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KEYWORDS Summary The weathered layers of crystalline rocks form aquifers that are of prime interest
Hard rock aquifer; for water supply in hard rock areas. These weathering profiles generally develop under both sta-
Crystalline rock aquifer; ble geodynamic conditions (weathering rate >> erosion rate) and a hydrolysing climate. They
Hydraulic conductivity; are composed of thick stratiform layers that follow the paleo-landscape (paleotopography)
Weathering; and thus present a gently dipping sequence at a regional scale.

Flowmeter test; The structure and the hydrodynamic properties of the weathering profile of a granitic area
Granite (53 km? Maheshwaram catchment, state of Andhra Pradesh, India) were characterized in detail

and mapped from observations on outcrops, 80 vertical electric soundings and lithologs from 45
borewells in which flowmeter measurements and injection tests were also performed to char-
acterize the hydraulic conductivities of the conductive fissure zones.

The structure of the weathering profile results from a multiphase process: an ancient weath-
ering profile was partly eroded, down to its fissured layer. It was later re-weathered more or less
parallel to the current topographic surface. This peculiar structure is linked to the geodynamic
history of the Indian Peninsula that underwent alternate weathering and erosion-dominated
phases. The profile is thus composed, from top to bottom, up to a total depth of 35 m, of sandy
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regolith saprolite (1—3 m), 10—15 m of laminated saprolite containing unusual preserved fis-
sures and a 15—20 m thick fissured layer.

By comparing various case studies in similar terrain, a generalized 3-D geological and hydro-
geological conceptual model of granite-type aquifers (granites, gneisses, etc.) is proposed. In
granite-type rocks, single weathering or multiphase weathering and erosion processes induce
similar geological structures. A few main geological differences arise from the comparison of
single phase and multiphase weathering profiles: (i) in the later, the respective thicknesses
of the various layers can be deeply modified, (ii) the ancient fissured layer can be re-weath-
ered, and the resulting new laminated layer may contain quite well preserved and conductive
ancient fissures, and (iii) the upper part of the fissured layer is more densely fissured. As a result
of the same weathering processes, the fissures from the fissured layer of single phase or multi-
phase profiles exhibit very similar hydraulic conductivities, and show both a higher density of
conductive fissures at the top of the layer. The preserved ancient fissures within the laminated
layer of a multiphase profile are partly obliterated by the recent weathering; their hydraulic
conductivity is thus significantly reduced. Nevertheless, they do significantly contribute to
borewell yield. These weathering-induced fissures provide most of the aquifer permeability.

The use of such a conceptual model for the precise geological mapping of the weathering
structure appears to be a prerequisite for groundwater development and management in

hard-rock areas as it answers to several key issues.
© 2006 Elsevier B.V. All rights reserved.

Introduction

Hard rock aquifers generally occupy the first tens of metres
below ground surface (Detay et al., 1989). The hydrogeolog-
ical characteristics (e.g., hydraulic conductivity and stor-
age) of the covering weathered mantle (saprolite or
alterite) and the underlying bedrock derive primarily from
the geomorphic deep weathering processes (Wyns et al.,
1999, 2004; Taylor and Howard, 2000, etc.). This process in-
volves biogeochemical hydrolysis of the mineral constitu-
ents of the rocks and their mineral transformations at new
surface conditions, mainly into clay-rich materials (Tardy,
1971, 1993, 1998; Nahon, 1991).

From recent results (Chilton and Smith-Carington, 1984;
Chilton and Foster, 1995, Wyns et al., 2004, and other), a
typical weathering profile (Fig. 1) comprises the following
layers that have specific hydrodynamic properties. All to-
gether (where and when saturated with groundwater), these
various layers constitute a composite aquifer. From the top
to bottom, the layers are the following:

— The laterite (or iron or bauxitic crust) that can be absent,
due to erosion or rehydratation of hematite in a latosol
(for iron crusts), or resilicification of gibbsite/boehmite
into kaolinite (for bauxitic crusts).

— The saprolite or alterite, or regolith, a clay-rich mate-
rial, derived from prolonged in situ decomposition of
bedrock, a few tens of metres thick (where this layer
has not been eroded). The saprolite layer can be divided
into two sub-units (Wyns et al., 1999): the alloterite and
the isalterite. The alloterite is mostly a clayey horizon
where due to the volume reduction related to mineralog-
ical weathering processes, the structure of the mother
rock is lost (Jones, 1985; White et al., 2001). In the
underlying isalterite, the weathering processes only
induce slight or no change in volume and preserve the
original rock structure (Gardner, 1980; Cleaves, 1993;

White et al., 2001); in most of the cases this layer takes
up half to two thirds of the entire saprolite layer. In plu-
tonic rocks, such as granites, the base of the isalterite is
frequently laminated; this layer is named here ‘lami-
nated layer’. This layer is constituted by a relatively
consolidated highly weathered parent rock with coarse
sand-size clasts texture (Eswaran and Bin, 1978;
Acworth, 1987; Sharma and Rajamani, 2000; Chigira,
2001) and a millimetre-scale dense horizontal lamination
crosscutting the biggest minerals (e.g., porphyritic feld-
spars), but still greatly preserving the original structure
of the rock. Sometimes this particular layer is called
‘micro-sheeting layer’ (Chigira, 2001).Because of its
clayey-sandy composition, the saprolite layer can reach
a quite high porosity, which depends on the lithology of
the parent rock (bulk porosity is mainly between 5%
and 30%; Compaore et al., 1997; Wyns et al., 1999,
2004; White et al., 2001; Begonha and Braga, 2002),
and displays generally a quite low permeability, about
10~®m/s (Acworth, 1987; Rushton and Weller, 1985;
Houston and Lewis, 1988; Barker et al., 1992). Where this
layer is saturated, it mainly constitutes the capacitive
function of the global composite aquifer.

The fissured layer is generally characterized by a dense
horizontal fissuring in the first few metres and a depth-
decreasing density of subhorizontal and subvertical fis-
sures (Houston and Lewis, 1988; Howard et al., 1992;
Cho et al., 2003; Maréchal et al., 2003a; Maréchal
et al., 2004; Wyns et al., 2004). Several processes such
as cooling stresses in the magma, subsequent tectonic
activity (Houston and Lewis, 1988) or lithostatic decom-
pression processes (Davis and Turk, 1964; Acworth,
1987; Wright, 1992; Taylor and Howard, 2000) are invoked
to explain the origin of these fissures. However, it has
been demonstrated that fissuring results from the weath-
ering process itself (Acworth, 1987; Wyns et al., 1999,
2004; Cho et al., 2003). Swelling of certain minerals
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Figure 1 Idealized single phase weathering paleoprofile in a hard-rock, crosscut by the current topography (Wyns et al., 1999,
2004).

results in a local increase of volume that favours cracks
and fissuring. In granitic rocks, the most sensitive mineral
to swelling is biotite (Eggler et al., 1969; Ledger and
Rowe, 1980). Where the rock texture is relatively isotro-
pic (in granite for example), the generated fissures are
orthogonal to the lower constraint vector (o3), and thus
subparallel to the topographic surface contemporaneous
with the weathering process. In highly foliated rocks
(i.e., gneisses or schists) the orientation of the fissures
can be also controlled by the rock structure (Pye, 1986;
Sharma and Rajamani, 2000).The intensification of this
horizontal fissuring at the top of the layer constitutes
the overlying laminated layer. This layer mainly assumes
the transmissive function of the global composite aquifer
and is drawn from most of the wells drilled in hard-rock
areas (Uhl and Sharma, 1978; White et al., 1988; Acworth,
1987; Houston and Lewis, 1988; Barker et al., 1992; Briz-
Kishore, 1993; Drew et al., 2001; Gustafson and Krasny,
1994). However, the covering saprolite layer may have
been partially or totally eroded, or unsaturated. In these
cases, the fissured layer assumes also the capacitive func-
tion of the composite aquifer; e.g., in French Brittany
80—90% of the groundwater resource is in the fissured
layer (Wyns et al., 2004).

— The fresh basement is permeable only locally, where tec-
tonic fractures are present. The hydraulic properties of
such fractures have been investigated in various studies
(Pickens et al., 1987; Blomqvist, 1990; Walker et al.,
2001; Kuusela-Lahtinen et al., 2003; Cho et al., 2003,
etc.). Even if these tectonic fractures can be as perme-
able as the fissures induced by the weathering processes
described here above, in most of the geological contexts,
their density with depth is much more lower than within
the fissured layer. At catchment scale, and for water
resources applications, the fresh basement can then be
considered as impermeable and of very low storativity
(Maréchal et al., 2004).

In addition to rock mineralogy, the development of such
a thick weathering profile requires specific climatic condi-
tions (Peltier, 1950; Ollier, 1984; Tardy, 1971, 1993,
1998), mainly significant rainfall, in order to ensure mineral

hydrolysis and, on the second order, high mean tempera-
tures to favour the kinetics of the process. Last but not
least, its development requires long periods of time under
stable tectonic conditions, a few millions to a few tens of
million years; the latest duration leading to profiles a few
tens of metres thick (Wyns, 1991). Thus, relatively flat topo-
graphic areas are required to avoid the erosion of weather-
ing products (saprolite), but also to favour water
infiltration. Thus, such profiles cannot develop in regions
of sharp topography where the erosion rate is higher than
the one of weathering. An important consequence of this
weathering process is that, at a regional scale, these layers
are parallel to the paleo-weathering surfaces (paleo-land-
scape) contemporaneous with the weathering phase and ap-
pear as stratified layers (Fig. 1; Wyns, 1991; Wyns et al.,
1999, 2004; Lachassagne et al., 2001). Moreover, geological
features (faults, dykes...) or contrasts in rock mineralogy or
structure can locally modify the characteristics (mineral-
ogy, thickness, etc.) of the weathering profile. These con-
trasts lead to differential weathering and in some cases to
the development of positive topographic anomalies such
as inselbergs (Pye, 1986; Taylor and Howard, 1998).

Given that saprolite can be considered as a porous media,
its hydraulic properties can be quite easily measured in-situ
and many hydrodynamic data are available (Acworth, 1987;
Wright, 1992; Compaore et al., 1997).

However, due to its apparent heterogeneity, discontinu-
ity and anisotropy, but also and mainly as a result of the
absence of use of a conceptual geological model for this spe-
cific layer, the hydrodynamics of the fissured layer have not
been described in details. Because yields or specific capaci-
ties were, for a long time, the only information available
from large numbers of boreholes (from large operational
drilling programmes), in the early years of work in these
regions, the hydrogeological community related these
parameters to various factors: borehole depth (Davis and
Turk, 1964), their lithology (Houston and Lewis, 1988), their
geomorphological situation (McFarlane, 1992) or the thick-
ness of the saprolite (Detay et al., 1989; Foster, 1984),
etc. The evolution with depth of transmissivity and storage
in the upper part of the weathered crystalline basement
was also studied (Chilton and Foster, 1995). More recently,
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Taylor and Howard (2000) proposed a ‘‘tectono-geomor-
phic’’ model of the hydrodynamic properties of crystalline
rocks from Uganda, which is an interesting attempt to under-
stand the hydrogeology of such rocks in relationships with
the local geomorphologic, and thus both weathering and tec-
tonic evolution. Very recently, the hydrodynamic properties
(permeability, storativity, anisotropy, fissures density, dou-
ble porosity, scale effects) of the fissured layer of a granite
aquifer have been characterized in India using hydraulic
tests and a first comprehensive hydrodynamic model of the
fissured layer has been proposed (Maréchal et al., 2004).
The objective of the present study is to link this first at-
tempt of a comprehensive hydrodynamic model of hard-
rock aquifer with the detailed structure of the weathering
profile on the same study area. The structure has been char-
acterized from the scale of the outcrop and to the one of
the catchment. It results from the geological history of
the area (chiefly weathering and erosion). Moreover, from
these new observations and the ones published for other re-

gions of the world, this paper infers a generalized 3-D geo-
logical and hydrogeological conceptual model of granite-
type aquifers (granites, gneisses, etc.). It allows, among
other results, to infer hydrogeological information and prac-
tical operational applications from geological and hydrogeo-
logical knowledge.

Geological settings and description of the
Maheshwaram weathering profile

The Maheshwaram pilot watershed (Figs. 2 and 7a), 53 km?
in area, is located 35 km south of Hyderabad (State of And-
hra Pradesh, India). The area is characterized by relatively
flat topography with altitudes between 670 and 590 m above
sea level and the absence of perennial streams. The region
experiences a semi-arid climate controlled by the periodic-
ity of the monsoon (rainy season: June—October). Mean
annual precipitation is about 750 mm, of which more than
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Figure 2 Simplified geological map of the study area with location of observation wells (IFP; circle: flowmeter test performed,
triangle: flowmeter test not performed due to low borewell hydraulic conductivity).
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90% falls during the Monsoon season. The mean annual tem-
perature is 26 °C; however in summer (March—May) the daily
maximum temperature approaches 45 °C.

The geology of the area (Fig. 2) is composed of Archean
granites. The pilot watershed is mainly underlain by biotite
granite (mm to cm grain size) with porphyritic K-feldspar
(3—5 cm grain size). This granite is slightly metamorphosed
and foliated (plastic deformation; Fig. 3a). Intrusive leuco-
cratic granite (Fig. 3b), characterized by a lower content in
biotite, infracentimetric grain size, occasionally with por-
phyritic K-feldspar, forms small hills in the landscape and
mainly outcrops with boulders (Fig. 3c). The texture of
the leucocratic granite is magmatic (controlled by the mag-
matic flow during intrusion), biotites are small in size
(<1 mm) and isolated. Decimetre-wide pegmatitic and leuc-
ocratic granite veins intrude the biotite granite in the vicin-
ity of the leucocratic granite intrusion. Some younger
kilometric scale features intrude all these granites: deca-
metre-wide quartz veins (Archean age) and meter-wide dol-
eritic dykes of several geological ages (2.5—1.6 Ga; G.S.I.
2002).

The weathering profile of these granites is observed in
hundreds of dugwells (up to 20m in depth) located
throughout the watershed area. While dugwells provide
mainly information on the upper part of the weathering

profile, i.e. down to the laminated layer and, in some dried
dugwells, to the top of the fissured layer (Fig. 4), cuttings
from 45 observation boreholes drilled during the research
project (down-to-the-hole hammer drilling with 1 m sam-
pling interval) up to 64 m in depth, provide deeper infor-
mation. From the top to the bottom, the profile generally
shows (Fig. 4):

— a thin layer of red soil (10—40 cm),

— a 1-3 m thick layer of sandy regolith, which is locally
capped by a lateritic crust (<50 cm in thickness),

— a 10—15 m thick layer of laminated saprolite. This layer is
characterized by a penetrative millimetre-spaced hori-
zontal laminated structure and an unusual network of
preserved mainly subhorizontal and some subvertical fis-
sures partially filled up by clayey minerals (Fig. 4). Both
sandy regolith and laminated saprolite layers contain a
few granite corestones (preserved fresh rock). While
such fresher blocks are only occasionally present in the
biotite granite, they are very common in the leucocratic
granite (Fig. 3c),

— the fissured fresh granite that occupies the next 15—
20 m, where weathered granite and a few clayey miner-
als commonly partially fill up the fissures,

— the unfissured granite (bedrock).

Figure 3

Field photographs: (a) biotite granite, slightly deformed granite with black ‘strips’ biotite, (b) leucocratic granite, and

(c) example of weathering (saprolite) in leucocratic granite; note the large amount of fresh rock (boulders).
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Figure 4 Weathering profile of Maheshwaram area. The dugwell, located in the biotite granite, shows the upper part of the
weathering profile: sandy regoltith (=1 m), and more than 2 m of laminated saprolite with unusual subhorizontal and subvertical

fissures.

This weathering profile is representative of the weather-
ing profiles developed on granites in South India (e.g. Sharma
and Rajamani, 2000 and field observations performed by the
authors in a radius of 70 km around Hyderabad and in the
area of the city of Bangalore, Karnataka state).

(i) Because of the very low ratio sandy regolith thickness/
saprolite thickness, 0.1—0.2 in Maheshwaram instead of 0.5—
0.7 in the ‘‘classical’’ thick profiles, (ii) because of the small
thickness of the fissured layer compared to that of the sapro-
lite (ratio of 1 instead of 2) and (iii) because also of the pres-
ence of numerous preserved fissures within the laminated
saprolite, the Maheshwaram weathering profile differs from

the ‘‘classical’’ deep weathering model (Fig. 1) and ques-
tions the weathering processes in South India.

Spatial structure of the weathering profile

Forty-five observation wells (Indo-French research Project
wells named *‘IFPs’’) drilled in the pilot watershed during
the research project and more than eighty Vertical Electri-
cal Soundings (Krishnamurthy et al., 2002, 2003; Kumar
et al., in press) are compiled in order to characterize, in
addition to dugwell and outcrop observations, the structure
of the aquifer.
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Observation wells lithologs (Fig. 5) were made up on the
basis of the cuttings collected every meter during the dril-
ling. The sandy regolith is identified from the cuttings by
its clay-sandy to sandy-clay composition, sandy texture
and by its reddish to yellowish colour, and often the pres-
ence many quartz grains. The laminated layer is identified
from the cuttings by its coarse sand-size clast texture and
its yellowish to brownish colour. When the drilling is per-
formed in its vadose zone — which was the case on our
catchment during the drilling period, some kinds of ‘ships’
(2—3 cm in length) are commonly excavated from the bore-
well during the drilling. They are friable but it is still possi-
ble to identify the structure of the laminated layer from
them. Moreover, ‘‘sliced’’ minerals (centimetric scale;
e.g. porphyritic K-feldspar) are commonly found in the cut-
tings. They are not sliced by the drilling process, but by the
weathering itself. This can be proved on one hand by the
fact that such sliced minerals are also observed in dugwells
and on the other hand because of the presence of oxidation
— iron stain — on their sides. When this layer is saturated
with water (drilling below the piezometric level) most of
the ‘ships’ constituted of laminated saprolite are disaggre-
gated by the presence of water, however the sliced minerals
are still preserved and can be observed in the cuttings. Fis-
sures in the laminated layer are identified as they are to-
tally or partially filled up by clayey materials (yellowish to

green-white clay). When such fissures are drilled, the colour
of the cuttings (and/or of the mud) radically changes from a
yellowish-brownish colour (normal colour of the laminated
layer) to a green-white colour. However, only the main fis-
sures can be identified. Fig. 4 shows an example of such pre-
served fissures within the saprolite. The so determined
thickness of the laminated layer has been found consistent
to that measured in the neighbouring dugwells. In fact, most
of them are dug down to the bottom of the laminated layer
(as it is quite easy to dig in such quite smooth rocks) and
thus most of them reach the top of the fissured layer (the
first 1—2 m of the fissured layer, harder to dig, are then
commonly observed at the bottom of the dugwells — due
to groundwater overexploitation, most of the dugwells are
dried in Maheshwaram). The top of the underlying fissured
layer is identified by relatively fresh cuttings (relatively
‘hard’ granite not saprolitized, but with numerous iron
coating) and the sudden decrease of the drilling speed. In
the fissured layer, the fissures are surrounded by centimetre
to metre-thick saprolitic material and light-green to whitish
clays. These highly weathered zones into the fissured layer
reflect that the weathering progresses from fissure borders
towards the unaltered rock. Thus, the fissured layer is iden-
tifiable by alternate, usually thick ‘fresh’ rock layers, with
often numerous microfissures underlined by iron coating,
and thinner weathered zones. The base of the fissured layer
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is not so easy to identify since it is a statistical limit (very
low to nil frequency of fissures) and, in depth, the fissures
can be a few millimetres thick with only thin weathered bor-
ders. It was considered to be reached where no iron stain
was observed on the cuttings. Drilling was then carried
out for more than ten metres in order to confirm this first
information. The depth to the bottom of the fissured layer
was later cross-checked with flowmeter measurements
(see Section ‘Characterisation of fissures properties’).
Eighty VES were carried out using Schlumberger configu-
ration (maximum current electrode separation: 300 m, max.
depth of investigation: 50 m) and the results have been
interpreted with the help of an inversion program using
the Jupp and Vozoff (1975) code (Krishnamurthy et al.,
2002, 2003; Kumar et al., in press). Due to the large varia-
tion in resistivity of such formations and locally due to the
progressive transition between some layers, mainly be-
tween the laminated layer and the fissured layer special
attention has been paid to interpreting the whole set of
VES in a coherent manner in order to reduce ambiguities
in the interpretations. A methodology, combining a geosta-
tistical approach based on the variographic analysis of the
layers thickness determined on the forty-five borewell litho-
logs, and VES results has been implemented (Kumar et al.,
in press). The principle of the method is to interpret the
VES soundings according to the reliable range of layers
thickness estimates given by the geostatistical analysis;
after a few iterations, VES interpretations were falling in
the reliability range (Kumar et al., in press). Final results
give resistivities of the soil + sandy regolith ranging between
4 (clayey saturated soil) and 1000 (dry sandy regolith) Qm
with thicknesses ranging from 0 to 3 m. The resistivity of
the laminated saprolite ranges between 30 and 120 Om with
thicknesses between 1 and 20 m, whereas the fissured zone
resistivity is ranging between 120 and 500 Qm with thick-
nesses from 1 to 35 m. The unfissured bedrock has resistiv-
ities higher than 500 Qm but for most of the VES it reaches
several thousands Qm. It occurs at depths ranging from 5 to
42 m. An example of such an interpretation is given in Fig. 6.

The large amount of available data (observation well
lithologs and VES inversions) allows the mapping (Fig. 7a
and b) of both the base of the laminated layer and the base
of the fissured layer (or the top of the bed rock).

Variogram analyses based on the data set of elevation of
both horizons shows that the data are spatially structured
and that krigging is able to give significant maps (Fig. 7a
and b). Regardless of the lithology, the elevation of the bot-
tom of the laminated layer ranges between 600 and 650 m
amsl and that of the fissured layer between 590 and 650 m
amsl. Both horizons show a general dip towards the North,
with a gentle slope of about 0.5—1%, with some local varia-
tions (local deepening of some metres to a few tens of
metres). Cross sections deduced from these two maps
(Fig. 8a—d) also show that both horizons more or less follow
the current topography and thus that their thicknesses are
relatively constant at the watershed scale.

Lithological and local features locally interrupt the
geometry of the weathering horizons. Leucocratic granite,
due to its low biotite content, is less deeply weathered than
the biotite granite. As a consequence, the base of the
weathering profile is globally at a higher elevation in leuco-
cratic granite than in the biotite granite (Fig. 8d). The
quartz vein induces a local 10—20 m deepening of both lay-
ers (Fig. 8d). During the weathering phase(s), this disconti-
nuity favoured local circulation of water within the
unweathered rock. The lateral constraints resulting from
the weathering of the surrounding granite induced a fissur-
ing of the quartz vein that clearly appears on outcrops
and can enhance the circulation of water and in return fa-
voured a deepening of the weathering front.

A multiphase weathering model

The Maheswharam weathering profile (Fig. 4) shows some
discrepancies when compared to the classical one presented
in the introduction of the paper (Fig. 1). The sandy regolith
(1—3 m) is very thin and is almost constant while it should
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be thicker in the plateau areas than in the valleys if the
weathering had occurred earlier than the erosion that has
shaped the present topography. As a consequence, the
thickness of the laminated layer (10—15 m) is disproportion-
ate compared to that of the sandy regolith (1—3 m), while in
the classical weathering profile the laminated layer occu-
pies only one third to half of the entire saprolite layer.
The thickness of the fissured layer is small compared to that
of the saprolite (ratio of ~1 instead of ~2). Moreover, the
laminated layer presents preserved fissures (see Fig. 4),
which are usually not observed in the classical model.

The Maheshwaram area thus appears to be composed of
an old weathering profile (Fig. 9a), where only a part of
the fissured layer has been preserved. An erosion phase,
probably due to regional uplift, caused the erosion of the en-
tire saprolite layer and a part of the fissured layer (Fig. 9b).
Then, at least one more recent weathering phase, the latest
being probably still active, is responsible for the saprolitisa-
tion of this truncated profile and explains the development
of 1-3 m sandy regolith locally capped by an iron crust,
and the lamination of a large part of the ancient fissured
layer (Fig. 9¢). The profile structure is thus controlled by a
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multiphase weathering process that was induced by the geo-
dynamic history of the Indian Peninsula.

Two hundred million years ago, India formed a part of
the supercontinent ‘Gondwana Land’ together with its
neighbours, Africa, Australia, South America and Antarc-
tica. Relicts of paleo-surfaces belonging to this remote per-
iod (Mesozoic), with complete and thick weathering
profiles, are commonly recognized in India (Vaidyanadhan,
1977; Radakrishna, 1993), as well as on to other ‘Gondwana’
continents (Thomas, 1965; Jones, 1985; Schaeffer et al.,
1995). Moreover, a Deccan Trap Lavas episode (Upper Creta-
ceous to lower Eocene) located a few tens of kilometres
south the studied area (G.I.S, 2002 and also our own obser-
vations) is capping the same studied fissured layer. This
shows that the studied weathering profile is older than the
Deccan Trap lavas, which corroborates with the previous
studies carried out in India. However, lavas give only a rel-
ative age.

Since the Indian Peninsula separated from ‘Gondwana’
and started migrating northward (Jurassic), the continent
experienced numerous uplifts (Deccan Traps episode, when
India passed over the Reunion island Hot Spot, different
phases of collision with the Asian plate). It resulted in signif-
icant erosion, sedimentary deposits along the coasts and thus
rejuvenated landscapes at the scale of the whole Peninsula
(Babu, 1975; Vaidyanadhan, 1977; Radakrishna, 1993; Val-
diya, 1998). This context was unable, excepted at a few

places, to preserve the entire Mesozoic weathering profile,
which has been truncated or even totally eroded. As a result,
in Maheshwaram, the entire saprolite layer and a part of the
fissured layer have been removed from the Mesozoic profile
(Fig. 9b). Furthermore, India continued to experience weath-
ering conditions. Thus, the alternate phases of erosion (ero-
sion rate > weathering rate) and weathering (weathering
rate > erosion rate) did not allow the development of a com-
plete new weathering profile. It only induced a re-weathering
of the previous truncated profile, making up a multiphase
weathering profile (Fig. 9¢). Such a particular context, with
erosion rate globally higher than the weathering one, limits
the vertical development of the weathering profile (here
35 m) and, favours a shape of the weathering profile that fol-
lows the current topography. Consequently, the bases of
each weathered layers more or less follow the shape of the
topographic surface (Fig. 9c).

In order to characterize the hydraulic properties of the
different weathering layers constituting such a hard rock
aquifer, flowmeter measurements have been carried out
on nineteen representative observation borewells of the
Maheshwaram watershed (Fig. 2). These hydraulic tests
complete the dataset from Maréchal et al. (2004). As the
present geological model was not available, this previous
study only assessed the vertical distribution of the fissures
according to their depth below ground surface and not
according to their location within the various layers of the
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Figure 8 (continued)

weathering profile. Consequently, the flowmeter tests re-
sults were re-interpreted in order to precise these prelimin-
ary results and particularly to precisely characterise the
hydrodynamic properties of the various layers of the weath-
ering profile.

Characterisation of fissures properties
Methodology

The identification and location of hydraulically conductive
fissures was performed through vertical profiles of flowme-

ter measurements within the non-equipped part of the
borewell (mechanical flowmeter; propeller diam.: 50 mm,
measures performed every 0.5 m). As the unsaturated zone
is thick on the pilot watershed, the measurements are per-
formed during injection tests rather than during pumping
tests in order to increase the vertical extension of the
investigated zone. A detailed description of the measure-
ments and of the methodology used for data interpretation
is provided in Maréchal et al., 2004. The final result is a ser-
ies of data providing vertical discharge Q(z) as a function of
depth z. Estimates of the permeability of the conductive
zones were achieved by assuming a serie of horizontal
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layers (Molz et al., 1989), then the Dupuit formula
(1848,1863) for a confined aquifer and horizontal flow to
a well is applied to each layer, which leads to the estima-
tion of the layer’s hydraulic conductivity. Previous study
in the same area showed that the aquifer is under uncon-
fined condition (Maréchal et al., 2003b, 2004). This is ex-
plained by the fact that the saprolite is poor in clayey
materials and that the networks of horizontal and vertical
fissures, within both laminated and fissured layers, connect
the aquifer to the piezometric surface. Consequently, the
hydraulic conductivities obtained, where corrected for
unconfined condition (Dupuit, 1848,1863).

Results

Twenty-eight injection tests were conducted on the pilot
watershed and were interpreted as pumping tests. Due to
the sensitivity threshold of the flowmeter, the total injec-
tion flow (Q) during the flowmeter test required to be higher
than 25 /min (below 25 l/min the propeller does not ro-
tate). Consequently, only nineteen flowmeter tests were
conducted, in the most permeable IFP observation wells
allowing a Q > 25 l/min (Fig. 2, Table 1). The identified con-
ductive layers, the ones where the net radial flow is not nil
(or, more precisely, is not below the flowmeter sensitivity)



Table 1  Details of the injection (28) and flowmeter (19) tests according to the weathering profile
Wells Depth Casing Water Thickness Thickness Fresh Flowmeter and injection test Depth portion of laminated Depth portion of transition zone  Depth portion of rest of the
no. [m] depth table of the of the basement layer investigated by the (0—2 m fissured zone) investigated fissured layer (>2 m) investigated
[m] depth laminated fissured depth [m] injection test by the injection test by the injection test
[l levzer (I levzer (I Flowmeter K-injection Total nb Percentage No. of Density Percentage No. of Density of Percentage No. of  Density
test [m/s] of CFZ  of the layer CFZ of CFZ  of the layer CFZ CFZ [1/m] of the layer CFz of CFZ
investigated [1/m] investigated investigated [1/m]

IFP-1 42 8.8 16.7 18.3 19.2 37.5 Yes 1.3E-05 4 50 0 0.00 100 1 0.50 100 3 0.17
IFP-1/2 35 12.0 18.1 22.5 7.7 30.2 Yes 5.1E-07 2 46 1 0.10 100 0 0.00 100 1 0.18
IFP-1/3 35 5.7 18.5 17.0 12.0 29.0 No data® 1.9E-07 u/k> 69 u/k u/k 100 u/k u/k 100 u/k u/k
IFP-2 35 0.6 14.8 18.0 2.0 20.0 No data 1.1E-05 u/k 92 u/k u/k 100 u/k u/k 100 u/k u/k
IFP-3 37 6.3 11.9 17.1 6.4 23.5 Yes 2.7E-05 5 64 5 0.46 100 0 0.00 100 0 0.00
IFP-4 45 0.8 19.0 17.5 4.5 22.0 No data 5.6E-08 u/k 63 u/k u/k 100 u/k u/k 100 u/k u/k
IFP-5 60 11.7 25.8 22.5 13.5 36.0 No data 1.7E-07 u/k 53 u/k u/k 100 u/k u/k 100 1 u/k
IFP-6 42 21.3 21.9 23.0 16.5 39.5 Yes 3.0E-05 6 8 1 0.54 100 3 1.50 100 2 0.14
IFP-7 38 14.8 20.5 18.0 0.5 18.5 Yes 2.6E-04 3 17 0 0.00 100 3 1.50 100 0 0.00
IFP-8 38 12.0 20.4 18.3 4.6 22.9 Yes 1.4E-04 5 33 2 0.33 100 3 1.50 100 0 0.00
IFP-9 42 12.0 28.4 19.7 13.8 33.5 Yes 2.2E-05 4 38 0 0.00 100 0 0.00 100 4 0.34
IFP-10 40 1.2 24.7 14.3 7.7 22.0 No data 9.7E-08 u/k 53 u/k u/k 100 u/k u/k 100 u/k u/k
IFP-11 42 18.2 21.5 15.8 21.7 37.5 Yes 6.4E-05 3 0 u/k u/k 0 u/k u/k 91 3 0.52
IFP-11/3 42 19.0 21.9 33.0 2.2 35.2 Yes 1.7E-06 1 42 1 0.07 100 0 0.00 100 0 0.00
IFP-11/4 39 <12 23.5 25.3 9.7 35.0 Yes 2.1E-05 5 28 3 0.43 100 2 1.00 100 0 0.00
IFP-12 42 21.1 21.0 23.8 11.2 35.0 Yes 2.7E-06 4 12 2 0.69 100 2 1.00 100 0 0.00
IFP-14 38 15.0 20.0 14.6 9.2 23.8 Yes 2.1E-05 3 59 3 0.35 100 0 0.00 100 0 0.00
IFP-15 41 12.0 19.1 12.0 11.8 23.8 Yes 1.8E-04 2 0 0 0.00 50 0 0.00 92 2 0.20
IFP-16 42 14.8 15.2 10.0 26.6 36.6 Yes 2.0E-04 27 0 u/k u/k 0 u/k u/k 83 27 1.10
IFP-17 38 19.8 18.2 20.7 9.8 30.5 Yes 2.1E-06 3 4 0 0.00 100 3 1.50 100 0 0.00
IFP-19 41 5.8 13.2 2.3 20.2 22.5 No data 6.3E-07 u/k 0 u/k u/k 0 u/k u/k 68 1 u/k
IFP-20 41 18.1 19.2 13.8 7.3 21.1 Yes 8.2E-05 3 0 u/k u/k 0 u/k u/k 52 3 0.57
IFP-21 40 12.0 13.8 13.8 7.3 21.1 Yes 4.6E-05 5 16 0 0.00 100 3 1.50 100 2 0.38
IFP-22 41 9.7 15.1 9.2 31.8 41.0 No data 9.2E-08 u/k 3 u/k u/k 100 u/k u/k 100 u/k u/k
IFP-23 42 13.8 21.1 19.2 19.8 39.0 No data 7.6E-07 u/k 81 u/k u/k 100 u/k u/k 100 u/k u/k
IFP-25 46 5.5 22.5 16.0 26.0 42.0 No data 2.4E-07 u/k 0 u/k u/k 0 u/k u/k 90 1 u/k
IFP A 46 12.0 18.3 10.0 10.3 20.3 Yes 2.8E-04 2 0 No data No data 0 No data No data 42 2 0.24
IFP B 64 12.0 16.6 17.0 14.4 31.4 Yes 2.9E-03 1 7 0 0.00 100 1 0.50 100 0 0.00

CFZ: conductive fissures zone.
2 No data: for practical reasons.

b

u/k: unknown data.
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do coincide in depth with fissures identified from the bore-
well lithologs (Fig. 5). Even if some pegmatite veins and
leucocratic dykes have been encountered in some borewells
(IFPA and B), conductive fissures were found in the fissured
granite only, far from these structures found in the upper
saprolite layer. However, both the sampling rate of cuttings
(every meter) and the interval between two flowmeter mea-
surements (0.5 m) do not allow to determine if these con-
ductive layers are constituted by a single fissure or by
several fissures. Therefore, in order to avoid any confusion,
the results are referred to ‘‘conductive fissure zones (CFZ)"’
without any hypothesis concerning their exact nature: single
fissure or several fissures.

According to the geometry of the wells and the observed
drawdowns, the sensitivity of the flowmeter limits the iden-
tification of CFZs to those exceeding 1 x 10> m/s in hydrau-
lic conductivity, corresponding to a net radial flow of about
2.75/min in a 0.5-m-thick layer (transmissivity
>5x10"%m?/s).

As a first result, CFZ locations have been plotted accord-
ing to their elevation on the previous cross sections (Fig. 8a—
d). It appears that the CFZs are located both in the laminated
and in the fissured layers, which means that the fissures
belonging to these two different layers and identified with
the geological observations (dugwells and litholog, Figs. 4
and 5) comprise CFZ. This result differs from the classical
weathering model (see Fig. 1) where the fissures are obliter-
ated in the laminated layer and thus do not show a significant
hydraulic conductivity. It also appears that the CFZ’s loca-
tion follows more or less the topography.

Thickness of the conductive layer

If the identified CFZs are plotted as a function of their depth
below the ground surface (Fig. 10a, figure modified from
Maréchal et al., 2004), this shows that the CFZ are located
between 9 and 39.5 m depth, with a higher concentration
between 15 and 30 m. However, observations are limited
at shallow depths by the presence of casings in the bore-
wells and deeper by the bottom of the wells. Thus, it is nec-
essary to consider a statistical bias of the data introduced
by unequal representation of the depth ranges for the inves-
tigated boreholes. A quality ratio is computed as the per-
centage of investigated borewells for each depth-interval
(Fig. 10b). It shows that the most representative data are
obtained between 15 and 42 m below the ground surface
where the percentage of investigated wells is higher than
50%. The low rate of observations at shallow depths (down
to 15 m; quality ratio < 50%) suggests that the apparent de-
crease in fissures number above 15 m is an artefact due to
this bias in observations. Consequently, it can be reasonably
supposed that the CFZ extend also into the upper part of the
weathering profile, as observed on dugwells (Fig. 4).

The base of the fissured layer is better constrained. A
first decrease of the CFZ number appears between 24 and
30 m and is followed by the almost total absence of CFZ be-
low 35 m (i.e. absence of flow as measured with the flowme-
ter). This depth roughly corresponds to the top of the
““fresh basement’’ identified by geological observations
performed during the drilling of the wells; this depth is also
correlated with a decrease of the drilling rate. This result is
in accordance with previous works carried out in South-
India, where the depth to the bottom of the permeable zone

was 25—30 m (Uhl and Sharma, 1978; Briz-Kishore, 1993). In
African basement areas also, the base of the fissured zone is
often in the range 25—40 m, although not necessarily fol-
lowing the topography as it does here (e.g. Chilton and
Smith-Carington, 1984).

These observations confirm that the weathered-fissured
layer has a limited vertical thickness in this part of India,
and that it more or less follows the topography down to
35 m depth as an average. This is consistent with the loca-
tion of CFZ plotted on cross-sections and with geological
and geophysical investigations, which show that the top of
the bedrock is more or less parallel to the topography
(Fig. 8b—d).

Fissure hydraulic conductivity and weathering grade

In order to characterize the hydrodynamic properties of the
laminated and the fissured layers, the CFZ hydraulic conduc-
tivities (Fig. 10c) have also been plotted according to an-
other reference level: the interface between the
laminated and the fissured granite, as identified on lithologs
(Fig. 11). The number of observations is still limited at shal-
low depth; nevertheless good quality ratios are obtained for
the whole fissured layer and for a significant thickness (more
than 5 m) of the laminated layer (Fig. 11b).

The vertical distribution of CFZ (Fig. 11a) confirms their
occurrence in both layers. Moreover, the density of CFZ is
similar in both the laminated layer and the deeper part of
the fissured layer. However, it appears that the first two
metres of the fissured layer are significantly more fissured
than the other parts of the two other layers, since about
25% of the total number of CFZ occurs within this zone. This
result is consistent with previous studies, which show that
the first metres of the fissured layer are generally charac-
terized by a denser fissuring (Houston and Lewis, 1988; How-
ard et al., 1992; Cho et al., 2003; Wyns et al., 2004).
Furthermore, the presence of such a dense fissuring in the
first metres of the fissured layer confirms the location of
the limit between the laminated and the fissured layers as
identified on lithologs. We propose to name this zone the
‘transition zone’.

Fig. 11c shows the location and the hydraulic conductivity
of each identified CFZ. Separate histogram analyses of CFZ
hydraulic conductivities from the various layers have been
prepared. Distributions of CFZ hydraulic conductivities in
the laminated layer (Fig. 12a) and in the deeper part of
the fissured zone (>2 m, Fig. 12c) appear to be lognormal,
even if information on CFZ of low hydraulic conductivity,
particularly in the laminated layer, is limited due to the
flowmeter sensitivity. Moreover, distributions of CFZ
hydraulic conductivities have been studied in the deeper
part of the fissured layer (>2 m) for two depth intervals of
ten metres each (2—12m, Fig. 12d, and 12—-22m,
Fig. 12e). In both cases, the distributions of CFZ hydraulic
conductivity are similar and comparable to the ones ob-
tained for the whole deeper part of the fissured layer
(Fig. 12c). Furthermore, the histograms do not show any sig-
nificant decrease of CFZ hydraulic conductivity for the deep-
est part of the fissured layer, while the number of CFZ is
decreasing (2—12 m: 30 CFZ, 12—22 m: 19 CFZ; Fig. 12e).

The distribution of CFZ hydraulic conductivity in the lam-
inated layer (geometrical mean of available data:
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tests. (c) Hydraulic conductivity of CFZ.

5.1 x 107> m/s) shows that CFZ are less permeable than in
the deeper part of the fissured layer (>2 m; geometrical
mean of available data: 1.2 x 10~*m/s). This contrast in
hydraulic conductivity can be explained by the relatively
high grade of weathering in the laminated layer, which in-
duces filling of the fissures with clay rich minerals, and thus
their closure and/or clogging. Moreover, Fig. 11c suggests
that the hydraulic conductivity of these inherited fissures
decreases toward the top of the layer, as fissures are pro-
gressively filled up by clay-rich materials and obliterated
by the weathering process.

The distribution of CFZ hydraulic conductivities in the
‘transition zone’ is not well structured (Fig. 12b; geometri-
cal mean of available data: 1.8 x 10™* m/s). It presents both
high hydraulic conductivity values similar to those of the

deeper fissured layer and quite low hydraulic conductivity
values as in the laminated layer. Moreover, this layer is
marked by the highest CFZ hydraulic conductivities of the
entire weathered-fissured layer (max. Kcrz: 2.5 % 1073 m/s).
This ‘mixed’ hydraulic conductivities pattern is most proba-
bly a consequence of the dense fissuring, with probably more
than one conductive fissure within each 0.5 m interval of
flowmeter measurements. Thus, the transition zone only dif-
fers from the deeper part of the fissured layer by the density
of the CFZ, but not by their hydrodynamic properties.

Estimation of the hydraulic parameters of the different

weathered layers

CFZ density. For each well and each weathered layer, the
vertical density of CFZ (ratio between the number of CFZ
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and the thickness of the investigated weathered layer; Ta-
ble 1) has been computed.

CFZ densities vary from 0.0 CFZ per meter, in the wells
where no CFZ has been identified through the flowmeter
measurements, up to 1.5 CFZ per meter in the transition
zone, in the wells where 3 CFZ were detected (IFPs 6, 7,
8,17, 21; Table 1).

While injection tests investigate the full range of global
hydraulic conductivities (6 x 1078 m/s up to 3x 1073 m/s),
flowmeter tests could only be performed in the wells with
a global hydraulic conductivity higher than 5.0 x 10~ m/s.
Thus, there is a lack of information for the nine low-conduc-
tivity wells. Consequently, the densities of CFZ computed
from flowmeter measurements are estimated from a biased
data set. It is thus proposed to range the CFZ densities for
each of the three layers (Table 2). As the nine low-perme-
ability wells -where no flowmeter test could be performed-

are not taken into account in the computation, the follow-
ing estimates of CFZ density for the three layers lead to
overestimates: 0.20 m~" for the laminated layer, 0.70 m™"
for the ‘transition zone’ and 0.17 m~" for the rest of the fis-
sured layer (Table 2). On the other hand, considering that
the nine low permeability wells do not intersect any conduc-
tive fissure (e.g., assuming a nil density in these wells) leads
to underestimates of CFZ density for the three layers:
0.11 m~" for the laminated layer, 0.49 m~" for the transi-
tion zone and 0.20 m~" for the rest of the fissured layer (Ta-
ble 2). These two estimations allow to range the density of
CFZ in each layers. Then, ranges of the vertical persistence
(e.g., the distance between two consecutive fissures, equals
to the inverse of the density) can also be computed: 5.0—
9.1 m for the laminated layer, 1.4—2.0 m for the transition
zone and 5.0—5.9 m for the rest of the fissured layer (Table
2). Thus, it clearly appears that both the laminated layer
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deeper fissured layer of the deeper fissured layer and (e) 12—22 m of the deeper fissured layer.

and the deeper part of the fissured layer (>2 m) are charac-
terized by a quite similar density of conductive fissures,
while the ‘transition zone’ is significantly more fissured.

Equivalent hydraulic conductivity of the different weath-
ered layers. Given the statistical distributions of both CFZ
densities and their hydraulic conductivities (Fig. 12), the
equivalent hydraulic conductivity, Keq, of each layer was
computed as follows for each layer constituting the aquifer
(Table 3):

delayer)KCerj

Keq = ( = diKcrz€;

Blayer

where d; is density of CFZs in the considered layer, Biayer is
thickness of the layer and Kcrz is CFZ hydraulic conductivity
(geometrical mean) of the considered layer, e; is thickness
of the CFZ layer (0.5 m, see Section ‘Methodology’).

The CFZ densities (median of the intervals computed
here above; Table 2) and the geometrical mean of the CFZ
hydraulic conductivity of each layer, i.e. 0.16 m~"' and
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Table 2 Estimation of the density of conductive fissures zone for the different weathering layer: laminated layer, transition
zone (0—2 m of the fissured layer) and the rest of the fissured layer (>2 m)

Weathered layer

Density of CFZ [1/m]

Medium CFZ

Mean on wells where
flowmeter tests were
performed (19 wells)

Including the wells density® [1/m]

where no flowmeter
tests could be performed
(19 + 9 wells)

Laminated layer 0.20
Transition zone (0—2 m of the fissured layer) 0.70
Rest of the fissured layer (>2 m) 0.17

0.11 0.16
0.49 0.59
0.20 0.19

2 The medium CFZ density corresponds to the mean of the interval.

Table 3 Estimation of the mean hydraulic conductivities (equivalent K) of the three different layers

Weathered layer Layer Kcrz — Kcrz — geomean K¢z — geomean  Interval of  Equivalent K [m/s]
thickness geomean of the lowest of the more confidence
[m] [m/s] conductive CFZ  conductive CFZ (%)
(30% of data) (30% of data)
[m/s] [m/s]
Laminated layer 10—15 5.1%x107> 1.3x107° 3.0x10~* 75 4.0x107°° (7.3x 1077
t0 3.0x 107
Transition zone (2 2 1.8x107* 2.9x10°° 1.3x1073 74 5.3x 107> (7.1 x 10¢—
first metres of the 4.6 x107%)
fissured layer)
Rest of the fissured ~ 13—18 1.2x107*  4.1x107° 4.9x107* 86 1.1x 107> (4.3 x 1076—

layer (>2 m)

4.2x107%)

Calculations use the density of CFZ of each layer, their corresponding hydraulic conductivity (Kcgz-geomean) and the mean thickness of
each layer. Values between brackets give the variability of the mean hydraulic conductivity; more than 75% of confidence. For each layer,
these extreme values integrate the variability of the CFZ densities (see Table 2), and the geometrical means of the lowest conductive CFZ

and the more conductive CFZ. geomean: geometrical mean.
@ Correspond to the percentage of CFZ used in the calculation.

5.1x10°m/s for the laminated layer, 0.59m~' and
1.8x10~*m/s for the transition zone, and 0.19 m~' and
1.2x10™*m/s for the deeper part of the fissured layer,
are used for this computation. The computed equivalent
hydraulic conductivities are: 4.0x 10~ m/s for the lami-
nated layer, 5.3x107>m/s for the transition zone and
1.1x 107> m/s for the deeper part of the fissured layer.

In order to take into account the variability of CFZ
hydraulic conductivity in each layer (Table 3, Fig. 12), the
maximum and minimum equivalent hydraulic conductivities
of the three weathered layers have been computed. The
maximum hydraulic conductivities have been computed
from the maximum CFZ densities and the geometrical
means of the 30% more conductive CFZ of each layer. The
minimum hydraulic conductivities have been computed
from the lowest CFZ densities and the geometrical means
of the 30% less conductive CFZ. Regardless of the layer, such
a ranging process leads to a consideration of the interval
within which more than 75% of the CFZ hydraulic conductiv-
ities are distributed; it also means that the interval of con-
fidence for the range of equivalent hydraulic conductivities
of the three layers is at least equal to 75%. Thus the inter-
vals of equivalent hydraulic conductivities computed as de-
scribed are: 7.3x 1077 to 3.0x 107> m/s for the laminated

layer, 7.1x 107 to 4.6 x 10~*m/s for the transition zone
and 4.3 x 107 to 4.2 x 107> m/s for the deeper part of the
fissured layer (Fig. 13).

These computed equivalent hydraulic conductivities
(mean value and intervals) show that the ‘transition zone’,
due to its high density of CFZ and fairly good CFZ hydraulic
conductivity, is the most conductive layer, whereas the
laminated one is the less conductive.

In order to be able to compare these results with previ-
ous works performed in similar granitic terrain (Fig. 13, Ta-
bles 4 and 5), the global hydraulic conductivity of the entire
fissured layer was also computed. The obtained value,
1.6 x 107> m/s, is very close to the one deduced from pump-
ing tests in the same geological formation: 5x 107> m/s
(south India [Hyderabad]; Rushton and Weller, 1985) and
2x 107> m/s as an average on the Maheshwaram catchment
(Maréchal et al., 2004). This corroborates the approach
used to estimate the global hydraulic conductivity of the
different layers using data from flowmeter tests. The
hydraulic conductivity of the fissured layer, as computed
in the present study, is in the range of various fissured layers
in India and Africa (Fig. 13, Table 5), even if, within most of
these previous studies, the authors did not link the esti-
mated hydrodynamic parameters to such weathering layers.
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It suggests that the different weathering phases (multiphase
process) at Maheshwaram do not induce a significant change
in global permeability of the fissured layer.

Furthermore, the computed global hydraulic conductiv-
ity of the laminated layer, 4.0 x 10~®m/s, is very similar
to the one found by Rushton and Weller (1985) [pumping
test in granitic aquifer, Hyderabad, south India]:
5.0 x 10~% m/s. This value is similar to the one of other lam-
inated layers (base of saprolite) studied in Africa (Fig. 13;
Table 4), where no conductive fissures were described.
However, where numerous preserved fissures are present,
as in the Maheshwaram catchment, the hydraulic conductiv-
ity of this layer increases up to more than 10~ m/s (Table
3), transforming this layer into a non-negligible transmissive
zone. Such low hydraulic conductivities of the saprolite
layer confirm the works carried out for other regions of
the world (e.g. Chilton and Smith-Carington, 1984). The
low permeability of the saprolite aquifer provides yields
only enough sufficient for handpumps or large diameter
wells (dugwells) benefiting from a capacitive effect (more
than 400 dugwells within the Maheshwaram catchment).

Discussion

Generally, in hard-rock areas (granites, gneisses, etc.), the
weathering profile (including its fissured layer), where not
eroded, may constitute up to the first 100 metres below
the ground surface (Detay et al., 1989) and is composed
of thick stratiform layers (Wyns et al., 1999): mainly the
saprolite and the fissured layer. In fact, the deepest profiles
are around 100 m thick, thinner profiles are mainly due to

the young profile or to the erosion of a former profile. This
study confirms the importance of such layers from a hydro-
geological point of view. Thus, the structure of the weath-
ering profiles governs the vertical and spatial structure of
hard rock aquifers and their hydrodynamic properties.

The comparison of the characteristics of the Maheshwa-
ram aquifer, resulting from a multiphase weathering pro-
cess, with the ones of aquifers where the landscape
mainly results only from a single main weathering phase
(Chilton and Foster, 1995; Chilton and Smith-Carington,
1984; Jones, 1985; Acworth, 1987; McFarlane, 1992; Wright,
1992; Compaore et al., 1997; Wyns et al., 1999, 2004, etc.),
leads to a generalized 3-D geological and hydrogeological
conceptual model of granitic aquifers (Fig. 14). This can
be different for other hard rock aquifer, e.g. see Dewandel
et al., 2005 for the hydrogeological model of ophiolite hard
rock aquifers.

Structure of the aquifer

The structure of the Maheshwaram weathering profile ap-
pears to result from a multiphase weathering process, con-
trolled by the geodynamic history of the Indian Peninsula,
producing alternate weathering and erosion phases
(Fig. 9). As compared to classical single phase weathering
profiles (Fig. 1, Wyns et al., 1999), this multiphase weather-
ing profile indicates some differences:

— the total thickness of the weathering profile in Maheshwa-
ram (25—40 m) is thinner than the one of a complete,
mature (a few tens of millions years old), single phase



Table 4 Geometrical mean of hydraulic conductivity of the saprolite layer for hard-rock aquifers, the values between brackets correspond to the minimum and the maximum

values
References Geology and location Hydraulic conductivity of the saprolite layer in [m/s] No. of tests  Methods
Unconsolidated saprolite  Laminated layer (base of the layer)
Taylor and Howard (2000) Granite Uganda 2x107% (5% 1077 to 8x10°°) 6 Slug tests
Chilton and Smith-Carington (1984)  H-R Malawi 7x107% (2x107° to 2 x 107°) 7 Pumping tests
Houston and Lewis (1988) Granite Victoria Province 31076 (6x1077 to 4x 107°) 64 Pumping tests
Compaore et al. (1997) Granite Burkina Faso 1%x107% (7x 108 to 1x107°) 8 Pumping tests
Wright (1992) H-R Africa 4x107° (2x1077 to 4x107°) 6 Pumping tests
Jones, 1985 H-R Africa up to 1x10°° u/k Pumping tests
Rushton and Weller (1985) Granite India 5x107° (4% 107 to 6 x 1079) 3 Pumping tests
McFarlane (1992) H-R Malawi 5x10~7 to 5x107° 3107 (9% 1077 to 8x1079) 12 Pumping tests
This study Granite India 4x107% (7x107 to 3x107°) 28 Flowmeter tests

Note that most of the available data provides data on the entire saprolite layer only. H-R: various hard-rock; mainly granite and gneiss. u/k: unknown data.

Table 5 Geometrical mean of hydraulic conductivity of the fissured layer for hard-rock aquifers, the values between brackets correspond to the minimum and the maximum

values

References Geology and location K of the fissured layer [m/s] K of the block into the fissured layer [m/s] No. of tests  Methods

Taylor and Howard (2000) Granite Uganda 2x10°° (3x107to 4x107%)  u/k 11 Packers tests
Houston and Lewis (1988) Granite Victoria Province ~ 3x107° u/k 60 Pumping tests
Jones (1985) H-R Africa up to 1x10~* u/k u/k Pumping tests
Maréchal et al. (2004) Granite India? 2x107° (1x10°t01x1073) 5x10°8 (7x107"to 1x1077) 10 Pumping tests
Rushton and Weller (1985)  Granite India 5x107° (4x10°to 6x107°)  u/k 3 Pumping tests
Howard et al. (1992) H-R Uganda 1%x1077 (1x10° to 3x107%)  wu/k 22 Packers tests
Uhl and Sharma (1978) H-R India 4x107° (1x10%to4x10°%)  u/k 100 Pumping tests
This study Granite India 2x107° (5% 10°%-9%x107°) u/k 28 Flowmeter tests

Note that most of the available data provides data on the entire saprolite layer only. H-R: various hard-rock; mainly granite and gneiss. u/k: unknown data.
2 Same location than this study.
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weathering profile (usually up to 100 m). However, the
total thickness of a weathering profile depends on the
duration of the weathering and of the lithology of the par-
ent rock. At Maheshwaram, the erosion reduced the total
profile thickness. The later phase(s) of weathering was-
(were) not long enough to completely rejuvenate the
weathering profile,

both saprolite and fissured layers more or less follow the
current topography, which leads to a quite constant
thickness at the watershed scale and not to stratiform
subhorizontal layers,

in Maheshwaram, the thickness of the fissured layer is
similar to that of the saprolite whereas, in the case of
single weathering, the thickness of the fissured layer is
about twice that of the saprolite, which is itself subdi-
vided in two equivalent layers in thickness, namely lam-
inated layer and sandy regolith. The atypical
Maheshwaram weathering profile is due to the fact that
the current saprolite, mainly composed of laminated
granite, developed under alternate erosion and weather-
ing phases at the expense of an ancient fissured layer.
These ‘unstable’ tectonic conditions also explain the
unusual preservation of fissures within the saprolite,
which appear to be relicts of the ancient fissured zone.
The Maheshwaram fissured layer is thus mainly a relict
of this older weathering profile.

Hydrodynamic properties of the different layers of
the weathering profile

The different layers of the weathering profile of hard rocks
make up a composite aquifer where hydrodynamic proper-
ties are an aggregation of the respective hydrodynamic
properties of each layers. The properties of the laterite
layer of the weathering profiles is not described here after
as it has not been characterized in the frame of this re-
search. Usually, it is a high permeability zone where it has
not been transformed by the weathering process.

The saprolite

The saprolite layer of granite-type rocks (granites, gneisses,
etc.) is generally characterized by a sandy-clay or clayey-
sandy composition. It is usually assimilated to porous med-
ium (Acworth, 1987; Wright, 1992; Compaore et al., 1997).
The hydraulic conductivity of the entire saprolite layer is
highly variable; the available data, from measurements per-
formed in wells, range between 1x 1077 and 3x 107> m/s
(geometrical mean: 2 x 107® m/s; see Fig. 13 and Tables 5
and 6 for the source of data). The hydraulic conductivity
closely depends on the content in clay-rich materials, which
itself depends both on the mineralogical composition of the
parent rock and on the degree of weathering, thus on the
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considered location within the weathering profile (Jones,
1985; Acworth, 1987; Barker et al., 1992; Chilton and Fos-
ter, 1995). As a consequence, the hydraulic conductivity
generally decreases towards the top of the saprolite layer
(Fig. 14).

The total porosity is relatively high, up to about 10%,
even more (Compaore et al., 1997; Wyns et al., 1999,
2004; White et al., 2001; Begonha and Braga, 2002). Never-
theless, as clayey materials are characterized by small pore
sizes the effective porosity is only a few percent (0.5—10%;
Bodelle and Margat, 1980; Compaore et al., 1997; Wyns
et al., 2004).

The base of the saprolite layer is characterized by a
sand-size clast texture, described by a horizontally lami-
nated structure in granitic rocks. From available data on
wells, this layer shows a hydraulic conductivity ranging be-
tween 5x10~7 and 3x10">m/s (geometrical mean:
3x107¢ m/s). It thus appears to be the more permeable le-
vel of the saprolite in the weathering profiles derived from
single phase as well as multiphase weathering processes
(Fig. 14). Given its laminated structure, this layer should
not be strictly considered as an isotropic medium; neverthe-
less no quantitative data on its anisotropy of hydraulic con-
ductivity is actually available.

Where a multiphase weathering process is responsible of
the weathering profile, the laminated layer can comprise
several preserved fissures (up to 0.20 m~" in density) of sig-
nificant hydraulic conductivity (5x107>m/s in average);
Fig. 14. These fissures are inherited from the previous fis-
sured layer. They contribute to increase both the global
hydraulic conductivity of the layer, up to 3x107>m/s,
and the anisotropy of the medium, making up in Maheshwa-
ram a 10—15-m-thick anisotropic and transmissive layer
where the flow is controlled by both pore and fissure
hydraulic conductivity. Due to the closing and filling with
clay-rich materials (swelling clays), the hydraulic conductiv-
ity of these fissures is less that of the fissures in the fissured
layer. Moreover, it is probable that the density and hydrau-
lic conductivity of these inherited fissures, and thus the
hydraulic conductivity of this layer, decrease towards the
top of the layer, since fissures are progressively filled up
by clayey minerals and thus obliterated by the weathering
process (Fig. 14).

The fissured layer

The hydrodynamic properties of the underlying fissured
layer are controlled by the distribution, the hydraulic con-
ductivity, the anisotropy of hydraulic conductivity and the
connectivity of the fissures (Maréchal et al., 2004). It thus
constitutes an anisotropic and heterogeneous medium. It
is the most permeable layer of the entire weathering profile
and assumes most of the transmissive function of the
aquifer.

Available data from wells show that the global hydraulic
conductivity of the fissured layer is highly variable from
one place to an other. It ranges between 1x10~°m/s,
where the considered well does not intersect any conductive
fissure, and 1 x 1073 m/s, where the well intersects several
conductive fissure zones (geometrical mean: 1x 107> m/s,
Fig. 13). Moreover, the global hydraulic conductivity of this
layer appears to be a result of the number of conductive

fissures intersected by the considered well, and not the re-
sult of a higher hydraulic conductivity of a single (or more)
conductive fissure (Maréchal et al., 2004). Indeed, the
hydraulic conductivity of the conductive fissure zones
belonging to this layer is relatively similar regardless of the
case study location in the world (Fig. 13); it ranges between
107® and 10~* m/s. Thus, it appears that granitic rocks ex-
posed to weathering are affected by similar weathering pro-
cesses that induce similar fissure hydraulic conductivities.
Distribution of CFZ hydraulic conductivities presented in
Fig. 11c and 12b and c can be considered as representative
for granite aquifers (geometrical mean: 2 x 10~*m/s).

As the hydraulic conductivity of this layer closely de-
pends on the density of the conductive fissures, the varia-
tions in hydraulic conductivity from one well to an other
are explained by the variability in fissure density itself and
not by the variability of fissure hydraulic conductivity. The
present study confirms that the hydraulic conductivity of
the fissures does not significantly decrease with the depth
(Fig. 12b—e). The apparent decrease in hydraulic conductiv-
ity toward the base of this layer, largely observed world-
wide, reflects only a downward decrease in density of the
weathering-induced fissures (Fig. 14).

The presence of two main fissure sets, a horizontal and a
subvertical one (Fig. 14), recognized both from geological
observations and from pumping test interpretation (Maré-
chal et al., 2004), ensures good connectivity between the
fissures and induces an anisotropy of hydraulic conductivity.
In the same studied granite aquifer, Rushton and Weller
(1985) and Maréchal et al. (2003a,b, 2004) founded a verti-
cal anisotropy ratio close to 10 (Khoriz > Kvert), Which is in
agreement with the qualitative geological observations
(Fig. 4).

The effective porosity of the fissured layer is relatively
low, about 1072, and is mainly (90%) ensured by the low per-
meability fissure zones affecting the blocks (block perme-
ability, including very low permeability fissure zones:
5% 1078 m/s, in this area), while the conductive fissure net-
work contributes only 10% to the effective porosity (Maré-
chal et al., 2003b, 2004).

The top of the fissured layer is characterized by a few
metres-thick high density fissured zone (Houston and Lewis,
1988; Howard et al., 1992; Cho et al., 2003; Wyns et al.,
2004), named here the ‘transition zone’ (density: 0.7—
0.5m™"); Fig. 14. This zone, 2-m-thick in the case of the
young rejuvenated weathering profile studied in Maheshwa-
ram, can reach more than 12 m in the case of old thick
weathering profiles (French Brittany, Wyns et al., 2004).
The hydraulic conductivity of the fissures belonging to this
transition zone is comparable to that of the deeper part
of the fissured layer. This ‘transition zone’ is the more per-
meable point of the fissured zone, thus of the entire weath-
ering profile.

The underlying unfissured and fresh basement is perme-
able only locally, where tectonic fractures are present.
Their hydraulic properties are highly variable (Pickens
et al., 1987; Blomqvist, 1990; Walker et al., 2001; Kuus-
ela-Lahtinen et al., 2003; Cho et al., 2003), and flows can
be fractionalised, i.e. controlled by the fracture network
orientation (Leveinen et al., 1998). They have been exten-
sively studied, particularly in the frame of nuclear waste
storage projects.
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Conclusion

The classical geological and hydrogeological model of
weathered granite-type rocks has been extended to the spe-
cific context of hard-rock having been exposed to multi-
phase weathering and erosion processes. The hydrodynamic
properties of the various layers constituting such a weather-
ing profile have been separately characterized and
compared.

In granite-type rocks, single weathering or multiphase
weathering and erosion processes induce similar geologi-
cal structures: from top to bottom, the laterite, the sap-
rolite that comprises a laminated layer within its lower
part, and the fissured layer that directly covers the
unweathered basement. A few main geological differences
arise from the comparison of single phase and multiphase
weathering profiles (Fig. 14): (i) in the later, the respec-
tive thicknesses of the various layers can be deeply mod-
ified, (ii) the ancient fissured layer can be re-weathered,
and the resulting new laminated layer may contain quite
well preserved and conductive ancient fissures, and (iii)
the upper part of the fissured layer is more densely
fissured.

As a result of the same weathering processes, the fissures
from the fissured layer of single phase or multi-phase pro-
files exhibit very similar hydraulic conductivities, and show
both a higher density of conductive fissures at the top of the
layer. The preserved ancient fissures within the laminated
layer of a multiphase profile are partly obliterated by the
recent weathering; their hydraulic conductivity is thus sig-
nificantly reduced. Nevertheless, they do significantly con-
tribute to the borewell yield.

The spatial distribution of such weathering profiles
(single or multiphase), or their remains, can be mapped
at the catchment scale (it is now economically feasible
for areas of 10—1000 km?) on the basis of various types
of data: digital elevation model, observations on out-
crops, drilling cuttings, geophysical measurements. Thus,
the spatial distribution of the hydrodynamic properties
of granite type aquifers can also be mapped. A precise
geological mapping not only of lithology but also of the
weathering structure appears to be a prerequisite for
groundwater management in hard-rock areas. It can an-
swer to several key issues: (i) evaluation of aquifer poten-
tialities from large to small (a few hectares) areas; as a
consequence, it helps in defining the characteristics of
field surveys (geophysics, radon, etc.) and well sitting,
(ii) elaboration of water budget at the catchment scale,
taking into account the piezometric level fluctuations in
the various layers (Maréchal et al., in press), (iii) input
data for numerical modelling in the aquifer, (iv) elabora-
tion of vulnerability maps, (v) guidelines for aquifer
protection, for town and country planning (sitting of land-
fill, quarry), etc.

Such a geological and hydrogeological model now re-
quires to be adapted to the geological contexts of weath-
ered metamorphic rocks. The mapping methodology is also
to be developed for applications at a larger scale, 1000—
10,000 km?, through the integration of modern techniques
such as remote sensing and, spectrometric and radiometric
aerial surveys.
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