
WATER & ENVIRONMENT NEWS
XA9953206

Introduction
/"Chemical and isotopic geothermometers are
\_^equations or models based on temperature-
dependent chemical reactions or isotope equilibrium
fractionation relations from which equilibrium tem-
peratures of these reactions can be calculated.

Conventional chemical geothermometers based on
solutes (Silica Geothermometers, Cation Geother-
mometers) and gases (Gas Geothermometers) as
well as on the atoms in water molecules and dis-
solved substances (Isotope Geothermometers) in
geothermal discharges have been used in the last
three decades to predict the temperature at depth of
geothermal systems (reservoir temperature). This is
a key parameter in geothermal resources assess-
ment. The major drawback of ali the conventional
geothermometry methods lies in their incapability in
making a judgment on the equilibrium status of the
studied systems. This review will focus on two
recent approaches in this field. Zhangzhou Geother-
mal Field in SE China will be used as an example to
demonstrate the applications.

Na-K-Mg Geoindicator
The combination of Na-K and Mg-K geothermome-
ter equations allows the construction of Na-K-Mg
ternary diagram or the so-called Na-K-Mg Geoindi-
cator created by Giggenbach (1988), which provides
the possibility in distinguishing equilibrium status in
the geothermal systems by the Na-K-Mg inter-
relations.

The advantage of this diagram is remarkable. It
allows the effect of Mg on the Na-K geothermome-
ters to be assessed more easily. The unique graphi-
cal presentation of geothermometry results makes it
convenient to compare different samples and to
identify possible mixing relations among them. How-
ever, the method is still based on the empirical
geothermometry equations and discrepancy for dif-
ferent cation geothermometers still exists. In fact,
the location the curve of "full equilibrium" curve is
different if a different Na-K geothermometry equa-
tion is used. The difference is pronounced for tem-
peratures lower than about 220 °C (Figure 1).

Equilibrium situation is indicated and maximum
reservoir temperature of about 150 °C is obtained
based on the geothermometry equation by Fournier
(1979), partial equilibrium by Giggenbach (1988),
and super-saturation by Arnorsson (1983). The
reservoir temperature was confirmed by the SO4-
H2O pair Oxygen-18 geothermometer (Figure 2).
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Figure 1. Na-K-Mg Geoindicator with samples from Zhangzhou geothermal
field. The three different curves for "full equilibrium" are based on Na-K
geothenvometry equations by the indicated respective authors (from Pang,
1996).
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Figure 2. Oxygen isotope geothermometer based on the SO^HjO pair.
Filled circles are samples ofgeothermal water from Zhangzhou geothermal
Held, China. The iso-temperature lines are based on Uoyd, 1968 (from Pang
et a/., 1995).

Whole-System Chemical

Geothermometry
The geothermometry method first proposed by Reed
and Sycher (1984) is referred to as theoretical chemical
geothermometry or whole system chemical geother-
mometry. The theoretical basis
of this geothermometry - j = = J a g g r
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method is chemical thermodynamic calculations of
multi-component equilibria involving mineral, water
and gas phases. The result of the thermodynamic
calcuiations allows:

® to evaluate the equilibrium status of the system;
® to obtain equilibrium temperature if an equilibrium

for a mineral assemblage does exist;
« to acquire information as to whether a dilution or

degassing process has taken place.

Differing from the conventional geothermometers,
this method for the first time provide the possibility to
judge the equilibrium status of the studied systems
before making a temperature estimate.

However, this geothermometry method with sound
theoretical basts did not receive immediate wide
application due to the fact that in reality there exist
many factors that would blanket the equilibrium fin-
gerprint.

A recent refinement of the theoretical geothermome-
try was achieved by the FixAl method (Pang & Reed,
1998) which provides the possibility to identify and
solve problems such as an erroneous analytical
value of Aluminum, and influence of processes such
as dilution and degassing, and therefore makes it
possible to reconstruct most of the lost equilibrium".

Errors in Al analyses impose strong effect on theo-
retical chemical geothermometry based on multi-
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Figure 3. A comparison of a normal Log(Q/K) graph (a) with a FixAl
graph (b), where the Aluminum-bearing minerals show different curves
while non-Aluminum minerals remain unchanged. The equilibrium tem-
perature indicated by the convergence of curves is the same (from
Pang and Reed, 1998).
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Figure 4. FixAl result of a geothermal water sample from Zhangzhou
geothermal field, China showing (a) original Iog(Q/K)graph; (b) the same
graph but with 700% C02 added back; (c) FixAl graph showing the recon-
structed equilibrium at 150 °C (from Pang and Reed, 1998).

component chemical equilibrium calculations of mineral
equilibria. The FixAl method employs a modified Q/K
graph to eliminate problems with water analyses lacking
AI or with erroneous analyses of Al. This is made
possible by forcing the water to be at equilibrium with a
selected Al-bearing mineral, such as microcline. In a
FixAl graph, a modified Q/K value is plotted against
temperature for Al-bearing minerals. Saturation indices
of nonaluminous minerals are plotted in the same way
as in an ordinary Q/K graph (Figure 3).

in addition to Al concentration errors, degassing of CO2,
and dilution of reservoir water interfere with computed
equilibrium geothermometry. These effects can be dis-
tinguished in a Q/K graph by comparing curves for
non-aluminous minerals to those of aluminous minerals
then correcting for CO2, loss and dilution by a trial and
error method.

Example geothermaf waters from China, Iceland, and
the USA that are used to demonstrate the methods
show that errors in Al concentrations are common, and
some are severe. The FixAl
approach has proved useful
for chemical geothermometry
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for geothermal waters lacking Al analysis and for
waters with an incorrect Al analysis. The equilibrium
temperatures estimated by the FixAl approach agree
well with quartz, or chalcedony, and isotopic geother-
mometers. Figure 4 is the example of Zhangzhou
geothermal system, which shows the reconstructed
equilibrium after both effects of Al and CO2 are re-
moved.

The best choice of mineral for forced equilibrium de-
pends on pH. For most neutral pH waters, microciine
and albite work well; for more acidic waters, kaolinite
or illite are good choices. Measured pH plays a critical
role in computed equilibria, and we find that the best
pH to use is the one to which the reported carbonate
also applies. Commonly this is the laboratory pH
instead of field pH, but the field pH is still necessary to
constrain CO2 degassing.

The use of chemical or isotopic composition of
geothermal fluids (water & gas) to estimate subsurface
temperature (reservoir temperature) has been a rou-
tine practice in any geothermal project. The develop-
ment and application of chemical and isotopic geother-
mometers have evolved from empirically calibrated
equations based on individual components or minerals
(gases) to the modeling of the equilibrium scenario of
the whole water-gas-mineral geochemical interaction
system in the geothermal environment as briefly dis-
cussed in this review.

Furthermore, as isotopes are being incorporated in the
chemical reaction models (Bethke, 1996), it can be

expected that isotopic geothermometry methods which
do not rely merely on individual isotope exchange
relations but on whole system isotope equilibrium will
probably also be available in the future for geothermal
investigations.
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["ydrology of the Los Humeros
Lgeothermal system is com-

plex because of very high tempera-
ture (>300°C) and acidic geother-
mal fluids. It was concluded that
the geothermal reservoir is a
closed system where there is no
natural recharge to or discharge
from the reservoir, implying that
re-injection of spent brine is essen-
tial for sustainable exploitation of
the reservoir.

This has been achieved by the
IAEA TC project entitled "Regional
hydrology of Los Humeros", which
has provided vital technical assis-
tance in developing the under-
standing of the regional hydrologi-
cal model of the geothermal sys-
tem, through the integration of

chemical and isotopic techniques,
including 87Sr/86Sr.

Based on the improved understand-
ing of the system, the Comision
Federal de Electricidad (CFE) has
programmed to increase electricity
generation capacity from 35 to 85
MWe with installation of two units of
25 MWe each before the year 2000.

In the implementation of the project,
accomplishments were also
achieved in terms of manpower de-
velopment through fellowships and
expert services ensuring sustain-
able geothermal development.

The quality for the measurements of
18O and 2H isotope was assessed
during the project to ensure the

quality of analytical results. Similarly,
the analysis of alcohol in water sam-
ples was implemented in the CFE
lab at Los Humeros for developing
alcohol as a tracer in vapor-
dominated geothermal systems. A
thermal stability study of organic ma-
terial like alcohol, which was con-
ducted through this project, showed
that the alcohol is a good tracer for
geothermal reservoirs of tempera-
tures up to 300°C.

The responsible officer of this pro-
ject is Jane Gerardo-Abaya.
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