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The El Tatio geothermal field is located at an height of 4200-4300 m on the Cordillera de los Andes (Altiplano).
Geysers, hot pools and mudpots in the geothermal field and local meteoric waters were sampled in April 2002 and analyzed
for major and trace elements, 8H, §'%0 and *H of water, 8*S and 6'%0 of dissolved sulfate, §'>C of dissolved total
carbonate, and 87Sr/3°Sr ratio of aqueous strontium.

There are two different types of thermal springs throughout the field, that are chloride-rich water and sulfate-rich
water. The chemical composition of chloride springs is controlled by magma degassing and by water-rock interaction
processes. Sulfate springs are fed by shallow meteoric water heated by ascending gases. In keeping with the geodynamic
setting and nature of the reservoir rocks, chloride water is rich in As, B, Cs, Li; on the other hand, sulfate water is enriched
only in B relative to local meteoric water.

Alternatively to a merely meteoric model, chloride waters can be interpreted as admixtures of meteoric and magmatic
(circa andesitic) water, which moderately exchanges oxygen isotopes with rocks at a chemical Na/K temperature of about
270°C in the main reservoir, and then undergoes loss of vapor (and eventually mixing with shallow water) and related
isotopic effects during ascent to the surface. These chloride waters do not present tritium and can be classified as sub-
modern (pre-1952). A chloride content of 5,400 mg/l is estimated in the main reservoir, for which &H and §'30 values,
respectively of —78%o and —6.9%o, are calculated applying the multistage-steam separation isotopic effects between liquid
and vapor. From these data, the meteoric recharge (Cl = 0 mg/l) of the main reservoir should approach a composition of —
107%o in 6°H and —14.6%o in 8'%0, when a magmatic water of 8H = —20%o, 6'%0 = +10%o and Cl = 17,500 mg/l is
assumed.

The 87Sr/%Sr ratios of the hot springs are quite uniform (0.70876 to 0.70896), with values within the range observed
for dacites of the Andean central volcanic zone. A water §'%0-87Sr/3Sr model was developed for the main geothermal
reservoir, by which a meteoric-magmatic composition of the fluids is not excluded.

The uniform §**S(S0,>") values of +1.4 to +2.6%o in the chloride waters agree with a major deep-seated source for
sulfur, possibly via hydrolysis in the geothermal reservoir of sulfur dioxide provided by magma degassing, followed by
isotopic exchange between sulfate and sulfide in the main reservoir. This interpretation is supported by the largely nega-
tive 634S(SO42’) value in steam-heated water sulfate (-9.8%o) and mass-balance calculation, which exclude leaching at
depth of igneous iron-sulfides with 5**S near zero per mill.

All the 8'3C values of total carbonate in the chloride waters are negative, with variable values from -9.2 to —20.1%o,
pointing to an important proportion of biogenic carbon in the fluids. The interpretation of these data is problematic, and a
number of alternative explanations are reported in the text.
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springs (geysers, spouting pools, mudpots) and well wa-
ters (down to 733 m) from El Tatio geothermal field in-

Based on previous investigations by Ellis (1969), clude high chloride waters to the north, low chloride wa-
Cusicanqui et al. (1975) and Giggenbach (1978), hot ters to the south-west, chloride-bicarbonate waters to the
north, and sulfate-bicarbonate waters to west and east.
Many of the chloride waters are at or near to the local
Copyright © 2005 by The Geochemical Society of Japan. boiling point of 86°C. A collection of data on the oxygen
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and hydrogen isotope composition of these waters can be
found in Giggenbach (1978); it refers to samples collected
during November 1968 to March 1971, between 31 and
34 years before our sampling campaign in April 2002.

Chemical and isotopic data on thermal waters from
1968 to 1971 were combined by Giggenbach (1978) in
order to inquire into the origin of El Tatio geothermal
system. A variety of processes and discharges were rec-
ognized: (1) dilution of primary high chloride geothermal
water (5500 mg/l; 260°C) with local groundwater pro-
duces secondary chloride water (4750 mg/1; 190°C), that
feeds some springs within a small area; (2) single-step
steam separation from these primary and secondary wa-
ters determines isotopic shifts and increases the chloride
contents to 8000 and 6000 mg/1, respectively; (3) absorp-
tion of steam and carbon dioxide into local groundwater
and mixing with shallow chloride water leading to the
formation of high total alkalinity, low chloride waters
(160°C); and (4) absorption of H,S-bearing steam into
surface water and the formation of high sulfate waters
with near zero chloride.

According to the hydrogeological models (Healy and
Hochstein, 1973; Cusicanqui et al., 1975; Giggenbach,
1978; Muiioz and Hamza, 1993), meteoric waters infil-
trate in recharge areas located some 15 km east from the
field, heat going to the west at a rate of about 1.3 km/
year, and enter the El Tatio basin from the Cerros de El
Tatio, as a lateral outflow within the permeable
ignimbrites of the Puripicar Formation (190 to 240 m
thick) and the Salado Member (80 to 100 m thick). Thus,
they feed the major aquifer of the field after about 15
years moving from east to west (Healy, 1974; Cusicanqui
et al., 1975). The fluid is confined within these two units
by the overlying impermeable Tucle Tuff subunit of the
El Tatio Formation. A secondary important aquifer oc-
curs in the permeable Tucle Dacite subunit (about 100 m
thick), which is capped by the impermeable Tatio
Ignimbrite subunit; the fluid in this aquifer arises from
the admixture of primary fluid from the main reservoir,
and ascending through local permeable channels in the
underlying Tucle Tuff subunit, with cold groundwater
descending through the dacite (Cusicanqui et al., 1975).
In addition to these two major aquifers, a brine was dis-
covered below about 600 m depth at a temperature of
190°C (well below the boiling point for depth). The ori-
gin of this brine (pH of 2 at 25°C, density of 1.2, chloride
concentration of about 185,000 ppm; Cusicanqui et al.,
1975) remains uncertain. It may derive from adsorption
of magmatic steam into groundwater (Giggenbach, 1978).
Otherwise, it may be a groundwater that interacted with
evaporite beds (Youngman, 1984), which however were
not seen in any core or cuttings drilled out.

The geothermal drillings carried out at El Tatio be-
tween 1969 and 1974 (and possibly those drilled at 30
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km to the east in Bolivia at Sol de Mafiana) seemed to
have modified the hydrogeological features of the
geothermal system, reducing substantially the number of
geysers and hot springs presumably due to the lowering
of the water table (Jones and Renaut, 1997; see also
Cusicanqui et al., 1975). The main aquifer was drilled in
the eastern part of the field between 800 and 1000 m depth,
where a temperature of 263°C was measured (Cusicanqui
et al., 1975); other aquifers with temperatures between
160 and 230°C were drilled at shallower depths.

The present study on El Tatio was undertaken in or-
der to (1) verify the persistence of the geochemical fea-
tures of the geothermal system, in terms of multi-aquifer
structure and enthalpy of the fluids; (2) acquire original
data on the sulfur, carbon and strontium isotope compo-
sitions of solutes, along with a more complete set of con-
centration data on trace elements in solution; (3) deline-
ate the role of magmatic sources in providing water and
elements compared to the meteoric source and water-rock
interaction processes; and finally (4) elaborate an up-to-
date geochemical model combining old and new chemi-
cal and isotopic results.

STUDY AREA

The El Tatio geothermal field (22°20” S, 68°01” W)
constitutes a volcanogenic, dynamic and liquid-dominated
hydrologic system, located about 80 km to the east of
Calama, in the Antofagasta Province of northern Chile
(Fig. 1). Important physiographic features in the study
area are the Serrania de Tucle ridge and its offset Loma
Lucero. The sedimentary core of Serrania de Tucle is con-
sidered by Healy and Hochstein (1973) to act as a barrier
to regional westward flow of groundwater through the
volcanic formations. It is inferred that faults, associated
to the Loma Lucero offset (Healy, 1974), on the south
western foot of Copacoya peak (4807 m), pass through
the southern part of the geothermal field, providing ver-
tical permeability. On the other hand, the northern ther-
mal features of the field are aligned with a north-east
trending zone of faulting (Geyser Fault; Healy, 1974).

The geothermal field is located at an height of 4300
m amid andesitic stratovolcanoes of the High Andes
Cordillera (e.g., El Volcdn, 5560 m; Cerros de El Tatio,
5083 m; and Volcano Tatio, 5314 m), within the north-
south trending “Graben El Tatio” which extends at the
base of the western flank of Cerros de El Tatio. The graben
is infilled by a 1000 m thick sequence of nearly horizon-
tal ignimbrites, tuffs and lavas of Tertiary to Quaternary
age, overlying a tick sequence of lapilli tuff, siltstone and
breccia of Tertiary age (e.g., Lahsen and Trujillo, 1975
and references therein).

Details on the regional geology of the area can be
found in Guest (1969) and De Silva (1989). Shortly, the
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Fig. 1. Map of the El Tatio geothermal field in northern Chile, and location of the studied hot chloride (1 to 8 and 10 and 11)
sulfate springs (13 and 14), and cold waters (Rio Tucle 15 and spring 9).

area consists mostly of late Miocene to middle Pliocene
ignimbrites lying unconformably over Cretaceous
sediments. In the late Pliocene, andesitic volcanism started
and still goes on, and the produced andesites constitute
the High Andes of the Cordillera.

The upper part of the basement is constituted by the
Quebrada Justo Formation made up of Cretaceous

sediments constituted by tuffaceous shale with sandstone
and tuff bands. It is unconformably overlain by the San
Bartolo Group (SBG), consisting of Miocene to
Pleistocene volcanics and ignimbrites. From bottom to
top, SBG includes (De Silva, 1989) the Rio Salado Mem-
ber, the Sifon Member; the Puripicar Formation and the
El Tatio Formation. The top of SBG borders on stratified
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sands and gravels, followed by the Upper Pleistocene-
Holocene lavas of the Andean Volcanics unit.

The Rio Salado Member of the Artola Formation (9.56
+ 0.48 Ma) is the oldest and thickest (over 1800 m)
ignimbrite unit in the El Tatio geothermal area. The Sifon
Member (Upper Miocene), of about 300 m thick in the
Tatio Graben (Lahsen and Trujillo, 1975), correlates west-
wards with the Chiu ignimbrite and northwards with the
Upper Rio San Pedro Ignimbrite (De Silva, 1989).
Plagioclase and biotite in these rocks occur as essential
minerals in nearly equal amounts. Lithics are rare, ex-
cept at the base of the members, where pyroclastic flows
travelled over loose gravels. Pumice is commonly found
associated with major plagioclase and biotite; quartz is
generally absent.

The Puripicar Formation (4.22 = 0.04 Ma) is about
300 m thick in the Tatio Graben. The best exposures of
this ignimbrite can be found westwards and southwards
from El Tatio geothermal field. The crystal content of the
moderately vesicular dacitic component is 55%, and
mainly consists of plagioclase with abundant quartz,
biotite, hornblende and widespread oxides.

The EI Tatio Formation (Pleistocene) overlies the
Puripicar Formation. It is made up by a lower subunit
(Tucle Volcanic Group; 0.8 Ma) composed by a series of
andesitic to dacitic lavas and tuffs related to the uplift of
the Tucle Horst, and a massive crystal-rich upper subunit
(Tatio Ignimbrite Member; <1 Ma) with abundant
plagioclase, biotite and horneblende. The ignimbrite has
an heterogeneous composition and includes rhyolitic pum-
ice clasts and mixed pumice.

Relevant units and rocks belonging to Miocene-
Pleistocene ignimbrite of the volcanic San Bartolo Group
were drilled by the exploration and production wells down
to a depth of 1820 m (Healy, 1974). Common hydrother-
mal alteration minerals from cores and cuttings
(Youngman, 1984) are montmorillonite, interlayered illite/
montmorillonite, illite, chlorite and calcite; minor and rare
minerals include hematite, anhydrite, albite-adularia and
epidote. Pyrite was not observed in the drilled cores, prob-
ably due to the oxidation of H,S in the fluid to SO,*" by
Fe(III) in the Puripicar Ignimbrite. The Tatio Ignimbrite
unit shows low intensity of alteration, that appears to be
more pervasive at depth of 900-1000 m within the
Puripicar and Salado volcanics.

The El Tatio geothermal field is about 30 km? in ex-
tent, but its major surface activity is restricted to an area
of about 10 km?. The latter includes geysers, hot pools,
fumaroles, mudpots, as well as impressive sinter aprons,
salt incrustations and growths of multicoloured microbes.
Most geysers and spring vents lay out along NW-SE and
NE-SW fractures. In the emitted gases, the major com-
ponent is by far CO,, followed by N,, H,S and CH, (Ellis,
1969). A magmatic intrusion at 5-7 km depth was sug-
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gested by Mufioz and Hamza (1993) in the area of El Tatio
based on magnetotelluric soundings carried out by
Schwarz et al. (1984), this intrusion being probably an
andesitic-rhyolitic body at temperature of about 800°C
and fairly rich in water. In addition, the hydrothermal
convection was calculated to develop downwards to
within 1 km from the magma intrusion or even nearer
(Mufioz and Hamza, 1993).

SAMPLING AND ANALYTICAL PROCEDURES

Geysers, hot spring pools and mudpots were sampled
in April 2002, and analyzed for major and trace element
concentrations and isotopic compositions of hydrogen and
oxygen of water, sulfur and oxygen of sulfate ions, car-
bon and oxygen of total dissolved carbonate and stron-
tium in solution. Cold meteoric waters were also sam-
pled in April 2002 (Rio Tucle), and cold spring and snow
waters were kindly provided by the Earth Sciences De-
partment of the Universidad Catélica del Norte
(Antofagasta). In addition to waters, the sulfur isotope
composition of pyrite and molybdenite samples from the
porphyry-copper Chuquicamata deposit in the Atacama
desert was determined.

Temperature, pH, electrical conductivity and total al-
kalinity (titration method with methyl orange indicator)
were measured in situ. Sodium, potassium, calcium and
magnesium were determined by atomic absorption
spectrometry following the procedures proposed by
Bencini (1977); the relative accuracy of these methods is
in the range of £3 to +5%. Chloride was analysed by
Volhard’s volumetric method and sulfate by turbidimetry/
spectrophotometry with relative accuracies of £7 to £10%
(APHA-AWWA-WEF, 1995). The concentrations of Al,
B, Ba, Fe, Zn were measured by ICP-OES (ULTIMA 2
JOBIN-IVON instrument), and As, Co, Cr, Cs, Cu, Fe,
Li, Mn, Mo, Pb, Rb, T1, Zn by ICP-MS (X7 THERMO
ELEMENTAL instrument). Quantification of As, Li, Mn
and Sr was averaged from ICP-OES and ICP-MS results.
For accuracy, precision, determination/quantification lim-
its and strategy of the ICP-MS multi-element analytical
method see Boschetti ef al. (2001). Total I and Br in the
water samples were determined by FI-ICP-MS (an ICP-
MS PLASMAQUAD 3 VG ELEMENTAL instrument was
coupled with a gradient pump GP-40 DIONEX and an
automatic injection valve ERC iVALVE) using only 15
ul of sample and rising the system by a solution of 0.5%
NH; solution Carlo Erba RPE; quantification limit and
precision are 0.05 + 0.03 ug/L for I and 7.0 £ 0.6 ug/L
for Br (Boschetti, 2003).

The concentration of Si as SiO, was averaged by the
ICP-OES and the spectrophotometric results. After fil-
tration through 0.45 um Millipore® and dilution in the
field to prevent precipitation, water was reacted with



ammonium molybdate and measurements carried out with
an accuracy of £3-5%.

The &°H and 6'%0 of waters were determined, respec-
tively, by reaction of water with metallic Zn at 500°C
(Kendall and Coplen, 1985) and by equilibrating CO, with
water at 25°C (Epstein and Mayeda, 1953), then analys-
ing H, and CO, in the mass-spectrometer. The results are
relative to the V-SMOW standard. Duplicate preparations
and analyses agreed within (1%o for hydrogen and +0.1%o
for oxygen). The tritium (*H) measurements were carried
out using the Cameron’s (1967) method. The concentra-
tion is reported in tritium units (TU), that is the number
of T atoms relative to 10'® H atoms. The analytical accu-
racy was within 1 TU.

Aliquots of waters were sampled for sulfur and oxy-
gen isotopic analyses of dissolved sulfate. In the field, a
spatula pit of calomel (Hg,Cl,) was added to all samples
in order to stop the sulfate-reducing bacteria. In labora-
tory, the water samples were filtered through a 0.45 um
Millipore® filter. Aqueous sulfate was precipitated as
barium sulfate after concentration by evaporation, and
then reacted by the continuous-flow combustion technique
to yield SO, for the mass-spectrometric sulfur isotope
analysis basically following Geisemann et al. (1994) or
CO for the mass-spectrometric oxygen isotope analysis
according to Kornexl et al. (1999). The results are ex-
pressed in terms of 6**S and §'30 values, in per mill, rela-
tive to Canyon Diablo Troilite (CDT) standard for sulfur
and V-SMOW standard for oxygen. Analyses have an
uncertainty of +0.2%o for sulfur and +0.4%o0 for oxygen.
Sulfate in the waters was concentrated by evaporation
(Mizutani and Rafter, 1969) at 70°C and not by anion
exchange because chloride is by far the major anion in
the El Tatio hot waters and works as eluent. Only sulfate
from cold spring (sample 9) and Rio Tucle (sample 15)

were separated by anion exchange treatment using Dowex
AG 1-8X, 50-100 mesh, chloride form resin as recom-
mended by Nehring et al. (1977). Sulfur from metallic
sulfides was extracted as SO, applying the same proce-
dure used for the barium sulfate precipitates.

The &"°C value of total dissolved carbonate was de-
termined on barium carbonate prepared adding sodium
hydroxide and barium chloride in the waters just after
sampling in the field. The results are referred to PDB
standard, and the analytical uncertainty is +0.2%o.

Sr isotopic composition was determined in 1-3 g wa-
ter evaporated to dryness and redissolved in 2.5 M HCI.
Then, Sr was extracted from the hydrochloric solution by
conventional cation exchange technique. The blank for
the whole procedure was of 0.7 ng Sr. The 37Sr/%6Sr ratio
was measured by means of a VG Isomass 54E mass
spectrometer, and normalized to a 39Sr/%¥Sr value of
0.1194 in natural strontium. Repeated analyses of NBS
987 SrCOj; standard during the period of interest yielded
an average 5/Sr/%Sr ratio of 0.71024 + 0.00002.

PHREEQCI software, version 2.8.0.0 (Parkhurst and
Appelo, 1999), was adopted to compute aqueous
speciation and fluid-mineral equilibria, using the
“thermo.com.V8.R6” thermodynamic database (full
LLNL database). Computed saturation indexes (SI) are
approximate due to analytical and activity uncertainties,
and for these reasons saturation is assumed to realize when
SI=0%0.2.

RESULTS AND DISCUSSION

The major and trace element composition of water in
geysers, hot pools and mudpots (hereafter called as
springs) are given in Tables 1 and 2, respectively. The
isotopic compositions are reported in Table 3. The loca-

Table 1. Major element composition of hot pools, geysers and cold meteoric waters at El Tatio

Sample Description ~ Sampling date ~ Temp. pH Conductivity ~ TDS Ca* Na* Mg K* ClI- tAlk SO,  SiO,
(°C)  (Twater)  (mS/cm) (mg/l)  (mg/) (mg/M) (mgM) (mgl) (mgl) (mgM) (mg/l) (mg/l)
1 pool 17-Apr-2002 73.6 6.01 229 12946 259 4338 043 501 7622 22.0 42.7 169
2 geyser 17-Apr-2002 73.5 6.39 21.7 13104 235 4322 0.64 477 7810 55.5 44.2 184
3 geyser 17-Apr-2002 77.2 7.23 224 12344 235 4211 0.31 538 7100 47.0 42.4 190
4 pool 17-Apr-2002 74.4 7.14 20.5 13241 231 4404 0.22 542 7810 37.2 43.1 188
5 geyser 17-Apr-2002 73.4 7.33 21.9 13270 227 4345 0.75 519 7899 55.5 429 205
6 pool 17-Apr-2002 74.8 6.97 22.0 13462 242 4459 0.64 595 7891 60.4 42.5 198
7 pool 17-Apr-2002 67.0 6.57 21.6 11962 219 4035 1.51 469 7011 40.9 43.6 159
8 geyser 17-Apr-2002 70.8 7.61 19.0 10555 221 3591 0.76 320 6213 80.5 38.8 128
9 cold spring 17-Apr-2002 9.6 7.77 0.14 98 4.8 20.5 1.73 3.6 18 25.6 15.4 21
10 geyser 18-Apr-2002 77.6 7.22 20.5 10146 259 3463 0.89 170 6035 55.5 52.5 135
11 pool 18-Apr-2002  49.8 6.45 16.4 10516 242 3534 1.64 195 6301 36.0 51.5 169
13 geyser 18-Apr-2002 76.4 7.07 0.61 444 29 66.4 7.7 15.6 8.8 622 179 105
14 mudpot 18-Apr-2002 76.4 5.73 0.89 405 34 47.1 12.2 13.9 11.9 275 273 —
15  Tucle stream  18-Apr-2002  14.8 8.22 0.59 276 33 2.1 157 9.4 84 119 87.5 39
tAlk = total alkalinity, where data are expressed as mgl/l of HCOz;; — = not analysed; TDS (Total Dissolved Solids) = 0.5(tAlk) + Ca’* + Na* +

Mg** + K* + CI” + SO + 1.02%(5i0,) (modified from APHA-AWWA-WEF, 1995).
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tion of the sampling sites is shown in Fig. 1. Springs 1 to
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text for references). Hot springs (triangles), well waters (edged triangles), steam-heated SO, waters (squares), steam-heated
HCO; waters and cold meteoric waters (circles). The El Tatio thermal acid brine (TB) is from Giggenbach (1978). The grey box
in the SO ,-CI-tAlk diagram represents the compositional field expected for mature (sodium-chloride) hot springs (Giggenbach,

1988). Numbers refer to the present study samples (see Table 1).

the fluids can be the leaching of host rocks, especially of
dacites and rhyolites (e.g., Ellis and Mahon, 1967). Po-
tassium is also a major cation (170 to 595 mg/1). Its con-
centrations do not relate proportionally with sodium, that
is the Na/K ratio in the water is likely controlled by tem-
perature (inverse correlation). Based on the lower Na/K
by weight ratios (<15), water of springs 1 to 8 can be
associated with a more direct feeding from the reservoir,
whereas water of springs 10 and 11 (Na/K > 15) is prob-
ably provided by lateral flows and then may undergone
near-surface reactions and conductive cooling (Nicholson,
1993).

Calcium (221 to 259 mg/l) and magnesium (0.2 to 1.7
mg/l) concentrations are controlled by a variety of fac-
tors, that include retrograde solubility of minerals and
P, for calcium and incorporation into alteration clay
minerals for magnesium. The higher Ca/Mg by weight

ratios in springs 1 to 8 relative to springs 10 and 11 agree
with the hydrological interpretation based on the Na/K
ratios.

Total alkalinity (22 to 81 mg/l) and sulfate (39 to 53
mg/l) are minor components in solution. As calculated
applying the PHREEQCT software, the contribution of the
polyprotic acids to the non-carbonate alkalinity is quite
high (>51%), and principally due to silica, boric acid and
arsenate. The concentration of sulfate is low, as usually
observed in deep geothermal fluids. Probably, some
sulfate derives from the oxidation of H,S (up to 12 mg/I
in the Na-Cl springs; Ellis, 1969). Unfortunately, we have
not measured H,S, total sulfur and Eh in the fluids.

Silicic acid (135 to 205 mg/l as SiO,) derives from
silicate dissolution in the depth. Its concentration values
show a rough negative correlation with the Na/K concen-
tration ratios, in agreement with the relations between the
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two parameters and temperature. It correlates positively
with chloride, suggesting that the highest is the chloride
content in the spring, the most direct is the supply from
the main geothermal reservoir in the depth.

Hydrogen ion concentration

The pH value of the fluid in the El Tatio main
geothermal reservoir hosted within the Puripicar
Ignimbrite should be controlled basically by equilibria
with Na-K-Ca minerals as well as by the carbon dioxide
partial pressure in the fluid. It can be computed applying
the Chiodini ef al.’s (1991) equation to waters from drilled
wells 1 (211°C), 7 (250°C) and 11 (240°C) which should
tap the main aquifer (Youngman, 1984). Maximum tem-
peratures in the wells before discharge were estimated to
be 211, 250 and 240°C. The mentioned equation is:

pH = 1.757 — 0.822 log Yeq + 1846/T — 0.0171 log Pco,

where T in °K, P, = 1.26 to 1.40 bar depending on well,
Yeq = Xlz,lm; = salinity of the well water with z; and m;,
being the ionic charge and the molality of the i-th ion
species (major cations and anions). The chemical data
were taken from Youngman (1984) and corrected for the
evaporation effects.

The resulting average pH value is 5.79 * 0.15, that
matches very well with that of 5.76 reported by Youngman
(1984). It may be of interest that the pH value of 5.67
computed for well 7 (showing the highest enthalpy) from
the above equation is in good agreement with that of 5.50
calculated using the PHREEQCI software.

Sodium-sulfate hot waters

These waters are located along the southwestern mar-
gin of the field. Their sulfate concentration (179 and 273
mg/l) is higher than the one of the local surface waters
(15.4 and 87.5 mg/l). This is the result of near-surface
steam condensation and oxidation of carried H,S. The pH
value of 5.6 in mudpot 14 denotes a substantial neutrali-
zation of acidity basically by mineral-fluid reactions. In
the geyser 13, the rising gases interact with shallow wa-
ter, the latter being provided by the Rio Tucle. The much
higher magnesium content in these sulfate waters agrees
with near-surface low-temperature reactions leaching lo-
cal rocks (spring 14) or dilution by surface water rich in
magnesium (spring 13).

Local surface waters

A sodium-bicarbonate dilute cold spring water with
TDS of about 98 mg/l, and a calcium-bicarbonate water
sample with TDS of about 276 mg/l from the Rio Tucle
were analysed. In both cases there is no geothermal in-
fluence.
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Trace element composition

Chloride springs 1, 2, 3, 4, 5, 6, and 7 in the central
part of the field are characterized by high and nearly uni-
form concentrations of cesium (12.53 to 13.88 mg/l), ar-
senic (34.95 to 39.33 mg/l), lithium (30.45 to 34.27 mg/
D), boron (147.75 to 163.88 mg/l) and bromine (6.90 to
8.14 mg/1). Chloride springs 8, 10 and 11 from the west-
ern end of the field show considerably lower concentra-
tion of cesium (5.43 to 11.09 mg/1), arsenic (28.79 to 29.83
mg/1), lithium (12.84 to 24.04 mg/1), boron (128.4 to 130.0
mg/1) and bromine (2.93 to 6.07 mg/1). Sulfate spring 13
appears to be largely diluted by Rio Tucle, and its trace
element concentrations are on the whole comparable, even
if higher, with those of the stream. The rubidium and
strontium concentrations follow those of potassium and
calcium, respectively. Iodine concentrations in chloride
waters range between 225 and 783 ug/l, and positively
correlate with bromine. There is a low concentration of
all base metals. Finally, the high levels of arsenic in solu-
tion can be considered as normal in this volcanic district
of the Andes, and are possibly related to the leaching of
metal sulfides in the rocks (23 to 36 ppm in the unaltered
Puripicar-Salado ignimbrite; Youngman, 1984). At the Eh
values calculated using redox pairs
S(=2)/S(+6) from literature data (Youngman, 1984 and
references therein) on wells (mean —0.254 V) and springs
(-0.101 V), H,AsO,~ and HAsO,* are the predominant
As species in solution.

The relatively high concentration values of some tran-
sition elements like Mn, Mo and Ni may be related to
effects upon the solubility of these metals due to the high
salinity and the low pH of the fluids.

Molecular ratios

In the chloride springs, the CI:B ratio shows a narrow
range of variation. This suggests a common feeding body
of hot water and an ascending path along one supply fis-
sure or through chemically very homogeneous rocks. The
slight deviation of some analyses may be due to local
contamination by shallow water. The Na:K and Na:Li ra-
tios have a similar behavior, displaying groups of values
as if thermally distinct aquifers are involved. The Na-Li
geothermometer (Kharaka et al., 1982) yields by 16 to
84°C higher estimates; probably, the Na:Li ratio is some-
how affected by low-temperature subsurface adsorption
of lithium onto clays or alteration products, particularly
in the springs 10 and 11 which show comparatively high
Na/Li ratios. These springs may be fed significantly by
lateral flow, where lithium is partially removed from the
solution. This interpretation is supported by the Li-Mg
geothermometer (Kharaka and Mariner, 1989), which also
yields similar or higher estimates. Similarly, the Na/Ca
ratios display three groups of values, corresponding to
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curve considers the effects due to single-step loss of steam. A
and B identify the main and the secondary chloride geothermal
reservoirs envisaged at El Tatio (see Giggenbach, 1978). Num-
bers refer to the present study samples (see Table 1)

distinct Na-K-Ca thermometric estimates. However, this
geothermometer is not recommended, as the molar
[Ca'/2/Na] ratios in the springs are much less than unit
(Fournier and Truesdell, 1973). The Cl to Br, As and Cs
ratios are similar in the studied springs, thus corroborat-
ing a common source reservoir. Exception is spring 8
which is depleted in trace elements, probably because of
mixing with shallow water that appears to be very poor
in Br, As and Cs relative to CI.

In the sulfate springs, the CI to B, Br and I ratios are
lower, in agreement with the higher proportion of boric,
hydrobromic and hydriodic acids relative to hydrochlo-
ric acid in the steam leaving the geothermal reservoir. As
expected, they are lower than those observed in the local
meteoric waters. The Cl:As ratio is higher than in chlo-
ride waters, but it is lower than in meteoric water. Fi-
nally, the ratios involving cations are influenced by the
widespread disequilibrium of these sulfate waters rela-
tive to host rocks.

In Fig. 4 the evolutions of related to hydrothermalism
elements like Li and B are depicted, starting from the
isochemical dissolution of an averaged andesitic-rhyolitic
rock, followed by exchange with secondary minerals or
interaction with gases. Our data are compared with those

Cl/100

> ©

seb |9/g moj jo uondiosqe
uoneydioaid &> sjeioq

>
B

&
50 &
N 50\9

w
%
A o\
Cad

averaged
crustal

rocks

Li B/4

Fig.4. CI-Li-B ternary plot, where our data (Na-Cl hot springs
= filled triangle; Na-SO,-hot spring = filled square; cold me-
teoric waters = filled circles) are compared with previous ones
from literature (see text for references), the latter dealing with
hot springs and wells and cold waters (corresponding symbols
are open). Coherent data on these elements in rocks from the
Central Volcanic Zone (CVZ) of Andes are lacking, and there-
fore data on “average crustal rock” (Taylor, 1964) are used in
the plot. TB = EIl Tatio Drive. LC = Laguna
Colorada.

of Cusicanqui et al. (1975) and Giggenbach (1978) deal-
ing with both hot springs and exploration wells. The El
Tatio acid brine has a B/Cl by weight ratio close to zero
(Giggenbach, 1978), which is typical of high chloride
volcanic acid waters (see figure 10 in Giggenbach and
Soto, 1992). On the other hand, the Laguna Colorada ba-
sic brine (pH = 8.2; 20 km east of El Tatio; Giggenbach,
1978) lies nearly on the same trend, and may be inter-
preted as being originally a geothermal water that prob-
ably lost boron by precipitation of ulexite (Chong et al.,
2000).

More on the aqueous I/Cl and Br/Cl ratios in the El Tatio
waters

Iodine in geothermal waters and fumaroles from vol-
canic andesitic setting basically derives from the
subducted slab sediments (e.g., Fehn and Snyder, 2003).
Its concentration in the fluids depends on several factors
and processes (Honda et al., 1966), included the position
of the geothermal reservoir relative to the accretion prism,
the proportion of continental to oceanic crust in the slab
and the working heat fluxes, as well as precipitation/dis-
solution of sublimates, evaporation and dilution during
the fluid uprising. The same source and processes are
expected to control the bromine and chlorine concentra-
tions in the fluids.
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The data from hot springs of El Tatio are compared in
Fig. 5 with those available for other geothermal and vol-
canic fluids in Chile and throughout the world, as well as
for meteoric waters. First of all, the main feature is the
similar chemical composition of I and Br in the chloride-
waters from the El Tatio and the Sol de Manana (Bolivia)
geothermal fields, both of them being active and close.
The latter fit mixing trends with shallow meteoric water
for both I and Br, the agreement being much better for
Br, whereas some springs show I concentration values
lower than expected. Also the geothermal waters from
Peruvian fields distribute along dilution lines with mete-
oric water; in these waters, the I/Cl ratio is high and
matches the maximum ratio measured in pore fluids in
Peru margin sediments (Martin et al., 1993). Another re-
markable feature shown by the I/Cl and Br/Cl ratios in
the fluids from the above two geothermal fields is that
they are considerably lower than those observed in vol-
canic fluids from the Central American Volcanic Arc
(CAVA), thus suggesting a higher proportion of continen-
tal crust (with minor I and Br) in the subducted slab at
about 22°S latitude. However, an alternative explanation
for the scattering of the I/Cl and Br/Cl ratios in the An-
dean geothermal fluids may be related to variable contri-
butions of andesitic waters to the feeding reservoirs. As-
suming that the halides under question almost completely
derive from the slab and applying the chemical ratios
measured in our chloride-richest springs (1 to 6 samples;
I/Cl = 6.4 x 107; Br/Cl = 1.0 x 1073), mean values of
about 1 to 1.3 ppm I and 15 to 20 ppm Br are calculated
for the hypothetic magmatic-andesitic (15,000 to 20,000
ppm Cl) water at El Tatio. With respect to the CAVA
geothermal fluids (Snyder and Fehn, 2002), these con-
centration values are comparable with those observed in
Nicaragua and Costa Rica geothermal fluids, but consid-
erably lower than observed in El Salvador, probably ac-
counting for the lower distance along the arc of the
geothermal fields in the latter country.

Li-Rb-Cs relationships

The relative proportions of the cations under question
in the hot and cold waters are shown in the ternary dia-
gram of Fig. 6, compared also to the composition of Late
Cenozoic calc-alkaline lavas of the Central Volcanic Zone
(CVZ) of Andes between 28° to 16° latitude (Déruelle,
1982; Lindsay et al., 2001). In the sodium-chloride springs
and wells from our study and from previous ones, the Li/
Cs ratios preserves nearly identical as in the host dacites,
whereas the Rb proportion is lowered probably due to
uptake by illite, the latter mineral being abundant in the
high temperature alteration levels of drilled cores at El
Tatio (Youngman, 1984). The rock composition is ap-
proached by the steam-heated spring, as well as by the
low-pH brine found at depth beneath El Tatio field (see
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Fig. 5. I-Br-Cl relations of hot and cold waters from El Tatio
and other geothermal and volcanic systems throughout the
world. Geothermal systems: edged triangles = Empexa, Bolivia
(Scandiffio and Cassis, 1992); open triangles = Tutupaca and
Chappalca, Peru (Scandiffio et al., 1992); grey triangles = Sol
de Mariana, Bolivia (Scandiffio and Alvarez, 1992); CAVA =
fitting of data on geothermal waters from the Central Ameri-
can Volcanic Arc in Costa Rica, Nicaragua and El Salvador
(Snyder and Fehn, 2002); GWB = fitting of data on hot waters
from Broadlands, Taupo Volcanic Zone, New Zealand (Fehn
and Snyder, 2003). Volcanic systems: KAFC = fitting of data
on Kuril Arc fumarolic condensates (Taran et al., 1995); SIME
= Brand I to Cl ratios estimated for the Satsuma-Iwojima mag-
matic end member (Snyder et al., 2002). Dashed band: pore
fluids in Peru margin sediments (Martin et al., 1993). Open
circle R = global rain water value (Yuita, 1994).

introduction section). Probably, these waters react with
heavily altered vulcanites and their initial acidity is not
completely neutralized, as concluded by Risacher et al.
(2002) for the Gorbea and Ignorado acid salars in north-
ern Chile.

Samples from the Laguna Colorada brine
(Giggenbach, 1978; Scandiffio et al., 1992) are plotted
as comparison in Fig. 6. Their trend in the plot may be



Li

(a0 roup®
c
dacite
ovz rocl [}

$%
_— k
S

dissolution

4*Rb 10*Cs

Fig. 6. Li-Rb-Cs trilinear diagram. Chemical data, symbols
and abbreviations as in Fig. 4. The shaded polygon identifies
the calc-alkaline lavas from CVZ (see text for references). Rock
dissolution denotes a non-equilibrium isochemical process.

explained with a progressive enrichment in Li (see
Ericksen et al., 1978) rather than with a Cs uptake by
zeolites (analcime, wairakite). At El Tatio, zeolites are
rare as hydrothermal alteration products (Youngman,
1984) but they should be very rich in Cs as found else-
where by Goguel (1983) in wairakite (4500 ppm Cs).

Thermometric estimates

The silica concentration in the chloride waters is fairly
uniform within the range 160 to 205 mg/l. Applying the
quartz geothermometer (see Nicholson, 1993 for a re-
view), calculated temperatures are in the range 145 to
170°C (adiabatic cooling of the fluid by steam loss after
leaving the reservoir). If no steam loss is assumed, the
estimates are 30—40°C higher. The latter are in turn up to
about 50°C lower than the Na/K ones estimated applying
the Giggenbach’s (1988) thermometer. In addition, springs
8, 10 and 11 do not follow the thermometric trend visual-
ized in Fig. 3. All these thermometric features concur to
support that the original silica concentration in the fluid
was affected by boiling and/or dilution.

New Na/K (Verma and Santoyo, 1997; Can, 2002) and
Si0, (Verma, 2001) geothermometers were recently pub-
lished in current literature. In Fig. 7, the Na/K thermo-
metric estimates from new and old (Giggenbach, 1988)
equations are compared with those from the Verma’s
(2001) quartz thermometer. The estimates refer to water
samples from the exploratory wells of El Tatio
(Cusicanqui et al., 1975; Giggenbach, 1978), after cor-
rection of the silica concentration data by calculating the
steam fraction lost due to boiling during the ascension
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Fig. 7. Comparison of the results obtained from the old
(Giggenbach, 1988) and recent (Verma and Santoyo, 1997, Can,
2002) Nal/K geothermometers with those from the new SiO,
geothermometer (Verma, 2001 ), applied to the geothermal well
waters analysed by Cusicanqui et al. (1975) and Giggenbach
(1978). The best fitting to the 1:1 dashed line is obtained ap-
plying the Verma and Santoyo’s (1997) Na/K thermometer. The
wells are numbered as in Cusicanqui et al. (1975).

(e.g., Fournier, 1981). The best fitting with respect to the
equivalence line is shown by the Verma and Santoyo’s
(1997) Na/K thermometer, which yields a maximum tem-
perature of 268°C when compared to the value of 271°C
from the silica thermometer. The mean temperature of
270°C from wells fed by the main reservoir (wells 1, 2, 5
7, 10, 11, 12) is 10°C higher than the value reported by
Giggenbach (1978). The Na/K temperatures from wells
likely tapping the shallower reservoir B (wells 3, 4, 6;
Youngman, 1984) average 172°C.

When applied to our chloride springs, the Verma and
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bols) and previous (open symbols) data on hot springs (triangles) and wells (edged triangles) are plotted, along with data on
meteoric cold waters (filled circles). A silica concentration of 750 mg/l is estimated for flashed water A at 270°C, that reduces to

524 mgl/l after correction for the loss of steam (i.e., in the reser

cools down to about 170 °C and re-equilibrates with mineral ph

voir A before flashing). The reservoir B is fed by reservoir A, then
ases. The reservoir C (about 160°C and 160 mg/l SiO,) may be fed

partially by fluids from the reservoir B rather than from the reservoir A, as also suggested by Giggenbach (1978). In plot (2) all
studied hot and cold waters at El Tatio (this work; Youngman, 1984 and references therein) are reported, with the enthalpy values

calculated at the outlet temperature and at the chemical Na/K
shown, as well as some possible binary mixing trends.

Santoyo’s (1997) Na/K equation yields temperatures of
228 to 245°C for springs 1 to 7, 211°C for spring 8, and
168 to 175°C for springs 10 and 11. These estimates are
considerably lower than the main reservoir temperature,
possibly due to a variety of processes including re-equi-
libration before discharge.

Enthalpy-silica and enthalpy-chloride models
Enthalpy-silica and enthalpy-chloride models are
shown in Fig. 8. They allow to estimate the silica and
chloride contents of the reservoir fluids before boiling
and mixing/dilution processes. In the main aquifer A, at
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and SiO, temperatures. The main and subordinate reservoirs are

270°C, in the Puripicar Ignimbrite unit, the silica and chlo-
ride concentrations are estimated to be close to 520 mg/I
and 5,400 mg/l, respectively. In the secondary aquifer B,
at 170°C, in the Tucle Dacite unit, the silica and chloride
contents should approach 250 mg/l and 4800 mg/l, re-
spectively. Finally, a silica content of 180 mg/1 is inferred
for the bicarbonate aquifer C, at 160°C (and 0 mg/I chlo-
ride and 250 mg/I bicarbonate; Youngman, 1984). Possi-
bly, the reservoir C derives from the condensation of gas
and steam evolved from the reservoir B, rather than di-
rectly from the reservoir A as interpreted by Giggenbach
(1978). Relevant in this context is the stratigraphic re-
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Fig. 9. Activity plots for the systems (A) Na,0-Al,0;-Si0,-H,0, (B) K,0-Al,0;-Si0,-H,0, (C) Ca0-Al,0;-Si0,-H,0 and (D)
MgO0-Al,0;-Si0,-H,0, at 200-250°C and corresponding water saturation pressure, and their application to selected geothermal
well waters from El Tatio (see text for details and references). The grey band in diagram C delimits the solubility of calcite, as
computed at calculated PCO, values of 0.022 to 0.153 bar. The “thermo.com.V8.R6” thermodynamic database (full LLNL data-

base) was used for computation.

construction by which the Tucle Dacite unit (reservoir B)
penetrates the Tatio ignimbrite unit (reservoir C) in the
subsoil of El Tatio (De Silva, 1989).

Fluid-mineral equilibria

Activity diagrams are powerful graphical tools depict-
ing the stability of solid phases with respect to the com-
position of the coexisting solution, while temperature and
pressure are kept constant and solid assemblages are ef-
fectively presents in the geological environment.

The diagrams shown in Figs. 9 and 10 refer to El Tatio
geothermal well waters from Ellis (1969; wells 1, 2, 7,
10, 11), with quartz adiabatic temperatures in the range
200 to 250°C, and possibly related to the main reservoir.
Pressure was taken to be 15.5 bars at 200°C and 39.9 bars
at 250°C, which correspond to the coexistence of vapour

and liquid in a liquid-dominated reservoir. Activity dia-
gram computation was performed after correction due to
loss of steam of the chemical data on well fluids, and
using the “thermo.com.V8.R6” thermodynamic database
(full LLNL database) for Figs. 9 and 10A, and the
“data0.3245r46” thermodynamic database (compacted
LLNL database) for Fig. 10B. Details on databases can
be found in Bethke (2002).

The activity plots for the systems Na,0-Al,05-SiO,-
H,0, K,0-Al,05-Si0,-H,0, Ca0-Al,05-Si0,-H,0, and
MgO-Al,05-S10,-H,0 are shown in Figs. 9A to 9D. It
appears that Na* activity is controlled by paragonite and/
or albite, K* by muscovite and/or K-feldspar (adularia),
Ca" by laumontite and/or clinozoisite, and Mg>* by Mg-
montmorillonite. According to Reed (1997), when we
have to deal with a multicomponent system, the activity
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plots cannot adequately account for the effects of cou-
pled mineral equilibria, involving minerals and fluid com-
ponents that are not represented on the diagrams. Thus,
Ca’* could be controlled by additional phases like calcite
or anhydrite/gypsum. In the wells under question, the flu-
ids are undersatured with respect to both calcite (2.9 <
SI < -0.9) and anhydrite (—4.0 < SI < -2.2); in spite of
boiling at depth, the Na-Cl springs of El Tatio preserve
the undersaturation state with respect to anhydrite, but in
some cases they become saturated to oversatured with
respect to calcite. According to the abundant calcite found
in the exploration wells (Youngman, 1984), CO, content
in the past fluids should have been higher than nowadays
(Cusicanqui et al., 1975). Further uncertainties deal with
(1) the presence of laumontite in the reservoir as com-
puted at 250°C, even if laumontite should be stable be-
low 250°C, and wairakite should form at higher tempera-
ture, and (2) the role of mixed layer alteration clay min-
erals (illite/montmorillonite), whose stability thermody-
namic data are lacking. In Fig. 10, the activity diagrams
describe the system MgO-K,0-Al,05-Si0,-H,0, when
temperature raises up to 270°C, the maximum tempera-
ture estimated for the main reservoir, and were constructed
imposing saturation with respect to quartz. In fact, these
fluids appear to be saturated with respect to chalcedony
(-0.09 < SI < 0.07) and then oversaturated with respect
to quartz (0.08 < SI < 0.23) (Fig. 9). The latter was found
in the drilled cores as vug filling and silicifications
(Youngman, 1984), justifying the use of quartz
geothermometer (see section on thermometric estimates).
In Fig. 10A, the data plot into the Mg-montmorillonite
field, as expected if smectite is the prevailing Mg-min-
eral in equilibrium with the fluids. Changing the data-
base (Fig. 10B), water samples fall into or point to the
illite stability field. These results are in keeping with the
presence of interlayered illite/montmorillonite clays as
found in altered rocks by Youngman (1984).

Isotopic compositions

Isotopic analyses were performed on water (*H/'H, *H,
130/190), dissolved sulfate (3*S/32S, '30/'°0), total car-
bonate (!30/'°0, '3C/'?C), and strontium (¥7Sr/36Sr).
Moreover, sulfur isotope analysis was carried out on
sulfides from the Chuquicamata porphyry copper deposit,
that is located about twenty km from the geothermal field.

Hydrogen and oxygen isotopes of water

Chloride waters show &*H and &'%0 values of —71.8
to —64.7%o0 and —3.6 to —5.5%o, respectively (Table 3;
Fig. 11). These values are comparable to those of the sam-
ples collected in November 1968 (see Giggenbach, 1978
and references therein) from spring and well discharges
with chloride concentration higher than 5000 mg/l. The
analyzed sulfate springs show higher 6°H and §'30 val-
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Fig. 10. Activity plots for the system MgO-K,0-Al,0;-SiO,-
H,0 at 200-250-270°C and corresponding water saturation
pressure, and their application to selected geothermal well
waters from El Tatio (see text for details and references). Dia-
grams A and B were constructed by means of the
“thermo.com.V8.R6” (full LLNL database) and
“data0.3245r46” (compacted LLNL database; Bethke, 2002)
databases, respectively.

ues, with —-49%o and —2.1%o respectively, which are within
the range reported in the Giggenbach’s paper (1978).
Meteoric waters have 6°H and 8'%0 values respectively
of =57.6 to —46.5%0 and —8.8 to —6.8%0, and include local
cold springs, a recent snow sample from the area and the
Rio Tucle stream upwards of any visible geothermal mani-
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Fig. 11. &H vs. §'%0 relation for new (hot and cold waters
from this work; filled symbols) and previous (hot chloride wa-
ter from Giggenbach, 1978; open symbols) data of EIl Tatio.
The data are compared with the northern Chile meteoric water
line (MWL, i.e., H = 8.15 8'%0 + 15.3; Chaffaut et al., 1998),
the isotopic effects from multistage-steam separation modeling
for both the liquid and vapor phases and the isotopic trend de-
picted for steam-heated waters. The comparison also is made
with the isotopic field of the magmatic (andesitic) water possi-
bly involved in the geothermal system. A’ = maximum shift of
fluid A by isotopic exchange with host rock; N = water to rock
by volume ratio during interaction. See text for other details
and references.

festation. Similar isotopic results were obtained by
Giggenbach (1978) on meteoric waters, hot springs and
wells.

All the available data from this work and the sodium-
chloride waters from Giggenbach (1978) are compared
in Fig. 11 with the meteoric water line of Chaffaut et al.
(1998), the latter being based on precipitation (rain and
snow) collected on the Altiplanos of northern Chile and
southern Bolivia from 1994 to 1997 within an area lo-
cated between 21.0-23.5°S and 67.0-68.5°W and at
heights of 2,800 to 5,700 m. This meteoric line was pre-
ferred to that of Aravena et al. (1999), which refers to
precipitation collected during 1984 to 1986 at heights of
2,380 to 4,250 m, which are on average lower than that
of the EI Tatio geothermal field. It is relevant that the
Chaffaut et al.’s (1998) meteoric line is nearly identical
to the one published by Gonfiantini et al. (2001) on pre-
cipitation along transects from the Amazon to the
Altiplano in Bolivia during 1982 and 1986.

In the diagram, new and old data are undistinguishable,
and apparently there is no reason for changing the
Giggenbach’s (1978) interpretation and conclusion in
terms of isotopic composition of water sources and proc-
esses responsible for the thermal discharges (see Intro-
duction). We only have to point out that: (1) local mete-
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Fig. 12. &H vs. Cl and 8§80 vs. Cl relations between the en-
visaged geothermal reservoirs A, B and C and the studied cold
and hot waters of El Tatio. A binary mixing involving meteoric
water and magmatic water is drawn for the main reservoir A.
M1 = the meteoric end member in the mixed meteoric-mag-
matic model. Other symbols as in Fig. 11.

oric water samples fit well to the chosen line; (2) the
meteoric water feeding the main geothermal reservoir is
estimated to have &°H of —78%o and 8'%0 of —11%c; (3)
secondary reservoirs (like the previously mentioned aq-
uifer B) may form by mixing of primary water and mete-
oric local water, then feeding marginal springs; (4) the
&H and 8'%0 of fluids from the reservoirs increase dur-
ing the ascent toward the surface due to loss of vapor. In
Figs. 11 and 12, multistage-steam separation from reser-
voirs A and B is depicted using updated fractionation fac-
tors and salinity corrections (Horita and Wesolowski,
1994; Horita et al., 1995); (5) primary and secondary flu-
ids mix with shallow meteoric groundwater before out
flowing; the isotopic composition of this water is about
—58%o0 for hydrogen and —8.8%o for oxygen; (6) this
groundwater is slightly depleted in 2H and '®0 relative to
local meteoric water (6*H ~ —32%o0 and 8'%0 ~ —8.5%c;
point D in the plot) by mixing with rising water vapor;
and (7) steam-heated waters are mixtures between local
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Table 3. Isotopic composition of H, O, S and C (in %) and Sr of waters and solutes at El Tatio
Sample Description ~ Sampling date  §'*O(H,0) &H(H,0) ‘H 8BC(DIC) S"0O(DIC) &S(S0O,)  8"0(S0,) 87Sr/%Sr
%0 V-SMOW %0 V-SMOW T.U. %o PDB %o PDB %0 CDT %0 V-SMOW

1 pool 17-Apr-2002 -3.90 -67.4 —_ -18.3 -11.7 24 0.3 0.70884
2 geyser 17-Apr-2002 —4.71 —=70.1 —_ -12.0 -9.7 1.5 0.4 0.70893
3 geyser 17-Apr-2002 —4.77 =71.1 0.0£0.5 -16.9 -12.7 —_ —_ 0.70893
4 pool 17-Apr-2002 -4.90 —69.6 —_ -12.0 -12.7 1.6 0.2 0.70894
5  geyser 17-Apr-2002 -5.03 -71.8 0.0+£0.4 -20.2 -10.0 2.0 1.2 0.70894
6  pool 17-Apr-2002 —4.60 =712 e — 1.8 0.4 0.70890
7 pool 17-Apr-2002 e e e e — — — 0.70888
8  geyser 17-Apr-2002 —5.56 —69.1 0.0+0.4 e — 1.4 0.9 0.70896

9  cold spring 17-Apr-2002 -7.33 —51.8 22104 -14.4 -9.9 0.8 5.6 —
10 geyser 17-Apr-2002 -5.10 —68.1 9.2 -5.9 2.6 14 0.70888
11 pool 18-Apr-2002 -3.63 —64.7 .0+04 -14.9 -12.4 2.6 1.1 0.70876

13 geyser 18-Apr-2002 —2.11 —49.0 0304 — — -9.7 35 —
15 Tucle stream  18-Apr-2002 —6.85 —46.5 — — — 4.4 9.7 0.70840

n  snow 29-Mar-2002 -8.77 -57.6 33+0.6 — — — — —

v2  cold spring 29-Mar-2002 —7.96 —49.3 — — — — —

— = not analysed.

meteoric water and gases from the deep reservoir, and
their distinct isotopic behavior is governed by kinetic ef-
fects during evaporation at very shallow levels. Accord-
ing to Giggenbach and Stewart (1982), the slope (S) of
the straight line fitting steam-heated water samples on a
&”H-6"30 plot should be:

S= (52Hsi - &H,,; + 82]—1)/(5]803i - 6"%0,; + ¢ 80)

where the subscripts si and wi refer to the steam entering
the pool and the local groundwater, respectively; € is the
kinetic isotope factor, which is close to 50%o for hydro-
gen and 16%o for oxygen. Considering the isotopic com-
positions of the steam leaving the reservoir A at 270°C
and the reservoir B at 170°C, slopes of 1.4 to 1.5 are cal-
culated (see Fig. 11). The slope refers to the line con-
necting the data points of local meteoric water (point D
in the graph) and shallow meteoric groundwater heated
by rising gases and then undergoing evaporation and re-
lated isotopic effects with a maximum enrichment in *H
and "0 (point D’ in the graph) as calculated following
the Giggenbach and Stewart’s (1982) procedure. The only
analysed sulfate water (geyser 13) does not fit the line,
probably due to a contribution of sodium-chloride water
to the aquifer. On the other hand, the sodium-chloride
springs 1 and 11 can be interpreted as lying on mixing
lines between a major geothermal component from depth
and a minor steam-heated component as suggested by both
Figs. 11 and 12.

However, some contributions to this hydrogeological
model of the El Tatio system can be added thanks to
Giggenbach’s (1992) paper on the origin of the geothermal
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water along convergent plate boundaries, i.e., the §'%0 of
—6.9%o0 (—6.3%o0 according to Youngman, 1984) attributed
by Giggenbach (1978) to the water of the main geothermal
reservoir of El Tatio would not be the result of isotopic
exchange of the feeding meteoric water with rocks, but it
may be interpreted as deriving from mixing of meteoric
precipitation from the Andean Cordillera with andesitic-
magmatic water. Based on Fig. 12, the involvement of
andesitic water (as defined by Taran et al., 1989 and
Giggenbach, 1992) implies a meteoric recharge with a
&H of about —107%o (nival precipitation). The corre-
sponding 8'%0 should be about —14.6%o. These values can
be assigned to Andean meteoric precipitation at altitudes
higher than 4000 m (e.g., Fritz et al., 1979; Gonfiantini
et al., 2001). A proportion of about 32% of magmatic
water can be calculated from the chloride contents of the
end members (0 mg/l for precipitation and 17,500 mg/I
for andesitic water; Giggenbach and Soto, 1992), to which
a chloride content of 5,400 mg/l corresponds in the ad-
mixture.

The possible involvement of andesitic water (as modi-
fied primary magmatic water) along with meteoric water
(possibly with &H about —100%o) in the hydrothermal
systems related to the Tertiary volcanism of Andes was
understood by Kamilli and Ohmoto (1977), discussing the
&H (=55 to —48%o0) and 8'%0 (=2.7 to +0.1%0) values of
the 270 + 20°C thermal fluids that about 10 m.y. ago
formed most of the multistage Finlandia Pb-Zn-Ag-Au
vein in the Colqui district located in the volcanic belt of
Peru. Considering the next section about sulfur isotopes,
sphalerite, galena and pyrite from this major ore stage
yielded 5**S values of —3.0 to +1.0%oc. More recently, a



meteoric-andesitic model was also proposed by Urzua et
al. (2002) in order to explain the isotopic composition of
the geothermal fluids of the Apacheta field in northern
Chile (see Fig. 1).

Is andesitic water an ordinary component of the Andean
hydrothermalism?

In the 8*H-6'%0 diagram of Fig. 13 the data on alkali-
chloride geothermal wells and springs of Chile at
Apacheta (Urzua et al., 2002), Puchuldiza and Tuja
(Mahon and Cusicanqui, 1980) and of Bolivia at Laguna
Colorada-Sol de Marfiana (Scandiffio and Alvarez, 1992)
and Empexa (Scandiffio and Cassis, 1992) are compared
with the isotopic field expected for andesitic water and
with the isotopic composition estimated for the main res-
ervoir at El Tatio (see previous section). A very good fit-
ting is obtained. On one hand this fact suggests mixing
between magmatic and meteoric water, and on the other
excludes appreciable '*0-shift phenomena due to water-
rock interaction. The diagrams deals also with alkali-chlo-
ride waters from the Challapaca (Scandiffio ez al., 1992),
Tutupaca (Scandiffio et al., 1992; Barragan et al., 1999)
and Rio Calientes (Barragan et al., 1999) and other ther-
mal systems (Steinmiiller, 2001) in Peru. Also for these
waters a mixing line is obtained connecting the meteoric
and the andesitic components. It is noteworthy that the
two trend lines intersects in the andesitic water box at
+10%o for 880 and —20%o for H, whereas meteoric re-
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Fig. 13. &H vs. 8'%0 plot of hot springs and wells from Chil-
ean-Bolivian (filled triangles) and Peruvian (grey diamonds)
sodium-chloride geothermal waters, compared to the El Tatio
reservoir A (pentagon) and andesitic water. The drawn mixing
lines intersect into the andesitic water box. The data reported
by Steinmiiller (2001) for the epithermal ore vein of Colqui in
Peru are also plotted, as they fit the involvement of andesitic
water in the ore-forming fluids. M1 and M2 are meteoric end
members involved in the recharges.

charges of different isotopic compositions are derived,
i.e., 8H of —107%o¢ and 8'30 of —14.6%o for the Chilean
and Bolivian systems, and &H of —137%o and &0 of
—18.8%o for the Peruvian hydrothermal systems.

The &H and the §'30 values of fluids from the vein
ore deposit at Colqui (Steinmiiller, 2001) obey straight-
forwardly to the meteoric-magmatic model (Fig. 13).
Values for the ore-forming fluids in the same deposit were
also published by Kamilli and Ohmoto (1977) from a fluid
inclusion study; some of these values do not fit the mete-
oric-magmatic relation, possibly because of substantial
oxygen isotopic exchange with rocks under low water to
rock conditions. In fact, a number of the highest '®0-shifts
correspond to mineral parageneses particularly rich in
quartz.

Strontium isotopes

The 37Sr/8Sr ratios in chloride waters are in the range
0.70876 to 0.70896, with all but one values rather uni-
form between 0.70884 and 0.70896. The lowest ratio re-
fers to spring 11, and may be related to some depletion in
87Sr of the rocks leached out by the feeding water. The
Rio Tucle shows a 3Sr/3%Sr of 0.70840, this suggesting
that the local meteoric water interacts with rocks which
are on average depleted in 8’Sr with respect to the deeper
ones. The whole spread of isotopic ratios are conceiv-
ably related to variable proportion of crustal-derived Sr
in the rocks leached by fluids (Harmon et al., 1984;
Thorpe et al., 1984), the rocks ranging in composition
from andesite to dacite to rhyolite. In Fig. 14 our data set
is compared with those of andesites and dacites from the
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Fig. 14. Rb/Sr vs. 5’Sr/%Sr plot for chloride hot (filled trian-
gles) and cold (Rio Tucle; filled circle) waters from El Tatio,
compared to mean values (£l o) in dacites and andesites from
the Central Volcanic Zone (CVZ) of Andes in northern Chile.
The sketched box identifies the Rb/Sr ratios of dacites from the
Rio Salado and Puripicar units in the El Tatio area (Youngman,
1984).
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Table 4. Summary of chemical and isotopic data from works
on andesite and dacite specimens from the Central Volcanic
Zone (CVZ) of Andes in northern Chile. N = number of sam-
ples; C.V. = (standard deviation/average)*100. See text for
references.

Table 5. Parameters adopted in modeling the water-rock in-
teraction effects in terms of 880 and ¥Sr/%Sr values in se-
lected hot chloride springs at El Tatio. CVZ = Central Volcanic
Zone (CVZ) of Andes in Northern Chile. C,/C,,; = rock/mete-
oric water ratio; C,/C,; = rocklgeothermal water ratio (mix-
ing between meteoric and andesitic waters).

Rb Sr Rb/Sr 87SrA0Sr 8'%0
(ppm) (ppm) (%o0) Oxygen Strontium®

CVZ andesite Meteoric water

average 95 513 0.218 0.70763 8.58 (8, —11.45%o +6.36%0"

st.dev. 42 175 0.143 0.00161 1.00

median 87 486 0.203 0.70714 8.45 Geothermal water

N 63 63 63 54 32 (6, —6.90%o0 +6.23%c*

C.V. 44 34 66 0.2 12

) CVZ dacite

Cvernae 156 346 0617  o70800 934 O #0305 + 800 +5.96%0

average . . .

st.dev. 49 119 0.795 0.00238 1.57 g‘;gw'i 82 ?fs(zoo

median 158 320 0.481 0.70881 8.85 e . . ’

Isotopic fractionation factors (270°C)
N 55 55 55 41 18 A 5.33% 0%
C.V. 31 34 129 0.3 17 wakr-rock =2 o

Central Volcanic Zone (CVZ) of northern Chile (see Ta-
ble 4 for a statistical summary of the data from Gardeweg
et al., 1984; Harmon et al., 1984; De Silva et al., 1994;
Schmitt et al., 2002; Lindsay et al., 2001). As expected,
the chloride-springs are within the field depicted by the
dacites, whereas the sulfate-spring matches the andesite
field of values. These relations are in keeping with the
volcano-stratigraphic units established to host the two
aquifers. In particular, springs 10 and 11 from the reser-
voir B are related to the Tucle dacite unit, and their Rb/Sr
ratios are within the range shown by the Rio Salado and
Puripicar dacites (Youngman, 1984). These rocks host also
the reservoir A, but the related springs display much
higher Rb/Sr ratios. Probably, these springs are in equi-
librium with Rb-rich illite. Obviously, the Sr isotopic com-
position of the mother rock is inherited by the interacting
meteoric water and the neo-formed minerals (e.g.,
Tassinari et al., 1990). The Rio Tucle matches the field
of CVZ andesites, as its feeding water very likely inter-
acts with this type of rock in the subsoil.

Oxygen and strontium isotope exchange modeling between
water and rock

Following the procedure described by Boschetti et al.
(2003), the 7Sr/36Sr ratios of aqueous strontium were used
in combination with the water §'30 values to model the
isotopic effects at 270°C on the meteoric recharge and on
the meteoric-magmatic recharge as a consequence of their
interaction with rocks in the main reservoir A. The equa-
tion describing the isotopic effects on water is:

5w,f = [Ngw,i + (Cr/Cw)(sr,i + (Cr/cw)(ar—w)/[N + (Cr/cw)]
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4Sr isotope O-values are calculated as [(R
bData from McArthur (1994).

‘Mix between 68% andesitic water and 32% meteoric water.
Whole CVZ dacitic rocks.

‘Plagioclase in CVZ dacitic rocks (Longstaffe et al., 1983).
ISr content of geothermal reservoir estimated in 3 ppm.
SWater-albite fractionation factor (Zheng, 1993).

10.7047) — 1] x 1000.

sample’

where N = water to rock by volume ratio, § = §'0 or
8%Sr, w = water, r = rock, i = initial, f = final.

The parameters used in the model are reported in Ta-
ble 5. The water §'30 values are taken from Giggenbach
(1978), i.e., —11.4%o for the meteoric and —6.9%o for the
meteoric-magmatic. The concentration rock to water ra-
tio (C,/C,,) of 0.5 selected for oxygen applies to albite
(48.7% oxygen)-water (88.9% oxygen) interaction and
should be valid for the majority of volcanic rocks. The
35,000 figure for the strontium C,/C,, ratio is a mean value
for CVZ dacites.

Compared to the meteoric water-rock model (Fig. 15),
the reservoir 6]80(H20) value of —6.9%o corresponds to a
N value in the range 1.2 to 1.3, which in turn yields a
87Sr/%6Sr ratio close to 0.70890 for the strontium in solu-
tion, that is practically indistinguishable from the dacite
signature. This result does not concur to settle between
meteoric water-magmatic water mixing and meteoric
water-rock interaction as processes responsible for the
geochemical characteristics of the El Tatio deep fluid.
Probably, the interaction model cannot be applied here,
as reasoned by Giggenbach (1993) with regard to the dy-
namic (andesitic) geothermal systems like El Tatio. As-
suming that magmatic water is involved along with me-
teoric water, the post-mixing isotopic exchange with host
rocks leads to a maximum 8'"*0O(H,0) value of —3.3%o
(N = 1) for the main reservoir fluid applying an initial
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Fig. 15. Oxygen and strontium isotope composition of selected
chloride hot waters from El Tatio, compared to the isotopic
effects related to water-rock interaction in the main reservoir
A at 270°C, as modelled under different water to rock ratios.
Open diamonds and N represent variable water to rock by
volume ratios. The modelling refers to the meteoric recharge
and to the mixed meteoric-magmatic recharge. Dotted line
interpolate the data on chloride springs 1 to 7 (excluding
springs 10 and 11 as they should be fed by the secondary res-
ervoir B) and the unaffected meteoric-magmatic geothermal
fluid in the main reservoir. The grey box delimits the §'°0(H,0)
range of —6.9%o to —5.4%o that can be assigned to the reser-
voir A, as a consequence of isotopic effects due to boiling. See
text for more details.

8"80(H,0) value of —6.9%o for the mixture (Fig. 15).
However, a §'30 not higher than about —5.4%o is allowed
for the main reservoir fluid A by the evaporation model
of Fig. 11. This could mean that springs with higher §'%0
values are contaminated by shallow steam-heated water.
Back-extrapolation of a mixing line from spring 1 to the
5'%0 value of —5.4%o (Fig. 15) provides a fluid from res-
ervoir A with a 80 of —6.9%o and a 87Sr/®6Sr ratio rang-
ing from 0.70896 to 0.70909. These values would sup-
port the meteoric-magmatic origin of the geothermal fluid,
also excluding significant isotopic exchange of the fluid
with the reservoir rocks.

Sulfur and oxygen isotopes of sulfate

The sulfate from chloride waters displays quite uni-
form &**S between +0.8 and +2.6%o. This isotopic signa-
ture matches the one expected for Andean andesitic sulfur,
that is in the range 0 to +4.4%o (Taylor, 1986), and is con-
sistent with those measured on pyrite and molibdenite
samples from the Chuquicamata mine (-0.6 to +0.6%o,
n = §; Table 6). By the way, our data on Chuquicamata
are well within the range of values measured in sulfides

Table 6. Sulfur isotopic composition of pyrite (Py),
molybdenite (Mo) and secondary gypsum (G) from
the Chuquicamata porphyry-copper mine

Sample Main coexisting minerals® 8**S (%0)
Py-1 quartz, gypsum 0.2
Py-2 quartz, Fe-oxyde, molybdenite 0.6
Py-3 quartz, Fe-oxyde, molybdenite 0.4
Py-4 quartz, malachite -0.6
Py-5 quartz, molybdenite, malachite 0.4
Py-6 quartz, molybdenite, malachite -0.5
Py-7 quartz, Fe-oxyde, molybdenite -0.4
Mo-1 molybdenite on quartz 0.4
G-1 lamellar gypsum on Py-1 -0.9

“Analyzed by XRD.
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Fig. 16. Sulfur isotope composition of hot chloride (triangles)
and sulfate (square) springs and cold waters (circles) at El
Tatio, compared to Fe-Mo-sulfides from the porphyry copper
mine of Chuquicamata, and relation with the sulfate concen-
tration values.

from several other porphyry copper deposits of the Ameri-
can Cordillera (-3 to +1%o for sulfides, and +8 to +15%o
for sulfates; Ohmoto and Rye, 1979). Therefore, the sulfur
in the geothermal waters of EI Tatio derives from igne-
ous sources, either from magmatic fluids or from disso-
lution of sulfides from the igneous host rocks. The slight
34S-enrichment of the sulfate with respect to uncontami-
nated mantle sulfur (0%o0) may be due to partitioning of
sulfur isotopes between aqueous sulfate and sulfide spe-
cies in the geothermal reservoir.

Sulfate from the analyzed steam-heated spring is no-
tably depleted in 3*S with respect to chloride springs
(Fig. 16). Its &S value of —9.8%o should be related to
that of H,S coming from the deep reservoir and undergo-
ing oxidation in shallow air saturated water close to the
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Fig. 17. Relations between 8*S and Cl/SO, ratio in the hot
high chloride waters supposed to derive directly from the main
reservoir and the high sulfate, low chloride steam-heated wa-
ter at El Tatio (this work), compared to samples from other
geothermal systems in New Zealand and USA (Robinson, 1991).

surface. If complete oxidation takes place, the observed
5**S appears to be not in isotopic equilibrium with sulfate
in the chloride springs (mean &**S = +2.0%0), when the
sulfate-sulfide isotopic fractionation of 11.8%o presumed
at El Tatio is compared with the one expected in the
geothermal reservoir at 270°C (23%o; Ohmoto and Lasaga,
1982). Possibly, sulfur isotopic exchange between
bisulfate and hydrogen sulfide in the reservoir does not
reach equilibrium due to a rapid neutralization (within
few hours?) of the acidity by rock alteration (see Kusakabe
et al., 2000). However, the original 8°*S signature of the
sulfate rising from the reservoir may have been lowered
by substantial mixing with secondary sulfate from oxida-
tion of H,S at shallow levels. This interpretation would
be supported by the §**S vs. C1/SO, plot of El Tatio when
compared to those of geothermal analogues elsewhere
(Fig. 17) and for which mixing processes were concluded
between a deep component and a shallow (steam-heated?)
component (Robinson, 1991).

The 6345(504) value of +1.8%o0 measured in the cold
spring (15.4 mg/I sulfate) flowing out at a higher eleva-
tion in the surroundings of the geothermal field is nearly
identical to those of the hot springs. Oxidation of igne-
ous sulfides in rocks passed through is most likely the
main source of sulfate in this groundwater, along with
minor isotopically indistinguishable atmospheric sulfate
with a §*S value of about +2.5%o (Castleman et al., 1974).
A considerably higher 8**S(SO,) value of +5.4%o is shown
by the stream Rio Tucle (87.5 mg/l sulfate). This isotopic
signature is consistent with those of streams and lakes in
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Table 7. Comparison between chemi-
cal (Na/K) and isotopic (SO,-H,0)
thermometry applied to chloride
springs at El Tatio. The isotopic tem-
peratures are calculated assuming
equilibrium with water from the main
geothermal reservoir (880 = —6.9%o).
Values are in °C.

Sample T(Na/K)*  T(SO,-H,0)"
1 232 227

2 228 225

4 237 229

5 235 211

6 245 225
Average 235+6 223 £8

“Chemical thermometer of Verma and Santoyo (1997).
bIsotopic thermometer of Seal et al. (2000).

the High Andes, including the Rio Salado which com-
mences at the El Tatio field (Rech et al., 2003). Probably,
the sulfate in the Rio Tucle and other streams of the high
Altiplano derives from the dissolution of sulfide and
sulfate minerals like those associated to porphyry copper
deposits, which are abundant in the Chilean Andes.

The §'®0(S0,) values of chloride springs are quite
uniform in the range +0.2 to +1.4%0 (mean +0.7%o;
n = 8). A considerably higher 6180(504) value of +3.5%o
is observed in the analyzed sulfate spring. Much higher
values (+5.6%o0 and +9.7%0) were measured in the cold
spring and Rio Tucle.

Based on the oxygen isotope fractionation factors be-
tween aqueous sulfate and water as reviewed by Seal et
al. (2000), average equilibrium temperatures of 273 £
18°C are calculated for chloride springs 1, 2, 4, 5, and 6,
in keeping with the temperature of 270°C chemically es-
timated for the main reservoir A. The agreement is cer-
tainly misleading, as isotopic effects on the water-sulfate
system are influenced by boiling, mixing and sulfide oxi-
dation processes. [sotopic temperatures of 241 and 284°C
are obtained in springs 10 and 11, these values being con-
siderably higher than those given by Na/K or SiO, ther-
mometry (154 and 175°C). Even if we apply the §'30 of
—7.2%o obtained for the aquifer feeding these springs (res-
ervoir B in Fig. 11), the resulting isotopic temperature of
202 and 207°C are still too high. In this aquifer, which
should be fed by near neutral fluids rising from the main
aquifer, sulfate-water oxygen isotope re-equilibration does
not take place, basically due to the inverse correlation
between isotopic exchange rate and pH (Chiba and Sakai,
1985). In Table 7, the thermometric estimates refer to
springs supposed to be directly related to the main reser-
voir, the fluid 680 in the latter being —6.9%o. The agree-



ment is nearly perfect (the Student’s t-test gives a
significativity level of 0.01), even if the data are consid-
erably lower than expected. Probably, the fluids under-
went re-equilibration before discharge, and both thermom-
eters record this event.

The oxygen isotope composition of sulfate from the
only one analyzed sulfate steam-heated water distin-
guishes itself by the high 8'%0 value of +3.5%o. It ap-
pears to be a disequilibrium signature (that provides an
unrealistic isotopic temperature of 261°C), as also sup-
ported by the non-equilibrium conditions of the aqueous
K-Na-Mg system in this springs (Fig. 3). The sulfate in
this water basically derives from non-equilibrium oxida-
tion of H,S at shallow depth and low temperature, by
which oxygen atoms from atmospheric O, and H,O are
incorporated (e.g., van Everdingen and Krouse, 1985).

Carbon and oxygen isotopes of total carbonate

The carbon isotopic composition §'*C of aqueous car-
bonate (DIC) in analyzed chloride waters is largely vari-
able between —20.1 to —9.2%o0, with notable differences
between individual springs from both the central part and
the marginal part of the field. The oxygen isotope com-
position 580 is more uniform, with values between —12.7
to —5.9%o. The analyzed cold spring shows a 8'C of
—11.4%o0 and a 8"%0 of —9.9%o.

Possible sources of aqueous carbonate in the El Tatio
geothermal system can be:

1. Soil-CO,, that in northern Chile (Fritz et al., 1979)
should have a §'3C of about —18.5%o in potential recharge
areas with active vegetation (Cs-photosynthetic plants,
with 6"3C = ~23.5%c; P, > 1073 atm) at more than 3500
m above sea level. However, a lower 8'°C may be as-
signed to soil-CO, on Andes, e.g., —23%o as observed in
most C; landscapes (Cerling et al., 1991).

2. Rock carbonate, presumably with *C-content close
to magmatic CO,. Such carbonate could be dissolved by
migrating groundwater, but its role in the carbon budget
of the El Tatio waters cannot be established. As a matter
of fact, the Andes are free of major carbonate sequences,
but disseminated carbonate in the volcanic-magmatic
rocks may be not a negligible source of carbonate spe-
cies in solution, compared to the low concentration of
bicarbonate in the analyzed springs (21.9 to 55.5 mg/l).

3. Volcanic-CO,, that could play a role in the carbon-
ate budget of the El Tatio waters. The §'°C of this gas can
be assumed to be in the range —8 to —5%o, even if some
values up to —1%o were measured in BAB (basalt-andesite-
dacite association) CO, (Taylor, 1986). More recently, a
8"3C value of —3%o was published by Poorter et al. (1989)
for arc volcanic CO, from Indonesia.

These carbon sources should homogenize into the
geothermal reservoir, where a fraction of the carbonate
species may be reduced to methane, depending on the

oxidation state. Therefore, the 8'3C of total carbon in the
fluid should be in the range —23 to —3%o. If equilibrium
or near to equilibrium between carbon-bearing species is
assumed in the reservoir, the observed large spread of
8"°C(DIC) values can be explained applying a §'3C as
low as —23%o to total carbon in the reservoir (with bicar-
bonate enriched in 13C with respect to methane and de-
pleted with respect to carbon dioxide; Ohmoto, 1972; see
also Bannikova and Ryzhenko, 1985), and assuming an
increase of the carbonate to methane ratio as a conse-
quence of the increasing f,, in the fluid after leaving the
reservoir. The carbon isotope exchange between CO, and
CH, is low at 270°C (>5 years for 90% equilibration at
350°C; Hulston, 1977; see also Hoefs, 1997), but it may
be catalyzed by Fe-bearing phases in a Fischer-Tropsch-
type reaction. Therefore, it is possible that carbon iso-
tope equilibrium is approached in the reservoir, and af-
terwards oxidation of methane follows to different ex-
tents during ascent of the fluids without any appreciable
isotopic re-equilibration, thus resulting in the range of
6"3C values measured for total carbonate in the springs.
An alternative interpretation may be argued imaging equi-
librium isotopic effects on the aqueous carbonate by open
system degassing of CO, during uprising from the main
reservoir (270°C) to the surface (50-80°C). By this proc-
ess, released CO, is enriched in 13C down to a tempera-
ture of 160°C (crossover point with respect to aqueous
bicarbonate; Ohmoto and Rye, 1979), then becoming de-
pleted in '°C at lower temperature. Therefore, the ob-
served &8'°C range of carbonate in the fluids can be ex-
plained by bulk degassing at temperatures lower than
160°C (at a total carbonate carbon 8'3C of about —23%o
in the reservoir), or at temperatures higher than 160°C if
an initial 6'°C of about —3%o is assumed for the total car-
bonate carbon. Probably, open system degassing is pre-
vailing at lower temperatures and shallow levels, and it
may concur to concentrate the '*C in the solution during
the travel to the surface.

If carbon isotope equilibrium is presumed in the
geothermal reservoir, even more it should be achieved
for the SO,-H,S pair (minimum time required for the at-
tainment of 90% equilibrium should be of 4-5 years at
270°C and pH of 4 to 7; Ohmoto and Lasaga, 1982). In
this case, the 8°*S signature of the sulfate in the reservoir
is expected to be significantly higher than observed in
the springs, if a S close to 0%o is assumed for volcanic
sulfur at El Tatio. Probably, most H,S leaving the reser-
voir undergoes oxidation in the aqueous fluids during the
ascent, thus providing sulfate with the observed isotopic
signature.

The 6'%0(DIC) values for analyzed hot and cold
springs, compared to the oxygen isotope composition of
water, do not yield oxygen isotope fractionations consist-
ent with the outlet temperatures, and no relation exists
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between the two parameters. The lack of an isotopic
ABO(HCO;-H,0) scale precludes to go deep into the
question.

CONCLUSIONS

The main conclusions from this work are:

1. The chemistry of chloride springs are controlled
by magma degassing and water-rock interaction processes.
Sulfate springs are fed by shallow meteoric water heated
by ascending gases. In keeping with the geodynamic set-
ting and nature of the reservoir rocks, chloride water is
rich in As, B, Cs, Li; on the other hand, sulfate water is
enriched only in B relative to local meteoric water.

2. Alternatively to the merely meteoric model, chlo-
ride waters can be interpreted as admixtures of meteoric
water and magmatic (circa andesitic) water, which mod-
erately exchanges oxygen isotopes with rocks in distinct
but connected reservoirs at chemical Na/K temperatures
of about 270°C (main reservoir) and 170°C (secondary
reservoir), and then suffered loss of vapor and eventually
mixing with near-surface water. These chloride waters are
devoid of tritium and can be classified as sub-modern (pre-
1952).

3. Based on the enthalpy-chloride model, a chloride
content of 5,400 mg/l is estimated in the main reservoir,
for which 6°H and 6'30 values respectively of —6.9%0 and
—78%o are calculated applying the multistage-steam sepa-
ration isotopic effects between liquid and vapor. From
these data, the meteoric recharge (Cl = 0 mg/l) of the main
reservoir should approach a composition of —107%o in 8H
and —14.6%o in 8'%0, when a magmatic water of 8H =
—20%o0, 8'%0 = +10%0 and Cl = 17,500 mg/l is assumed.

4. The ¥Sr/%Sr ratios of the hot springs are quite
uniform (0.70876 to 0.70896), with values within the
range observed for dacites of the Andean central volcanic
zone, which derive from mantle magma contaminated by
crustal rocks. A water 8'30-87Sr/3Sr model is developed
for the main geothermal reservoir, by which a meteoric-
magmatic composition of the fluids is not excluded.

5. The uniform §**S(S0,%") values of +1.4 to +2.6%o
in the chloride waters agrees with a major deep-seated
source for sulfur, possibly via hydrolysis in the geothermal
reservoir of sulfur dioxide provided by magma degassing,
followed by isotopic exchange between sulfate and sulfide
in the main reservoir. This interpretation is supported by
the largely negative §°*S(SO,>") value in steam-heated
water sulfate (—9.8%o0) and mass-balance calculation, both
of which exclude leaching at depth of igneous iron-
sulfides with 8*S near zero per mill.

6. All the §"C values of total carbonate in the chlo-
ride waters are negative, with variable values from —9.2
to —20.1%o, pointing to an important proportion of bio-
genic carbon in the fluids. The interpretation of these data
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is problematic. An alternative explanation is based on the
combination of a §'3C value as low as —23%o for the total
carbon in the main reservoir, with variably decreasing
CO,/CH, ratios in the rising fluids.

It may be of interest that the present work provides
some support to the interrelation between the nearby El
Tatio and Sol de Mafiana geothermal fields, as proposed
by Scandiffio and Alvarez (1992). Both systems lie on
recent NW-SE trending normal faults, and both reservoirs
should be in the Puripicar Ignimbrite, recharged from the
Altiplano.
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