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Abstract

This study provides a comprehensive characterization of various hydrothermal sys-

tems in Southern Peru ranging from the faulted Precordillera’s steep topography up to

the volcanic High Cordillera (>4000 m asl). The objective is to investigate thermal anoma-

lies that may potentially serve as new geothermal resources.Our integrated approach com-

bines: i) geochemistry from 14 hot springs sampled throughout the Tacna region, and

ii) 3D numerical modeling of coupled groundwater and heat transfer considering topog-

raphy and faults embedded in homogeneous permeability. Water and gas analysis indi-

cates that the springs located near volcanoes discharge Na-K-Cl waters with high tem-

peratures (>87°C), high Total Dissolved Solid concentrations (TDS >3452 mg/L), and

free gases dominated by CO2 (>90 vol%). Springs located along the regional faults in

the Precordillera discharge Ca-SO4 and Na-K-Cl waters with moderate temperatures (27-

53°C), intermediate TDS concentrations (464-2458 mg/L), radiocarbon ages between 1.4

and 7.9 kyr, and free gases dominated by N2 (>95 vol%). The Aruma springs, which are

located at the transition between the High and the Precordillera, display intermediate

characteristics. Numerical models accurately replicate the locations and temperatures

of the fault-related springs only for permeable faults (>10-14 m2), revealing the creation

of 100-km long thermal plumes along faults, locally rising up the 150degC-isotherm to about

1000 m below the surface. This approach clearly distinguishes the spring origins, which

are volcanic in High Cordillera and tectonic in Precordillera. Moreover, we highlight that

steep topographic gradient and permeable reverse faults in the Andean forearc may gen-

erate considerable thermal anomalies, opening perspectives for the geothermal exploration.
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Figure 1: Conceptual model of the Tacna hydrothermal systems.
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Key Points:

• The geochemical properties of Southern Peru’s hot springs are influenced by their
spatial correlation with volcanic or tectonic features,

• By combining permeable faults and topography, 3D hydrothermal modeling repli-
cates the temperatures and locations of observed springs,

• Detection of regional topography-driven thermal plumes along faults in the An-
dean forearc opens perspectives for geothermal exploration.
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Abstract

This study provides a comprehensive characterization of various hydrothermal sys-
tems in Southern Peru ranging from the faulted Precordillera’s steep topography up to
the volcanic High Cordillera (>4000 m asl). The objective is to investigate thermal anoma-
lies that may potentially serve as new geothermal resources.Our integrated approach com-
bines: i) geochemistry from 14 hot springs sampled throughout the Tacna region, and
ii) 3D numerical modeling of coupled groundwater and heat transfer considering topog-
raphy and faults embedded in homogeneous permeability. Water and gas analysis indi-
cates that the springs located near volcanoes discharge Na-K-Cl waters with high tem-
peratures (>87°C), high Total Dissolved Solid concentrations (TDS >3452 mg/L), and
free gases dominated by CO2 (>90 vol%). Springs located along the regional faults in
the Precordillera discharge Ca-SO4 and Na-K-Cl waters with moderate temperatures (27-
53°C), intermediate TDS concentrations (464-2458 mg/L), radiocarbon ages between 1.4
and 7.9 kyr, and free gases dominated by N2 (>95 vol%). The Aruma springs, which are
located at the transition between the High and the Precordillera, display intermediate
characteristics. Numerical models accurately replicate the locations and temperatures
of the fault-related springs only for permeable faults (>10−14 m2), revealing the creation
of 100-km long thermal plumes along faults, locally rising up the 150°C-isotherm to about
∼ 1000 m below the surface. This approach clearly distinguishes the spring origins, which
are volcanic in High Cordillera and tectonic in Precordillera. Moreover, we highlight that
steep topographic gradient and permeable reverse faults in the Andean forearc may gen-
erate considerable thermal anomalies, opening perspectives for the geothermal exploration.

Plain Language Summary

Geothermal energy is an essential part of the transition to green energies. It con-
sists of using the Earth’ natural heat to generate electricity or provide direct heating.
In the Peruvian Andes there is significant geothermal potential near volcanoes, that con-
stitute an efficient heat source. However, these are distant from many of the population
hubs, mostly located along the Pacific Coast. In the Tacna region, Southern Peru, we
observe hot springs aligned along faults near the city. We hypothesize that these faults
act as pipes for the hot fluids making them suitable for geothermal energy extraction.
The geochemical compositions of various hot springs in the region are compared with
a 3D numerical models simulating hydrothermal flows. We found that springs along vol-
canoes and those along faults have different geochemical signatures, evidencing differ-
ent subsurface pathways. Numerical models accurately replicate the positions and tem-
peratures of the observed and sampled hot springs and reveal significant thermal anoma-
lies around compressional faults. Our findings open up promising perspectives for the
geothermal exploration in the Andean forearc.

————————————————————————

1 Introduction

The energy mix in Peru is dominated by fossil fuels (>72 %), while the renewable
part other than hydropower is negligible (4.4 %, https://ourworldindata.org/). The
enhancement of renewable energy along the Andean Cordillera requires the development
of the geothermal energy, that is non-intermittent and locally available. Assessing the
geothermal potential for energy production involves understanding the underlying ge-
ological processes to identify suitable locations in unexplored geological contexts.

At first order, the evaluation of geothermal potential is based on surface indica-
tors of thermal anomalies, such as hot springs, geysers and fumaroles (Stelling et al., 2016).
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In the context of subduction, two main types of geothermal systems can be found: vol-
canic and orogenic belt systems (Moeck, 2014).

In volcanic systems, the magmatic chambers below the volcanic edifices supply di-
rect heat to the meteoric fluids circulating nearby, leading to superficial manifestations
of geothermal activity (e.g., Hochstein (1988)). The geothermal reservoir is typically con-
stituted by an upflow zone tightly coupled to the thermal anomaly generated by the mag-
matic chamber (e.g., Tarapa in Java, Intani et al. (2020); Taupo in New-Zealand, C. J. Wil-
son and Rowland (2016)), and represents the principal geothermal targets over the globe
(Moeck, 2014).

In the orogenic belt type, no abnormal heat source such as volcanic activity is re-
quired. Instead, local geothermal gradients and heat flows, themselves influenced by the
radiogenic heat production, the rock rheology, the tectonic regime, and the topography,
constitute the heat source and flow path of hot fluids (Guillou-Frottier et al., 2024). The
combination of free-convection along permeable faults (Belgrano et al., 2016; Guillou-
Frottier et al., 2020) and forced-convection induced by topographic gradients (Volpi et
al., 2017; Sutherland et al., 2017; Wanner et al., 2019) ensures fluid circulation between
the surface and the great depths in the forearc (Forster & Smith, 1989; López & Smith,
1995). Faulted forearcs would also constitute a geothermal reservoir (Grasby & Hutcheon,
2001) but they are not yet considered as an economical target (e.g., Jolie et al. (2021)).
The interactions between heat sources and fluids involved becomes complex in regions
where faulted forearc meets high volcanic ranges (e.g., Wrage et al. (2017); Pearce et al.
(2020); Veloso et al. (2020)).

In the Tacna region, South of Peru, seven clusters of hot springs are located in the
volcanic High Cordillera and active faults along the Precordillera (Fig.1). In the volcanic
arc, the geothermal potential is high, and associated with the active volcanoes (Vargas
& Cruz, 2010; Cruz & Vargas, 2015; Lahsen et al., 2015). However, these high-altitude
zones (>4000 m above sea level asl) are located at considerable distances (>50 km) from
the main population hubs and centers of energy demand, which are predominantly lo-
cated in the forearc basin near the Pacific coast, in this case the active Andean forearc.
At lower altitude (below 2000 m asl), hot springs are aligned along active faults where
significant topographic gradients mark the limit between the Precordillera and the arid
forearc basin named the Central Depression. These hot springs provide evidences of geother-
mal circulations at a considerable distance from active volcanoes. Occurrence of hot wa-
ter throughout the Western High Cordillera and active tectonic belt to the coast, chal-
lenge our comprehension of the geothermal potential at the regional scale: how do ther-
mal anomalies develop, where are they localized in southern Peru and what are the re-
spective contributions of the volcanic and tectonic processes that allow fluid heating, recharge,
and circulations ?

This study aims to assess the geothermal potential of the Tacna region by inves-
tigating the influence of volcanoes, faults, and steep topographic gradients on hydrother-
mal circulation. Given the complexity of the area and the limited depth-related data avail-
able, we have employed two complementary approaches: field data collection and regional-
scale numerical modeling of hydrothermal systems. Our methodology involves gather-
ing new field data and conducting geochemical analyses of water and gas compositions
from a series of hot springs. This analysis will enable us to characterize various aspects
of the hydrothermal systems, including their composition, origin, the elevation of recharge
areas, ages, and reservoir temperatures. Moreover, it will help us establish connections
between these systems, volcanoes, faults, and each other. In a complementary approach,
we have developed a 3D numerical model of hydrothermal circulation using topograph-
ical data extracted from a Digital Elevation Model and structural geometry derived by
the geological context. This model facilitates the investigation of the thermal regime within
both fault and host rocks, the assessment of the permeability of faults, the understand-
ing of fluid circulations induced by topographical features, and the characterization of

–3–
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Figure 1. Location and temperatures of the sampled hot springs and wells in the study
area. Simplified lithostratigraphic log in legend. a) Geological map with superimposed shad-
ing (270° of lighting) from a 30m-DEM (ALOS), after the INGEMMET geological map
(https://geocatmin.ingemmet.gob.pe/geocatmin/), Audin et al. (2006); Van Zalinge et al.
(2017); Benavente et al. (2017); Alván et al. (2018); Benavente et al. (2022); García et al. (2022),
and field data, b) Topographic view (x3 of vertical exaggeration, Google Earth) from the NW,
c) Large-scale AA’ cross-section modified after Hall et al. (2012), d) Interpreted regional cross-
section BB’ after (a) and (c) (x10 of vertical exaggeration).
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associated thermal anomalies. Validation of the model relies on two key parameters: the
locations and temperatures of the springs obtained from our field data collection. By com-
paring these parameters with the model predictions, we ensure the accuracy and relia-
bility of the model. The combined information obtained through these two methods en-
ables us to propose a comprehensive conceptual model of the regional-scale hydrother-
mal systems to initiate a discussion on exploring the geothermal potential associated with
forearc reverse faults.

2 Hydro-Geological setting

2.1 General geological setting

We describe here the topography, lithology, faulting and tectonic regime in the study
area, which are critical parameters that influence hydrothermal circulation (Guillou-Frottier
et al., 2024). These parameters will further be used for the design of the hydrothermal
model. A subsequent description of the geological context of the studied springs, gey-
sers, and wells allows to relate them to the previously described regional features.

2.1.1 Geomorphological setting

The study area is located at the -18°S latitude South of Peru, close to the border
with Chile, in the region of Tacna (320 000 inhabitants in 2005, Fig.1). This area is rep-
resentative of the ongoing orogenic processes that have built the Andean topography, which
is related to the subduction of the Nazca plate beneath the South American plate for
80 Myr (Pardo-Casas & Molnar, 1987; Chen et al., 2019). The building of the topogra-
phy accelerated during the Neogene as well as the activity of the main tectonic struc-
tures (Schepers et al. (2017) and ref. therein). In planar view, the subduction geome-
try forms a 120° bend pointing towards the East, known as the Arica Bend (Fig.1a). This
bend constrains the local topography, the drainage network, the curved fault traces, and
the bended volcanic arc, which are distinct from the rest of the Andean subduction. The
region’s topography consists of 1000-m-high reliefs of the rocky Coastal Cordillera, which
are separated from the incised rocky Precordillera (1000-4000 m asl) by a flat sedimen-
tary basin known as the Central Depression (i.e., the north continuity of the Atacama
Desert, Fig.1a, b and c). An abrupt change in relief marks the transition between the
Central Depression and the Precordillera (Fig.1b). An alignment of volcanic cones in the
High Cordillera marks the geomorphological transition between the Precordillera and
the 4200 m high Altiplano (Fig.1a and c).

2.1.2 Lithostratigraphic setting

The Coastal and Precordillera regions are covered by volcano-sedimentary sequences
from the Mesozoic era, overlying Proterozoic to Paleozoic gneiss and granite basement(Cobbing
et al. (1977); Chavez et al. (2022), see the lithostratigraphic log in Fig.1’s legend and Fig.1a,
c and d). The base of this series is made up of Triassic to Jurassic andesites and basalts,
followed by limestones and massive sandstones, and by Cretaceous volcano-clastic sequences
(Jenks, 1948; Boekhout et al., 2013; Alván et al., 2018). These Mesozoic sequences have
been intruded by the late Cretaceous Coastal Batholith (diorite to monzogranite, Cobbing
and Pitcher (1972); Horning (1988)). The Cenozoic sequence consists of 800 meters of
conglomerates at its base, which were formed due to the erosion of the Andes (Bellido,
1969; Thouret et al., 2007). They are covered by volcano-clastic deposits (andesite, rhy-
olite, pyroclastic, ignimbrites) resulting from the activity of the Barroso Volcanic Com-
plex (J. J. Wilson & García, 1962; Evenstar et al., 2020). Quaternary deposits consist
of ignimbrites from active or recent volcanoes (Wörner et al., 2000; Acosta et al., 2011),
as well as alluvial and fluvial deposits reworking these volcanic formations in valleys and
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the Central Depression. In addition, sparse markers of glacial erosion in higher part of
the High Cordillera above 4000 m asl can be observed (Rivera et al., 2020; Mariño et al.,
2021). Massive landslide deposits also indicate fluctuating paleoclimatic conditions dur-
ing the Quaternary (e.g., Caquilluco, Laguna Aricota; Zerathe et al. (2017, 2023); Del-
gado et al. (2020, 2022), Fig.1a and b).

2.1.3 Neotectonic setting

The subduction of the Nazca plate has a convergence rate of about 60 mm/yr (Villegas-
Lanza et al., 2016). As direct consequence of this active subduction, the Andean fore-
arc displays several active fault systems.

In our study area, the Incapuquio Fault System is the primary transpressive mainly
left-lateral tectonic structure that extends over more than 100 km along the Precordillera
(Fig.1a and b). It consists of several NW-SE crustal fault segments organized in a flower
structure that separates the Precordillera from the volcanic High Cordillera (Fig.1d). The
core of the structure displays Paleo-proterozoic basement outcrops (Jacay et al. (2002),
Fig.1a and d). The activity of these faults lasted since the late Cretaceous with the in-
version of the Arequipa basin. More recently, microseismicity and geomorphic or pale-
oseismic displacement from a single M5w 7.4-7.7 earthquake in the 15th century show
that the Incapuquio Fault System is active and accommodates deformation at a litho-
spheric scale (David et al., 2005; Benavente et al., 2017, 2021, 2022).

Among the Incapuquio segments, the Calientes fault is a 50 km-long reverse fault
that separates the Precordillera reliefs from the flat plain of the Central Depression, with
a 900-1200m-high topographic scarp (Fig.1a and b). The fault trace is lost to the SE at
the level of the Arica Bend, which is marked by the Huaylillas Range anticline, and to
the NW after the city of Sama (Hall et al. (2008), Fig.1a). The fault’compressive kine-
matic bring the folded sedimentary and volcano-clastic Jurassic to Tertiary series in its
hanging wall into contact with the Tertiary conglomerates and sediments of Quaternary
alluvial fans in its footwall, indicating a post-Pliocene activity (Audin et al., 2006; Hall
et al., 2008, 2012). The fault is seismically active as has produced the Mw5 earthquake
in 2005 (Tavera et al., 2007).

Finally, the 1000 m high Coastal Range is affected by active normal faults trend-
ing perpendicularly to the subduction trench, in the continuity to the Chololo Fault Sys-
tem (Allmendinger et al., 2005; Audin et al., 2007, 2008).

2.2 Hydrogeological setting of the thermal springs

Our study focuses on seven clusters of hot springs in the Tacna region. The local
communities have been using these springs for irrigation, therapeutic and recreational
purposes since time immemorial. Some of these springs and wells studied here, essen-
tially concentrated on the geothermal field of the volcanic High Cordillera, have been pre-
viously studied by the Peruvian geological survey (Peña et al. (2009) and Cruz et al. (2010);
Cruz (2018) and Cruz and Olascoaga (2021)), and are referenced in the INGEMMET’s
GIS (GEOCATMIN (accessed in 2022), https://geocatmin.ingemmet.gob.pe/geocatmin/).

The springs are found in local topographic low, i.e., in valley (Fig.1b), in various
geological contexts. Fig.2 presents field photographs of the emergence setting of some
of these springs.

The Geisers, Barroso and Aruma springs are located in the High Cordillera at around
4400 m asl, at the base of local volcanoes (<10 km, Fig.1a and b and Tab.1). They are
found in Quaternary volcanic rocks or in Quaternary glacial or alluvial deposits (Fig.2a
and b).
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Figure 2. Field setting of some of the springs, and sampling locations. Abbreviations such as
GEI1 correspond to sample names as described in Tab.1 a) The Geisers of Candarave (seated hu-
man for scale) and b) the Aruma springs, both emerge in Quaternary alluvial or glacial deposits
eroding Quaternary volcano-clastic rocks, c) The Ticaco springs emerge in fractured granodior-
ites (floor lamp for scale), d) The Calientes springs emerge along the Calientes fault, within the
folded Quaternary (Q.) conglomerates that erode the Tertiary (T.) to Mesozoic volcano-clastic
series, as well as the magmatic intrusions (car for scale). S0 is the bedding.

–7–



manuscript submitted to Geochemistry, Geophysics, Geosystems

T
ab

le
1.

M
ai

n
ge

og
ra

ph
ic

an
d

ph
ys

ic
o-

ch
em

ic
al

fe
at

ur
es

of
th

e
sa

m
pl

ed
sp

rin
gs

an
d

w
el

ls
in

cl
ud

in
g

th
ei

r
lo

ca
tio

n
w

ith
re

sp
ec

t
to

th
e

cl
os

es
t

vo
lc

an
o.

W
el

l/
Sp

rin
g

Sa
m

pl
e

Lo
ca

lit
y

Sa
m

pl
in

g
D

at
e

N
E

A
lti

tu
de

T
pH

A
lk

al
in

ity
C

lo
se

st
vo

lc
an

o
N

am
e

W
G

S8
4

W
G

S8
4

(m
)

(°
C

)
(m

g/
L)

(k
m

)
IR

24
IR

24
La

Ya
ra

da
24

/0
5/

20
22

-1
8.

19
19

27
-7

0.
52

32
44

40
30

7.
6

91
.5

96
Ta

co
ra

-C
hu

pi
qu

iñ
a

IR
14

6
IR

14
6

La
Ya

ra
da

24
/0

5/
20

22
-1

8.
17

54
90

-7
0.

46
86

10
80

30
7.

4
57

.4
85

Ta
co

ra
-C

hu
pi

qu
iñ

a
IR

11
2

IR
11

2
La

Ya
ra

da
24

/0
5/

20
22

-1
8.

14
92

26
-7

0.
46

61
74

10
0

32
-

35
.4

85
Ta

co
ra

-C
hu

pi
qu

iñ
a

C
al

ie
nt

es
C

A
L1

Pa
ch

ia
19

/0
5/

20
22

-1
7.

85
72

87
-7

0.
12

18
66

13
00

42
6.

9
31

.7
36

Ta
co

ra
-C

hu
pi

qu
iñ

a
C

al
ie

nt
es

C
A

L2
Pa

ch
ia

19
/0

5/
20

22
-1

7.
85

72
87

-7
0.

12
18

66
13

00
42

7.
0

21
.4

36
Ta

co
ra

-C
hu

pi
qu

iñ
a

C
al

ie
nt

es
C

A
L3

Pa
ch

ia
19

/0
5/

20
22

-1
7.

85
74

80
-7

0.
12

17
28

13
00

44
7.

2
40

.3
36

Ta
co

ra
-C

hu
pi

qu
iñ

a
C

al
ie

nt
es

C
A

L4
Pa

ch
ia

19
/0

5/
20

22
-1

7.
85

74
80

-7
0.

12
17

28
13

00
44

4.
1

4.
9

36
Ta

co
ra

-C
hu

pi
qu

iñ
a

Pu
qu

io
PU

Q
1

Pu
qu

io
30

/0
5/

20
22

-1
7.

77
38

80
-7

0.
38

52
66

90
6

27
7.

8
2.

3
63

Ta
co

ra
-C

hu
pi

qu
iñ

a
C

hu
ca

ta
m

an
i

C
H

U
1

C
hu

ca
ta

m
an

i
21

/0
5/

20
22

-1
7.

47
83

40
-7

0.
12

57
04

23
10

39
7.

4
56

.1
33

B
ar

ro
so

T
ic

ac
o

T
IC

1
T

ic
ac

o
20

/0
5/

20
22

-1
7.

43
43

34
-7

0.
03

83
81

33
00

53
7.

1
32

.3
23

B
ar

ro
so

-P
ur

up
ur

un
i

T
ic

ac
o

T
IC

2
T

ic
ac

o
20

/0
5/

20
22

-1
7.

43
43

34
-7

0.
03

83
81

33
00

48
7.

3
38

.4
23

B
ar

ro
so

-P
ur

up
ur

un
i

A
ru

m
a

A
R

1
A

ru
m

a
26

/0
5/

20
22

-1
7.

70
26

94
-6

9.
83

58
95

44
70

45
<

2.
0

-
8

Ta
co

ra
-C

hu
pi

qu
iñ

a
A

ru
m

a
A

R
2

A
ru

m
a

26
/0

5/
20

22
-1

7.
70

26
94

-6
9.

83
58

95
44

60
64

2.
2

-
8

Ta
co

ra
-C

hu
pi

qu
iñ

a
B

ar
ro

so
B

A
R

1
B

ar
ro

so
23

/0
5/

20
22

-1
7.

38
87

30
-6

9.
76

40
21

44
20

50
7.

8
18

7.
9

10
B

ar
ro

so
B

ar
ro

so
B

A
R

3
B

ar
ro

so
23

/0
5/

20
22

-1
7.

39
00

50
-6

9.
76

52
12

44
40

84
8.

0
5.

5
10

B
ar

ro
so

G
ei

se
rs

G
EI

1
C

an
da

ra
ve

22
/0

5/
20

22
-1

7.
10

27
73

-7
0.

13
32

47
43

90
73

7.
8

99
.5

11
Yu

ca
m

an
e

G
ei

se
rs

G
EI

2
C

an
da

ra
ve

22
/0

5/
20

22
-1

7.
10

27
73

-7
0.

13
32

47
43

90
87

5.
0

0.
2

11
Yu

ca
m

an
e

G
ei

se
rs

G
EI

3
C

an
da

ra
ve

22
/0

5/
20

22
-1

7.
10

27
73

-7
0.

13
32

47
43

88
42

50
0

-
11

Yu
ca

m
an

e
G

ei
se

rs
G

EI
4

C
an

da
ra

ve
22

/0
5/

20
22

-1
7.

10
27

73
-7

0.
13

32
47

43
88

-
-

-
11

Yu
ca

m
an

e

–8–



manuscript submitted to Geochemistry, Geophysics, Geosystems

The Ticaco and Chucatamani springs are located in the Precordillera, near the tran-
sition with the volcanic High Cordillera between 2300 and 3300 asl, more than 20 km
away from the closest active volcanoes (Tab.1, Fig.1 a, b and d). They are aligned along
two different segments of the Incapuquio fault network, in Cretaceous to Paleogene crys-
talline rocks highly fractured due to the fault proximity (Fig.2c). Both springs are lo-
cated near a contact between this intrusive rock and the Cretaceous volcano-clastic se-
ries (Fig.1a, c and d).

The Calientes and Puquio springs clusters are aligned with the Calientes fault that
marks the transition between the Central Depression and the Precordillera, between 900
and 1300 m asl, 40-60 km away from the closest active volcanoes (Tacora and Chupiquiña,
Tab.1, Fig.1 a, b and d). The Calientes springs are located on the fault trace, likely in
its hanging wall (Fig.2d). The Calientes fault has a dip of 70°. Here the water comes out
of the Quaternary conglomerate filling the Caplina canyon, which erodes the bedrocks
that consists of Tertiary volcano-clastic series and Cretaceous granodiorites. Located in
the damage zone of the fault, all these rocks are highly fractured and faulted. The whole
is partially capped by Quaternary ignimbrites. The Puquio spring is also aligned on the
Calientes fault trace, within its hanging wall (Fig.1a, b and d). The water emerges in
faulted and fractured Quaternary conglomerates eroding the Tertiary volcano-clastic se-
ries, near the tongue of the massive landslide of Caquilluco.

Finally, the wells of la Yarada are located in the Central Depression between 40
and 100 m asl, in the Quaternary alluvial plain of the Caplina River, 4-12 km away from
the Pacific Ocean and 100 km away from the closest active volcano (Tab.1, Fig.1 a, b
and d). The Chilean springs of Colpita, Las Cuevas, Jurasse and Morales are not stud-
ied here, but shown in the Fig.1a as they appear on the surface covered by the hydrother-
mal model.

3 Materials and methods

3.1 Geochemical protocols

3.1.1 Water and gas sampling

To ensure consistency of all our data, and supplement some missing data, we re-
sampled some water previously studied by INGEMMET (Peña et al., 2009; Cruz et al.,
2010; Cruz, 2018; Cruz & Olascoaga, 2021)) and by Vera et al. (2021). New data have
been acquired in Ticaco, Chucatamani and Puquio, following the sampling and analytic
protocols detailed below.

Water and gas samples have been collected from wells, hot springs, geysers, and
fumaroles in the study area. The sampling campaign occurred between the 16th and 28th

of May 2022, along a transect from the coast to the volcanic High Cordillera, perpen-
dicular to the main faults of Calientes and Incapuquio, and passing by Tacna city (Fig.1,
Tab.1). The water of 3 wells in La Yarada (IR24, 112, 146), 4 springs in Calientes (CAL1,
2, 3, 4), 1 spring in Puquio (PUQ1), 2 springs in Aruma (AR1, 2), 1 spring in Chucata-
mani (CHU1), 2 springs in Ticaco (TIC1, 2), 2 springs in Barroso (BAR1, 3) and 2 springs
in Geisers (GEI1, 2) have been collected.

The water was sampled as close as possible to the emergence in order to limit de-
gassing or evaporation effects, in favoring the highest temperature spring. Water was fil-
tered with a 0.20 µm membrane fitted to the polypropylene syringe previously rinsed with
the water from the spring. A subsample (1 ml of water) was diluted with 5 ml of 2 vol%
H2NO3 for cation analysis, and with 5 ml UP (ultra-pure, 18.2 MΩ.cm) water for an-
ion analysis. In addition, 10 ml of filtered water was also sampled for total alkalinity mea-
surements. Aliquots of 500 ml of IR146, CAL3, PUQ1, TIC1 and GEI4 waters were sam-
pled for isotopic analysis. Samples were stored in the fridge until analysis.
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In bubbling springs (i.e., Geisers, Barroso, Aruma and Chucatamani, Fig.2a and
b), free-gases were sampled following the water displacement method consisting to re-
place water by gas, when the bottle is submerged and maintained upside down, using
10- and 120-ml glass vials capped with a thick rubber septum and sealed with an alu-
minum collar. GEI3 was only sampled for gases. Waters for dissolved gas analysis were
sampled in Barroso, Aruma, Ticaco, Chucatamani, Calientes and in the IR146 and IR112
wells of la Yarada by fully filling glass vials (40-, 60- and 120-ml) to the top to prevent
air contamination and sealing them while still underwater with a thick rubber septum
secured with an aluminum collar.

3.1.2 Geochemical analysis

Water analysis has been performed using the Geochemistry-Mineralogy platform
of ISTerre (OSUG-France) between September 2022 and January 2023. Cations have been
analyzed with a Varian 720-ES ICP-AES. Anions were analyzed with a Dionex Integrion™
Ionic Chromatograph. Total alkalinity was measured by a Gran titration (Dickson, 1981).
All ionic concentrations are given with a precision of 5 % at the 95 % confidence level
(precision and accuracy values are reported in Tab.S1). Among the 16 water samples an-
alyzed only 4 samples (IR-24, AR1, AR2 and GEI2) display ionic balances > 10 % (see
Tab.S1). The “Diagrammes” software (Simler, 2014) was used to calculate the Total Dis-
solved Solids (TDS) and draw the Piper and ternary diagrams.

The water stable isotopes δD and δ18O, carbon isotopes δ13C and radiocarbon ages
were measured by the Beta Analytic® laboratory (Miami, USA). The water stable iso-
topes δD and δ18O were measured using a gas-bench Isotope Ratio Mass Spectrometer
(IRMS). Radiocarbon ages are reported as Radiocarbon Years Before Present = AD 1950
issued from the measurement of the carbon isotopes δ13C measured using an Acceler-
ator Mass Spectrometry (AMS). All values are given in Tab.S2.

Gas analysis were carried out at the ISTerre laboratory (Grenoble) with a Perkin
Elmer® CLARUS 500 Gas Chromatograph (GC) equipped with a thermal conductivity
detector and a 2 m long column (RESTEK® Shin Carbon ST 80/100) with Ar as a car-
rier gas. The GC was calibrated using several Ar, O2, N2, H2, CH4, CO2 gas mixtures.
The estimated analytical error is estimated at ±3 % within the 97 % confidence level.
The obtained free gas concentration values have been corrected for air contamination as-
suming all measured O2 comes from air. For the dissolved gases, a known volume of wa-
ter was extracted and simultaneously replaced by Ar. The vials were then agitated to
allow degassing of the fluid for 48 hours. The gas headspace was then sampled and an-
alyzed by GC. Dissolved gas concentration was calculated using the Henry law, and the
PHREEQC software (Parkhurst et al., 1999) for dissolved carbonate speciation, account-
ing for the water pH and salinity. Tap water is also analyzed for comparison with wa-
ter equilibrated with air.

3.1.3 Estimation of the recharge elevation and geothermometers

The hydrogen and oxygen isotope contents of rainwater decrease as altitude increases
(Ambach et al., 1968). The altitude at which groundwater has been infiltrated can be
approximated by using calibration curves of the isotopic ratio of local meteoric water,
because no further fractionation occurs after precipitation. The water stable isotope δ18O
is used to calculate the elevation of the water recharge. Because of the absence of con-
tinuous sampling transects within the Andes and the complex climatic and orogenic ef-
fects, the local δ18O gradient is not clearly defined, being subject to semi-monthly to in-
terannual timescale variations (P. G. Aron et al., 2021). To evaluate the fluid recharge
elevations, we utilized various regional gradients issued from the literature: -4.3±1.8 ‰/km
in the region of Moquegua (-17°S, 100 km north of the study region, P. G. Aron et al.
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(2021)); -4.1±1.0 ‰/km in the region of Arica (-18°S, 50 km south of the study area,
data from Sánchez-Murillo et al. (2018) in the Waterisotopes Database (Putman and Bowen
(2019), accessed 14/02/2023); and finally, the mean gradient modeled by Insel et al. (2012)
for the 18°S: 2.8±0.8 ‰/km. Considering these uncertainties we discuss the large zones
suggested by the estimations rather than the absolute values.

Traditional geothermometers reflect temperatures of chemical equilibration between
the fluid and the surrounding rocks at depth. Geothermometers are based on theoret-
ical or empirical relations that use ionic concentrations to estimate temperature. It is
assumed that the water-rock thermodynamic equilibrium is achieved and preserved dur-
ing fluid ascent (White, 1965; Cioni & Marini, 2020). Given the uncertainties about this
context in the study area, various traditional geothermometers, i.e., quartz (R. O. Fournier,
1973; R. Fournier et al., 1982), chalcedony R. O. Fournier (1973); Arnórsson et al. (1983),
Na-K (Arnórsson et al., 1983; Santoyo & Díaz-González, 2010), Na2-Ca (Arnórsson et
al., 1983; Santoyo & Díaz-González, 2010) and K2-Ca (Arnórsson et al., 1983; Santoyo
& Díaz-González, 2010), have been calculated in order to compare the general trends of
reservoir temperatures for each spring.

3.2 Numerical modeling

Hydrothermal processes have been explored in a 3D model constructed from a true
topography and a simplified structural model accounting for a homogeneous volume of
host-rocks intersected by regional faults. Rocks are considered as porous and permeable
medium because the primary influence on fault and host rock permeability is fracture
density. This assumption enables the specific coupling of the Darcy law and heat trans-
fer equations in the COMSOL Multiphysics™5.2 software. Governing equations are given
in Appendix A.

3.2.1 Geometry and Mesh

The area taken considered in the model has a regional scale that corresponds to
the map in Fig.1a, which is 157 km long (E-W) and 140 km wide (N-S, Fig.3). This area
encompasses all the studied hot springs and wells, and an additional distance from the
springs in order to prevent boundary effects (Fig.1). The upper surface of the model cor-
responds to the true topography of an issued 30m-ALOS (Advanced Land Observing Satel-
lite, https://www.eorc.jaxa.jp/ALOS/en/dataset/aw3d30/aw3d30_e.htm) Digital El-
evation Model degraded by interpolation into a 2 km resolution in order to facilitate the
geometry construction and reduce the computation time. The highest point of the to-
pography corresponds to the Tacora volcano (5782 m asl). The base of the geometry is
fixed at -2500 m below the mean sea level, in order to guarantee temperature and pres-
sure conditions where water remains in a liquid state. In crystalline rocks aquifers, the
position of the water table in relation to the topography may be disregarded as it has
little influence on the regional flows (Gleeson & Manning, 2008). For the sake of sim-
plicity we consider full saturation so that this interpolated topographic surface corresponds
to the water table.

Three faults are included in the model: two segments of the Incapuquio fault sys-
tem (North and South) and the Calientes fault (Fig.3). As we lack knowledge of the faults’
geometry at depth, we can only rely on the dips of the fault observed on the surface and
of nodal planes of focal mechanisms at the regional scale (Gaidzik & Więsek, 2021). To
preserve the suspected flower-like structure at the section scale (Fig.1d), the northern
segment of the Incapuquio fault dips of 70° to the South (Benavente et al., 2017), the
southern segment of the Incapuquio fault is vertical, and the Calientes fault dips 70° to
the North (field observation, Fig. 2d), Faults are simulated as planar surfaces that ex-
tend from the base of the simulated block to its surface. Faults are not connected to each
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Figure 3. 3D geometry and boundaries conditions of the numerical hydrothermal model.
αC , αIN and αIS correspond to dip of Calientes fauts and Incapuquio North and South faults,
respectively. DEM=Digital Elevation Model.

other and therefore separate the model into four compartments. A sensitivity study is
carried out on the thickness of the fault zone d (m), in an interval 50-1500 m correspond-
ing to the expected values for regional faults (Savage & Brodsky, 2011). In the damage
zone, the permeability will differ from those in the host rock compartments.

A mesh convergence study was performed by refining the mesh until a solution sim-
ilar to the previous one (within a maximum difference of 1°C) was found. A polygonal
mesh grid of 171518 elements has accordingly been built over the entire geometry. The
mesh is refined around the topographic complexities, and the fault planes. The mean el-
ement size is 3527 m in the main volume and 2600 m in the faults.

3.2.2 Equations of state

The heat transfer equation and Darcy’s law are coupled by the fluid velocity in the
governing equation (see Appendix A). Coupling is also ensured by the equations of state
applied to the fluid. For the conditions of pressure (0.05 to 75 MPa) and temperatures
(0-375 °C) calculated in this study, the water remains in the liquid state (see Fig.S1).
Under these conditions, fluid density and viscosity vary essentially as a function of tem-
perature T (°C), and pressure and salinity are negligible (Potter & Brown, 1977; Jupp
& Schultz, 2004). As used in Rabinowicz et al. (1998), the fluid viscosity µ (Pa.s) and
the fluid density ρf (kg/m3) vary in the range of 0-400°C such as:

µ(T ) = 2.414x10−5 · exp

(
247.8

T + 133

)
(1)

and

ρf (T ) = 1036.5 − 0.14167 · T − 0.0022381 · T 2 (2)
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3.2.3 Model Parameters

Table 2. Parameters of the hydrothermal numerical model, (a) function of the temperature, (b)
depending on the model compartment (host-rock, fault zone, see the main text).

Model properties

Fault dip α 70/90 °

Fault thickness d 50-1500 m

Basal heat flow Q0 0.12 W/m2

Geothermal gradient ∆T 50 °C/km

Coefficient of heat transfer h 0.025 W/(m2.K)

Fluid properties

Dynamic viscosity µ f(T)a Pa.S

Thermal conductivity λf 0.6 W/(m.K)

Thermal capacity Cpf 4180 J/(kg.K)

Mass density ρf f(T)a kg/m3

Rock properties

Porosity Φ 0.1

Thermal conductivity λr 2.5 W/(m.K)

Thermal capacity Cpr 1000 J/(kg.K)

Mass density ρm 2650 kg/m3

Permeability k variableb m2

Maximum permeability at the surface kb0 10−16 m2

Permeability decreasing with depth δ 2500 m

Parameters of the model and specifically the fluid and rock properties are given in
Tab.2. Permeability is the only parameter that differs between host rock and faults. It
is a poorly constrained property, with values that can vary over several orders of mag-
nitude. Although lateral lithological variations have been observed in the field (Figs.1
and 2), we consider in this first version of the model that the permeability of the whole
host rock khr (m2) is homogeneous, decreasing with depth z (m) such as:

khr = kb0 · exp

(
z − 800

δ

)
(3)

with kb0 (m2) being the maximum permeability at the surface (taken here as 10−16

m2) and δ (m) defining the decrease in permeability with depth, taken at -2500 m (Duwiquet
et al., 2021).

The activity of the Incapuquio and Calientes faults is expected to increase the host-
rock permeability in unknown proportions. A sensitivity analysis has been conducted
on the fault permeability kf being homogeneous with values between 10−16 and 4x10−13

m2 (Evans et al., 1997; Sonney & Vuataz, 2009).
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3.2.4 Boundary and Initial Conditions

3.2.4.1 Flow Conditions An elevation-dependent atmospheric pressure Patm(z),
from the International Civil Aviation Organization Standard Atmosphere (ICAO, 1993),
is imposed on the topographic surface (Fig.3), such as:

Patm = P0 ·
(

1 − 0.006 · z

288.15

)5.255
(4)

where P0 = 105 Pa is the atmospheric pressure at sea level and where z (m) is
the elevation. Below the surface, a hydrostatic pressure gradient ρ · g is added to P0.
No flow is allowed through the lateral limits of the model.

3.2.4.2 Thermal Conditions Because of the lack of local heat flow data, a con-
stant heat flow value of Q0=0.12 W/m2 determined by Hamza et al. (2005) is applied
at the base of the geometry (Tab.2). Similarly, a regional geothermal gradient ∆T= 50°C/km
is maintained for the entire block (Vieira & Hamza, 2019). Potential magmatic cham-
bers are not replaced.

In order to allow for temperature variations at the surface (cold areas at high al-
titudes but also warm zones where hot springs emerge), a mixed thermal boundary con-
dition like that used in Magri et al. (2016) and in Taillefer et al. (2018), is applied to the
topographic surface:

Q = h(Ts − T ) (5)

where Q (W/m2) is the surface heat flow, h (W/(m2.K)) a coefficient of heat trans-
fer and Ts (°C) the reference temperature at the surface, that corresponds to the regional
atmospheric temperature gradient determined from local data (National Oceanic and At-
mospheric Administration, NOAA (2022)):

Ts = 20 − 0.030 · z (6)

A h value of 0.025 (W/(m2.K)) has therefore been calibrated following the method
described by Taillefer et al. (2018) that combines a recharge temperature between 0 and
20°C and a discharge at the surface.

The initial conditions are a hydrostatic pressure and a purely conductive thermal
state, from which a steady state is computed.

4 Results

4.1 Composition of springs waters and gases

4.1.1 Water Physico-chemistry

Spring temperatures range between 27°C (Puquio) to 87°C (Geisers, Fig.1, Tab.1).
The highest temperatures (84-87°C) are recorded at Barroso and Geisers springs. The
Aruma springs show mid-hydrothermal temperatures between 45 and 64°C. Hot springs
in the Precordillera have low to moderate temperatures between 27 and 53°C (Puquio,
Calientes, Chucatamani, Ticaco). The temperatures of water flowing out of the wells in
the Yarada in the Central Depression (IR24, 112 and 146) are between 30 and 32°C. The
pH of most of the springs is close to neutrality, except for the Geisers-GEI2 (pH = 5)
and the Aruma springs (pH = 2).
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Springs located close to active volcanoes have high TDS above 2980 mg/L com-
pared to the other springs and wells that are between 460 and 2460 mg/L (Fig.4a). Bar-
roso and Geisers are Na-K-Cl waters with similar compositions. Chucutamani and Ticaco
are Ca-SO4 waters, as well as the IR146 well in la Yarada. The Aruma, Calientes and
Puquio springs have Na and K as dominant cations, which is an intermediate compo-
sition between the Barroso and Geisers springs and the other waters. Dominant anions
are sulfates (80%) in Aruma, sulfates and chlorides (50 % each) in Calientes and carbon-
ates and chlorides in Puquio (40 % each).

Most of the springs have Na/Cl ratio > 1, unless GEI2, Barroso, Aruma and IR146
that have Na/Cl ratio ≤1 (Fig.4b). The Barroso and Geisers springs have Na and Cl con-
centrations around 50 mM (except GEI2) while the other springs show concentrations
ranging from 2 to 11 mM (see Tab.S1).

Finally, one may also note that Aruma springs have high concentrations of Fe, Al,
Mn, Zn, while the Barroso and Geisers springs display high Li and B concentrations. Com-
plete geochemical data is available in Tab.S1.

4.1.2 Gas composition

Free gases from Geisers and Barroso springs are composed of more than 90 vol%
CO2, except for GEI3 (70 vol% CH4, Fig.5a). The free gas bubbling in the Chucatamani
spring is mostly composed of N2 (> 95 vol%). The spring of Aruma has a mixed com-
position of N2 (60-80 vol%) and CO2 (20-40 vol%). Traces of He are detected in the springs
of Geisers and Chucatamani (20-200 ppmv), and traces of H2 are found in Geisers, Ticaco
and Aruma (10-300ppmv). Complete data are given in Tab.S3.
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Figure 4. Composition in major ions of the thermal water. a) Piper diagram (Piper, 1944).
Colored circles represent the water Total Dissolved Solids (TDS, mg/L) and are proportional to
the circles, and in the legend, b) Na-Cl diagram (Log-log) with data from previous studies (Peña
et al., 2009; Cruz et al., 2010; Cruz, 2018) and of near hydrothermal systems in the region (Tassi
et al., 2010; Alvarez-Campos et al., 2022). Doted line corresponds to Na/Cl=1. Complete data is
available in Tab.S1.
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Figure 5. Gaseous composition of the thermal waters. a) Free gases in proportion of total
gases, b) Dissolved gases concentrations in proportion of total gases. Complete data in Tabs.S3
and S4.

The concentration of dissolved N2 appears to be significantly higher than that of
an equilibrated water with air (e.g., tap water, 460 µmol/L) in all the water samples (Fig.5a),
except for IR146, IR112 and Aruma, which show significant air contamination (see Tab.S4
for more details). Specifically, dissolved N2 in excess is the sole gaseous constituent de-
tected in the Calientes spring (688 µmol/L). The Barroso water displays a proportion-
ally higher concentration of dissolved CO2 (456 µmol/L) than the other springs contain-
ing this gas (37-142 µmol/L). Traces of CH4 are detected in Ticaco and Barroso (1-4 µmol/L).

4.1.3 Isotopic data of the waters

The Calientes and Ticaco springs, as well as the Yarada well, plot on the Global
Meteoric Water Line (Craig, 1961) and on the Local Meteoric Water Line (Boschetti et
al. (2019), Fig.6). The Geisers spring has isotopic values that fall on the Local Mixing
Line, which connects isotopic values of local meteoric water (Cortecci et al., 2005) with
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Figure 6. Isotopic composition of the thermal waters. a) δ18O vs δ2H diagram with the
Global Meteoric Water Line (GMWL, Craig (1961)), the Local Meteoric Water Line (LMWL,
Boschetti et al. (2019)), and the Local Mixing Line linking the Local Meteoric Water Recharge
(Cortecci et al., 2005; Cruz et al., 2010) with and the Andesite (i.e., subduction arc) Water Pole
(Sakai & Matsubaya, 1977; Fischer & Chiodini, 2015). Additional data on other springs nearby
(Tassi et al., 2010; Cruz et al., 2010; Alvarez-Campos et al., 2022) are also represented. b) To-
pographic profile between the Ocean level to the High Cordillera with the location of the springs
and wells, their radiocarbon ages in kyrs and the elevation of their recharge zone calculated after
Insel et al. (2012); Sánchez-Murillo et al. (2018) and P. G. Aron et al. (2021) (colored dots). The
complete dataset is available in Tab.S2.
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the isotopic values that characterize the andesite (i.e., subduction arc) water pole (Sakai
& Matsubaya, 1977; Fischer & Chiodini, 2015). The complete isotopic dataset is avail-
able in Tab.S2.

4.1.4 Infiltration elevation and radiocarbon ages

The current water of the IR146 well of la Yarada and of Ticaco and Geisers springs
is characterized by similar δ18O isotopic values between -12.4 and -12.6 ‰(Tab.S2), re-
sulting in identical recharge elevations between 2890 and 4670 m asl, at the transition
zone between the Precordillera and the volcanic High Cordillera (Fig.6b). The Calientes
and Puquio springs have close δ18O isotopic composition (-8.1 and -5.0 ‰, respectively,
see Tab.S2) resulting in close recharge elevations between 1260 and 3000 m asl, at the
transition zone between the Central Depression and the Precordillera.

The IR146 well of la Yarada and the Puquio springs show close apparent ages of
5270±20 yrs and 4590±20 yrs, respectively (Tab.S2). The Ticaco spring also has an ap-
parent age in the same order of magnitude (7880±20 yrs). The water of the Calientes
spring has the youngest apparent age of 1370±30 yrs. The water of the Geisers spring
is the oldest (20670±60 yrs).

4.1.5 Reservoir temperature

The envelope between the minimum and maximum reservoir temperature estimated
for each spring shows the general trends: hot springs close to active volcanoes (Aruma,
Barroso, Geisers) are characterized by the hottest reservoir temperatures, with a mean
at 170°C Fig.7. Hot springs located along faults show similar trends, with a mean of 90°C
for those located on the Incapuquio fault segments, and a mean of 100°C for those lo-
cated on the Calientes fault. The reservoir temperature of the well in la Yarada IR146
is significantly higher than the fault-related springs, with a mean of 140°C.

Figure 7. Reservoir temperature according to various classical geothermometers (dots, see
Section 3.1.3 and Tab.S5 for details about the methodology). The mean of temperatures (dot
line) and the envelope between the maximum and minimum values (grey surface) shows the
general trend.
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4.2 Hydrothermal numerical model

Field data, and in particular geochemical analysis of the hydrothermal fluids, pro-
vide information about the temperatures, compositions and origin of the different hy-
drothermal springs and their location with respect to the volcanoes, the forearc faults
and the topography. In order to decipher the relative contributions of these elements on
fluid circulation and heating, hydrothermal numerical modeling appears as a complemen-
tary and exploratory tool.

4.2.1 Preliminary Study of the Thermal Regime: The Critical Rayleigh Num-
ber and permeability

In the numerical model, fluid flow can be driven by topography (i.e., forced con-
vection) and/or by buoyancy (i.e., free convection). An analysis of the Rayleigh num-
ber Ra and the calculation of the critical permeability kc from which the free-convection
occurs enable to designate the dominant thermal regime in the basement and the faults
(e.g., Magri et al. (2016)). Equations are given in Appendix B.

The value of ρf is taken at the minimum temperature (here 0 °C) and calculated
from Eq.2 resulting in Dλ∼ 5.3x10−7 m2/s. Considering (i) a basement thickness of 8300
m between the highest elevation (5800 m) and the base of model (-2500 m), (ii) an av-
erage permeability of the host-rock khr = 4x10−17 m2, (iii) a difference of temperature
∆T= 284°C between the top (mean of 16°C) and the base (mean of 300°C) of the model,
and (iv) fluid and rocks properties as indicated in Tab.1, the computed Rayleigh num-
ber for the basement is Ra ∼ 0.16. This value is smaller than 4π2, the critical Rayleigh
number Rac from which free convection is likely to start. This means that the thermal
regime in the basement is only driven by the topography (forced convection).

For the Calientes fault, assuming a fault thickness d = 100 m, and a mean fault
height HC=5100 m, the critical Rayleigh number Racf /4 = 167 and the inferred crit-
ical permeability for which thermal convection may occur in the fault is thus kcf,C = 3x10−14

m2. For the Incapuquio faults, assuming a mean fault height HI= 6300 m, the critical
Rayleigh number Racf /4 = 206, and the critical permeability kcf,I = 4x10−14 m2. Free
convection is likely to occur in the computed model at fault permeability higher than
these close critical values.

4.2.2 Surface temperatures vs fault permeability

Increasing fault zone permeability can cause thermal anomalies to appear on the
surface of the model (Fig.8). For low fault permeability (kf =10−16 m2), no thermal anomaly
is visible on the surface (Fig.8a). However, when fault permeability is elevated (kf =
10−13 m2), patches of convective warm flows appear on the surface along the fault planes,
which correspond to the location of i) the Calientes and Puquio springs along the Calientes
fault, and ii) the Chucatamani spring and the Laguna Aricota lake along the Incapuquio
fault (Fig.8b). The location of thermal anomalies remains constant regardless of perme-
ability (for values higher than kf =1x10−14 m2). No anomaly is observed for the other
springs, including the Aruma spring, although it is located along the Incapuquio faults.
Patches on the Incapuquio faults extremities are due to boundaries effects.

4.2.3 Fluid circulation

These thermal anomalies generated at the surface mainly result from circulations
along the fault planes when the faults are permeable, and to a lesser extent, from cir-
culations in the basement (Fig.9). The flow lines that contribute to the Puquio and Calientes
thermal anomalies mainly originate from the intersection between the Calientes fault and
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Figure 8. Thermal anomalies on the topographic surface of the numerical model, a) for
poorly permeable faults kf =10−16 m2, b) for highly permeable faults kf =10−13 m2. The fault
thickness d=100 m.

the Precordillera reliefs at the Arica Bend (i.e., the Huaylillas Range watershed, Fig.9a).
They follow the fault plane at depth where they heat and then contribute to the the ther-
mal anomalies of Calientes or Puquio. A large part of these flow lines also leaves the Calientes
fault towards the Ocean, passing beneath the Tacna city and near the la Yarada wells
(IR146). Warm flow lines up to 275°C, that circulate in the basement, contribute in a
smaller proportion, to the thermal anomalies. They originate from the Tacora-Chupiquiña
volcanoes for Calientes, and from the Caquilluco watershed for Puquio. The flow lines
supplying the Chucatamani thermal anomaly mainly originate from the High Cordillera
(i.e. the Barroso and Purupuruni watersheds) and circulate along the North Incapuquio
fault and in the basement, passing through the location of Ticaco (Fig.9b). Some of these
flow lines also leave the Incapuquio faults at depths toward the ocean, in the direction
of the Calientes and the Puquio springs.

4.2.4 Heat anomalies along the fault

The detailed observation of the fluid circulation along the fault planes for high fault
permeability (kf =10−13 m2) reveals the alternating of hot and cold fluid plumes with
wavelengths of 30 to 50 km (Fig.10). At the intersection of the Calientes fault and the
Precordillera at the Arica Bend (see Fig.1a and b), there is a significant recharge zone
of cold fluids (minimum 5°C, Fig.10a). Moving northward, two hot plumes appear be-
neath the location of the Calientes and Puquio springs, separated by a small recharge
zone. The highest Darcy velocities (up to 1.13x10−7 m/s) are located where the faults
meet the steepest topographic gradients (Fig.10b). Infiltrated fluids are driven towards
the northwest and are heated up to 100-250°C before reaching the surface beneath the
Calientes and Puquio springs. Flow lines depicted in Fig.10b suggest that fluids origi-
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Figure 9. Flow line temperatures and surface anomalies (also see Fig.8) for a fault permeabil-
ity kf = 10−13 m2 and a fault thickness d=100 m. Flow lines contributing to a) the Calientes
fault and b) the North Incapuquio fault.

nating from the NW may also contribute to the Puquio spring, albeit to a lesser extent
and at lower temperatures (up to 170°C).

A nearly identical pattern is observed along the Incapuquio fault, where cold flu-
ids infiltrate massively at the fault intersection with the High Cordillera (Fig.10c). The
location of the Aruma spring corresponds to this infiltration zone. Moving northward,
two hot plumes can be observed below the Chucatamani and Ticaco springs, as well as
the Laguna Aricota (see Fig.8b). Unlike the Calientes fault (Fig.10a), these two plumes
are separated by a significant infiltration zone. Similar to the Calientes fault, high Darcy
velocities correspond to the steepest topographic gradient, allowing infiltrated fluids to
flow towards the Chucatamani and Ticaco sources, reaching temperatures up to 170°C
(Fig.10d). A contribution of fluid from the northwest is possible to a lesser extent.

Plumes are also observed along the Calientes and Incapuquio fault planes on the
Chilean side of the frontier at 340000 longitude. The faults’ continuity in this direction
is unclear, so although interesting, they are not be interpreted in this study. Plumes lo-
cated at the boundaries of the model are due to boundary effects.

5 Discussion

In the following sections, the geochemical composition of the hydrothermal fluids
is discussed to determine how they are related to each other and to which type of hy-
drothermal system (volcanic or orogenic) they belong. This analysis allows us to deci-
pher what are the main sources of heat and the main fluid pathways associated with each
spring.
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Figure 10. Heat anomalies and Darcy velocities along the Calientes and the North Inca-
puquio fault planes for fault permeability kf =10−13 m2 and thickness d=100 m. a) Temper-
atures, isotherms and orientation of the Darcy velocities along the Calientes fault, b) Darcy
velocities and flow lines colored according to the temperature along the Calientes fault, c) Tem-
peratures, isotherms and orientation of the Darcy velocities along the North Incapuquio fault, d)
Darcy velocities and flow lines colored according to the temperature along the North Incapuquio
fault.
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5.1 The Volcanic field hydrothermal systems

Geisers and Barroso springs, spatially located on the volcanic High Cordillera, are
characterized by similar geochemical features: high TDS, high temperatures of both their
respective emergence (Tab.1) and reservoir (Fig.7), a Na-K-Cl dominated composition
with Na/Cl=1 (Fig.4), anomalies of Li and B (Tab.S1), and free-gas dominated by CO2
(Fig.5). These results, consistent with those of Cruz et al. (2010) and Cruz (2018) (Fig.4),
are typical of closed hydrothermal systems associated with magmatic heat sources. This
magmatic contribution is necessary to produce elevated temperatures (Tab.1 and Fig.7),
fluid-rock interactions resulting in a salted composition (Figs.4b), and mixed isotopic com-
position between the meteoric and andesitic water poles (Fig.6). All of these parame-
ters allow categorizing these springs in the volcanic hydrothermal types as defined by
Moeck (2014).

5.2 The orogenic belt hydrothermal systems

In contrast, the Puquio, Calientes, Chucatamani and Ticaco springs share similar
features, the first being their location along major faults 20-60 km away from volcanoes
(Tab.1). They also have low to moderate TDS, moderate temperatures of both their emer-
gence and reservoir (Tab.1 and Fig.7), and Na/Cl≤1 (note that our dataset is consis-
tent with those of Peña et al. (2009), see Fig.4b). Additionally, gas composition is dom-
inated by N2 (Fig.5). Both the water composition and isotopic signature, which is purely
meteoric, align with the features described by Alvarez-Campos et al. (2022) in a nearby
non-volcanic hydrothermal system (Figs.4b and 6). These authors provide evidence that
local salars and mountain rocks constitute the main origin of the fluids, without mag-
matic contribution. Based on these parameters, these springs can be classified as belong-
ing to the "orogenic belt" hydrothermal types (Moeck, 2014).

In more details, we differentiate two subgroups:

The springs of Ticaco and Chucatamani, both located on the North Incapuquio fault,
share similar Ca-SO4 dominated composition (Fig.4), suggesting a common origins and
histories of fluid-rock interactions. The similar geological setting of these springs (Fig.1a
and d), the high altitude of recharge indicated by water isotopes (Fig.6b), and flow lines
in numerical models (Figs.9b and 10d), all agree in favor of a fluid origin in the High Cordillera
and a common fluid migration in the fractured crystalline rocks near the Incapuquio fault
(Fig.2c).

The Calientes and Puquio springs, both located on the Calientes fault, have sim-
ilar compositions but differ in their CO3-HCO3 content and salinity (Fig.4a), their tem-
peratures (Figs.1, and 7) and their water age (Fig.6). This suggests a partially shared
history. As shown by the isotopic composition (Fig. 6) and numerical model (Figs.9a and
10a and b), fluids infiltrate at moderate altitudes in the Precordillera, and then circu-
late along the Calientes fault. The oldest age and highest reservoir temperature at Puquio
could be explained by a more extended and deeper hydrothermal loop from the main recharge
zone, as shown in Fig.10b. In contrast, the low temperature, salinity and CO3-HCO3-
rich composition of the Puquio spring suggest a probable contribution from shallow ground-
water (Giggenbach, 1988), which could originate from the Northwest (Fig.10b).

Finally, the wells of la Yarada share many similarities with the springs related to
the Incapuquio faults, including identical chemical and isotopic compositions (Figs.4 and
6a), supporting a common origin. As suggested by isotopic composition (Fig.6b) and the
flow lines in the model (Fig.9), the fluids could originate from the limit between the High
Cordillera and the Precordillera, likely in a geological setting close from the Ticaco and
Chucatamani springs. This presupposes that the faults are sufficiently permeable to al-
low these fluids to cross them towards La Yarada. Fluids reach reservoir temperatures
significantly higher than the forearc springs (Fig.7) since they have been driven to greater
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depths under the effect of the substantial topographic gradient between the recharge zone
and the wells (Fig.6b). The low temperature (Tab.1) and the Na/Cl>1 of the well wa-
ter (Fig.4b) could be explained by mixing with surface water, such as seawater from ma-
rine intrusion (Vera et al., 2021; Chucuya et al., 2022).

5.3 The mixed hydrothermal systems

The Aruma springs, located near the active volcanoes and on the Incapuquio fault,
are characterized by geochemical features belonging to both volcanic and orogenic sys-
tems. The presence of a mixed hydrothermal system is supported by the composition
of the free gas phase, which contains a mixture of CO2 and N2 (Fig.5), like in similar
contexts in the volcanic Western Cordillera in Bolivia (Moretti et al., 2023). On one hand,
the particularly low pH, the elevated TDS and temperatures of both emergence and reser-
voir (Tab.1 and Fig.7), and Na/Cl=1 (Fig.4b), are characteristic of volcanic hydrother-
mal systems. This is further supported by the inability to replicate the temperature of
the Aruma springs, which are located on a major cold recharge zone in numerical model
(Fig.8a). In considering the contribution of a magmatic heat source, the hydrothermal
loop between the recharge zones to the springs should be short and peripheral to the vol-
canic edifices (in the “outflow zone”, Hochstein (1988), e.g., Byrdina et al. (2013)). On
the other hand, the composition of the Aruma spring differs significantly from that of
the other volcanic springs but is similar to that of the Chucatamani and Ticaco springs
(Fig.4). This indicates a likely connexion between these fluids along the Incapuquio fault,
as shown by flow lines in the numerical model (Fig.10d).

In this section we have observed that the geochemistry of the different hydrother-
mal systems is influenced by the origin of the fluids and by the pathways they follow within
the host rocks and along the faults. The following sections explore in detail these two
aspects of the hydrothermal loop.

5.4 Fluid recharge and origin

Since most of the hydrothermal fluids in the Tacna region are of meteoric origin
(Fig.6a), it is critical to understand when and where groundwater recharge occurs in or-
der to ensure the persistence of the water and geothermal resources. The issue of ground-
water recharge and resources has been extensively studied in the Atacama region (20°S)
of northern of Chile (see Viguier et al. (2019) and references therein), which is analogous
to the Tacna region. Due to the arid climate of the region since at least the middle Miocene
(Houston & Hartley, 2003), past pluviometry in the region should be close to the cur-
rent values, i.e., 0-200 mm/yr for the coast and the forearc, and 200 to 650 mm/yr in
the High Cordillera (Rau et al., 2017). Despite low precipitation levels, it has been demon-
strated that the groundwater in neighboring systems in the Central Andesis derived from
rainwater and snow melt from the volcanic High Cordillera and the Precordillera (Magaritz
et al., 1990; Boutt et al., 2016), or even from the Coastal Cordillera (see Fig.1, Herrera
et al. (2018)). If this limited recharge is sufficient to sustain the entire hydrothermal sys-
tems its longevity is ensured for thousands of years.

However, several authors suggest that past recharge of groundwater in North Chile
could rather be related to extraordinary climate events such as glaciations or raining events.
The Last Local Glacial Maximum (LLGM), which occurred 24 kyr ago, with additional
incursions between 21-18 and 17-14 kyr ago (Ward et al., 2017), led to wetter conditions
(Kull & Grosjean, 2000). During this period, the snow line elevation in the Tacna re-
gion was continuous above 4600 m unlike the widespread current distribution on the high-
est peaks at 5100 m (Klein et al., 1999). The subsequent deglaciation period could have
resulted in massive water recharge into the faults, reaching depths of up to 10 km (Maréchal
et al., 1999; Volpi et al., 2017; Alt-Epping et al., 2021). This last major deglaciation event
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could explain the apparent age of the Geisers springs (20.7 kyr), that is also suggested
by Munoz-Saez et al. (2020) about the nearby El Tatio geothermal field (Chile).

In addition, exceptional precipitation events known as the Central Andean Pluvial
Event CAPE I (17.5-14.2 kyr BP) and CAPE II (13.8-9.7 kyr BP, Placzek et al. (2009);
González-Pinilla et al. (2021)) may have constituted a substantial recharge. The latter
event corresponds to the apparent ages of the Ticaco spring, and possibly to the Puquio
spring and IR146 well in la Yarada (Fig.6b), if they were rejuvenated by mixing with shal-
low groundwater.

The fluids of the Calientes springs, with a recharge elevation below 3000 m and a
recent age of 1.4 kyr (Fig.6), indicate that the geothermal loop is local and could not be
influenced by ice melting other than the snow on the Chupuquiña and Tacora volcanoes.
This is supported by the short distances covered by the flow lines in the numerical mod-
els, which are limited to a maximum of 3 kilometers (Figs.9a and 10b. The Medieval Cli-
mate Anomaly in Atacama (1.01–0.71 kyr, Gayo et al. (2012)) could be the exceptional
event that contributed to the Calientes springs, aligning with Herrera et al. (2018) in the
Atacama.

If deglaciation or extreme precipitation events associated with the El Niño South-
ern Oscillation fluctuations contribute to the recharge of the Tacna hydrothermal sys-
tems, we can assume that it is subject to variability. The total budget is likely related
to both mechanisms, with exceptional rainfall events affecting groundwater recharge on
a timescale of 10-100 years (Boutt et al., 2016) and deep groundwater flows originating
from the High and Precordillera over periods of 10-100 kyrs (Fritz et al., 1981; Jayne et
al., 2016).

The hydrothermal model shows that the generation of orogenic hot springs from
surface groundwater is highly dependent on the ability of the faults to ensure their recharge
and circulation. The following section discusses the fault permeability and thickness through
the results of the numerical model and a sensitivity analysis.

5.5 Fault permeability and damage zone thickness, and fluid flow dynamic

A sensitivity study was conducted on the two primary parameters that are likely
to affect thermal circulation, for which there is no field constraint: the fault permeabil-
ity and the thickness of the fault damage zone (Fig.11).

In the cases of an unfaulted basement, or with impermeable faults, springs are not
replicated on the model surface (Fig.8a). As suggested by the Ra number (Section 4.2.1),
topography-driven flow in the basement is not sufficient to generate springs. However,
when permeable faults are combined with elevated topographic gradients along the fault
planes (Section 4.2.1 and Fig.10), the model successfully replicates the location of the
Chucatamani, Calientes and Puquio springs (Fig.8b).The location of thermal anomalies
remains constant regardless of permeability, indicating topography as the primary con-
trolling factor. However, Fig.11a shows that the modeled temperature at the spring lo-
cation increases with the permeability of the faults, starting to appear for values slightly
below the critical fault permeability that marks the transition from forced to free con-
vection (kcf ∼3-4x10−14 m2, see Section B1). The comparison of spring temperatures
in the field and in the model suggests that both forced and free convection are necessary
to generate sufficiently elevated temperatures. In the cases of Puquio and Incapuquio,
the fault permeability is likely close to the critical level and the forced convection could
be sufficient. However, it is likely that the Calientes springs require buoyancy to reach
the observed temperatures.
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Figure 11. Temperatures measured on the model surface at the location of the Calientes,
Puquio, and Chucatamani springs as a function of, a) the fault permeability (for a fault thickness
d=100 m, the critical fault permeability kcf calculated in Section 4.2.1 separates the free and
forced convection domains), b) the fault thickness (for a fault permeability kf = 5x10−14 m2,
slightly above the critical permeability). The colored arrows show parameter value allowing to
reproduce the temperatures of the springs measured on the field (dot lines).

The fault-valve behavior, which describes the subsequent co-seismic enhancement
and inter-seismic reduction of the permeability (Sibson, 1981; Im et al., 2018), is inad-
equate to explain the continuous activity of hydrothermal springs during long inter-seismic
periods. Evidence of thermal springs, fluids and associated deformation of isotherms in
both fault compartments, indicate the occurrence of longitudinal and transverse hydrother-
mal circulations along reverse faults (Forster & Evans, 1991; Moretti et al., 2000; Grasby
& Hutcheon, 2001; Rowe et al., 2009; Smeraglia et al., 2022). Accordingly, we propose
that the Calientes and Incapuquio faults may have a permanent and efficient permeabil-
ity, transversely as well as longitudinally, even during inter-seismic periods. This sup-
ports the apparent fluid communication between the High Cordillera recharge with the
Central Depression aquifers such as la Yarada (Fig.6b, see Section 5.2) and aligns with
Prostka et al. (1982) and F. Aron et al. (2010) conclusions in the Central Cordillera. Ad-
ditionally, N2 is observed along the faults in this study (Fig.5) and in similar conditions
in Peru and Bolivia as the dominant gas. It is suspected to be of atmospheric origin and
to be infiltrated along faults (Labidi et al., 2021; Hiett et al., 2022). This constitutes a
supplementary evidence of particularly efficient permeability in the recharge zones. Other
hypotheses propose release of N2 through sediment incorporation along the slab (Munoz-
Saez et al., 2020), supporting the idea of a crustal extension of the permeability of the
faults.

The thickness of the fault damage zone also greatly influences the temperature at
the model surface (Fig.11b). For a range of expected values for regional faults (Savage
& Brodsky, 2011), the surface temperature increases up to a maximum of 500-1000 m
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in this simulation. Afterward, the temperature decreases due to the infiltration of cold
superficial fluids along the fault planes. The expected damage zone thickness for the Calientes
and Incapuquio faults is a maximum of 1000 m. For larger damage zones than shown
in Fig.8b, the thermal anomalies are also larger.

The permeability and the thickness of the damage zone of the faults are likely not
uniform throughout the entire fault network, or even along the same fault. The sensi-
tivity analysis revealed that the Calientes fault at Calientes may be more permeable and/or
have a more developed fault zone than in Puquio (Fig.11). This difference could be ex-
plained by the Calientes fault’s tectonic propagation over time from SE to NW (Fig.1a,
Hall et al. (2012)), which results in a better development of the damage zone near the
center (near Calientes) than at the tips (W of Puquio, see Torabi and Berg (2011)). The
sequences and locations of fault reactivation may have caused varying levels of damage
along the faults or re-opening of sealed zones. At a smaller scale, local complexities (e.g.,
faults and fracture connectivity, fracture sealing, fault zone size) explain the difference
between the large extension of the thermal anomalies at the model surface (Fig.8b) com-
pared to the concentration of the observed springs. All of these hypotheses should be
validated by geological and structural observations of the fault zones, as well as a deeper
understanding of recent and current activity on the Calientes and Incapuquio faults, in-
tegrated into a more complex numerical model.

5.6 Limits of the numerical model and future developments

In this first version of the numerical model, several simplifications were made, as
explained in Section 3.2. As is typical in hydrothermal simulations (e.g., Guillou-Frottier
et al. (2013); Magri et al. (2016)), the model depth was adjusted to maintain pressure
and temperature conditions where the fluid remain in a liquid state. Furthermore, the
model did not account for the high temperatures caused by the presence of magma bel-
low volcanoes, which resulted in the inability to replicate the Aruma, Geiser, and Bar-
roso springs. Accordingly, equations of state are adapted to liquid conditions and neglect
the effects of pressure and salinity. Future models will be built with a deeper geoemtry,
limiting boundary effects, and will integrate multi-phase conditions and adapted equa-
tions of state, such as those used in Launay et al. (2023).

In order to upgrade the model, better geological constraints are necessary. Faults
have been oversimplified as straight planes with homogeneous dip, fault zone thickness,
and permeability, which is not accurate. Forearc faults often show a steep dip at the sur-
face and acquire a listric form at depth before rooting with other faults. Fault perme-
ability varies not only along the fault as discussed in section 5.5, but also with depth due
to the closure of the fractures under the effect of the confining pressure, and even within
the fault zone (Caine et al., 1996). Furthermore, this simulation only considered three
main faults, while the regional fault network appears to be more complex (Fig.1a). This
statement is important because fault interaction or intersection could promote hydrother-
mal circulations (Curewitz & Karson, 1997). Finally, this simulation considered that the
host-rock permeability is homogeneous. However, fault-related springs are typically found
within the fractured Cretaceous crystalline rocks near the contact with volcano-clastic
rocks (Figs.1a and d, and 2c and d). Crystalline rocks are often identified as favoring fluid
circulations in orogenic belt hydrothermal systems (e.g., in the Atacama (Scheihing et
al., 2017; Urrutia et al., 2019) or in the European Alps (Wanner et al., 2020; Taillefer
et al., 2021)). Some of the thermal anomalies that are observed on the model surface,
but not in the field (e.g., the Laguna Aricota lake, Fig.8b), could be related to the im-
permeable cap formed by volcano-clastic rocks (Fig.1a and d). Although faults may ex-
ist in the volcanic chain, allowing meteoric and magmatic fluids to circulate between the
surface and the magma chambers, they are not mapped or obscured by recent volcanic
rocks (Fig.1a and d)
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Future models will incorporate a detailed geological model featuring a complex fault
network with accurate properties (e.g., Taillefer et al. (2018)), lateral variations of litholo-
gies (e.g., Magri et al. (2016)), and the presence of magma chambers (e.g., Byrdina et
al. (2013)). Others aspects, such as the impact of the regional stress (e.g., Duwiquet et
al. (2021)) or transient effects related to seismic activity (e.g., Lupi et al. (2011)), could
also be explored. Nevertheless, this preliminary model accurately replicates the locations
and temperatures of most springs located on the modeled faults and enables analysis of
the primary processes at work. This allows to propose the first conceptual model of the
Tacna hydrothermal systems and to discuss its implications for the regional geothermal
potential

5.7 Conceptual model of the Tacna hydrothermal systems

By comparing our findings with the results of the numerical modeling, we propose
a conceptual model of the hydrothermal systems in the Tacna region (Fig.12). Fluid recharge
zones, mostly glacial or rain-fed, are located between 2000 and 4500 m altitude. Volcanic
hydrothermal systems exhibit a distinct geochemical signature, characterized by the pre-
dominant release of CO2 and the partial contribution of magmatic fluids, indicating the
proximity and influence of magma at depth. The hydrothermal loop is likely to be short
and local. Infiltration of meteoric fluids occurs on volcanoes near thermal springs. The
proximity of volcanic magma acts as a heat source that is anomalously higher than the
ambient geothermal gradient, inducing high spring temperatures and high TDS, but con-
fined to the High Cordillera.

In contrast, the thermal springs located in in the forearc orogenic belt exhibit more
diverse geochemical signatures. The fluids that supply these systems are strictly mete-
oric and circulate along permeable faults where they intersect recharge zones or are cap-
tured from aquifers in the surrounding rocks. It is possible that the N2 predominantly
observed in forearc springs, likely atmospheric, is dissolved in the water at this stage.
The consequent topographic gradient is primary factor that controls fluid circulation along
faults and in surrounding rocks. Regional faults create large hydrothermal loops, where
fluids are heated up by the local geothermal gradient, resulting in the thermal springs
observed in the field. The variety of geochemical signatures observed can be explained
by the different paths taken by these fluids. The geochemical signature similarities ob-
served between the Ticaco and Chucatamani springs and the Yarada wells near the shore-
line suggest the possibility of transverse circulation across faults, indicating their signif-
icant permeability.

Finally, the geothermal gradient is not sufficient to heat the Aruma fluids, so the
magma chamber must also contribute the heat budget. These fluids are driven along the
Incapuquio fault by the topographic gradient and potentially the North-dipping Meso-
zoic series (Fig.1d). They could then flow towards the Precordillera (Figs.9, 10 and 12).

The effects of these complex interactions between magmatism, faulting, and topog-
raphy on hydrothermal system differentiation have also been evidenced in other Peru-
vian provinces, such as the Arequipa region (Tyc et al., 2022; Alvarez-Campos et al., 2022)
and the Cordillera Blanca (Scott et al., 2020).These hydrothermal circulations induce
significant deformations of the isotherms. The geothermal gradient increases near vol-
canoes, as well as along faults where thermal springs are located. On the other hand,
it decreases in infiltration zones along faults when the topographic gradient is significant.

5.8 The geothermal potential of the Andean forearc in the Tacna region

Electricity or direct-use geothermal projects preferentially target on accessing ab-
normally hot aquifers that are close to the surface and to the end-users, in order to min-
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Figure 12. Conceptual model of the Tacna hydrothermal systems. Thermal springs (blue
circles) are associated with two distinct hydrothermal systems. The volcanic type has volcanic
geochemical signature and is located in the High Cordillera. The short hydrothermal loops (col-
ored arrows) of this system require heat from the magma chambers, where the CO2 (pink arrows)
originates. The orogenic belt type has varied geochemical signatures but is solely of meteoric
origin. It is located in the forearc and its long loops develop along and transversely to permeable
active faults, in response to strong topographic gradients. Glacial and precipitation recharge
zones (dark and light blue arrows, respectively) are located at high elevations and captured along
fault planes, possibly at the same time as N2. Mixed systems may combine features of the two
previous types. These systems induce significant deformations of the isotherms in the region
(blue dashed line).
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Figure 13. Elevation of the 150°C iso-surface. Blue and zones correspond to a collapse of the
150°C isotherm or an upwelling of the 150°C isotherm, respectively. Blue numbers indicate the
depth of the 150°C isotherm below the strategic points (see Tab.S6).

imize drilling and operational costs. Additionally, it is advisable to drill outside of seis-
mogenic faults to limit the risk of induced seismicity by fluid injection. The best loca-
tion meeting these criteria to supply the Tacna city would be an aquifer connecting the
hydrothermal flow along the Calientes fault with the Central Depression, which would
explain the abnormally high temperatures of the la Yarada wells.

To obtain a clear idea of the lateral extent and depth of the thermal anomalies gen-
erated by the faults, we have extracted out of our numerical model with kf = 5x10−14

m2, the elevation of the 150°C isotherm (i.e., the temperature for geothermal electric-
ity generation, Fig.13).

On a regional scale, outside the fault zones and spanning hundreds of kilometers,
the elevation of the 150°C isotherm approximately follows the topography (i.e., the im-
posed geothermal gradient, here 50°C/km). Precise elevations and depths below the sur-
face of the 150°C (geothermal electric generation) and 80°C (geothermal direct heat use)
isotherms in strategic locations are available in Tab.S6. The hot plumes observed in Fig.10
zones cause a rise of the 150°C isotherm along the faults. The extent of perturbation ra-
dius can span tens of kilometers, depending on the plume wavelengths and of the fault
zone thickness. The 150°C isotherm is very close to the surface beneath the springs (e.g.,
∼1000 m deep at Calientes), highlighting the high geothermal potential of fault forearc
as suggested in the Eastern Precordillera in Argentina (30-280 kW, Christiansen et al.
(2021)).

Beyond the influence of the faults, the impact of the Calientes or Puquio plumes
on the temperatures at depth below the Tacna city seems limited: the 150°C isotherm
reaches the depths of 2300 m, which remains an acceptable depth for geothermal drilling
in basins (e.g., the Parisian basin).

The interpretation of depth, temperatures and the lateral extent of the thermal anomaly
distribution in the Tacna region must be nuanced due to our limited knowledge about
the size of the fault zones, the local geothermal gradient and basal heat flow, and about
the complexity of the aquifers in the Central Depression. The high potential associated
with faults could exert a more substantial influence if we assume a connection between
the fluids circulating along these faults and the aquifers tapped by the la Yarada wells
as suggested by flow lines in the numerical model (Fig.9). This highlights the need for
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further investigations of the hydrogeological context in this zone, which is also critical
for the management of the shallow water resource.

6 Conclusion

This study aims to constrain geothermal potential of inhabited areas of the Tacna
(South of Peru) region by deciphering the contributions of volcanoes, faults, and topog-
raphy on the hydrothermal systems .

On one hand, the geochemical data indicates that:

• The springs located near active volcanoes in the High Cordillera are characterized
by Na-K-Cl water with high temperatures of both emergence (up to 87°C) and
reservoir (mean of 170°C), and high TDS (up to 3452 mg/L). The free gas phase
is mainly composed of CO2 (>90vol%). Isotopic data indicates mixed meteoric
and volcanic origins, and radiocarbon suggests an approximate age of 20.7 kyr.

• Springs located in the forearc in the Precordillera are aligned along regional faults.
They show Ca-SO4 and Na-K-Cl compositions with moderate temperatures of both
emergence (27-53°C) and reservoir (mean of ∼100°C), and intermediate TDS val-
ues (up to 2458 mg/L). The gas composition is largely dominated by N2 (>95 vol%).
Isotopic data indicate a purely meteoric origin and radiocarbon ages are between
1.4 and 7.9 kyr. Irrigation wells in the forearc basin display similar features, de-
spite low emergence temperature (30-32°C) for higher reservoir temperature (∼140°C)

• The Aruma spring located in the volcanic High Cordillera along the Incapuquio
fault shows intermediate features between the volcanic and forearc springs: Na-
K-SO4 water with elevated temperatures of both emergence (45-64°C) and reser-
voir (mean of 167°C), high TDS (3642-3397 mg/L) and pH of 2. The gas phase
shows a mixed composition comprising 20-40 vol% of CO2 and 60-80 vol% of N2.

On the other hand, the regional 3D numerical model highlights that both forced
and free convections occur along and throughout faults with high permeability (> 10−14

m2). This results in the formation of 100-km long thermal plumes replicating the observed
springs in the forearc, and upwelling of the 150°C isotherm (i.e., the temperature for geother-
mal electricity generation) to within ∼1000 m of the surface.

The models provide valuable insights into the origin and pathways of the hydrother-
mal fluids shedding light on the geochemical similarities of the different springs. This
allows us to propose and discuss a conceptual model of the Tacna region hydrothermal
systems where the volcanic springs are sustained by the heat of magma chambers although
the geothermal gradient and topography or buoyancy-driven convections are sufficient
to generate thermal anomalies within permeable faults. To improve the evaluation of geother-
mal potential and accurately replicate all sources in the Tacna region, future models must
incorporate a more complex fault network with decreasing permeabilities in faults, lat-
eral variation of lithologies, and magma chambers, requiring thicker models and EOS adapted
to multiphase fluids.. This study also demonstrates the potential of reverse faults to gen-
erate substantial geothermal anomalies in compressive contexts, opening perspectives for
the geothermal exploration throughout the entire forearc of the Andean Cordillera.
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Appendix A Gouverning equations in Numerical Models

The COMSOL Multiphysics™5.2 software numerically couples the Darcy law and
the heat transfer equation, treating the model as a permeable and porous medium.

The heat transfer equation for homogeneous and isotropic medium, considering con-
vective transfers, is :

ρmCp
∂T

∂t
= λ∆T + A − ρf Clf ∇⃗T · v⃗ (A1)

with T (°C) the temperature, ρm (kg/m3) the media mass density, Cp (J/(kg.K))
the media specific heat capacity, λ the media thermal conductivity (W/(m.K)) and A
(W/m3) the heat production, ∇⃗T ·v⃗ an advective term, ρf (kg/m3) the fluid mass den-
sity and Clf (J/(kg.K)) the fluid specific heat.

For porous and permeable media the Darcy law describes fluids motion driven by
a pressure gradient such as :

u⃗ = k

µ
(∇⃗p − ρf g⃗) (A2)

with u⃗ the fluid velocity, k (m2) the medium permeability, ν (m2/s) the fluid cin-
ematic viscosity, ∇⃗p the pressure gradient, ρf (kg/m3) the fluid mass density,and g⃗ the
acceleration of gravity.

Fluid is supposed incompressible and so mass conservation writes ∇⃗.u = 0, equiv-
alent to :

∇⃗.

[
− k

µ
(∇⃗p + ρf g⃗)

]
= 0 (A3)

The coupling between heat transfer equation and Darcy law occurs through the fluid
velocity field, i.e. ∇⃗T ·v⃗ in Eq. (A1), and u⃗ in Eqs. (A2), and (A3). Further, temper-
ature (the other coupling variable) appears in Eqs. (A1) and (A2), since ρf and µ are
temperature-dependent.
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Appendix B Critical Rayleigh number and critical permeability

For an infinitely long homogeneous porous medium (Lapwood, 1948), Ra is defined
as:

Ra = KLα∆T

Dλ
(B1)

where K (m/s) is the hydraulic conductivity, related to the permeability k (m2)
by:

k = K
µ

ρf g
(B2)

L (m) is the thickness of the medium in which the flow takes place, α=10−4 K−1

the coefficient of thermal expansion and ∆T (°C) the difference in temperature between
the upper and lower limits of the medium. The tensor of thermodispersion Dλ is defined
by:

Dλ = Φλf + (1 − Φ)λs

ρf Cpf
(B3)

where Φ is the porosity, ρf (kg/m3) the fluid density, Cpf (J/(kg.K) the thermal
capacity of the fluid, and λf and λs (W/(m.K)) the fluid and solid thermal conductiv-
ity, respectively.

Additionally, for a finite medium including faults, the critical Rayleigh number de-
pends on the faults’ dimensions and can be expressed by the ratio between the fault width
and height. An analytical expression to calculate Rac of 3D faults has been proposed
by Malkovsky and Pek (2004):

Racf =
[(

6.428
∆

)1.165
+ (27.1)1.165

]0.8584

, with∆ = d

2H
< 0.1 (B4)

∆ is half the fault aspect ratio, with d (m) the width of the fault zone and H (m)
the fault high between its elevation on the surface and the model base.

Finally, analytical and numerical simulations by Malkovsky and Magri (2016) show
that the critical fault permeability kcf at which convection is likely to start within faults
is calculated by assuming Racf /4 (e.g., their Fig.4) in compilations of Eq. B1, B3 and
B4.
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