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Abstract

Classification schemes for geothermal energy sources have recently been improved to
include the concept of geothermal play. Our comprehensive review for the island of
Madagascar aims to enhance the understanding of the factors controlling the coun-
try’s geothermal energy sources. The result is the first catalogue of geothermal systems
in Madagascar. The geothermal systems of six prospective areas were categorized into
three classes using the geological and tectonic context combined with the tempera-
ture of the potential geothermal reservoir. The three classes are (1) graben border-fault
liqguid-dominated moderate-temperature (Ambilobe and Miandrivazo areas), (2) fossil
magmatic liquid-dominated moderate-temperature (Ambanja, Itasy and Antsirabe
areas), and (3) sedimentary liquid-dominated low-temperature (Morondava Basin).
The hydrothermal resources of Madagascar are commonly associated with extensional
domains referred to as geothermal plays. A conceptual model was developed for each
prospective area to better understand the factors controlling the heat source, forma-
tion permeability and fluid migration. Our results can be used to guide exploration
strategies and have implications for assessing and quantifying Madagascar's geother-
mal potential.
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Introduction

The first investigation into the geothermal potential of Madagascar was compiling an
inventory of the hot springs (Besairie 1959), which was followed two decades later by an
assessment of the geochemical characteristics of geothermal energy sources using chem-
ical and isotopic analysis and chemical geothermometers on samples of hot spring water
(Gunnlaugsson et al. 1981). The results provided a general characterization of the geo-
thermal regions of Madagascar (Andrianaivo 2011). The prospective areas in this study
have been subject to geological assessments, including structural geology (Andrianaivo
and Ramasiarinoro 2010a, b). Knowing that geothermal exploration in Madagascar is at
an early stage and that there is currently no geothermal power production in the coun-
try, this study reviews the available results from previous work with the objective to bet-
ter understand the factors affecting the geothermal energy source and to produce the
first catalogue of geothermal systems in Madagascar. The aim of the classification is to
highlight the dominant characteristics of each area.
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A ‘geothermal system’ in the hydrothermal regime can be described schematically as
“convecting water in the upper crust of the Earth, which, in a confined space, transfers heat
from a heat source to a heat sink, usually the free surfaces” (Hochstein 1990). According
to this definition, the geothermal system comprises three main elements: a heat source,
a permeable formation and a fluid, which is the heat carrier transferring thermal energy
(Dickson and Fanelli 2003). A geothermal system can also be defined as “all parts of
the hydrological system involved, including the recharge zone, all subsurface parts and
the outflow of the system” (Axelsson 2008). Moreover, Williams et al. (2011) propose a
broader definition that encompasses resources outside the hydrothermal regime: ‘any
localized geologic setting where portions of the Earth’s thermal energy may be extracted
from a circulating fluid and transported to a point of use”. Taking into account these
definitions, it is important not to confuse the classification of geothermal systems with
associated geothermal resources as the geothermal resources can be located in almost
every geosystem but is not located everywhere in a geosystem. In addition, the defini-
tion of ‘resources’ has been considerably refined when referring to a ‘geothermal energy
source’ in the terminology adopted by the United Nations Framework Classification for
Resources (UNFC; Falcone et al. 2016), and can be classified according to the geother-
mal reservoir temperature (Muffler and Cataldi 1978; Hochstein 1990; Sanyal 2005), the
dominant physical state of the fluids (White 1973; Nicholson 1993), and the enthalpy
(Dickson and Fanelli 2003) and exergy of the geothermal fluids (Lee 2001). Moreover,
the distribution of the geothermal energy source is controlled by geological and tectonic
contexts (Armstead 1973; Muffler 1975). Erdlac et al. (2008) presented five key param-
eters that must be defined for a geothermal classification system to be considered appro-
priate: the geologic environment, the geological features or structural setting, the crustal
“heat source’, the resource category (specifically, “the medium within which the heat is to
be found and produced”), and the rock type hosting the geothermal energy source.

In light of the above, the classification of geothermal systems must consider all the
aspects of the geothermal energy source in a consistent manner. According to Moeck
(2014), the critical element in the characterization, assessment and development of geo-
thermal systems is the type of geothermal energy source. The more explicit the classifi-
cation, the better and more practical the overview of the geothermal energy source types
for defining their utilization and anticipating the heat transfer mechanisms allowing pro-
duction. Moreover, recent advances in the geothermal play concept in which the type is
based on geologic criteria have allowed geothermal systems to be grouped and separated
according to their geologic characteristics and heat transport mechanisms to establish
a catalogue of geothermal play types at the global or regional scale (Moeck 2014, 2018;
Moeck et al. 2015, 2019; Schintgen et al. 2019). Thus, the limiting issue in geothermal
system classification is not only the lack of available data but also the quality, which is
dependent on the stage of geothermal exploration. Therefore, multiple authors have pro-
posed classifications based on the following: (A) the reservoir equilibrium state, which
can be dynamic or static based on the circulation of the reservoir fluid and whether the
dominant mechanism of heat transfer is conduction or convection (Nicholson 1993); (B)
fluid temperature and enthalpy combined with the corresponding dominant physical
state (Sanyal 2005; Axelsson 2008); (C) the thermofacies concept, which classifies sys-
tems as petrothermal or hydrothermal based on the thermohydraulic characterization
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of rock units and the correlation between the petrophysical properties of the bedrock
(permeability, thermal conductivity), their lithostratigraphic facies and the mechanism
of heat transfer (Sass and Gotz 2012); and (D) the anticipated technological means for
developing the system, which distinguishes enhanced geothermal systems (EGS; Gallup
2009).

For the initial geothermal assessment of a region, classifying the geothermal systems
is one of the key elements to start the characterization, evaluation and development of
geothermal energy sources (Williams et al. 2011). In this sense, the information should
be organized to highlight and identify the value of particular data, especially geological
settings and subsurface temperature. Geological settings are often critical in the assess-
ment and exploration of geothermal energy sources as they can be used to anticipate
the system’s utilization and potential production mechanisms. In addition, a detailed
understanding of surface geological settings can help improve geothermal system clas-
sification for use in decision-making at the pre-drilling phase of exploration. This type of
classification is, in fact, a low-cost tool, providing reliable cataloguing data applicable to
site-specific field development.

This work is the first attempt to develop a catalogue of geothermal systems in Mada-
gascar. The classification is primarily based on the identification of geological settings
combined with the available data, including the temperature of geothermal reservoirs
inferred from chemical geothermometers. Our work generally follows the alternative
scheme proposed by Moeck (2014), which introduces geothermal play types, because we
believe it better describes the characteristics of the geothermal system classes found in
Madagascar. Our study conceives conceptual models for each class in selected prospec-
tive areas. The proposed classification and associated conceptual models represent one
step in organizing the existing information in a manner that makes it useful as a guide
in decision-making processes. The proposed classification should be seen as a starting
point rather than an end product as it can be improved for each region once more sub-
surface data become available.

Geographical and geological settings

Madagascar is the largest island situated in the Indian Ocean, separated from Africa by
the Mozambican Channel. The geology of Madagascar is characterized by a Precambrian
shield composed of Archaean to Proterozoic magmatic and metamorphic rocks, which
are exposed in the eastern two-thirds of the island (Fig. 1a). This Precambrian basement
was remarkably reworked by several intense tectonic and orogenic processes during the
Neoproterozoic Pan-African orogeny between 600 and 800 Ma (Windley et al. 1994; De
Wit 2003). It is divided into six main tectono-metamorphic domains, namely Vohibory,
Bemarivo, Ikalamavoina, Androy-Anosyan and Antananarivo (De Wit 2003; Collins
2006; Tucker et al. 2014), and separated from each other by tectonic contacts comprising
ductile high-strain or shear zones (Giese et al. 2011; Tucker et al. 2014).

The remaining third of the island, along its western side, is covered by extensive sedi-
mentary basins (Fig. 1a). From north to south, the three main basins are Ambilobe
(Diego), Mahajanga and Morondava. There are also smaller basins along the eastern
coast. These basins preserve a nearly complete record of deposits from Upper Carbonif-
erous to Mid-Jurassic, which are the equivalent of the Gondwana sequences in India and
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Fig. 1 a Simplified geological map of Madagascar modified from Roig et al. (2012), Tucker et al. (2014),
showing the location of hot springs and the geothermal areas of interest (Besairie 1959; Gunnlaugsson et al.
1981). b Average crustal thickness beneath sedimentary basins and the Precambrian shield in the geothermal
areas of interest (Rindraharisaona et al. 2013; Andriampenomanana et al. 2017; Pratt et al. 2017)

the Karoo sequences in Africa. In Madagascar, these deposits are divided into the Sakoa,
Sakamena and Isalo groups (Besairie 1952), overlain by quaternary to recent unconsoli-
dated sediments.

The sedimentary basins and associated structures formed in response to aborted
Permo-Triassic Karoo rifting and the subsequent separation from Eastern Africa in the
Jurassic and from India in the Cretaceous (Razafimbelo 1987; Piqué et al. 1999a, b). The
latter initiated late Cretaceous volcanism (Rasamimanana et al. 1998; Bardintzeff et al.
2010), predominantly along the western, southern and eastern margins of the island
(Fig. 1a). The Jurassic rifting of Madagascar from Eastern Africa is also responsible for
the thinning of the crust beneath the basins, which averages 30 £5 km thick, including
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2 to 8 km of sedimentary rocks (Andriampenomanana et al. 2017; Rindraharisaona et al.
2017). However, the Neogene to quaternary tectonic reactivation resulted in renewed
Cenozoic volcanic activity in the central region (Rufer et al. 2006), as well as in the
northern part where numerous alkaline intrusions are associated with extensional faults
of Plio-Quaternary (Chorowicz et al. 1997; Cucciniello et al. 2016) and early Tertiary age
(Rossi 1980). The Moho is found at an average depth of 40 km and 33 km in the central
and northern regions, respectively (Andriampenomanana et al. 2017). The lithosphere
of Madagascar is encountered at an average depth of 50 km (Fig. 1b). Serval authors
(Wysession et al. 2016; Andriampenomanana et al. 2017; Paul and Eakin 2017; Pratt
et al. 2017) have assumed that the lithosphere has been significantly modified beneath
the northern, central and southwestern regions of the island where major Cenozoic vol-
canic provinces and uplift are present (Roberts et al. 2012).

Six different areas in various parts of Madagascar have been identified as interesting
geothermal prospectives (Fig. 1): Ambilobe and Ambanja (North), Itasy and Antsirabe
(Central), and Miandrivazo and Morondava (West). Studies from the 1980s used geo-
thermometer analysis to demonstrate that these areas have an expected geothermal
reservoir temperature between 120 and 240 °C (Gunnlaugsson et al. 1981; Sarazin et al.
1986). The development of geothermal energy sources, primarily for electricity produc-
tion and other direct uses (Andrianaivo 2011), can benefit these regions where electric-
ity is currently supplied by hydropower and imported fossil fuels, and where economy
is based essentially on agriculture, trade and mining. In this study, we have focused on
these six areas to better qualify and understand the geothermal energy source potential.

Development of a geothermal system classification

In this work, the geothermal systems in the six areas of interest are classified using a
combination of different criteria, such as the geological setting, the potential geothermal
reservoir temperature and the dominant physical state of the fluids. The data in pub-
lished literature were reviewed, and the following steps were followed to establish the
geothermal system classification.

1. The first step consisted of characterizing the geological environment by highlighting
the tectonic and structural settings at the regional scale in each area. The analysis of
tectonic data was based on up-to-date geological maps and the available literature
for the tectono-metamorphic domains of Madagascar (Fig. 1). This information was
then used to infer the dominant geologic control on fluid flow or the heat migration
pathway, geothermal play type and heat source. These elements were used to develop
the catalogue of geothermal systems in Madagascar, similar to the manner proposed
by Erdlac (2011) for classifying geothermal energy sources in a geothermal power
classification system and by Moeck (2014, 2018) and Moeck et al. (2015) for cata-
loguing geothermal plays.

2. The second step was to study the geothermal characteristics of Madagascar’s geo-
thermal areas in relation to their geological setting. The predominant geological for-
mations identified in the prospective areas include trap formations or cap rocks that
limit the escape of heat, as well as host rocks from which geothermal energy source
can potentially be extracted. The results of hot spring analyses and geothermometer
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studies were used to deduce the dominant mobile phase of fluids in the deep geo-
thermal reservoir using the classification proposed by Sanyal (2005). This means all
low-temperature systems are considered liquid-dominated, the moderate-tempera-
ture systems are almost exclusively liquid-dominated, and the high-temperature sys-
tems include both liquid- and vapour-dominated resources.

3. The third and last step was to identify the relevant geothermal systems and classify
them by heat source type according to their geological environment, followed by the
physical state of the mobile fluid phase based on the estimated geothermal reservoir
temperature (Table 1; Rezaie and Aghajani 2013). Three qualifiers (low, moderate or
high) are used for the temperature range of the geothermal reservoir based on the
work of Sanyal (2005), who set the range for low to moderate at 150-230 °C, and for
moderate to high at 190-300 °C.

As a basis for discussion, prospect areas arising from this classification were compared
to global analogue regions that have similar geothermal characteristics, but where a
more advanced stage of geothermal development exists.

Classes of geothermal systems

Before assigning a class to the studied geothermal systems, the prospective areas were
first characterized in terms of tectono-metamorphic domain, geological system or plate
tectonic setting, geothermal play type and heat source (Table 2). They were then char-
acterized by geological formation and geothermal characteristics (Table 3). Finally, the
prospective areas were assigned to three classes of geothermal system, as defined in
Table 4.

As outlined in Table 2, the geological formations of the six prospective areas can be
grouped by the tectono-metamorphic domain. The Ambilobe and Ambanja areas are
part of the Bemarivo Domain. The Itasy and Antsirabe areas belong to the Antananarivo
Domain. The Miandrivazo area is in the Ikalamavony Domain and the Morondava area
is in the Morondava Basin. Each area is also characterized by its geologic system or plate
tectonic setting, which are sedimentary—basement fault boundary, graben, pull-apart
basin, and passive margin basin. The geothermal play—an extensional domain—is the
same for all the prospective areas. Thus, faults and fractures control the fluid migration
pathway. Most of the faults with N-S, NNE-SSW and NN'W-SSE trends are related
to Cenozoic volcanism in Madagascar (Rasamimanana 1996; Melluso and Morra 2000;
Rufer et al. 2006). The more ancient faults were reactivated during the crustal exten-
sion between Madagascar and Africa, which restarted in Miocene times and continued
during the Pliocene and Quaternary. Those faults are still active today (Rasamimanana
1996; Bertil and Marc 1998; Piqué et al. 19994, b).

Table 1 Example of the geothermal system classification for Madagascar

Geological setting/heat Dominant physical state Temperature

source of the mobile fluid phase of geothermal reservoir
Graben border-fault/ Liquid-dominated Moderate
Shallow Moho

Classification of geother- ~ Graben border-fault liquid-dominated moderate-temperature
mal system
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Table 2 Geological and tectonic controls for prospective areas in Madagascar

Region North Central West
Area Ambilobe  Ambanja Itasy Antsirabe  Miandrivazo  Morondava
Tectono-  Bemarivo Antananarivo lkalamavony Morondava basin
meta-
morphic
domain
Plate Sedimen- Intracontinental rift Sedimentary/  Sedimentary passive margin
tectonic tary/ Graben Pull-apart  Half-graben basement basin with horst and
set- basement basin normal fault graben structures
ting or normal boundary
geologic  fault
system boundary
Geother-  Extensional domain
mal play
type
Dominant  Faults/fractures
geologic
control
Heat Shallow Shallow Moho and fossil magma Shallow Moho
source Moho chamber
Selected  Tuckeretal. Andrianaivo and Ramasiarinoro Razafimbelo (1987)
refer- (2014) (2010a, b) Reeves (2014)
ences Rossi (1980) Hochstein (1988) Rajaomazava (1992) Rindraharisaona et al.
Lardeaux Reed (1983) (2017)
etal. Rasoanimanana et al. (2012) Piqué et al. (19993, b)
(1999) Rufer (2009)
Estrade
(2014)
Cucciniello
etal.
(2016)

Although these geothermal areas are situated in the volcanic provinces of the North
(Ambanja and Ambilobe) and Central regions (Itasy an Antsirabe), this volcanism is
old and considered to be a fossil system. The latest volcanic activity is Miocene to
Pleistocene in age, 17 to 1.8 Ma=£0.13 and 28 to 3 Ma, respectively (Bardintzeff et al.
2010; Estrade et al. 2014). The magmatism related to volcanism is considered to be
extinct, up to 50,000-year old, according to McCoy-West et al. (2011). The isotopic
and trace-element composition of the basalts from these volcanic provinces indicates
that the deep source of the related magma was derived from the lower part of the lith-
ospheric mantle (Bardintzeff et al. 2010). Therefore, even if fossil magma chambers
exist, they cannot be considered the main source of heat. However, the extensional
tectonics and the crustal thinning below these volcanic provinces, where the average
thickness is 33-40 km (Andriampenomanana et al. 2017), correspond to regions of
upwelling asthenosphere (Wysession et al. 2016; Pratt et al. 2017), the origin of the
heat source. In the Miandrivazo area and the Morondava sedimentary basin, magma-
tism occurred during the Cretaceous and did not constitute the heat source.

Table 3 highlights the predominant geological formations of the geothermal areas,
including the potential host rocks containing the geothermal energy source or hot flu-
ids, the range of temperature for the hot springs, the range of temperature at depth,
the dominant chemical composition of the fluids, and the main mobile phase. For
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Table 3 Geological and geothermal characteristics for prospective areas in Madagascar

Region North Central West Source
Area Ambilobe Ambanja Itasy Antsirabe Miandrivazo Morondava
Dominant ~ Sandstone  Paragneiss ~ Migmatitic gneiss, Orthogneiss Sandstone, Interpreted
geologi- and shale  and mig- paragneiss and schist and ton- limestone, from
calforma-  of the matite of  of the Ambatolampy alitic-granite clay and geologi-
tions Isalo and the Sam- Group of the Dab- marl of cal maps
Saka- birano olava Suite the Isalo,
mena Group Sakamena
groups groups
Tempera- 47-78 48-72 24-57 38-57 30-55 39-42 Hambinint-
ture of soa et al.
hot (2017)
springs Gunnlaugs-
(°Q) son et al.
(1981)
Besairie
(1959)
Tempera- 140-180 140-200 170-240 150-240 140-170 120-140 Gunnlaugs-
ture of son et al.
geother- (1981)
mometer
0
Dominant  Moderate to high CO, High CO, (1000 Low CO, <200 ppm and mod- Hambinint-
chemical (200-1000 ppm) and 4000 ppm) and Cl erate CI (500-1200 ppm) soa et al.
composi- low Cl (<300 ppm) (400-500 ppm) Saline brine, NaCl-dominated (2017)
tion of Basinal or infiltration fluids? Gunnlaugs-
fluids son et al.
(1981)
Mobile fluid  Liquid-dominated Interpreted
phase in according
the geo- to tem-
thermal perature
reservoir of geo-
thermal
reservoir
Table 4 Geothermal system classes for prospective areas in Madagascar
Region North Central West
Area Ambilobe Ambanja Itasy Antsirabe Miandrivazo Morondava
Geological Graben border- Graben Volcanic Graben Sedimentary
environment  fault Shallow Shallow Moho and fossil border-fault ~ Shallow Moho
and heat Shallow Moho Moho magma chamber Shallow Moho
source and fossil
magma
chamber
Physical Liquid-dominated
state of the
mobile fluid
phase
Fluid enthalpy Moderate Low
Class Graben border-  Fossil-magmatic liquid-dominated Graben Sedimentary
fault liquid- moderate-temperature bounder- liquid-dom-
dominated fault liquid- inated low-
moderate- dominated temperature
temperature moderate-

temperature
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all six areas, the Precambrian to Cambrian basement is dominated by paragneiss,
orthogneiss and schists. In Ambilobe and Morondava, the Permian to Triassic sedi-
mentary units that overlie the basement comprise sandstone, shale, clay, and lime-
stone marls belonging to the Karoo Supergroup sequence. These rock units can be
considered for geothermal exploration. According to the chemical geothermometer
analysis conducted by Gunnlaugsson et al. (1981), the predicted geothermal reser-
voir temperature is in the range of 140-180 °C for the Ambilobe area, 140-200 °C
for Ambanja, 170-240 °C for Itasy, 150—240 °C for Antsirabe, 140-170 °C for Mian-
drivazo, and below 150 °C for Morondava. According to Sanyal (2005), these expected
reservoir temperatures indicate that the dominant mobile phase is liquid for the flu-
ids in all six areas. The water chemistry of Ambilobe and Ambanja is characterized
by moderate to high carbon dioxide concentration (200-1000 ppm CO,) with low
chloride content (<300 ppm Cl). Water from Itasy and Antsirabe has a high carbon
dioxide concentration, ranging between 1000 and 4000 ppm CO,, with moderate to
low salinity and a chloride content of 400 to 500 ppm Cl. Water from Miandrivazo
and Morondava has low carbon dioxide concentration (<200 ppm CO,) and moderate
chloride (500-1200 ppm Cl) and basinal characteristics, such as saline NaCl-domi-
nated brine.

Finally, as presented in Table 4, the three main geothermal systems defined for each

area are

a. Graben border-fault liquid-dominated moderate-temperature systems for Ambilobe
and Miandrivazo;

b. Fossil magmatic liquid-dominated moderate-temperature systems for Ambanja, Itasy
and Antsirabe;

c. Sedimentary liquid-dominated low-temperature systems for Morondava.

Conceptual models and geothermal system classes

A conceptual model was prepared for the geothermal system identified for each pro-
spective area based on the data in Tables 2, 3 and 4. Models are presented as interpreted
2D cross-sections on which the physical features of the system are drawn, including geo-
logical structures and fluid flow that is ultimately controlled by the geological structures
(Hinz et al. 2016; Wallis et al. 2018). The models were developed following the approach
reviewed by Axelsson (2013). They are descriptive or qualitative models built to better
understand the factors controlling the heat source, formation permeability and fluid
migration.

In this paper, the term ‘host rock’ identifies the dominant geological formations of the
potential geothermal reservoir based on the information in Table 3. It should be noted
that porosity and permeability data are often insufficient to properly define the geother-
mal reservoir potential of the host rocks. Given the early stage of geothermal exploration
in Madagascar, the available information is mostly limited to surface exploration, such as
geological and structural maps, as well as remote-sensing interpretations (Collins 2006;
Roig et al. 2012; Tucker et al. 2014). Geophysical surveys and seismic data have provided
a general understanding of the lithospheric structure of Madagascar (Wysession et al.
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2016; Paul and Eakin 2017), yielding information on the uppermost mantle, and the
average thickness of the Madagascar crust, including the average thickness of the sedi-
mentary rocks and crystalline basement (Andriampenomanana et al. 2017; Pratt et al.
2017; Rindraharisaona et al. 2017). The average thickness of sedimentary sequences var-
ies from 2 to 6 km (Andriampenomanana et al. 2017; Rindraharisaona et al. 2017). For
this reason, the conceptual models were drawn to a maximum depth of 5 km.

North region
Ambilobe area
The Ambilobe area is located in a normal fault zone called Andavakoera, which deline-
ates the contact between sedimentary sequences and basement rocks (Table 2). It forms
a depression 120 km long and 3 to 5 km wide. It is oriented NE-SW in the direction of
the major faults, which have cut the basement and sedimentary cover since the Triassic
(Lardeaux et al. 1999). Undifferentiated NW-SE faults and strike-slip faults with dextral
or sinistral movements are also observed (Fig. 2b). The latter are associated with recent
E—-W rifting that likely triggered the formation of the vast Neogene-Quaternary alkaline
volcanic fields in the North and Central regions of Madagascar (Bertil and Marc 1998;
Melluso and Morra 2000). An N-S cross-section has been drawn to represent the con-
ceptual model (Fig. 2c).

The sedimentary sequence unconformably overlying the Neoproterozoic metamor-
phic bedrock is part of the Ambilobe Basin. It consists of Permian sandstones and
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Fig. 2 a Location of Ambilobe geothermal area, b detailed geology showing the position of hot

springs, modified from Roig et al. (2012), and ¢ conceptual model of Ambilobe geothermal system in the
Andavakoera fault zone. The vertical scale of the elevation profile, which was created using ASTER(Advanced
Spaceborne Thermal Emission and Reflection Radiometer) imagery, has been exaggerated compared to

the depth scale, which is based on the structure of the crust and uppermost mantle beneath Madagascar
(Andriampenomanana et al. 2017)

Page 10 of 26
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conglomerates, which are covered by Eotriasic shales of the Sakamena Group and Upper
Triassic sandstones of the Isalo Groups which are also called Isalo 1. The latter overlies
either Permo-Triassic deposits or Neoproterozoic basement. The sandstones of Isalo I
group form an imposing escarpment 400 to 500 m high along a depression dipping 5
to 30° to the northwest. Metre-scale quartzo-barytic veins and faults, having the same
N 050° E to N 150° E strike, intersect the sediment cover as well as the basement. Recent
alluvial deposits are found in the depression on top of the Ambilobe basin sequence. The
Neoproterozoic basement is predominantly mica schist of the Betsiaka Group and mus-
covite-amphibole orthogneiss and garnet-amphibolite of the Milanoa Group (Fig. 2b),
which stabilized in the greenschist and amphibolite metamorphic facies (Thomas et al.
2009; Tucker et al. 2014).

Thermal water mainly emerges along the NE-SW direction of the depression through
fractures cutting the shale unit, such as the hot springs near the villages of Ambakirano
and Betsiaka (Fig. 2b). These hot springs likely originate in the Permian or Triassic sand-
stones, believed to be possible host rocks, whilst the Eotriassic shales are potential cap
rocks (Table 3). Following the general topography, the fluids are thought to circulate
from north to south, as shown on the conceptual model (Fig. 2c). At the surface, the
springs in the villages reach temperatures of 59 and 72 °C, respectively. According to
chemical geothermometers (Gunnlaugsson et al. 1981), the geothermal reservoir tem-
perature can be 140 to 180 °C (Table 3). The carbon dioxide concentration of the hot
spring water is moderate to high (from 200 to 4000 ppm), which can cause calcite scaling
and corrosion during geothermal exploitation (Gunnlaugsson et al. 1981).

The average thickness of the crust in the Ambilobe area is 33 km, including an average
of 4 km of sedimentary rocks (Andriampenomanana et al. 2017; Pratt et al. 2017), form-
ing a potential thermal blanket that could help induce a geothermal gradient steeper
than 35 °C/km, which is considered moderate in this study. Recent magmatism occurred
from 14 Ma to 0.83 Ma (Buchwaldt 2006) and has been described by Estrade (2014).
The main volcanic massif in the North region, known as the Amber Massif, is located
about 50 km from the Ambilobe area (Fig. 1a). Thus, the Ambilobe heat source is mainly
attributed to the thinning of the crust in an extensional structural setting.

Ambanja area

The Ambanja area is characterized by a 25-km-long graben-oriented NW-SE direction
with an average width of 4 km (Table 2, Fig. 3b). The timing of the brittle tectonic activity
that generated the Sambirano Graben is not exactly known, but most probably formed
during the early Tertiary, before the first Miocene volcanic eruptions in this area, as sug-
gested by Rossi (1980), with major reactivation until the Quaternary (Mottet 1982). The
graben formed in Proterozoic basement units, predominantly composed of paragneiss
belonging to the Sambirano Group. The depression was filled with detrital and alluvial
sediments. Permo-Trias sandstones and shale successions appear only in the northwest.
Basalts and basanites are found in the eastern part of the graben, whilst ignimbrites have
been observed mostly in the southern part. The volcanic deposits, between 600 and
700 m thick, include lapilli and tuff overlying ignimbrites. These volcanic deposits origi-
nated from the neighbouring stratified volcanic complexes of the Tsaratanana Massif.
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Fig. 3 a Location of Ambanja geothermal area, b detailed geology showing position of thermal springs,
modified from Roig et al. (2012), and ¢ conceptual model of the Ambanja geothermal system in the
Sambirano graben. The vertical scale of the elevation profile, which was created using ASTER imagery, has
been exaggerated compared to the depth scale, which is based on the structure of the crust and uppermost
mantle beneath Madagascar (Andriampenomanana et al. 2017)

Hot springs emerge mostly along the NW-SE-striking fractures and faults bound-
ing the graben (Fig. 3b). Our conceptual model proposes that NW-SE graben faults,
with currently unknown depth, can be a potential path for subsurface flow. Fluids cir-
culate mainly from SW to NE and from NE to SW on both sides of the valley. This
interpretation is consistent with the topography, where recharge occurs along topo-
graphic highs, and water flows towards valleys with a lower altitude (Fig. 3c). There is
no evidence that porous units can form permeable host rocks as in the Ambilobe area.
The host rocks are thought to be fractured basement rocks (Table 3). The hot springs
are located close to the faults and have a temperature of 48 to 72 °C. Using chemi-
cal geothermometers, Gunnlaugsson et al. (1981) estimated that fluid temperature
can reach 140 to 200 °C inside the geothermal reservoir, corresponding to a moder-
ate enthalpy and a dominant liquid state. A low concentration of solids and dissolved
gases were also observed (Table 3).

The period of magmatism giving rise to the alkaline intrusion observed in the
northeastern part of the graben (Fig. 3a) is dated between 27 and 20 Ma, followed
by a more recent volcanism period of 17 to 15 Ma for the Tsaratanana Massif (Buch-
waldt 2006), described by Estrade (2014). It can be assumed that a fossil magma
chamber is possibly located beneath the Tsaratanana volcanic massif, which can be
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related to the origin of the alkaline intrusive complexes as shown in Fig. 3c. There-
fore, the recent magmatism and the decay of radiogenic elements in recently crystal-
lized rock may be providing additional heat to the heat originating from a shallow
mantle in the Ambanja area. But the average crustal thickness and lithosphere depth,
30 km and 50 km, respectively, are the same as in the Ambilobe area (Wysession et al.
2016; Andriampenomanana et al. 2017; Pratt et al. 2017). This shallow Moho depth is
believed to be the most important heat source contributing the increase of geother-

mal gradient, which is expected to be moderate.

Central region

Itasy area

The Itasy area is one of the most seismically active volcanic regions in the central part
of Madagascar, with earthquake magnitudes up to 4 (Rakotondrainibe 1977; Bertil and
Marc 1998; Ramarolahy 2016). In this part of the country, Cenozoic volcanic depos-
its overlying the Precambrian basement form numerous domes (Upper Oligocene to
Pleistocene), scoria cones and lava flows of trachytic to basanitic composition (Fig. 4b).
The latter is predominantly composed of migmatitic gneiss belonging to the Antanana-
rivo Domain (Tables 2 and 3). Magnetotelluric and magnetic surveys revealed that the
Pleistocene volcanic deposits and lavas are only 50 to 100 m thick (Ratsimbazafy 1987).
Geysers, travertine mounds and aragonite deposits are common landscape features.
The conceptual model of the Itasy area is based on geological structures and regional
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Fig.4 a Location of the Itasy geothermal area, b detailed geology showing the position of thermal springs,
modified from Andrianaivo and Ramasiarinoro (20103, b), and ¢ conceptual model of the Itasy pull-apart
basin geothermal system, modified from Andrianaivo and Ramasiarinoro (20103, b). The vertical scale of
the elevation profile, which was created using ASTER imagery, has been exaggerated compared to the
depth scale, which is based on the structure of the crust and uppermost mantle beneath Madagascar
(Andriampenomanana et al. 2017)
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lineaments. Three small strike-slip basins—Trefa, Ifanja and Lake Itasy—were created by
complex displacements along NNE strike-slip fault zones (Fig. 4b, c). These small basins
are interpreted as pull-apart basins (Table 2) (Andrianaivo and Ramasiarinoro 2010a, b).
Major N-S discontinuities, such as faults, suggest regional E-W extension. Active fault-
ing is responsible for the seismicity in this region (Ramarolahy 2016).

In such transtensional geothermal systems, the hydrothermal flow paths are char-
acterized by basinward-dipping faults, and the fluids are more likely to migrate along
the pathways of hanging-wall faults and fracture planes (Reed 1983; Hochstein 1988).
Hence, for the Itasy area, the upward migration of fluids is facilitated by steeply dipping
NNE strike-slip normal faults. This can explain the presence of hot springs in the north-
western part of the volcanic area (Fig. 4b). Moreover, it is assumed that the NNE-strik-
ing faults dip to both the east and west in the Itasy area. The strike-slip faults bounding
the pull-apart basin structures dip to the NW and SE, as represented in the cross-section
(Fig. 4c). Although an exact recharge area for the thermal water cannot be pinpointed, it
is most likely from the surrounding Itasy Mountain Range.

The deep geothermal reservoir is related to fractured Precambrian basement, which
may represent the host rocks because no potential units with primary porosity have
been found. The basement rocks are migmatitic orthogneiss and paragneiss (Table 3).
The average temperature of the geothermal reservoir is estimated by geothermometers
to be around 170 to 240 °C (Gunnlaugsson et al. 1981; Sarazin et al. 1986). Hot spring
temperatures range between 24 and 57 °C. These temperatures are lower than the hot
springs in the North region.

The heat source is believed to be a fossil magma system since the volcanic activity
lasted from 27 to 3 Ma (Bardintzeff et al. 2010; Rufer et al. 2014). This could be related to
a recently crystallized magma chamber originating in the lower part of the lithospheric
mantle (Bardintzeff et al. 2010), which is situated at 50 km depth beneath the crust. The
latter is less than 40 km thick (Wysession et al. 2016; Andriampenomanana et al. 2017;
Pratt et al. 2017). As in Ambanja and Ambilobe areas, a moderate geothermal gradient is

expected.

Antsirabe basin
The Antsirabe Basin is one of the large Neogene alluvial basins in the highlands occupy-
ing a half-graben structure (Fig. 5; Table 2). The extension regime during the Pleisto-
cene created the Manandona and Sahatsio half-grabens (Fig. 5¢), delimited by the large
Betampona Escarpment and the Mandray Fault, respectively, both of which are west-
dipping normal faults (Fig. 5b, c). The Antsirabe Basin is dominated by Upper Oligo-
cene to Pleistocene volcanic rocks and extensive flood basalts and trachytes of unknown
thickness (Bardintzeff et al. 2010). Most of those originated from the main crest of the
Pliocene volcanic massif of Ankaratra (Rufer 2009), and were covered by 25 m of ciner-
ites and more than 10 m of Neogene lacustrine sediments (Rasoanimanana et al. 2012).
A Precambrian metamorphic basement, which belongs to the Archaean Antananarivo
Domain, underlies these formations and consists of orthogneiss migmatite of the Betsi-
boka suite and granite monzonitic of the Imorona suite.

Water can circulate at depth through fractures in the Precambrian basement, which is
assumed to be the host rock (Table 3). The weathered basalt forming arenaceous layers
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Fig.5 a Location of the Antsirabe geothermal area, b detailed geology showing the position of the hot
springs, modified from Rufer (2009), and ¢ conceptual model of the Antsirabe Basin geothermal system,
adapted from Rasoanimanana et al. (2012). The vertical scale of the elevation profile, which was created using
ASTER imagery, has been exaggerated compared to the depth scale, which is based on the structure of the
crust and uppermost mantle beneath Madagascar (Andriampenomanana et al. 2017)

is considered to be a permeable formation through which meteoric recharge can occur
(Fig. 5b). The deep circulation of underground water is thought to follow the general
topography from E to W (Fig. 5¢). Normal faults and NE-SW fractures would favour ris-
ing fluids, which would explain the presence of hot springs emerging along the Sahatsio
Valley and the Antsirabe hot springs, which are aligned in an N-S direction. These hot
springs temperatures reach 38 to 57 °C, and the temperature of the geothermal reser-
voir is estimated to be around 150 to 160 °C, possibly up to 240 °C, according to chemi-
cal geothermometers calculated by Gunnlaugsson et al. (1981). However, Sarazin et al.
(1986) concluded that the geothermal reservoir temperature should not exceed 150 °C
using a silica geothermometer to estimate temperature since the water of the Antsirabe
hot springs has mixed with superficial groundwater.

In the Antsirabe area, the average crustal thickness and lithosphere depth, 40 and
50 km, respectively, are the same as those found in the Itasy area (Wysession et al. 2016;
Andriampenomanana et al. 2017; Pratt et al. 2017). As the volcanism is too old (28 to
3 Ma) to constitute an active heat source, the thermal gradient is expected to be close to

or below the moderate range.

West region

Miandrivazo area

This area is located in a fault zone marking the contact between the metamorphic
basement and the Morondava sedimentary basin (Fig. 6; Table 2). The hot springs are
observed from the town of Miandrivazo in the north to the village of Malaimbandy
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in the south (Fig. 6a). The Proterozoic basement, which is intersected by Cretaceous
doleritic dykes, is dominated by tonalitic—granitic orthogneiss of the Dabolava Suite
and amphibolite bearing paragneiss belonging to the Ikalamavony Group (Melluso
et al. 2001; Tucker et al. 2014). The Karoo sediments in this area are 2 km thick and
consist of conglomerates, sandstones and red clays of the Sakoa Group, and Permian
red clay of the Sakamena Group, overlying the basement. Syn-sedimentary normal
faults trending N110° E (Piqué et al. 1999a, b) are also observed from Miandrivazo to
Malaimbandy (Fig. 6a, b).

The hot springs located near Malaimbandy align in an N-S direction and are
observed where doleritic dykes occur (Fig. 6b, c). Fractures in the doleritic dykes are
assumed to control the ascent of the thermal water, as proposed by Gunnlaugsson
et al. (1981). A local E-W groundwater flow driven by topography was assumed for
our conceptual model to explain the hot springs near Malaimbandy (Fig. 6¢). Frac-
tured paragneiss and orthogneiss in the basement units are considered potential host
rocks since the sedimentary rock cover is relatively thin (Table 3). Hot springs in the
area reach 30 to 51 °C at the surface, and the geothermal reservoir temperature is
estimated to be 140 to 170 °C (Gunnlaugsson et al. 1981).

This region, where the average crustal thickness is estimated to be 36 km, including
3 km of sedimentary deposits (Andriampenomanana et al. 2017), is an inactive mag-
matic province since the latest volcanic activity was in the Cretaceous (Melluso et al.
2001). Therefore, the heat source of the area is related to the thin continental crust

and the geothermal gradient is expected moderate.

Morondava basin

The conceptual model for the Morondava Basin was built by combining surface
data with seismic profiles (Du Toit and Kidston 1997; Piqué et al. 1999a, b; Geiger
et al. 2004), following an WSW-ENE cross-section (Fig. 6¢). The Morondava Basin
has experienced two main rifting episodes ending with a passive margin evolution
(Table 2). The Cretaceous flood basalts and dextral strike-slip faulting affected the
sedimentary sequences and were active during the second rifting event, when Mada-
gascar moved southward from Eastern Africa along the Davie Fracture Zone dur-
ing the Upper Cretaceous (Razafimbelo 1987, Rajaomazava 1992; Piqué et al. 1999a,
b; De Wit 2003). This deformation resulted in the small graben and horst struc-
tures of the Morondava Basin, created by faults trending N20° E or N160° E (Coffin
et al. 1988; Piqué et al. 19994, b). The ages of the observed continental and marine
deposits are Upper Carboniferous to Present. They consist of two main lithostrati-
graphic units. The first is the Karoo Supergroup sequence (upper-Carboniferous to
mid-Jurassic), dominated by continental deposits and subdivided into the Sakoa,
Sakamena and Isalo groups, which consist of alternating conglomerates, sand-
stones, limestones, marls and clays. The second is the Post-Karoo Sequence dated
from Upper Jurassic to Lower Cretaceous, consisting essentially of marine deposits
(Razafimbelo 1987; Geiger and Schweigert 2006; Reeves 2014). All of the sedimen-
tary units dip to the west and vary from 4 to 6 km thick on average (Coffin et al.
1988; Piqué et al. 1999a, b; Geiger and Schweigert 2006; Andriampenomanana et al.
2017; Rindraharisaona et al. 2017).
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The topography is flat enough that it is unlikely to drive regional-scale ground-
water flow. Hot springs on the western side of the basin are likely explained by salt-
water intrusions, their higher density compared to freshwater causing a hydraulic
gradient that forces water upward along faults (Fig. 6¢). Potential host rocks with
primary porosity are the Triassic sandstones and limestones of the Isalo Group
(Karoo; Table 3). Aquifers in these formations are already exploited for groundwater
at depths between 50 and 82 m (Mamifarananahary et al. 2007), demonstrating their
permeability. The majority of hot springs emerge at the surface of marl, marl-clay or
carbonate formations, as observed to the south of Ankilizato village (Fig. 6b, c). Fur-
thermore, a series of NNE-SSW trending faults and fractures that formed during the
extension of the basin, which collapsed towards the west, control their distribution
(Fig. 6b).

The surface temperatures of springs range from 39 to 42 °C. Geothermometers
indicate a reservoir temperature between 120 and 140 °C (Table 3; Gunnlaugsson
et al. 1981), which corresponds to a fluid of low enthalpy. In this area, several oil and
gas boreholes have been drilled, and the geothermal gradient has been estimated at
38 °C/km (Rider and Kennedy 2011). Therefore, the maximum depth of fluid circula-
tion could be 3 to 4 km.

The average thickness of the crust is very thin in the Morondava Basin, as the
Moho is between 18 and 36 km deep (Andriampenomanana et al. 2017; Rindrahari-
saona et al. 2017). The thin continental crust is believed to contribute to the higher
geothermal gradient.

Discussion

Developing a complete classification of geothermal systems for Madagascar required a
thorough characterization of the dominant geologic controls, geothermal play types and
heat sources (Table 2). The information on these features combining with the geother-
mal characteristics (Table 3) was used to classify the type of system for each geothermal
region in this study (Table 4). The conceptual models illustrate a general understanding
of the groundwater flow and heat transfer mechanisms affecting the geothermal systems,
and they highlight, with an acceptable degree of uncertainty, the factors controlling heat
sources, formation permeability and fluid migration. Based on this analysis, the classifi-
cation can be summarized as follows: (1) geothermal systems in the Morondava area are
liquid-dominated, low-temperature systems in a deep sedimentary basin; (2) the Mian-
drivazo and Ambilobe areas are liquid-dominated, low- to moderate-temperature sys-
tems controlled by major boundary faults that delineate the basin—basement contact;
(3) the Ambanja, Itasy and Antsirabe areas are liquid-dominated, moderate-temperature
systems in a rift setting affecting the basement. Our proposed classification improves the
understanding of geothermal systems in Madagascar, which was previously categorized
by Andrianaivo (2011) into two types: volcano-tectonic and non-tectonic.

Analogue geothermal systems
The scarcity of data on the geothermal systems of Madagascar is a sign of the coun-

try’s early stage of geothermal exploration but can be complemented by studying global
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Table 5 Shared features between Madagascar geothermal areas and global analogues

Region North Central West
Area Ambilobe Ambanja Itasy Antsirabe  Miandrivazo Morondava
Age of volcan-  Miocene Miocene-Pleistocene Mesozoic
ism
Heat source Shallow Moho  Shallow Moho and fossil magma chamber Shallow Moho
Lithology Sedimentary ~ Volcanicrocks  Neogene deposits, volcanic  Mesozoic and Permian
sequences, and deposits,  rocks, magmatic to meta- sedimentary sequences,
magmatic to magmatic to morphic basement magmatic to metamorphic
metamor- metamor- basement
phic base- phic base-
ment ment
Structural Normal fault-  Graben Pull-apart Half-graben  Normal fault-  Horst-graben
setting or ing basin ing structure
regime Dextral/sinis- in passive
tral strike-slip margin
faults basin
Dominant Quaternary Miocene-quaternary active faulting Faults/fractures
geologic faulting
control
Analogue Walker Lane, Gediz Graben, Western Turkey Walker Lane, Main Karoo
Great Basin, Great Basin, Basin, South
USA USA Africa

analogues of geothermal systems at the exploitation stage. Based on geological con-
text, the studied areas in Madagascar share similarities with the northwestern part of
the Great Basin in the Basin and Range Province of the USA (Faulds et al. 2010), the
Anatolian block of Western Turkey (Yilmazer et al. 2010), and the Main Karoo Basin
in South Africa (Campbell et al. 2016), all of which are considered analogues. In terms
of geothermal play and geologic controls, all the analogue systems belong to the exten-
sional domain type. In this context, active faulting and fracturing control the permeabil-
ity necessary for fluid circulation and heat flow conduits, offering a comparable setting
with low- to moderate-enthalpy geothermal energy sources. The analogue geothermal
systems differ from each other by their respective plate tectonic, geological and struc-
tural settings, and heat sources, but each of their characteristics is comparable to the
geothermal areas of Madagascar, as summarized in Table 5.

Major geothermal activity occurs in the northwestern part of the Great Basin in the
USA, where hydrothermalism is related to transtensional zones and normal faulting, as
found in the Walker Lane fault system (Coolbaugh et al. 2005; Faulds et al. 2010). The
Ambilobe and Morondava areas in the North and West regions of Madagascar, respec-
tively, share the same characteristics as the Walker Lane geothermal systems, more pre-
cisely in the Pyramid Lake fault zone. The latter represents a WNW extensional system,
which operates along NW trending lateral strike-slip fault to NN'W-striking normal and
normal-dextral faults (Faulds et al. 2010). The geothermal system occurs at the inter-
section between NNW-striking, primarily normal fault, and WNW-striking mainly
dextral fault (Faulds et al. 2010). The geological formations are dominated by 1 to 2 km
of mafic Miocene volcanic rocks intercalated with thin sediments, all overlying a Mes-
ozoic granitic to metamorphic basement (Faulds et al. 2010). The nature of the strati-
graphic sequences is the main difference between the Great Basin and the Ambilobe
and Morondava areas. The volcanic sedimentary rocks in the Basin and Range Province
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are considered the host rocks for the thermal fluids (Moeck 2014), but the fracture and
fault setting acts as a major fluid conduit and controls the fluid flow in impermeable
formations (Faulds et al. 2010; Wallis et al. 2018). Faulds et al. (2012) also found that
the distribution of geothermal reservoirs correlates with areas of higher strain rate. Geo-
thermometry suggests that a deep reservoir at Walker Lane reaches temperatures of 180
to 190 °C (Faulds et al. 2010), which compares to the range of expected reservoir tem-
peratures in the Ambilobe and Morondava areas (Gunnlaugsson et al. 1981).

E-W-striking normal faults, including major graben-bounding faults, dominate the
structural setting in Western Turkey where extensional and transtension zones are active
(Faulds et al. 2010, Yilmazer et al. 2010). The Ambanja geothermal area in the Sambi-
rano graben (North region) and the Antsirabe area with half-graben structures (Cen-
tral region) share similar characteristics with geothermal systems in the Gediz Graben
of Western Turkey. The NNE strike-slip faults and pull-apart structures that character-
ize the Itasy area make the Central region of Madagascar comparable to the geothermal
systems of the Marmara region in Turkey where similar NE-SW strike-slip and E-W
oblique and normal fault systems have been documented (Simsek 1997). The main geo-
logical formations in Western Turkey are dominated by a Paleozoic basement composed
of metamorphic rocks (gneiss, mica schist and marble), overlain by Trias-Jurassic to
Neogene sedimentary rocks (conglomerate-sandstone and clay units ranging from 50 m
to 6 km thick), Cenozoic volcanic rocks (Miocene basalt), and finally Quaternary allu-
vium (Simsek 1997, Yilmazer et al. 2010). Depending on the dominant lithology in the
geothermal areas, the cap rock includes clay-rich intervals within the Neogene sedimen-
tary units (Tarcan et al. 2000), and the reservoir lies in basement rocks and/or partially
in Miocene basalts (Faulds et al. 2009). These lithologies are similar to those found in
the Ambanja, Itasy and Antsirabe area, but the age of the sedimentary deposits and
basement rocks are different. The measured reservoir temperature in the Gediz Graben
varies from 85 to 215 °C and decreases from east to west (Yilmazer et al. 2010), which
compares to 140 to 240 °C in the Ambanja, Itasy and Antsirabe areas (Gunnlaugsson
et al. 1981).

Geothermal systems in the Morondava Basin in the West region of Madagascar can be
compared to those of the Karoo Basin in the Eastern Cape Province of South Africa. The
latter is hosted in Permo-Triassic Karoo sedimentary sequences originating from depos-
its that covered the central part of Gondwana. They are underlain by metamorphic base-
ment rocks of the Namaqua-Natal Belt. Dolerite sills and dykes throughout the Karoo
Basin are related to the peak of volcanic activity in South Africa and Lesotho, which was
dated at 183+1 Ma (Campbell et al. 2016). Rock formations in the Morondava Basin
are generally expected to have low permeability, similar to the Karoo Basin, except for
sandstones representing potential reservoir formations (Campbell et al. 2016). Conduc-
tive heat transfer is expected to be the dominant heat transfer mechanism affecting the
temperature in the upper crust.

Heat source
Cenozoic volcanism in northern Madagascar has two assumed origins following the
hypotheses advanced by various authors. Michon (2016) proposed that volcanism was
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generated by deformation of the lithosphere, as observed on the volcanic Comoros
Island in the context of the southern termination of the East African Rift. Other authors
propose a more regional lithospheric extension, allowing local asthenospheric upwelling
beneath a thin crust caused by crustal extension and collapse (Wysession et al. 2016;
Paul and Eakin 2017; Pratt et al. 2017). The mantle lithosphere is expected to be thin in
the volcanic provinces of North and Central Madagascar, as well as in the West Region
where Miandrivazo and Morondava geothermal systems are located. Delamination of
the lithosphere at its mature stage can even be absent in such extensional zones (Wyses-
sion et al. 2016; Pratt et al. 2017), as is the case below the Great Basin in the Western
United States (Meissner and Mooney 1998). The average thickness of the Great Basin
crust is between 15 and 56 km, whereas the depth of Moho in Turkey varies between 24
and 48 km, and the thinnest crustal thickness (20—35 km) is found on the western coast
of Anatolia (Tezel et al. 2013). According to Faulds et al. (2009, 2010), the main factor
causing higher heat flow in the Great Basin, as in Western Turkey, is extensional crustal
thinning. This is due to the shallow depth of the Moho, although recent intrusions and/
or volcanism can coincide with extensional zones.

In the Morondava area of Madagascar (West region), where the Moho depth is the
shallowest at 18 km (Andriampenomanana et al. 2017), the heat source is related to crus-
tal thinning. In the Main Karoo Basin, the crust beneath the Mesoproterozoic Namaqua-
Natal Metamorphic Belt basement has an average thickness of 40-50 km (Delph and
Porter 2014). However, this basement is rich in heat-producing elements. The uranium
concentration is about 10—54 ppm (Andreoli et al. 2006), which can release heat by the
decay of radiogenic elements and affect heat flow (Dhansay et al. 2017).

Geothermal plays can be broadly separated into two types related to the heat transfer
mechanism, which is either convection or conduction. Applying the existing catalogue
of geothermal play types introduced by Moeck (2014, 2018), the geothermal systems
of Madagascar are characterized by fault-controlled extensional domains (Table 2) and
convection-dominated heat transfer is expected, although conductive heat transfer may
occur outside fractured zones.

Fluid origin and flow

Most thermal spring water in Madagascar is carbon dioxide-rich, dilute (Cl<200 ppm)
and saturated in calcite (Besairie 1959; Gunnlaugsson et al. 1981; Sarazin et al. 1986;
Hambinintsoa et al. 2017). The Ambanja, Ambilobe, Itasy and Antsirabe areas, which
have the highest estimated reservoir temperatures (140-240 °C), belong to the high-
carbonate water type, in which carbonate concentration can be up to 500 ppm (Gunn-
laugsson et al. 1981). The high bicarbonate, low chloride composition indicates that
thermal fluids have mixed with cooler groundwater or meteoric water as it circulates in
upwelling zones along faults (Truesdell 1975). Due to the highly fractured and faulted
crustal structures hosting the geothermal systems in Madagascar, there is considerable
potential for meteoric water to infiltrate into deeper aquifers and for groundwater to
ascend along faults, depending on their dip directions (Reed 1983; Moreno et al. 2018).
This is why faults have been assumed to be flow paths in our conceptual models for all
six Madagascar geothermal areas (Figs. 2, 3, 4, 5 and 6). Assuming that the geothermal
systems have normal to moderate geothermal gradients between 30 and 38 °C/km (Rider



Rajaobelison et al. Geotherm Energy (2020) 8:22 Page 22 of 26

and Kennedy 2011), the fluid sources can be found at depths of 3 to 8 km considering
that the expected reservoir temperature is between 120 and 240 °C (Gunnlaugsson et al.
1981). Although these estimated temperature ranges have inherent uncertainty because
they were produced using chemical thermometers before the advances of Giggenbach’s
seminal work, the same temperature ranges are obtained when using the Giggenbach
diagram based on the chemical composition of the hot springs water as reported in
Gunnlaugsson et al. (1981).

The hot springs in the prospective areas of Madagascar are usually located near faults,
and the fluid flow appears controlled by tectonic structures. The temperature of the hot
springs is likely to decrease at the end of their flow path before reaching the surface, as a
result of dilution with cold superficial waters and conduction—convection heat processes
(Reed 1983; Ferguson et al. 2009; Moreno et al. 2018). The fluids of geothermal systems
in Madagascar are thus related to the deep circulation of meteoric water along faults
and fractures, similar to the geothermal systems of the Basin and Range Province where
there is no active magmatism (Muffler 1975).

Concluding remarks

Geothermal areas in Madagascar are commonly associated with extensional domains
(Arthaud et al. 1990; Piqué et al. 1999a, b; Andrianaivo and Ramasiarinoro 2010a,
b), where major structures such as faults and fractures are the geological controls on
fluid flow. Such systems involve heat transfer mechanisms dominated by free convec-
tion along the permeable fracture path, whereas heat conduction is likely to occur out-
side permeable fracture paths. The main source of the heat is crustal thinning, which is
locally associated with recently crystallized intrusions, both of which increase the geo-
thermal gradient.

This study categorizes the six main geothermal areas of Madagascar into three distinct
classes of geothermal systems: (1) graben bounder-fault liquid-dominated moderate-
temperature (Ambilobe and Miandrivazo areas), (2) fossil magmatic liquid-dominated
moderate-temperature (Ambanja, Itasy and Antsirabe areas), and (3) sedimentary liq-
uid-dominated low-temperature (Morondava area).

Despite the differences in the overall tectonic setting and geological formations, this
classification made it possible to compare the geothermal systems of Madagascar to
other typical geologic systems in which geothermal reservoirs have already been discov-
ered and developed. The geothermal systems of the Great Basin (USA), the Anatolian
Block (Western Turkey) and the Main Karoo Basin (South Africa) shared similarities
with those in Madagascar. This finding has potentially important implications for devel-
oping Madagascar’s geothermal systems, where geothermal energy sources are associ-
ated with secondary porosity features such as fractures.

Conceptual models were constructed for each geothermal area of Madagascar where
the geothermal play type provides fundamental knowledge to guide future exploration
activities. Such models can be updated when new data become available and constitute a
foundation upon which further knowledge can be built. The acquisition of borehole tem-
perature data is the next step to better define heat flow and geothermal energy sources in

Madagascar.
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Combining the geothermometer estimates of reservoir temperatures from previous
studies with our new classification for geothermal systems, it is possible to envision the
production of geothermal electricity in the Ambilobe, Ambanja, Itasy, Antsirabe and
Miandrivazo areas, and direct-use geothermal energy projects could be possible for
aquaculture, agriculture and cooling in the Morondava area.
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