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in the Albalá granitic pluton, SW Iberian Variscan Massif

J. Escuder Viruetea,*, R. Carbonellb, D. Martı́b, A. Pérez-Estaúnb
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Abstract

A distribution of fracture index (FI) is obtained from stochastic modeling and simulation to characterize quantitatively the fault system of

the Mina Ratones area in three-dimensions (3-D). FI is a quantitative estimate of the fracture intensity in discrete domains of the granitic rock

massif. The resulting 3-D grids, expressed as block (cells) models or contoured isosurfaces of FI, show high and low FI zones. The correlation

of these zones with mapped faults allows two structural domains to be distinguished: (1) variably irregular surfaces of high FI, and (2)

rhomboidal blocks of low FI located inside them. High FI domains (FI . 4.2 m21) are interpreted as fault zones, since there is a good

correlation at the surface between the domains and traces of the major fault zones. Low FI blocks (FI , 2.5 m21) correspond to less fractured

granite. The contact between high and low FI domains is gradual. The high and low FI structural domains may correspond with the damage

zone/fault core and the protolith in the model for fault zone architecture of Caine et al. (1996). Therefore, 3-D grids of the FI in granitic areas

affected by strike-slip brittle tectonics, such as Mina Ratones, constitute an image of fault zone architecture.
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1. Introduction

Brittle fault zones are lithologically heterogeneous and

structurally anisotropic discontinuities in the upper crust

(Caine et al., 1996). Following a conceptual model of fault

zone architecture, faults can be divided into two distinct

zones: the fault core, where most of the displacement is

accommodated, and the damaged zone, which is mechani-

cally related to the growth of the fault zone (Chester and

Logan, 1986, 1987; Smith et al., 1990; Forster and Evans,

1991; Caine et al., 1993, 1996; Scholz and Anders, 1994).

Fault core materials are commonly composed of one or

more structural and lithologic elements such as anastomos-

ing 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 damage zone 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 al., 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, fluid flow, their mechanical behavior and

geophysical signatures.

However, insufficient data, particularly field-based data,

are normally available to adequately characterize the

amount and distribution of each component of fault zones,

especially in three dimensions (3-D) (Caine et al., 1996).

The difficulty of measuring in situ fault zone properties

increases in areas where outcrops are not continuous, nor

homogeneously distributed. Consequently, adequate

characterization of the spatial and temporal variations in

fault zone permeability, porosity, fluid flow and other
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geochemical and geophysical properties is frequently

hindered.

Because of the difficulty of characterizing fault zone

architecture, the assumption of structural homogeneity in

the rock massif is commonly assumed. For example, in most

fluid flow models for crystalline rocks analytical solutions

are used to facilitate simplicity (e.g. equivalent porous

media models), and because they have served well in

illustrating basic concepts of mass transfer by advection and

diffusion. While the influence of heterogeneous fault zones

on permeability, fluid flow, chemical changes and fluid-flow

interactions in crystalline massifs has been recognized

(Barton et al., 1988; Scholz and Anders, 1994; Goddard and

Evans, 1995; Caine et al., 1996; Schulz and Evans, 1998,

2000), these studies have treated each physical property

(e.g. permeability) as a parameter of individual geological

units, and each unit has been assigned a constant value

(exception being Lopez and Smith (1996)). As an

alternative to this type of deterministic modeling, in this

study we present a geostatistical approach to describe

spatially heterogeneous fault zones in a granitic massif,

located in the Mina Ratones area of the SW Variscan Iberian

Massif. This analysis was pioneered in mining, petroleum

engineering and in hydrogeology because it permits a

statistical or probabilistic description of the spatial varia-

bility inherent in natural systems.

2. Stochastic modeling of fault zones in granitic massifs

2.1. Fracture intensity

A common observation in many fault zones is that

fracture intensity in the damage zone increases toward the

central fault core yielding a fracture density gradient

(Hancock, 1985; Goddard and Evans, 1995; Caine et al.,

1996; Schulz and Evans, 1998, 2000). This fracture intensity

can be quantitatively defined by a fracture index (FI), or

number of structural discontinuities measured by unit length

of scanline in outcrop or drill cores (m21 units; La Pointe

and Hudson, 1985; Narr and Suppe, 1991; Engelder et al.,

1997). Based on the presence of a fracture density gradient

perpendicular to a fault zone, FI estimates in discrete

domains can be used to characterize fault zone architecture

and its spatial variability using geostatistical methods. For

example, Escuder Viruete et al. (2001) describe that

relatively high FI values measured in outcrops are often

adjacent to other relatively high FI areas, while low FI

values cluster next to each other. High FI areas correspond

with zones where fractures cluster next to each other, typical

of fault damage zones. In the area studied by these authors,

these high FI areas are two-dimensional (2-D) elongated

bands parallel and coincident to the traces of mapped faults.

FI is not only likely to be elevated in a damage zone, but

also to be highly variable in detail (Schulz and Evans, 1998,

2000). However, as shown in the conceptual model of Fig. 1,

if the damage zone-fault core of the elongated fault zones

and the surrounding undeformed protolith are divided into

many small individual cubes, the average FI of each cube

would be correlated with its surrounding cubes. The closer

two cubes are to each other, the higher the probability that

the FI values are similar. One aim of geostatistics is to

describe this kind of spatial correlation to allow for

prediction of non-measured values. Geostatistics assumes

that natural variations can be described by a random,

spatially correlated function. By making this assumption, a

geostatistical approach is able to avoid the difficult task of

reconstructing the exact processes that influenced the

parameter value at each location.

2.2. Variograms and geostatistical simulation

A semi-variogram function (Isaaks and Srivastava, 1989;

Deutsch and Journel, 1992; Cassiraga and Gómez Hernán-

dez, 1996; Pannatier, 1996; Fig. 2) is used to illustrate the

behavior described above. For a set of n spatially distributed

measurements of a property (z ), the semi-variogram

considers all N pairs of measurements (zi, ziþh) separated

from each other by a distance h. The semi-variogram value

g(h ), for a separation distance h, is calculated by the sum

over all [zi 2 ziþh] pairs located at distance h from each

other:

gðhÞ ¼ ½1=2NðhÞ�Si¼1…NðhÞ½zi 2 ziþh�
2 ð1Þ

The sample variogram is obtained by plotting all the

intervals of class h versus the value of the semivariance g(h )

calculated in each interval (Isaaks and Srivastava, 1989;

Journel, 1989). If a spatial correlation exists between the

data, typical variograms are convex curves where it is

possible to extract several parameters that define the spatial

continuity model of the property (Fig. 2), following the

methodology described below (Isaaks and Srivastava, 1989;

Deutsch and Journel, 1992; Cassiraga and Gómez Hernán-

dez, 1996; Pannatier, 1996). The spatial continuity can be

used to estimate the values of the property in points, cells or

blocks, in one, two or three-dimensions (1-, 2- or 3-D).

If the statistical characteristics of a geological unit are

known from a set of spatially distributed data, unknown

values for unmeasured points can be inferred so that the

estimated unknown values also reproduce the unit’s

statistical characteristics. In granitic rocks, for example,

where in situ fracture density cannot be fully determined in

3-D, inferences about fault zone architecture cannot be

made directly. Instead, numerical simulations allow for the

synthesis of FI stochastic fields with specified statistical

characteristics. The numerical synthesis of stochastic fields

requires specification of the mean, standard deviation,

variance and spatial correlation of the data (variogram

function). Currently, it is assumed that these properties do

not vary with time. The manner of change of the variogram

function with direction and increasing distance is specified
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by selecting an anisotropic variogram model. These

stochastic fracture intensity fields can be used in mass-

transport models or in building physical property fields

related to fault zones, and the resulting numerical predic-

tions about structural, geochemical or mineralogical

distributions can be compared with field-based

observations.

The main objective of this work is to test if the FI

distribution obtained from variogram modeling and geo-

statistical simulation in the Mina Ratones area quantita-

tively characterizes the fracture system in 3-D. In this case,

geostatistical data are georeferenced FI values, measured at

known locations in the 3-D granitic massif. Geostatistical

modeling of FI involves the estimation of the spatial

correlation described in the sample variograms and fitting a

theoretical model to them (Englund and Sparks, 1991;

Deutsch and Journel, 1992; Pannatier, 1996). Geostatistical

simulations (or stochastic representations) can be seen as

possible realizations of a spatially correlated random field,

they all honour the spatial moments (mean, variogram) of

the field (Gómez Hernández and Srivastava, 1989; Deutsch

and Journel, 1992; Gómez Hernández and Cassiraga, 1994;

Cassiraga and Gómez Hernández, 1996). Different simu-

lations may be completely independent, only sharing the

spatial moments (unconditional simulation) or they may in

addition reproduce a set of observed values (conditional

simulation). Showing multiple simulations can help the

understanding of the combined effect of prediction uncer-

tainty and spatial variation of the underlying process.

The results of the 3-D stochastic modeling and

simulation of FI provide an image of fault zone

architecture in the granitic rock massif. As an explicit

assessment of the quality and limitations of geostatistical

analysis, the results were compared with the 3-D fault zone

distribution obtained from structural mapping of the Mina

Ratones area on a scale of 1:1000, seismically derived

structural data, drill cores and well log data. Furthermore,

the range of the FI values that characterize the undeformed

protolith and the damaged zone/fault core in Mina Ratones

area are also determined.

3. Geological and structural setting

3.1. The Albalá Granitic Pluton

The Albalá Granitic Pluton is located in the southwest

sector of the Iberian Massif (Central-Iberian Zone of

Julivert et al. (1972)), which represents the westernmost

segment of the European Variscan Belt (Pérez Estaún et al.,

1991). The pluton is a concentrically 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. 3). Major, trace and rare-elements suggest that the

magmatic rocks form a continuous sequence ranging from

granodiorites through monzogranites, granites to leucogra-

nites (Gumiel and Campos, 1993; Enresa, 1996). Rb–Sr

whole rock ages indicate intrusion ages of 302 ^ 4 Ma

(Enresa, 1996). The Albalá Granitic Pluton was emplaced in

the epizonal rocks of the Schist–Grauwacke Complex

Fig. 1. Schematic illustration of the principal of spatial correlation used in stochastical modeling. (a) Conceptual model of fault zone architecture with protolith

removed (after Smith et al., 1990; Caine et al., 1996). (b) Granitic massif discretization in small volumes (3-D grid) with a given value of the fracture index (FI)

from geostatistical modeling. Each cube chosen from the damage zone-fault core is more likely to have high FI. Individual values of FI will thus be spatially

correlated with neighbors. For a complete stochastic description of the FI distribution in 3-D, a correlation length is needed as well as the average FI of the

granitic rock massif.
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(Upper Proterozoic to Lower Cambrian) and the fossilifer-

ous formations of the Lower Ordovician (Gil and Pérez

Rojas, 1982). In these materials, a Variscan S1 schistosity is

recognized with a N–S to NNE–SSW trend and subvertical

dip. S1 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 third late-

Variscan N–S to NNE–SSW directed subhorizontal short-

ening (Castro, 1986; Ortega et al., 1988; Dı́ez Balda et al.,

1990). The regional distribution of magmatic fabrics in the

Albalá Granitic Pluton indicate that their emplacement was

coeval with this third late-Variscan phase (Escuder Viruete,

1999).

Sn, W, As, P and U enrichment and mineralization events

present in late-magmatic dykes are genetically related with

the most differentiated leucogranitic hosted rocks (Regui-

lón, 1988; Reguilón et al., 1996). The uranium mineraliz-

ation comes from the remobilization of this element, present

in the host leucogranite, in the form of accessory uraninite.

The mineralizing fluid-filled fractures are organized in a

pattern which is consistent with late-Variscan strike-slip

tectonics (Castro, 1986; Sanderson et al., 1991; Enresa,

1996). Mina Ratones is located in the central-southern

sector of the Albalá Granitic Pluton (Fig. 4a). Two main

NNE–SSW-oriented subvertical filons (27 and 270 Dykes),

with quartz, pitchblende, coffinite and black Fe–Mn oxides,

were mined between 1955 and 1974. Approximately

125,000 tons of uranium oxides with a grade of 0.227%

were extracted (Arribas, 1962; Martı́nez and Ramı́rez,

1966).

3.2. Post-Variscan deformation

The post-Variscan structural evolution of the Albalá

Granitic Pluton has been established on the basis of fault

kinematics and palaeostress analysis. This evolution

includes three phases of brittle deformation related to

different stress-field configurations, that cut and reactivate

ductile and ductile–brittle late-Variscan structures (Enresa,

1996; Escuder Viruete and Pérez Estaún, 1998; Escuder

Viruete, 1999). The first post-Variscan phase is extensional

and produces the intrusion of Jurassic subvertical basic

dykes (diabases), aligned on a NNE–SSW trend (Fig. 4b).

The constant trend of these dykes at the regional scale

indicates that s3 was subhorizontal and WNW–ESE to

NW–SE directed.

The second post-Variscan (Tertiary) phase is character-

ized by the development of a system of conjugate strike-slip

faults and associated mid- to low-angle thrusts. In the Mina

Ratones area, strike-slip faults can be geometrically grouped

into two distinct sets: the sinistral NNE–SSW to ENE–

WSW and the conjugate dextral N–S to NW–SE (Fig. 4d).

Tertiary thrust faults show an E–W to ENE–WSW trend

and a N-directed sense of movement. The kinematics of all

strike-slip and thrust faults suggest that s1 was subhor-

izontal and NNE-directed during this phase, characterized

by a wrench stress configuration (Enresa, 1996; Escuder

Viruete and Pérez Estaún, 1998). Many late-Variscan

subvertical dykes and faults also have a NNE–SSW to

NE–SW trend, and these structures are frequently reacti-

vated during this phase as strike-slip faults (Fig. 4c).

At outcrop scale, the Tertiary strike-slip faults are

defined by complex fault zones. These fault zones are

characterized by abundant subparallel joints, shears and

minor faults, with horizontal displacement ,1 m. In the

drill cores, the thickness of individual fault zones can vary

between 0.1 and 18 m. Major fault zones are characterized

by a ,50-cm-thick core bordered by a fractured and faulted

damage zone several meters thick, for example the hanging

wall section of the North Fault (Fig. 5). Fault core is

composed of reddish fine-grained cataclasite and gouge,

which display a crude to well-defined foliation defined by

lozenges and irregular zones of relatively less-deformed

Fig. 2. Comparison between the sample variogram (squares) and the ideal

exponential model used to generate FI fields by stochastical simulation. (a)

Fitted 2-D exponential model viewed in a specific direction (458), or

directional variogram, and (b) its synthetic representation as a variogram

surface. The exponential variogram model has a range (a ) and a sill value

(c ).

J. Escuder Viruete et al. / Journal of Structural Geology 25 (2003) 1487–15061490



protolith. The minor faults within the damage zone are

narrow, 0.5–10 cm wide and are composed of variable

foliated microbreccias and very fine-grained gouge. Con-

tacts between cataclasite and undeformed granite are sharp

along the narrow faults. Some of the fault core rocks contain

secondary U-mineralization generated by remobilization of

uranium in the fluid-phase through the fault zone network,

during the reactivation of late-Variscan dykes as Tertiary

strike-slip faults.

The third post-Variscan phase produced the partial

reactivation of the previous structures and dykes as normal

faults. The kinematics of fault system deduced from striated

slickensides in the fault plane are compatible with an

extensional stress field, with a subhorizontal and NNW- to

N-directed s3, opposite to the previous Tertiary shortening,

and even with a late radial extension (Fig. 4f; Enresa, 1996;

Escuder Viruete and Pérez Estaún, 1998). Late normal fault

cores are characterized by microbreccias, foliated cataclas-

tic rocks and slightly colored gouges.

3.3. Fault zone architecture in the Mina Ratones area

Fault zone architecture in the Mina Ratones area has

been established on the basis of field geology, structural

analysis, seismic experiments, drill cores (SR-1 to 5) and

sonic well-log data (Escuder Viruete and Pérez Estaún,

1998; Carbonell et al., 1999; Escuder Viruete, 1999; Jurado,

1999; Pérez Estaún, 1999; Martı́ et al., 2002). The 3-D fault

distribution obtained for this area is shown in Fig. 6. The

main structures identified are the North Fault, the South

Fault and the 27 and 270 Dykes. Other relevant brittle

structures of minor size are the 474, 478, 285 and 220

Faults. Further, the seismic profiles suggest the existence of

the 476 Fault (or dyke?) east of SR-3 well.

The 27 Dyke trends N0288E and dips E at 80–858 (Figs.

4a and 6). The Dyke has a thickness of 0.4–1.8 m and is

composed of a cataclastic breccia of quartz, quartz-apatite,

opaque chert and jasper fragments, cemented by sulphides,

pitchblende, coffinite and black Fe–Mn oxides. The detailed

structural and cartographic data of the structure suggest that

the quartz-apatite fill is related to the late-Variscan ductile–

brittle brittle wrench shearing. The adjacent granite is

characterized by a pervasive hydrothermal green alteration

(chlorite–epidote–sericite). The 27 Dyke was reactivated

during the post-Variscan evolution as a Tertiary strike-slip

dextral fault and a late normal fault. These movements

produce a subparallel damage zone characterized by NNE–

SSW to ENE–WSW-trending subvertical fractures, anasto-

mosing slip surfaces, breccias, microbreccias, extensive

white clay alteration and clay-rich gouge, as well as the

Fig. 3. Geological map of Albalá Granitic Pluton with location of the Mina Ratones area (Enresa, 1996; Escuder Viruete and Pérez Estaún, 1998).
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Fig. 4. (a) Structural map of brittle structures in the Mina Ratones area showing the location of the wells (SR-1 to 4) and surface outcrops where the FI was

measured, and the top limits of 3-D grid used in the stochastic simulation; (b)–(e) rose diagrams of post-Variscan structures; (f) results of paleostress analysis

carried out on Tertiary faults (Escuder Viruete, 1999).
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local remobilization of dissolved U that precipitated in open

spaces as secondary autunite, torbernite and U-silico-

phosphates. Numerous fault surfaces are grooved, striated

and coated with finely comminuted red Fe–Mn oxides.

The 27 and 270 Dykes are two related mineralized

structures of subparallel trend (Figs. 4a and 6). The 270 Dyke

trends N0148E and dips W 75–808, and becomes subvertical

at 90 m depth. The Dyke core is defined by a quartz-rich

breccia, mineralized with pitchblende and sulphur, hosted in

an extensively fractured damage zone of hydrothermally

altered granite. The post-Variscan reactivation of the

structure shows dextral strike-slip faulting and a normal

fault is also recognized.

Drill cores (SR-2 and SR-3 wells) and geophysical data

suggest the North Fault has a N0728E to N0808E trend and a

S dip of 55–658, that decreases with depth to 30–408. The

related fault zone exposed at the surface has a width of 12–

16 m and is characterized by high fracture intensity and an

extensively altered granite (lehm). The approximately 15-

m-thick section of North Fault zone recovered in the SR-2

well (Fig. 5) is defined by a fractured and faulted damage

zone and a narrow fault core (70 cm). The damage zone is

characterized by kinematically related mesoscopic fractures

and small faults, grain-size reduction and brittle micro-

structures produced by cataclastic flow. Fracture frequency

clearly increases toward the central fault core (Fig. 5). The

fault core consists of an incohesive fine grained aggregate of

kaolinite, smectite, and quartz, with some relic hydrother-

mal muscovite grains. A minor zone of brittle deformation

and clay alteration recovered in the SR-3 well suggests that

Fig. 5. Well-log data of the North Fault hanging-wall in the SR-2 borehole (Jurado, 1999). From left to the right, 3-D borehole televiewer (BHTV), fracture dip

diagram, fracture poles stereonet, microresistivity dipmeter curves, 2-D image televiewer and, over the acoustical wave diagram, the black line defining the first

arrival of P waves. Note the progressive increase of the fracture intensity (FI in this work) in the damage zone toward the North Fault core.

J. Escuder Viruete et al. / Journal of Structural Geology 25 (2003) 1487–1506 1493



Fig. 6. Fault zone architecture of Mina Ratones area obtained from structural, seismic, core and well log data (Escuder Viruete and Pérez Estaún, 1998; Carbonell et al., 1999; Escuder Viruete, 1999; Pérez Estaún,

1999). The main identified structures are the North Fault, the South Fault and the 27 and 270 Dykes. Other relevant brittle structures of minor size are 474, 478, 285 and 220 Faults.
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the North Fault zone reduces in thickness with depth.

Slickensides with a N–S trend on small subparallel faults in

the damage zone indicates an inverse movement of the

hanging-wall, and they suggest that the North Fault was

firstly a N-directed Tertiary thrust. However, the structure

was reactivated as a normal fault during the late extensional

phase, when the hanging-wall block moved to the South

(Escuder Viruete and Pérez Estaún, 1998).

The South Fault damage zone is defined by subvertical

small faults and kinematically related fracture sets and

joints, that form a 14–20-m-thick brittle shear-zone of

strike-slip sinistral movement. Small faults have a N0648E

to N0788E trend and a N dip of 68–828. The existence of

subhorizontal slickensides along these faults suggest their

reactivation during the Tertiary phase of wrench tectonics.

However, late N-directed, normal slip is observed along

some planes of these small faults. The South Fault core

rocks recovered in the SR-4 well are microbreccias and

white clay-rich gouges.

The 474 and 4740 Faults are two high-dip subparallel

structures that trend N0648E to N0768E. The fault damage

zones are 5–8 m thick and are characterized by a high

density of small sinistral-slip faults and joints. Both

structures connect toward the W with the 27 Dyke. The

285 brittle structure is also a sinistral strike-slip fault with a

N0528E to N0608E trend and subvertical dip. The 220 Fault

has been identified in the SR-5 well and consists of a late

normal fault with an E–W trend, 25–458 dip and southern

hanging-wall block.

4. Geostatistical analysis

4.1. Geostatistical methodology and data collection

The methodology applied to model the spatial distri-

bution of fault zones in this study has several steps, which

are typical of other geostatistical analyses (Deutsch and

Journel, 1992; Pannatier, 1996; Goovarets, 1997; Pebesma

and Wesseling, 1998; Kupfersberger and Deutsch, 1999).

The first step consisted of building a georeferenced data-

base of FI, a measure of the fracture intensity per unit length

in a discrete domain of the granitic massif. FI was measured

on selected surface outcrops (limited in number and spatial

distribution) and in cores of four near vertical boreholes

drilled at Mina Ratones (Fig. 4a). 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 utilizing a trigonometrical correction following

Terzaghi’s (1965) approach and the techniques included in

La Pointe and Hudson (1985). Consequently, structural

discontinuities were measured in all outcrops along two

scanlines 15–25 m length, that cross one another at nearly

perpendicular angles. Along scanlines, the point of inter-

section 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. From fracture spacing data unbiased

rosettes and stereograms of fracture frequency (La Pointe

and Hudson, 1985) were compiled, which more closely

approximate the true geometry of the fault zone system and

allow computation of the overall fracture intensity in each

outcrop.

In the oriented cores drilled at Mina Ratones, FI was

obtained by subtracting consecutive intersection distances

of fractures with the well-axis. The linear sampling bias in

fracture frequency measurements was also eliminated using

the trigonometrical correction of Terzaghi (1965). The

acoustic records obtained from ultrasound (borehole tele-

viewer, BHTV) provided an oriented image of the well wall

(Fig. 5; Jurado, 1999), where dip-direction and dip-angle of

small faults and joints were determined, and also permit

discrimination of the tectonic fractures from the induced

fractures as a consequence of core perforation and

extraction. The well log data of FI and X–Y–Z coordinates

of each measurement are stored in ASCII files of similar

format to Geo-Eas and GSLIB data-files (Englund and

Sparks, 1991; Deutsch and Journel, 1992). Well log data of

FI contain column-wise data for a series of well-depths with

1 m of spacing.

The second step is to obtain the sample directional

variograms, where it is possible to detect directional

anisotropies in the pattern of spatial continuity (Isaaks and

Srivastava, 1989; Pannatier, 1996). Directional variograms

were calculated in NW–SE, N–S, NE–SW and E–W

directions, as well as the vertical direction. The obtained

areal variogram shows how spatial continuity of FI data

varies in the different subhorizontal directions. In the case of

Mina Ratones, the main spatial continuity directions of FI

should coincide with the main trends of small scale fractures

and mapped faults, Variscan and post-Variscan in age.

Sample vertical variograms usually reach high variance

values in much shorter distance (Kupfersberger and

Deutsch, 1999).

The third step is fitting a theoretical 3-D variogram

model with the directional experimental variograms through

an iterative process (Isaaks and Srivastava, 1989; Deutsch

and Journel, 1992; Goovarets, 1997; Kupfersberger and

Deutsch, 1999). The geometry of this 3-D variogram defines

the parameters of the geostatistical model (Fig. 2). 3-D

model parameters permit the calculation of an areal

correlation length ratio (CrA ¼ major/minor correlation

lengths) and the vertical correlation length ratio (CrV ¼

major/vertical correlation lengths), as well as the directional

anisotropy of the FI, or the direction of greatest horizontal

continuity (in degrees clockwise from the north). The model

parameters of the 3-D variogram model are introduced as a

stochastic representation procedure, or geostatistical con-

ditional simulation (Gómez Hernández and Srivastava,

1989; Deutsch and Journel, 1992), between the measured

data of FI. As a result, the total set of FI values, measured in
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the wells and simulated, form a mesh of points or grid that

describes the continuous value of the fracture intensity in 3-

D. In this study, a 3-D grid is a series of equal-size blocks

(or cells) with a value of FI assigned to each block. The 3-D

grids can be edited as views of the FI block models, surface

grids for a specified layer, cross-sections, grid slices and 2-D

maps of various types (pixel and contour maps). Multiply

simulated realizations allows an assessment of uncertainty

with alternative realizations possible (Deutsch and Journel,

1992; Gómez Hernández and Cassiraga, 1994). The

calibration of the grids was achieved by comparing them

with the structural cartographic data, geophysical seismic

profiles and 3-D models for fault zone architecture in Mina

Ratones (Escuder Viruete and Pérez-Estaún, 1998; Carbo-

nell et al., 1999; Escuder Viruete, 1999; Pérez Estaún, 1999;

Martı́ et al., 2002).

4.2. Descriptive statistics of FI

Fig. 4a shows the location of wells where the FI was

measured near Mina Ratones and the top of the simulated 3-

D grid. The grid consists of a rectangular area whose NE and

SW vertices coincide with the position of the SR-4 and S-2

wells, respectively. The wells were lithologically and

structurally correlated along the vertical section of Fig. 7,

whose length is 538.8 m. Table 1 includes a summary of

descriptive statistics of the FI sample. For a total of 428

estimates, measured minimum and maximum values of FI in

the wells are 0.01 and 26.0 m21, respectively. The resulting

mean value for FI is 6.224 m21, with a standard deviation of

4.330 and a sample variance of 18.751. The frequency

distribution is clearly uni-modal (Fig. 8), with a positive

asymmetry and 4.0 as the mode value. The FI values

approximate a negative exponential distribution rather than

a log-normal, as the 0.0–2.0 class interval is near the

highest (rather than zero) frequency. The frequency

distribution has skewness of 1.34 and kurtosis of 2.75.

4.3. FI directional, vertical and areal variograms

Four exploratory directional variograms of the FI were

obtained along the NE–SW, N–S, NW–SE and E–W

directions, as well as the vertical variogram (Fig. 9). These

directional variograms were computed with GSLIB

(Deutsch and Journel, 1992), Variowin (Pannatier, 1996)

and GSTAT (Pebesma and Wesseling, 1998) geostatistical

software. Variowin software allows identification of (zi,

ziþh) pairs that have a strong influence in the spatial

continuity. In the horizontal variograms, the lag distance h

and the number of lags are 85 m and 8, respectively,

covering a distance of 680 m for a tolerance angle of 308. In

Fig. 9a and b, the variable correlation length obtained as a

function of variogram direction is observed, varying the

range of the sample variograms between 19.8 (vertical

direction), 80 (NW–SE direction) and 508 m (NE–SW

direction). As a consequence, FI is anisotropic; its pattern of

spatial continuity changes with direction. Also, the resulting

anisotropy of the FI is geometric (Kupfersberger and

Deutsch, 1999); the horizontal and vertical variograms

reach the same sill, but the range in the vertical direction is

1/20 of the maximum range in the NE–SW horizontal

direction. The areal variogram of Fig. 9c was plotted by

taking 10 lags of 100 m along the X-direction (east) and the

Y-direction (north), and visualized in the form of a

variogram surface. The areal variogram shows that the FI

has maximum spatial continuity along the NE–SW and N–

S directions and minimum spatial continuity following the

NW–SE and E–W directions. As was expected for the

Mina Ratones area, the maximum continuity obtained along

NE–SW direction represents the mean trend between the

NNE–SSW and ENE–WSW fault sets, which define a

romboidal pattern in the structural map of Fig. 4a. The main

NNE–SSW fracture set appears also defined by relatively

high values of spatial continuity along the N–S direction of

areal variogram.

4.4. 3-D FI modeling

The sample directional variograms can be used to fit a

theoretical 3-D variogram model that describes the spatial

continuity of FI. Being the crucial part of most geostatistical

studies, variogram modeling should be done interactively

(Deutsch and Journel, 1992). For this analysis Model

(Pannatier, 1996), and GSTAT (Pebesma and Wesseling,

1998) software were used. Both programs provide an

interactive user interface for graphical display and fit the

selected variogram model function to the points of the

sample variograms simultaneously along several directions.

In Fig. 9b, the fitted horizontal variograms appear as

convex curves defined by the following expression:

gðhÞ ¼ 15:959 £ ExpaðhÞ ð2Þ

where ExpaðhÞ ¼ {1 2 eð23h=aÞ} and a is the practical range,

that is, the distance at which the variogram value is 95% of

Table 1

Descriptive statistics of fracture index (FI in m21 units) data for the Mina

Ratones area

Borehole SR-1 SR-2 SR-3 SR-4 All

Count 167 66 73 122 428

Minimum 0.01 0.01 0.01 0.01 0.01

Maximum 24 26 18 13 26

Mean 5.13 8.09 5.53 7.11 6.22

Standard deviation 3.91 6.56 3.69 3.04 0.21

Skewness 1.52 0.96 1.04 0.16 1.34

Sum 2664.1

Median 5.0

Mode 4.0

Standard deviation 4.33

Sample variance 18.75

Kurtosis 2.748

Range 25.99
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Fig. 7. Vertical section showing SR-4/SR-1/SR-3/SR-2 well-log data of FI and the dimensions of the 3-D grid.

Fig. 8. Frequency distribution (histogram) of FI. For an explanation see the text and Table 1.
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the sill. This model reaches its sill asymptotically and has

linear behavior at the origin (Pannatier, 1996). The resulting

nested model of spatial continuity of FI is exponential and

their parameters are defined by nugget ¼ 0.0,

range ¼ 547.7 and sill (variance) ¼ 15.96, with a direction

of anisotropy of 0588 in the horizontal plane. The measure

of a good fit between sample variograms and the model

variogram is indicated by the curve fit error of 9.54. The

vertical model variogram is defined by a similar expression

but with a range of 19.8 m (Fig. 9a). In summary, the

obtained 3-D nested model of spatial continuity of FI is the

sum of an isotropic nugget effect and a simple anisotropic

structure of exponential type. The selected ellipsoid of

correlation for 3-D gridding results in major, minor and

vertical correlation lengths of 300, 106 and 15 m,

respectively (Fig. 9c). The areal and vertical correlation

length ratios of the ellipsoid are 2.85 (CrA) and 30.0 (CrV).

4.5. 3-D FI simulation

With the parameters of the spatial continuity model

previously defined, conditional simulation was used for

modeling FI in 3-D (Gómez Hernández and Srivastava,

1989; Deutsch and Journel, 1992; Gómez Hernández and

Cassiraga, 1994; Cassiraga and Gómez Hernández, 1996).

The volume of rock massif covered by the simulation is

framed between two coordinate vertices 739412/4347882/

273.3 (X/Y/Z minimum, bottom of SR-4 well) and 739690/

Fig. 9. FI variography: (a) sample vertical variogram; (b) sample vertical and horizontal variograms; and (c) modeled areal variogram. The points are the glhl
values calculated at each lag of 1 m (vertical variogram) and 85 m (horizontal variograms). The convex curves are the fitted exponential model variogram.
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4348293/467.3 (X/Y/Z maximum, top of SR-2 well). This

volume (Fig. 4a) is discretized in individual cells of

dimensions 3.0, 3.0 and 2.2 m, throughout the east (X ),

north (Y ) and vertical (Z ) directions, respectively. These

dimensions are similar in size to the scanlines used for the

determination of FI in the well-cores. The corresponding

number of cells throughout X, Y and Z directions is 94, 138

and 90, resulting in a total of 1,167,480 cells. For 3-D

stochastical modeling of FI, the sgsim (sequential Gaussian

simulation) routine of GSLIB library (Deutsch and Journel,

1992) were used. The total number of alternative grids of FI

computed by multiple geostatistical simulation was 10,

selecting a final 3-D grid of FI as an average grid of all

simulated realizations. Results are shown in Figs. 10–14.

4.5.1. Surface FI simulation

Fig. 10 shows a top view of the 3-D grid of FI

(Z ¼ 467.3 m) obtained as a result of the simulation. The

grid, expressed as grayscale pixel-map, shows zones with

high and low values of FI. More gray tone zones

(FI . 2.5 m21) are elongated following the NE–SW to

ENE–WSW direction, which coincides with one of the

more frequent fracture directions at all scales in the Mina

Ratones area (Escuder Viruete and Pérez-Estaún, 1998;

Escuder Viruete, 1999). In the central and SE sectors of the

gridded area, the estimated FI is ,2.5 m21 and individual

ENE-striking bands are characterized by low fracture

intensity. To the W and NW of the top grid (Fig. 10), an

elongate transitional zone appears toward a more fractured

domain, defined by estimated FI . 4.2 m21. A general

observation in surface outcrops of Mina Ratones is that, in

the damage zone of the main faults, the measured value of

the FI increases in a normal direction toward the fault core.

This fault density gradient adjacent to major strike-slip

faults (and related brittle strain) has been also previously

recognized by Caine et al. (1996), Little (1996) and Schulz

and Evans (2000). In this sense, it is interesting to compare

the distribution of FI values predicted by geostatistical

simulation in the surface (2-D) with the superposed traces of

the main mapped faults and dykes.

As observed in Fig. 10, darker bands of greater FI and the

zones with a high fault density, or with faults of greater

length, are well correlated. This is especially valid in the 27

and 270 Dykes, and along a ENE–WSW directed band,

located in the SE sector of the Mina Ratones, which

coincides with the traces of the 285 and South Faults. Also,

framed by subvertical faults of great length and character-

ized by a low cartographic fracture density, a sector with

Fig. 10. Top view of the 3-D grid of FI (Z ¼ 467.3 m) resulting from geostatistical simulation and the traces of the main mapped faults and dykes in the Mina

Ratones area.
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Fig. 11. Side view of the 3-D grid of FI (X ¼ 739690) resulting from geostatistical simulation and the logs of FI in the SR-2 and SR-3 wells.

Fig. 12. Relationships between fault zone architecture and the 3-D grid (pixel-map) of the FI in the Mina Ratones area, looking from the SE (see text for an

explanation).

J. Escuder Viruete et al. / Journal of Structural Geology 25 (2003) 1487–15061500



Fig. 13. (a) Side and (b) frontal views (contoured maps) of the 3-D grid of FI resulting from geostatistical simulation. (c) N–S high resolution seismic reflection

profile (Carbonell et al., 1999; Martı́ et al., 2002) showing the location of SR-2 and SR-3 boreholes, and where reflections image structures as North, 474 and

285 Faults. See text for an explanation.
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white tones of low FI is defined in the central portion of the

grid. Therefore, the obtained distribution of the FI and its

correlation with mapped faults permits us to distinguish two

structural domains: elongate bands of fracture zones, and

rhomboidal blocks located between them. As has been

suggested by Escuder Viruete et al. (2001), the construction

of grids of FI permits the quantitative structural character-

ization of the granitic massif in 2-D. Both structural

domains probably correspond with the protolith and the

damage zone/fault core in the model for fault zone

architecture of Caine et al. (1996). Though a threshold

value of the FI that separates both structural domains is not

clearly observed, FI . 4.2 m21 in the fracture zones and

FI , 2.5 m21 in the individualized blocks.

4.5.2. -D grid of FI

Fig. 11 shows a side view of the same 3-D grid of FI,

following a N–S directed vertical section that includes the

SR-2 and SR-3 wells (X ¼ 739690). On the side view, the

logs of the FI measured in cores of these wells have been

superposed. As observed in the figure, wide zones of gray

tones exist in the section indicative of a simulated relatively

high FI (.4.2 m21). These zones define elongated bands

that are probably correlated with the position of main

fractures, in particular, the North Fault (see below). The

bands also delimit white tone regions of low FI (,2.5 m21)

related with blocks of less deformed granite.

Fig. 12 includes the 3-D grid of simulated FI, looking

from the SE, as well as the surface location of the wells. In

3-D, the cells with relatively high values of the FI define

irregular surfaces that could be inferred to be related to

faults. These surfaces have moderate to low dip angles to the

S and the N. Also, groups of stacked cells with a high FI are

observed in the grid, possibly related to subvertical

structures, as the South Fault. High FI surfaces intersect

the top of the 3-D grid along NNE- and ENE-directed traces

and coincide with the trends of the main mapped structures.

For example, the 27 Dyke remains visualized in the frontal

view of the 3-D grid (Y ¼ 4347882) as a NNE–SSW-

trending structure with an eastern high dip, and the 285 and

474 Faults are defined in the side view (X ¼ 739690) as

subvertical ENE–WSW-trending structures.

The structural interpretation of the 3-D model distri-

butions of FI is visualized better in Fig. 13a and b. These

figures show the superposition of 3-D contouring of FI and

the trace of the main faults and dykes of the Mina Ratones

area. The individual values of FI in each cell are contoured.

As observed in Fig. 13a, the zones with a high FI define

surfaces inclined at moderate to low angles in N and S

directions. In general, these zones are well correlated with

core sections of very fractured granite or reflections in the

seismic profiles (Fig. 13c). These fracture zones and

reflections were identified as the North, South, 474 and

285 Faults. The structural interpretation of well core data

and seismic profiles allows us to deduce small jumps in

reflections corresponding to the North Fault and other

structures (Carbonell et al., 1999; Pérez Estaún, 1999; Martı́

et al., 2002). These jumps are of metric–decametric scale

Fig. 13 (continued )
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Fig. 14. Relationships between fault zone architecture and the 3-D grid (contouring) of the FI in the Mina Ratones area, looking from the SE. Two structural domains in base to the FI values are defined: variably

irregular fault zones (FI . 4.2 m21, gray tones) and rhomboidal blocks of relatively undeformed granite located between them (FI , 2.5 m21, white tones).
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and are imaged also by the 3-D distribution of the FI

obtained from geostatistical simulation (Fig. 13a). The

jumps are a consequence of the normal reactivation of the

subvertical Variscan and post-Variscan structures during the

latest extensional deformation. As observed in the side and

frontal views of Fig. 13, the North Fault surface is offset by

the South, 285 and 474 Faults, as well as the 27 Dyke.

Fig. 14 shows the results of contouring FI estimated

values in the 3-D grid, and at the model looking from the

SE. The view constitutes an image of the 3-D distribution of

FI in the Mina Ratones area. This image is consistent with

architecture of the main fault zones, which basically

consists of two families of subvertical structures with

NNE–SSW to N–S and ENE–WSW trends, which displace

the surfaces of the North Fault and other related low angle

faults. The late normal reactivation of 27 and 270 Dykes also

displace the North Fault surface. As is shown in Fig. 14, the

high FI bands adjacent to major faults intersect in the 3-D

grid defining rhomboidal blocks of relatively less fractured

granite. Therefore, the construction of 3-D grids of the FI in

granitic areas affected by brittle tectonics permits the

quantitative structural characterization of the rock massif.

The existing correlation between fault zones of great length

and domains with high values of FI, allows for a model

characterization of the rock massif in zones with few

outcrops or limited borehole data, where the existence of

important faults or fracture networks have not been

previously detected. However, because the wells in the

Mina Ratones area oriented along a NE–SW straight line,

FI simulations in the NW sector of the 3-D grid are less

rigorous. On the other hand, and due to the different aerial

and vertical correlation length ratios (of an order of

magnitude), the geostatistical simulation better defines the

faults with moderate and low dips.

Finally, a 3-D grid of the standard deviation of the

multiple geostatistical simulation was calculated from the

10 different values of FI estimated in each cell. The obtained

standard deviation is lower in the low FI rhomboidal blocks

(s , 0.22) and, generally, higher in the high FI bands

(0.90 , s , 1.52) spatially associated with the main fault

zones in the Mina Ratones area. These relationships are

equivalent to those obtained by Escuder Viruete et al. (2001)

and indicate that the uncertainties in the estimation of the FI

would be greater for the fault zones than in the blocks

located between them.

5. Conclusions

The main objective of this work is to quantitatively

characterize the fault system of the Mina Ratones area in

three dimensions from the spatial distribution of FI (fracture

intensity in discrete domains of the rock massif) obtained

from cell-based stochastic modeling and simulation. To

calibrate the results of geostatistical modeling, seismic

profiles, well core structural analysis and a detailed

structural map of the Mina Ratones area on a scale of

1:1000 were completed. The resulting 3-D grids describe

the continuous values of FI for the Mina Ratones area and

constitute an image of fault architecture in the granitic

massif.

3-D grids, expressed as block (cell) models or contouring

(isosurfaces of FI), show high and low FI zones. The

correlation of these zones with mapped faults allows

identification of two structural domains in the Mina Ratones

area: variably irregular surfaces of high FI and rhomboidal

blocks of low FI located between them. High FI domains are

interpreted as fault zones, since there is a good correlation at

the surface between these domains and the traces of the

main mapped fault zones. Low FI blocks correspond to less

fractured granite. The contact between both domains is

gradual in both field observations and model results.

Constrained by seismic profiles and well core structural

data, this correlation permits the modeling of continuity at

depth of the major structures, such as the North and South

Faults, or 27 and 270 Dykes. The structural domains are

interpreted to correspond with the damage zone/fault core

and the protolith in the model for fault zone architecture of

Caine et al. (1996). Though a threshold value of FI that

separates the structural domains is not clearly defined, the

fault zones generally result in FI values .4.2 m21 and the

blocks with FI values ,2.5 m21. Therefore, the construc-

tion of grids of the FI in granitic areas affected by strike-slip

brittle tectonics, such as Mina Ratones, permits the

quantitative structural characterization of the rock massif.

Further, this characterization permits volumetric calcu-

lations of FI in the granitic rock massif that have predictive

value. For example, considering a threshold value for the FI

of 4.5 m21 that separates relatively undeformed protolith

and damage zone, the volume of rock with

0.01 , FI , 4.5 m21 is 8,374,618 m3 at Mina Ratones.

The existing correlation between FI and major fault zones

can be applied to the characterization of the rock massif,

even in zones with minor outcrops or distant to the

boreholes and where the main fault zones may not have

been detected. Finally, further development of geostatistical

methods described in this study will include the 3-D

modeling and simulation of porosity and permeability in

fractured granitic massifs, taking into account pumping tests

and geophysical well log data as well as P- and S-wave

velocities.

Acknowledgements

This work represents part of the structural results of a

multi-disciplinary project carried out for the environmental

restoration of old uranium mines supported by ENRESA.

Discussions with many colleagues of the CIEMAT,
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Cassiraga, F.E., Gómez Hernández, J.J., 1996. Métodos geoestadı́sticos

parala integración de la información. Publicación Técnica de Enresa 04/
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