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Abstract

The Itasy geothermal prospect is situated at ah@0t km west of Antananarivo capital. It exhibitstaking
density and variety of volcanic structures on thestern side of Lake Itasy. The volcanic edificddialdirectly
on the Precambrian basement mainly composed of atiggrand gneiss. The majority of the volcanic sdig
roughly within a rectangle of 45 km north-south §N-and 15 km east-west (E-W) extension suggesting a”
"graben" structure in the basement. Deformation heasn analyzed from tension fractureswhich are
perpendicular to the direction of extensioland from field structural analysis. The Precambbasement shows
high fracture density and is fragmented into miatiporth (N to north-northeast (NNE)-trending fault blocks.
Most of the major geothermal sites occur along easrrthe N to NNE-striking faults that roughly péehthe
volcanic area. Kinematic data indicate essentidily-slip normal displacement on the NNE-strikingulfa
(principal displacement zone). Stress data inditize the principal stress axe; (= N25W) is orthogonal to the
regional east-northeaENE) thinning direction. Thus, on a regional scale, td&onic regime responsible for the
distribution of volcanic vents and geothermal siteextension. Left-lateral shear along NNE-strikiault zones
within the Itasy structural zone may accentuate ElWEcted regional extension. This, combined withreater
density of faults and fractures induced by thedfanof strain between the en echelon overlapporgal faults,
may promote deep circulation of geothermal fluideng the N-striking fault zones. We speculate ttred
geological structures of the Itasy prospect arentpatomposed of strike-slip faults and related basiTwo
hypotheses are possible to explain the origin e$¢hstrike-slip basins: the first one concern ssital pull-apart
basin or rhomb-shaped graben and the second onebenaynegative flower structure. Because of thk t#c
reliable structural data, we are not yet enableresent which of these hypothesis gives the prebhbkt
response. Few low temperature thermal springsnaliedtive for persisting geothermal resources. Jémthermal
system is volcano-tectonic type. It has been termagmatic geothermal and is associated with refegitting in
areas of thinned and extending crust.

Keywords:Strike-slip faults, extension, volcanic vents,teetmnism, geothermal, Madagascar
1. INTRODUCTION — PROBLEM STATEMENT

- No detailed investigations have been conductecherspecific structural analysis and structural istof
geothermal individual fields in Madagascar. Knovgedof such structures would facilitate exploration
models.

- Although faults clearly control most of the geothet activity in this area, relatively few detailed
investigations have been conducted on the spesffigctural controls of individual systems. Because
knowledge of such structures would facilitate exation models, we have been conducted on the $pecif
structural controls of individual systems.

- Faults are known to be the primary control on geotfal activity in transtensional regions, but qioest
remain concerning the favorable types and parfadfs for geothermal activity. Better characteti@a of
the structural controls in such regions is neeadedevelop and enhance exploration strategies,cpiéatly
the selection of drilling sites in fields withoutréicial expressions.

- Ages of deformation in the study area may vary fretnucture to structure and from place to place on
structures. Styles of deformation in individualustures may vary through time as a natural consexguef
the nature and distribution of rock types. Intetatiens of age, therefore, may require arduousl fiebrk
and significant supporting data even for singlecttires. In general sense, the latest age of riguiti the
study area is poorly defined, although rocks asigaas the Itasy volcanic rocks are cut by mappeltsta

The main objectives of this work are to
- delineate the Quaternary three-dimensional stiaid,f
- elucidate relations between faults and thermalfatgjiand constrain stress orientations.
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provide a progress report of our multi-disciplinanyestigations and discuss potential implicatiofi®our

findings on understanding the structural contralsgeothermal reservoirs in the Itasy prospect where

geothermal fields are commonly associated withmtrtinorth-northeast-striking fault zones.

More details on structural controls for the Itagpthermal area has been studied in previous wamirfanaivo
and Ramasiarinoro, 2010

3. TECTONIC AND GEOLOGIC SETTINGS

The youngest plate reorganization in the IndianaDcgtarted ~34 Ma ago with the opening of the Real &hd
the formation of the East African Rift, and sinbe tmid Miocene, Madagascar has come under an @xdtahs
tectonic regimeHBertil & Regnoult, 1998

Multiple indications for this east-west extensi@nde observed on the central highlands of thadsla

numerous indications for vent alignment along strad trends running in a scatter of direction awbwa
generally north-south trend@¥{enon and Bussiere, 196%uggesting a zone of crustal weakness thusealign
(Mottet, 1982.

image of the Moho depth beneath Madagascar thrtheimversion of gravity data suggesting the presen
of N20°E trending zone of thinned crust along thés af the island, paralleling the east coast nmargi
(Fourno and Roussel, 1994

a high seismic activity with normal fault focal nmamisms and distribution preferentially along pxéstng
tectonic trendsRertil & Regnoult, 1998

gravimetric and seismic data indicating a thinnagstand lithosphere, related to asthenosphericeliong
(Rakotondraompiana et al. 1999

extensional structures such as grabens and baBigeé( et al. 1999 as well as extensive Tertiary to
Quaternary volcanism.

Such young volcanic fields can be found in the @tighlands (Lac Itasy and Ankaratra) (Figure 1).
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Figure 1: Map of Madagascar showing major fracturegolcanism and location of study area

The Lac Itasy field is dominated by basanitic tphtétic material that forms small flows and tuffres, larger
phonolitic flows and trachytic domes. The volcacénters in Itasy area are inactive but are consitleglatively
young. Existing age data suggest that this fieldasolder than Quaternary; the age record is frigbdpper
Pleistocene based on radiometric dating and mooglydRatsimbazafy & Rakoto, 1996

The volcanic edifices all lie directly on the Pretaian basement mainly composed of migmatite arelsgn
The majority of the volcanic vents lie roughly witha rectangle of 45 km north-south (N-&d 15 km east-
west (E-W) extension suggesting a” graben” strigctarthe basement composed of migmatites and gseiss
Late tectonic movements associated with the basaitiptions induced a fault system oriented NNE-§BIE’,
1968; Fourno and Roussel, 1994; Andrianaivo and d&garinoro, 2010or a generally N-S trendB(enon and
Bussiere, 1959; Mottet, 1982

4. METHODS

In this study, we utilize satellite imagery (Lanti§a ETM+ N0.159073 of 2000), field investigationada
compilation of existing data, to characterize tlye @and the role of faults in the geothermal systénthe
volcanic area of Itasy.

Deformation has been analyzed from tension frastRamsay, 196)7 from morphotectonic method and from
field structural analysis.

5. EARTHQUAKES AND ACTIVE TECTONIC
The main tectonic features and faults of Madaga@tigurel) are as follow:

- The N15°- N20°W trend may be related to the sefmraif Madagascar from Africa with the subsequent
opening of the Mozambique Channel and the developofehe Mahajunga and Morondava basin.

- The N20°E trend on the east coast corresponds gontiithward motion of separation of India from
Madagascar during the Late Cretaceous, which esblit a very straight and steep coast on the easter
margin of the island.

- The NO05°-N10°E trend observed in the center ofifiend is associated with the Late Tertiary Neogene
grabens such as the Antsirabe graben, the Alacdtseg north-east of Antananarivo.

- Finally, a The N8°W trend is related to magmatiactéevation, which could suggest the presence oéepd
fracture zone or a zone of crustal weakness

- Recent study signaled the presence of active féittdrianaivo and Ramasiarinoro, 2016 the Itasy area.

A tectonic survey would assign the explanation feé tendency to the reactivation of faults that woul
influence the western part of the Itasy afRaribolamanana and Ratsimbazafy, 3981d of which the most
important are the N20°E trend, the N15°W trend, M#O°W trend and the N8°W trend. These last two
directions are signalled by a seismic survey.

In the Precambrian basement earthquakes are assbeiith volcanic events (Figures 1 and 2) and mece
alluvial basins, often appearing near ancient Pnbc@an structures such as large ductile shear zqradaeo-
sutures and crustal megafolds.

The Ankaratra plateau including Itasy volcano figddthe most region seismically active (Figure Zhe
earthquakes show secondary north-west trend pei@itee swarm extending from the Ankaratra volcdield
and its extensional counterparts, the magmatic @irdasy.
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Figure 2: Instrumental seismic activity for the perdl 1975-2007 for magnitude 3 (Rindraharisaona, 2008)
6. STRUCTURAL FRAMEWORK

Several general trends can be observed (Figuresl 3tanorth-south (N-S) or NOSE-N10E, north-northwest-
south-southeast (NNW-SSE) or N160E, north-northeastth-southwest (NNE-SSW) or N20E, east-west (E-
W) or N85°E), northwest-southeast (NW-SE) or N14@€st-northwest-east-southeast (WNW-ESE) or N110E
and east-northeast-west-southwest (ENE-WSW) or N6BEE, of which the N-S, NNE-SSW and NNW-SSE
trends are prominent in the study area (Figuresd/8. The main tectonic features and faults haentstudied

in previous work Andrianaivo and Ramasiarinoro, 2010

- The eastern branch of the Itasy rift basin is molpgically more distinct in the field and remotadgnsed
images (Figure 3), with several segments strikiny20E with west-dipping fault planes creating aeseof
escarpments up to 400 m high with well developathgular facets and short and steep fault scarpdexi
valleys @ndrianaivo and Ramasiarinoro, 2010

- The western side is limited by NNE striking, eatpihg sub-parallel fault zones with less pronowhce
morphological signature.

- The Precambrian basement shows high fracture geasd is fragmented into multiple north (N) to fert
northeast (NNE)-trending fault blocks.

- Most of the major geothermal sites occur alongearrthe N to NNE-striking faults that roughly péehthe
volcanic area (Figure 4).

- Kinematic data indicate essentially dip-slip normigplacement (Figures 4 and 5) on the NNE-strikmgts
(principal displacement zone).

Stress data indicate that the principal stress(@xe N25W) is orthogonal to the regional east-norshéENE)
thinning direction (Figure 9).
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Figure 3: Generalized map showing inferred major frtures along Itasy structural zone on Landsat image

410000 420000 430000 440000 450000 460000
810000 4 + [BE | 510000
S =
Ifanjd basin
u
A Sakay river __|__ |
|E00000

a00000

Legend

2] Vilage

Mazyilrjvef (] Thermal spring

[
\l

Main tiver

3 e
T‘F%v Fooma" Probahle fautt
/. up T

Lily viver 24 =0 o
& ™

Major fracture

Fracture

Fold axis

Lake:

Basin fill, alluvium

?EDDDD*_ woleanic rocke

Basalte

Bazatic scariae

Bazanitaic
Limburgite:

o
Hanging wall = Ordanchits

\down

Phreatomacgmatic explosion craters

7RO0000 +
Trachyphonolite

JCNEOnN

Trachytic dome

I N
T g ; " ;
410000 420000 430000 440000 450000 450000
101 2 Kilomsters

Figure 4: Map of the study area showing the tectontlbe volcanism and the geothermal sites
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7. DISCUSSION

No detailed data exist to determine the slip rdtthe faults. Well-exposed fault surfaces contagnkinematic
indicators, such as fault striae (Figure 6) anddBliieshears, are sparse. However, fault surfacessegpin rare
outcrop have striae and Riedel shears indicativsimstral normal oblique-slip movemenir(drianaivo and
Ramasiarinoro, 20)0These faults are a fundamental part of the @legme geologic framework in Itasy area.

Focal mechanism of the studies with seismic suragyrphotectonic method and field structural analysithe
central highland indicates predominantly strikg-gsind normal faulting, with a global north-soutkeatation.

Based on limited kinematic data, morphology of fadlarps, and offset of metamorphic and volcanitsuthe
N to NNE-striking faults accommodated sinistralmai oblique-slip. The reasons for left-lateral roation
such faults are not yet clear.

Figure 6: Field photographs showing close-up viewsdlitkenside with a rake of up to 24° on the faudiggment
comprising the Lac Andranomena fault set
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Figure 9: Plan view geometric relations between stuas formed during a simple shear deformation histe schematic
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Mada-Hary, vol. 1, 2013 Page 15



Andrianaivo and Ramasiarinoro

This general tectonic observation is consisteniy Wit stress direction derived from neotectonigcstires such
as east-west folds (Figure 4) and northerly stsliggfaults seen at the surface. The implicatio as that rock
deformation continues in the subsurface, even thaugpped evidence of continued faulting at theaserfis
relatively sparse.

The ENE trend of the minimum horizontal principatess within the area (Figure 9) can account far th
association of geothermal fields with the NNE sirikfaults.

The structural settings favoring geothermal agtiail involve subvertical conduits of fractured kaglong fault
zones oriented approximately perpendicular to #dastl principal stresZ@back, 1989; Hickman et al., 1998,
2000. Fluids can simply flow more readily along modeha to steeply dipping faults oriented perpendicub
the least compressive stress.

The transfer of strain between the en echelon appihg normal faults may also promote deep cirmriabf
geothermal fluids along a greater density of Nkstg fault zones.

Why such structures are particularly favorable laralizing geothermal reservoirs within the Itassustural
zone is therefore an important question. A possllglanation is that left-lateral shear along théBNstriking
fault zones within the Itasy structural zone magesmtuate ENE-directed regional extension.

High extensional strains in pull-apart basins neadlto increased heat flow that can be exploitesbasces of
geothermal energy and possibly volcanisftydin and Nur, 1982; Mann et al., 1983; Dooley avidClay,
1997); extrusive rocks may then constitute volumethicaignificant basin fill Dhont et al., 1998 Within the
releasing bend, oblique deformation may be acconateadby oblique-slip faulting or partitioned intariable
components of strike-slip and dip-slip fault dis@ements Jones and Tanner, 1995; Dewey et al., 1998;
Cunningham and Mann, 2007

Two small strike-slip basins caused by a range offement complexities along strike-slip fault zores
recognized in the Itasy geothermal field: Ifanjaibaand Lake Itasy basin (Figure 4 and 5). Two hiyesis are
possible to explain the origin of these strike-dlasins fann et al., 1983; McClay and Dooley, 1995; Nilsen
and Sylvester, 1995; Rahe et al., 199Be first one concerns a classical pull-apasibar rhomb-graben basin
caused by left-stepover of the master fault; theosé one may be a negative flower structure rathan a
classic pull-apart basin based on the strike-sdifitepn of margin-boundary faults, and strike-slgmplexities
developed in and around the basins.

Because of the lack of reliable structural data,anenot yet enable to present which of these Ingsi¢ gives
the probable best response.

Based on the association of geological settingyuess and geothermal system is volcano-tectopie. tif has
been termed magmatic geothermal and is associatedegent faulting in areas of thinned and extegdirust
(Andrianaivo and Ramasiarinoro, 2010

8. CONCLUSION

- The geological structures of the Itasy area arenipaiomposed of strike-slip faults and related bssn
transtensional tectonic regime. These faults, idisted across the ancient crystalline basemenbéxipre-
Pleistocene rupture history.

- On a regional scale, the tectonic regime respamdilnl the distribution of volcanic vents and geothal
sites is extension. Thus, the geothermal systamli®no-tectonic type.

- Left-lateral shear along NNE-striking fault zoneghin the Itasy structural zone may accentuate ENE-
directed regional extension.

- This, combined with a greater density of faults fnadtures induced by the transfer of strain betwtbe en
echelon overlapping normal faults, may promote deegulation of geothermal fluids along the N-sitnig
fault zones.

- There are obvious relations between active tectoritcanism, hot springs and earthquakes. The seism
activity and hot springs observed at the centrthefisland indicate that the phase of volcanic ttbnic
reactivation, which started during the Plio-Pleigtioe period, is not yet completed.
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