column. By t = 30,000 yrs (Fig. 5 ) ,  the plume 
has reached the top of the domain. Temperature profiles 
at Y = 200 m and Y = 1250 m are plotted in Fig. 6. In the 
upper part of the domain, note the concave upward profile 
with depth early in time changing into a concave 
downward profile at later times. 

Table 1 .  Properties of the liquid and porous medium. 

quantity value units 

porosity (4) 
heat capacity of rock ( C p  ) 
formation heat conductivity (ZQ 
molecular diffusivity (d) 
Y-direction permeability ( k y )  
Z-direction permeability (kz)  
transverse dispersivity (a~) 
longitudinal dispersivity (Q.) 
tortuosity (7) 
density of rock ( P R )  
density of brine (at 200 "C) 
density of brine (at 300 "c)  (P2b) 

.2 - 
1000. J kg-1 "C-1 

2 x  10-8 m2s-1 
5 x 10-13 m2 
5 x 10-15 m2 
1. m 
10. m 
1. - 
2650. kg m-3 
1066. kg m-3 
979.9 kg m-3 

1.8 J s-1m-1 "C-1 

T (4 O I '  ' " " ' " 210 ' " " ' " " I 
1 -500 

1 230 

-1000 F-240 

" 280 ......- r-. ............ 

. . . . .  . I . .  . . .  /. . . . . .  . . . . . . .  I :x . . . . . . . . .  ............ 
0 500 1oW 1500 2WO 2500 

-2500 ' 

V. DISCUSSION 

Results from the simulations show some compelling 
resemblance to SSGS field data. We observe first that the 
correlation of T and Xb in the simulations leads to 
relatively small density variations just as observed in the 
field. The most concentrated brines correlate with the 
highest temperatures, typically above 250 "C. Second, we 
note the sharp temperature gradient near the top of the 
system (Fig. 6c) and the decreasing gradient within the 
plume. This type of temperature profile is similar to that 
observed in the SSGS. Temperature reversals (decreasing 
temperature with depth) are also observed in the SSGS 
(Newmark et al., 1986). Our results show reversals as the 
hot plume travels horizontally into the adjacent aquifer. 
Newmark et al. (1986) note that the curvature of the 
temperature profiles in the SSGS is concave downward in 
the center of the system and concave upward a distance 
away from it. These authors explain that this corresponds 
to colder groundwater entering the system or thermal 
waters leaving the system from the center. Clearly our 
simulation results involve flow leaving the system from 
the center in the upper parts of the system. It is interesting 
that the simulation results show the inflection in the 
temperature profiles evolves with time, with concave 
upward profiles early and concave downward profiles later 
on. If episodic heating due to magmatic intrusion occurs 
in the SSGS, the shape of such profiles may change with 
time. 

Absent from our simulation results are hot, hypersaline 
brine pools thought to occur in the SSGS (Williams, 1988; 
Williams and McKibben, 1989). It is likely that the 
horizontal flow favored in the system could place cooler, 
fresher water from a surrounding aquifer on top of hot, 
hypersaline water in the center of the geothermal system. 
We assumed in our model a connected aquifer with 
variable temperature and salinity, but there is no reason to 
expect that the properties of the surrounding aquifer are 
the same all around the periphery of the field. In fact, 
regional groundwater flow through the SSGS might lead 
to varying properties in the adjacent aquifer. Perhaps 
where this aquifer is less saline, water could flow inward 
toward the center over denser hypersaline brines to 
produce the sharp brine interfaces thought to be present in 
the SSGS. 

Xb 
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-2000 
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-2500 
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Figure 3. Computed results at t = 10,000 yrs. (a) Temperature field ("C). (b) Brine mass 
fraction field. (c) Density field (kg m-3). Results show the early plume and associated 
horizontal flow out from and into the constant-density right-hand side. 
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Figure 4. Computed results at t = 20,000 yrs. (a) Temperature field ("C). (b) Brine mass 
fraction field. (c) Density field (kg m-3). 
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Figure 5. Computed results at t = 30,000 yrs. (a) Temperature field ("C). (b) Brine mass 
fraction field. (c) Density field (kg m-3). 
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Figure 6. Computed temperature profiles at Y = 200 m +d Y = 1250 m. (a) t == 10,000 
yrs. (b) t = 20,000 yrs. (c) t = 30,000 yrs. The temperature profile in the upper part of 
the system near the center of the field is concave upward early in time and concave 
downward later in the simulation. 
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VI. CONCLUSIONS 

Numerical simulation results of double-diffusive 
convection in a hypersaline liquid-dominated geothermal 
system that is in hydraulic connection with a constant- 
density aquifer show many of the characteristics observed 
in the SSGS. The consistency of results-for a highly 
idealized model system with field data points to the 
potentially wider applicability of a conceptual model that 
includes strong connectivity to a surrounding aquifer. The 
particular features observed in the SSGS and reproduced 
by the model include (1) correlation of T and Xb such that 
liquid density variations are modest, (2) sharp temperature 
profile near the top and decreasing gradient with depth, 
and (3) temperature reversals caused by lateral flow of hot 
brine. The model does not produce hypersaline brine 
pools, but lateral flow could cause such pools depending 
on the conditions in the aquifer. The generality of the 
model makes our results broadly applicable to systems 
similar to the SSGS. 

Subscripts and superscripts 
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Nomenclature 

d 
D 
D 
g 
F 
I 
- 

k 
K 
Mb 
n 
P 
t 

' U  
u 
V 
X 
Y 
Z 

molecular diffusivity 
dispersion coefficient 
dispersion tensor 
acceleration of gravity vector 
Darcy flux vector 
identity matrix 
permeability 
thermal conductivity 
mass of brine 
outward unit normal vector 
total pressure 
time 
magnitude of Darcy velocity vector 
Darcy velocity vector 
volume 
mass fraction 
Y-coordinate 
Z-coordinate (positive upward) 

Greek symbols 

01 intrinsic dispersivity m 

p dynamic viscosity kg m-1 s-1 
Q porosity 
p density kg m-3 
z tortuosity 

O1b thermal expansivity of brine "C-1 

b 
L 
m 
Ob 
2b 
T 
W 

K 

brine 
longitudinal 
mixture 
first reference value for brine 
second reference value for brine 
transverse 
water 
mass components 
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