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SUMMARY - Dissolution and precipitation of silica polymorphs (amorphous silica, cristobalite and
quartz) were incorporated into a geothermal reservoir simulator based on reaction kinetics. Reaction

kinetics are simplified as follows; silica minerals are always precipitated from or dissolved into the

solution without a direct solid phase transition among them. Only inorganic processes are considered and
the effect of salinity is neglected. Modeling of reaction surface area was devised for both precipitation

and dissolution of all silica minerals. Based on these assumptions and published experimental data of
rate constantsand solubilities, two dimensional numerical simulations of geothermal system development
were performed. Alteration zoning of silica minerals was reproduced in the simulations as observed in

natural geothermal systems. Sensitivity of silica alteration zoning to formation permeability and reaction
surface area was also examined. The present model is preliminary, but the results show that numerical
simulations incorporating chemical processes are promising for geothermal modeling, especially for
reducing the non-uniquenessof the models.

INTRODUCTION

Natural state modeling for geothermal reservoir

simulationalways involves arbitrary assumptions.
The information of geothermal alteration is one
choice for constraining the geothermal model.

Silica minerals (quartz, cristobalite and
amorphous silica) are common alteration

minerals. They form a one component system,
dissolve congruently, and many data of solubility
and dissolution precipitation kinetics are

published (Walther and Helgeson, 1977;

Bohlmann et al., 1980; Rimstidt and Barnes,
1980; Fournier, 1982, 1983; Brady and Walther,
1990; Dove, 1994;Renders et al., 1995;Rimstidt,
1997). These characteristics of silica minerals are
suitable for coupling chemical reaction with

geothermal reservoir simulation in a
transport system. Furthermore, understanding the
behavior of silica minerals is useful to elucidate

the development of the silica alteration zone as
well as in estimating the influence of self-sealing
or scaling by reinjection.

The studies on numerical simulation of the
reaction-transport of silica involve one

dimensional (Walder and Nur, 1984; Lowell et
al., 1993) and two dimensional (Yano, 1994)

flow models with silica in equilibriumwith

quartz, a one dimensional flow model with
amorphous silica reaction kinetics (Malate and

O'Sullivan, a one dimensional flow model
with quartz and amorphous silica reaction
kinetics (Rimstidt and Barnes, 1980; Wells and

Ghiorso, and a two dimensional flow
model with quartz or amorphous silica reaction
kinetics (Cathles, 1983;White, 1997). Takeno et

al. (1998) tried to incorporate dissolution
precipitation kinetics of silica minerals, quartz,

cristobalite and amorphous silica, in a geothermal

reservoir simulator, called RIGHTS, and applied
this simulator to a simple geothermal system

based on a simple reaction surface model as a
preliminary study. In this study, we revised the

reaction surface model of RIGHTS and
performed numerical simulation of the
development of silica alteration zones to examine

the effect of permeability, and reaction surface
area.

In geothermal systems, many polymorphs of
silica minerals are observed such as quartz,

cristobalite, a-tridymite, and
tridymite (Kimbara, 1977). In this study, we will
treat dissolution and precipitation of three

common silica polymorphs, a-quartz,
cristobalite, and morphous silica (hereafter
simply called quartz, cristobalite, and
silica, respectively). We neglect direct solid-solid
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phase transition among the minerals. Although
biomineralization of silica minerals in some hot
springs (Akabane et al., 1995) and

the influence of salinity and on silica mineral
solubility (Fourinier, 1983) as well as on
precipitation dissolution kinetics (Dove, 1994;

Bohlmann et al., 1980) are known, for simplicity
we neglect these effects. We also neglect
dissolution of other minerals such as feldspar.

Plagioclase has a higher dissolution rate than
quartz so that its effect on aqueous silica transport

is important. We think that this should be treated
in future assessments.

2. GOVERNING EQUATIONS

The basic governing equations used in this

simulation are mass balance, momentum balance,

and energy conservation. Chemical reactions are
implemented as add-on packages that are

independent of the physical parameters.
Governing equations for physical parameters are

solved first, then the equations for chemical

reactions and silica mass transport are solved.
Dissolution or precipitation of silica minerals
gives feedback to the change of porosity,
permeability, and reaction surface area. Then the

governing equations for physical parameters of
the next step are solved. Calculations are

performed at each step in this way.

Dissolution and precipitation rate for the ith silica
mineral is given as follows. The left side is

positive for dissolution and negative for
precipitation.

Q

where

Q

is molality of aqueous silica species (in this
study, only is considered), t is time, is
dissolutionrate constant of ith silica mineral, is

reaction surface area of ith silica mineral, is
mass of solution, and is solubility constant of

ith silica mineral. Activities of silica minerals
and water are assumed as unity, and the activity

coefficient of is assumed as unity.
Solubility constants are calculatedas follows:

Quartz (Rimstidt, 1997)

K -0.0254-1107.12 T

(Rimstidt and Barnes, 1980)

1-988.2

Amorphous silica (Rimstidt and Barnes, 1980)

0.3380-7.889x -840.1

T is absolute temperature. Rate constants are

given by Rimstidt and Barnes (1980); we used a
rate constant for quartz recalculated fiom the data

revised by Rimstidt (1997):

-7.890x

-3438 T

T is absolute temperature. We neglected pressure
effects for these constants and regarded them to

be the same as on the vapor-liquid saturation

curve. Many empirical or theoretical functions of
grain size or porosity are known for permeability

and Schwartz, 1990). We used the

following equation derived from
relation:

3
current- permeability current-prosity

initial-permeability initial-porosity

also assumed the following relationship
between porosity and total reaction surface area.

current-area current-porosity

initial-area ( initial-porosity

In this study, we revised the reaction surface area

model used in Takeno et al. (1998) in which the
constant ratio of surface area for silica minerals

was used. The principles of the new model are as
follows. 1) Primary minerals, when

undersaturated in rock dissolve into solution. 2)
Secondary minerals, when oversaturated,

precipitate only in pore spaces from the solution,
and cover the pore wall, and redissolve into the

solution when undersaturated. For precipitation,
the total surface area A is partitioned into in

proportion to the precipitation rate of silica
mineral. 3) Covering of secondary minerals on
pore walls inhibits the dissolution of primary
minerals in the rock. However, we consider that
perfect blocking of soluble minerals in the rock

by trace amounts of insoluble precipitates is not
realistic owing to roughness of the pore surface.
For this reason, we introduced a parameter

and we virtually subdivided total

surface area into surface area of precipitated
secondary silica minerals A, and surface area of
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rock A, which is composed of primary silica
minerals and inert minerals. Then following

equations are imposed.

A

so that

=GA

A, (1-G)A

for

for

is the volume occupied by secondary silica,
and is the volume occupied by liquid. For the

dissolution of secondary silica minerals, is
given from A, by volume-weighting among the
silica minerals. For the dissolution of primary

silica minerals, is given from A, by volume-
weighting among the silica and inert minerals.

The simulation code RIGHTS solves the above
equations by the finite difference method. In this

simulation, we treat discontinuous phenomena
such as appearanceand disappearanceof minerals
so that we cannot use a large time step. In this

regard, there is no advantage for using implicit
method, so we use the explicit method for solving
the equations.

3. GEOTHERMAL MODEL-BOUNDARY

CONDITIONAND INITIAL CONDITION

We examined a two dimensional porous square 2

wide and 2 km deep uniformly subdivided
into a computational grid of 80 by 80. Two basic

types of geothermal model were assessed. One is

a homogeneous system (model I) in which all
grids have the same rock properties, and the other

(model 11)has a cap rock, a fracture (represented
by vertical high permeable zone), and a reservoir.

One example of model 11is illustrated in Fig. 1.

The common rock properties for both models are
density (2500 heat capacity

and thermal conductivity (2

All boundaries (bottom, top, left, and right) are
insulated. The bottom, left, and right boundaries
are impermeable. The top blocks are open to free
pure water at and 1 bar. Heat sources were

given within bottom layer blocks as ranging
continuously from (at the left

comer) to (at the right comer)
Heat sinks for called "radiative convective

were given as 10)
within top layer blocks. is temperature in

centigrade. Thermal equilibrium between rock
and fluid was always assumed. All blocks consist

of rock containing 20 weight% quartz (the other
part is inert) with pores filled with pure water at

in the initial state. From the preliminary

simulation, the results were not sensitive to the

variation of because only the most insoluble

mineral, quartz, was included in the rock as a
primary mineral. Therefore, is fixed as 0.01
for all cases. Simulation was carried out for up to

years.

heat sink condition)
surface insulated

lbar,

impermeable

heat source

- Model for the simulation.A (reservoir):
porosity 0.05,permeability= surface

area = 100 B (cap rock): porosity = 0.01,
permeability = surface area = 10

C (two vertical fractures and shallow
horizontal permeable formation): porosity = 0.05,
permeability = surface area = 10

4. RESULTS ANDDISCUSSION

A representative result is shown in Fig. 2, with

the boundary and initial conditions illustrated in
Fig. 1. The boxed parts of the shallow area in
Fig. 2 is enlarged in Fig. 3. Model I has a

permeability of 5 x with a reaction surface
area ranging from to this

model, a cristobalite zone at the surface and a
secondary quartz zone along the up-flow path
appeared,but amorphous silica was absent.
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Primary quartz dissolves

5

Amorphous silica

Cnstobalite 0.05

Figure 2 - of silicaminerals and temperaturedistribution in years. Areas

with significant precipitation of quartz, cristobalite,and amorphous silica is shaded or enclosed.The
amount of quartz dissolved is contoured in Boxed parts are enlarged in Fig. 3.

The results of the model 11 show that an
amorphous silica zone appeared at and around the
surface where fluid discharged fracture, and

that this zone overlaps with cristobalite. These
zones correspond to subsurface up-flow.

Secondary quartz is concentrated along the
flow zone in a pattern that is mushroom shaped.

In both models, primary quartz in the rock was
dissolved from the bottom, and silica is

transported along up-flow path to the top.

Porosity change and permeability change by
of quartz were too small

in years of fluid circulation to influence
the hydrology.

From the above results, we recognized that high
permeability and a small reaction surface area
were favorable for the precipitation of amorphous

silica, and the results correspond well with the
occurrence of a silica alteration zone in a natural

geothermal system. It is also noted that
temperature of disappearance of the cristobalite
zone is less than In an active geothermal

area, it is suggested that cristobalite disappears
below (Hayashi, 1973; Browne, 1978;

Kimbara and Ohkubo, however this could
not be proved by thermodynamics based on

chemical equilibrium. Our results might give
insight to this empirical law. Compared to
Takeno et al. (1998) in which the ratio of reaction

surface area for each silica mineral was assumed

to be constant, the redissolution rate of

precipitated secondary minerals in this

study is relatively slow. When the redissolution
of secondarysilica minerals becomes very small

(1 x order or less), the redissolution
rate is much too slow due to volume weighting
method for partitioning the reaction surface area.

5. CONCLUSION

From the numerical reservoir simulation
incorporating silica dissolution precipitation
kinetics, we show that high permeability and

small reaction surface area are favorable for the

development of an amorphous silica zone. We
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also show that this condition forms a geothermal
reservoir with a cap rock and fracture (vertical
permeable zone in this study) to the surface.

Amorphous silica and cristobalite appear at the
top where fluid discharges. Although the model
could be further improved, we reproduced

characteristics observed in natural geothermal
systems by the numerical simulation using Cosmochim.Acta, Vol. 46( 1969-1973.

available kinetic data and a simple reaction
model. The results also imply that numerical Fournier, R. 0. (1983). A method of calculating
simulations incorporating chemical processes are quartz solubilities in aqueous sodium chloride

promising for geothermal modeling, especially solutions. Geochim. Cosmochim. Acta, Vol.

Dove, P. M. (1994). The dissolution kinetics of
quartz in sodium chloride solutions at to

Am. Jour. Vol.

Fournier, R. 0. (1982). An equation correlating
the solubility of quartz in water from to

at pressures up to bars. Geochim.

for reducing the non-uniqueness of the models. 579-586.

Amorphoussilica

Figure 3 - Boxed parts in Fig. 2 are enlarged;
thin line: thick line: quartz

broken line: cristobalite chain
line: amorphous silica
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