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a  b  s  t  r  a  c  t

This  work  aims  to  assess  geothermal  power  potential  in  identified  high enthalpy  geothermal  areas  in  the
Chilean  Andes,  based  on  reservoir  temperature  and  volume.  In  addition,  we  present  a set  of  highly  favor-
able geothermal  areas,  but without  enough  data  in order  to  quantify  the  resource.  Information  regarding
geothermal  systems  was  gathered  and  ranked  to  assess  Indicated  or  Inferred  resources,  depending  on
the degree  of confidence  that a resource  may  exist  as  indicated  by  the  geoscientific  information  available
to  review.  Resources  were  estimated  through  the  USGS  Heat  in  Place  method.  A Monte  Carlo  approach
is  used  to  quantify  variability  in boundary  conditions.  Estimates  of total  Indicated  resource  are  confined
to  3 geothermal  systems;  Apacheta,  El  Tatio  and Tolhuaca,  yielding  a total  value  of 228  ± 154  MWe.  The
hilean Andes
SGS Heat in Place
onte Carlo

estimates  of  the total  Inferred  resources  for Chile  include  6  geothermal  systems  and  yield a total  value
of 431  ±  321  MWe.  Standard  deviation  reflects  the high  variability  of reservoir  specific  parameters  for
each  system.  A set  of  65  favorable  geothermal  areas  are  proposed  as  the  most  likely  future  development
targets.  Eight  of  them have  initial  exploration  results  that  suggest  they  are  highly  favorable  targets  as
potential  geothermal  resources.

©  2015  Elsevier  Ltd. All  rights  reserved.
. Introduction

Early geothermal exploration in Chile began in 1921, when
n Italian technical group from Larderello drilled two  wells of
bout 70–80 m depth at El Tatio geothermal field (Tocchi, 1923).
ystematic exploration resumed in 1968 as a result of a joint
roject by the Chilean Development Corporation (Corporación de
omento de la Producción, CORFO) and the United Nations Devel-
pment Program (UNDP) (Lahsen, 1976). In addition, geothermal
xploration was carried out by the Japan International Coop-
ration Agency (JICA) in Puchuldiza (Lahsen, 1978; JICA, 1979;

etelier, 1981) and Surire (Cusicanqui, 1979). Since then, basic
xploration, drilling and feasibility studies have been conducted
poradically, mainly by Universidad de Chile (Lahsen, 1976, 1988),
he National Geological Survey (Servicio Nacional de Geología y

inería, SERNAGEOMIN) (Hauser, 1997; Peréz, 1999), and the

∗ Corresponding author at: Centro de Excelencia en Geotermia de los Andes
CEGA), Universidad de Chile, Plaza Ercilla 803, Santiago, Chile.
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aumunoz@ing.uchile.cl (M.  Muñoz).
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375-6505/© 2015 Elsevier Ltd. All rights reserved.
National Oil Company (Empresa Nacional del Petróleo, ENAP). By
early 2000, a geothermal law was  enacted providing the frame-
work for the exploration and development of geothermal energy
in Chile. Henceforth, comprehensive efforts to assess geothermal
potential have been made by public entities and private companies
(e.g. Lahsen et al., 2010 and references therein). During the first half
of 2011, the Chilean Government founded the Andean Geothermal
Center of Excellence (Centro de Excelencia en Geotermia de Los
Andes, CEGA), a Fondap-Conicyt project hosted at the Universidad
de Chile, aimed at improving geothermal knowledge and promot-
ing its use in the Andean countries. This work is part of a nationwide
geothermal evaluation carried on since then (e.g. Sánchez et al.,
2011; Aravena and Lahsen, 2012, 2013).

Early resource assessments considered a gradient of 45 ◦C/km
in the Chilean Plio-Quaternary volcanic belt, yielding 1.85 × 1022 J
of thermal energy stored in water above 150 ◦C for depths less than
5 km (Aldrich et al., 1981). Later on, Lahsen (1986) calculated values

on the order of 16,000 MWe  for 50 years contained in fluids with
a temperature over 150 ◦C, and at a depth less than 3 km. Updated
estimates of the geothermal potential in northern Chile yield val-
ues between 400 and 1300 MWe  (Procesi, 2014). In southern Chile

dx.doi.org/10.1016/j.geothermics.2015.09.001
http://www.sciencedirect.com/science/journal/03756505
http://www.elsevier.com/locate/geothermics
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mailto:daravena@ing.uchile.cl
mailto:maumunoz@ing.uchile.cl
dx.doi.org/10.1016/j.geothermics.2015.09.001


2 D. Aravena et al. / Geothermics 59 (2016) 1–13

Fig. 1. Tectonic setting, regional scale faults and active volcanoes of the Chilean Andes. SCVZ, Southern Central Volcanic Zone; F.S., Flat Slab; NSVZ, Northernmost SVZ; TSVZ,
T Gap; A
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ransitional SVZ; CSVZ, Central SVZ; SSVZ, Southern SVZ; PVG, Patagonian Volcanic 

t  al. (2007). Flat Slab structures modified from SERNAGEOMIN (2003). Regional stru
nd  Lara (2009), and references therein. Age of oceanic plate after Tebbens et al. (19

stimates vary between 600 and 1400 MWe  (Lahsen et al., 2010;
ravena and Lahsen, 2012).

This work was initiated to provide a realistic estimate of
ccessible geothermal resources associated with high enthalpy
>200 ◦C) reservoirs in the Chilean Andes, with emphasis on geo-
ogical, geophysical and geochemical evidence constraining each
eothermal system. To do this, we gathered and ranked pub-
ished information regarding available geothermal exploration and
uaternary volcanic features to establish a hierarchy of Mea-

ured, Indicated and Inferred geothermal resources. To assess the
eothermal resources of Chile, the USGS Heat in Place method
s applied. Although this study does not produce absolute val-
es of power potential, it does provide a systematic manner with
hich to compare prospects based on the available/published

nformation. In addition, we present a set of areas with a favorable
eothermal setting whose published information is still considered
eficient.

. Volcanic and geothermal setting

The Andean volcanic arc includes over 200 potentially active
olcanoes, and at least 12 giant caldera/ignimbrite systems (Lee
t al., 2010), occurring in four separate segments referred to as the
orthern (NVZ; 2◦N – 5 ◦S), Central (CVZ; 14–28 ◦S), Southern (SVZ;
3–46 ◦S), and Austral (AVZ; 49–55 ◦S) Volcanic Zones (Fig. 1). Vol-
anism results from subduction of the Nazca and Antarctic oceanic
lates below South America (Muñoz and Stern, 1988; Cembrano
t al., 2007). The country contains more than 300 geothermal
reas located along the Chilean Andes, associated with Quater-
ary volcanism. The main geothermal systems occur in the extreme
orthern (17–28 ◦S) and central-southern part (33–46 ◦S) of Chile.

n areas where Quaternary volcanism is absent, such as along the
ndean volcanic gaps (28–33 ◦S and 46–48 ◦S), as well as in the
oastal Range, thermal springs are scarce and their temperatures
re usually lower than 30 ◦C (Lahsen et al., 2010). The Andean vol-
anic arc still represents one of the largest undeveloped geothermal

rovinces of the world. There are currently 3 geothermal systems

n the country with available measured wellhead resource values:
i) Apacheta (2 wells, 9 MWe); (ii) El Tatio (4 wells, 23 MWe); and
iii) Tolhuaca (1 well, 13 MWe). These wells yield a total confirmed
ower potential of 45 MWe.
VZ, Austral Volcanic Zone. Main fault systems of the SCVZ modified from Cembrano
s in the SVZ modified from SERNAGEOMIN (2003), Rosenau et al. (2006), Cembrano

3. Methodology

3.1. Selection and ranking of geothermal areas

A major challenge in geothermal resource assessment lies in
quantifying the size and thermal energy of a reservoir. This work
follows other Heat in Place geothermal resource studies in using
the terminology adopted by Muffler et al. (1978) for the subdivision
of the geothermal resource base. Geothermal resources are subdi-
vided according to increasing geological confidence into Inferred,
Indicated, and Measured categories. Areas where reservoir features
have been constrained indirectly by geophysics (dimensions) and
fluid geochemistry (reservoir temperature), but whose reservoir
has not been reached by wells are ranked as Inferred. Areas where
the reservoir has been confirmed by exploratory wells are ranked
as Indicated. If the geothermal play has wells with a proven deliv-
erability, it is ranked as Measured.

Through the analysis of geological, geochemical and geophysi-
cal data, and using a GIS weighted overlay superposition method,
Aravena and Lahsen (2013) generated a nationwide map of geother-
mal  favorability. This map, along with data gathered in this work,
was used to establish two additional categories of geothermal
plays: (i) highly probable resource areas for regions where geo-
physical surveys indicate the existence of a geothermal reservoir or
fluid geothermometry suggest high temperatures associated with
a deep reservoir; and (ii) interest areas for regions with exten-
sive surface geothermal features and high temperature discharges.
Interest areas include zones with discharges of lower temperature,
yet whose context has a research concern, such as an unknown heat
source in areas with no active volcanism (Fig. 2). Most of these areas
lack available data needed to properly quantify the resource.

3.2. USGS Heat in Place method for reservoir constrained
assessment

To assess the geothermal resources of Chile, a reformulation
of the USGS Heat in Place method is applied (Garg and Combs,

2015). This model involves estimating the thermal energy available
in a liquid-dominated reservoir to calculate recoverable electric
power (Williams et al., 2008 and references therein). A Monte Carlo
approach is used to quantify variability of boundary conditions.
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ig. 2. Main geothermal areas in Chile. Indicated and Inferred resources are display
ables 3 and 4, respectively. Regional structures as in Fig. 1.

fter 100,000 iterations, the resulting power output is fitted to
 probability distribution to assess the 10%, 50% and 90% confi-
ence intervals, referred to as P90, P50 and P10, respectively. Fig. 3
hows the fit of results to a Birnbaum–Saunders distribution for the
olhuaca geothermal system.

The USGS Heat in Place volumetric method was  used in early
eothermal resource estimations in the 1970s (Nathenson, 1975;
hite and Williams, 1975; Muffler et al., 1978; Muffler, 1979), and

ater improved based on updated empirical factors, and specific
ower cycles (e.g. Lovekin, 2004; Williams et al., 2008; Zarrouk and

oon, 2014; Garg and Combs, 2015). This method states that the

lectric power potential for an identified geothermal system can be
etermined by the reservoir thermal energy, the amount of thermal
nergy that can be extracted from the reservoir at the wellhead,

ig. 3. Results after 100,000 Monte Carlo iterations for the Tolhuaca geothermal System. Le
istribution function (PDF); right, cumulative distribution function (CDF) showing P10, P
his  figure legend, the reader is referred to the web  version of this article).
th name and assessment results. Highly probable and interest areas are depicted in

the specific power cycle, and the efficiency for the electric power
conversion of the wellhead thermal energy (Garg and Combs, 2015
and references therein). Once mass flux and its thermal properties
at the wellhead are determined, the thermodynamic and economic
constraints for conversion to electric power can be calculated (e.g.
DiPippo, 2012b; Zarrouk and Moon, 2014).

The reservoir thermal energy, qR [J], is calculated as follows:

qR = �̄cV(TR − Tr) (1)

Here, �̄c is the volumetric heat capacity in the reservoir [J/m3 K],

V is the reservoir volume [m3], TR is the reservoir temperature, and
Tr is a reference or abandonment temperature (Garg and Combs,
2015). Regarding the reservoirs temperatures, we assessed single
flash cycles for all geothermal plays. Therefore, for a single flash

ft, power output results (bins) and fit (red line) to a Birnbaum–Saunders probability
50 and P90 intervals of confidence (For interpretation of the references to color in
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4.1.2. Geological, geochemical and geophysical constraints
We  considered 9 geothermal prospects that have enough infor-

mation to estimate their power potential. The first three systems
presented below are ranked as Indicated (Apacheta, El Tatio

Table 1
Parameters required for the calculation of the electric generation capacity using
the USGS volumetric Heat in Place method for the Tolhuaca geothermal system.
Constraints are shown as Minimum (min), most likely (m.l.) and maximum (max)
values for reservoir specific and common parameters.

Reservoir specific parameters min  m.l. max

Area (km2) 4 – 8
Thickness (km) 1 – 1.4
Temperature (◦C) 250 280 300
USGS Heat in Place parameters
Volumetric heat capacity (kJ/m3 K) – 2700 –
Abandonment temperature (◦C) – 151.831 –
aGeothermal recovery factor (%) 0 - 20
Condenser temperature (◦C) – 40 –
Electric conversion efficiency (%) – 75 –
Plant load factor (%) – 95 –
 D. Aravena et al. / Ge

ower plant, the abandonment temperature is given by the satu-
ation temperature corresponding to the separator pressure (5 bar,
51.831 ◦C). The geothermal recovery factor Rg is defined as the
atio of the heat recovered at the wellhead qw , to the heat stored in
he reservoir qR.

g = qw

qR
(2)

In the above equation Rg is the geothermal recovery factor
dimensionless]. Updated values of the geothermal recovery fac-
ors include 0–0.2, the latter value is believed to be the maximum
eliable value based on global experience with production from
iquid-dominated reservoirs (Garg and Combs, 2010). If the well
rilling and testing has shown adequate well productivity, it is

ustified to assume a non-zero minimum value (say 0.05) for the
eothermal recovery factor (Garg and Combs, 2015). In addition,
e carry out a sensitivity test for the power output as a function

f the geothermal recovery factor, encompassing values from the
ublished literature.

Combining Eqs. (1) and (2), the heat recovered at the wellhead
w , can be expressed by the following expression:

w = ˛(TR − Tr) (3)

ere:

 = RgV�̄c (4)

Assuming isenthalpic flow in the wellbore and neglecting the
ork required to raise the water, the enthalpy of produced fluid

t the well head hw , is equal to that of liquid water at reservoir
emperatures.

w = hw(TR) (5)

The amount of fluid produced at the wellhead mw , is given by:

w = qw

(hw − hr)
(6)

ere, hr is the enthalpy of liquid water at the reference temperature
r. Substituting from Eq. (3) into Eq. (6), there follows:

w = ˛
(TR − Tr)
(hw − hr)

(7)

Neglecting kinetic or potential effects, the maximum energy
utput per unit mass of the substance e is given by (DiPippo, 2008):

 = h − hex − TexK (s − sex) (8)

Here, h and s denote the enthalpy and entropy of the substance
e . g ., steam) at turbine inlet conditions with temperature T, TexK is
he absolute exit temperature (K), and sex is the entropy of the liquid
hase (water), at the exit temperature. For mass m of substance the
vailable work is therefore given by:

A = me = m(h − hex − TexK (s − sex)) (9)

In the case of a single flash power plant, it is assumed that the
roduced fluid with reservoir temperature at the wellhead is sep-
rated at the separator temperature Tsep. The separated brine is
einjected into the reservoir, and the steam is used to generate
ower. The mass of the fluid produced at the wellhead is given
y Eq. (7) with Tr=Tsep. The steam fraction of the produced fluid is:

stm = mw
(hw(TR) − hw(Tsep))

hgl(Tsep)
(10)

Here, hgl(Tsep) denotes the heat of vaporization. Combining Eqs.

7) and (10), there follows:

stm = ˛
(TR − Tsep)
hgl(Tsep)

(11)
ics 59 (2016) 1–13

Substituting mstm for m in Eq. (9), the available work for the
single flash case is given by:

WAflash = ˛
(TR − Tsep)
hgl(Tsep)

(hstm(Tsep) − hw(Tc) − TcK (sstm(Tsep) − sw(Tc)))

(12)

In the above equation, Tc denotes the condenser temperature
(assumed to be 40 ◦C; Garg and Combs, 2015), and TcK is the absolute
condenser temperature.

A conservative value for the electrical conversion efficiency �u

of 70–80% is proposed by Garg and Combs (2015), thus we  used
75% for calculations. In addition, a load factor fload of 0.95 is con-
sidered. Therefore, the electric power for a given period of years is
determined as follows:

We = WAflash�u

Yf load
(13)

Finally, for calculation simplicity, the years (Y) in Eq. (13) are
expressed in seconds [s].

4. Results

4.1. Inferred and Indicated resources

4.1.1. Boundary conditions
Parameters required for the calculation are summarized in

Table 1. Reservoir specific parameters must be established individ-
ually for each geothermal system since they constrain the geometry
and temperature/enthalpy of the Indicated or Inferred reservoir.
Common parameters remain constant for all systems. For instance,
for the Tolhuaca geothermal prospect, reservoir specific parameters
were extracted from the geological setting and geothermal surveys
performed in the area (Table 1).

Variability in the estimates is accommodated through a Monte
Carlo simulation approach. For each system, we determine most
likely (m.l.), minimum (min) and maximum (max) values for reser-
voir temperature, thickness, and area. Those values are used to
generate triangular (min, m.l. and max) and uniform (min, max)
probability distributions. Parameters with only a most likely value
(m.l.) remain constant for each Monte Carlo iteration (Table 1).
Plant or project life (years) – 30 –

a For Indicated geothermal resources, which have well drilling and testing con-
firming the presence of a geothermal resource, the minimum geothermal recovery
factor value is set at 5%.



D. Aravena et al. / Geothermics 59 (2016) 1–13 5

F ete (1
P 02).

a
(
a
r
d

l
r
A
p
c
a

ig. 4. Geological map of the Apacheta area. Geology modified from Ramírez and Hu
rojected faults, MT and temperature interpretation modified from Urzua et al. (20

nd Tolhuaca). The remaining 6 systems are ranked as Inferred
Puchuldiza, La Torta, Tinguiririca, Mariposa, Nevados de Chillán,
nd Cordón Caulle). El Tatio/La Torta is considered as two  sepa-
ate systems even though they probably share a deep reservoir (see
etails in text).

Apacheta/Cerro Pabellón geothermal system
The Cerro Pabellón geothermal power generation project,

ocated in the Apacheta geothermal concession in Antofagasta
egion, Chile, is owned by a joint project between Enel Latin-

merican (Chile) Ltd., and the National Oil Company (ENAP). The
roject, already approved by the environmental authorities and
urrently under development, involves the construction and oper-
tion of a geothermal power plant with an installed capacity of
981). Bottom; schematic cross section with geothermal features and well location.

48 MWe  (ENEL, 2012). This graben-hosted system has four deep
wells, placing it into the Indicated Resource category. The thick-
ness of the reservoir is constrained by the convective regime in
wells CPE-1 (880 m)  and CPE-2 (1120 m),  starting at 900 and 820 m
depth, respectively. Wells CPE-4 and CPE-3 show a conductive
regime (ENEL, 2012). Horizontal extension of the reservoir will
be assessed as parallel and perpendicular to the graben, follow-
ing the conceptual model proposed by Urzua et al. (2002) (Fig. 4).
The minimum horizontal extension of the reservoir is given by the

distance between wells (4 km2). Maximum extension in the NE-SW
orientation is given by the projected distance between the graben
main faults at the depth of the reservoir. In the NW-SE direction,
maximum extension will be considered as the linear projection of
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ell  location.

hickness vs distance for wells CPE-1 and CPE-2 (∼5×5km2). Min-
mum and maximum temperatures of the reservoir are reached
n wells CPE-2 (212 ◦C) and CPE-1 (256 ◦C), consistent with gas
eothermometry estimates of around 250 ◦C reported by Urzua
t al. (2002).

El Tatio/La Torta geothermal system
The El Tatio geothermal prospect is one of the largest geothermal
elds of South America (Fig. 5). This geothermal system comprises
5 fumaroles, 62 hot springs, 40 geysers, 5 mud  volcanoes and
xtensive sinter terraces, scattered over an area of 30 km2 (Tassi
t al., 2005). The La Torta geothermal field is located at the southern
miento et al. (2010). Bottom; geological cross section with geothermal features and

extension of the eastern edge of the El Tatio graben. Geophysical
evidence suggests that El Tatio and La Torta share the same deep
reservoir. According to the interpreted resistivity structure, the El
Tatio geothermal system must be at the edge (out-flow) of the main
geothermal reservoir located in the La Torta prospect, which con-
tains the main up-flow zone (Cumming et al., 2002). We  use a
conservative approach, assessing the areas as separate reservoirs

with different constraints and resource categories.

The geometry of the El Tatio reservoir is constrained by
exploratory and exploitation wells, and therefore qualifies as an
Indicated system. The minimum and maximum reservoir thickness
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s 150 m and 600 m,  respectively, as constrained by well data
Lahsen and Trujillo, 1976; Sarmiento et al., 2010). The average
hickness of the Puripicar and Río Salado ignimbrite is 430 m,
onsidered as the most likely value (Lahsen and Trujillo, 1976).
inimum resource area (11.5 km2) is constrained by wells where

onvective heat transfer zones are observed, and the maximum
real extent is constrained by early geophysical surveys, where
0 km2 was estimated through vertical electrical sounding inter-
retation (Lahsen and Trujillo, 1976). A minimum temperature of
13 ◦C was measured in well 8 and the maximum temperature of
60 ◦C was encountered in well 7 (Lahsen and Trujillo, 1976); these
alues are selected as the minimum and maximum reservoir tem-
eratures, respectively. A most likely value of 250 ◦C was  selected
or calculations.

The main reservoir at the La Torta prospect was  constrained
y geochemical and geophysical evidence. Cumming et al. (2002)
elineate a 20 km2 low resistivity anomaly (<10 �m)  under the
l Tatio volcanic chain. This value will be considered as the most
ikely, with a variability of 5 km2, therefore a minimum areal extent
f 15 km2 and a maximum of 25 km2 were considered. Minimum
hickness is 650 m,  based on well data (Sarmiento et al., 2010). Max-
mum thickness can reach 2000 m based on stratigraphic data and

T survey results (Cumming et al., 2002). The minimum tempera-
ure is 240 ◦C, based on temperatures reached by wells located on
he southern edge of the El Tatio prospect. The maximum temper-
ture is constrained by gas geothermometry which suggests that
he temperatures in the El Tatio-La Torta deep geothermal reservoir
eaches up to 270 ◦C (Tassi et al., 2010).

Tolhuaca geothermal system
The Tolhuaca geothermal system was confirmed by a flow test

f one of the deep wells, and thus can be considered as an Indi-
ated resource. As proposed by Melosh et al. (2012), we  consider

 two level reservoir with steam and steam-heated waters at shal-
ow depths, and a deep liquid reservoir below. For simplicity,
hey will be treated as individual reservoirs in closed systems.
etween 200 and 600 m depth, temperatures in Tol-2 are above
he hydrostatic 1.1 wt%  gas boiling point for depth (BPD) curve,
uggesting steam-dominated conditions nearby; similar conditions
ere encountered in Tol-1 between 200 and 400 m depth, con-

istent with a convective thermal regime (Melosh et al., 2012).
ost wells reach 150–200 ◦C at 500 m depth (considered as min.

nd max. respectively). The results for the shallow reservoir show
ower production values of less than 1 MWe,  and therefore are not
onsidered as commercial when compared to the deep reservoir.
he deep well, Tol-3, encountered a liquid-dominated reservoir
rom 1100 to 2500 m depth at 300 ◦C, consistent with the high
emperature propylitic alteration zone (> 250 ◦C) observed in the
ther wells (Iriarte, 2013, Fig. 6). These values will be used as the
aximum thickness and temperature respectively. The minimum

orizontal extent of the reservoir is constrained by a low resistivity
onductive anomaly associated with a 7-8 km2 clay cap, identified
y Melosh et al. (2012).

Puchuldiza geothermal system
The Puchuldiza geothermal prospect is characterized by exten-

ive superficial geothermal features such as thermal springs,
umaroles and mineral alteration (Tassi et al., 2010). The minimum
real extent is 10 km2 which is delineated by shallow exploratory
ells (<600 m deep, reaching 170 ◦C). Vertical electrical soundings

ndicate a potential maximum areal extent of 28 km2 (JICA, 1979;
ahsen et al., 2010). Geological and geophysical surveys indicate

 reservoir thickness ranging between 600–1000 m (Ortiz et al.,
008 and references therein). A minimum reservoir temperature of

00 ◦C was measured in a 1000 m deep exploratory well, whereas
he most likely and maximum reservoir temperature is expected to
each 250 ◦C and 270 ◦C, respectively, based on Na-K and Na-K-Ca
eothermometry (Ortiz et al., 2008).
ics 59 (2016) 1–13 7

Tinguiririca geothermal system
The Tinguiririca geothermal project is located ∼150 km SW of

Santiago within the main Andean Range, on the western flank of the
Tinguiririca Volcanic Complex. The Tinguiririca reservoir volume
is constrained by the potential up-flow zone identified by Clavero
et al. (2011), a subtle concave shaped conductive anomaly at 2500
m.a.s.l interpreted by Lira (2011) as a deep geothermal reservoir,
although this preliminary conclusion is subject to further explo-
ration. This surface covers between 5 and 25 km2; the minimum
and maximum thickness of the reservoir are 500 m and 1000 m,
respectively, accounting for the distance between the 10–75 and
10–120 (�m)  intervals respectively (<10 �m is interpreted to be
a low resistivity clay altered cap). The lower temperature of the
reservoir is given by the temperature reached in well Pte-1, 210 ◦C.
The maximum temperature is estimated to be 300 ◦C, based on
geothermometry by Clavero et al. (2011), Vázquez et al. (2014).

Mariposa geothermal system
The Mariposa Geothermal System (MGS) is located ∼300 km

south of Santiago in the TSVZ. It lies within an area character-
ized by extensive Quaternary volcanism associated with the Maule
Volcanic Complex and the Tatara-San Pedro-Pellado volcanic com-
plex. A volumetric resource assessment performed by SKM yielded
320 MWe  for a plant life of 30 years. In this assessment, the reser-
voir area was  constrained by a 23 to 27 km2 conductive anomaly
obtained during the 2009 and 2010 MT  surveys (Hickson et al.,
2011). In this case we consider a minimum value of 9 km2, account-
ing for the two principal upflow areas inferred by Hickson et al.
(2011), this value can be extended to a less conservative 23 km2

as interpreted from data presented by Hickson et al. (2011). Reser-
voir thickness is taken from the base of the conductor (600–1000 m
depth) to a depth that can be readily accessed by drilling, and up to
the thickness of the Oligocene-Miocene units that host the reser-
voir, yielding values ranging from 1 to 2 km thick. The minimum
reservoir temperature is constrained by the well MP-1 (210 ◦C),
maximum temperature (300 ◦C) is based on gas geothermometry
by Hickson et al. (2011).

Nevados de Chillán geothermal system
The Nevados de Chillán geothermal area is associated with a

13 km long NW trending volcanic chain comprising calderas, poly-
genetic volcanoes and flank volcanoes. Hot springs discharge over
500 l/s of sulfate-bicarbonate waters with temperatures of up to
70 ◦C, equal to a heat loss of about 100 MWt  (Sepúlveda and Lahsen,
2003). The reservoir volume is constrained by a concave shaped
resistivity anomaly interpreted from an MT  survey performed by
the National Geothermal Company (Empresa Nacional de Geoter-
mia, ENG) (ENG, 2007). The size of the anomaly ranges from 6
to 15 km2. The reservoir has an estimated thickness varying from
500 to 1000 m,  with minimum and maximum temperatures of
220 ◦C and 260 ◦C, based on temperatures reached by well Nieblas-
1 and gas geothermometry respectively (ENG, 2007). The shallow
reservoir reached by NCh-1 is considered too small for electric gen-
eration and therefore will not be included in the assessment.

Cordón Caulle geothermal system
The Cordón Caulle geothermal area is located in a 15 km

long, 5 km wide, flat-topped volcano-tectonic depression, bounded
to the northwest by the 8.5 km wide caldera of the Cordillera
Nevada, and to the southeast by the 2240 m high Puyehue vol-
cano (Sepúlveda et al., 2007 and references therein). The minimum
reservoir area is inferred from the distribution of thermal springs,
∼8 km2, on the other hand the maximum area may  be expanded
to 20 km2, as suggested by gravity and MT  data (Sepúlveda, 2005;
Rojas, 2013). Based on stratigraphic relationships, gravity, MT, and

seismic data, the thickness for the potential reservoir was  esti-
mated between 500 and 2000 m (Sepúlveda, 2005; Rojas, 2013).
Gas geothermometry yields temperatures from 240 to 300 ◦C
(Sepúlveda et al., 2007).
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ection with geothermal features, wells and temperature interpretation after Iriarte

.1.3. Inferred and Indicated resource
Results for the Heat in Place method are summarized in Table 2,

long with the standard deviation, and probability confidence
ntervals of 10, 50 and 90%. The Heat in Place method yields a total

ean estimate of 659 MWe  distributed among the 9 geothermal
ystems, with a mean standard deviation of 49 MWe.  The three
ndicated systems yield a total value of 119 MWe  with a standard
eviation of 154 MWe.  Of these systems, Apacheta and Tolhuaca are
stimated to reach 99 and 70 MWe  respectively. On the other hand,
l Tatio yields only 56 MWe,  because of its low reservoir thickness.
a Torta, and Cordón Caulle have the highest estimated power out-
ut with Inferred category, reaching 128, and 97 MWe,  respectively.
he remaining systems, Puchuldiza, Tinguiririca, Mariposa (Laguna
el Maule), and Nevados de Chillán, yield intermediate values of 63,
4, 58, and 32 MWe,  respectively (Table 2).
.2. Highly probable resource areas

Geothermal plays where geophysical surveys indicate the exist-
nce of a geothermal reservoir, or geothermometry suggests
MIN, 2003; Rojas et al., 2014) including Quaternary volcanic vents (modified from
ences within); Geographic coordinates WGS84, zone 19◦S. Bottom; Schematic cross
3). LOFZ, Liquiñe Ofqui Fault Zone.

high temperature associated with a deep reservoir are ranked as
highly probable resource areas (Table 3). Each geothermal play is
described below.

Tacora
The Tacora geothermal prospect is associated with the 5980 m

high volcano with the same name close to the Chile-Peru inter-
national boundary. This geothermal prospect is characterized by
intense fumarolic activity and with extensive, white colored, super-
ficial alteration areas along the NW and W flanks of the volcanic
structure. Chemical and isotopic compositions of the main carbon
species are interpreted to indicate the presence a deep geothermal
reservoir with temperatures of 270–310 ◦C (Capaccioni et al., 2011).

Colpitas
The Colpitas geothermal prospect is located in the northern-

most part of Chile in the Arica and Parinacota region. The area is
characterized by volcano-sedimentary sequences ranging in age

from Miocene to Holocene, with at least 3 nearby active volcanoes.
Thermal springs are located at the bottom of a wide basin, with
spring water temperatures ranging from 28 to 55 ◦C and a total
discharge of 10 l/s. Na/K geothermometry suggests equilibration
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Table  2
Geothermal systems selected for the assessment of Indicated and Inferred Resource.

System Location Area Thickness Temperature Results [MWe]  Fit to distribution [MWe]

Name Lat. S Long. W km2 m ◦C Mean Std P10 P50 P90

aApacheta 21.84 68.15 4–25 880–1120 212–250–256 99 58 185 81 72
aEl Tatio 22.33 68.01 11.5–30 150–430–650 213–250–260 59 32 105 51 25
aTolhuaca 38.31 71.66 4–8 1000–1400 250–280–300 70 30 110 69 33

bPuchuldiza 19.41 68.98 10–28 600–1000 200–250–270 63 44 127 52 13
bLa Torta 22.42 67.97 15–25 650–2000 240–270 128 89 256 107 27
bTinguiririca 34.85 70.38 5–25 500–1000 210–300 54 45 117 42 9
bMariposa 36.06 70.53 9–23 500–1000 210–300 58 43 120 47 11
bNv. de Chillán 36.90 71.40 6–15 500–1000 220–260 32 23 66 27 7
bCordón Caulle 40.49 72.16 8–20 500–2000 240–300 97 76 203 77 17

Total  659 439 1290 548 180

Categories:
a Indicated.
b Inferred.

Minimum, most likely and maximum values for the area, thickness and temperature of the reservoir are included. Mean electrical power output (MWe), standard deviation after
100,000 Monte Carlo iterations and 10-50-90% confidence interval after fitting the results to Birnbaum Saunders (Indicated) and Weibull (Inferred) probability distribution.
Geographic coordinates WGS84, zone 18–19 ◦S.

Table 3
Highly probable resource areas and geothermal related surveys in the Chilean Andes. Geographic coordinates WGS84 zones 18–19 ◦S. 1. Cusicanqui (1979); 2. De Silva et al.
(1991); 3. González-Ferrán (1995); 4. Tassi et al. (2010); 5. Aguirre et al. (2011); 6. Arcos et al. (2011); 7. Capaccioni et al. (2011); 8. Muñoz et al. (2011); 9. Reyes et al. (2011);
10.  Risacher et al. (2011); 11. Tassi et al. (2011); 12. Legault et al. (2012); 13. Garcia (2014)

Name Lat. S Lon. W Survey Ref.

Tacora 17.70 69.80 Chemical and isotopic assessment of gas emissions. 1
Colpitas 17.95 69.45 3-D MT  geophysical survey; Chemical assessment of hot water discharges. 5
Surire 18.92 68.06 Chemical and isotopic assessment of gas emissions and water discharges. 1, 4, 10
Pampa Lirima 19.85 68.90 Geophysical survey; water and gas geothermometry; Exploratory wells. 4, 6, 12
Irruputuncu 20.71 68.59 MT,TDEM and ZTEM geophysical surveys; Chemical and isotopic assessment of gas emissions and water discharges. 9, 11
Olca  20.95 68.48 Geophysical survey; Chemical and isotopic assessment of gas emissions and water discharges. 1, 2, 3, 11

 explo
ells. 

t
t
c

s
g
(
c
(
h
o

p
T
P
a
o
p
c
(
t
t
c
e

e
D
e
b

Juncalito 26.51 68.82 Geophysical survey; gas geothermometry;
Sierra  Nevada 38.57 71.62 Geophysical survey; shallow exploratory w

emperatures higher than 200 ◦C. A 3-D MT  study shows a conduc-
ive area (3–8 �m)  of several tens of km2 interpreted as the clay
ap of an inferred geothermal reservoir (Aguirre et al., 2011).

Surire
The Surire geothermal prospect is located south of the Surire

alt deposits near the Polloquere volcano. Conventional aqueous
eothermometers cannot be used because of the salt deposits
Risacher et al., 2011). Nevertheless, silica geothermometry indi-
ates equilibrium temperatures ranging from 150 to 180 ◦C
Cusicanqui, 1979). The gas composition indicates medium to
igh equilibrium temperatures (>200 ◦C), suggesting interactions
f deeply circulating and shallow waters (Tassi et al., 2010).

Pampa Lirima
The Pampa Lirima geothermal project is located in the Alti-

lano of northern Chile, within the Central Andes Volcanic chain.
he geochemical features of thermal water and gas discharges at
ampa Lirima are typical of fluids that have evolved within shallow
quifers; therefore low temperature aquifers may  mask any signal
f deep fluids (Tassi et al., 2010; Achurra, 2011). An MT/TDEM geo-
hysical survey was carried out at Pampa Lirima, revealing a large
onductive anomaly interpreted as a deep geothermal reservoir
Arcos et al., 2011), although this preliminary conclusion is subject
o further exploration. In addition, ZTEM inversion images appear
o agree very well with the MT  data, including the presence of a
onductive layer at >500 m below the Pampa Lirima valley (Legault
t al., 2012).

Irruputuncu
Irruputuncu is a geothermal prospect located near the south-
astern edge of the Tarapacá region, in northern Chile, east of the
oña Ines de Collahuasi copper mine, the owner of the geothermal
xploration concession. Acid sulphate hot springs discharge at the
ase of the Irruputuncu dacitic stratovolcano (Reyes et al., 2011).
ratory wells. 10, 13
8

A 3-D inversion of TEM-MT data indicates two conductive layers
separated by a resistive zone. Beneath the conductive layers lies
a resistive structure, interpreted as a high temperature geother-
mal  reservoir (Reyes et al., 2011). Two slim holes drilled west of
the Irruputuncu volcano (800 and 1430 m depth) encountered bot-
tom hole temperatures of 150 ◦C and 195 ◦C (at 3350 and 3000
m.a.s.l., respectively) and record an argillic alteration assemblage.
Temperature profiles were conductive and TEM-MT data suggests
a potential deep reservoir temperature up to 220 ◦C (Reyes et al.,
2011).

Olca
The Olca stratovolcano forms part of a 20 km long, EW-oriented

volcanic chain that includes Paruma and Michincha volcanoes (De
Silva et al., 1991; González-Ferrán, 1995). The Olca geothermal
prospect is characterized by a scarcity of superficial manifestations,
as fumaroles are only found at the volcano crater, and a single warm
spring is located at the base of the volcano. Groundwater explo-
ration wells (<700 m)  drilled at the base of the Olca volcano revealed
an extensive clay-cap and temperatures up to 70 ◦C. Beneath this
clay-cap, there is a high resistivity zone interpreted to result from
high temperature alteration in the geothermal reservoir (Reyes
et al., 2011). He, ı 18O and ıD isotopic signatures of the fumaroles
suggests a mixing process between magmatic and hydrothermal
sources. Gas geothermometry suggests equilibrium temperatures
of 280–400 ◦C (Tassi et al., 2011).

Juncalito geothermal area
The Juncalito geothermal prospect is located in the Claudio Gay

Cordillera, at the southern end of the CVZ, between eroded Miocene

volcanic centers to the west, and Pliocene to Holocene volcanic cen-
ters to the east. An MT  survey performed in 2012 shows a 2 km
thick low resistivity anomaly, interpreted as the clay cap (<16 �m)
above an inferred geothermal reservoir (∼100 �m).  The geology
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Table 4
Interest Area locations and geothermal features in the Chilean Andes. References in right column. Geographic coordinates WGS84 zones 18 −−19 ◦S. 1 Días (1983); 2 Hauser
(1989); 3 Hauser (1997); 4 Peréz (1999); 5 Risacher et al. (2011)

Name Lat. S Long. W Geothermal feature Ref.

Jurase 18.20 69.53 Hot springs temperature 65 ◦C; hydrothermal alteration; and silica sinters 1, 3, 5
Berenguela 19.25 69.18 Hot springs temperature 58 ◦C 1, 3
Quitatiri 19.34 69.50 Hot springs temperature 87 ◦C 1, 3
Chimisa 19.38 69.29 Hot springs temperature 90 ◦C 1, 3, 5
Laguna Churicollo 19.55 68.95 Hot springs temperature 90 ◦C 1, 3
Mamiña 20.07 69.21 Hot springs temperature 52 ◦C 1, 3, 5
Aguas  Calientes 23.13 67.43 Hot springs temperature 50 ◦C 1, 3, 5
El  Toro 29.91 70.05 Hot springs temperature 60 ◦C 1, 3
Colina  33.83 69.98 Hot springs temperature 50 ◦C 3
Termas del Flaco 34.95 70.43 Hot springs temperature 77 ◦C 3
El  Azufre 35.32 70.54 Hot springs temperature 70 ◦C 3
El  Llolli 35.37 70.58 Hot springs temperature 95 ◦C 3
El  Colorado 35.41 70.52 Hot springs temperature 75 ◦C 3
Tigre  Naciente 35.47 70.51 Hot springs temperature 65 ◦C 3
Estero  El Volcán 35.50 70.76 Hot springs temperature 95 ◦C 3
Descabezado Chico 35.53 70.54 Hot springs temperature 80 ◦C 3
Baños  de la Turbia 36.29 71.17 Hot springs temperature 50 ◦C 3
Baños  de Longaví 36.35 71.14 Hot springs temperature 81 ◦C 3
San  Lorenzo 36.76 71.40 Hot springs temperature 60 ◦C 3
Aillin  37.54 71.38 Hot springs temperature 93 ◦C; extensive hydrothermal alteration 3
Quilaquín 37.60 71.40 Hot springs temperature 75 ◦C 3
Emanuel 37.60 71.28 Hot springs temperature 54 ◦C 3
Copahue 37.82 71.16 Hot springs temperature 93 ◦C 3
Avellano 37.99 71.53 Hot springs temperature 81 ◦C 3, 5
Manzanar 38.46 71.71 Hot springs temperature 52 ◦C 3, 5
Balboa  38.96 71.71 Hot springs temperature 67 ◦C 3, 5
Huife  39.22 71.66 Hot springs temperature 60 ◦C 3
Panqui 39.25 71.53 Hot springs temperature 50 ◦C 3
Geométricas 39.50 71.87 Hot springs temperature 72 ◦C 3, 4, 5
Coñaripe  39.63 71.92 Hot springs temperature 62 ◦C 3, 4
Liquiñe  39.74 71.84 Hot springs temperature 82 ◦C 3, 4
Hipolito Muñoz 39.76 71.79 Hot springs temperature 85 ◦C 3, 4
Oporto  40.14 71.99 Hot springs temperature 60 ◦C 3, 4
Cupido  40.15 71.91 Hot springs temperature 80 ◦C 3, 4
Chihuio 40.19 71.93 Hot springs temperature 82 ◦C 3, 4, 5
La  Esperanza 40.34 71.82 Hot springs temperature 60 ◦C 3, 4
Puyehue 40.71 72.32 Hot springs temperature 75 ◦C 3, 4, 5
Rupanco 40.86 72.22 Hot springs temperature 63 ◦C 3, 4, 5
El  Callao 40.98 72.16 Hot springs temperature 59 ◦C 3, 4
Las  Juntas 41.25 72.04 Hot springs temperature 73 ◦C 3, 4
Cayetué  41.30 72.20 Hot springs temperature 65 ◦C 3, 4
Cochamó 41.36 72.32 Hot springs temperature 70 ◦C 3
Llancahue 42.07 72.51 Hot springs temperature 52 ◦C 3
Cahuelmó 42.26 72.38 Hot springs temperature 84 ◦C 2, 3
Michinmahuida 42.96 72.39 Hot springs temperature 65 ◦C 2, 3
Río  Frío 43.47 72.47 Hot springs temperature 70 ◦C 2, 3
Puerto  Bonito 43.95 72.73 Hot springs temperature 70 ◦C 2, 3
Puyuhapi 44.41 72.64 Hot springs temperature 80 ◦C 2, 3
Puerto  Peréz 45.24 70.21 Hot springs temperature 90 ◦C 2, 3
Aguas  Calientes 45.42 73.03 Hot springs temperature 65 ◦C 2, 3, 5
Contreras 45.44 73.11 Hot springs temperature 68 ◦C 2, 3
Quitralco 45.58 73.38 Hot springs temperature 65 ◦C 2, 3
Estero  Negro 45.69 72.33 Hot springs temperature 60 ◦C 3
Huemules 45.87 73.29 Hot springs temperature 60 ◦C 3
Cupquelán 45.96 73.39 Hot springs temperature 60 ◦C 3
Huiña  46.31 72.81 Hot springs temperature 55 ◦C 3
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Caleta Román 46.06 75.51 Hot spr

nd structural setting points to a N-S elongated shape for the reser-
oir (Garcia, 2014). Geothermometers must be used with extreme
aution due to probable salt contamination (Risacher et al., 2011).

Sierra Nevada geothermal area
The Sierra Nevada geothermal system is associated with the

imilarly named Pleistocene-Holocene volcano in the Araucanía
egion of Chile. There are surface manifestations extending on the

 and NW flanks of the volcano. Gas compositions of fumaroles

uggest a high enthalpy, liquid dominated reservoir with an equi-
ibrium temperature of ∼215 ◦C (Muñoz et al., 2011). Further
eophysical studies are essential to constrain the depth and dimen-
ions of the inferred geothermal reservoir.
emperature 65 ◦C 3

4.3. Interest areas

Based on geothermal exploration at a regional scale (Días, 1983;
Hauser, 1989, 1997; Peréz, 1999; Risacher et al., 2011) and surface
geothermal features, the interest areas are summarized in Table 4.

5. Discussion
The experience of recent decades has shown that the Heat in
Place method is usually biased high. The tendency to overesti-
mate the potential of geothermal prospects, in particular, has led
to the reduced credibility of the method (Grant, 2015). Much of the
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ig. 7. Left: Tornado diagram comparing results of this work with the power densit
actor  sensitivity test for each system.

roblem lies in the estimation of the recovery factor, the propor-
ion of the resource that can actually be exploited. This factor cannot
e determined without further evaluation of the reservoir’s struc-
ural control and permeability heterogeneity (López and Smith,
996; Rowland and Sibson, 2004). For low permeability systems
such as EGS), this recovery factor may  be less than 0.02 (Grant
nd Garg, 2012; Grant, 2015). Wilmarth and Stimac (2015) esti-
ated the power densities of 66 geothermal fields above 10 MWnet
ith more than 5 years of production history. Their work suggests

hat volcanic arc systems tend to be moderate to high-temperature
nd have moderate to high power densities (5–15 MWe/km2).
ilmarth and Stimac (2015), and references therein, state that the

raction of the geothermal anomaly determined from low resisti-
ity and thermal area that may  eventually be developed is typically
n the order of 0.5, but may  range from 0 to more than 1. In this
ork we apply the power density method to an areal extent corre-

ponding to half of the conductive anomaly. Fig. 7 (Left) depicts a
omparison with results after applying the power density method
o each system. Values obtained in Apacheta, La Torta, Tolhuaca,
nd Cordón Caulle correlate with a power density equivalent of
8–15 MWe/km2; the remaining systems correlate nicely within

 range of 4–5 MWe/km2 suggesting that Andean systems might
old a much higher power potential if a best case scenario is
chieved. Although the volume method provides a means of esti-
ating the heat content of a geothermal reservoir, it does not

xplicitly predict the reservoir permeability (Williams et al., 2008).
he structural setting in the Chilean volcanic arc is dominantly
ompressive (Fig. 1), but with varying complexities regarding each
ystem’s local context. This variability is a source of uncertainty
hat must be taken into account. Puchuldiza, Apacheta, El Tatio/La
orta and Cordón Caulle are graben-related geothermal areas near
n active volcanic arc. These systems show extensive superficial
eatures, suggesting the occurrence of medium to high permeabil-
ty. On the other hand, volcanic-related systems like Tinguiririca,

ariposa, Nevados de Chillán and Tolhuaca are highly influenced
y episodic re-shearing events. The nature of permeability in these
reas is still a matter of debate. Further studies regarding per-
eability in Andean systems is highly recommended in order to

nderstand its influence on the recovery factor.
Published data from 94 geothermal plants (Zarrouk and Moon,

014) helps to constrain single flash plant efficiency, and new
odels for the recovery of heat from heterogeneous, fractured
eservoirs (Williams et al., 2008) provide a physically realistic basis
or evaluating the production potential of natural geothermal reser-
oirs. Calculations are based upon recovery and conversion factors
rom single flash and dry steam power plants (Zarrouk and Moon,
hod applied to the half of the areal extend of conductive anomaly. Right: Recovery

2014), since this is the type of power plant installed at a newly
developed high temperature geothermal fields (>200). Once the
single flash steam power plant is running, DiPippo (2012a) recom-
mends the installation of a double flash steam power plant in order
to produce 15–25% more power output for the same geothermal
fluid conditions. Many plants often include both flash and binary
systems to maximize electrical power generation. Nevertheless, an
economic analysis is required for each individual system in order
to properly address this issue.

Apacheta, La Torta, Tinguiririca, and Mariposa encompass exten-
sive superficial features, suggesting the presence of large systems.
Estimated volume and temperature of these areas show a high
variability. For large geothermal systems, variation of temperature
causes a great uncertainty in available energy. As a result, estimated
power output for large systems show a higher standard deviation
(Table 2).

The electrical anomaly, recorded by MT  or TEM surveys, is usu-
ally interpreted as a result of successive alteration processes, which
are part of the geothermal system evolution. Those processes can
migrate over time. Therefore, the areal extent of the geothermal
system inferred from the dimension of the clay cap may be overes-
timated, because there are no guarantees of geothermal fluid below
the clay cap (e . g ., the clay cap could correspond to a fossil system).

Temperature estimation can be a major source of uncertainty. If
the up-flow zone has not been reached by exploratory wells, there
is a chance temperatures can be underestimated. On the other hand,
the application of geothermometers can lead to gross overestima-
tion if they are not interpreted with caution.

Indicated and Inferred systems can be grossly classified into
high and medium potential power-producing systems. Apacheta,
La Torta and Cordón Caulle yield values of 99, 128 and 97 MWe
respectively. The remaining systems (Nv. de Chillán, Tinguiririca,
Mariposa, El Tatio and Tolhuaca in increasing order) range from 32
to 70 MWe,  consistent with mean production values for volcanic-
hosted geothermal systems (e.g. Zarrouk and Moon, 2014 and
references therein).

The heat source in El Tatio/La Torta and Puchuldiza remains
unclear. It is necessary to consider the combined influence of vol-
canic convection-dominated systems (Moeck, 2014), yet with a
high influence of a regional heat flow anomaly. Geophysical sur-
veys in El Tatio and La Torta suggests both systems share the same
deep geothermal reservoir (Cumming et al., 2002), and are the

largest Inferred system in the Chilean Andes, yielding 187 MWe
with a standard deviation of 121 MWe.  Additionally, the Sol de la
Mañana geothermal field lies just 20 km east, on the east edge of the
Pre-Altiplanic Cordillera, supporting the hypothesis of deep, high
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emperature reservoirs emplaced along this segment of the arc.
eep drilling and an EGS approach can be assessed as an alternative

or several mining projects located along the CVZ whose energetic
eeds are consistent with geothermal high plant factors.

Many Andean systems present fluids of an acid nature which can
e problematic due to the impact in costs and maintenance. Nev-
rtheless, the resource can be exploited by binary plants (DiPippo,
008). Therefore, despite there is no consideration about geother-
al  fluid composition, the geothermal power potential is still valid

ven in the case of problematic geothermal fluids.

. Conclusion

We  gathered and ranked geothermal exploration data available
n the literature, establishing categories of Measured, Indicated, and
nferred geothermal resource. We  then applied numerical meth-
ds to 9 high enthalpy reservoirs (>200 ◦C) in the Chilean Andes.
n addition, 8 areas are highlighted as highly favorable, based on
eological, geochemical and/or geophysical surveys. Furthermore,
7 geothermal areas are considered as potential high enthalpy
eothermal resources, suggesting there are many undiscovered
eothermal systems in the Chilean Andes.

Based on available published geological, geochemical and geo-
hysical evidence, the total Indicated resource is 228 MWe  with a
tandard deviation of 119 MWe.  Inferred resources reach 431 MWe
ith a standard deviation of 321 MWe,  adding up to 659 MWe

mong medium (6) and large (3) systems in the Chilean Andes. This
otal estimated power potential is equivalent to ∼4.4% of the total
nstalled electric capacity in Chile.

Although volumetric methods provide a means of estimating the
eat content of a geothermal reservoir, it does not explicitly predict
he power potential. It does allow for a gross estimate and a compar-
tive evaluation of the different geothermal prospects. Comparison
ith values obtained through the power density method leads to a

etter understanding of the full uncertainty of resource capacities.
Despite the high degree of geologic uncertainty, finite element

odeling is highly recommended for Indicated and Inferred sys-
ems (Table 2). This approach provides a more rigorous way  to
valuate and understand conceptual models and system thermo-
ynamics.
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uñoz, J., Stern, C., 1988. The Quaternary volcanic belt of the southern continental
margin of South America: transverse structural and petrochemical variations
across the segment between 38 ◦S and 39 ◦S. J. S. Am.  Earth Sci. 1, 147–161,
http://dx.doi.org/10.1016/0895-9811(88)90032-6 http://www.sciencedirect.
com/science/article/pii/0895981188900326.
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