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SUMMARY -The Cordon Caulle geothermal area, Southern Chile, hosts an active geothermal system
expressed at surface in multiple fumaroles and boiling hot springs. The latter correspond essentially to
dilute (TDS < 600 ppm), low chloride (< 50 ppm)-bicarbonate thermal waters, where solute
geothermometers yield subsurface temperatures in the range of 150°-170°C. Using CO,/Ar-H,/Ar,
CO/CO,-CH4/CO, and CO/CO,-H,/H,0 gas ratio plots, subsurface temperatures greater than 300°C are
estimated for fumaroles and on the order of 160°C for hot spring gases. Fumaroles also match the
expected compositions of vapours separated at low temperature (< 200°C), supporting a model of a deep
boiling liquid-dominated geothermal reservoir overlain by shallow steam-heated layers. In order to test
these findings, gas chemistry data from selected liquid-dominated and vapour-dominated systems are also

incorporated for comparison.

1. INTRODUCTION

Cordon Caulle (40.5°S) is one of the largest active
geothermal systems of the Southern Andes of
Chile. Based on chemical and isotopic data from
hot springs and fumarole condensates, Sepulveda
et al. (2004) hypothesized the existence of a
steam-heated aquifer overlying a deep vapour-
dominated system at Cordéon Caulle. Estimated
equilibration temperatures of the steam-heated
aquifer range from 150°C to 170°C. No
exploratory wells have been drilled at Cordon
Caulle to confirm this model.

Gas chemistry data from fumaroles and hot
springs of Cordén Caulle are used here to have a
better understanding of the thermal and physical
structure of the geothermal system. Comparison
with gas data from selected liquid-dominated and
vapour-dominated systems is performed by use of
gas ratio plots (Giggenbach and Goguel, 1989;
Chiodini and Marini, 1998).

2. GEOLOGICAL BACKGROUND

The Cordén Caulle geothermal area consists of a
15 km long, 5 km wide, flat-topped volcano-
tectonic depression, bounded to the northwest by
the 8.5 km wide Caldera of Cordillera Nevada
(active between ca. 0.4 Ma—0.12 Ma; Sepulveda
et al., 2005a; Lara et al., 2006), and to the
southeast by the 2240 m high Puyehue Volcano
(active between 0.25 Ma-2.7 Ka; Harper et al.
2004).

Silicic volcanism started at ca. 40 Ka in Puyehue
Volcano (Harper et al., 2004) and at ca. 70 ka in
Cordon Caulle. The latest expression of silicic
volcanism of Cordéon Caulle corresponded to
fissure eruptions of rhyodacite composition

(1921-1922 and 1960; Lara et al., 2004).
According to gravimetric modeling, about 500 m
of felsic lavas and tephra are nested within the
upper part of the depression of Cordon Caulle
(Sepulveda et al., 2005). Underlying this package
are mafic-dominated lavas and crystalline rocks.
The latter are inferred from geological outcrops as
well as from the lithic content of Quaternary
strombolian deposits in the surrounding areas
(Septlveda et al., 2004).
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Figure 1 — Simplified geological map of the Cordon
Caulle geothermal area. TR = Trahuilco; AZ = El
Azufral; LS = Las Sopas; LV = Los Venados.

4. THERMAL MANIFESTATIONS

Fumaroles of Cordon Caulle occur at the top of
the system (> 1400 m) spatially associated with
the edges of the volcano-tectonic depression in
three main discharge zones: Las Sopas (LS), Los
Venados (LV) and El Azufral (AZ), the latter
being emplaced in the pumice cone of the same
name (1960 eruption; Fig. 1). In all these
fumarolic areas steam is discharged at near-
boiling temperature (93°C) forming acid-sulfate
alteration and solfataras.

Inside the Caldera of Cordillera Nevada,
specifically in the locality of Trahuilco (TR; 1000
m; Fig. 1), ca. 100 I/s of boiling springs are
discharged in association with silica sinter
deposits (made up of Opal-A; Sepulveda et al.
2004). In terms of these surface deposits, TR
springs resemble high-enthalpy liquid-dominated
system-related hot springs, but differ from these
in low TDS (< 600 mg/l), low chloride (< 50
ppm) and high bicarbonate (Sepulveda et al.
2004).

3. METHODS

Gas samples were collected into “Giggenbach-
type” glass bottles (Giggenbach and Goguel,
1989) containing 100 ml 4 to 6 N NaOH and 15
ml 1 N CdCl, for the absorption of CO,-NH; and
H,S, respectively. Gas samples for CO
determination were taken without NaOH to avoid
partial transformation of CO into formate
(Giggenbach and  Matsuo, 1991). Gas
concentrations were determined in Thermochem
Laboratories, USA, wusing wet analytical
techniques for CO,, H,S and NHj;, and gas
chromatography for all insoluble gases.

4. GAS GEOTHERMOMETRY

We propose a revised version of the CO,/Ar-
H,/Ar grid (Giggenbach and Goguel, 1989) where
the main modifications are:

(1) Gas samples are assumed to be boiling
derivatives of a reservoir liquid, present in
both liquid and vapour-dominated systems
(e.g. Grant, 1979). An equilibrium vapour is
calculated accordingly as Logra,v = LogBa, +
Logra,. This differs from the relationship
Tarv = Iarp adopted by Giggenbach and
Goguel (1989), which appears to be
inconsistent with Henry’s Law.

(2) CO,(g) is assumed to follow the empirically-
derived formulation of Arndrsson (1985)
instead of that of Giggenbach (1984).

(3) rCO; is corrected for steam compressibility
following Powell (2000).

In the modified CO,/Ar-H,/Ar grid presented at
conventional redox conditions (i.e. Ry = -2.8;
Giggenbach, 1987), subsurface temperatures >
300°C are obtained for fumarolic gases (higher
temperatures in LS relative to LV) and >150°C
for hot spring gases of Cordon Caulle (Fig. 2).
Unlike in the conventional CO,/Ar-H,/Ar grid, in
the modified version CO,/Ar temperatures of
sample TR are in good agreement with
temperatures derived from aqueous
geothermometers (Sepulveda et al., 2004).

The modified CO,/Ar-Hy/Ar grid also works well
with other geothermal systems. Samples from
Kamojang (vapour-dominated; Grant, 1979;
Giggenbach et al., 2001), Philippines (Cagua and
Alto Peak; Tr > 300°C; Giggenbach, 1993) and to
a lesser extent Wairakei (7 ~ 260°C; Mannington
et al., 2004; Giggenbach and Goguel, 1989;
Giggenbach, 1995) show good agreement with
documented reservoir temperatures (7;) at near
conventional redox conditions. In Broadlands,
where the original CO,/Ar-H,/Ar  grid
successfully predicts 7z ~ 300°C (Hedenquist,
1990), the modified grid fails to predict reservoir
temperatures with the CO,/Ar system, but this is
thought to reflect the CO,-rich condition of
Broadlands (Fig. 2).

Other liquid-dominated geothermal systems like
Miravalles (TR = 230-255°C; Gherardi et al.,
2002), Valles Caldera (T up to 295°C; Goff and
Janik, 2002) and to some extent Wairakei and
Philippines (Mt Apo; Tz = 260°C), show good
match with reservoir temperatures at redox

conditions  slightly more oxidizing than
conventional.
Some liquid-dominated geothermal systems,

including El Tatio-Chile (7 = 263°C; e.g.
Lahsen, 1988) and Mambucal-Philippines (T =
200°C; Giggenbach, 1993), require particularly
oxidizing conditions (near Ry = -4.0) to match the
expected equilibration conditions. In El Tatio,
high CO,/Ar ratios have been attributed to
secondary processes (Tassi et al., 2005). In The
Geysers (Truesdell et al., 1991; Lowestern et al.,
1999), abnormally reducing conditions (Ry = -
1.7; Fig. 10) are required to reproduce measured
temperatures and vapour-dominated equilibrium
conditions (Fig. 2).

The CO/CO,-CH4/CO, (Giggenbach and Goguel,
1989; Fig. 3) and CO/CO,-H,/H,O grids
(Chiodini and Marini, 1998; Fig. 4) are used for
independent assessment of reservoir temperatures,
redox conditions and vapor-dominated conditions,
assuming that vapours from a vapour-dominated
field are most likely to form through single-step
boiling at high temperature, that is, between Ty
and Ty-2, and vapours from liquid-dominated
systems are most likely to form through single-



step boiling at low temperature, that is, between

Tr-2 and 100°C.

Figure 2 — The COy/Ar-
H,/Ar grid (after
Giggenbach and Gouel,
1989)  showing  gas
samples of Cordon Caulle
(f = “fumarole”, hs = “hot
spring”) and elsewhere at
different redox states.
Measured  temperatures
are shown for reference.
VC = Valles Caldera,
USA; GY = The Geysers,
USA; PH = Philippines;
BR = Broadlands, NZ;
WK = Wairakei, NZ; TA
= El Tatio, Chile; KA =
Kamojang, Indonesia.
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Fumarolic gases of Cordon Caulle plot within
the liquid-dominated field at Ry = -3.1, yielding
subsurface temperatures > 300°C. Kamojang
(Tg = 240°C) shows good match with the vapor-
dominated region at Ry = -3.3 (Fig. 3). At these
redox conditions, liquid-dominated systems like
Ahuachapan-El Salvador (T = 250°C; Aunzo et
al.,, 1991) and Cagua-Phillipines show good
agreement with measured temperatures (Fig. 3).
In El Tatio, only CH4/CO, temperatures are in
good agreement with reservoir temperatures
(263°C) at Ry =-3.3.

Presented at conventional Ry = -2.8 for TR
waters, the CO/CO,-CH,/CO, grid shows
CH,4/CO, temperatures (about 150°-160°C; Fig.
3) in good agreement with H,/Ar temperatures,
solute geothermometers and the K*/Ca-based
CO;-barometer (Septlveda et al. 2004;
Sepulveda et al., 2006). However, at this redox
state, the CO/CO, geothermometer yields
temperatures > 300°C for TR waters raising an
inconsistency, not well understood yet, with
respect to all the geochemical indicators listed
above.

In the CO/CO,-Hy/H,O grid (Fig. 4), samples
from Larderello fall within the vapor-dominated
field at empirical redox conditions (D’Amore
and Panichi, 1980). Kamojang departs only
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slightly from this vapor-dominated field. Other
liquid-dominated fields (e.g. Ahuachapan and
most Phillipine systems) plot within the liquid-
dominated field at these redox conditions (Fig.
4). Fumaroles of Cordon Caulle plot within the
liquid-dominated field for a range of redox
conditions, including the empirical buffer
shown in Figure 4, yielding subsurface
temperatures greater than 300°C. This fact does
not corroborate the hypothesis of Sepulveda et
al. (2004) of a deep vapor-dominated system.

5. CONCLUSIONS

By comparison of gas data of Cordon Caulle
and elsewhere, it follows that a high variability
of redox conditions is present among
geothermal systems and eventually within a
particular geothermal system. The advocated
variability is well represented by Cordén
Caulle, where fumarolic gases appear to have
equilibrated in a boiling liquid-dominated
reservoir at temperatures greater than 300°C
under redox conditions slightly more oxidizing
than conventional redox conditions. On the
contrary, hot spring gases of Cordon Caulle
appear to have equilibrated in a cooler (about
160°C) and more reducing environment (near
the conventional redox state), most likely
related to a secondary steam-heated aquifer.
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Figure 3 — The CO/CO,-CH4/CO, grid (Giggenbach and Gouel, 1989) showing gas samples of Cordon
Caulle and elsewhere at different redox states. Measured temperatures (in brackets) and a hypothetical
“vapour-dominated field” shown for reference. LA = Larderello, Italy; PH = Philippines; AH =
Ahuachapan; TA = El Tatio, Chile; KA = Kamojang, Indonesia.
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Figure 4 — The CO/CO,-Hy/H,0 grid (Chiodini and Marini, 1998) showing gas samples of Cordon
Caulle and elsewhere at empirical redox conditions. Caption as in Figure 3.
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