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Abstract

The parent geothermal water proposed for the Chachimbiro geothermal area has calculated values of
2250 mg/L Cland approximately 5 b&¢o, . Itcomes from areservoir having an estimated temperature
of 225-235C, although temperatures somewhat higher tharr@6@ay be present at the roots of
the system. The geothermal reservoir at Chachimbiro is recharged mainly by meteoric water (about
92%) and secondarily by arc-type magmatic water. Carbon and sulfur isotope data support a magmatic
origin for the C and S species entering the geothermal system from below, consistent with indications
provided by He isotopes.

The thermal springs of Na—Cl to Na—Cl-Hg®pe located in the Chachimbiro area originate
through dilution of the parent geothermal water and have reached different degrees of re-equilibration
with country rocks at lower temperatures.
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Introduction
The Chachimbiro geothermal area is located in the Western Andean Range (Cordillera

Occidental), about 70 km NNE of Quito and 17 km NE of IbaFm( 1a). The center of the

area of interest is at@5'N and 7817'W, at an average elevation of 2560 m above sea level

(masl). The rough topography is dominated by the Cotocachi (4944 m asl) and Yanahurcu

de Pilan (4535 m asl) stratovolcanoésd. 1b).
Previous geochemical investigations at Chachimbiro to assess the geothermal poten-

tial of the area were carried out within the framework@fADE-INECEL (unpublished

report) OLADE-AQUATER (unpublished reportand IAEA-INECEL (Almeida et al.,

1992 projects. Some 20 samples of thermal and cold waters were collected and anal-

ysed for major chemical componens§ ands1®0 values, and tritium activity. Based on

these data, the area appeared to be of considerable geothermal interest and worthy of further
199p This paper discusses the results of the geochemical

investigation Almeida et al.,
and isotopic investigations conducted in June 1999 and July 2001, as well as the results
from previous studies, and also presents an updated conceptual geochemical model of the

1.

Chachimbiro geothermal area.
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Fig. 1. Map of the Chachimbiro geothermal area showing the location of sampled springs
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2. Geological framework

The geodynamics of Ecuador is dominated by the subduction of the Nazca Plate beneath
the South American Plate. The Andean Cordillera in Ecuador consists of two parallel
mountain ranges, the Cordillera Occidental in the west and the Cordillera Real in the east,
separated by the almost flat Inter-Andean Depresdgui{era, 1998. The western range
is composed mainly of basic and intermediate volcanics, emplaced in a submarine envi-
ronment and covered by discontinuous turbidite deposits, while the eastern range consists
of metamorphosed intrusive and sedimentary rocks. The Inter-Andean Depression is a ten-
sional structure of regional importance bounded by active normal faults and filled with
volcanic and volcano-sedimentary deposits that can reach a thickness of several thousand
meters. The Quaternary stratovolcanoes of Ecuador belong to the northern volcanic zone
of the Andes, extending fron?hl to 2°S (Thorpe et al., 1982

The Chachimbiro geothermal area is characterized by persistent volcanic activity that
began during the Pleistocene. The important volcanic complex of Huanguitayo1p)
comprises a number of volcanic vents, such as Cotacachi, Pilavo, Yanahurdadged®id
several acid domes. Radiometric dating of a pyroclastic flow related to the emplacement
of one of these domes indicates an age younger than 8000 yegudefa, 1998. The
volcanic products are highly differentiated, ranging from andesites to rhyodacites with a
large volume of pyroclastic deposits, representing fundamental indicators of the presence,
size, and location of a potential hydrothermal system Y8ekletz and Heiken, 1992or
discussion).

Two main tectonic trends have been recognized in the area, one longitudinal and parallel
to the dominant direction of the Andean Range (NE-SW), and the other transversal, striking
WNW-ESE.

3. Field work and laboratory analyses

A total of 20 water samples (17 for chemical and water isotopic analyses, and three
for isotopic analyses only) were collected during two field campaigns in June 1999 and
July 2001 (the sampled springs are showFig 1c). Raw, filtered (0.4mm) and filtered-
acidified (with HCI 1:1) samples were collected and stored in polyethylene bottles. Outlet
temperature, pH, and alkalinity (by acidimetric titration) were determined in the field.

Water samples collected in 1999 were analysed for major chemical constituents, some
trace elements§!®0 andsD values of water, and tritium activity. All water samples col-
lected in 2001 were analysed for chemis#3£O andsD values of water, tritiumg3C
of total dissolved carbonate, as#tS ands'®0 of dissolved S@. Isotope determinations
were performed following standard procedures, and chemical analyses were carried out as
follows:

e Li, Na, K, Mg, and Ca by atomic absorption spectrophotometry and/or atomic emission
spectrophotometry;

e CIl, SO4, and N@ by ion chromatography;

e B, SiO2 and NH by visible spectrophotometry.
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As no fumaroles and steam vents are known to occur in the study area, three samples of
bubbling gases from thermal springs were collected during the 2001 survey. Two (samples
101 and 103) are characterized by a very low gas/water ratio while the third (sample 110)
has a higher gas/water ratio despite being located at some distance from the Chachimbiro
geothermal aredg. 1).

The gas samples were analysed by gas-chromatography fartS, Hy, N2, CHy,

CO, @& and Ar, and by mass-spectrometry for He, Ne, Ar, and He and Ne isotopes.

All geochemical and isotope data used in this paper are reporieblas 1 and 2

4. Water chemistry

The chemistry of the spring waters sampled in the Chachimbiro area was initially inves-
tigated on the basis of relative Cl, Gand HCQ concentrationsKig. 2A) and relative
Na + K, Mg, and Ca concentrationsi(). 2B). Both triangular diagrams present concentra-
tions by weight.

In Fig. 2A all the water samples have very low $@nd plot close to the CI-HCG{ide
along an alignment connecting a Cl-rich end member, represented by the thermal waters, and
an HCG-rich end member, including the cold shallow groundwaters. The water samples
located between these two end members are likely to be mixtures (see below). Absence
of shallow oxidation of HS is indicated by the near lack of 3Gsuggesting that shallow
zones of upflow and boiling are not evident in the area.

A similar spread of points is recognizablehig. 2B, although sample compositions are
more scattered than Irig. 2A.

Not surprisingly, the Cl-rich thermal waters show high relative concentrations of alka-
lis, whereas Ca is the prevailing cation in the H&@h cold waters, which also exhibit
significant concentrations of Mg, Na, and K.

Mixing between the Na—Cl thermal end member and Ca—ki§t@llow groundwaters is
confirmed by plots of distinct chemical constituents against Cl, chosen as the conservative
constituent of referencé-{g. 3). The mixing trend is clearly recognisable in the diagrams
in which the mobile constituents B and Li are plotted against Cl, as well as in the Na—Cl
plot, since Na is the major component of thermal waters and mixtures. The samples are
more scattered in the K—CI diagram, probably as a result of partial re-equilibration of K at
the decreasing temperatures encountered by the thermal waters during their ascent to the
surface. In an Si@-Cl plot (not shown), the points are even more scattered than in the K—CI
plot, because of the fairly rapid re-equilibration of the ascending and cooling waters.

Water sample compositions are more scattered in the plots of Mg, Ca, ang \W@Ds
Cl. Six samples, in particular (7, 10, A, B, H,Thble J), are characterized by high concen-
trations of Mg, HCQ, and (except for samples A and H) of Ca. This is likely a result of
the occurrence, to a degree much greater than in other waters, of rock dissolution driven by
conversion of dissolved CQo HCOs; ™ ion. Samples A and W have, instead, unusually low
Ca concentrations that are probably caused by precipitation of calcite. With the exception of
the samples affected by secondary processes, the mixing trend between the Na—ClI thermal
end member and the Ca—Hg@€old end member can, however, also be recognized in these
plots.



Table 1
Chemical and isotopic composition of water from the Chachimbiro thermal area

Sample Label Ty Date Elevation t°C  pH® HCO; Ca Mg Na K cl SOy B NH;  SiO, L NO3z  6180%  82H%o 3HTU
(m asl) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) V-SMOW V-SMOW
10° 1 s 7/24/2001 2600 58 621 682 8® 494 1186 141 1855 32 447 560 217 514 <1 —766  —693 052
102 2 s 7/24/2001 2620 58 6.37 616 85 448 1016 125 1601 39 384 470 212 443 <1 -793  —692 07
108 3 s 7/25/2001 2580 47 623 861 102 59 1329 117 2060 28 526 735 183 548 <1 —6.87 —663 067
104 4 r 7/25/2001 2570 22 731 147 48 234 132 111 268 356 460 002 920 017 959 —9.00 —66.6 192
105 5 s 7/25/2001 2560 5 670 670 8® 489 1156 145 1810 38 428 330 216 5.05 51 -753 —682 0.29
106 s1 p 7/25/2001 3950 fr R - - - - - - - - - - - - —7.02  —616 201
107 s2 p 7/25/2001 3920 " - - - - - - - - - - - - - -730 —668 223
108 S3 ot 7/25/2001 3820 B - - - - - - - - - - - - - 1156 827 216
109 6 r 7/26/2001 2760 9 776 156 2B 119 174 345 168 328 036 003 610 0.04 <1 -1178 835 147
110 7 s 7/26/2001 2760 @ 646 1737 237 139 660 @ 884 108 264 295 185 241 <1 -891  —716 0.16
111 8 r 7/27/2001 2820 1 818 583 741 273 641 212 031 051 <003 001 640 001 <1 -1119 786 0.69
112 9 s 7/27/2001 3000 o 596 203 36 119 158 315 071 290 <0.03 001 104 001 <1 -1089 —766 132
113 10 s 7/27/2001 2850 D 617 1035 221 96 440 581 784 443 170 169 144 1.90 1 -966 —737 07
105 1 s 6/11/1999 2560 59 625 693 90 480 1112 139 1655 38 405 600 124 - - —793  —7024 068
V] 12 6/14/1999 2550 28 774 479 76 528 677 608 988 283 247 076 135 - - -877  —6923 121
101 13 s 6/15/1999 2600 8 634 680 95 488 1195 141 1791 28 451 700 120 - - —7.69  —6948 06
102 14 s 6/15/1999 2620 B 700 614 86 440 1036 126 1565 36 384 590 124 - - -82 —69.98 094
M1l 15 ¢ 6/15/1999 2520 25 812 394 70 360 592 504 887 230 227 950 122 - - —9.03  —69.86 101
103 16 s 6/15/1999 2580 4 619 833 107 50 1347 121 1971 28 514 030 158 - - -701  —67.09 051
M13 17 s 6/15/1999 2530 2 752 142 6D 912 56 720 146 142 224 <01 93 - - —9.4 —67.06 206

LTS—-G61 (S002) € SolwIayl099) / ‘[e 19 elg|inby '3
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Table 1 Continued

Sample Label Type Date Elevation t°C pH® HCO; Ca Mg Na K cl SOy B NHs S0, Li NOz  680%  62H%o 3HTU
(m asl) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) V-SMOW V-SMOW
EUIO1 A ngl.  12/4/1987 2740 4 7.1 1253 @ 123 719 64 646 10 256 0.1 141 - - -923 -721 0.3
EUI01L B ngl.  7/11/1990 2740 41 6.7 1276 248 145 665 263 679 a9 - - 168 - - -9.3 729 -
EUI02 C ngl  12/5/1987 2560 @& 6.7 716 98 472 1350 135 2040 30 49 71 182 - - —711 69 09
EUI03 D ngl ~ 12/6/1987 2590 % 75 506 80 444 1230 135 1860 32 43 3 204 - - —738 685 0.4
EUI.03a E ngl  7/10/1990 2618 5 6.3 661 767 477 1250 155 2040 30 - - 200 - - -76 -702 -
EUILO4 F ngl ~ 12/7/1987 2530 I 68 1235 8® 823 1660 67 2250 1a 614 01 123 - - -6.03 —64 03
EUI05 G ngl ~ 12/6/1987 2200 B 72 397 42 373 104 109 945 45 22 0.1 971 - - —987 736 03
EUI.06 H ngl ~ 12/6/1987 2155 3 73 1016 6% 135 387 3@ 618 115 147 01 129 - - —942 703 03
EUI06 J ngl  7/11/1990 2155 @ 68 1013 162 149 351 28 507 .9 - - 98 - - —95 —69.1 -
EUILO7 W  ngl  12/7/1987 2570 4 72 1090 40 639 1420 625 1890 117 504 01 158 - - -698 —675 0
EUI11 L ngl.  12/9/1987 3570 9 70 37 28 09 6.0 27 08 15 0 01 412 - - -1193 656 33
EUIL12 M ngl 12/10/1987 2730 A 68 250 404 154 332 6.4 16 15 01 0.1 121 - - -1082 -762 11
EUI31 N ngl  7/11/1990 2190 B 6.4 771 616 409 326 134 404 24 - - 114 - - -10 727 -
EUI32 O ngl  7/12/1990 3618 7 - 139 88 74 9.3 27 02 06 - - 61 - - —127 —905 -
EUI33 P ngl  7/12/1990 3610 7 - 93 13 63 59 21 02 09 - - 48 - - -132 -931 -
EUI34 Q ng.l.  7/13/1990 3305 17 - 141 31 64 146 29 02 111 - - 117 - - -12 —-825 -

n.g.l.: data taken from literature; type of samples not defined.

& s: spring; r: river; p: pond.

b

vs. V-SMOW (Vienna-Standard Mean Ocean Water).

d §13C TDIC =—1.93% vs. PDB.

the pH data from this study were measured directly in the field.
C s13C TDIC (total dissolved inorganic carbon)<2.16%. vs. PDB (Pee Dee Belemnité§*S SQ; = 13.66%o vs

. CDT (Canyon Diablo Troilite}!80 SQ; = 12.52%o

00S
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Table 2
Chemical composition of free gases in Chachimbiro and Timbuyacu thermal springs (a); He and Ne chemical and isotope composition (b)

(@

Sample Location Date CQumol/mol  HS pmol/mol Nz pmol/mol O, wmol/mol  Ar pmol/mol  H, pmol/mol  CHy pmol/mol  COpmol/mol
102 Chachimbiro 7/24/2001 974654 0 16414 8459 322 0.50 141 9.3
10% Chachimbiro  7/25/2001 972700 0 17350 9287 469 1.33 189 3.2

110 Timbuyacu  7/26/2001 976250 0 15592 7695 364 0.81 991 54

(b)

Sample Location Date R/Ra Standard deviation (R/Ra)c He/Ne pR®Imol) Ne @mol/mol)
101 Chachimbiro 7/24/2001 .az 0.16 1.03 0.94 0.19 D

103 Chachimbiro 7/25/2001 .34 0.04 2.89 0.34 0.43 3

110 Chachimbiro 7/26/2001 .48 0.12 1.76 0.77 0.28 R

air 1 - 0.32 0.29 5.24 138

asw 1 - 0.28 - 0.05 2

(R/Ra)c: air correction using the formula (R/Ra)c = [(R/Ra}—1]/(x—1) wherex = (He/Neead(He/Nehirjasw)-
a §13C CO, = —4.56%0 vs. PDB.
b §13C CO,=—4.76%o vs. PDB.

LTS—-G61 (S002) € SolwIayl099) / ‘[e 19 elg|inby '3
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[J Almeida et al., 1992
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shallow steam-heated waters
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[ Almeida et al., 1992
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Mg
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Fig. 2. (A) Relative concentrations of Cl, 3Cand HCQ and (B) relative concentrations of Na + K, Mg, and Ca
(all in equivalent units) for the Chachimbiro discharges. Bage 1for details of samples and sampling locations.
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Fig. 3. Plots of Ca, HC@ Na, K, B and SQ against ClI for the springs in the Chachimbiro geothermal area.
Also shown is the mixing line of the Cl-rich thermal end member with the Cl-poor cold end member. The open
and closed symbols indicate that the springs have been excluded or included, respectively, when constraining the
mixing trend in the linear regression.



504 E. Aguilera et al. / Geothermics 34 (2005) 495-517
5. Chemical geothermometers based on aqueous solutes

The Na—K-Md'2 triangular diagram ofsiggenbach (1988s a powerful and widely
used geothermometer. The original Giggenbach diagram has been slightly modified here
(Fig. 4) by constructing the full equilibrium line on the basis of the K-Mg geothermometer
of Giggenbach (198&nd the Na—K geothermometerBburnier (1979)because, in our
opinion, the latter is more applicable here than the Giggenbach equation. There are two rea-
sons for this: first, it was thoroughly calibrated on the basis of equilibrated water discharges
from deep geothermal wells and oil-field brines and, second, it closely approaches the Na—K
ratio constrained by the albite/K-feldspar/aqueous solution equilibrium, according to the
thermodynamic data afohnson et al. (1994¥ee alsd?ang, 1992and references therein
for more discussions). Ifig. 4 all the Chachimbiro thermal spring samples plot in the
field of immature waters, because of their relatively high Mg concentrations, which result
in K-Mg temperatures (105-11& for the most saline waters) that are far lower than the
maximum estimated Na—K temperature of 285 The quartz geothermometerfedurnier
and Potter (1982ives a maximum equilibrium temperature of T&for the most saline
Chachimbiro thermal springs, in contrast with both the Na—K and K—-Mg geothermometers.
The estimated quartz temperatures, however, have to be considered as the lowest estimates.
The silica versus temperature diagralrig( 5 shows, in fact, that thermal waters attain

Na /200

Ecuador - Chachimbiro

@ survey 2001
O survey 1999
[ Almeida et al., 1992

immature Wa

K /40

250 225 205 190 175 160 145 130 116 100 75

Fig. 4. Na—K—Mg'? triangular diagram for the Chachimbiro discharges. The pldBigigenbach (1988yvas
modified by drawing the full equilibrium line based on the K-Mg geothermomet@igfenbach (198&nd the
Na—K geothermometer ¢fournier (1979)
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Fig. 5. Silica vs. temperature diagram, showing the saturation lines with respect to relevant silica polymorphs.
SeeTable 1for details of samples and sampling locatioAsnrsson et al., 1983; Almeida et al., 1992; Fournier,
1977; Fournier and Potter, 1982

saturation with amorphous silica and likely precipitate this phase during their ascent to the
surface.

6. Composition of the parent geothermal water

To obtain the composition of the parent undiluted geothermal water, the concentrations of
alldissolved constituents, apart from Siéhd Mg, were firstregressed against Cl, excluding
the samples affected by mixing and other secondary processes. The concentration of each
chemical constituent in the parent geothermal water was then obtained by using the ClI
concentration of the most saline sample, 2250 mg/L, in the pertinent regression equation
(Table 3. The possible existence of a parent geothermal water with a Cl content higher

Table 3
Linear regression equations describing mixing of the thermal and the cold end members

Ca=0.0325% Cl+29.6
Na=0.66110< Cl+22.5

K =0.07144x Cl+0.76

Mg =0.02156x Cl+13.0
HCO3=0.29240x Cl+147.6
SO;=0.01566x Cl+3.24
B=0.02519x Cl+0.1
Li=0.00279x Cl—0.135
H=0.09935x Cl+67.1
§2H=0.001727% Cl—71.7
§180=0.001548« Cl —10.3

Concentrations are in mg/L. EnthalgyiXis in J/g.52H ands80 values in % vs. V-SMOW.
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than 2250 mg/L cannot, however, be ruled out. Because of probable silica loss (see above),
the SiG concentration of the deep-water was computed by assuming equilibrium, using
a temperature of 235C (estimated from the Na/K geothermometer discussed above) in
the quartz geothermometer equati®ornier and Potter, 1982Ve thus obtained a value
of 410 mg/L. Based on the same hypothesis, the concentration of Mg in the deep water
was calculated by inserting the deep water K concentration, 162 mg/L, and the estimated
temperature of 23%C in the K—Mg geothermometer function to calculate a deep water Mg
concentration of 0.13 mg/L.

Assuming that Mg is acquired downstream of the deep reservoir through rock dissolution
driven by CQ conversion to HC@™ ion, each mole of acquired Mg is accompanied by
two moles of acquired HCg, due to the electroneutrality constraint. The increase in
HCO;z concentration Apco, (Mg/L), was therefore obtained by means of the following
relationship:

A
AHco; = 2 (ny’ag> MW hco, 1)

where MW is molecular weight.

The restored deep water Hg©@oncentration is, therefore, 498 mg/L.

Ca is also likely acquired through the same mechanism as Mg. The Ca and HCO
concentrations and thBco, initially present under reservoir conditions can be computed
by using differentPco,-indicators, adopting the approach proposeiayini et al. (1998)
RelevantPco,-indicators are the K—Ca function &figgenbach (1988with Pco, in bars;
concentrations in mg/L):

KZ
log Pco, = log cal 3.0 (2)

and the K-Ca, Ca—Mg, and HGQunctions ofChiodini et al. (1991with Pco, in bars;T
in K; concentrations in mol/kg):

log Pco, = 1.106 log HCQ + 5.773+ 0.541 logxXeq— 35653/T 3)
log Pco, = 2.179 log K2/Ca— 14.405— 1.275 logzeq+ 3451/ T 4)
log Pco, = —1.341 log CdMg + 9.772+ 0.523 logzeq— 34853/T (5)

whereXeq is total ionic salinity in eqg/kg.

Direct application of thes@co,-indicators to the parent geothermal water results in very
different Pco, values. Assuming that the reason for these discrepancies is Ca acquisition
through rock dissolution driven by GQconversion to HC@™ ion, the increases in Ca
and HCQ concentrations are linked by an equation similar to®y.Calcium and HC@
concentrations were therefore computed for variable increases in Ca concenttaian (
and plugged into the relevant -indicators (H&3—(5)). The Pco, values obtained are plotted
versusACa inFig. 6. This plot shows that the HGOunction is almost flat whereas the other
Pco,-indicators curve strongly, converging towards the H@@ction for Pco, of ~5.1 bar
andACa of 95.6+ 5.5 mg/L. Consequently, the restored Ca and H€@ncentrations (i.e.
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Fig. 6. Plot of Pco, vs. the increase in Ca concentration caused by rock dissolution driven pgd@@®@ersion to
HCO3~ for the Chachimbiro parent geothermal water. T, was computed using differetfico,-indicators
proposed bysiggenbach (1988&ndChiodini et al. (1991)

before Ca leaching sets in) are 7.4 and 207 mg/L, respectively. The equiliBggyof 5.1
bar corresponds to a total carbon content of 3230 mg/L as41CO

Table 4shows a comparison between geothermometric temperatures for the parent
geothermal liquid and some spring samples.

The pH of the parent geothermal water was then calculated on the basis of the equilibrium
Pco, and the concentration of the HGOion, using the computer code EQ3NR, version
7.2 Wolery, 1992. This program takes into account the dissociation of relevant weak acids
and main aqueous complexes and computes the activity coefficients of ionic species by
means of the modified Debye+digkel equation. The resulting calculated pH of the parent
geothermal water is 6.10. Its complete composition is giveTainle 5

7. Saturation state of the parent geothermal water with respect to relevant
minerals

As shown byGiggenbach (1984)n many geothermal systems located along convergent
plate boundaries, thBco, values of the deep geothermal water are fixed, at given temper-
atures, by the full equilibrium assemblage comprising calcite, a Ca—Al silicate, K-feldspar,
K-mica and chalcedony. Consequently, i, can be obtained from the mineral-solution
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Table 4
Geothermometric temperatures {i@) for the parent geothermal liquid and the Na—Cl waters with a contribution
of parent geothermal liquid higher than 1/3

Sample Label Quarlz  Chalcedon)  Amorphous Na—K® K—Mg
silica?

Parent geothermal liquid 225 210 98 223 228
101 1 186 165 62 232 116
102 2 185 163 60 235 113
103 3 175 152 51 206 109
105 5 186 165 61 237 117
110 7 175 153 51 214 80
113 10 159 134 36 242 82
M7 11 150 124 28 237 116
M8 12 155 130 33 208 91
M9 13 148 122 26 232 116
M10 14 150 124 28 234 114
M11 15 149 123 27 203 91
M12 16 165 141 42 208 111
EUI_02 C 174 152 50 217 115
EUI_03 D 182 160 58 225 116
EUI_03a E 181 159 56 236 119
EUI_04 F 149 124 28 150 88
EUI_07 W 165 141 42 156 89

@ Fournier and Potter (1982)
b Fournier (1973)
€ Fournier (1979)

d Giggenbach (1988)

equilibrium temperature using the following equatidrirf °K, Pco, in bar):
log Pco, = 0.0168(" — 27315)— 3.78 (6)

The Pco, value estimated for the Chachimbiro parent water, 5.1 bar, is much higher
than that fixed by coexistence of calcite and a Ca—Al silicate at the equilibrium temperature
of 235°C, i.e. 1.5 bar. This difference suggests that Ca—Al silicates are unstable under
the Pco, and temperature conditions prevailing in the Chachimbiro geothermal reservoir.
High-Pco, geothermal systems are an unusual occurrence along convergent plate margins,
but they do exist, as documented, for instance, at Broadlands, New Zedahdr{ and
Finlayson, 197

In order to investigate this matter further, the saturation indices with respect to a num-
ber of hydrothermal minerals potentially present in the Chachimbiro geothermal reservoir
were calculated for the parent geothermal water at a temperature o€28bmeans of the
EQ3NR code. Since aluminum was not measured in the collected samples, the Al concen-
tration in the parent geothermal water was assumed to be fixed by saturation with K-feldspar
(Pang and Reed, 1998rhis mineral was selected because, with the exception of strongly
acidic environments (which do not occur at Chachimbiro), it is a widespread hydrothermal
mineral in the 150-350C range (e.gHenley and Ellis, 1983 and usually occurs as a pure
phase. The parent geothermal water of Chachimbiro is close to saturation with chalcedony
and quartz, albite, muscovite, calcite, and Na-, Ca-, and Mg-montmorillonites, whereas it
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Table 5
Calculated chemical and isotopic composition and saturation indices with respect to relevant minerals for the
geothermal liquid possibly present in the Chamchimbiro geothermal reservoir

Component (species) Concentration Minerals log (Q/K) Affinity
(ma/kg) (kcal/mol)
Na 1510 Albite —0.102 -0.231
K 162 Anhydrite —0.805 —1.834
Mg 0.19 Calcite —0.086 -0.197
Ca 75 Chalcedony —0.073 —0.167
Cl 2250 Clinochlore-14A -3.018 —6.880
SOy 385 Clinozoisite —2.392 —-5.452
HCO3 207 K-Feldspar -0.061 -0.139
Crot (s HCQ) 3300 Laumontite —-1.257 —2.866
SiO, 357 Montmorillonite-Ca —0.079 —0.180
B 56.8 Montmorillonite-K —-0.517 —-1.180
Al 0.181 Montmorillonite-Mg —-0.163 —-0.372
Montmorillonite-Na —0.361 —0.823
Other parameters Muscovite 0 0
pH 6.14 Paragonite —-0.701 —1.597
Pco, (bar) 50 Prehnite -1.719 —-3.919
82H (vs. V-SMOW) —67.8 Quartz 0089 Q203
3180 (vs. V-SMOW) —6.82 Saponite-Ca 23 0280
Saponite-K —0.535 —-1.219
Saponite-Mg —0.003 —0.006
Saponite-Na —0.200 —0.457
Wairakite —1.600 —3.646

is undersaturated with respect to clinochlore and several Ca—Al silicates, such as clino-
zoisite, laumontite, prehnite, and wairakil@able 5. These data confirm that, under these
comparatively highPco, conditions, calcite is the stable mineral governing dissolved Ca
activity rather than the Ca—Al silicates, and that the montmorillonites constrain dissolved
Mg activity instead of clinochlore (chlorites).

8. Geochemistry of free gases

The gas samples collected in the Chachimbiro geothermal area are virtually free of sul-
fur species and mainly consist of GQwhich accounts for 97.2-97.6 mol % of the total
gas {Table 2. Nitrogen represents the second major constituent of the gas mixtures, with
concentrations up to 1.6 mol%. Entry of air and air-saturated waters into the natural system
has a significant effect on the bulk gas composition, as indicated by the higim®Ar
contents compared to those op,Nand by the lack of BiS. In particular, the BYAr and
Oo/Ar ratios of 51-37 and 26—20 for the gas from sites 101 and 103, respeciiadig (9,
are very close to the values expected for air-saturated groundwater@t b&. 43 and
21, respectively (gas solubility data frovdilhelm et al., 197Y. Since atmospheric com-
ponents are controlled by water—air equilibrium, great care must be taken when attempting
a quantitative evaluation of deep equilibrium conditions from the starting-point of these
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Fig. 7. Equilibrium log (CH/COy) and log (CO/CQ) molar ratios under temperatures and redox conditions fixed

by different buffers in (A) a single vapor phase and (B) a single liquid phase. Also shown are the analytical molar
ratios of Chachimbiro discharges. Buffers obf@re as follows: DAPD’Amore and Panichi (1980Fe(Il)-Fe(lll):
rock-dominated hydrothermal buffer;,B-SQ: gas-dominated magmatic buffer; FM: fayalite—magnetite; FH:
fayalite—hematite; MH: magnetite—hemati®ggenbach (1987¢c-anhyd: calcite-anhydrit&iggenbach (1993)

gas analytical data. The hydrogen contents are probably lower than the CO concentrations
because of the occurrence ofd¥donsuming secondary processes.

The ratios between C species are, however, close to the values expected for equilibrium,
under the redox conditions described by thglfuffer of D’Amore and Panichi (1980nt
temperatures of either260+ 25°C in a single vapour phase 61310+ 25°C in a single
liquid phase Fig. 7). Despite the uncertainties that derive from the secondary processes
affecting these thermal waters during their ascent towards the surface, these temperatures
could be present at the root of the Chachimbiro geothermal system.
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The measured He isotope ratios range between 1.02 and 1.48 Ra (where Ra stands for
the3He*He of air). These He isotope ratios, when corrected for air addition, according to
Craig et al. (1978)range between 1.03 and 2.89 Ralfle 3. Although the latter value is
affected by a significant uncertainty related to the correction, it does suggest an input of
mantle-derived He into the Chachimbiro geothermal system.

9. Isotope composition of water

In the classig?H versuss80 diagram Fig. 8), local Cl-poor groundwaters plot close
to the Global Meteoric Water Line, whereas the thermal waters again show an alignment

Ecuador - Chachimbiro
@ survey 2001
O survey 1999
O Almeida el al., 1992

52H %o vs. V-SMOW
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Fig. 8. 82H vs. 5180 diagram, showing the isotopic composition of waters discharging in the Chachimbiro area.
Also shown is the worldwide meteoric water-line, the average isotope composition of arc-type magmatic water
(Giggenbach, 1992and the mixing line between arc-type magmatic water and local groundwaters of meteoric
origin. AND: andesite. Se@able 1for details of samples and sampling locations.
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Fig. 9. Plots of (A)s180 values vs. Cl and (By?H values vs. Cl for the springs of the Chachimbiro area. Also
shown is the mixing line of the Cl-rich thermal end member with the Cl-poor local groundwaters. The open and
closed symbols refer to the springs either excluded or included in the linear regression to define the mixing trend.

resulting from the dilution affecting the Chachimbiro geothermal water. Dilution is con-
firmed by the plots 06180 versus Cl Fig. 94) and §°H versus Cl Fig. 9B). The linear
regression equations fitting the thermal water trend, in these two Cl-plots, indftate
ands'80 values of—71.9 and—10.3%. for the local groundwaters involved in the mixing
process, and —67.7 and —6.82%o. for the parent geothermal water.

In Fig. 8 extrapolation of the thermal water trend towards higitét ands'80 values
does not pass through the point representative of arc-type magmatic waséH e-20%o
andst®0 = +10%. Giggenbach, 1992 This suggests that an input of arc-type magmatic
water at the roots of the Chachimbiro geothermal system is not the only process controlling
the oxygen isotope shift of these geothermal waters, but it is most likely coupled with
significant water/rock exchange of oxygen isotopes. The effects of these two processes were
quantified by projecting, at constaifiH, the point representative of the parent geothermal
water onto the mixing line between arc-type magmatic water and local groundwaters of
meteoric origin. It turns out that the isotopic composition of the parent geothermal water is
compatible with a mixing of 8% arc-type magmatic water and 92% local groundwater of
meteoric origin, coupled with a water/roéRO shift of 1.9%o units. Since we used a rather
high 8180 value for the arc-type magmatic water, th% shift is a minimum estimate,
whereas this choice has little effect on the relative proportions of arc-type magmatic water
and local groundwater.

In Fig. 9B, by extrapolating the thermal water trend to the averégjé value of
arc-type magmatic water, we obtained a Cl concentration 288,000 mg/L for the mag-
matic end member. This CI content corresponds to a®/8l molar ratio close to 70,
which is relatively low, but within the range found in high-temperature fumarolic dis-
charges from convergent plate boundaries (i.e. moj@AI of 14-5300;Symonds et al.,
1999.
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10. §13C values of total dissolved carbonate

Carbon isotope ratios 6f2.16 and—1.93%. PDB (Pee Dee Belemnite) were measured
for the total carbonate species dissolved in samples 101 and 103 from Chachimbiro springs.
Calculateds3C values for gaseous GGn equilibrium with these samples aret.29 and
—4.19%0, respectively. These isotope values are close to the upper limit, but within the
range usually accepted for magmatic £8 —4 to —8%o. (Deines and Gold, 1973; Kyser,
1986. However, thes'3C value of magmatic C®can exhibit wide variations, depending
on the extent of degassing and the type of gas separation, as well as melt composition and
temperatureBlank and Brooker, 1994; Holloway and Blank, 1994long convergent plate
boundaries, moreover, the magmatic source might be affected by contamination deriving
from the subduction of carbonate-rich sediments, which is expected to bring about an
increase in the isotope values of magmatic,CAl in all, the §13C values measured at
Chachimbiro suggest a magmatic origin for the G®the geothermal system.

11. §34S values of dissolved sulfate

The measureéf“S of dissolved S@in sample 101 was +13.66%. CDT (Canyon Diablo
Troilite). This comparatively heavy isotope value is probably the result of extensive bacterial
SOy reduction, which is very common under a variety of natural conditions and is usually
described by the reaction:

SOZ~ + 2CH,0 = 2HCO;™ + HS (7)

where CHO indicates the organic matter involved in the process &egaer and Berner,

1996; Marini et al., 2000 Assuming that sulfide generated by bacterial, $&duction
separates from the system througfStlegassing or precipitation of either pyrite or other
sulfide minerals, these separation processes can follow two limiting mechanisms, either
open-system (continuous or Rayleigh) or closed-system (single-step or batch). Open-system
sulfide separation brings about the following changes istf® value of dissolved SO

834 = (58%*S + 1000)F*~1 — 1000 (8)
whereas closed-system sulfide separation is described by the equation:
8345 = 6%4S + (F — 1)1000 Inx (9)

whereF is the fraction of sulfate remaining in the systemis the HhS—SQ fractionation
factor, and subscripts f and i refer to the final and initial states, respectivelyQlemgoto

and Goldhaber, 1997The HS—SQ kinetic fractionation factor typically varies from15

to —60%o, depending on reaction rate, pH, temperature, and other factors. However, the
equilibrium HS-SQ fractionation factor Qhmoto and Goldhaber, 1991 —60%. at

59°C, which is the maximum outlet temperature of Chachimbiro thermal springs, and
—26%o at 235°C, the estimated equilibrium temperature of the deep geothermal reservoir.

Unfortunately, nos®*S data are available for either sulfate or dissolved sulfide on

Chachimbiro samples, bdf*S values were determined for dissolveg3Hin two spring
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samples from the Tuiib thermal area (which is located about 60 km NE of Chachimbiro):
Aguas Hediondas;-1.70%0, and Aguas Negras;3.24%.. Assuming that the average of
these two values is representative of the S-isotope composition of the dissal8edfH
Chachimbiro, aAH,s-sq, = 1000 Ine of —16 (+1)%o is obtained.

The initial (i.e. before bacterial S@eduction sets in) S§£xoncentration in Chachimbiro
geothermal waters can be obtained by assuming anhydrite saturation under reservoir con-
ditions. Based on this hypothesis, an initial S€@ncentration of 234 mg/L was computed
for the parent geothermal water, using the EQ3NR code. The corresponding value of F is,
therefore, 38.5/234 = 0.165. Taking 100@n —16%.,64S; values of-15 and +0.3%. are
obtained, under open- and closed-system separation, respectively, for the parent geothermal
water.

Despite the large uncertainties in the initial S isotope ratios, these simple calculations
demonstrate that bacterial $@duction can greatly affect the isotopic composition of
dissolved SQ@. Positive values such as that measured at Chachimbiro do not exclude that
the S species present in the geothermal system are of magmatic proves#Bcea(ue
close to 0%o) or derive from sulfide minerals with nega#i¥és values.

12. 8180 values of dissolved sulfate

The 8180 of dissolved sulfate was measured only for sample 101 from a Chachimbiro
spring; the sample was collected in 2001, and a value of +12.5%. obtained. An apparent
equilibrium temperature close to 76 is inferred by coupling this value with th#80
of water, —7.66%o. It must be emphasized that this sample has 1855mg/L Cl and can
therefore be interpreted as a mixture of 82% parent geothermal water and 18% groundwater.
The influence of mixing on the\80(SQ—H,0) geothermometer was investigated by
McKenzie and Truesdell (197,4ut, in the case of Chachimbiro, the effect of mixing cannot
be evaluated because only one sample was available. The apparent equilibrium temperature
could also be affected by other interfering processes, such as bacterial sulfate reduction (see
above), but again no correction can be applied due to the lack of essential information.

13. Conceptual geochemical model and concluding remarks

As indicated by water isotopes, the Chachimbiro geothermal system is mainly recharged
by meteoric water (92%) and secondarily by arc-type magmatic water (8%) with a relatively
low H,O/CI molar ratio of~70. Although interpretation of th&'3C of CO, and thed34S
of dissolved SQ@ is somewhat ambiguous, these data are in line with a magmatic origin
for the C and S species discharged by the geothermal systepra@is gases, along with
H>0, released from a degassing magma body, are therefore likely to enter the roots of the
Chachimbiro geothermal system from below. This conclusion is supported by the evidence
provided by He isotopes. A schematic hydrogeological cross-section of the Chachimbiro
geothermal area is shown fitig. 10

Temperatures higher than 280 could be present in the deepest parts of the geothermal
system, as suggested by &&H,—CO equilibria, whereas water geothermometers suggest
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Fig. 10. Schematic hydrogeological cross-section of the Chachimbiro geothermal area.

the presence of a geothermal reservoiraB5°C. The parent geothermal water has likely
2250 mg/L Cl and cools through mixing with cold waters along the upflow path from the
shallow reservoir to the surface.

The Pco, of the parent geothermal water is close to 5bars, a value that is signifi-
cantly higher than 1.5 bar, which is th&o, fixed by calcite/Ca—Al silicate coexistence
at reservoir temperatures. Under tReo, and temperature conditions that are presum-
ably present in the Chachimbiro geothermal system, Ca—Al silicates are unstable and
dissolved Ca activity is fixed by calcite saturation. These inferences are confirmed by speci-
ation/saturation models, which indicate that the parent geothermal water of Chachimbiro is
close to saturation with calcite, chalcedony and quartz, albite, muscovite, and Na-, Ca-, and
Mg-montmorillonites.

The Chachimbiro area therefore appears to be very promising regarding the possible
existence of a high-enthalpy geothermal reservoir that could be exploited for electric power
generation and certainly deserves the highest priority of all the geothermal areas investigated
so far in Ecuador. It should, however, be pointed out that only geochemical and isotope
data are currently available for this area, with little or no important data available of a
volcanological, hydrogeological, and geophysical nature.
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