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ABSTRACT

In this study, representative samples from hot springs were chin@oalyzed Geothermometers were used to calculate the deep
temperatures of geothermal reservoirs on the badisidfmineral equilibrium. In all cases, the chemical components are not in
equilibrium with the minerals in the reservoir, due to the fact that most of these watersiare acid

Geothermal manifestations in the Tutupaca zone are evidenced by the preshotemfngs, mud pools and fumarolegh

temperatures up to 90°Che pH valuesange from2.90 to 6.9 and conductivitfom 800uS/cmto 2900 puS/cm. @chemical
interpretation according to €80,-HCGO; ternary diagram shows that thermal waters are cladsaf sulphate, sulphatehloride
and bicarbonate waters.

In B-Cl binary diagram the waters of the Tutupaca area are reattitegp levels with marine sedimentary rocks, which probably
have high porosity and permeabiliagnd with abundant fractures. THea-K-Mg triangular diagranwas also used to evaluate
equilibrium between water and reservoir rockt®pwinga linear trencandpointingto an equiibrium temperature of 20@ (Na/K)

in the reservoiandfluid dilution or mixing.Th e?H U a i@ isotbpesdiagramalsoshow thathe thermal waters originate mainly
from meteoric water.

According to the geological and geochemical exploratésultsa conceptuahydro-geochemical model has beproposedor the
Tutupaca zone. This model shows a geothermaksysssociatedvith magmatic sourcefrom where the geothermal fluids
emerge. There is a structural trend which allows the deep circulation of the waters between 2 and 3 km. The chemistry of thes
thermal watergouldbe explained by the interaction betwehka thermal fluid with sedimentary and volcanic rocks.

1. INTRODUCTION

The Tutupaca geothermal zone is located in the Western Cordillera of the, Amdkee Tacna regioof Southern PeruThe
geothermal zonées at an altitude between 4000 and 4508tans (ASL)). In this geothermal area, the presence of the Tatupa
volcanic complex is evidenfThe Tutupaca volcanic complex (17 ° 01 'S, 70 ° 21' W) is located on the southeastern part of the
Peruvian volcanic arc. This volcano is considered active, becaveral eruptions occurred during historical period. Additionally,
volcanic activity reports compiled by the "Global Volcanism Progré®iebert et al., 2010) suggest that there have been at least 4
eruptions in this area in historic times, in §ears(AD) 1787, 1802, 1862 and 190&Iso, the Zamécola (1958) andaldivia

(1874) reports clearly indicate that Tutupaca has had at least two eruptive pedi@88 iand 1802 (Manrique et al, 2912

The Tutupacageothermal zone is surrounded by two main sy&allazas to the east, and Tacalaya to the west, both controlled by
structural lineaments. The weather is cold, typical of the high Andean zone, with maxemperatures not exceeding°C4
(Instituto Geoldgico Minero y Metalurgico, 1994). Floristic carspion is also quite poor, predominantly stony ground.

In Tutupaca 36 geothermaianifestations of various types were recorded: hot springs, mud pools, fumaroles and steam sources
(Fig. 1 and 2)Thesecome from foursectors: Callazas River, Pampa Turwruh, Tacalaya River and the sulplarea (Azufre
Grande and Azufre Chico).

In Azufre Grandetwo areas with geothermal manifestations have lemtified the first is located in the upper part, where there
are steanvents fumaroles andnud pots Theseare common on the flanks of active volcanoes as well as in geothermal fields,
where temperatures are generally close to the boiling point of water. Imethitha temperature is above8pwith pHfrom 2.7 to

4.5. The second area is located in the lopaat where there are hot springith temperatureBom 47 °C to 61°C andacidc pH

value not exceeding 2.9he hot springs in Azufre Chico have the same charadtsrist those in Azufre Grandé@round the hot
spring waterssteam and gas events, y@llorystak of pure sulphur arebserved, as well as emissions with a stidsgsmell

Also, several hot springs in the Tutupaca area emietgethe Callazas and Tacalaya rivers with temperatures froniQCfo
57.8°C, and pH values from 6 to 6.9. Thesergs undergomixing with river water thafpossibly contributed to pH neutralization,
due to an increasa HCO; ion. Furthermore, increased chloride immcentrations observed in the chemical composition of these
waters, unliken acidic waters.

The am of this paper is to determirtbe chemistry and isotopic characteristics of geothermal flaidg the applicability of
chemical geothermometers to calculateep temperature. h€ results are interpretedfocusing on origin of fluids, and the
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formulation of a conceptual model for Tutupaca zofféis will provide useful informatiorin the exploitation and utilization of
these geothermal resources
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Figure 1: Map showing locdions of the thermal waters in the Tutupaca field.

Figure 2: View of geothermal manifestations in AzufreChico, close to Tutupaca volcano.

2. GEOLOGICAL SETTIN G

In the Tutupaca geothermal area, volcanic rocks are observed corresponding to Tutupaca active volcano. This volcado is situat
upon a subsaite composed of Huaylillas Formation ignimbrites, whichetizeen dated between-P2 Ma. Furthermore, volcanic

rocks of the Upper Cretaceous to Pliocene, like the Toquepala Group, Barroso Group and Sencca Formation (Mgrit@fi: et al
were identified Bar the volcano.
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The Tutupaca volcano consists of an altémgegequence of pumice pyroclastic flows and ash with ivaddocks. t is followed
by an important sequence of andesitic and trachytic lavas flows, and finally a trachyandesitics debriff flth ®bundant
hornblende crystals containing, biotite, pyroxene and quartz (De laa@di2e la Cruz, 2001).

Beneath these rocks and in the southern part of the volcano outcrops the Huaylillas Formation (Miocene) (Fig.3) whscbf consist
pyroclastic fows, rhyolitic tuffs and andesitalocks. In the Tutupaca area, some deposits precipitated to the Turun Turun sectors
and Tacalaya were also identified. The result of precipitation from hot springs saetetiaed byamorphous silica sinter, altered

zores are found preferably in different systems of intersection of tectonic structures and around volcanic structureseratisad the
zone of the volcano Tutupaca has hydrothermal alteration zones.

In the Tutupaca area, the stratigraphy, geological stregtand the distribution of surface thermal manifestationiicate that
geothermal fluid flowsare controlled by permeable zones associated with faults. In the Tutupaca geothermal area, the structural
context is characterized mainly by regional N8& guiclines and local NNWSSE and NNESSW faultsthat control the location

of hydrothermal systems (Fig. 1). The identification of the Tutupaca fault wittsWEdirectionindicatesthat large fracturing
seems to control fissure volcanism (Torres, et. al. 1997).

The local NNWSSE structures seem to determine the upwelling of geothermal manifestetionshe case of streamzufre

Grande and Azué Chico De la Cruz 2001) describe a large geological lineament, which determines the course of the Tacalaya
river.
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Figure 3: Tutupaca Geological Map.

3. CHEMICAL COMPOSIT ION OF THE GEOTHERMA L FLUID
3.1. Sampling andAnalysis

Geochemical studies of geothermal fluids involve three main steps: 1) sample collection, 2) chemical analysis and 3) data
interpretation.
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3.11. Sampling

Water samples were collected for this research during a field camgaignctedn July and August, 2010. The waters around the
Tutupaca volcano havtemperatures between°@o 66°C. Samplesvere collected for chemical and isotopic analyses

Three B) types ofsamplesverecollected:one samplefor the analysis of catiorthat werepreserved by addingydrochloricacid; a
secondsamplewithout hydrochloricacid (nonpreserved samplddr analyses ofinions.The third samplewas usedo detemine

isotopic composition. These samples have established a basis for explaining the chemistry of hot springs in the geothermal
Tutupaca field.

The chemical composition of the water samples were analyzedaertiied and accreditelhboratory in Lima,Peruandby the
West Japan Engineering Consul tant s-18 (fQ)isotopeiamalysighipnancariefout de ut
by the Chilean Nuclear Energy Commissi6@HEN laboratory.

3.1.2. Analysis on e

Temperature

In-situ temperatre measurement was performed using a poridAIR branddigital thermometewith a precision ot 0,1°C.
Conductivity

Conductivity of the samples was measuredalong with temperatureusinga WTW brand Mbdel 340iconductivity meter with a
resol ut ilconSincedonddctivity & as a function of temperatutieis was measurkata uniformtemperaturef 25°C.

pH

MeasuremenpH was performed using mulparameter WTW brantodel 340i with anaccuracyof + 0.1. Also, it has become
instrument of control usg test strips capable of determining pH ranges as narrow as possible.

3.2. Analytical Results

Tutupaca hot springs are located in the valleys of Azufre Grande and Azufrea@liéothe Tacalaya zonandalong the river
Callazasat an altitude of 4200 eéersand4070 meters above sea levespectively(Fig.1). The thermal springs located in Azufre
Grande and Azufre Chico dischargethe Callazas River and those of Tacalaya tdrtealayaRiver. Warmwatess alsoappeatin
the Turun Turun area.

The resuk of chemical analysiand isotopic composition of water samples from spriimgshe Tutupaca gebérmal zone are
shownin Tablel. lon balances for the samples were calculated over based on percentagghbbalance in the samples.

The temperature dhese sources varies betweeri@8and 62°C, pHange from2.6 to 6.9, and electrical conductivity from 2.3 to

2.9 mS/cm.The hot springs of Azufre Grande and Chico have high i8® concentrationdrom 7631214 mg/L, being the
dominant ion in the chemicabmposition characteristic of volcanic waters, while Tacalaya, Callazas and Turun Turun hot springs
showHCO; as dominant ionTable 1).

3.2.1. Classification of the Riids

In Figure 4 the relative composition of the dominant anionsSCl,- HCO; (Giggenbah, 1988)for hot springs in the Tutupaca
area, shows that the samples of Azufre Grande and Gagmainly on the sulphateegionof the ternary plgtcharacteristic of
acidicvolcanic water, associated with the hydrothermal system of the Tutupacao/olca

Tacalaya and Callazas waters are located in a bicarbonate eégianplottypical of water diluted or mixed witeurfacewater.
This suggests that these waters are the product of the dilution of chloridewithtbicarbonate water; during prolordyéateral
flow (Nicholson, 1993).
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HCO3

Figure 4: CI-SO,-HCO3 ternary diagram (Giggenbach, 1988).

Lithium is the alkali metal least affected by secondary processes. It is therefore used as a tracer for the initial dissplutiok

process and to evaluatiee possible origin of two important conservative constituents of geothermal water. The boron content of
thermal fluids reflects the degree of maturity of a geothermal system. It is expelled during the early stages of hesitgitgp d
volatility. Fluids from older hydrothermal systems therefore have less boron content but higher content for younger hydrothermal
systems.

At high temperatures, chloride occurs as hydrochloric acid (HCI) and boron as boric &8@4)(Fnd both are volatile and able to
be mobilized by high temperature steam. At lower temperatures, the acidity of HCI rapidly increases and it is changedkby the
to the less volatile NaCl but B remains in its volatile form and is carried to the surfacevaptirphase. The CI/B ratits used to
indicate a common reservoir source for the waters. Caution should, however, be taken in applying this interpretatiovabersause
from the same reservoir can show differences in CI/B ratio due to lithology changes at depth in a field i(grgdtieion of a
sedimentary horizon), or by the absorption of B into clays during lateral flow.

The CLLi-B ternary diagram (Fig. 5) shows that the water has a tendency towards B corner, which would indicate the thermal
water samples, could come fronraatively young hydrothermal system with absorption of high B/Cl magmagorinto the

system. Furthermore, the concentration of B in the geothermal waters is 8@nmg/L, with atomic ratio B/CI of 0.08 to 0.5.

Figure 6 shows that the waters of demmal Tutupaca would react with marine sedimentary rocks at deep levels, which probably
have relatively high porosity and permeability with abundant fractures (Shigeno et al., 1993; @hiehe 1983) It is possibe

thathot waters in Tutupaca zoheve greater opportunityo interact withand leach borotvearing host rockbecause ofelatively

deep circulation path€xcessivelyhigh boron concentrations have been documented for geothermal systems flowing through
boronrich sedimentary rock&®. g, Aggarwal et al., 2003)

On theother hand, we can also mention that the high B concentratimos#sblyrelated with young volcanisnin this case with
Tutupaca volcanagssociated withdissolution of volcanic gases into the hot water influenced by magteatiperatures where B
and CI form volatile compoundsThis could alsoindicate that in the Tutupaca geothermal zone, the higher B/CI ratio could be
favored by magmatic heating or cooling intrusi¢Asehart et al., 2003)

Precipitates of yellow, red and Witish coloed sulfur was likewise observeatound the acidic hot springghis can take place as:
(1) precipitation of S@minerals (mainly gypsum, alunite and jarosite) and elemental S; and (2) bacterial reductiafi taf SO
and precipitation of syld e mi ner al s. Ho we vie thezone may bd nedgligible idue go lopvrLioconeesitgation
present in the hot waters (Martini et al., 1994)
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Figure 5: CI-Li-B ternary diagram (Giggenbach, 1998). Figure 6: Boron vs Chloride diagram (Shigeno, 1993).

3.2.2. Geothermometes

The purpose of the geothermometer to estimate the temperatuoé the resource fluicat depth, given the concentrations of
dissolved substancésm the surfacesamples This method assumes that concentrations ahdme preserved as the waters flow

to the surface, and measures the degree to which the substances were in equilibrium at depth. Geothermometer calculations are
empirical, but in most cases seem to give a reasonable estimate.

The NaK-Mg ternary diagram(Fig. 7) shows that the Tacalaya and Callazas waters that tend towards partial equilifviam
would indicate mineralthat has dissolved but not attained equilibrium, or geothermal water suffering dilution or mixing with cold
water.

Data points that plotlose tote & Mg corner wusually indicate a high proportio
waters. The Azufre Grande, Azufre Chico and Turun Tumonsprings have a high percentage of Maplying that these waters

have not attained equilibrium withehreservoir rocks or perhaps these waters were influenced by shallow processes and possible
equilibration at lower temperaturdowever, thenigher concentrations dflg alsocan indicate neasurface reactions leaching Mg

from the localrock, or dilution ky groundwater which can be relatively Mgch (Nicholson, 1993)In the case of Azufre Grande,

Azufre Chico and Turun Turutie hot springs are adicl The high percentage of Mg could be rethte leaching processf the

rock.

The NaK-Mg diagram indicas a linear trend pointing a Na#€uilibrium temperature of 20Q in the reservoirThe linear trend
observed iitherdue todilution or mixing. Table 2 and-igure 9also show the results of calculated temperatures using chemical
geothermometers.
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On the other handYa-K-Mg geoindicator (Fig7) shows that Tacalaya waters have a tendenggrtis the equilibrium lineBy
making a vertical projectiorthe liquid is exposed to elevated temperatures/ef 200°C.

Figure 8 represents the estimated temperaifithe Tutupaca geothermal system reserfroim liquid phasegeothermometers
The valuedndicate that the resewir temperature is above 2WD, classifying it as a system of intermediate to higthapyand
can be usetbr power generation.
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3.2.3. ChlorideEnthalpy mixing model

The chlorideenthalpy diagram proposed by Fournier (1979b) (Fig, 409ws that the hot springs are located in the dilution or
mixing line. This indicates that ascending deep hot water is boiled and then mixed with cold water at shallow deptlayl Tacal
Azufre Grande and Chico it is clearly noted that the chlorideertration is relatively low, while SGand HCQ are high. These
elements are invariably superficial fluids formed by the condensation of geothermal gases in groundwater near the surface.

4. ISOTOPIC RESULTS

The water samples were analyzed to determineipot ¢ r & iaol¥ isoibpesiTable 1. Thethermal waters of Tutupaca
graphedin Figure 11 show that thegdot close to Local Meteoric Line (Cortecci et al ., 2005), indicating thatetharee basically
meteoricwaters The relationkip between dlthe waters around the Tutupaca fielah be summarizedy a threeendmember
mixing model consisting ofl) a deep chloride reservaiomponent?2) a cold or fresh water component, and 3) a volcanic fluids
component.

The plot of hydrogen and oxygen isqiiw composition with respect thloride concentration (Figd2 and 13) indicate that the
origin of the wateiin the Tutupaca geothermal reservoir is from the mixing of meteoric water with volcanic fluid assadfated
the hydrothermal system of the Tytaca volcano. Magmatic water ratio in the reservoir is toodond isestimatedo bearound
2%.
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5. CONCEPTUAL MODEL

The conceptual model of the geothermal system in the Tutupaca zone is shégurénid. This field is located in the Western
Cordillera of the Andeén the southern part of Perwhere Neogene to Quaternary volcanism occurred. The Tutupaca volcanic
complex is located at an altitude o855 metergASL). The stratovolcano with fumaroliactivity at the summit experienced
eruptions in1780, 1802, 1862 and 1902, 198&4Holocene period aeportedby Simkin andSibert(1994) It is suggestedhat the

heat source in the Tutupaca geothermal system could be related to the volcanic adtititppa€an the Quaternary period.

Permeable zones in geothermal systems are regularly associated with geothermal fluid paths and productivity. Considering the
stratigraphy, the geological structures and the distribution of thermal manifestations oe, thefssuggesthat geothermal fluid

flow are controlled by permeable zones associated with faults. Faults play an important role in vertical perofeganlibhermal

systems. In the Tutupaca geothermal field, the NSBE trending faults dominate thHelél and are known as Azufre Grande and

Azufre Chico faults (Déa Cruz ande la Cruz, 2001).

The study of the P ovifo, @ well as hen® cosderttrationrin the hot springs, indicate that water in the
geothermal reservoir of Typaca, originated from mixingf meteoric water with magmatigater. The high relativeoncentration

of B and theB/Cl atomic ratio of 0.Indicatethat he thermal fluid circulated ideep levels where there are sedimentary rocks that
haverelatively highB content.

Meteoric water infiltrated to deep levels from the north altiplanic mountainousTaneards theastit is heated to over 20CQ by
the conductive heat from magma bodies related to Quaternary volcanism and by mixing with hot magmaticsfhetieVted that
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geothermal fluid circulating in the Mesozoic marine sedimentary rocks asupndrd through permeable zones related to the
Azufre Grande and Azufre Chico faults.

Geothermometers used in the spring watked naturaly dischargeto the surfaceestimatethe reservoir temperatito be over
200°C. The warm geothermal water rising to a lower level is saturated and partially evaporateshduesw of pressureThe
steam and gases oFethe surface near the Azufre Grande and Azufre ChAtdhe top of the Azufre Grande several areas of
fumarole emissions and mpats were observed.

The Azufre Grande and Chico springs originated from a shallow aquifer which is heated by steam and gases that come from
Tutupaca hydrothermal systerhis resits in the formation ofacidic hot springs. The hot geothermal wateat reachshallow

level near Azufre Grande and Chico flows laterally in E and SE direction along faults. liyaflesaing hot water is diluted and
cooledeither byfresh water or shali® groundwater as well as by river water.igtiilutedand cootdwarm waterischargeon the

surface along the CallazRsver.

Also, the waters associated with the hydrothermal systefutofpacavolcano flow laterally in S andESdirection andemerge at
the surfacén the Tacalaya and in Turun Turun, favored by the existing fault system in this area.

It is possible that the minimum area is found in the upper streams of Azufre Grande and Azufre Chico. Some permeable zones
considered as the magonduitsfor thermal fluid ascent from the depths in this area are outlined and delineated. The Callazas,
Tacalaya and Turun Turun manifestations would be included in the maximum area.

Figure 14: Conceptual modebf Tutupaca geothermalzone(West Japan Engineering @nsultants 2012)

6. CONCLUSION
The geochemical characterizations of the thermal springs ifuttupaca field are summarized as follows:

- The hot springsireclassified as sulphate, sulphatdoride and bicarbonate water.

- Stable isotopegPH v '80) ralationship proves that thermal waters originate mainly from meteoric water but are mixing
with magmatic waters.

- The estimate@dquifer temperature of the geothermal resource is higher than 200°C.

Sulfatara or sulphur depositse presenin the geothermal fieldndfumarolesexistat the summit of thactive Tutupaca volcano.

According to the geothermal manifestation and estimated subsurface temperature by geothermometers, the geothermal resources i
this field seem to be promising.
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