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SUMMARY ' 

This paper presents two examples of large scale numerical 
models of geothermal reservoirs which include the transport of 
reacting chemicals. In the first example we consider the steady 
state chemical concentrations in a relatively hot, high gas- 
content, geothermal field. The chemical species included in the 
model are the gases CO2 and HzS, together with the main aque- 
ous species associated with these gases. The second example 
considers permeability changes associated with the dissolution 
and deposition of silica as a convection cell is set up about a 
deep magma body 

Introduction . 
Heat and mass transport and the interactions of fluid with the 

earth's crust are of interest for many reasons. The processes 
that may take place are diverse and include mineral dissolution 
and precipitation, redox reactions, gas-liquid interactions and 
biochemical reactions, to name but a few. Recently a number of 
researchers (e.g. Lichtner (1 992), Steffel and Lasaga (1 995) 
Bear and Nitao (1995) Friedly (1989), Friedly and Rubin 
(1992) White (1995)) have looked to combine hydrology and 
geochemistry to provide tools to study these processes. 

White (1995) describes a method to treat the transport and 
reaction of chemicals in a geothermal setting. Chemical species 
concentrations often provide considerable insight into pro- 
cesses taking place within a geothermal reservoir. They may 
also be much more sensitive indicators of processes such as 
boiling and dilution taking place within the reservoir, than pres- 
sure and temperature measurements. Including chemical spe- 
cies concentrations in a numerical reservoir model and adjust- 
ing reservoir parameters to match measured physical (pressure, 
temperature etc.) and chemical data, has the potential to im- 
prove both the predictive capabilities of the model and to offer 
further insight into the processes taking place in the reservoir. 

Kissling et al. (1 996) included the chemistry associated with 
carbon dioxide in the Wairakei geothermal field. While this 
work was successhl, it did expose several shortcomings in the 
software used to implement the method of white (1 995) when 
applied to a large three-dimensional reservoir model. Several 
of these shortcomings were addressed in White and Kissling 
(1 996), which introduced an improved algorithm to determine 
when phase changes take place in a reservoir containing dis- 
solved gases and other aqueous species. 

In this paper we firstly consider modelling the steady state of 
a gas-rich geothermal field. The example chosen is loosely 
based on the Rotokawa field located in the Taupo Volcanic 
Zone (TVZ) of New Zealand. The second example considers 
the evolution of a geothermal field and considers a kinetic reac- 
tion, the dissolution and deposition of silica. We include the ef- 
fect of dissolution and deposition on rock permeability and po- 
rosity and calculate how these rock properties evolve with the 
field. We consider only the effect of silica dissolutioddeposi- 
tion, and ignore the role of thermal stresses and plastic or elastic 
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Figure 1. Cross section of field represented by model. 
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Table 1. Flow rates (m2) into source area, eq means flow rate is 
calculated from equilibrium equations. 

deformation of the rock in creating and destroying permeabil- 
ity. 

Model of a Gas-Rich Field 
The numerical model described here is based on the Ro- 

takawa geothermal field. It is intended to illustrate the concepts 
of chemical modelling rather than being a definitive model of 
the field. 

We have used a modified version of the TOUGH2 (Pruess 
199 1) computer program that allows the inclusion of reacting 
chemicals as part of the model (White, 1995). This means that 
along with calculating pressure and temperature, we may also 
calculate concentrations of a number of chemical species. In 
some cases these species may be more sensitive indicators of 
processes occuring in the reservoir than temperature and pres- 
sure. We have included most of the reactions associated with 
the dissolution and 'transport of C02 and H2S together with 
those associated with the main pH buffer (H4Si04) believed to 
operate at Rotokawa. This gives a total of 11 aqueous species 
and two gases. We have not included any water-rock interac- 
tions such as mica and K-feldspar as these are considered to be 
too slow to affect changes induced by boiling. The reactions as- 
sociated with the CO3' ion have been neglected, as concentra- 
tions of this ion will be very small in fluids having a pH range of 
those found at Rotokawa. Chloride is included partly because it 
acts as a non-reacting species, and partly because Na' and C1' 
affect the activities of the other ions in solution. 

We model the field in two dimensions, representing a verti- 
cal slice through the field. The area covered by the model is 
fiom near the ground surface to a depth of 3.5 kilometers with a 
length of ten kilometers. The grid used to model the reservoir 
contains 300 equal sized elements, constructed by dividing the 

596 

field into ten layers each of 350 meters thickness, and dividing 
each of these layers into 30 elements. Figure 1 is a schematic of 
the area modelled. The area labelled source region represents a 
region over which fluid containing a number of chemical spe- 
cies flows into the system. The flow rates of the various con- 
stituents of this fluid are give in Table 1. The left and right hand 
boundaries of the model are held at constant temperature and 
pressure, with the temperature increasing with depth at 30" C 
p h ,  and the pressures are hydrostatic and consistent with this 
temperature gradient. Chemical concentrations at the side 
boundaries are assumed to be zero. The ground surface slopes 
downward fiom left to right and this gives rise to a pressure gra- 
dient across the field of about 1 bar / kilometer. The bottom of 
the model, other than the source zone, is treated as a no-flow 
boundary. The top of the model is water at 1 bar 20" C and satu- 
rated with oxygen. All other chemical concentrations are taken 
to be zero on this boundary. 

The reactions considered are 

H4SiO+ e H3Si04 + H' 
H S  + 202 w SO,= + H' 

HZS (gas) ~4 HS -I- H+ 
We assume equilibrium between chemical species and 

have taken temperature dependent equilibrium coefficients of 
the form 

4 

Log (K(T)) = c 6,p 
1'0 

The coefficients bi have been taken from the SOLTHERM 
database (Reed and Spycher 1992). 
. Initially the reservoir is assumed to be cool with all chemical 

concentrations at zero. We then allow the model to evolve in 
t h e  until changes in conditions over the field are small. 

Modelling Resu Its 
Initially the system is taken to be at hydrostatic pressure 

with temperature increasing with depth at a rate of 30"per kilo- 
meter. The model is run until an approximate steady state is 
reached. The temperatures, pH and chemical species concen- 
trations are shown in Figures 2-7. At steady state the reservoir 
has a two-phase zone over about a third of its length and above 
about one kilometer below the surface reaching to the surface. 
Waters in this two-phase zone are approximately neutral pH 
and with higher bicarbonate ion concentrations than the rest of 
the reservoir. In the downflow zone located at the left of the 
model we find high sulphate, low pH waters near the surface. 
These waters result fiom the oxidation of the H2S in the upflow 
zone to form sulphuric acid by the oxygen saturated groundwa- 
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Figure 2. Steady state temperature contours. 

Figure 3. Reservoir pH at steady state. 

Figure 4. SO4- x lo6 concentration at steady state (MI. 

Figure 5. HC03- ion concentration at steady state. 
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Figure 6. Partial pressure of C02 (bars) at steady state. 

r I 

Figure 7. Partial pressure of H,S (bars) at steady state 

ter as it is drawn into the reservoir. The extent of the two-phase 
zone is shown in Figures 6 and 7 which are contours of the par- 
tial pressures of C02 and H2S gases in the two-phase zone. 

Evolution of a Geothermal Field 
In this second example we consider the evolution of a geo- 

thermal field and include the transport, dissolution and precipi- 
tation of silica as part of the model. The model of the field is 
based on one of several investigated by Kissling (1 997). 

Silica Chemistry 
There is a large dataset available on the solubility of quartz 

whose temperature and pressure range includes the region we 
are interested in modelling. In the near-neutral range, the disso- 
lution reaction is pH independent and is usually written as 

and the equilibrium constant is 

2 

Providing the activity of water is one this simplifies to 

K = aHISiO4  3 

The only significant silicon species in solution is the neutral 
monomer, H4Si04 (or Si(OH)& At supercritical temperatures 
and pressures there is still controversy about the hydration 
states of silica and Xie and Walther (1993a) prefer to write Si0 
for the neutral species. The thermodynamic properties of Si0 
and Si(OH)4 are identical given the usual (normally most con- 
venient) hypothetical standard state of unit molality where each 
of the species has the properties at infinite dilution at the tem- 
perature and pressure of interest. 

Above about 200°C silica concentrations of hydrothermal 
fluids are controlled by the solubility of quartz so it is reason- 
able to assume that quartz solubility also accounts for large 
amounts of dissolved silica in sub and supercritical solutions. 

The solubililty of quartz in water has been measured over a 
wide range of conditions. Recently Manning (1994) published 
new results for quartz solubility between 500-900°C and 5-20 
kb. He compared his results with the many previous published 
studies and presented an equation accurately reproducing 
measured quartz solubilities in water from 25°C and 1 bar to the 
conditions in his experiments. Data at temperatures less than 
2OOOC and pressure up to 5 kb, were taken from Fournier and 
Potter (1982b). At the higher temperatures and pressures Man- 
ning's experimental results are slightly higher than predicted 
by Fournier and Potter (1982b). Their correlation was heavily 
weighted with data from a study which was shown by Manning 
(1994) to be subject to experimental problems. Thus at sub and 
supercritical temperatures the equation derived by Manning 
( 1994) is preferred. His equation takes a form, depending only 
on temperature and the density of pure water (p). 
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where the coefficients A-G are given in Table 2. 

1"51 -2*2869 2.84 54 -100 6.9 3.5689 
XI 05 4..26 20 -576 4.2 106 108 

Table 2. Coefficients for Manning's equation, Equation (5). 

t, 

The solubility of quartz increases monotonically with pres- 
sure and temperature except for a region in the vicinity of the 
critical point, roughly between 200 and 1000 bar and 375 and 
550"C, where the solubility decreases with temperature at con- 
stant pressure. This is the region of retrograde solubility where 
quartz may dissolve on cooling. In contrast 1 0 6  varies linearly 
with log (pmo ) along isotherms. 

Whether this phenomenon has wide significance for the 
evolution of hydrothermal systems is still being debated (Eug- 
ster, 198 1). Fournier (1 983a, 1985) has postulated that the pre- 
cipitation of quartz in deep parts of a hydrothermal system may 
decrease permeability to such an extent that little convecting 
meteoric water can attain temperatures much greater than the 
quartz solubility maximum. The temperature at which defor- 
mation changes Erom frictional (brittle fiacture) to quasi-plastic 
flow ranges &om about 300 to 450°C. This overlaps the 375 to 
550°C temperature range in which self sealing by the precipita- 
tion of quartz is likely to occur. Fournier concluded that the 
time interval over which meteoric water at hydrostatic pressure 
may interact directly with a shallow intruded body of magma 
may be limited to the early stages of development of the hydro- 
thermal system, or episodically thereafter with creation of new 
fractures by tectonic activity or thermal or hydraulic cracking. 
Adding NaCl shifts the position of the retrograde field but does 
not change any of Fournier's conclusions. 

Rates of Quartz Precipitation and Dissolution 
There have been numerous investigations of quartz kinetics 

in pure water. Over the temperahe range 1 5O-30O0C, Rimstidt 
and Barnes (1 980) derived an E, of 49.8 and 67.4-76.6 kJ/mol 
for quartz precipitation and dissolution in pure water respec- 
tively. Similarly Bird et al. (1986) found the a for precipitation 
to be 5 1-55 kJ/mol in the temperature range 12 1-255°C. The E, 
for quartz dissolution derived in many other studies under dif- 
ferent conditions ranged between 36 and 96 kl/mol (Dove and 
Rimstidt, 1994). Recently Tester et al. (1994) correlated quartz 
dissolution kinetics in pure water using 5 different experimen- 
tal apparatuses and 10 previous investigations, covering the 
temperature range 25 to 625°C. The E, for dissolution was 
found to be 89rt5 kJ/mol. Although this is higher than previ- 
ously reported values, they had no reason to believe that there 
were errors in the dataset which may have resulted in an errone- 

ously higher derived value. The empirical rate equation used 
Was 

5 

where r is the net rate (molkg-s), A, is the active surface area 
(m'), M, is the mass of water (kg), k j s  the forward (dissolution) 
rate constant (mol/m2-s) and m and mSu1 are the molal and molal 
saturated concentrations of H4Si04. The model is essentially 
the same as used by Rimstidt and Barnes (1980), Equation 21, 
except the rate law is based on concentrations rather than ac- 
tivities. The reverse rate constant can be predicted fiom the for- 
ward rate constant using 

6 

Dove (1 994) derived a empirical rate equation which quan- 
tified the quartz reaction kinetics between 25 and 300"C, ac- 
counting for the combined the effects of pH (2 to 12) and the 
rate enhancing effects of alkali (0 to 0.3 molal). The equation is 
based on a surface complexation model of quartz. 

7 

where r hve is the dissolution rate (mol/m2-s), Osio" is the fiac- 
tion of total surface sites occupied by hydrogen ion as B>SiOH, 
O>Siatot is the sum of all the fiactions of total sites existing as 
deprotonated > S i 0  and as a complex with sodium ion interac- 
tion. 

The model predicts dissolution rates in variable solution 
compositions and temperatures and extends to give dissolution 
rates comparable to estimates at 385°C to 430°C by Murphy 
and Helegeson (1 989) (Dove, 1984). 

Dove's results are derived fiom dissolution experiments 
conducted so that the fluid remained very undersaturated with 
respect to silica. For the work described in this paper we have 
assumed a rate law based on Equation (7) of the form. 

where r is the reaction rate (mole/m2-s) K is the equilibrium 
constant, Q the ion activity quotient, rO,, is the reaction rate 
constant given in equation (7). 

The Numerical Model 
Kissling (1997) and others have argued that a single mag- 

matic intrusion provides insufficient heat to drive a geothermal 
field of the type typical of the Taupo Volcanic Zone of New 
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Figure 8. Log of permeability reduction factor at 100,000 years. Figu're 9. Temperature at 100,000 years. 

Zealand. Kissling estimates that several hundred intrusions dis- 
tributed spatidy and in time are required to provide the energy 
dissipated by a geothermal field over it's lifetime. It is sug- 
gested that these intrusions can be represented by a single 
source with a constant output of heat and fluid. This source is 
much more extensive than a single magmatic intrusion. 
Kissling investigated the effect of varying the area of this 
source while keeping the total heat and mass output constant. 

In this work we choose a source area of 26.4 square kilome- 
ters and model the source as an area of constant temperature 
(550 "C) at a depth of 10 kilometers together with an inflow of 
600 O C fluid at a rate of lOkg/sec over this area. This mass flow 
rate is chosen to give approximately 5% magmatic water in the 
reservoir near the surface, which a typical magmatic water fiac- 
tion for a western T V Z  g e ~ ~ e ~ ~  field. This source results in 
a total heatflow of about 260 MW, 200 MW by conduction and 
60 MW from the magmatic fluid. We assume this mapat ic  
fluid is saturated in silica. 

For this p r e ~ ~ ~  work we have adopted a very simple 
permeability structure, a constant permeability of 0.01 milli- 
Darcys throughout the reservoir. Porosity ranges from .01 in 
the deepest layer to 2 in the shallow layers. A key rock prop- 
erty governing silica precipi~tion is the sufface area of rock 
available for interaction with the reservoir fluid. We have taken 
this to be 2.5~10' m2/m3 throughout the reservoir. Clearly per- 
meability, porosity and sufface area are related and should all 
be varied throughout the reservoir, however doing this would 
not alter the general behaviour found in this work. 

Results 
The system is initially assumed to be at hydrostatic pressure, 

with a pressure of ten bars at the top of the model and a linear 
temperature profile from 20" C at the top of the model to 300" C 
at the base. This system is allowed to evolve under the influ- 
ence of the boundary conditions and mass inflow. The change 
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Figure 10. Log of permeability reduction factor at 600,000 years. 
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Figure 11. Temperature at 6~,000 years. 
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in permeability as a result of deposition or dissolution is calcu- 
lated using the methods derived by Weir and White (1996). 

In Figure 8 we present contours of the log of the permeabil- 
ity reduction factor after simulation of the reservoir for 100,000 
years. At the very base of the model, permeability is increased 
by a factor of ten as a significant amount of rock is dissolved in 
the hot (500° C ) fluid at the base of the model. Above this is a 
region of reduced permeability caused by precipitation of silica 
as the fluid rises and cools. This layer has a permeability reduc- 
tion factor of about .l, and covers the source from a depth of 
about 8km to 9.5 km. Above this at about 8km is a narrow layer 
with a, permeability reduction factor of about .O 1. This coin- 
cides with the region containing water near the critical point 
and thus a minimum in silica solubility. It is also the area in 
which boiling began during the evolution of the field. Tempera- 
ture profiles at this time are shown in Figure 9. 

Figure 10 shows contours of permeability reduction at 
600,000 years. The pattern is similar to those at earlier times, 
with a further reduction in pe~eabi l i ty  to about '01 of the 
original value below a depth of 8 km. By this stage the reservoir 
is all single-phase liquid so the rapid change in permeability 
around 8km depth must be caused by the minimum in silica 
solubility around the critical point. In the reservoir above 8km 
there is a zone of deposition from the origin out to about two 
kilometers and between 7.5 and 4.5 km depth. At earlier times, 
this would have been in the center of the rising plume of hot 
fluid. As the field evolves, this area of reduced permeability 
changes the flow patterns in the reservoir, forcing the plume out 
towards the outer edge of the model. From the temperature con- 
tours shown in Figure 11 it appears that energy transfer below 
8km is largely conductive, with a convective cell above 8km. 

Conclusions 
It is possible by including some chemical species in geother- 

mal reservoir models to estimate the variation of chemical con- 
ditions ~ o u ~ o u t  the reservoir. We have illus~ated this with a 
simple model of the Rotokawa reservoir and modelled the for- 
mation of acid sulphate and neutral pH bicarbonate waters near 
the surface. 

The work on silica transport presented here suggests that for 
super-critical reservoirs permeability may be poor in areas of 
permeability near the critical point. This lack of permeability is 
caused by a minimum of silica solubility at these temperatures 
and pressures. Below this area of low permeability there may 
be an area on enhanced p e ~ e a b i l i ~  although the nature of this 
permeability and its duration remain an open question as plastic 
deformation of the rocks my destroy the permeability. 

In our modelling groundwater circulates to the base of the 
model for only a short time (<SO,OOO years) and at later times 
energy transport below 8km depth is largely conductive with a 
convection cell above this. 
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