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Geological, geophysical and geochemical structure 

of a fault zone developed in granitic rocks: Implications 

for fault zone modeling in 3-D 

Abstract The structure of a fault zone developed in 
granitic rocks can be established on the basis of the spatial 
variability of geological. geophysical and geochemical 
parameters. In the North Fault of the Mina Ratones area 
(SW Iberian Massif. Spain). fault rocks along two studied 
traverses (SR-2 and SR-3 boreholes) exhibit systematic 
changes in mineralogy, geochemistry, fabrics and mi
crostructures that are related to brittle deformation and 
alteration of granite to form cataclasite and subsequent 
gouge. The spatial distribution and intensity of these 
changes suggest a North Fault morphology that is 
consistent with the fault-core/damage-zone model pro
posed by Chester et a1. (1993) to describe a fault zone 
architecture. North Fault damage zone thickness can be 
defined by the development of mechanically related 
mesoscopic faults and joints, that produce a Fracture 
Index (FI»10. High FI values are spatially correlated 
with relative low seismic velocity zones (Vp<5 km/s and 
Vs<2.5 km/s in the well-logs). more probably related to a 
high concentration of fractures and geochemical alteration 
produced by meteoric water-granite interaction along 
fault surfaces. This correlation is the base of a geostatis
tical model proposed in the final part of this study to 
image the fault zone architecture of a granitic massif. 
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Introduction 

Brittle fault zones are lithologically heterogeneous and 
structurally anisotropic discontinuities in the upper crust. 
Evaluating the mesoscopic structure of fault zones at 
scales between one meter and hundreds of meters is 
important for a variety of applications, including hydro
geology, hydrocarbon migration, toxic and non-toxic 
waste isolation, ore deposits, earthquake nucleation and 
propagation, and the rheologicallmechanical behavior of 
faults (Barton et a1. 1988; Forster and Evans 1991; Bruhn 
et a1. 1994; Caine et a1. 1996; Fisher and Knipe 1998; Li 
et a1. 1998; Schulz and Evans 1998, 2000; Ohtani 2000). 

Following a conceptual model of fault zone architec
ture, faults can be divided into two distinct components: 
the fault core, where most of the displacement is 
accommodated, and the damaged zone, that is mechan
ically related to the growth of the fault zone (Chester and 
Logan 1987; Smith et a1. 1990; Forster and Evans 1991; 
Caine et a1. 1993, 1996; Scholz and Anders 1994). Fault 
core materials are commonly composed of one or more 
structural elements such as anastomosing slip surfaces, 
clay-rich gouge, cataclasite and fault breccias. Damage 
zone structures are mechanically related fracture sets, 
small faults, veins and joints. The fault core and the 
damage zones are surrounded by relatively undeformed 
protolith. The relative shapes and sizes of each of these 
structural components will vary from fault to fault and 
within a fault system and there may be more than one 
fault core or principal slip surface within a fault zone 
(Chester and Logan 1987; Chester et a1. 1993; Evans and 
Chester 1995; Schulz and Evans 1998, 2000). From a 
lithologic, structural and hydrogeological point of view, 
fault core, damage zone and undeformed protolith are 
distinct units that reflect the material properties and 
deformation conditions within a fault zone (Caine et al. 
1996; Schulz and Evans 1998, 2000). This architecture 
controls the physical properties of fault zones that include 
porosity, permeability, flnid flow, their mechanical be
havior and geophysicallgeochemical signatures (Bruhn et 
a1. 1994; Evans and Chester 1995; Wintsch et a1. 1995; 



Evans et al. 1997; Unsworth et al. 1997; Schulz and Evans 
1998, 2000), 

Fault zones are only partly accessible to direct obser
vations and, for this reason, a wide variety of geophysical 
methods have been employed to image fault zones and 
related brittle strain. For example, seismic reflection, 
magnetotelluric and tomographic studies suggest that 
large-displacement strike-slip faults consist of a relative 
low-velocity zone as thick as 100-200 m to 2-3 km, With 
the exception of high resolution seismic tomography 
(Eberhart-Phillips and Michael 1993; Scott et al. 1994; 
Holliger and Robertsson 1998; Morey and Schuster 1999; 
Cheng et al. 2001; Cosma et al. 2001; Marti et al. 2002a, 
2002b), available information of the shallow subsurface is 
commonly limited to one-dimensional (I-D) data arrays 
(core descriptions and geophysical well logs) and contin
uous two-dimensional (2-D) vertical seismic profiles, 
which generally have vertical and horizontal resolutions 
no better than upward of 5 and 25 m, respectively, 
Consequently, adequate characterization of the morphol
ogy and dimensions of each structural component of the 
fault zones in local scale studies is frequently hindered, 
To solve tltis problem, the investigation of some geolog
ical or geophysical properties has been proposed to define 
indirectly the extension and spatial variability of the fault 
zones, such as the macroscopic brittle deformation, 
geochemical alteration produced by fluid-rock interac
tions, mineralogical changes in fault-rocks or microscopic 
deformation and textures (Chester et al. 1993; Bruhn et 
al. 1994; Evans and Chester 1995; Evans et al. 1997; 
Unsworth et al. 1997; Schulz and Evans 1998, 2000; 
Manatschal et al. 2000; Tanaka 2001), But the extension 
of a given fault zone depends upon the type of attribute 
used to describe it, as well as the scale of observation (Ito 
et al. 1998; Schulz and Evans 2000), At scales between 
one meter and hundreds of meters, for example, there 
exist difficulties in reconciling the thickness of a fault
related deformation and alteration with their geophysical 
signature, since geophysical methods normally image 
fault zones one or two orders of magnitude higher (Feng 
and McEvilly 1983; Mogi et al. 1991; Eberhart-Phillips 
and Michael 1993; Wintsch et al. 1995; Unsworth et al. 
1997; Schulz and Evans 2000), 

In tltis paper, the distribution of fault-rocks, brittle 
structures, deformation mechanisms, whole-rock geo
chemistry and changes in the P- and S-wave seismic 
velocities are examined across the North Fault, a deca
metric thick fault zone developed in the Albali Granitic 
PIuton. These data and previous investigations are com
bined to evaluate how a fault zone may be defined on the 
basis of a combination of these characteristics and im
aged by direct and indirect methods, North Fault-related 
deformation is observed at several scales, from meso
scopic (outcrop) to microscopic (petrographic and scan
ning electron microscope). Fracture density, structural 
data, and evolution of fault-rock type along the damage 
zone are recorded from two boreholes (traverses) perpen
dicular to the North Fault zone, Geochemical, microstruc
tural and mineralogical variations within the fault zone 

are also described and briefly interpreted, Structural and 
geophysical results and implications are discussed in 
terms of fault zone width and morphology, The results of 
tltis study are finally used to build a geostatistical model 
of the 3-D fault zone architecture that permits the 
quantitative structural classification of the IVlina Ratones 
granitic rock massif This work forms part of a multidis
ciplinary project carried out for the environmental resto
ration of old uranium mines supported by ENRESA 
(Spanish nuclear waste management company), 

Geological setting 

The Albali Granitic Pluton 

The Albali Granitic Pluton is located in the southwest 
sector of Iberian Massif (Central-Iberian Zone), which 
represents the westernmost segment of the European 
Variscan Belt (perez Estaun et aL 1991), The pluton is a 
concentric zoned body, elongated in a N-S direction, with 
porphyritic biotite granites in the rim and fine-grained 
two-mica leucogranites in the core (Fig, I), Major, trace 
and rare-elements suggest that magmatic rocks form a 
continuous sequence ranging from granodiorites through 
monzogranites, granites to leucogranites (Gumiel and 
Campos 1998; Perez Soba et aL 2001), Rb-Sr whole rock 
ages indicate intrusion ages of 302±4 Ma (Perez Estaun et 
aL 2002), The Albali Granitic Pluton was emplaced in the 
epizonal rocks of the Schist-Grauwacke Complex (Upper 
Proterozoic to Lower Cambrian) and Lower Ordovician 
fossiliferous formations (Gil and Perez Rojas 1982), In 
these materials, a Variscan SI schistosity is recognized, 
that presents in this sector a N-S to NNE-SSW trend with 
subvertical dip, SI schistosity appears folded by a system 
of subvertical ductile shear zones with NW -SE trend and 
sinistral displacement, related to a second E-W directed 
shortening phase, The ensemble is also deformed by a set 
of ductile-brittle and brittle wrench structures, related to a 
tltird late-Variscan N-S to NNE-SSW directed subhori
zontal shortening (Castro 1986; Diez Balda et aL 1990), 
The regional distribution of magmatic fabrics in the 
Albali Granitic Pluton indicate that their emplacement 
was coeval with this tltird late-V ariscan phase (Escuder 
Vimete et aL 1999), 

Sn, W, As, P and U emichment and mineralization 
events present in late-magmatic dykes are genetically 
related with the most differentiated leucogranitic hosted 
rocks (Regnil6n 1988; Perez del Villar et aL 1999), The 
origin of the uranium mineralization comes from the 
remobilization of this element, present in the host 
leucogranite in the form of accessory uraninite. The 
mineralizing flnids filled NNE-SSW dykes and fractures 
organized in a pattern, which is consistent with the strike
slip tectonics of the tltird late-Variscan phase (Castro 
1986; Sanderson et aL 1991; Escuder Vimete 1999; Perez 
Estaun et aL 2002), Mina Ratones is located in the 
central-southern sector of the Albali Granitic Pluton 
(Fig, I), Two main NNE-SSW orientated subvertical 



Fig. 1 Geological map of A1-
baH Granitic Pluton 'With loca
tion of the Mina Ratones area 
(Escuder Viruete and Perez Es
tadn 1998; Perez Estadn et a1. 
2002) 
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filons (27 and 27' Dykes), with quartz, pitchblende, 
coffinite and black Fe-:Mn oxides, were mined between 
1955 and 1974. The amount of extracted minerals were 
approximately 125,000 t with a grade of 0.227% uranium 
oxides (Arribas 1962; Martinez and Ramirez 1966). 

The post-Variscan structural evolution of the Albala 
Granitic Pluton has been established on the basis of fault 
kinematics and palaeostress analysis in superficial out
crops (Escuder Viruete and Perez Estalin 1998; Perez 
Estaun et al. 2002). This evolution includes three episodes 
of brittle defonnations related to different stress-field 
configurations, which cut and reactivate ductile and 
ductile-brittle late-Variscan structures. The first post
Variscan episode is extensional and produces the intru
sion of Jurassic subvertical diabasic dykes, aligned 
following a NNE-SSW trend. The constant trend of these 
dykes at regional scale indicates that 03 was subhorizontal 
and WNW-ESE to NW-SE directed. The second post
Variscan (Cenozoic) episode is characterized by the 
development of a system of conjugated strike-slip faults 
and associated mid to low-angle thrusts. In the Mina 
Ratones area, strike-slip faults can be geometrically 
grouped in two sets of different development: the sinistral 
NNE-SSW to ENE-WSW and the conjugate dextral N-S 
to NW-SE (Fig. 2). Cenozoic thrust faults show a E-W to 
ENE-WSW trend and a N-directed sense of movement. 
The kinematics of all strike-slip and thrust faults suggest 
that 0l was subhorizontal and NNE-directed during this 
phase, characterized by a wrench stress configuration 
with 0<R<0.5 and nonnally R=0.38-0.44 (R=a2-03/01-
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03; Perez Estaun et al. 2002). In some fault core rocks of 
the strike-slip faults there is secondary U-mineralization 
generated by remobilization of uranium in the fluid-phase 
through fault network, during the reactivation of NNE
SSW to NE-SW late-Variscan dykes as Cenozoic strike
slip faults. The third post-Variscan episode produced the 
partial reactivation of the previous structures and dykes as 
nonnal and nonnal-slip faults. The kinematic of fault 
system deduced from striated slickensides in the fault 
plane are compatible with a extensional stress field 
(R>0.82), with a subhorizontal and NNW - to N-directed 
03, opposite to the previous Cenozoic shortening, and 
even with a late radial extension (Fig. 2; Escuder Viruete 
and Perez Estaun 1998; Perez Estaun et al. 2002). Late 
nonnal fault cores are characterized by microbreccias, 
foliated catac1astic rocks and slightly colored gouges. 

Fault zone distribution in the :Mina Ratones area 

Fault zone distribution in the :Mina Ratones area has been 
established on the basis of field geology, structural 
analysis, seismic experiments, four drilled inclined cores 
(SR-l to 4) and sonic well-log data (Carbonell et al. 1999; 
Escuder Viruete and Perez Estaun 1998; Escuder Viruete 
1999; Jurado 1999; Marti et al. 2002a, 2002b; Perez 
Estaun et al. 2002). The main structures identified are the 
North Fault, the South Fault and the 27 and 27' Dykes 
(Fig. 2). Other relevant brittle structures of minor size are 
the 474, 476 and 285 Faults. 
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Fig. 2 Cross section of the North Fault at Mina Ratones. a, b, c, d 
and e lower hemispheric stereographic projections of mesoscopic 
faults and Qtz-Ap dikes observed in surface outcrops near the North 
Fault; f and g rose diagrams of Cenozoic faults in the whole Mina 
Ratones area; h lower hemispheric stereographic projections of 

Drill cores (SR-2 and SR-3 wells), cartographic and 
geophysical data suggest the North Fault has a NonoE to 
N0800E trend and a S dip of 55_65°, that decreases with 
depth to 20-40°. The related fault zone exposed at the 
surface has width of 12-16 m and is characterized by high 
fracture intensity and an extensively altered granite. The 
thickness of fault-rocks is 10--12 m in the SR-2 well and 
6-8 m in the SR-3 well, and suggests that the North Fault 
zone reduces in thickness with depth. The slickensides 
with a N-S trend on small sub-parallel faults developed in 
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North Fault-related faults observed in the SR-2 well core; and i 
results of paleostress analysis carried out on Cenozoic faults in the 
Mina Ratones area (Escuder Viruete 1999; Perez Estaun et al. 
2002). In a to d vectors of movement in each fault planes are 
defined by linear elements (poles) in the corresponding great circle 

the damage zone define a hanging-wall inverse movement 
and suggest that the North Fault was firstly a N-directed 
Cenozoic thrust. However, the structure was reactivated 
as a nonnal fault during the late extensional phase, where 
the hanging-wall block moved to the South (Escuder 
Viruete and Perez Estaun 1998). 



Macro and mesoscopic structure of North Fault zone 

Fault zone structural analysis 

A structural analysis of North Fault zone was realized in 
surface outcrops and in two traverses across the structure 
recovered as borehole cores (Fig. 2). Well axes are 
approximately inclined 20° to the NNW trend in the SR-2 
and 10° to the N trend in the SR-3. For the surface 
structural analysis, high quality exposures where rocks are 
cut by one or several joint and fault sets were selected in 
the :Mina Ratones area. In all outcrops, structural discon
tinuities were measured along two scanlines 10-35 ID in 
length that cross one another at nearly perpendicular 
angles. Along scanlines, the point of intersection of the 
fractures with the scanline is recorded and, in the case of 
faults, throw, dip-direction, dip-angle and vector of 
movement were also recorded for further geometric and 
kinematic analysis. Lower hemispheric stereo graphic 
projections of the measured fracture orientations in 
surface are shown in Fig. 2a--e. As observed in the 
figure, the two main NNE-SSW to ENE-WSW and the 
conjugate N-S to NW-SE sets of cartographic fault zones 
are also characteristic in the population of the small scale 
faults. In the boreholes drilled at Mina Ratones, the 
acoustic records obtained from ultrasounds (borehole 
televiewer, BHTV) provided an oriented image of the 
well wall (Jurado 1999), where dip-direction and dip
angle of joint and fault were determined from the 
sinusoidal trace of the plane (Fig. 2h, i). The vector and 
sense of movement of small scale faults was determined 
from a variety of kinematic indicators in the extracted 
oriented core. 

Traverse I and 2 of the North Fault zone are obtained 
from SR-2 and SR-3 well cores, respectively. The 
hanging wall section of the North Fault in the SR-2 is 
characterized by the presence of a foliated gouge in the 
core bordered by a fractured and faulted damage zone up 
to 8-9 m thick. The individual faults within the damage 
zone of the North Fault are narrow, I to 10 cm thick, and 
composed of variably foliated cataclasite and fine-grained 
gouge. Contacts between cataclasite and undeformed 
granite are sharp along the narrow faults. Wider faults 
«70 cm) contain reddish fine-grained gouge and whitish 
cataclasite, that display a crude to well-defined foliation 
defined by elongate lozenges and irregular zones of 
relatively less-deformed protolith. As is observed in drill 
cores and BHTV record, most of the minor faults are 
dipping a low-angle «30°). North Fault core have a 
general low-angle dip. Whole rock samples described 
later in this paper were collected along traverses I and 2 
of the North Fault zone, and include fault core gouge, 
damage zone sections and undeformed granitic protolith. 

Small fault density data 

An observed fact in many fault zones is that fracture 
density in the fault damage zone increases toward the 

central fault core (Goddard and Evans 1995; Little 1996; 
Schulz and Evans 1998, 2000). This fracture density can 
be quantitatively defined by a Fracture Index (FI, in m-I 

units), or number of structural discontinuities present by 
unit length of scanline in the outcrop (La Pointe and 
Hudson 1985; Narr and Suppe 1991; Engelder et al. 
1997). Based on the probable presence of a fracture 
gradient perpendicular to a fault core, FI measures in 
discrete domains can be used to characterize fault zone 
architecture and its spatial variability using geostatistical 
methods (Escuder Viruete et al. 2001). In the Mina 
Ratones area, FI values were estimated in several surface 
outcrops (limited in number and distribution) and in two 
drilled subvertical cores (SR-2 and 3; Fig. 2), where FI is 
in the last case the number of structural discontinuities 
present by unit length along the well-axis. BHTV images 
permit to discriminate the tectonic fractures from the 
fractures induced by core perforation and extraction. 
However, traditional fracture spacing measures have 
inherent geometric biases, which can lead to inaccurate 
representations of the true fracture pattern. These linear 
sampling biases were eliminated here utilizing a trigono
metrical correction following Terzaghi's (1965) approach 
and the techniques included in La Pointe and Hudson 
(1985). From fracture spacing data unbiased fundamental 
rosettes and stereograms of fracture frequency were 
compiled, which more closely approximate the true 
geometry of the fault zone system and allow one to 
compute the overall fracture intensity in each outcrop or 
core section. 

Figure 3 shows the FI log along the SR-3 borehole. 
The distribution of the FI values in the SR-3 allows to 
identify three fault zones, located in the depth intervals: 
(ZI) 418-413 m, (Z2) 395-389 m, and (Z3) 323-305 m, 
respectively. ZI and Z2 zones correspond to high-angle 
strike-slip faults and Z3 zone includes the North Fault, 
whose central core is located at the depth of 315 m. Loss 
in the material recovered from this central zone explains a 
local underestimate of the FI. In the SR-2, only a zone of 
greater FI related to the North Fault zone is observed. 
In general, there is a FI increase from the relatively 
undeformed granitic protolith to the central fault core, and 
low FI intervals correspond to less fractured granite. As is 
shown in Fig. 3, the damage zone is present in both sides 
of the fault core in the two traverses across the North 
Fault and characterized by high Fracture Index values 
(FI>IO m-I). FI data suggest a damaged zone thickness of 
approximately 8-15 m, although damage zone thickness 
is not the same on both sides of the fault core, neither the 
spatial extent nor amount of brittle deformation. Howev
er, in both traverses fracture density increases toward the 
fault core and the greatest FI measured are adjacent to 
the fault core. This fracture density gradient has been 
observed in many fault zones (Goddard and Evans 1995; 
Little 1996; Engelder et al. 1997; Schulz and Evans 1998, 
2000; Escuder Viruete et al. 2001). 



Fig. 3 Geological, geophysical 
and geochemical structure of 
the North Fault at Mina Ratones 
in the SR-3 borehole. Relation
shi�s between Fracture Index 
(m , fracture intensity), P-wave 
velocity log (kmls), S-wave ve
locity log (km/s), geochemical 
alteration ( R red; G green; W 
white), clay neoformation (de
tennined by DRX analysis) and 
nature of the fracture filling. Fe 
Fe-Mn oxides and oxyhidrox
ides; Chi chlorite; Fto feldspar 
corrosion and dissolution; Qtz 
quartz crystallization; Ep epi
dote; Clay clay mineral neofor
mation; Ca carbonate crystalli
zation; Py secondary pyrite 
crystallization 

P- and S-wave seismic velocity data 

Fault zones can be imaged in a granitic massif by its 
physical properties. For this reason, measurements of 
P- and S-wave velocities were perfonned in the Mina 
Ratones area with conventional and full wavefonn sonic 
probes (Jurado 1999; Marti et al. 2002a, 2002b). Figure 5 
shows the P- and S-wave velocity logs (Vp and Vs) in the 
SR-2 and SR-3 wells. The average velocity for both 
boreholes is approximately 5.3 km/s and 2.8 km/s for the 
Vp and Vs, respectively. Some incorrect records obtained 
in the North Fault core have been omitted. The velocity 
logs reveal two facts: (1) the velocity has a general 
tendency to increase slightly with increasing depth; and 
(2) relatively low velocity zones are identified as corre
sponding to volumes of granite which are more fractured 
(FI>10 m·l), or altered (see bellow), less compact when 
compared with the relatively higher velocities of the 
surrounding rock volume. In general, fault zones are 
characterized by Vp<5 km/s (between 4.2 and 4.8 km/s) 
and V s<2.5 km/s, and the undefonned granite by 
Vp>5 km/s and Vs>3.0 km/s. This velocity variation is 
due to porosity, fracture density and mineralogical/chem
ically altered areas, which will affect granite composition 
and fluid content. Low V p and Vs zones are correlated 
with altered granite and cataclasite (see below), which 
have a relatively high PI. In this sense, Marti et al. (2002a, 
2002b) propose an empirical linear correlation between 
V p or Vs and PI values. Therefore, V p or Vs variations 
recorded in the logs pennit one to establish indirectly the 
existence and the thickness of a fault zone developed in 
granitic rocks. TIris correlation is the base of the geosta-
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tistical model of fault zone architecture in the :Mina 
Ratones area built in a later section. 

Microscopic structure of North Fault zone 
Fault-rocks 

In the drilled cores extracted at :Mina Ratones, four 
lithologies can be distinguished associated with the North 
Fault: granite (host rock), hydrothennally altered granite, 
cataclasite and gouge. 

Granite. The footwall and the hanging wall of the 
North Fault mainly consist of a late-V ariscan undeformed 
peraluminous granite (Fig. 2). Petrographically, the gran
ite is a medium-grained biotite+muscovite leucogranite 
(perdices facies) and is com1X'sed of 25-30% quartz, 20-
30% K-feldspar, 10-15% plagioc1ase, 6-8% biotite and 
1-10% muscovite. Primary accessory minerals are apa
tite, ilmenite, monazite, zircon, uraninite and allanite. The 
texture is medium grained phaneritic with microcline 
phenocrysts reaching 5-8 mm. A weak magmatic flow 
foliation defined by the preferred orientation of micro
cline phenocrysts and biotite is often developed. A more 
extensive description of the Albala Granitic Pluton 
lithologies is given in Gumiel and Campos (1998), 
Escuder Viruete and Perez Estaun ( 1998) and Perez Soba 
et al. (2001) and Perez Estaun et al. (2002). 

Hydrothennally altered granite. Examination of thin 
sections collected in surface outcrops and drilled cores 
shows that no part of the :Mina Ratones granite is 
completely free of a green (chlorite-epidote-sericite) 
hydrothennal alteration related to late-magmatic fluid 



activity. Primary igneous minerals are variably involved 
in this type of alteration: chlorite replaces biotite, sericite 
replaces K-feldspar and a very fine-crystalline albite+epi
dote±calcite saussuritic assemblage replaces plagioclase. 
This alteration was developed in the green schist facies 
metamorphic conditions and their development is spatial
ly related to intrusion of NNE-SSW-oriented quartz
apatite±calcite late-Variscan subvertical dykes. 

Cataclasite. Toward the North Fault core, the tran
sition from the undeformed granite to intensely deformed 
cataclasites and gouges is gradational and occurs in the 
damage zone over a distance of several meters. With 
increasing strain in the damage zone the network of 
fractures becomes increasingly connected and small-scale 
faults occur. Areas of high brittle deformation are 
characterized by cataclasite formation with a matrix/clast 
ratio between 10--60% and foliation development. The 
mineralogical composition of the cataclasites consists of 
varying proportions of fractured minerals and aggregates, 
originating from the host granite, and alteration products 
of feldspar and biotite, such as chlorite, clay minerals, and 
minor calcite and quartz. The fracture network in some 
cataclastic intervals is characterized by red-colored sel
vages, generally a few centimeters wide, occurring beside 
the fracture planes. This reddish-brown zone is related to 
a late Fe-oxide and oxyhydroxide staining within slightly 
altered feldspars and along microfractures. Some catacl
asites have a white 1-5-mm-thick, bleached subparallel 
zone, caused by the white color of the completely altered 
plagioclase. In the fault core, the fabric of the cataclasites 
changes from microbreccia to a fault gouge. 

Gouge. The core of the North Fault zone is formed by 
2-3 bands of a continuous gouge, few decimeters thick. 
The gouge interval separates variably brecciated granite 
and cataclasite in the hanging wall from weakly deformed 
granite in the footwall. The contact between the gouge 
and the cataclasite is sharp. The gouge is characterized by 
a matrix -supported fabric with a matrix/clast ratio that 
varies between 60 and 95%. The gouge is dominantly 
composed by very fine-grained clay minerals, with vari
able amounts of feldspar and quartz rounded clast, and 
elongated fragments of muscovite and chloritized biotite 
showing a preferred orientation. The clast of major size in 
the gouge consists mainly of fragments of cataclasite. 
Determined by XRD analyses, the gouge matriz «2 Ilm 
fraction) is composed of kaolinite, smectite, chlorite, very 
subordinate calcite and Fe-oxides and oxyhydroxides, 
than usually form red-colored zones within high strain 
zones. 

Fracture fillings. Figure 6 shows the relationships 
between Fr, V p, type of geochemical alteration and 
minerals filling fractures and small «I mm thick) veins 
observed in the core of the SR-3 well. As is observed in 
the figure, red staining by Fe-oxides and oxyhydroxides 
and the white alteration of feldspars to clays are super
posed to the pervasive hydrothermal green alteration in 
the most superficial zone of the borehole and throughout 
the main drilled fracture zones. However, the nature of 
the fracture fillings changes significantly approximately 

to the base of the Z2 fault zone. Above Z2, a greater 
abundance of Fe-oxides and a strong corrosion of the 
igneous biotite and feldspars are observed. Bellow Z2, 
fractures are filled with chlorite, epidote, pyrite, quartz 
and calcite/ankerite. These observations suggest that the 
Z2 acted as a redox front in the granitic massif, separating 
the slightly acid and oxidizers superficial conditions from 
neutral to slightly alkaline and reducing conditions in
depth, as is supported by the hydrochemical characteris
tics of the waters sampled during the SR-3 drilling 
(G6mez et al. 1999; Perez Estaun et al. 2002). 

:Microstructures and textures 

Textures of the North Fault -related rocks were examined 
in oriented thin sections with transmitted and reflected 
light optical microscopy and in gold-coated drill core 
fragments with scanning electron microscopy (SEM) at 
the Universidad Complutense (Madrid). Microscopically 
visible brittle deformation increases toward the North 
Fault core. Fracturing is the dominant deformation feature 
in the damage zone and microfracture density increases 
with proximity to the fault core. Based on this increase in 
microscopic fracturing, the microscopic damaged zone 
extends in the hanging-wall to roughly 8-9 m from the 
fault core. In general, microstructures of the North Fault 
damage zone exhibit evidence for cataclastic deformation 
and alteration at lower temperature. Feldspar sustained 
most of the deformation with replacement to clay min
erals, resulting into a variably foliated cataclasite. In the 
protocataclastic and cataclastic fault rocks, the foliation is 
defined by the subparallel alignment of clay minerals and 
the concentration of Fe-hydroxides, that separated irreg
ularly-shaped fragments of quartz and minor feldspar 
grains and fractured aggregates of grains (Fig. 4a, b). In 

Fig. 4 North Fault rocks-related microtextures: a Subparallel 
microfractures developed in the cataclastic granite. Note the 
formation of a microbreccia of angular fragments of igneous 
minerals and a very fine-grained dark matrix. Quartz is unaltered 
and the plagioclase saussuritized (LC; width of fie1d=5 mm). b 
Detail of the previous microphotograph showing the elongation of 
quartz, microcline and saussuritic plagioclase fragments, included 
in a dark matrix composed of clay minerals and Fe- and Mn-oxides/ 
oxyhydroxides (LC; width of field=2,6 mm). c Microfaults de
forming the quartz-feldespatic igneous aggregate. Note the quartz 
cataclasis and the clay mineral nucleation from K-feldspar and 
plagioclase in the fracture surfaces (LC; width of field=5 mm). d 
North Fault gouges composed by heterogranular quartz fragments, 
bnked muscovite, and saussuritized feldspars, and a cataclastic 
matrix of very fine-grained clay minerals (width of field=2,6 mm). 
Scanning electron microscope images (SEM) of North Fault-rock 
minerals: e Ca-smectite aggregate with minor kaolinite replacing a 
feldspar fragment ( center of the view) in the cataclasites of the 
North Fault damage zone. f Fault gouge located in the North Fault 
core. Note the low-porous matrix of aligned kaolinite (center) that 
surrounds and replaces quartz and feldspar fragments ( upper left). 
g Detail of clay nucleation in the surface of a fragmented and 
slightly dissolved quartz grain. h Strike-slip microfault surface 
showing the development of Fe- and Mn-oxides/oxyhydroxides, 
mainly framboidal goethite (left), on a mesh of Ca-smectite (right) 





the more deformed fault rocks, ultracataclasite bands are 
formed by extreme grain size reduction and cataclasis of 
quartz, feldspar and clay minerals. 

In the drilled SR-2 and SR-3 North Fault traverses, the 
first strands of minor cataclasite appear at approximately 
15 m from the fault core but these are very minor 
occurrences. At roughly 8 m from the fault core, 
cataclasites are thin (<1 mm thick) bands of fine-grained 
red-brown foliated material with angular grains, resulting 
from brittle grain-size reduction and variably alteration of 
feldspars and micas. The white coloring present in some 
cataclasites is microscopically seen as a replacement of 
the plagioclase (or the fine-grained hydrothermal saus
surite) by an extremely fine-grained, low-birrefringence, 
clay material (Fig. 4c). The clay formation also occurred 
along micro fractures in the K-feldspar grains. At 2 m 
from the fault core, alteration of feldspar and micas to 
clay minerals becomes ubiquitous. Cataclasite zones are 
here 0.1-1 cm thick, often have a well-developed folia
tion and defining an anastomosing pattern. Quartz por
phyroclasts are angular and muscovite have deformed by 
kinking (Fig. 4d). 

SEM observations of North Fault rocks provide a view 
of the brittle behavior and alteration processes which led 
to the development of cataclasite and clay gouge. In 
cataclastic rocks, fractures in the feldspar appear to end 
at quartz grain boundaries and the feldspar grains are 
subdivided into fracture-bounded particles, often along 
cleavage plans (Fig. 4e). Gouges are composed of very 
fine-grained quartz porphryroclasts (Fig. 4g), smectite 
and kaolinite, which exhibit a strong preferred orienta
tion, and Fe-oxides and oxyhydroxides late staining 
(Fig. 4h). Textures in the fault core gouge consist of 
spaced foliation planes, subparallel aligument of platy 
grains and fractured quartz grains. At high maguification, 
1O-50-,um-Iong subrounded quartz grains are embedded 
in a matrix of <5-,um platy grains (Fig. 4f) that may 
define anastomosing patterns in places. In summary, the 
distribution of microstructures related to the North Fault 
are coupled with significant mineralogical changes and a 
general progression in deformation mechanism towards 
the fault core, from intragranular to intergranular frac
ture, cataclasis, neoformation of synkinematic clay min
erals, high matrix/clast ratio, foliation development and 
slip along phyllosilicates. Brittle grain size reduction 
occurred in decimeter to centimeter-thick cataclastic 
bands and gouge horizons only within 6-7 m of the North 
Fault core. Matrix/clast ratio in the cataclasites of the 
damage zone increases progressively toward the fault 
core. 

Fault-rock compositions 

Drilled core samples from each of the two traverses across 
the North Fault were collected for whole-rock geochem
ical analysis. Representative samples of the Perdices 
facies granite were chosen, whereas for the deformed 
equivalents homogeneous zones of the cataclasite and the 

gouge were sampled. Whole-rock chemical analyses were 
realized in the ICT Jaume Almera (Barcelona) and X-ray 
Assay Laboratories (Ontario). Major elements, Cl, Rb, Ba 
and Zr were determined by X-ray fluorescence (XRF). 
Other trace and rare earth elements were determined by 
ICPMS and NNAA techniques. Quantitative mineral 
analyses in carbon-coated thin sections were obtained 
with a JXA-8900 M Jeol Superprobe at the Universidad 
Complutense (Madrid). Operating conditions and analyt
ical details are included in Escuder Vimete et al. (1999). 
X-ray diffraction analyses (XRD) of the <2-,um grain size 
fraction of fault rocks were also realized in the ICT Jaume 
Almera and conducted to study the composition and 
distribution of the very fine-grained minerals. The whole 
compositional results obtained from the different analyt
ical methods and the analytical details are included in 
Perez Estaun et al. (2002). The major and trace element 
compositions of the granite, cataclasite, and gouge are 
compared in Fig. 5 (see also Fig. 6 and Table 1). Trace 
element concentration below detection limits are exclud
ed. Chemical composition of water sampled in the SR-2 
and SR-3 boreholes at Mina Ratones are included in 
Table 2. 

As is observed in Fig. 5, major, transition (TE), large 
ion litho file (LILE), high field strength (HFSE) and rare 
earth elements (REE) are variably mobilized via flnid 
phase during brittle deformation and alteration related to 
North Fault. In general, the deviation from the average 
compositions of major and trace elements are smaller for 
the granite than for the cataclasite and the gouge. The 
gouge is usually more depleted than the cataclasite in 
many major and trace elements compared to the granite. 
Considering the distribution of significant geochemical 
changes in the fault rocks, North Fault thickness is less 
than 10 m. Si02 and alkalis (Na20 and K20) values show 
opposite trends from the granite to the cataclasite and the 
gouge (Fig. 5a). The fault rocks are enriched in Si02 and 
depleted in alkalis and A1203. There is little or no 
emichment of Ti, Mg, P or Ca in the North Fault core 
gouge, which is commonly used to document volume loss 
in fault zones (Evans and Chester 1995; Manatschal et al. 
2000). LOI (loss on ignition) values are nearly double in 
the cataclasite and the gouge that the granite. Thus, fault 
rocks appear to have formed by the hydration of unde
formed granite. Cs, Ba, Ta, Pb, Sr, Cr and Zn concen
trations are lower in both the cataclasite and the gouge 
than the granite, whereas Rb, U and Li concentrations are 
higher (Fig. 5c). In general, HFSE and REE show the 
same depleted trend as observed for most elements, i.e. 
higher values for the granite, intermediate for the cata
clasite and smaller for the gouge. However, the variation 
in the concentrations of these elements is minor. U 
increase from granite to the gouge indicates that it was 
remobilized by the flnid phase along fracture network and 
precipitated forming fracture fillings of secondary torber
nite and U-silico-phosphates (Escuder Vimete et al. 1999; 
G6mez et al. 1999). 

In the CaO+Na20IMgO+Fe203/K20 ternary diagram 
of the Fig. 6, whole rock chemistry data of the granite plot 
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Fig. 5 North Fault related rocks. Maximum, minimum and average values of selected maj or ( a), transition (b) and trace elements (c) for 
granite, cataclasite and gouge. See also Table 1. LO! is loss on ignition 

in a well defined field, whereas the values for the 
cataclasites and the gouge scatter over a much wider 
range. The general trend is a CaO+Na20 depletion from 
granite to North Fault rocks. Feldspar compositions plot 
on the CaO+Na20-K20 join in Fig. 6. Decreasing values 
of CaO+Na20 and increasing values of K20 (and Rb) 
associated with the transformation of granite to cataclasite 
reflect the replacement of plagioclase by sericite and after 
by clay minerals. Increasing values of Fe203+MgO 
observed for the transformation of cataclasite to gouge 
are related to chloritization and dissolution of biotite and 
muscovite, with precipitation of Fe-oxyhydroxides. Con-

sequently, changes in the whole-rock chemistry associat
ed with the transition of granite to cataclasite and of 
cataclasite to gouge are linked with the observed alter
ation reactions of feldspar and biotite/chlorite to sericite, 
smectite (of montmorillonite-beidellite composition), 
kaolinite, quartz and Fe-oxyhydroxides, with a progres
sive alkali loss (Fig. 9). Most transition elements (Ti, V, 
Cr, Co, Ni, Cu, Zn) and light REE are controlled by 
biotite; therefore, biotite alteration to chlorite and Fe
oxides and oxyhydroxides produces the decrease of these 
elements in the North Fault rocks (Fig. 5b). Cs and Pb are 
housed in biotite and plagioclase, respectively. Their 



Table 1 Representative major and trace element data (wt% and ppm) of Mina Ratones granite and North Fault rocks 

Sample MS6 MS3 MS 14·SR3 MS3·SR2 MS9·SR3 MS4·SR3 MS4 MSI2·SR3 MSl 

Rock-fault Granite Catac1asite Catac1asite Catac1asite Catac1asite Gouge Gouge Gouge Gouge 

Sio, 73.51 74.48 75.07 73.31 72.69 73.38 78.41 76.20 73.53 
Ti02 0.15 0.13 0.09 0.14 0.14 0.14 0.14 0.17 0.17 
AI,03 15.05 13.06 12.63 14.71 13.05 13.54 13.18 13.95 13.75 
Fe(tot) 1.33 0.76 0.99 1 .20 0.78 2.54 0.89 0.51 0.87 
MnO 0.Q2 0.01 om 0.01 0.01 0.02 0.01 om om 
MgO 0.36 0.39 0.33 0.46 0.36 0.38 0.37 0.30 0.32 
CaO 0.59 0.47 0.53 0.50 0.54 0.52 0.92 0.55 0.60 
Na20 3.51 0.69 2.90 2.34 2.41 0.19 0.08 0.14 4.35 
K20 5.09 4.45 4.25 5.19 4.94 5.25 1.96 5.01 4.60 
P20S 0.49 0.39 0.43 0.45 0.39 0.44 0.64 0.45 0.45 
LOI 0.01 5.17 2.77 1 .69 4.69 3.60 3.40 2.71 1.35 
Sum 100.1 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
Cs 41 .00 32.70 28.80 41.90 65.30 42.20 32.70 40.30 27.90 
11 1.80 1 .70 1.70 2.30 2.30 2.20 1.00 2.20 1.90 
Rb 285.3 258.4 255.8 291.5 337.3 315.7 178.1 291.5 270.2 
Ba 151.5 136.9 132.8 1 17.5 135.7 142.8 28.5 142.4 137.0 
W 6.8 8.0 2.0 8.7 10.3 21.5 15.7 4.9 6.9 
Th 4.30 4.30 3.80 3.70 4.80 4.60 4.10 5.00 5.10 
U 8.8 12.4 14.1 19.7 1 1 .4 20.0 54.5 9.8 44.2 
Nb 12.9 8.4 6.6 1 1 .7 6.6 9.7 9.1  1 1 .3 1 1.6 
Ta 3.10 3.60 2.20 3.40 1 .70 2.40 1.80 2.60 2.70 
La 7.7 7.3 7.0 6.6 8.7 7.8 10.6 7.8 8.1 
Ce 17.9 16.2 17.5 15.5 19.7 17.3 22.0 17.1 18.4 
Pb 31.9 14.4 20.1 40.0 13.1 22.3 6.3 10.7 18.9 
Pr 2.30 2.10 2.20 2.00 2.50 2.20 2.80 2.10 2.30 
Mo 5.50 12.70 0.05 9.50 3.30 8.23 9.10 0.30 0.20 
Sr 41.4 32.6 36.7 32.8 35.7 35.9 50.1 3 1 . 1  38.1 
Nd 8.9 8.4 8.5 7.3 9.7 8.4 10.9 7.9 9.1 
Srn 2.3 2.0 2.1 2.0 2.5 2.0 2.7 2.0 2.3 
Zr 53.9 49.8 45.1 45.2 49.2 47.8 55.1 50.0 49.8 
Hf 2.80 2.60 2.70 2.30 2.60 2.60 3.00 2.60 2.70 
Eu 0.30 0.20 0.20 0.20 0.30 0.30 0.60 0.30 0.30 
Sn 19.4 17.8 1 1.6 20.8 19.5 20.7 24.2 22.0 17.1 
Sb 0.30 0.20 0.20 0.30 0.20 0.40 0.40 0.20 0.20 
Gd 2.40 2.10 2.20 2.20 2.60 2.20 3.10 2.20 2.10 
Th 0.30 0.30 0.30 0.30 0.30 0.30 0.40 0.30 0.30 
Dy 1.30 1.10 1.40 1.50 1.30 1.20 1.80 1.30 1.40 
Li 169.7 166.1 93.7 1 8 1 .4 318.1  233.6 262.2 206.8 149.1 
Y 5.20 4.60 4.90 5.50 5.30 4.10 6.80 4.50 4.80 
Ho 0.20 0.20 0.20 0.30 0.20 0.20 0.30 0.20 0.20 
Er 0.40 0.40 0.40 0.40 0.50 0.40 0.50 0.40 0.40 
Trn 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 
Yb 0.20 0.20 0.30 0.20 0.20 0.20 0.40 0.20 0.20 
Lu 0.06 0.08 0.06 0.10 0.06 0.07 0.10 0.08 0.05 
Se 2.90 3.60 3.80 3.60 3.30 3.80 2.80 4.10 3.10 
V 6.90 6.80 3.30 6.70 5.00 7.60 7.90 3.50 6.10 
Cr 135.4 238.5 4.3 227.5 76.9 187.2 209.7 4.1 3.6 
Co 1.50 0.90 0.70 1 .00 0.80 1.10 5.20 0.30 1.10 
Ni 7.7 10.9 3.5 1 1 .9 5.2 10.2 14.9 1.6 2.5 
Cu 1 1 .5 18.9 18. 0 12.7 1 1 .  0 11.6 12.3 9.5 10.1 
Zn 8 1 . 1  46.9 62.7 107.2 43.3 54. 0 26.2 40.1 58.70 
Ga 20.6 18.8 19.4 22.5 19.1 20.4 20.8 22.2 20.2 
Cd 3.20 0.60 1.00 4.90 0.70 2.30 0.60 0.40 0.70 
As 9 1 .4 34.2 291. 0 47. 0 54. 0 270.6 71.3 16.3 43.3 
Bi 1 .10 5.00 1.30 1.80 1.50 1.50 0.90 2.10 1.30 
B 137.1 44.9 29.6 66.6 40.3 69.6 35.9 37.7 23.4 
Be 7.70 5.10 1 1.80 10.80 10.10 9.10 4.80 3.80 6.90 
S 82.0 49. 0 132. 0 18. 0 2,221.0 16. 0 1,901. 0 1 . 0 39. 0 

LOI= loss on ignition 

decrease suggests that a part of Cs and Pb has been reactions and the modal amount of phyllosilicates will 
released in solution during the alteration. increase. Where contiguity of phyllosilicates is large and 

As is described above, the growth of clay minerals in a preferred orientation is progressively developed, 
granitic fault zones is favored via feldspar replacement strengths of rocks within grauitic fault zones may 



approach minimum strengths defined by single phyllosil
icate crystals (Wintsch et al. 1995). As a consequence, the 
weakness of fault zones with abundant clay mineral-rich 
gouges and a well developed planar fabric, can explain 
the observed location of brittle defonnation in a narrow 
defonnation band during fault zone evolution (Evans 
1990; Wintsch et al. 1995; Tanaka 2001). In the North 
Fault zone, the overprinting relationships between the 
cataclasites and the gouge provide in this sense some 
constraints on the spatial and temporal evolution of 
faulting. Clasts of cataclasite in the gouge and gouge 
filling microfractures developed in the cataclasites, indi
cate that defonnation in the gouge outlasted deformation 

Discussion 
North Fault rocks development 

The mineralogical, textural and compositional character
istics of North Fault rocks indicate that their development 
results from a combination of cataclastic defonnation and 
fluid-granite interaction along fault surfaces. The fonna
tion of the gouge appears to have developed by brittle 
fracturing and the synkinematic to postkinematic alter
ation of igneous feldspars to kaolinite and smectite 
(montmorillonite) in an acid environment according to the 
simplified reactions (AI-conservative): 

2KA1Si30g + 2H+ + 9H20-AI2Si205(OH)4 + 4�Si04 + 2K+ 

(microcline) (kaolinite) (aqueous) (RI) 

2NaAlSi30g + 2H+ + 9H20-AI2Si205(OH)4 + 4H4Si04 + 2Na+ 

(albite) (kaolinite) (aqueous) (R2) 

(R3) 2montmorillonite + 7.66H20 + 0.66H+ _ 2.33kaolinite + 0.66K+ + 2 .66�Si04 

in the cataclasite. Thus defonnation may have initiated by 
cataclastic defonnation within a large damage zone and 
was subsequently localized within a narrow weak gouge 
core zone. 
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Fig. 6 Ternary diagram with the components CaO+Na20, K20 and 
Fer.ct+MgO showing the projection of analyzed mineral phases 
forming the fault rocks (microprobe data) and mineral reactions 
active in the fault rocks. Field whole-rock X-ray fluorescence 
(XRF) data are from lithologies associated 'Nith the North Fault: 
Perdices fades granite (6 samples), catac1asite (12 samples) and 
gouge (14 samples) 

These reactions resulted in the fonnation of very fine
grained clay minerals along which subsequent layer
silicate-dominated slip can be localized and fanning the 
foliated fabric of the gouge (Chester et al. 1993; Schulz 
and Evans 1998). The pervasive alteration of feldspar, the 
fonnation of hydrous mineral phases such as clay minerals 
and the general loss of alkali elements during the 
transfonnation of granite to cataclasite and gouge, reflect 
the flow along the fault network of an external diluted 
aqueous fluid. Some silica was most likely transported and 
dep::lsited in late fracture fillings (G6mez et al. 1999). The 
process consists of a low-T meteoric water-granite inter
action experimentally reproduced by Savage et al. (1987) 
and can be visualized in activity diagrams for fluid 
composition in equilibrium with granitic assemblages 
(Giggenbach 1985; McCaig et al. 1990; Aj a et al. 1991). 
Equilibrium between a fluid and a buffering granitic 
assemblage composed by K-feldspar-muscovite-quartz 
(+albite), could be destroyed by the intrusion of a meteoric 
H20-rich fluid (gray arrow in Fig. 7) along fault surfaces . 
Equilibrium between the buffer assemblage and the fluid 
could be reestablished by dissolution of K-feldspar (and 
plagioclase) and precipitation of illite first, or a dioctahe
dral smectite of montmorillonite-beidellite comp::lsition 
for a more silica-rich fluid, and kaolinite next. The 
resulting fault rock will have a different mode, reflecting 
the operation of [RI], [R2] and [R3] replacement reac
ti.ons. In Fig. 7, the real composition of water sampled in 
the SR-2 and SR-3 boreholes has also been plotted. Water 
present in the North Fault rocks plots in the kaolinite 
stability field and close to the saturation limit of the silica 
(Table 2, G6mez et al. 1999; Escuder Viruete et al. 1999), 
which is consistent with the infiltration of an acid meteoric 
H20-rich fluid along the fault surface. 
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Fig. 7 Isothermal, isobaric Log a Si02/Log ( a  KJ a H+) diagram 
showing stability relationships in the system K20-AI20rSi02-
H20 at 25 QC (Giggenbach 198 5 ;  McCaig et al. 1990; Aj a et al. 
199 1). Gray arrow indicates the mixing of the fluid in equilibrium 
with the granite with a dilute fluid along the North Fault surface. 
Water sampled in the North Fault rocks (Table 3) plot in the 
kaolinite stability field and close to the saturation limit of the silica 
(G6mez et al. 1999; Escuder Viruete et al. 1999). Sample location 
in the wells :  SR2-T2 above the North Fault, SR-2; SR2-FN in the 
North Fault, SR-2; SR3-T2 100 m above the North Fault; SR3-T3 
40 m above the North Fault; and SR3-FN below the North Fault. All 
reactions are A-conservative 

Table 2 Chemical composition of water sampled in the SR-2 and 
SR-3 boreholes at Mina Ratones 

Sample 2 3 

Ca 9.98E-05 2.25E-04 2.74E-04 
Mg 3.66E-04 2.63E-04 3.50E-04 
Na 8.70E-04 7.39E-04 1.22E-03 
K 3.84E-05 4.86E-05 3.5 8E-05 
Fe 2.45E-02 9.37E-03 1.47E-03 
Si 1. 16E-03 8.98E-04 7.3 1E-04 
Cl 1.6 I E-04 1.89E-04 2.60E-04 
C 3.30E-03 3.40E-03 5.20E-03 
S 1.25E-04 2. 18E-04 2.50E-04 
F 2. 16E-05 1.2 I E-05 1. 16E-05 
pH 6.84 7. 1 7.8 
pE -0.22 -0.37 -0.73 

Concentrations in mollkgrH20 
Sample location: I SR-2 above North Fault; 2 SR-3 above North 
Fault; and 3 SR-3 bellow the North Fault. Data from G6mez et al. 
( 1999) and Escuder Viruete et al. ( 1999) 

SEM observations of the red coloration of the granite 
adjacent to the fractures in the cataclasites show that Fe
oxide phase is goethite and formed rounded to irregularly 
shaped zones filling microfaults (Fig. 4h). These textures 
indicate that reddish-brown zones are caused by the 
precipitation of goethite from the external fluid along the 
main conduits. Some goethite is deformed and fluted, 
suggesting that part of their deposition occurred during 
the fault zone development. 
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Fig. 8 Vertical section showing well-log data of Vp in the SR-4, 
SR-l ,  SR-3 and SR-2 boreholes, and the dimensions of the 3-D grid 
used in the geostatistical conditional simulation 

Implications for 3-D fault zone modeling 

A wide variety of methods and techniques have been 
employed to deterministically image macroscopic fault 
zones (see a discussion in Schulz and Evans 2000). An 
alternative to the deterministic modeling of spatially 
heterogeneous fault zones in a rock massif is the 
geostatistical approach. This analysis was pioneered in 
mining, petroleum engineering and in hydro geology 
because it permits a statistical or probabilistic description 
of the spatial variability inherent in natural systems. 
Geostatistics is used to estimate the spatial variability of a 
geological parameter, based on the assumption that 
properties in the natural systems are not random, but 
have spatial continuity and are correlated over some 
distance. As we seen in this work, there exists links 
between the lithology of a granitic massif, its structure 
and seismic properties. In the granitic rocks of the Mina 
Ratones area, the damage zone of a fault zone is 
lithologically characterized by cataclastic fault rocks 
(breccias and clay-rich gauges), an increased brittle 
deformation at all scales and development of geochemical 
alteration. The higher concentration of fractures and faults 
results in a zone of lower seismic velocity relative to the 
undeformed granitic protolith. Therefore, a spatial corre
lation probably exists between the fault-rock develop
ment, high Fracture Index values and low seismic 
velocities. This spatial relationship can be expressed 
through standard variograms (Isaaks and Srivastava 1 989; 



Table 3 Descriptive statistics Borehole SR-l SR-2 SR-3 SR-4 Total 
ofP-wave seismic velocity (Vp) 
log-data for the Mina Ratones C=t 322 198 823 600 1,734-
area Minimum 3.026 1.806 3.107 3.524 1.806 

Maximum 5.499 5.137 6.196 6.092 6.196 
Mean 4.848 4.363 5.126 5.066 4.984 
Standard deviation 0.464 0.592 0.417 0.353 0.486 
Skewness -1.598 -2.218 -1.035 -1 .201 -1.608 

Fig. 9 Vp variography: a Sam
ple vertical variogram; b Sam
ple horizontal variograms; and c 
modeled areal variogram. The 
points are the ylhl values cal
ciliated at each lag of 1 m 
(vertical variogram) and 100 m 
(horizontal variograms). The 
convex curves are the fitted 
spherical variogram model that 
has 199.9 m of range and 0.169 
of sill 
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Deutsch and lournel 1992) and is used in this work to 
build a 3-D geostatistical model of the Vp distribution in 
the granitic massif, constrained by structural data. Var
iograms are functions that describe the extension of the 
spatial correlation of a property and how this varies with 
the direction (lsaaks and Srivastava 1989). The metho
dology for variogram modeling and geostatistical simu
lation followed in this study is widely described by 
Deutsch and lournel (1992), G6mez Hemoindez and 
Cassiraga (1994) and Pannatier (19%). 

For a total of 1,734 measurements of Vp acquired in 
the four boreholes drilled at :Mina Ratones, measured 
minimum and maximum values are 1.806 and 6.196, 
respectively (Fig. 8, Table 3). The resulting mean value 
for Vp is 4.984, with a standard deviation of 0.486. Four 

directional variograms of the Vp were obtained along the 
NE-SW, N-S, NW-SE and E-W directions, as well as 
the vertical variogram (Fig. 9; Pannatier 1996). The 
maximum of spatial continuity obtained along the direc
tion NE-SW represents the mean trend between the 
NNE-SSW and ENE-WSW fault sets, that define a 
rhomboidal pattern in the structural map of Albala 
Granitic Pluton (Escuder Viruete and Perez Estaun 
1998). The main NNE-SSW fracture set appears also 
defined by relatively high values of spatial continuity 
along the N-S direction of areal variogram. The direc
tional variograms can be used to adjust a theoretical 3-D 
variogram model that describes the spatial continuity of 
the Vp at Mina Ratones. In Fig. 9b, the obtained fitted 
horizontal variograms appears as convex curves defined 



Fig. 10 a Side view looking 
eastward of the 3-D grid of Vp 
(X=739690) resulting from 
geostatistical conditional simu
lation. The interpreted location 
of high-angle strike-slip faults 
and the low-angle North Fault is 
shown with black lines. b N-S 
high-resolution seismic reflec
tion profile (Carbonell et aL 
1999; Mard et al. 2002a. 2002b) 
showing the location of SR-2 
and SR-3 boreholes (white ar
rows), and where reflectors im
age structures as North, 474', 
474 and 285 Faults. The white 
rectangle shows the location of 
Fig. lOa 
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by the expression: y(h)=O.J69·Spha (h), where Spha (h)= 
J.5(h/J99.9)-{O.5(h/J99.9)3 if Ihl::::;80.94. The resulting 
nested model of spatial continuity of PI is a simple 
anisotropic structure of spherical type, which parameters 
are nugget =0.0, range (a) =199.9, and sill =0.169, with a 
direction of anisotropy of 064" in the horizontal plane. 
The vertical model variogram is defined by a similar 
expression but with a range of 15 m (Fig. 9a). The 
selected ellipsoid of correlation for 3-D gridding presents 
a major, minor and vertical correlation lengths of 310, 
109 and 3 1  m, respectively (Fig. 9c). The resulting 
structure presents an areal and vertical correlation length 
ratios of 2.84 (CrA) and 10.0 (Cry ). 

With the parameters of the spatial continuity model 
previously defined, conditional simulation was used for Vp 
modeling in 3-D (G6mez Hernandez and Cassiraga 1994). 
The volume of rock massif covered by the simulation is 
framed between two coordinate vertices 739600/43478821 
287.5 (XlYIZ minimal, ootiom of SR-3 well) and 7396901 
4348293/461.5 (XIYIZ maximum, top of SR-4 well). This 
volume is discretized in individual cells of dimensions 9.6, 
14.17 and 2.0 m, throughout the east (X), north (Y) and 
vertical (2) directions, respectively. The corresponding 
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number of cells throughout X, Y and Z directions is 30, 30 
and 88, being obtained a total of 79,200 cells. 

Figure lOa shows the side view of the 3-D grid of Vp, 
following a N-S directed vertical section that include the 
SR-3 and SR-2 wells (X=739770) . As observed in the 
figure, subhorizontal zones of gray tones exist in the 
section indicative of a simulated relatively low V p 
« 5  km/s). These zones define elongated bands that 
probably are correlated with the 1X'sition of main low
angle faults, in particular, A (North Fault) and B 
reflections imaged in a N-S high-resolution seismic 
reflection profile (Fig. lOb; see Marti et al. (2002a, 
2002b) for the location). The bands also delimit white 
tone regions of high Vp (>5 km/s), related with rhombo
hedral blocks of less fractured granite. Globally, the Vp 
obtained in the simulation is lower in the surface that in
depth, which is interpreted as related to the superficial cap 
of altered granite. The image is consistent with architec
ture of the main fault zones at :Mina Ratones, which 
basically consists of two families of subvertical structures 
with NNE--SSW to N-S and ENE--WSW trends, that 
displace the surfaces of the North Fault and other related 
low-angle faults. The vertical jumps of low-angle struc-



tures are of metric-decametric scale and are imaged also 
in the high-resolution seismic reflection profile (Fig. lOb). 
The jumps are a consequence of the normal reactivation 
of the subvertical Variscan and post-Variscan structures 
during the latest Cenozoic extensional deformation. 

Conclusions 

The structure of a fault zone developed in granitic rocks 
can be established from the spatial variability of geolog
ical, geophysical and geochemical parameters. In the 
North Fault of the Mina Ratones area, fault rocks along 
two examined drilled cores (SR-2 and SR-3) exhibit 
systematic changes in mineralogy, fabrics and microstruc
tures that are related to brittle deformation and alteration 
of granite to form cataclasite and subsequent gouge. The 
spatial distribution and intensity of these changes estab
lishes a North Fault morphology that is consistent with the 
fault-core/damage-zone model developed by Chester and 
Logan (1987) and Chester et al. (1993) to describe a fault 
zone architecture. In this sense, North Fault damage-zone 
can be less than 20 m thick, with most of deformation 
limited to an even thinner «4 m) zone of intense 
deformation, fluid-rock interaction and slip localization. 

The constrnction of 3-D grids of the Yp in granitic areas 
affected by brittle tectonics permits the quantitative 
structural classification of the rock massif. Zones of low 
Y p and the correlation of these zones with mapped and 
drilled faults allow one to distinguish two strnctural 
domains: variably irregular surfaces of low Yp and 
rhombohedral blocks of high Yp located inside them. 
Low Yp domains are interpreted as fault zones (damage 
zone and fault core in the model for fault zone architec
ture), since there exists a good surface correlation be
tween these domains and traces of the main mapped faults. 
High Yp blocks correspond with less fractured granite 
(Fl<1O m-I). Separation between both domains is gradual. 
The resulting 3-D grids describe the continuous value of 
the Vp for the whole Mina Ratones area and constitute an 
image of the fault architecture in the granitic massif. 
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