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abstract
In the latter stages of exhumation processes, rocks undergo weathering. Weathering halos have been described in the vicinity
of structures such as faults, veins or dykes, with a lateral size gradually narrowing with depth, symmetrically around the
structures.
In this paper, we describe the geophysical characterisation of such alteration patterns on two granitoid outcrops of the
Catalan Coastal Ranges (Spain), each of which is affected by one major fault, as well as minor faults and fractures. Seismic,
electric and ground penetrating radar surveys were carried out to map the spatial distribution of P-wave velocity, electrical
resistivity and to identify reflectors of electromagnetic waves. The analysis of this multi-method and complementary dataset
revealed that, at shallow depth, geophysical properties of the materials are compartmentalised and asymmetric with respect
to major and subsidiary faults affecting the rock mass. This compartmentalisation and asymmetry both tend to attenuate with
depth, whereas the effect of weathering is more symmetric with respect to the major structure of the outcrops. We interpret
such compartmentalisation as resulting from the role of hydraulic and mechanical boundaries played by subsidiary faults, which
tend to govern both the chemical and physical alterations involved in weathering. Thus, the smoothly narrowing halo model is
not always accurate, as weathering halos can be strongly asymmetrical and present highly irregular contours delimiting sharp
contrasts of geophysical properties.
These results should be considered when investigating and modelling fluid storage and transfer in top crystalline rock settings
for groundwater applications, hydrocarbon or geothermal reservoirs, as well as mineral deposits.
.

1. Introduction
As a result of hypogene processes (occurring at great depth), fault zones acquire physical and chemical properties that differ from the rock mass they affect.
Exhumation of crystalline basement rocks leads to exposure of the granitoid to erosional agents. The later overprint of supergene alteration within and near fault
zones. Fault zones may act as conduits, barriers, or a combined conduit-barrier system, depending on their architecture and the fault rock materials that have
developed (Caine et al., 1996; Bense et al., 2013). In situ hydrological testing has shown that fault and fracture networks represent preferential flow paths and
storage capacities in crystalline rocks (e.g. Brace,1984; Caine and Tomusiak, 2003; Aquilina et al., 2004; Roques et al., 2014). However, in some instances, clay-like
materials concentrate into fault cores as a result of the alteration of primary minerals. This has a dramatic impact on the hydraulic behaviour of fault zones, as the
fault core acts as a barrier to transverse flow. In contrast, the damage zones, of improved permeability in comparison with fresh rocks and the fault core, may
concentrate and channel the flow along the direction of the fault zone (Caine et al., 1996; Kirkpatrick et al., 2008). This results in compartmentalisation of fluid
storage and transfer capacities of the rock mass (Bense et al., 2013).
Weathering processes dramatically change the chemical and physical properties of basement rocks: matrix porosity and permeability exhibit much broader
ranges than those of fresh rocks, and new fractures may develop. The formation of new cracks, or cracks formed prior to weathering, contribute to fluid circulation
(Biscaldi, 1968; Chilton and Smith-Carington, 1984; Acworth, 1987; Owen et al., 2007; Neves and Morales, 2007; Le Borgne et al., 2006; Durand et al., 2006; Røyne
et al., 2008). Subsequent weathering of micas and feldspar (Folk and Patton, 1982; Banfield and Eggleton, 1988) results in an increase of both porosity and
permeability. Alteration products tend to precipitate locally due to the tortuosity of the porous network, which in turn tends to increase (especially in the case of
ferric minerals, Fletcher et al., 2006) or decrease the permeability (Bisdom et al., 1982; Nishimoto et al., 2010).
However, the way weathering overprints features that formed at greater depth (fractures, veins, hydrothermal alteration etc.) is not very well-understood. In
some instances, faults can produce less weathered rock, because cements produced by fluid flow through the fault materials when the fault was at depth resulted
in more competent formations than the protolith (Faulkner et al., 2011; Smith et al., 2013; Soden et al., 2014). In other cases, fault zones or fractured corridors
can be preferentially weathered to such an extent that they may present favourable reservoir properties such as HRA e Hard Rock Aquifers (Gustafson and Krasn!
ý, 1994; Taylor and Howard, 2000; Wyns et al., 2004; Dewandel et al., 2006; Lachassagne et al., 2011; Chandra et al., 2013; Leray et al., 2013; Guiheneuf et al.,
2014! ). Not only primary lithologies, but also the fracture pattern (Hill, 1996), as well as regional factors such as the tectonic uplift (Riebe et al., 2001) or the
regional stress field (Owen et al., 2007) are involved in controlling weathering processes. Weathered formations developed in the vicinity of structures such as
faults, dykes and veins, affect the storage and transfer properties of the system and may make it more complex than if control was by unweathered structures
(e.g. Roques et al., 2014).
The weathering halo is typically represented symmetrically around the main structure it is related to and smoothly narrows with depth (Dewandel et al., 2006;
Durand et al., 2006; Chandra et al., 2010; Dewandel et al., 2011). In some cases, exhumed basement rocks may subside and subsequently lie underneath a thick

sedimentary material. Fluids are still able to circulate and be stored within the porosity related to paleo-weathering. Significant hydrocarbon resources have been
identified within many such naturally fractured basement rock reservoirs (Aydin, 2000; Petford and McCaffrey, 2003; Schutter, 2003; Sicar, 2004; Luthi, 2005;
Dontsov and Lukin, 2006; Cuong and Warren, 2009; Gutmanis, 2009; Gutmanis et al., 2012). Examples of productive alteration halos have been reported with a
vertical component of up to 2 km and a horizontal width up to of 800 m (Ngoc, 2007). Paleo-weathered basement rocks can also represent favourable conditions
for developing geothermal exchangers (Manning et al., 2007; Younger and Manning, 2010) or for mineral deposition (Boiron et al., 2010). Aside from exhumation
itself (Soden et al., 2014), weathering processes may include the generation of new fractures. The occurrence of fractures oriented sub-parallel to the erosion
surface has been reported in several cases (Wyns et al., 2004; Dewandel et al., 2006; Courtois et al., 2010). Their formation is interpreted as resulting from a
volume increase of some mineral phases when these are altered (primarily biotite, see Banfield and Eggleton,1988; Folk and Patton,1982; Tieh et al.,1980; Mc
Farlane,1992; Hill,1996; Wyns et al., 2003; Rodbell et al., 2012), with cracks forming orthogonally to the minimum stress, that is to say forming subparallel to the
erosion surface. Lachassagne et al. (2011) have formalised a qualitative stress analysis of this problem. However, to our knowledge, no numerical approach has
validated this concept. Fractures of other orientation can also occur, developing hierarchically with a wide variety of orientation, or forming spheroidal patterns
(Fletcher et al., 2006; Røyne et al., 2008; Jamtveit et al., 2009; Jamtveit et al., 2011).
An accurate characterisation of basement rocks near to the surface is required for a better understanding of properties of shallow aquifers or deep reservoirs,
including fluid circulation and storage (e.g. Acworth,1987; Neuman, 2005; Roques et al., 2014). For example, the depth of present day and paleo-weathering fronts
have been estimated as a few metres (Virgili et al., 1974), several tens of metres (Radzevicius and Pavlis, 1999; Dewandel et al., 2006), hectometres (Genter and
Traineau, 1996; Olesen et al., 2007), or up to a kilometre (Luthi, 2005). The factors governing deepening, and therefore lateral and depth extents of weathering in
the vicinity of major structures, still require investigation. Even though geophysical surveys have been able to characterise weathering fronts in poorly faulted
formations (Lee and de Freitas, 1990; Radzevicius and Pavlis, 1999; Carvalho et al., 2000; Fonseca et al., 2006; Carvalho et al., 2010; Olona et al., 2010), to our
knowledge only a few such surveys have been focused on the deepening of weathering fronts in the vicinity of structures such as faults (Wyns et al., 2004; Dewandel
et al., 2006; Chandra et al., 2010, and references therein). In this paper, we focus on two faults outcropping in weathered granitoids of the Catalan Coastal Ranges
(Spain). These systems are assumed to be surface analogues of aquifers (such as some types of HRA), deep reservoirs (e.g. geothermal, hydrocarbons) or mineral
deposits. The first aim of this study is to investigate the geophysical properties of fault zone materials, using geophysical methods. We describe the geological setting
of the case studies as well as the methods used. The new and comprehensive geophysical data obtained in the field reflect the spatial distribution of weathering
severity, which allows us to discuss and better identify the factors controlling weathering processes.
2. Geological setting
2.1. General setting and site selection
In the following sections, the term “protolith” refers to fresh rock, free from fracturing or alteration, somehow related to the fault zone; this definition is
irrespective of any weathering. Similarly, “damage zone” and “fault core” are defined as the volume of material affected by a moderate to high degree of fracturing
or alteration, somehow related to tectonic or hydrothermal processes, especially when at depth. The term “block” refers to a structural compartment bounded by
faults.
The granitic Cadiretes Massif within the Catalan Coastal Ranges was chosen to carry out our field investigations (Fig. 1). This choice was motivated by the fact
that the tectonic and exhumation history of the crystalline basement rocks are fairly well-constrained in this area. The magmatism in the Calalan Coastal Ranges
started around 324 Ma for the Guilleries diorites (UePb zircon ages; Martínez et al., 2008). Most of the granites emplaced at 291e285 Ma for gabbroic rocks and
granitoids of the Montnegre massif (40Ar/39Ar ages; Sole! et al., 2002, and see Institut Geologic de Catalunya, Base Geol" ogica" 1:50000, May 2007). In the Late
Permian, the massif was intruded by multiple dykes of various chemical composition striking EeW to ESEeWNW (Martínez-Poza et al., 2014). The Catalan Coastal
Ranges have undergone a multi-phase tectonic history, in which the first major event was relaxing of the Variscan orogen, coeval with the formation of basins in the

Fig. 1. Location of the Canyet and Terra Negra sites within the Cadiretes Massif, Catalan Coastal Ranges, NE Spain (modified after Mapa geologic de Catalunya 1:250,000)."

late Permian and Triassic eras (Arthaud and Matte, 1975; Bixel, 1987; Arche et al., 2007). The geodynamic evolution of the Catalan Coastal Ranges from Late
Carboniferous to Early Triassic times (i.e. during the successive magmatic pulses) was recently unravelled by Edel et al. (2015). Continued regional subsidence affected
the area until the Hettangian, which is interpreted as being related to the western termination of the Tethys domain (Salas and Casas, 1993; Doblas et al., 1994). No
major tectonic event seems to have affected the area during the Lower and Mid-Jurassic, until a significant extensional regime was established from the Upper
Jurassic, first as a local response to the opening of the Northern Atlantic Ocean, followed by the opening of the Bay of Biscay at the end of the Upper Cretaceous
(Stampfli et al., 2002; Verges et al., 2002! ). The rifting separating the Iberian plate from the European plate then relaxed, and the Pyrenean domain entered a
thermal subsidence at the end of the Cretaceous (Salas and Casas, 1993). The collision between the Iberian and European plates was initiated in the Palaeogene and
this resulted in the formation of the Pyrenees (Salas and Casas, 1993; Verges! et al., 2002). This compressive event is thought to have affected the Catalan Coastal
Ranges until the Oligocene, when the southern termination of the European Cenozoic Rift System propagated through the area (Ziegler, 1992; Tassone et al., 1994;
Verges et al., 2002; Bourgeois! et al., 2007). Much of the present day topography, especially the prominence of the Catalan Coastal Ranges, derives from Neogene
to Quaternary tectonics (Lewis et al., 2000) (Fig. 1). This indicates that the materials and structures occurring in upper positions within the tilted blocks are not likely
to have undergone any paleoweathering (especially pre-Triassic) such as that described in other places preserved from erosion (Virgili et al., 1974). Only the current
weathering is thought to have affected the rocks studied in this paper. The unique nature of weathering phases was a prerequisite to site selection, to facilitate the
interpretation of results.
The site selection process then followed exposure and accessibility criteria. By exposure, we mean that a significant volume of rocks around the fault zones
had to outcrop as a result of anthropogenic excavation, to expose fresh materials that would not have been accessible otherwise. Outcrops formed by road cuts
were preferred, as these offer good slope stability, as well as excellent access conditions for geophysical measurements and sampling. Two sites, namely Canyet
and Terra Negra, were finally chosen
(Fig. 1).
2.2. Site description
The two sites studied here consist of steep outcrops, decametric to pluri-decametric in height, offering excellent exposure of fault materials developed in
coarse-grained leucogranites that are Permo-Carboniferous in age (Sole et al., 2002! , and see Institut Geologic de Catalunya, Base Geol" ogica 1:50000, May 2007)
(" Figs. 2 and 3). The faults lie entirely within a single rock type, with no obvious faulted structure such as pegmatite or dyke to provide information about the
displacement along the fault. The major fault cores studied at each of the two sites exhibit high clay content in sharp contact with damage zones or protolith (Figs.
2 and 3) and are significantly eroded due to leaching. Samples were collected and examined for thin section and clay content analysis (Figs. 2 and 3; see Appendix).
They were taken at a few tens of centimetres in depth, so as to reach in situ materials not affected by erosion which had occurred since the outcrops were dug.
Both sites are accessible for setting up geophysical instruments at the bottom of the cliff and on its top (Canyet; Fig. 2) or on a berm in the cliff (Terra Negra; Fig.
3). This allowed several seismic experiments to be carried out in transmission through the outcropping formations, which is relevant for interpreting geophysical
results with respect to the

Fig. 2. Panoramic view of the Canyet site, with (aee) fracture data (fractures showing an extent of at least 1 m) and an example of carbonate veins exhibiting a decimetric aperture
(f). Sample A used for X-ray diffraction analysis (see Appendix) is also located. gek: thin sections of selected samples as seen under natural light. lep: plane-polarized light views
under the microscope of samples gek, respectively.

outcropping formations.
The Canyet site, at the entrance to the Canyet de Mar locality, shows a major sub-vertical fault striking N135!E (Fig. 2). The fault gouge is clayey and is bordered
to the north by rhyolitic material, as well as a system of quartz- and carbonate-bearing veins (Fig. 2f). The macro-fracture density is higher in the south-western
fault block, with a prominent sub-vertical population striking N080!E (Fig. 2a). The north-eastern part of the damage zone exhibits a set of steep fractures oriented
N090-135!E (Fig. 2b), quite close to the general orientation of the fault zone.
The cataclastic texture of the fault core material comprises quartz, K-feldspar and lithic clasts embedded within a clayey matrix (Fig. 2g and l). The clasts present
angular shapes, especially the smallest ones. Two sets of micro-crack fillings are identified:

Fig. 3. Panoramic view of the Terra Negra site, with (aeh) fracture data (fractures showing an extent of at least 1 m). iel: thin sections of selected samples as seen under natural light. mep: planepolarized light views under the microscope of samples iel, respectively. Samples B, C and D used for X-ray diffraction analysis (in Appendix) are located on the
panoramic view.

ultramylonitic (Fig. 2q) or rich in iron oxides (Fig. 2r). Calcite cementation zones are also locally present, without strong evidence of structural control (Fig. 2s).
Cataclastic texture is found in the fault core; other fault materials from the Canyet outcrop show larger grain size and a lesser quantity of matrix. Both K-feldspar
and plagioclase are grey, associated with weathering and clay precipitation. Hardly strained rhyolitic material is found at the edge of the fault core (Fig. 2h and m).
A set of micro-cracks delimit fragments with a size ranging between 0.5 cm and 50 mm, with little or no relative displacement and no filling. Further away from the
fault core, highly strained materials exhibit a proto-cataclastic texture, with fragment size ranging from 10 mm to millimetres (Fig. 2i and n). The matrix fraction is
low (about 20e40%) and the angular clasts consist mainly of rhyolite and granite. Some of the biggest clasts are affected by micro-cracks. Further north, cataclasites
with a matrix occupying a smaller volume (about 10e20%) than in the fault core are cross-cut by calcite veins (Fig 2f, j and o). Calcite grains are found in these
cataclasites, along with granitic and rhyolitic grains. At a greater distance from the fault core, the grain size of the cataclasite increases (Fig. 2k and p), and contains
twinned calcite and a poor matrix content. The weathering processes mainly affect feldspar and biotite in the granitic facies and are less pronounced in the rhyolitic
facies even though the matrix elements are only altered in the high strain zone. Finally, a subsidiary south dipping fault affects the north eastern part of the outcrop.
On the Terra Negra site, the outcrop striking N170!E exhibits one major and one minor fault oriented N120!E 60!SW and N160!E 90!, respectively (Fig. 3). Three
fracture sets dominate the fracture network (Fig. 3g and h): N080!E dipping steeply to the north, N120!E with a moderate dip to the south-west (and therefore
subparallel to the major fault), and sub-vertical fractures striking N170!E. Each family occurs in almost all the fault blocks (Fig. 3 aef), but with various severity.

Sample and thin section analysis indicates that micro-cracking and weathering both vary from the protolith towards the fault core. The protolith (Fig. 3i and
m) exhibits the lowest density of micro-cracks found in the outcrop. Feldspar and plagioclase are grey under the microscope, indicating some chemical alteration.
This is more pronounced in the immediate vicinity of the cracks. Some of the cracks developed in the quartz have healed, but others, affecting all mineral phases,
are still open. In the damage zone, material is densely cracked, especially the quartz grains, some of which exhibit fluid-bearing sutures (Fig. 3l and p). The grey
colour of K-feldspar and plagioclase under optical microscopy indicates that they have localised clay precipitation and weathering. Biotites are slightly weathered
and present iron oxides locally at their edges. Another sample from the damage zone (Fig. 3j and n), as well as the edge of the fault core (Fig. 3k and o), shows a
dense network of micro-cracks affecting both quartz and K-feldspar grains, many of these micro-cracks being filled with iron oxides. Biotite grains are partly
replaced with chlorite.
Neither outcrop presents a fissured horizon such as described in Wyns et al. (2004) (defined by an anomalous number of fractures sub-parallel to the erosion
surface) as shown by the fracture diagrams and the panoramic views (Figs. 2 and 3). Regarding the major faults affecting the two outcrops, their approximate
NWeSE strike suggests they might have accommodated the opening of Late Carboniferous to Permian basins in the context of late Variscan extensional tectonics
(Arthaud and Matte, 1975; Bixel, 1987). They may also have been part of the Catalan Transfer Zone, which accommodated a right lateral motion during the
opening of the Gulf of Lion and Provence Basin, which was particularly intensive in the Burdigalian (Seranne, 1999; Mauffret et al., 2001! ). Following this
extensional regime, thermal subsidence occurred in the MidMiocene; a few NWeSE striking faults have shown evidence of extensional activity since then (Bartrina
et al., 1992; Tassone et al., 1994). Kinematic criteria on the outcrops are unfortunately too scarce to identify a possible record of this tectonic history, but the
observed structures at the outcrop scale are thought to be the cumulative result of these deformation phases. As the fault core thicknesses range from around
30 to 80 cm, the cumulated displacement can be tentatively estimated as between a few metres and a few hundred metres after the data given in Childs et al.
(2009) and Fossen (2010).
3. Geophysical methods
Three geophysical methods were used to benefit from their complementarity in terms of penetration, resolution and sensitivity to various physical properties.
The reduction of P wave velocity (measured using first-break seismic tomography) and resistivity (investigated using Electrical Resistivity Tomography ERT) in
crystalline rocks are often related to chemical alteration and physical damage such as fracturing and faulting. This is illustrated by experiments carried out at
depth through boreholes or galleries far from any weathering (Jamtlid et al., 1984;€ Hayles et al., 1999; Jeanne et al., 2012). Other field studies demonstrated the
sensitivity of seismic methods to alteration fronts (Lee and de Freitas, 1990; Radzevicius and Pavlis, 1999).
Therefore, combining seismic and electric methods is appropriate to characterise weathering of fractured crystalline rocks. In addition, the occurrence of shallow
and sub-horizontal structures is described in relation to weathering (see above) and radar methods have shown a strong potential in their detection, separately or
in the form of swarms (Tillard, 1994). Radar surveying is therefore also relevant in the investigation of weathering processes, especially to complement seismic and
electric tomography methods with low resolutions.
The access condition to the outcrops allowed an extensive use of these methods, especially seismic surveys with the receivers and sources positioned in original
arrays to make use of the topography; in this way, our field approach fell into the category of “behind-the-cliff” geophysics, aiming to provide new data for studying
fault zone materials in weathered granitic formations.
3.1. Seismic tomography
Seismic data were collected using a 48 channel Geometrics Strataview connected to 48 vertical geophones, with a nominal frequency of 14 Hz. A sledge hammer
hitting a steel plate was used to generate the elastic waves. Sources and sensors were aligned along straight lines. In some cases topography was utilised to spread
them in original arrays so that fault blocks could be thoroughly sampled by various ray paths (Figs. 4 and 7). Signals were recorded in SEG2 format at 5 " 10#4 s
sampling rate for 0.512 s. Up to ten records were stacked at each source position to enhance the signal to noise ratio.
The first arrival picking and travel time inversions were based on the Simultaneous Iterative Reconstruction Technique (SIRT) (e.g. Hayles et al., 1999; Zou and
Wu, 2001). These were performed with Reflexw developed by Sandmayer Scientific Software. Both the geometry of acquisition and the travel times were used to
produce images of the velocity field. The 2D inversion module was used to process data collected along lines or Reverse Vertical Seismic Profiles, whereas data
acquired with complex geometry were processed using the 3D module. A visualisation tool has been implemented to view the results obtained in 3D along a plane
of given orientation.
3.2. Electrical Resistivity Tomography (ERT)
Resistivity of the subsurface was measured using an automatic SYSCAL Junior Switch 48 resistivity metre from Iris Instruments, connected to 48 electrodes
operated according to a Wenner array (Wenner, 1915). Electrodes were planted at 1 or 2 m spacing along 47 m or 94 m long profiles, respectively, orthogonally to
the main faults (Figs. 4 and 7). 2D resistivity sections were obtained after processing the data with the Res2dinv inversion software developed by Geotomo Software.
The interpretation was restricted to shallow levels, where the uncertainty is the lowest (see dotted lines on Figs. 5 and 8). To check the validity of the 2D hypothesis,
which is the striking condition for applying the Res2DInv inversion, close profiles were set up parallel to each other.

3.3. Ground penetrating radar (GPR) profiling
We performed 2D GPR measurements along the outcrops with shielded 100 and 250 MHz antennae, respectively, and used a RAMAC GPR acquisition system
made by Malå Geosciences. For all profiles, the acquisition mode was a constant offset, which allowed reflections of electromagnetic waves occurring off shallow
dipping structures to be preferentially detected. The processing of all GPR profiles was performed with Matlab® scripts written in our laboratories (Dujardin and Bano,
2013). This is a common flow procedure involving a constant shift to adjust the zero time, a DC filter to remove the low frequencies, a flat reflection filter to remove
continuous flat reflection noise (ringing related to the shielding), a time varying gainer function and finally a band-pass filter. The band-pass filters were of 40e300

Fig. 4. Panoramic (a) and map (b) views of the Canyet site showing the position of the geophysical equipment.

MHz and 50e600 MHz for the 100 and 250 MHz antennae, respectively.
The position of profiles was measured with centimetric accuracy using a theodolite. This allowed data processing involving ray propagation and electric current
lines to be accurately applied and helped with comparing various results obtained after processing.

4. Results at the Canyet outcrop
4.1. Seismic
4.1.1. Acquisition
Two seismic profiles across the major fault zone have been acquired (Fig. 4). One was conducted at the bottom of the cliff, with a geophone spacing of 2 m and
a source spacing of 4 m (Dataset 1), whereas a second profile was acquired with the sources positioned on top of the cliff at a distance from the ridge, keeping the
geophones at the same place at the bottom of the cliff (Dataset 2). A third acquisition was carried out parallel to the fault zone, with the geophones planted in the
soil on top of the cliff and the sources along the same line (Fig. 4); shots were also carried out in the cliff using mountaineering techniques. As the impact of the
hammer on the rock was strong enough to trigger the record, the use of the steel plate was not necessary. Such geometry allows investigation of the velocity within
one fault block according to the so-called Reverse Vertical Seismic Profile technique (Zou and Wu, 2001). RVSP data and Dataset 1 were processed using a 2D
algorithm, assuming that the propagation occurred within vertical planes, whereas Dataset 2 was processed using a 3D transmission tomography algorithm (similar
to crosshole seismic techniques).

4.1.2. Results
Due to a limited ray coverage at the two ends of the 1D velocity profile (Dataset 1), results of the tomography should not be interpreted with confidence at
these locations (the last 8 m on either end of the profile, Fig. 5b). A low-velocity anomaly was resolved to the south west of the major fault zone (geophones 33
to 42, Vp z 1000 m.s!1). Moderate to high-velocity values were found between geophones 33 to 18 (Vp z 1700 m.s!1), suggesting an asymmetry of the velocity field
about the fault zone. Even higher values were measured from the geophone 15 up to the north eastern end of the profile (Vpz 2000 m.s!1). Although a slight
lowvelocity anomaly was detected at the location of a minor fault (geophones 15 to 18), the three fault blocks seen from the outcrop were characterised by
various P wave velocities that were significantly smaller than that commonly known for fresh granite (ca. 5800 m.s!1, see for example Salisbury et al. (2003) and
Place et al.

(2011)).
Basic analyses of true amplitude in shot-gathers exhibited a significant loss of energy when crossing the fault (Fig. 5c), in agreement with the high contrast in
velocity identified at this location. These observations confirm that the fault was the major feature affecting seismic wave propagation at the bottom of the cliff.
Results of 3D tomography (Dataset 2) exhibited a strong asymmetry (Fig. 5a). The P wave velocity distribution in the SW block was homogeneous with a mean
velocity of about 830 m.s!1, which was about 42% less than that of the NE block (1430 m.s!1).

Fig. 5. Results of geophysical surveys carried out at the Canyet outcrop. In the outcropping formations, the P wave velocity field is strongly asymmetric with respect to the major fault, whereas both
P wave velocity and electric resistivity exhibit significantly more symmetrical distribution at depth.

Therefore the fault zone was not a low-velocity zone embedded within a high-velocity protolith, but appeared to be a boundary between two zones of contrasted
velocity, with high-velocity in the NE part and low-velocity in the SW part. It is worth noting that sources located at the NE end of the profile were close to the
ridge (Fig. 4b). This required the rays to bend in order to reach the geophones, which means that their actual length was greater than those considered in the
algorithm. Consequently, the velocities in this part of the profile were significantly underestimated, preventing any robust interpretation. Comparing the fracture
data with the seismic velocity field showed some degree of correlation, with the largest number of fractures occurring in the southwestern block of low velocity
(Figs. 2 and 5).
The velocity field exhibited spatial variations in the two tomographic pictures within the block located between the two faults (geophones 33 to 18, Fig. 5a
and b, with velocity values ranging between 1300 and 2200 m.s!1). We speculate that such seismic features could be related to the indistinct variation in the
distribution of carbonate and quartz veins identified from the outcrop (Fig. 2f), which are high-velocity materials (6050 and 6530 m.s!1 for quartz and calcite,
respectively, after Carmichael (1989)) occurring within the low-velocity host rock.
Inversion of RVSP data produced the best result (most realistic), when starting from initial velocity models with a vertical velocity gradient rather than from
homogeneous models (Fig. 6a). After inversion, very low velocities (200e1500 m.s!1) were found within the top 3 m of the volume investigated (Fig. 6b). Field
observations showed that the top of the granite was very close to the surface. Buried under a maximum of a few tens of centimetres of soil, the rock mass exhibited
heavy weathering in the form of regolith saprolite in the upper level. P wave velocity increased with depth from about 3200 to 3800 m.s!1 at ca. 8 m below ground
level. As the ray coverage decreases with depth, the second-order spatial variations observed at this level should be considered more as geophysical uncertainties
than as geological features. Relatively high velocities of about 2500 m.s!1 were observed 1.5 m behind the cliff wall (Fig. 6b). The velocity gradient was therefore
about 1000 s!1 orthogonally to the wall, whereas significantly lower values ranging between 360 and 435 s!1 were found orthogonally to the top surface of the rock
mass (Fig. 6b). The near-horizontal gradient could be interpreted as a consequence of the damage

Fig. 6. Initial velocity model (a) and results (b) of Reverse Vertical Seismic Profiling carried out within the NE fault block of the Canyet site. The near-vertical P wave velocity gradient is related to weathering,
whereas the higher magnitude near-horizontal gradient behind the cliff is interpreted to be related to the anthropogenic damage.

related to the excavation alongside local stress field changes due to the presence of a free surface (by analogy to Excavation Damaged Zones (EDZ), see Alheid et al.
(1998)). The near-vertical gradient could be related to natural weathering processes as documented by Radzevicius and Pavlis (1999). It is worth noting that the
extent of such gradients (at least 10 m in depth, Fig. 6b) can explain the general increase in the apparent velocity with the distance from the source to the geophone
observed in all seismic data sets recorded at this site.
4.2. Electrical resistivity
Two profiles were acquired about 2.5 m apart, orthogonally to the major fault zone (Fig. 4). After inversion, the resistivity sections showed a prominent lowresistivity anomaly at the site of the major fault zone (offsets between 28 and 30 m, Fig. 5d and e). We related this to the high clay content of the fault zone, which
supposedly trapped water more effectively than did the host rock. The minor fault was also characterised by a drop in the resistivity at offsets of 15e17 m, but this
was much less pronounced than in the previous case. The three fault blocks exhibited a similar order of magnitude of resistivity, with the central block showing
secondorder variations possibly related to the carbonate and quartz veins (Fig. 2). This contrasted with the P wave velocity partitioning described earlier in the
outcropping formations.
4.3. GPR

GPR profiling was carried out at the bottom of the cliff, as well as on a path on the clifftop, in a direction approximately orthogonal to that of the fault zone
(Fig. 4). No particular reflection was detected with either antenna. This suggested that the alteration front, such as that evidenced in RVSP, contained no shallowdipping interfaces, exhibiting sharp enough contrasts in electric permittivity and conductivity to significantly reflect electromagnetic waves at the frequencies
used. No other reflectors, such as shallow dipping exfoliation structures, were detected from GPR data in the rock mass. This was supported by outcrop analysis
that did not reveal any particular sub-horizontal fracture pattern (Fig. 2d and e).
5. Results at the Terra Negra outcrop
5.1. Seismic
5.1.1. Acquisition
The position of the equipment is given in Fig. 7 on both a map and panoramic views, as well as in sketches of the outcrop for each dataset. Seismic data were
acquired at the bottom of the cliff, with a geophone spacing of 2 m and a source spacing of 4 m (Dataset 1; Fig. 7c). This set-up allowed all of the main structural
compartments seen at the outcrop to be sampled. Another survey was carried out with the same geophone locations, but the sources were positioned on the
cliff berm (Dataset 2; Fig. 7d). In this way, direct transmission through the outcropping rock mass could be achieved. A similar experiment focused on the fault
zone at higher resolution, by using 24 geophones with a spacing of only 1 m, and fewer sources above (Dataset 3; Fig. 7e). In the last survey, the equipment was
set-up vertically in the cliff, to focus on the fault zone itself, taking advantage of the soft material of the minor fault to plant the geophones and hit the wall directly
with the hammer (Dataset 4; Fig. 7f). Datasets 2, 3 and 4 allowed 3D transmission tomography algorithms to be applied.
5.1.2. Results
The apparent velocity was observed to generally increase with the distance between the source and the geophone in all data sets, as noted at the Canyet site.
This also reflected the presence of a velocity gradient, with the velocity increasing with penetration into the rock mass, implying a curvature of the ray paths.
From Dataset 2, the hanging wall of the major fault exhibited a low P wave velocity (600e1000 m.s!1), whereas significantly higher values were found within the
footwall (1300e1700 m.s!1; Fig. 8a). Therefore, the fault zone was not a low-velocity zone embedded within a high-velocity protolith, but appeared to be a
boundary between two zones of contrasted velocity although the original granitic facies is the same. Another change in velocity was observed near source 15 (Fig.
8a); however not fault but a set of decametric fractures affected this part of the outcrop, which could potentially account for this change. Dataset 3 also showed
an asymmetric distribution of velocity (Fig. 8b). However, the highest variation was located at the minor fault instead of the major fault. This effect was

Fig. 7. Panoramic (a) and map (b) views of the Terra Negra site showing the position of the geophysical equipment and faults identified from the outcrop. Inserts (c), (d), (e) and (f) conceptually outline
various setups of seismic acquisition; the rock mass investigated with each of the sub-datasets is summarised in (g).

enhanced when restricting the tomographic inversion to short rays (the distance along the profile between the source and receivers did not exceed 7 m), as
represented in Fig. 8b. No obvious fault-related zoning was revealed from Dataset 4 (Fig. 8c).
This series of observations therefore revealed a scaledependence of the compartmentalisation of the velocity field. Small-scale seismic experiments involved
better resolution and short-ray paths, offering a shallow penetration that was more sensitive to the partitioning related to the minor fault (Datasets 3 and 4; Fig.
7g). In contrast, deeper penetration was required to sample the velocity anomaly related to the major fault, as the minor fault strikes almost parallel to the

outcrop (Datasets 2 and 4; Fig. 7g). The asymmetry of the velocity distribution around fault zones was therefore sampled with various degrees of penetration into
the granite, to be related to a general increase of the velocity with penetration.
The highest fracture density was found within the southern block of the major fault zone (Fig. 3e), where low velocities were also found (Fig. 8a and b).
However, the block lying between the major and minor faults exhibited a rather low fracture density, as well as low seismic wave velocity (Fig. 3c and Fig. 8b and
c). Thin section analysis showed that the primary phases were significantly weathered, with chlorite replacing biotite, for instance (Fig. 3). This showed that not
only fracturing but also alteration of the minerals can account for variations of seismic wave velocity.
Considering non-outcropping formations, the along-profile tomography carried out at the bottom of the cliff (Dataset 1) presented two low-velocity anomalies
at the location of both the major and minor faults (Fig. 8d). Thus, at this level, no asymmetry of the velocity profile was found about the fault zones, which
exhibited velocity values 20e40% less than that of the fault blocks. Similarly to the Canyet site, neither end of the profile could be interpreted with confidence.
5.2. Electrical resistivity
Two low-resistivity anomalies were detected after inversion of the Wenner data, at the locations where the two faults are intersected by the profile (Fig. 8e). As
higher water saturation is typically associated with clayey formations in the vadose zone, the fault core material identified at the outcrop could explain the higher
conductivity observed locally.
5.3. GPR
The fault zones were characterised by a rapid and strong attenuation of the electromagnetic waves, whereas signals could be observed elsewhere all along the
profile until at least 60 ns (Fig. 8f). This suggested the presence of wet clay in the faults. Two signals with an apparent southward dip were found on the radar profile
acquired at the bottom of the cliff (Fig. 8f). Reflector 1 emerged at the location of the major fault zone. The actual dip value of this reflector could be approximated
after Yilmaz (1987), as follows:

azsin!1!sin aapp" cos q
where q was the difference between the dip direction of the reflector and the profile. aapp was the apparent dip given by aapp ¼ sin!1!2Vtd" where V represented the
velocity of the electromagnetic waves, t the two-way propagation time and d the shortest distance from GPR to the reflector. Using a velocity of 1.108 m.s!1 typical
for altered granite (Tillard, 1994), a corrected dip value of 41# was

Fig. 8. Results of geophysical surveys carried out at the Terra Negra outcrop. Similarly to the Canyet site (Fig. 5), geophysical properties at depth exhibit symmetric distributions with respect to the fault
zones. At higher levels, fault blocks present contrasted properties.

Fig. 9. Summary of the observations of the two case studies, illustrating the simplified spatial distribution of the weathering on each outcrop and the fracture density. Weathering is mostly found at
the level of the outcrop, behind the exposed surface. Our data show that very little sign of weathering is found at greater depth, where the fault zones create the only anomalies detected (seismic
attenuation, lower P-wave velocity, lower electric resistivity, electromagnetic-waves reflectivity).

found. This did not correspond to the main dip value of the fault zone, but was likely to denote a reflection off a minor structure identified at the outcrop with an
orientation of N100!E 50!S, which separated the protolith in the hanging wall from the damage zone in its footwall (southern contour in Fig. 3). Reflector 2 could
be interpreted as a minor structure as well. However, such a feature has not been observed at the outcrop. Apart from features 1 and 2, no shallow dipping
reflection was detected.
6. Discussion
6.1. General signature of weathering on P-wave seismic velocity
A major observation is the very low P-wave velocity measured at the two sites, Canyet and Terra Negra, as well as at two other sites in the area (La Ermita San
Grau and La Cala Salionç, see Place (2010)).

The velocity values measured from tomographic inversions, ranging from 200 to 5000 m.s"1, reflect various degrees of alteration of the granite, including saprolite
and soil. These values are in agreement with velocities as low as 1100 m.s"1 found in severely altered crystalline rocks (Vijaya Raghava et al., 1977; Rao Naik et al.,
1980; Radzevicius and Pavlis, 1999; Zou and Wu, 2001; Fonseca et al., 2006) and velocities of a few hundred metres per second have been measured in saprolite
(Radzevicius and Pavlis, 1999; Fonseca et al., 2006). P-wave velocity variation, covering this whole range, has been clearly measured at Canyet by RVSP, exhibiting
the natural alteration front from a shallow soil level to almost fresh granite at around 8e10 m depth (Fig. 6b). The 10 m vertical extent of this alteration front is
consistent with the decametric to pluri-decametric scale of similar formations reported by Dewandel et al. (2006), Lee and de Freitas (1990), Radzevicius and Pavlis
(1999) and Rao Naik et al. (1980).
The fact that the rocks are brought to a free surface allows the stresses to be significantly decreased, and the cracks to open, in addition to damage induced by
excavation techniques. The extent of such Excavation Disturbed Zones (EDZ) may vary between less than 1 m (Alheid et al., 1999; Zou and Wu, 2001), to several
metres within the formation (Maxwell and Young,1995; Alheid et al.,1999; Zou and Wu, 2001; Giese et al., 2005) and depends on various factors such as the
excavation method, the intrinsic rock properties, the stress state, the time elapsed since the excavation, the free surface geometry, etc. (Alheid et al., 1999). Our
results in Canyet show an extent of about 4 m for an increase of 4500 m.s!1, corresponding to an overall gradient of about 1125 s!1, in agreement with previous
studies.
6.2. Refinement of the weathered halo model
Common features are observed at the two sites investigated (Fig. 9):
" In the upper parts of the volumes investigated (where forma-tions outcrop), the velocity is relatively homogenous within each block bounded by fault, as seen
from the profiles parallel to the cliffs. Major fault zones appear to limit zones exhibiting contrasting P-wave velocities, resulting in strongly asymmetric velocity
distributions with respect to the faults. Minor faults play an important role in delimiting the velocity field as well, with low or high-velocity anomalies concentrated
between these faults and the major fault, as clearly illustrated in Terra Negra and Canyet, respectively (Fig. 9).
" In the underground formations, low-velocity anomalies, as wellas low-resistivity anomalies, are observed at the fault core location. Unlike in the outcropping
formations, the geophysical properties exhibit a significantly more symmetrical pattern around major and minor fault zones, denoting similar properties within
their blocks (Fig. 9).
This series of observations allows the model for alteration halo and damage around fault zones developed in granitoids to be refined. Dewandel et al. (2006) and
Wyns et al. (2004) produced a conceptual model where the alteration deepens in the vicinity of major structures, with alteration fronts developing irrespective to
smaller scale structures such as secondary faults and fractures. Based on this model, Fig. 10 illustrates the control of the geometry of alteration fronts by secondary
structures, as evidenced in our study (Fig. 9). In this figure, no significant sub-horizontal structures are represented. Even though such fissured horizons have been
described in earlier studies (e.g. Wyns et al., 2004; Guiheneuf et al.,! 2014), the visual inspection analysis of the outcrops studied here (Figs. 2 and 3) and the
geophysical data (especially GPR profiles) show no evidence of their occurrence. The development of a fissured zone is therefore not systematic, which is why it has
not been represented in our model (Fig. 10).

Fig. 10. Conceptual model of weathered basement rocks in the vicinity of faults (modified after Wyns et al. (2004)). Faults delimit blocks affected by varied fracture patterns inherited from deformation
processes at greater depth; hydraulic conditions may also be specific to each block due to the low permeability materials in the fault zones. Variations in volume due to the alteration of primary
phases, as well as repeated swelling of clay minerals (e.g. in response to changes in hydrological condition), may result in the alteration of the matrix and the formation of new fractures specifically
to each block, in addition to the reactivation of faults.

6.3. Processes related to the structural control of weathering
In this section, we discuss several causes that may result in the observed strong spatial discrepancy of weathering.
First, it is known that damage and alteration occurring at great depths are not necessarily symmetric with respect to fault cores. This has been observed in deep
active systems (Kelly et al., 2013), and outcrop analyses show that the asymmetry persists through exhumation (Berg and Skar, 2005; Mitchell et al., 2011). Aside
from differences of rock types on both sides of the fault, several factors may intervene and account for such asymmetry: for example, the interplay between fault
propagation and development of the damage zone (Kim et al., 2004; Fossen, 2010), irregularities on the fault trace (Gabrielsen et al., 1998; Aarland and Skjerven,
1998) and differences in the stress conditions from one block to another (Mandl, 2000; Knott et al.,1996). In our field examples, geophysical data acquired at the
bottom of the cliffs (and therefore sampling relatively deep formations) show a rather symmetrical distribution of the geophysical properties with respect to the
fault cores (below 10 and 20 m for Canyet and Terra Negra, respectively). This could be interpreted in a first approach as a symmetrical damage and alteration.

However, the asymmetric distribution of quartz and carbonate veins at Canyet reflects asymmetric damage around the fault core, acquired when the system was
active and developing at a greater depth. In either outcrop, the fracture patterns do not show predominant sets of fractures that are sub-parallel to the excavation
or erosion surfaces (Fig. 2d and e; Fig. 3g and h); therefore unloading due to excavation is more likely to reactivate preexisting structures than to help new cracks
develop. However, the seismic velocity field at the two sites does not correlate with the fracture density. We therefore interpret the seismic velocities to reflect not
only the presence of fractures, but also the degree of matrix weathering, as evidenced by the thin sections (clay formation and development of porosity; Figs. 2 and
3).
Second, in a near-surface environment, the minor faults and fractures can govern the drainage of meteoric water within fault blocks. The structural network
within each block allows various amounts of fluids to be stored and to circulate (e.g. Roques et al., 2014). In addition, in our cases studies, millimetric to centimetric
thick clay zones were found within the cores of these subsidiary faults, which can act as barriers to groundwater flow. Interplay between topography and fault
zone orientation may form retention zones or zones where fluid can be drained more easily. All these factors could contribute to the chemical alteration to be
compartmentalised by the structural network.
Moreover, physical damage is closely related to chemical alteration (e.g. Røyne et al., 2008): primary minerals subject to alteration may change into minerals
of larger volume, resulting in failure within minerals or at grain boundaries and a potential increase in permeability (e.g. Fletcher et al., 2006). In granitoids, biotite
is the mineral most likely to expand when altered (Farmer and Wilson, 1970; Isherwood and Street, 1976; Buss et al., 2008; Rodbell et al., 2012). Samples taken
from an Australian weathering profile have shown that, locally, the volume increase related to the alteration of biotite can reach 40% (Banfield and Eggleton,
1988). The analysis of our samples shows that primary phases are altered, for example biotite is replaced by chlorite (see section: Geological Setting); this is likely
to have occurred at high temperature and pressure. Smectite and kaolinite were also found (see Appendix), which can both result from the weathering of
granitoids, namely from feldspars (Folk, 1947; Banfield and Eggleton, 1988; Kawano and Tomita, 1994; Taboada and Garcia, 1999; Dethier and Bove, 2011).
Smectite is known to be a swelling mineral: its lattice parameters change upon wetting, resulting in volume changes. Even though kaolinite is not a swelling clay,
laboratory experiments have shown that aggregates of this clay may expand due to geometrical redistribution of the minerals when water is absorbed onto the
surface (Rutter, 1983). As expansion and shrinking cycles of clay assemblages are likely to occur due to seasonal infill and drainage of faults blocks, physical
damage may also occur, not only as a consequence of the irreversible alteration of primary minerals, but also over a much shorter term of cycles (seasonal) (see
dotted lines and arrows in Fig. 10). The density, extent and orientation of the structures formed during weathering, as well as the matrix properties, are therefore
expected to be specific to each block, in response to the boundary condition (faults delimiting the block and in some cases a free surface) and to the inherited
fracture pattern. This specific character may even be enhanced by the presence of faults bordering each block, as a slight amount of slip related to differential
volume changes can be accommodated. Consequently, the drainage capacities through these fracture networks will differ from one block to another, which will
in turn be reflected onto the matrix properties. In addition to rather short-term seasonal cycles, the exhumation rate may also influence the development of the
weathering profile. The model proposed by Wyns et al. (2004) (including smooth boundaries and a sub-horizontally fractured horizon) is derived from case studies
located in Brittany, France, where the exhumation rate is much lower than that of the crystalline basement of the Catalan Costal Ranges. Not only the stress field,
as suggested by Owen et al. (2007), but also the time scale of the exhumation may dictate the development of weathering. We therefore believe that the fracture
distribution, drainage, matrix properties, stress field and time scale of exhumation are key parameters that interplay during weathering.
6.4. Consequences for aquifers, reservoirs and mining applications
As the distribution of the geophysical properties is compartmentalised, accurate estimations of the amount of fluids and their ability to circulate in the
weathering halo would require investigation of all fault blocks. In some cases, one can even expect the highest grades of weathering to occur in blocks that are
not necessarily next to the main fault zones. Even though the relationships between petrophysical (e.g. porosity and permeability) and geophysical properties
have not been discussed in this paper, smooth porosity and permeability gradients as a function of depth and distance from the fault seem inappropriate, as our
geophysical data show that the severity of weathering does not evolve smoothly with distance from the fault or the erosional surface. Therefore, the smoothly
narrowing model does not systematically apply to any case study and has to be significantly revised. The structural control of weathering has relevance for shallow
applications for water recovery in HRA (as studied for instance by Courtois et al. (2010), Foster (2012) and Leray et al. (2013)). The refined model described in our
paper also has incidence on the exploitation of hydrocarbon, geothermal and mining resources as, in some places, paleo-weathered top basement rocks are found
at great depth below a sedimentary cover. In such case, the detection and mapping of alteration halos using geophysical methods may be difficult because of the
potential asymmetry of the halos, the various sizes of blocks whose geophysical properties exhibit wide ranges of magnitude, and the jagged nature of the
contours of the haloes, which may diffract elastic or electromagnetic waves. In any case, the weathered top basement rock cannot be considered as a simple
layer due to the strong lateral heterogeneities and the non-systematic occurrence of sub-horizontal structures revealed in this study.
7. Conclusion
Multi-method geophysical characterisation of weathered fault zones in granites have showed that the geophysical properties of the fault materials exhibit
complex spatial distributions in which faults and fractures play the role of boundaries to the severity of the weathering. This compartmentalisation is not only
governed by major faults, but also by minor structures such as subsidiary faults. The basic symmetrical and smoothly narrowing alteration halo model should be
revised, and take into account a potentially asymmetric pattern with sharp contrasts of geophysical properties located on secondary structures. In general, the
weathered domain of a crystalline basement cannot be considered as a simple layer due to the strong and complex lateral heterogeneities and the nonsystematic
occurrence of structures that are sub-parallel to the erosion surfaces.
It is thought that the compartmentalisation of the weathering profile results from an interplay between the structural networks inherited from deeper and former
processes and weatheringrelated factors such as groundwater drainage, chemical alteration and deformation, which may be specific to each fault block. Thus, each
fault block may undergo complex weathering processes with a high degree of independence relative to neighbouring blocks.
Further geological characterisation of the outcrops, including fracture pattern quantification, porosity and permeability measurements, microstructural and Xray diffraction analysis within each fault block, are required to better understand the complex relationships between fluids, matrices and fractures, as well as chemical
alteration and physical damage involved in weathering processes. Such an approach would allow the influence of host rock mineralogy, structural inheritance and
hydrothermal alteration as well as erosion (involving climate and geodynamic settings), on the location and severity of weathering to be investigated.
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Appendix
Fault zone materials were sampled at both sites for mineralogical analysis (Figs. 2 and 3). Samples A and D were collected within the core of Canyet and Terra
Negra faults, respectively. At Terra Negra, the damage zone (sample B) and the material either side of the contact of the core and damage zone (sample C) were
sampled.
Fine fractions (<2 micron) were separated and oriented for analysis through X-ray diffraction, after standard treatment including air drying, solvation with
hydrazine or ethylene glycol, and heating (490 !C for 4 h) (Moore and Reynolds, 1997).
Although the peak at 3.33 Å may be related to residual quartz, illite is abundant in all samples with clear peaks at 5 and 10 Å (Fig. A1). Smectite was distinguishable
from illite by its peak at 15 Å after drying, and translated up to 17 Å after saturation with ethylene glycol vapour. Kaolinite was revealed in samples B and D
by peaks at 7.15 and 3.57 Å after air drying, the former being unaffected by
ethylene glycolation, but not surviving heat treatment (Fig. A1). The presence
of kaolinite in samples A and C can only be suspected due to slight bulges in
the curves.

Fig. A1. Clay mineral XRD patterns of <2 micron fractions following air drying, ethylene glycol, hydrazine and heat (490 !C for 4 h) treatments. Illite and smectite are present in all samples, whereas
kaolinite is clearly identified in samples B and D only.
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