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ABSTRACT

One of the most useful tools to estimate the temperature of deep geothermal reservoirs and reduce the costs of exploratory drilling
is solute geothermometry, which is based on the chemical analysis of a fluid sampled from a thermal spring or well. The basic
assumption of solute geothermometry is that the geothermal fluid reaches chemical equilibrium with certain minerals within the
reservoir, and subsequently flows toward the surface without substantially changing its chemical composition. Accordingly, the
concentrations in dissolved elements reflect the thermal conditions at depth. The most commonly applied geothermometers (called
“classical”) are based on the absolute concentration of one dissolved species, like silica (SiO2), or on the concentration ratio of
several dissolved elements such as the sodium-potassium (Na-K), sodium-potassium-calcium (Na-K-Ca) or potassium-magnesium
(K-Mg) ratio. In contrast to classical geothermometers, multicomponent geothermometry computes the saturation indices of
selected minerals expected in the geothermal reservoir over a wide range of temperatures based on full water analyses. The
reservoir temperature is then estimated by the clustering of these saturation indices around zero.

For this contribution, we first perform reactive transport simulations to create a wide range of synthetic conditions and further test
the response of solute geothermometers. Second, we evaluate the response of classical geothermometers and multicomponent
geothermometry when applied to low—medium enthalpy geothermal systems (with reservoir temperatures below 180°C). Under
such thermal conditions, the kinetics of dissolution/precipitation reactions are slower than at higher temperatures, and hence, the
condition of equilibrium may not be achieved. Our evaluation of solute geothermometry was conducted using a database including
water chemical compositions (182 analyses) and measured reservoir temperatures. Our results indicate that Na-K based
geothermometers provide acceptable temperature estimates (Testimated — Tmeasured = £ 20°C) for only ~ 4% of the fluid compositions.
Higher rates of acceptable estimates (up to 60%) are obtained with the multicomponent method when using fixed selected mineral
lists for computing the saturation indices. We consider this result as promising considering that we did not perform a case-by-case
analysis of each geothermal system contained within the database.

1. INTRODUCTION

Solute geothermometers have been used for many years to estimate geothermal reservoir temperatures as a low-cost alternative to
exploratory drilling. The most common applied solute geothermometers (called “classical”) are based on the solute concentration of
dissolved species, like silica (SiO2) (Fournier, 1977; Fournier and Potter, 1982) or the concentration ratio of several dissolved
elements, such as the sodium-potassium (Na-K), sodium-potassium-calcium (Na-K-Ca), or potassium-magnesium (K-Mg) ratio
(Fournier and Truesdell, 1973; Giggenbach, 1988), as it is shown in Table 1. In contrast to classical geothermometers, the
multicomponent geothermometry method, developed by Reed and Spycher (1984), computes the saturation indices (SI) of selected
minerals expected in the geothermal reservoir over a wide range of temperatures based on full water analyses. In particular, the SI

of a specific mineral is given as:
Q
SI =log| = 1
g ( K (M

where Q is the ion activity product and K the mineral solubility constant. The SI are graphed as a function of temperature, and the
reservoir temperature is then estimated by the clustering of these saturation indices around zero (the chemical equilibrium point).

Classical geothermometers have proved to be reliable tools to infer the temperature of high-enthalpy geothermal reservoirs, in
which the geothermal waters reach chemical equilibrium with various aluminosilicates, such as K-feldspar or albite (Fournier,
1977, 1981; Giggenbach, 1983, 1988, among many others). The two main assumptions for a successful application of these
geothermometers are: (1) the reservoir fluid reaches equilibrium with the minerals involved in the geothermometer formulation, (2)
the fluid does not re-equilibrate during its upflow to the surface, due to mineral dissolution-precipitation. However, in low to
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medium enthalpy geothermal reservoirs, the kinetics of water-rock reactions are slower, which make full equilibrium between
fluids and the reservoir minerals less common (White, 1970; Fournier et al., 1974; Truesdell, 1976; Fournier, 1977; 1989; Ellis,
1979). Hence, classical geothermometers usually fail in estimating temperature of low to medium enthalpy geothermal reservoirs.
In this matter, multicomponent geothermometry is more flexible because the user can choose the mineral assemblage to consider in
temperature computations (e.g., Palmer et al., 2014).

The main goal of this study is to evaluate the response of classical and multicomponent geothermometry when applied to low-
medium enthalpy geothermal systems. We first investigate theoretically the reach of each type of geothermometer through a
reactive transport model simulating advanced argillic alteration, occurring within a medium-enthalpy reservoir. In this model, fluid
compositions with different chemical equilibrium states are generated and used to compute both classical and multicomponent
geothermometry. We only simulate chemical reactions within the reservoir, and do not consider secondary processes associated
with fluid upflow towards the surface (assumption 2 described previously). The multicomponent analysis is performed using the
GeoT software (Spycher et al., 2014), the results of which are described in Section 3. We them use a database with more than 180
water compositions from low to mid-enthalpy geothermal systems, including measured bottom-hole temperature, to test the
sensitivity of the multicomponent approach to different mineral groups. Because the database lacks Al concentrations for these
fluids, we use an updated version of GeoT named iGeoT (see Section 3) to estimate this parameter through numerical optimization.

Table 1: Classical geothermometers used in this research

Geothermometer Equation Temperature range of Reference
applicability
Si02 (quartz) T* = — 42.198 (£1.345)+0.28831(+0.01337)S — 150 - 330°C Fournier and Potter
3.6686x10*  (£3.152x105)$2 + 3.1665%1077 (1982)
(£2.421x10°7)83 + 77.034(*+1.216)logS
SiO2 (amorphous silica) T*=[731/(4.52 —log §)] —273.15 20 - 250°C Fournier (1977)
SiO2 (chalcedony) T*=[1032 (4.69 — log S)] —273.15 20 - 250°C Fournier (1977)
Na-K-Ca T* = [1647 / (loglO(Na / K) + PB[logl0((Ca / 4 -340°C Fournier and Truesdell
Na)1/2) +2.06] +2.47)] — 273.15 (1973)
Na-K T2 =[1390/ (logl0(Na / K) + 1.75)] —273.15 >180°C Giggenbach (1988)
K-Mg Te=[4410/ (14.0 — log (K?/ Mg))] — 273.15 >180°C Giggenbach (1988)

3 Temperature (T) in °C.
B =4/3 for T < 100°C; B = 1/3 for T > 100°C

S is the concentration of SiO2 in mg/kg

2. REACTIVE TRANSPORT SIMULATIONS

Reactive transport simulations were performed to create a synthetic hydrothermal system testbed to evaluate the response of both
classical and multicomponent geothermometers. We opted to simulate a case of advanced argillic alteration for the following
reasons. This relatively common alteration type is associated with steam-heated acid-sulfate waters and can occur under low-to-
medium temperature conditions (Reed, 1997). Furthermore, the mineral assemblage considered in the classical Na-K
geothermometer formulation (Na and K-feldspars) are usually fully altered when this type of alteration occurs. It is hence a worst-
case scenario for applying Na-K geothermometers, and an ideal one for testing the potential of the multicomponent method. In
particular, we simulated the alteration of muscovite and paragonite into kaolinite (Kuhn et al., 2004):

2NaAl3Si3010(OH)2 + 2H* + 3H20 — 3AlLSi205(OH)s + 2Na* )
paragonite kaolinite

2KAI13Si3010(0H)2 + 2H" + 3H20 — 3ALSi205(OH)4 + 2K* 3)
muscovite kaolinite
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A description of the simulator, model geometry, fluid flow and mineralogical conditions are presented in the following sections.

2.1 Numerical simulator

Water-rock reaction simulations were performed with TOUGHREACT V3 (Xu et al., 2014), a numerical simulation program for
reactive chemical transport under kinetic or equilibrium conditions. It is based on the non-isothermal multi-phase and heat flow
simulator TOUGH2 (Pruess, 1991). We used the equation of state module EOS1 to simulate fully saturated, isothermal water flow
occurring as a single phase only.

2.2 Modeling approach

We simulate reactive transport along a 200 m long 1D horizontal mesh, discretized into 200 grid blocks of 1 m* volume (Figure 1).
The model domain aims in representing an aquifer with a constant initial lithology, through which an acid-sulfate water
progressively transforms a paragonite and muscovite-bearing mineral assemblage into kaolinite (reactions 2 and 3). In this
simplified model, we consider isothermal conditions (150°C along the model) and a pressure of 10 bars in the first grid block.
These T-P values allows to simulate single phase fluid (no boiling) conditions. A high permeability of 10-'>m? and a porosity of 0.1
was assigned to the entire synthetic aquifer. A boundary element with very large volume (>10°° m?) was assigned to the end of the
column in order to fix pressure and temperature boundary (at 10 bars, and 150°C, respectively).

F— 10m
> 50m
100 m
— 200 m

i Ilm
njection k= 10712 m?2
> $=0.1

T= 150°C, P= 10 bar A
200 m

<
<

Figure 1: Conceptual aquifer used to simulate reactive transport. 10 m, S0 m, 100 m and 200 m arrows indicate synthetic
fluid sampling points.

A source term is assigned to the left-hand boundary block to induce fluid flow within the domain, at a low velocity (~1.25%10¢
m/s). The injected water of acid-sulfate composition corresponds to a geothermal steam-heated water from the Krysuvik geothermal
area in Iceland (Table 2, Kaasalainen and Stefansson, 2012). The initial water filling the aquifer has a composition corresponding to
surface water from Thjorsa river, Iceland (Table B-1, Kaasalainen and Stefansson, 2012).

Table 2: Chemical composition of initial (1) and injected (2) waters (from Kaasalainen and Stefansson, 2012).
Concentrations in mg/l.

# T (°C) pH SiO2 Na K Mg Ca Cl SO4 Al
1 150 7.45 115 7.79 0.47 1.41 3.89 337 4.8 0.01
2 150 2.02 384 150 2.48 31.2 31.2 5.2 3407 258.9

In order to simulate reactions (2) and (3), we assign an arbitrary abundance of paragonite and muscovite to the entire model domain
(Table 3). Kaolinite is initially absent and progressively forms over the simulation period when the two original minerals interact
with the injected acid fluid. Silica is assumed to be present initially as chalcedony. As carbonates and sulfates are common minerals
in geothermal systems (Wanner et al., 2017), initial abundances of calcite and gypsum are also included in the model (Table 3).

Table 3: Initial mineralogical composition used in simulations

Mineral Paragonite Muscovite Kaolinite Chalcedony Calcite Gypsum
Abundance 20 20 0 40 10 10
(vol. %)
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Mineral dissolution and precipitation are simulated under kinetic conditions, following Lasaga et al. (1994) and Steefel and Lasaga

(1994) general expression:
r:A'kzs g l_# . 1_2 4)
R\T 298.15 K

where r refers to the reaction rate (mol kgmo™! s1), 4 is the specific reactive surface area per kgmo, k25 is the reaction rate constant
at 25°C (mol m? s!), Ea is the activation energy (kJ/mol), Q is the ion activity product and K is the equilibrium constant of the
reaction (Table 4). A specific reactive surface area of 394 cm?/g was used for chalcedony, calcite and gypsum, while higher surface
area of 6824 cm?/g was assigned to paragonite, muscovite, and kaolinite. These values were taken from Dobson et al. (2003).
Reaction rate constants and activation energies were selected according to Palandri and Kharaka (2004). Finally, TOUGHREACT
was run with the ‘soltherm.H06’ thermodynamic data by Reed and Palandri (2006). The simulation was run for a period of 1000
years, which was enough to reach steady-state conditions (Figure 2).

Table 4: Equilibrium constants, reaction rate constants, activation energies and reactive surface areas of considered
minerals dissolution/precipitation reactions.

Mineral Log(K)? k2s(moles m? s71)P Ea (kJ/mol)® Surface area (cm?/g)*
Paragonite 12.415 1.00E-13 22 6824
Muscovite 8.708 2.81E-14 22 6824
Kaolinite 3.18 6.60E-14 22.2 6824
Chalcedony -3.728 3.92E-12 74.5 394
Calcite 1.816 1.54E-06 23.5 394
Gypsum -4.443 1.62E-03 0.0 394

* At 25°C, according to Soltherm.H06 database (Reed and Palandri, 2006).
b At 25°C, according to Palandri and Kharaka (2004).

¢ Taken from Dobson et al. (2003).

3. GEOT-IGEOT AND DATABASE ANALYSIS

Spycher et al. (2014) developed the GeoT software to automate the multicomponent approach. GeoT performs some statistical
analysis of the SI curves to estimate the equilibrium temperature. In particular, it computes the median (RMED), mean (MEAN),
standard deviation (SDEV) and root mean-square error (RMSE) of saturation indices as a function of temperature (Figure 3). Also,
it computes the temperature spread (Tspread), which is the temperature interval defined by the saturation indices (at SI = 0) of the
considered minerals. The estimated equilibrium temperature is given by the minimum median of absolute SI values. The user is
allowed to specify a given number of “best-clustering” minerals to be considered in the temperature estimation. To select these
minerals, GeoT eliminates all those minerals with SI above a value of 0.05 over the entire temperature range considered, and then,
evaluates the median (RMED) of the remaining mineral SI at all temperatures. Finally, the program selects the of “best-clustering”
minerals as the minerals showing the lowest RMED values over the entire temperature range. More recently, GeoT was coupled
with iTOUGH2 (Finsterle and Zhang, 2011) to become iGeoT (Spycher and Finsterle, 2016). This updated version allows
reconstruction of deep geothermal fluid compositions by numerical optimization of input parameters (e.g. aqueous and gas species
concentrations, dilution fractions, and steam weight fractions).

We first process the composition of the synthetic water samples generated with TOUGHREACT using the most recent GeoT
version 2.1. We assume that we do not have any knowledge on the mineral assemblage constituting the modeled aquifer nor on the
thermal regime. Therefore, GeoT is run with a large list of minerals commonly found in low and high geothermal systems, such as
zeolites, clays, micas, carbonates, feldspars, sulphates and SiO2 polymorphs. This list is further referred as Group 6 (Table 4). As a
natural geothermal fluid is not expected to equilibrate with a large amount of minerals (according to Gibb’s Phase Rule), we ask
GeoT to compute equilibrium temperature with only 6, “best-clustering”, minerals. We expect that GeoT selects the same minerals
that are specified in the reactive transport simulation (i.e. paragonite, muscovite, kaolinite, chalcedony, calcite and gypsum) to
calculate reservoir temperature. Results from the simulation and GeoT analysis are discussed in Sections 4.1 and 4.2.

The second part of this study consists in testing the sensitivity of the multicomponent approach to using different mineral groups for
calculating fluid-mineral equilibria. For this purpose, we analyzed a database with more than 180 water chemical compositions
from geothermal wells sampled around the world, using only samples derived from wells with bottom-hole temperatures below
180°C. This database comes from a larger compilation by Kuhn et al. (2004). We ensured that each water analysis had a charge
balance error within £10%, a measured pH and reported concentrations in Na*, K*, Mg?*, Ca?*, Cl-, HCOs", SO4> and SiO2.
However, Al concentrations are mostly missing from the database. Because Al concentration is required for computing SI of
aluminosilicates, we used iGeoT (v1.0) to estimate the Al concentration. This program performs parameter optimization through
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the analysis of an objective function. This function is obtained from the difference between the model calculation and the observed
data. Several minimization algorithms, implemented in iGeoT, allow to look for the minimum value of the objective function by
iteratively updating the model parameters and determining the response of the model to variations of any input parameters. In this
study, we used the grid search algorithm that provides a systematic evaluation of the objective function in a parameter space. In
particular, we considered an objective function that takes into account the median (RMED) of saturation indices, as well as the
spread of temperatures (Tspread). iGeoT therefore automatically looks for Al concentrations that minimize these two parameters.
iGeoT is asked to search for an Al concentration within a range between 1 x 10 to 1 x 107!° mol/L. This range, taken from Peiffer
et al. (2014), was estimated by optimizing Al concentrations for a real geothermal field site (Dixie Valley, Nevada). Additionally,
another methodology for constraining Al concentration was implemented. It is based on the approach presented by Pang and Reed
(1998) named “Fix-Al” method, and consists of assuming that the concentration of Al is constrained by thermodynamic equilibrium
with a selected Al-bearing solid phase over the entire considered temperature range. In this study, Al concentration was assumed to
be controlled by equilibrating the fluid with microcline. The “Fix-Al” method was applied to the database considering the mineral
group 6.

For analysis of the water samples from the geothermal database, we developed a code in Python language. This code modifies
iGeoT input files to incorporate all the water compositions included in the database with the purpose of automating the program
execution. Also, the code incorporates mineral lists defined by the user to the iGeoT input files. Finally, the code evaluates iGeoT
results and determines if the geothermometers provide acceptable temperature estimates (Testimated — Tmeasured = £ 20°C). Similar to
the reactive transport study, we assume that we do not have any knowledge of the thermal regime at depth and the type of reservoir
minerals present. Therefore, iGeoT was run with different mineral groups commonly found in low and high temperature geothermal
systems, such as zeolites, clays, micas, carbonates, feldspars, sulphates and SiO2 polymorphs (Table 4). The first five groups
contain 6 minerals, while, the last one (group 6) includes all the minerals from the other groups. This last group was previously
used for the reactive transport modeling study. When iGeoT is run with the first 5 groups, it estimates the temperature considering
all 6 minerals in these groups. When Group 6 is used, only the 6 “best-clustering” minerals are considered for temperature
computation (automatic selection), with the condition that only one of the three SiO2 phases (quartz, chalcedony and amorphous
silica) is retained.

One relevant point is that we can only select minerals for which dissolved concentrations of their components are known (or can be
estimated). That is, we can only use minerals whose compositions can be expressed by aqueous species considered in the
simulations, namely ONa', K*, Mg?*, Ca?", Cl-, HCOs, SO4%*, SiO2 and Al. Results from the database analysis by iGeoT are
discussed in Section 4.3.

Table 4: Mineral assemblages used in iGeoT

Group Minerals

1 Quartz, microcline, albite, phlogopite, laumontite and anhydrite

2 Chalcedony, microcline, calcite, clinochlore, Na-clinoptinolite and kaolinite

3 Quartz, K-clinoptinolite, paragonite, Mg-beidellite, heulandite and dolomite

4 Chalcedony, albite, muscovite, stilbite, Mg-montmorillonite and gypsum

5 Amorphous silica, Na-montmorillonite, prehnite, K-beidellite, magnesite and albite
6 All the previous minerals

For this analysis, the thermodynamic database SOLTHERM.HO06 (Reed and Palandri, 2006) was employed.

4. RESULTS AND DISCUSSION

4.1 Reactive transport simulation

Saturation indices values were calculated for different water compositions sampled along the length of the simulated aquifer, at a
time of 1000 years (end of simulation). Figure 2A shows the SI of the 6 minerals considered in the simulation. Within the first 10
meters of the modeled domain, the fluid is predicted to be undersaturated with respect to gypsum, calcite, muscovite, and
paragonite, which means that these minerals dissolve. The injected acid-sulfate fluid is slightly supersaturated with respect to
kaolinite, which precipitates. Muscovite and paragonite dissolution releases K, Na, Al and SiO: into solution. Kaolinite
precipitation consumes Al and SiOz. The coupled dissolution of paragonite and muscovite and precipitation of kaolinite consumes
H*. The H" consumption induces a progressive neutralization of the injected acidic fluid. The pH evolution along the mesh (Figure
2B) becomes stable (near pH 6.5) at 100 m, where the fluid reaches close-to equilibrium conditions with most minerals (Figure
2A). At this distance, the fluid is still slightly supersaturated with respect to kaolinite (SI= 0.097), and tends to reach full
equilibrium with this mineral towards 200m. As chalcedony solubility does not depend on pH (at least below pH of 8, Rimstidt and
Barnes, 1980; Rimstidt, 1997), the evolved fluid composition at 1000 years is at equilibrium with this mineral along the entire
modeled domain.
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Figure 2: (A) Mineral saturation indices and (B) corresponding pH after 1000 years of reactive transport simulation over a
200-meter long modeled domain.

The resulting “synthetic” water was “sampled” at different points of the mesh (10, 50, 100 and 200 m) and subjected to
geothermometry calculations using both GeoT and classical geothermometers. In the following section, we discuss these results in
detail.

4.2 Multicomponent and classical geothermometry applied to synthetic waters

Results from classical and multicomponent geothermometry computations applied to synthetic water samples “collected” at 10, 50,
100 and 200 m in our modeled domain after 1000 years are illustrated in Figure 3. In the 10 m case, multicomponent
geothermometry, computed with GeoT, gives a temperature of 198°C, overestimating by 48°C the simulated temperature (150°C).
This discrepancy is a direct result of the lack of equilibrium between the fluid and minerals; at this distance, chalcedony is the only
mineral to have reached equilibrium. Furthermore, the 6 best-clustering minerals chosen by GeoT (muscovite, Mg-beidellite,
quartz, chalcedony, Ca-montmorillonite and amorphous silica; Figure 6) do not fully correspond to the minerals involved in the
reactive transport simulation (paragonite, muscovite, kaolinite, chalcedony, calcite and gypsum). The Na-K geothermometer
significantly overestimates the temperature (573°C) as well as the Na-K-Ca geothermometer (367°C). The K-Mg geothermometer
underestimate the temperature but shows a more reasonable result (131°C). Because chalcedony remains at equilibrium within the
entire modeled domain, the chalcedony geothermometer estimates perfectly the temperature (150°C) at each sampling point, while
the quartz geothermometer expectedly overestimates it (173°C). With the 50 m synthetic sample, GeoT estimates the correct
temperature (150°C) and identifies all simulated minerals, except kaolinite (3B). The 50 m fluid is still supersaturated with respect
to kaolinite (SI = 0.35; Figure 2A). Consequently, GeoT choses a mineral which is closer to equilibrium, in this case the Mg-
montmorillonite. Using the 50 m synthetic fluid composition, the Na-K, Na-K-Ca and K-Mg geothermometers significantly
underestimate the modeled system temperature (111°C, 51°C and 46°C, respectively).

From 100 m on, GeoT is able to identify the correct temperature as well as all of the simulated minerals, even if the fluid is still
slightly supersaturated with respect to kaolinite (Figure 2A). The Na-K, Na-K-Ca and K-Mg geothermometers grossly
underestimate the system temperature (94°C, 53°C and 44°C, respectively).
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Figure 3: Mineral saturation indices (log(Q/K)) and statistical parameters computed for the synthetic water at 10 m (A), 50
m (B), 100 m (C) and 200 m (D). RMED refers to the median, RMSE to the root mean square, SDEV to the standard
deviation and MEAN to the average of the saturation indices of minerals shown, at each temperature.
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4.3 Sensitivity of the multicomponent method to minerals selected for geothermometry

Results from the geothermal well database analysis are expressed in percentage of correct temperature estimations (Table 5). We
consider that a geothermometer provides a correct temperature estimation if the difference between the estimate and the measured
reservoir temperature is within +20°C. iGeoT provided correct estimations in 19 to 61% of all cases, depending on the minerals

groups used for the computations (Table 5), while the chalcedony and Na-K geothermometers reach percentages of 34% and 4%,
respectively.

Table 5: Percentage of waters whose temperature estimation uncertainty are in a range of £20°C.

Mineral group iGeoT

19
61
54
41
45
38
6 with Fix-Al 53

[« XNV, I NS I (S

Figures 4A and B shows iGeoT estimates (as well the results from chalcedony and Na-K geothermometers for comparison) for each
water of the database using the mineral groups 2, 3 and numerically optimizing the Al concentration. Figure 4C illustrates the
results from the Fix-Al method using the mineral group 6. Accordingly, iGeoT successfully estimates measured temperatures for
more than 50% of all cases. This is a rather high number, assuming that low to medium enthalpy geothermal fluids are less likely to
reach full chemical equilibrium with wall-rock minerals that high enthalpy ones. Furthermore, our analysis was not performed case-
by-case, and no attempt was made to have a better constraint on the actual reservoir mineral assemblage. Although we estimated Al
concentration through numerical optimization, we did not account for any secondary physical-chemical processes such as fluid
mixing, boiling or chemical re-equilibration. The success of the method likely relies on the statistical approach implemented in
GeoT-iGeoT. As shown theoretically with the TOUGHREACT simulation, even when the fluid is out of equilibrium with some of
the minerals of the reservoir, iGeoT is capable of estimating a reasonable temperature. Another reason is that sulfates, carbonates
and silica polymorphs (considered in the iGeoT runs) re-equilibrate faster (higher kinetics rate constants, Table 3) than
aluminosilicates, which likely is an advantage for estimating temperature of low to medium enthalpy systems.
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Although we obtained a high rate of reasonable temperature estimations (up to 61%), it is not expected that all the waters from the
database reach equilibrium with the same groups of minerals. For this reason, iGeoT was also run with the 25 minerals from Group
6 and asked to select the 6 “best-clustering” minerals for every single water. Results from this exercise lead to a lower percentage
of correct temperature estimation (38%) when using iGeoT and the grid search approach for estimating Al concentration. This is
due to a limitation of the optimization process when the option to down-select “best-clustering” minerals is enabled. When a large
mineral list is specified, the list down-selected minerals continuously changes during the optimization process, which can cause the
objective function to become highly discontinuous and increases the likelihood of optimization convergence to a false minimum
(Spycher and Finsterle, 2016). To avoid such issue, iGeoT was run with the same large group of minerals, but using the “Fix-Al”
method instead of optimization to estimate the Al concentration. Al concentration was assumed to be controlled by equilibrating the
fluid with microcline. In this case, a percentage of 53% of correct temperature estimations was obtained (Figure 4C). Although this
percentage is significant, it must be noted that the “Fix-Al” method is sensitive to the choice of the mineral selected to fix the Al
concentration.

5. CONCLUSION

A reactive transport model was used to simulate a case of advanced argillic alteration and create synthetic water compositions with
different chemical equilibrium states, to test the response of solute geothermometers. When the fluid is far from equilibrium with
minerals, the multicomponent approach computed with GeoT overestimates the reservoir temperature. However, once the fluid
starts equilibrating, but still does not reach full equilibrium with all considered minerals, GeoT is able to estimate a reasonable
reservoir temperature. In this theoretical study, the silica geothermometer (chalcedony) seems to the best option to estimate the
temperature of the modeled reservoir, because silica has a solubility that depends mostly on temperature (not affected by acidic pH)
and reaches equilibrium faster than aluminosilicates (higher kinetic reaction rate). However, for a correct application of the silica
geothermometer, the user needs to have an idea of the thermal regime of the system in order to choose between the different silica
geothermometer formulations (amorphous silica, chalcedony or quartz), and amount of dilution/mixing. In contrast, we showed that
the multicomponent geothermometry method implemented in iGeoT is theoretically able to identify the minerals reaching
equilibrium with the fluid thanks to the statistical analysis of the SI curves (“best-clustering” minerals). This is a major advantage
over the silica geothermometers. The Na-K geothermometer clearly fails to estimate temperature when the dissolved concentration
in Na and K is not controlled primarily by feldspars.

Regarding the solute geothermometry application to low-medium temperature systems, we showed that multicomponent
geothermometry with numerical optimization can provide more accurate temperature estimations than Na-K geothermometry. The
percentage of waters within £20°C range of uncertainty was 4% for Na-K geothermometer while that of iGeoT was 19% — 61%.
These results are promising considering that we did not perform a case-by-case analysis of each geothermal system contained
within the database of thermal waters considered. Also, we did not perform numerical optimization of parameters besides Al
concentration (e.g. concentration/dilution fractions, steam weight fractions). Performing numerical optimization of additional
parameters could improve the temperature estimation. A more thorough evaluation of the mineral assemblages would also likely
lead to a better performance of the optimized multicomponent approach.
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