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Abstract

A statistical analysis of the vein thickness distributions of veins in the Rosia Poieni porphyry copper deposit, Romania, indicates that vein
thickness data conform to a power-law distribution whereas the spatial distribution of veins follows a negative exponential law. A high clustering
of the veins is indicated by both the spacing distribution and the Cv values. The similar vein densities observed at the open-pit scale are rep-
resentative of a saturation level of vein nucleation. Differences in the spacing distribution and in the mean vein thickness are explained by dif-
ferent initial nucleation rates in the deepest and the lowest parts of the porphyry copper. The highly clustered organization of the system is
explained by vein linkage processes during their growth and modification of the fluid pressure and local stress during the hydrofracturing.
Published by Elsevier Ltd.
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1. Introduction

A knowledge of the geometry of fracture networks is essen-
tial in several sub-surface geological domains (e.g. engineer-
ing for oil reservoirs, mining geology, and waste storage).
Discontinuities such as fractures are potential sites for fluid
circulation and have important implications for the hydraulic
properties of rocks. The matrix permeability of igneous rocks
is generally small and, consequently, the overall permeability
is mostly controlled by fracture networks. Numerous papers
have dealt with the description of natural vein or fracture
networks occurring in various environments and focusing on
statistical analyses. Several parameters have been studied,
the main focus being on the spacing, thickness and length
distributions of fractures. Velde et al. (1991) characterized
the fractal distribution of fracture patterns in granites. Gillespie
et al. (1993) compared different types of statistical and
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geometrical methods for the characterization of the spatial
distribution of fractures in 1D, 2D and 3D. Johnston and
Mc Caffrey (1996) established empirical relationships for
vein shapes while Clark et al. (1995), Roberts et al. (1998,
1999) and Monecke et al. (2001) demonstrated that the use
of statistical approaches is an important clue to understand
the relationship between vein geometry and the mechanisms
of vein formation. Other contributions based on natural frac-
ture set studies in granites show that the connection of fracture
systems is characterized by statistical laws deduced from the
fracture extension distributions and that the fact that fluids fol-
low preferential pathways within a fracture network (Bour
et al., 2002; Bour and Davy, 1999; Ledésert et al., 1993a,b;
Long and Witherspoon, 1985). A number of laws are com-
monly cited to characterize these distributions, the type of
rock fragmentation, its development and maturity. Generally,
log-normal, exponential negative or power law distributions
are mentioned in the literature (Bonnet et al., 2001).

Johnston (1992) applied a statistical method to systemati-
cally characterize the veins that enhance productivity in exist-
ing mining areas and to assist the prospecting of new deposits.
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Several other statistical analyses on vein thickness and spacing
distributions have been conducted on mineralized vein systems
by Sanderson et al. (1994), Mc Caffrey and Johnston (1996),
Roberts et al. (1998, 1999), Loriga (1999), Brathwaite et al.
(2001) and Monecke et al. (2001). Hence, statistical studies of
the geometrical parameters of vein or fracture systems represent
a useful way to characterize the spatial distribution and the
hydraulic and metallogenic behaviour of fracture networks.

This paper outlines a statistical study of a vein system in
a mineralized stockwork from the Rosia Poieni porphyry
copper deposit, Romania (Fig. 1). The spatial and thickness
distributions of the veins constituting the stockwork are exam-
ined and compared with similar distributions proposed in the
literature. The evolution of the vein architecture at the open-
pit scale is described and the mechanisms responsible for
the stockwork formation are discussed.

2. Geological setting

2.1. The Apuseni Mountains and the Rosia Poieni
porphyry copper deposit

The southern part of the Apuseni Mountains (West Roma-
nia) shows a variety of mineral occurrences (Cioflica et al.,
1973; Ianovici et al., 1977; Borcos et al., 1983; Udubasa
et al., 1992; Heinrich and Neubauer, 2002) related to Neogene
volcanic activity (Lemne et al., 1983; Pecksay et al., 1995;
Rosu et al., 1997; Alderton et al., 1998).

The Rosia Poieni porphyry copper deposit, the largest por-
phyry copper in the Apuseni Mountains, belongs to the metal-
logenic district of Bucium-Baia de Aries (Fig. 1). The
basement here consists of Pre-Mesozoic metamorphic rocks
intruded by magmatic bodies and covered by pyroclastics of
variable composition (Fig. 1). Two types of igneous rocks,
both characterized by intense hydrothermal alteration, are
exposed in the open-pit. The host rocks, the Poieni andesite,
are intruded by a subvolcanic body characterized by a porphy-
ritic texture, the Fundoaia microdiorite (Fig. 2). Ionescu
(1974), Ionescu et al. (1975) and Bostinescu (1984) carried
out a mineralogical and petrographic study of the rocks from
the Rosia Poieni area. They identified the disseminated charac-
ter of the copper mineralization and a zoned pattern of alter-
ation. Recent studies (Milu, 1999; Milu et al., 2004) have
shown that the Fundoaia subvolcanic body and the Poieni
host rocks are characterized by strong hydrothermal alteration
spatially related to the Fundoaia intrusion.

Fig. 2 presents a schematic reconstruction of the Rosia
Poieni volcanic structure and shows the concentric pattern of
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Fig. 1. Geological map of the Bucium-Baia de Aries metallogenic district located in the Apuseni Mountains, Romania (modified from Borcos et al., 1983).
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Fig. 2. Northesouth cross-section of the Rosia Poieni open-pit (reconstructed from Ionescu (1974) and Milu et al. (2004)) showing the porphyritic intrusion and

host rocks, alteration types and zones. The location of the four scanlines (900, 1000, 1045 and 1060 m) is indicated with stars.
the hydrothermal alteration from a potassic core to a well-
developed advanced argillic zone (Milu et al., 2004). The
main high-grade zone (>0.6% Cu) is located in the central
part of the intrusion (Milu et al., 2004). Outside the potassic
limits, the copper grade decreases to 0.1% Cu, except in zones
where a phyllitic alteration is superimposed on a potassic
alteration (Fig. 2). The upper part of the Rosia Poieni structure
displays an advanced argillic alteration and is barren (<0.05%
Cu). Gold occurrences, higher than 0.02 ppm Au (lower limit
of detection) are restricted to the potassic (�phyllic) zones,
but do not exceed a mean value of 0.5 g/t Au (www.gabriel-
resources.com and Milu and co-workers, 1999, 2004). At the
present day the open-pit is on standby, but the reserves are
estimated to be around 350 Mt with an ore grading of 0.36%
Cu and 0.29 g/t Au (Borcos et al., 1998).

The mineralization comprises pyrite, chalcopyrite, magne-
tite, hematite, molybdenite and bornite with subordinate tetra-
hedriteetennantite, enargite and digenite and minor pyrrhotite,
sphalerite, galena, covellite and chalcocite. Chalcopyrite is the
dominant hypogene copper mineral. The mineralization is per-
vasively disseminated within the altered rock and within the
veins and fractures associated in a well-developed stockwork
(Figs. 2 and 3) that is best developed in the potassic zone.

2.2. Data collection

The present vertical extent of the open-pit exposure is
300 m (between altitudes of 910 and 1210 m; Figs. 2 and 4).
Four horizontal sampling lines were chosen in the open-pit
at different altitudes (910, 1000, 1045 and 1060 m; Fig. 4). In
most mineral exploration situations (trenches, boreholes,
drifts, etc.) only this type of 1D sampling is allowed, despite
the 3D organization of both individual veins and networks
(Park and West, 2002; Peacock et al., 2003). Moreover, exist-
ing methods allowing a 2D data analysis are still immature and
no satisfactory method yet exists to analyze 3D spatial data
(Gillespie et al., 1993; Pickering et al., 1995).
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distance from the beginning of the scanline (D1, . ,Dx, .), true thickness (T1,

., Tx, .), strike, dip and mineral assemblage of each vein are plotted.

http://www.gabrielresources.com
http://www.gabrielresources.com
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correction (see text for details). Four preferential orientations of veins are identified, NeS (family 1), NWeSE (family 2), NEeSW (family 3) and sub-horizontal

(family 4). N is the number of fractures sampled for each scanline.
Three of the sampling lines are oriented in an approxi-
mately EeW direction (altitudes 910, 1000 and 1060 m),
whereas the fourth is oriented NeS (altitude 1045 m;
Fig. 4). The 1060 m scanline is located close to the contact be-
tween the intrusive body of Fundoaia and the host andesite of
Poieni marked by the onset of the argillic alteration (Fig. 2).
For each scanline and each vein, the intersection distance
(spacing) between the vein and the scanline was measured
and information such as thickness, strike, dip and vein mineral
assemblage were collected (Fig. 4; Table 1). Vein counts range
from 146 to 725 over lines of lengths from 7.9 to 14.4 m lead-
ing to a database of about 1700 fractures (Figs. 3, 4; Table 1).

This substantial database is considered to exceed the
threshold of sampling lines that is required in order to obtain
stable statistical results. Indeed, this threshold has varied con-
siderably among different authors: thus Pickering et al. (1995)
and Mc Caffrey and Johnston (1996) used 50 values, whilst
Berkowitz and Adler (1998) examined 100 data for simple
cases (constant fracture size). About 200 values were recom-
mended by Priest and Hudson (1976) and Bonnet et al.
(2001). In this study, the data sets, ranging from 146 to 725
values, are considered to be robust enough for statistical
analyses.

The 1000 and 1060 m scanlines are not continuous due to
unsafe access conditions caused by presence of screes or
strong weathering. They are thus divided, respectively, into
four and two sections (Table 1). The recorded minimal value
of vein thickness is 1.0 mm. Vein spacings are measured
from vein centre to vein centre (Fig. 3).

3. Method

3.1. Vein thickness distribution

Details of the vein thickness distributions are fully
documented by numerous authors such as Velde et al. (1990,
1991), Barton and Zobach (1990), Merceron and Velde
(1991), Ledésert et al. (1993a,b), Sanderson et al. (1994), Clark
et al. (1995), Genter et al. (1995), Johnston and Mc Caffrey
(1996), Mc Caffrey and Johnston (1996), Roberts et al. (1998,
1999), Loriga (1999) and Monecke et al. (2001). Generally, in
the case of non-stratabound vein systems (Gillespie et al.,
1999), the cumulative frequency plot of the vein thickness
follows a power law distribution given by:

NT ¼ CT�D ð1Þ

where NT is the cumulative number of veins with a given
thickness �T, D, the slope of the logelog plot and C, the fre-
quency of veins �unit size. In this case, a logelog plot of NT
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versus T gives a linear trend with a slope corresponding to the
exponent D of Eq. (1). This exponent is commonly associated
with the fractal dimension of the distribution. It is important to
point out that this law is called ‘‘fractal’’ in relation to its sta-
tistical distribution even if there is no implication of scale in
the sense defined by Mandelbrot (1983). Furthermore, in nat-
ural media, power law relationships can be limited by physical
length scales that form the upper and lower limits to the scale
range over which they are valid (Bonnet et al., 2001).

In this study, a conventional cumulative frequency versus
length distribution is used which plots the cumulative number
of veins (NT) with thicknesses greater than a given value (T ).
NT is normalized in respect to the scanline lengths (m) (Table
1) in order to allow a comparison between the different pit levels.

3.2. Spatial distributions of veins

The analytical method used to characterize the spatial dis-
tribution of veins is the spacing population technique. This
technique determines the cumulative frequency distribution
of the intersection distance between adjacent veins and the
scanline (Harris et al., 1991).

Logelog plots of the spacing distributions are used which plot
the cumulative number of veins (NT) with spacing greater than
a given value S (Harris et al., 1991; Gillespie et al., 1993). Other
characterizations of the fracture spacing distributions exist in the
literature such as interval counting (Smalley et al., 1987; Velde
et al., 1991) or fracture number interval techniques (La Pointe,
1988). However, the spacing population technique is currently de-
scribed as the most simple and efficient method to characterize
vein populations in terms of their spacing distributions.

Another suitable measure of the variability of the spacing is
given by the coefficient of variation Cv (Cox and Lewis, 1966;
Gillespie et al., 1999, 2001) which is defined as:

Cv ¼
ss

ms

ð2Þ

where sS is the standard deviation of the spacing between ad-
jacent veins along the scanline, and mS, the mean value of the
spacing.

Table 1

Database acquired on the Rosia Poieni stockwork with indications of length,

number of data, vein density and strain for each scanlines

Scanline

(m)

Section Length

(m)

Number of data Density

N/m (m�1)

Strain

(%)

910 e 12.7 353 27.5 12.2

1000 1 11.3 213 725 18.8 7.0

2 14.4 205 14.2

3 10.2 219 21.5

4 7.9 88 11.2

1045 e 11.0 146 13.3 3.4

1060 1 13.2 210 468 15.9 8.3

2 8.1 258 31.7

The 1000 and 1060 m scanlines are not continuous because of access problems

due to the presence of screes or strong weathering and are thus, respectively,

divided in four and two sections.
This parameter is used to determine the degree of clustering
of points along a line. Clustered veins are characterized better
by strongly variable spacings than random ones implying a Cv

higher than 1.0. More regularly distributed (or anticlustered)
veins show a different Cv with values lower than 1.0. A per-
fectly regular set of veins can be represented by a spacing
standard deviation of 0 and therefore Cv will be equal to 0.
Hence, the Cv statistical parameter describes the full range
of spatial distributions from anticlustering to clustering. The
evolution of this parameter as a function of a threshold thick-
ness can also be described. Depending on the type of spacing
distribution, this evolution will be different. For example,
a power-law distribution will have a Cv decreasing with in-
creasing threshold thickness, which is consistent with the
smaller veins being systematically more clustered than the
larger ones.

4. Stockwork geometry and vein density

Table 1 shows that the vein densities have similar magni-
tudes for the four scanlines with 27.5, 15.6, 13.3 and 21.6
veins per meter for the 910, 1000, 1045 and 1060 m scanlines,
respectively.

Anisotropic orientations of the veins constituting the stock-
work are observed and described in Fig. 4. The geometry of
the vein network is characterized by four preferential orienta-
tions: NeS (family 1), NWeSE (family 2) and NEeSW strik-
ing veins (family 3) and a sub-horizontal set (family 4). These
families are not observed everywhere along the scanlines and
their occurrences are indicated in Table 2 and Fig. 4. The
1060 m level shows a more widespread distribution of vein
orientations compared to the others.

To assure that this anisotropic system is truly representative
of the vein network and independent of the scanline orienta-
tion, the Terzaghi correction (Terzaghi, 1965) was applied.
This correction applies a weighting, the number of fractures
cut by the scanlines with respect to their orientation. The angle
d between the normal of the fracture plane and the scanline is
used to calculate the probability for a fracture plane to inter-
sect the scanline or not. A fracture characterized by a d angle
of 0� has the highest probability of intersection because its
plane is perpendicular to the scanline (Eq. (3)). By contrast,
the lowest probability of intersection is obtained when the
fracture is parallel to the scanline and therefore characterized
by a d angle of 90� (Eq. (3)). Any sampling will be biased

Table 2

Occurrence for each scanline of the four different families of vein orientations

observed in the open-pit and mean and standard deviations of the vein

thicknesses

Scanline

(m)

F1

(NeS)

F2

(NWeSE)

F3

(NEeSW)

F4

(subvertical)

Mean

thickness

(mm)

Standard

deviation

thickness

910 X X e X 4.46 9.48

1000 e e X X 4.20 6.63

1045 e X X X 2.54 5.94

1060 e e X e 3.79 8.20



1700 A.-S. André-Mayer, J. Sausse / Journal of Structural Geology 29 (2007) 1695e1708
because of the scanline directionality and the resulting data-
base contains a lower amount of fractures than are actually
present. This problem of under-sampling can be solved by
the Terzaghi correction which assigns to each fracture plane
i, a weighting factor Wi corresponding to the probability of
intersection with the scanline (Eq. (3)).

Wi ¼
1

cosðdiÞ
ð3Þ

where di is the angle between the normal of the fracture plane
and the scanline.

The problem is that the d angle ranges from 0� to 90� and
when they are close to 90�, Eq. (3) produces very large and
artificial values of Wi. This mathematical problem can be
solved using a normalized weighting factor Wni. The normali-
zation presented in Eq. (4) forces the initial number of sam-
pled fractures to remain constant:

Wni ¼
Wi�N

NW

ð4Þ

where Wi is the initial weighting factor, N, the number or frac-
tures and NW, the summation of Wi : NW ¼

PN
i¼1 Wi.

Stereographic projections modified by applying the Terza-
ghi corrections are presented in Fig. 4 (black stars on Fig. 4)
and compared to the raw orientation data. The stockwork
geometry still shows, even with this correction, a markedly
anisotropic pattern and preserves the main and recurrent direc-
tions of fractures despite its hydraulic fracturing origin. These
orientations are consistent with the EeW extensional tectonic
regime that occurred in this area during the formation of the
porphyry copper deposit. However, regarding the spreaded ori-
entation of the veins, it is not obvious, whether a predominant
influence of the tectonic regime or of the hydraulic fracturing
is responsible.

The extensional longitudinal strain has been estimated for
each level. The data are presented in Table 1. The degree of
deformation is higher in the lower level þ910 m compared
to the upper ones.

5. Thickness distribution

The plots of cumulative frequency of vein thickness for
each scanline show that the thickness distributions follow
power-law relationships (Fig. 5A). The identification of a spe-
cific theoretical distribution law to characterize the raw data
distribution can be ambiguous because a biased power-law
distribution can resemble a log-normal one. A simple visual
examination of the plot is not sufficient, especially in this
case where the size range of thicknesses is limited to two
orders of magnitude (Fig. 5A). It can be easily seen that the
theoretical log-normal and negative exponential distributions
(dotted lines in Fig. 5A), respecting the mean and the standard
deviation of each distribution, do not really match the field
data whereas the theoretical power-law (continuous lines on
Figs. 5A and B) provides a better fit. Furthermore, correlation
coefficients R between the raw and theoretical data for the
power law are systematically higher than the other types of
statistical distribution (R higher than 0.96 in Fig. 5A).

However, some deviations from the expected trends occur
on the left-hand and right-hand sides and are typical of most
natural data sets (Sanderson et al., 1994; Mc Caffrey and
Johnston, 1996; Roberts et al., 1998; Roberts et al., 1999).
They are generally attributed to two types of truncation: the
under-sampling of the thinnest veins and the low probability
of intersection of the thickest veins with the scanline (Barton
and Zobach, 1990; Pickering et al., 1995). Corrections have
been applied to avoid these two types of deviation. For the
left-hand side, the correction proposed by Mc Caffrey and
Johnston (1996) and Roberts et al. (1998) was applied by
removing all small thickness values below a certain TL from
analysis. For the right-hand side (taking into account the
preceding left-hand side correction), the method proposed by
Pickering et al. (1995) and corrected by Monecke et al.
(2001) was applied. This correction procedure predicts the
amount of thick veins that cannot be intersected by the scan-
line. The cumulative number of the thicker veins showing
a right-hand fall-off is simply assumed to be too small and
has to be corrected with the addition of an unknown NR quan-
tity of missed thicker veins. A corrected cumulative number
NC can be calculated according to NC¼Nþ NR. NR is chosen
to minimize the deviation of the log NC versus log T curve
from a straight line. Table 3 presents the values of TL and
NR that best respect this criterion. TL is equal to 1 mm for
all the scanlines and NR is very low (�1). These low values
of TL and NR indicate that the length of the scanlines is perti-
nent and involves no bias of sampling for the thicker veins.
The corrected vein thickness distributions are presented in
Fig. 5B.

In each scanline, the veins have been considered all to-
gether whatever their orientation or mineralogical fill. The for-
mation of the vein system by hydraulic fracturing makes it
difficult to separate each orientation set. However, some tests
have been carried out to see if this indiscriminate sampling has
an effect upon the fractal character of the thickness distribu-
tion. The results are presented in Fig. 6. The fractal character
of the distribution is still observed when veins are discrimi-
nated into different orientation sets (Fig. 6A). In the same
way, and even if no chronological relationships have been es-
tablished between the different veins, the corrected thickness
distributions between veins hosting only quartz and/or pyrite
(QP) and those hosting at least one copper mineral (chalcopy-
rite, bornite and/or enargite) (Cu) have been compared.
Fig. 6B shows the result for the example of the þ1000 m pro-
file: Cu veins are characterized by a lower fractal dimension
than the QP ones, and this can be directly linked to the higher
density of thick Cu veins.

The fractal character of the thickness distributions existing
for each scanline is thus obvious. This conclusion supports the
hypothesis that non-stratabound vein arrays are characterized
by power-law thickness distributions (Gillespie et al., 1999).
This type of distribution has already been described in the lit-
erature in other hydrothermal vein-style deposits by Sanderson
et al. (1994), Gross and Engelder (1995), Khrul (1994), Clark
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et al. (1995), Jonhston and Mc Caffrey (1996), Mc Caffrey and
Jonhston (1996), Gillespie et al. (1999), Roberts et al. (1999),
Loriga (1999) and Monecke et al. (2001). This study is the first
to show, however, that a porphyry vein system constituting
a stockwork and generated by a hydrofracturing process, con-
forms to a power-law relationship.

The fractal dimension D increases from 1.1 for the 910 m
scanline to 1.9 for the 1060 m scanline (Table 3, Fig. 5).
The whole field database is sampled in the same rock lithol-
ogy, the Fundoaia andesite (Fig. 2). Thus, these fluctuations
in fractal dimension do not reflect lithological variations in
the stockwork host rock (Brathwaite et al., 2001).

Table 3

Summary for each scanline of TL and NR values used for the left- and right-

hand side corrections, fractal dimensions, correlation coefficients between

the raw and theoretical power-law data for the thickness distributions

Scanline

(m)

Correction of

sample bias

Fractal

dimension

Correlation

coefficient

TL (mm) NR (mm) D R (power-law)

910 1 1 1.07 0.99

1000 1 1 1.51 0.99

1045 1 0 1.04 0.99

1060 1 0 1.92 0.98
6. Spacing distribution

The intersection distances between adjacent veins (spacing
S ) are presented in a logelog diagram plotting the cumulative
number of veins (Ns) with spacings greater than a given value S
versus the spacing classes S (Fig. 7). All the levels show nega-
tive exponential distributions as shown by the high correlation
coefficients R (Fig. 7). The spacing distribution of the 910 m
level is more ambiguous: the fractal distribution seems to be
more adapted, but the value of D> 1 is incoherent with a spatial
distribution along a line. As for the thickness distribution, tests
have been carried out to see if the indiscriminate sampling
whatever the orientation or mineralogical fill has any effect
upon this negative exponential distribution. The results are pre-
sented in the Fig. 6 for the 1000 level. For the two main orien-
tation sets, the negative exponential character is still evident.

These types of distribution were previously observed in this
type of massive and non-layered crystalline rocks (Cowie
et al., 1994; Gillespie et al., 1999; Brathwaite et al., 2001).
Brooks et al. (1996) performed an analysis of the spacing
distribution of faults observed at the scale of a crystalline
rock body (porphyry copper deposit, El Teniente, Chile) and
demonstrated that the spatial distribution of the system follows
a negative exponential law.
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The Cv coefficient has been calculated for each scanline.
All the values are >1 and indicate a clustered organization
for the veins (Fig. 8). The 910 m level shows the highest value
of Cv which indicates a stronger clustering than the other scan-
lines. These Cv values are similar to those estimated for other
non-stratabound mineralized systems (Gillespie et al., 1999;
Mc Caffrey and Johnston, 1996; Brooks et al., 1996).

7. Discussion

7.1. Vein thickness and vein growth mechanism

Two models are currently proposed to explain the mecha-
nisms responsible for the formation of veins characterized
by a power-law thickness distribution.

Stochastic models suggest that this type of distribution can
be produced by a constant nucleation of veins in the media
(Clark et al., 1995) with the assumption of a time-averaged
growth rate proportional to the size of the structure (Ijiri and
Simons, 1977). An analytical formulation of such a model
has been proposed by Monecke et al. (2001) with a fractal
dimension D, function of the nucleation rate (a) and the
growth rate (b) with D¼ f(a/b). In this case, a high nucleation
rate yields a higher fractal dimension D, i.e. a vein population
dominated by a high relative proportion of thin veins, whereas
a large constant growth rate (b) produces a small fractal di-
mension D, i.e. a vein population that contains a high relative
amount of thick veins.

In percolating cluster models proposed by Sanderson et al.
(1994), Roberts et al. (1998, 1999) and Cox (1999), the veins
are assumed to grow with respect to some conditions and
especially a growth rate function proportional to the size of
the vein. The main difference with the stochastic model is
that linkage of veins is considered to be essential in the forma-
tion of a pathway across the vein network, with wider veins
being more susceptible to linkage and more likely to form con-
nected pathways compared to thinner ones.

In both models, the fractal dimensions of the thickness
distributions reflect directly the mechanisms responsible for
the formation and evolution of the vein system. For Roberts
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et al. (1998), isolated veins will be dominated by small lengths
and thicknesses whereas connected-systems of veins will be
dominated by wider and more extended veins. In this case,
a low D value will express a well-connected network which
favors the percolation of mineralizing fluids.

The analytical formulation of Monecke et al. (2001) considers
that D is dependent on the ratio between nucleation rate (a) and
growth rate (b) and proposes that the formation of mineralized
veins occurs at particularly low a/b ratios whereas weakly min-
eralized and barren veins are formed at higher a/b ratios.

In this study, D values increase from the bottom to the top
of the porphyry system. A first conclusion could be that the
nucleation rate a increases from the top to the bottom of the
pit, but this is inconsistent with the observed data, since the
vein density values are similar for all the scanlines (Table 1).
A second possibility is that the growth rate b decreases from
the bottom to the top. This implies a theoretically higher pro-
portion of wide veins for the lower part of the system. Indeed,
the mean thicknesses of veins decrease from 4.46 to 3.79 mm,
respectively, for the 910 m and the 1060 scanlines (Table 2). It
is proposed, therefore, that the evolution of the D parameters
in this porphyry system is linked to changes in the growth
rate of existing vein structures rather than to the nucleation
of new ones. The evolution of D values observed in this study
seems therefore to be independent of the nucleation rate.

Given the low D values observed for the lower levels of the
mine, it is suggested that mechanisms of linkage are likely to
be important so that the percolating cluster model proposed by
Sanderson et al. (1994), Roberts et al. (1998), Cox (1999) and
Roberts et al. (1999) is an appropriate way to describe the
evolution of the vein distribution in this porphyry copper
deposit.

It ought to be possible to describe this phenomenon by
a comparative study of the thickness to length ratios of each
vein as thicknesses are considered to be proportional to the
lengths of the veins (Johnston and Mc Caffrey, 1996). The
linkage process should disturb this relationship e as shown
by Cartwright et al. (1995) e but as the lengths of the veins
cannot be measured in this study, this analysis is not possible.

The formation of the vein network by a hydrofracturing
mechanism implies the presence of high fluid pressure exsolved
fluids (Hedenquist and Lowenstern, 1994; Bodnar, 1995) and
a resulting high nucleation rate a, leading to a high density of
veins. This mechanism could explain the higher D values (up
to 1.92, Table 3) observed in this study compared to other types
of hydrothermal deposits (Sanderson et al., 1994; Johnston and
Mc Caffrey, 1996; Mc Caffrey and Johnston, 1996; Roberts
et al., 1999; Loriga, 1999; Monecke et al., 2001). The high
values of D observed in this system indicate also that the vein
system is dominated by thinner veins as already described in
Clark et al. (1995) and Roberts et al. (1999).

7.2. Vein spacing distribution and vein
growth mechanism

The spacing distribution is ambiguous for the þ910 m
level, whereas the other levels indicate obvious negative
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exponential distributions. Gillespie et al. (1993) described how
under-sampling of the thinnest veins could affect the spacing
distribution. Where the smallest veins with power-law thick-
ness distribution are not detected, the spacing data are inevita-
bly degraded and will not generate power-law distributions
(Gillespie et al., 1993). The non-consideration of the smallest
veins in the studied arrays leads to an under-sampling and to
a degradation in the first part of the cumulative frequency
curves. The correlation between the raw data and the theoret-
ical power-law curves is therefore bad and the distribution
cannot be interpreted as power-law. The frequency curve mor-
phology conforms, in fact, better to the theoretical case of the
exponential negative law. In this study, the sampling method is
identical for the four scanlines. The sampling bias could
theoretically influence the distributions, but should do so in
a similar manner.

A clustered organization of veins, shown by the presence of
either a power law or negative exponential spacing distributions,
indicates that the nucleation locations of the veins (or fractures)
are likely to be interdependent (Gillespie et al., 1993).

The interaction process tested numerically by Rives et al.
(1992) suggests that the joint set development is controlled
by the spatial distribution of the initiation points, the size of
interaction zones, the initiation and propagation criteria of
the joint sets and the stage of evolution. In this model, no frac-
ture can nucleate at less than a certain limiting distance from
any other fracture and the area available for joint initiation
decreases with the cumulative length of the joints until no
more freedom for the final fractures exists. The final stage
of development is referred to by Narr and Suppe (1991) as
the ‘‘saturation level’’.
If the fracture saturation level and therefore maximum
density are reached, the strains developed in the rock body
are expressed by the opening of pre-existing fractures rather
than the nucleation of new fractures. In the porphyry case,
homogeneous values of vein density can illustrate such a state
of saturation. Hence, growth of the fractures occurs until a per-
colation threshold is reached. The actual vein system observed
in the porphyry constitutes the final stage of the network
development. This fact implies that the initial nucleation rate
could not be identical for all the levels (Fig. 9) and that the
time to reach the saturation level should be shifted in time
for the different levels.

However, Simpson (2000) has shown that the modifications
of the fluid pressure and local stresses during hydrofracturing
can have an important effect on the resulting fracture spacing
distribution. The fluid pressure drop within the fracture plane
during failure perturbs the local stresses and the fluid pressure
regime in the surrounding rock in a zone extending over
approximately two fracture lengths. In contrast to the previous
studies by Rives et al., 1992 and Gillespie et al. (1992, 1993),
numerical simulations demonstrate that the nucleation of new
fractures is located in the vicinity of the pre-existing fractures
(Simpson, 2000).

The porphyry system is considered to be formed by a hydro-
fracturing process and therefore in this porphyry environment,
veins must nucleate preferentially near pre-existing ones. This
mechanism explains the existence of clustered vein systems, at
the open-pit scale, in this case as shown by Cv values system-
atically higher than 1 (Table 4, Fig. 8).

The fluid pressure affects the bottom part of the vein system
more strongly than the upper part and the degree of clustering
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Fig. 9. Conceptual model for the formation and evolution in time and space of the vein network in the Rosia Poieni porphyry copper. See text for details.
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is therefore different with more clustered veins in the bottom
part compared to the upper part of the hydrothermal system.

7.3. Stockwork development and mineralization
processes

The evolution of the fractal dimension D characterizing the
distribution of the vein thicknesses, as a function of the min-
eralization rate has been outlined by Sanderson et al. (1994)
and Roberts et al. (1998, 1999). These authors propose that
a low D value is characteristic of well connected-systems
which can thus develop favourable and substantial percolation
rates of ore fluids. Wilkinson and Johnston (1996) show that
a clear relationship exists between the clustered organization
of veins and gold precipitation suggesting that the mechanical
and the chemical development of the veins are strongly
related. Indeed, in the case of the porphyry copper stockwork
studied in this paper, the vein clustering seems to play a major
role in the mineralizing processes.

As shown by Brathwaite et al. (2001), scanlines that are
closer to the core of vein systems are characterized by a higher
mean vein thickness and a greater clustering of the veins. The
presence of large fractures corresponds to the existence of
major fluid drains in the rock system which can affect the
development of fractures around them and thus have a great
effect on the final vein distribution characteristics. In this
type of hydrothermal system, the hydrothermal plume is re-
sponsible for the fluid flow directions and intensities expressed
as well marked vertical and horizontal hydraulic gradients in
the rock. Its location, morphology and development could
therefore significantly control the spatial distribution of veins.

8. Conclusion

A statistical analyses of vein thickness in the Rosia Poieni
porphyry system show that a power-law distribution exists
whilst the vein spacing follows a negative exponential law.
A highly clustered spatial organization of veins is suggested
by both the spacing distribution and the Cv values. The final
state of the vein network is representative of a saturation level
in the nucleation process, as indicated by similar density
values at the open-pit scale. A high probability of linkage be-
tween the veins during their growth is postulated. Veins seem
to nucleate near pre-existing ones during hydrofracturing. The
initial nucleation rates seem to be different and the time

Table 4

Mean spacings, standard deviations and Cv values characteristics of the four

scanlines

Scanline

(m)

Mean

spacing (m)

Standard

deviation spacing

Coefficient of

variation, Cv

910 0.038 0.073 1.92

1000 0.067 0.100 1.49

1045 0.078 0.089 1.14

1060 0.05 0.10 1.31
needed to obtain a saturation state could be shifted in time
for the different levels.

A conceptual model for the development of the Rosia
Poieni porphyry system in time and space is proposed. Ini-
tially, hydraulic fracturing leads to the nucleation of isolated
fractures. The distribution of fluid pressure during the hydro-
fracturing implies different nucleation rates as a function of
depth. The lower levels of the ‘‘open-pit’’ seem to exhibit
a higher density of nucleation than the upper ones (Fig. 9A).
It is suggested that each of these new fractures produces a spe-
cific state of stress in its vicinity allowing the nucleation of
new fractures. The location of the new nucleations is therefore
not random but, rather, is influenced by the initial fractures
(Fig. 9B). It is suggested that the upper levels still show ran-
dom new nucleation because of their initially lower nucleation
rates (Fig. 9A) and that after a certain time, the saturation
stage was reached in the lower levels (Fig. 9C). The existing
fractures continuously grew as a function of their size and
some linkage phenomena began to occur. As a result numerous
veins of the same orientation develop with very low spacings,
eventually coalescing to finally form some large structures. By
contrast, the upper levels preserve fewer linkage phenomena
and thinner thicknesses (Fig. 9D). Eventually, the saturation
state was reached in the upper levels. No new nucleations oc-
cur in the entire system. The final densities of veins are similar
throughout the entire ore body. The main drains are formed by
linkage and favoured by the continuous growth of veins
(Fig. 9E). Finally, the system stabilized as the percolation
threshold was reached for the entire system. The distribution
of veins is strongly clustered in the lower zones. Less cluster-
ing is observed in the upper part because of the more progres-
sive generation of veins and the lower thicknesses of the last
generation of veins (Fig. 9F).
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