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The first isotopic and geochemical data on samples of fresh waters, hot waters and
vapor condensates from the geothermal system Copahue-Caviahue are presented.

*H, *H and '"O analyses, suggest that the recharge of meteoric water in the deep
seated reservoir occur at around 2000 m a.s.l. In addition a shallower hot water
reservoir show a recent recharge at the same altitude.

d"C of the CO, coming with vapor in one of the fumaroles (‘‘Las Maquinitas')
—6,8%0 vs PDB and the high gas-vapor ratio account for its magmatic origin and
for the existence of a magmatic fed hydrotermally alterea pipe.

d"™0 and d’H data on vapor of the ‘*Copahue-1"’, first drilled geothermal well,
sampled recently and two years ago, show an evolution in the isotopic content as
well as in the gas vapor ratio. This fact along with the geochemical and geophysical
evidences allow the establishment of a preliminary model for the geothermal
reservoir.

Os primeiros dados geoquimicos e isotdpicos obtidos em amostras de dguas termais
e ndo-termais, e em vapores condensados provenientes do sistema Copahue-Cavia-
hue sdo apresentados.

Andlises 'H, *H e 'O mostram que a recarga de aguas metedricas do reservatorio
profundo ocorreram a aproximadamente 2000 m acima do nivel do mar. Além dis-
50, um reservatorio mais superficial de dguas termais mostra uma recarga recente a
mesma altitude.

d* do CO, carregado pelo vapor de uma das fumarolas (*‘Las Maquinitas®’) -6,8% x
PDB e a alta razdo gas-vapor indicam a sua origem magmatica ¢ a existéncia de um
conduto de alimenta¢io magmatica hidrotermicamente alterado.

Dados de d'" e d*H no vapor do primeiro pogo geotérmico perfurado, “‘Copa-
hue-1"", amostrado recentemente ¢ ha dois anos atras, mostram uma evolugio na
composi¢do isotdpica assim como na razdo gas-vapor. Este fato, e evidéncias geofi-
sicas ¢ geoquimicas, permitem o estabelecimento de um modelo preliminar para o
reservatorio geotérmico.,

(Traduzido pela Revista)

INTRODUCTION

The Copahue geothermal system is one of the few
vapor dominated fields still remaining unexploited. It
has been widely studied from the geological, geophysical

and chemical points of view. From the earliest work of

Groeber & Corti (1920), geologic, geophysical, and
geochemical studies have been carried out (Groeber &
Perazzo, 1941; Corti & Manuele, 1942; Dalo, 1960:
Jurio, 1977; and as well as other internal reports). As a
result of these studies, a good general knowledge of the
geothermal system has been acquired. Nevertheless,
several questions still remain unanswered.

Since about 30 years ago the isotopic techniques
have shown their usefulness in solving a great number of
problems in geothermal exploration and exploitation

(Craig, 1952; White et al., 1963; Arafia & Panichi, 1974;
Panichi et. al., 1974; Panichi & Gonfiantini, 1977;
Panichi et al,, 1977; Sakai, 1977; and others), however
they have been hardly used in the study of Argentine
geothermal resources.

The aims of this work are, by using isotope
techniques as well as by new geochemical determina-
tions, the clarification of some of the following
questions concerning the Copahue geothermal field:

1. The origin of the geothermal water and vapor.
The possible relationship with the present meteoric
cycle and eventually the location of the recharge area.
2. The temperature of the deep geothermal reservoir.
3. The origin of geothermal gases and the causes of
warm water mineralization.
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To carry out this study two field trips were made.
Fluids from principal natural manifestations and the
only well drilled up to now were sampled and chemical
and isotopic analyses carried out.

The data obtained show reasonable agreement with
the preliminary model of the geothermal system based
on results of earlier studies as well as geological and
geophysical evidences.

GEOLOGICAL AND CLIMATIC APPROACH
Working area

The Copahue geothermal field is located in the NW
of the Neugquén province, near the chilean border at
about 37° 50°S and 71° 05'W, 300 km from Neuquén
city. Altitude of the system ranges from 1600 to 2300 m
a.s.l. The present topographic conditions show a
juvenile evolution of the area with moderately craggy
shapes.

Copahue Volcano, 2930 m a.s.l. is located west of

the studied area. North and east a sharp scarp of about
400 m limits the area from the sorrounding plateau.

The scarp is cut by permanent water streams, Agrio
River, Trolope creek and others, which drain the
Copahue Caviahue depression (Figure 1).

Geology

The volcano-tectonic depression of Copahue
consists of a thick sequence of Tertiary magmatic rocks.
The existance of a strong thermal anomaly in this
area is believed to be due to the presence of a magma
chamber formed as a result of recent volcanic activity.

With exclusion of the rather small andesitic lava
flows, the remaining area of geothermal interest is
covered by the voleanic Palao Co Formation of Pliocene
age. The exposed thickness of the sequence is greater
than 2000 m overlying Tertiary sedimentary rocks
(lower Miocene), outcropping 20 km north of Copahue
(Pilin Challa valley). Those sedimentary layers were
found between 1800 and 2000 m depth by geolectrical
prospecting.

The Palao Co Formation is represented by a
volcanic platform of basalt-andesite-rhyolite
composition, consisting of lavas as major constituents,
and pyroclaslic deposits.

COPA=1

| v rev00

.

LOCATION OF

THE WORKING AREA

X @

¥ colb waTem

HOT WATER

VAPOR CONDENSATE

QO 24 2 s wm.

Figure 1 — Working area and samphing points
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Copahue-1 well cuts through a trough of 900m of
alternating layers of lavas and pyroclastics under the
andesitic upper layer.

From a structural point of view, the area is part of
a huge volcano-tectonic depression, forming a horst-
-graben system. Such depression progressively dips 1o
the east. The depression is formed by several structural
blocks, the highest one being the Termas de Copahue.
This structural system is considered to be of prime
importance in trapping geothermal fluids.

The Termas of Copahue horst is strongly fractured
and faulied and favors circulation of the geothermal
fluids.

The lateral extension of this block is nearly 15 km?,
The faults, running WSW-ENE, and reactivated during
the post glacial periods, are considered to be probable
paths for the upward movement of trapped fluids.

Hydrogeology

The surface runoff is directly related to structural
characteristic.

There are two important water stream systems, one
governed by regional fractures in the WNW-ESE
direction and other by recent fractures.

Groundwater circulation is irregular, due mainly to
the vertical and lateral variations in the permeability of
the formations. For instance in the Palao Co formation,
lava, toba, breccia and kynerites are found, being the
lava products generally more permeable than
pyroclastic due to their intense fracturing. Thus, il is
almost impossible to delineate continuous layers acting
as aquifer and aquicludes. Therefore deep circulation
believed to be mainly due to secondary permeability
mantained through active tectonics.

The more recent tectonic lineaments have SWS-
-ENE direction and the higher density of faults is inside
the horst Termas de Copahue.

Climate

The lack of precise climatic data makes it difficult to
establish an hydrogeological balance in the area.
However precipitation of more than 2000 mm as snow
and rain, with low evapotranspiration due to low
temperature and poor vegetal development, would
ensure infiltration and adequate recharge for the
geothermal system.

THECNIQUES AND EXPRESSION OF THE
RESULTS

To carry out this study, the following isotope and
chemical analysis were performed:

— *H, *H and '*0O of vapor condensates, hot water and
cold water.

— "C and 'O on CO, of geothermal gases
— Gas chromatography of geothermal gases

— Major and trace elements dissolved in hot and cold
walters.

Hydrogen for deuterium isotope analysis, was
extracted according to Coleman et al. (1982) by reducing
water with hot zinc at (485 + 2)°C. Oxygen-18
concentration in waters was determined by the method
of Epstein & Mayeda (1953) and Roether (1970) which
consist of water equilibration with CO, at (25.0 +0.1)°C.
Extracted gases and CO, coming from geothermal
exhalations were measured againsi a proper reference in
a Micromass 602-D mass spectrometer afier criogenic
purifications, as described in Panarello et al, (1980).
Results are expressed as ¢ “/w. The 'O siandard for
walers and CO, is V-SMOW (Gonfiantini, 1978) and for
“Cis PDB (Craig, 1957).

Tritium samples were measured by liquid
scintillation counting on previously enriched waters with
an enrichment factor of about 10. Resulls are expressed
in tritium units (T.U.)

Non condensible gases were collected in one liter
bottle partially filled with 3N NaOH under vacuum,
C0,, SO, and H,S were determined by tritation of the
solution while CH., Ar, N,, and O,, by gas-
-chromatography. Chemical concentrations are
expressed in the usual from: mg.L".

When possible, in situ pH, temperature and
conductivity were measured.

RESULTS AND DISCUSSION
Waters

1. Cold water samples (CAVI-1,2,3,4; VAF1,2,3
and COPA 8, 12) (Table 1).
As presented in Fig. 1, &*H vs d'*O plot, the values fit
the meteoric water line 8*H = 8 '*O + 10 %0 defined
by Craig (1963). There is no correlation between the
isotopic composition and the altitude, mainly due to:

a — Air masses producing precipitation at
Copahue are of Pacific origin and discharge most of
their moisture as rain or snow in the Chilean territory
and over the cordillera. The remaining vapor mixes with
the vapor of top mountain isotopic composition and
become more depleted as the altitude decreases. This
process is believed to be responsible for a positive slope
in the d"™0 vs altitude plot for the precipitation on the
Argentine side.

b — Frequently the collection altitude does not
represent the actual catchment area altitude.

However, d’H and d'*O values show good
correlation with the measured temperature of the
sampled waters:
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Figure 2 — lsotopic composition of sampled waters

¢80 = 0.32 T — 15.7 ®/sa1 = 0.85
6'H = 2.42T — 112.0 “/eor = 0.86

where T is expressed in: degrees Celsius and ‘r’ is the
correlation coefficient.

Tritium levels range from 1.8 T.U. to 4.5 T.U.
suggest some residence time of which waler as snow
before melting.

Precipitation waters collected at Caviahue, covering
the 1983-1984 years show rather erratic d’H and d'™0O
values. 'H concentration varies between 3.8 and 6.8
T.U.

From the chemical point of view these waters are
sodium bicarbonated, with low mineralization, showing
sulfate and chloride concentrations under 1 mg L-! with
exception of CAVI-4 that presents higher sulfate
content. Sulfate is probably due to loss of H,S trough
fractures and further oxidation. Indeed, ‘‘los Bafios™
creek, where this sample was collected flows across the
“‘Mellizas’’ fault,

2 — Warm waters (COPA 4, 5, 6,7, and 9).

Warm water samples are isotopically homogeneus,
with d'*0 = (—12.0£0.2) “/wand ¢*H = (— 84.0£0.5)
°/oo, fitting the meteoric water line, without significant
evaporation, Their tritium contents ranges from 1.7 to
3.6 T.U. which are similar to those of cold waters.

Chemically, they are also an homogeneous group,
with low chloride contents. This fact together with
tritium values evidence a short residence time.

These waters are calcium-magnesium sulfate,
slightly acid (pH = 5.7 — 5.9), with high CO, fugacities
(20 to 100 kPa). It is possible then that thermalism is not
only due to the contact with hot rock, but also to heat
transport from the hot gases making impossible the
application of geothermometers because mineral fuid
equilibrium is not reached. However, ‘‘Agua de Vichy"’,

with the Lowest magnesium content is perhaps the
sample of highest temperature.

Despite other complex mechanisms, the main
hemireactions involved in mineralization are:

CO, (g) + H,0 = HCO, + H* .
H,BO, (v) = H,BO, + H*

S + 4H,0 = SO% + 8H*' + 8¢

3. Vapor condensates (COPA — 1, 2and 3)

All the vapor condensate samples are enriched in
oxygen-18. In the d*H-d'*0 diagram (Fig. 2) these
samples define a straigh line intercepting the meteoric
water line over values d'*0 = — 12 % and *°H = —
84°/a0, similar in isotopic composition to COPA-8 and to
the group 2 composed of the warm water samples. All
the three values look like waters of meteoric origin,
slightly enriched. There is no evidence of juvenile waters
with d'*0 = + 710 9.5 % (Taylor, 1967, Craig, 1963).
Thus the possibility of its occurrence is limited to less
than 11%.

The extrapoled value on the meteoric water line and
the highly fractured characteristics of the horst Termas
de Copahue determine this zone, and particulary the
Anfiteatro place at around 2000 m a.s.l., as the more
likely recharge area for both, the shallower type 2 waters
and the deeper, vapor system. Water Longer residence
time of water in the deep reservoir, is evidenced by its
null or low tritium content.

Non condensible gas samples.

Besides water and vapor, uon condensible
geothermal gases were also sampled.
These gas samples were analysed in order to

determine the volumetric percent of SO,, H,S, CO,,
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N,, Ar, H; and CH, by gas chromatography. Final
results, corrected for the presence of air fixed during
sampling, are listed in Table 3.

On each sample the temperature has been determin-
ed by application of the empiric gas geothermometer of
D'Amore & Panichi (1980). These temperatures are also
listed in the last column of Table 3.

&'H

Figure 3 — Hypothetic isotopic evolution in the Copahue-1 well

Qualitative reservoir model

The geothermal well, COPA-2 has been sampled
twice, in 1982 (Jurio, personnal communication) and
1985, The values obtained for d*H and 4'*O are:

Sampling date 6'*O (°/u0) d*H (°/00) gas-vapor ratio (10?)
1982-02 -10.5 - 84.0 3.38
1985-02 - 96  -827 2:25

During this interval the well remained open to the
atmosphere and its well head pressure dropped
exponentially,

The 1982 value is similar to those of the present
natural manifestations, while the 1985 results show a
shift towards enriched d'"O values. This fact together
with the lowering of the pressure and the gas vapor ratio
enable the formulation of a possible qualitative reservoir

model for the sequential evolution of the water and
vapor system, as follows: (Fig. 3)

a- Fresh water input in the recharge area [,

b- Heating by contact with hot rock and oxygen shift to
Is

c- Partial vaporization of fs to yield a vapor
composition v, and the hypothetic remaining liquid
.l| at 2400(:.

d- Mixing of the remaining water !, with fresh water
from the recharge producing a mixture of isotopic
composition £,

e- Further heating and shift from £, to £,

f- Partial vaporization of ,,. to yield the more enriched
vapor v, and the hypothetic liguid £,, g- etc.

Table 2 — §'C and "' O values for CO, of non conden-
sable fraction.

Sample Location Gas | &%¥C | 8'%0
COPA-1D Las Maquinitas CO, - 6,8 25,2
COPA-2D | PozoCopahuel | €O, | —109 | 26,6
COPA-3D Las Miquinas COo, -10,7 288

This model would render more enriched 'O values
for the vapor with the lowering of an assumed water
table due to the decrease of recharge by hydrothermal
deposits and free outlet of steam (White et al., 1971).

A special case within the sampled manifestations is
““Las Maquinitas'’, since non condensible gases seem to
be magmatics. Its CO, exhibit a d"C = — 6,8%w
(TABLE 2), close to the average value for primary
carbonatites (Craig, 1963; Allard et al., 1977). In
addition this group of fumaroles present a high gas-
-vapor ratio (about 3). These facts as well as geophysical
evidences enable the assumption of the existence of a
magmatic fed hydrothermal altered pipe.

From the above evidences as well as those from
deep geoelectric prospection, we propose the
preliminary scheme, shown in Fig. 4, as indicative of the
fluid circulation pattern at depth within the study area.

Table 3 — Air corrected chemical composition in volume porcent of dry gas and Reservoir temperature in °C.

Sample Location 50, H,S CO0, N, Ar H, CH, T

COPA-11 Copahue 0,10 043 72,83 18,14 0,18 446 3,85 249
COPA-22 Las Mdquinas 0,34 0,38 76,00 19,78 1,02 1,29 1,18 222
COPA-21 Las Maquinitas 0,18 0,54 62,90 18,65 0,06 9,55 8,11 273
COPA-23 Pozo Copahue-1 0,13 0,18 68,76 18,91 0,19 598 5,88 243
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TENTATIVE DIAGRAM OF CIRCULATION
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Figure 4 — Tentative circulation scheme
CONCLUSIONS gas-vapor ratio, results of geophysical prospection

Based on the results of isotopic and geochemical
study, and in conjunction with the available geological
and geophysical information, the following preliminary
conclusions may be reached:

1

The recharge of both, deep and shallow geothermal
reservoirs is meteoric water. The contribution of
juvenile water to the deep reservoir, if any, is no more
than 11%.

The recharge area is located on ““Anfiteatro’’ site and
surrondings at about 2000 m a.s.l. in the highgly
fractured horst Termas de Copahue.

The decrease of the gas fraction and the evolution of
the isotopic contents suggest that steam is at least
partially produced by boiling from a declining water
table,

Low mineralization and relatively high tritium
content of warm waters account for a short transit
time for the circulation in the system. Presence of
sulfate in these waters is a consequence of the
dissolution and oxidation of hydrogen sulphide rising
through the faults,

The existence of a tertiary magmatic fed
hydrothermal altered pipe is indicated by the high

and the d"'C of — 6.8%w for the CO, evolving from
““Las Maquinitas’’ fumaroles.

Physical, chemical and isotopic data contributed to
development of a preliminary model for the
sequential evolution of water and steam in Copahue
well,

A tentative circulation scheme is also presented,
indicative of the pattern of water circulation in the
Termas de Copahue horst,
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