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The emplacement of LCT-type (Lithium–Cesium–Tantalum) pegmatite fields and their relationships with host rocks are 
commonly studied with petrographic, geochemical and isotopic analyses. Although these methods are efficient to under-
stand the process of differentiation and/or enrichment in rare-elements during the crystallization of pegmatites, they are 
not appropriate to decipher, on field scale, the LCT pegmatites’ emplacement. Here we apply a spatial statistical analysis 
to the LCT-pegmatites field of Monts d’Ambazac in the Saint Sylvestre Granitic Complex (Massif Central, France), in 
order to constrain and discuss spatial relationships between pegmatites, granites and faults. Various numeric variables 
(distance to the nearest neighbor, Ripley’s L’-function, Euclidean distance, spatial density distribution, cluster analysis) 
have been computed to quantify both i) the spatial distribution of the pegmatite occurrences, including their grouping/
scattering and aligning features, and ii) the association of the pegmatites with individual rock types or structures. We 
show that a spatial relationship can be quantified between LCT-type pegmatites and ~N to NNE trending faults family; 
with 50 % of the pegmatite occurrences located less than 500 m away from one of these faults. This result is confirmed 
by the spatial relationships between the pegmatites distribution and the highest spatial density of this trend fault class. 
Moreover we demonstrate the high clustering rate of the pegmatites set. These clusters are preferentially oriented in 
the same N015° direction as the trend of the A class-faults, which is parallel to a large sheared corridor described in the 
central part of the study area. In contrast to analyses on relationships between faults and pegmatites, our results point 
out a lack of spatial link between each of the pegmatite subtypes and several potential granitic sources. We thus sug-
gest that pegmatites were emplaced along A-faults trend. The development of these faults could have been favored by, 
and focused in, the central part of the granitic complex beforehand affected by a large shear-zone. These results reveal 
the efficiency and the utility of such a statistical approach to better constrain the LCT type pegmatites–faults–granites 
model. We think that such a methodology should be more systematically applied to the exploration of LCT pegmatite 
fields, particularly in poorly exposed domains.
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1. Introduction

Rare-elements as Tantalum (Ta) and Niobium (Nb) are 
almost exclusively produced from giant Lithium–Cesi-
um–Tantalum (LCT)-type pegmatites (e.g. Greenbushes, 
Wodgina, Tanco, Volta Grande; Pollard 1995). Other met-
als like Beryllium (Be), Cesium (Cs) and Tin (Sn) as well 
as industrial minerals (i.e. feldspars and quartz used in 
the production of ceramic) may be valuable by-products 
of rare-element pegmatite deposits exploitation (e.g. 
Černý 1992). One specific common feature of pegmatite 
fields is the clustered distributions of the pegmatites 
bodies [e.g. among others, Black Hills, South Dakota 
(Norton and Redden 1990), the Barroso–Alvão, Portugal 
(Lima 200; Martins 2009), and the Fregenada–Almendra, 
Salamanca, Spain (Vieira 2010)]. Up to now, studies 

dedicated to the genesis of LCT-type pegmatites, and 
to their relationships with the host rocks, were mainly 
based on mineralogy, petrology, isotope geochemistry 
(e.g. Li, O and Pb) and/or geochronology (e.g. U–Pb, 
Ar–Ar methods). Moreover, these studies were focused 
on peculiar pegmatites (e.g. Tanco, Bernic Lake Mani-
toba, Stilling et al. 2006; Van Litchervelde 2006) rather 
than on a whole pegmatite field. Trueman and Černý 
(1982) and, then, London (2008) proposed a theoretical 
genetic model highlighting the development of pegmatite 
fields in magmatic intrusion environments. This model 
implies that rare-element pegmatites are derived from 
parental granitic sources with a chemical differentiation 
favored by two main processes: i) the enrichment in vola-
tile elements (e.g. Li, Be, F) and ii) the increase of the 
fractionation degree and the enrichment in rare-elements 
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(e.g. Li, Be, Rb, Cs, Nb–Ta, Sn...) with respect to the dis-
tance from the granitic source. In most cases, the parental 
magma corresponds to a two-mica leucogranite emplaced 
during continental collision (Chappell and White 1974; 
Černý et al. 2005). 

This model is actually the most widely used for mining 
exploration of rare-metals-bearing pegmatites. However, 
it is noteworthy that several rare-metal pegmatite fields 
demonstrate neither evident genetic nor spatial associa-
tion with granitic body (e.g. Göd 1989; Kontak and Ky-
ser 2009; Demartis et al. 2011; Dill et al. 2012). In that 
case, a major controlling factor of LCT-type pegmatites 
appears to be the occurrence of regional shear-zones 
(e.g. Kontak et al. 2005; Dill et al. 2012). Emplacement 
models are then still matter to debate.

In order to better constrain processes involved in the 
development of LCT-type pegmatite fields, a first step is 
to characterize the spatial relationships between pegma-
tite bodies and surrounding structures and units. In this 
paper, we develop a spatial statistical approach applied 
to the LCT-pegmatite field of Monts d’Ambazac, located 
in the Saint Sylvestre Granitic Complex (SSGC, Massif 
Central, France, Raimbault 1998). Indeed, the use of spa-
tial analysis techniques, with the computation of various 
numeric variables (e.g. distance to the nearest neighbor, 
Ripley’s L’-function, Euclidean distance, spatial density 
distribution, cluster analysis), allows quantifying both: 
i) the spatial distribution of the pegmatite bodies, in-
cluding their grouping/scattering and aligning features, 
and ii) the overlap or proximity of the pegmatites with 
given rock types or structures (ductile shear zones, fault 
families, granite units). In order to highlight any poten-
tial spatial link between pegmatites and the surrounding 
structures s. l., one must bring out abnormal spatial distri-
butions of the pegmatites with regard to the cartographic 
outlines. Thanks to a good quality of the data sets, the 
Variscan Monts d’Ambazac pegmatite field constitutes 
an excellent case study to test such spatial statistics. It 
has the potential to constrain, in particular, the spatial 
relationships between recognized LCT-type pegmatites 
and the hosting granites and fault zones. Data sources 
have included published papers, geological maps and 
unpublished PhD theses, taking benefit from uraniferous 
mining works throughout the study area (La Crouzille 
district, Fig. 1b; e.g. Friedrich et al. 1987; Cathelineau et 
al. 1990; Cuney et al. 1990). Various data sets have been 
homogenized and compiled in a Geographic Information 
System (GIS). Spatial statistics has been undertaken in 
order to test: i) the spatial proximity between pegma-
tites and faults trace, ii) the overlapping between high 
fault-density areas and pegmatite bodies, iii) the spatial 
proximity between pegmatites and faults intersections, 
and iv) the spatial proximity and overlapping of the peg-
matites with host-granites. Finally, cluster analysis of the 

pegmatite bodies is performed in order to map automati-
cally the spatial average extension of each cluster and to 
compare their location and trend (i.e. the preferred strike 
alignment of the pegmatites) to the ones of the faults 
sets. Results of the statistical tests are further interpreted 
and discussed in terms of potential genetic links between 
pegmatites and various geological structures.

2. Geological setting and field observations

2.1. The Saint Sylvestre Granitic Complex

The Saint Sylvestre Granitic Complex (SSGC) is located 
in the northern part of the French Massif Central, and was 
emplaced during the Variscan orogeny at 324 ± 4 Ma (cf. 
Brâme-Saint Sylvestre facies; Holliger et al. 1986) during 
a regional NW–SE extension (Faure and Pons 1991). The 
3-D geometry of the SSGC (Audrain et al. 1989) is a thin 
laccolith of 2–3 km in thickness which intruded both the 
paraautochton and the allochthonous lower gneiss units 
(Fig. 1a). The SSGC is bounded by the Nantiat normal 
fault (Floc’h 1983) and by the Arrènes–Ouzilly dextral 
shear zone (Mollier and Lespinasse 1985) on its western 
and eastern edges, respectively. Besides, the granitic 
complex is crosscut by a 5 km wide, on average N20°E 
trending sheared corridor (Fig. 1a–b; Mollier and Bou-
chez 1982; Mollier and Lespinasse 1985; Cuney et al. 
1990; Hottin et al. 1995). Based on magmatic foliations 
trends, these authors recognized that deformation oc-
curred – at least partially – during granite emplacement. 
Besides, a well-developed network of N020°E-trending 
brittle faults has also been described in this particular 
area (e.g. Cathelineau et al. 1990; Cuney et al. 1990; 
Scaillet et al. 1996). 

This peraluminous complex, which was derived by 
melting of continental crustal components (e.g. Vidal 
et al. 1984), is composed of three main granitic facies 
resulting from successive magma injection, from west to 
east, following this temporal sequence: 1) Brâme, 2) γ1 
Saint Sylvestre and 3) Saint Goussaud (see Fig. 1; e.g. 
Cuney et al. 1990; Scaillet et al. 1996). These three main 
granite bodies are crosscut by various plugs of granites. 
The Brâme granite is crosscut by Châteauponsac granite 
plugs, dykes and sills. The Saint Sylvestre γ1 granite 
is composed of two sub-facies (γ1a and γ1b), based on 
granite grain size and on a slight difference of K-feldspar 
proportion. The γ1 granite is crosscut by both the γ2 Fa-
nay and γ3 Les Sagnes granite plugs, sills and dykes (Fig. 
1b, Cuney et al. 1990). The γ2 and γ3 fine- to medium-
grained granitic stocks were emplaced at 310–300 Ma 
(Cuney et al. 1990). These small granitic cupolas are 
more peraluminous, fractionated and enriched in some 
incompatible elements (e.g. U, Li) than γ1-coarse grained 
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granite (Cuney et al. 1990). These differences are also 
observed in mineralogy: the γ1 is composed of biotite 
and muscovite, K-feldspars and residual sillimanite; γ2 is 
made of residual biotite, muscovite, K-feldspar, albite and 

quartz; γ3 is composed of muscovite, albite and quartz. 
The γ3 leucogranite is considered as the ultimate highly 
differentiated magmatic injection of the SSGC, enriched 
in U, Li, F and Sn (Cuney et al. 1990; Raimbault 1998).

Saint Sylvestre Granitic Complex

Pegmatite Types

Beryl Type

Complex Type

Les Sagnes graniteγ3

Fanay graniteγ2

Saint Goussaud granite

Saint Sylvestre graniteγ1

Châteauponsac granite

Brâme granite

K

SK

SK-L

SL

MCF

Fig. 1a – Geological map of Saint Sylvestre Granitic Complex (SSGC) and localization of the recognized pegmatites. White dotted lines illustrate 
the large sheared-corridor (e.g. Mollier and Bouchez 1982; Mollier and Lespinasse 1985; Cuney et al. 1990; Hottin et al. 1995). b – Zoom on 
Monts d’Ambazac pegmatite field and the γ2 Fanay and γ3 Les Sagnes granitic injections located in this part of the Saint Sylvestre granite.
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2.2. The Monts d’Ambazac rare-element 
pegmatite field

The Monts d’Ambazac rare-element pegmatite field – at 
least partly – belongs to the same rare-element mag-
matism event as the two Li–Be–Nb–Ta–Sn-enriched 
leucogranites of Beauvoir (Allier; Aubert 1969; Cuney et 
al. 1992) and Montebras (Creuse; Aubert 1969) as well 
as the Richemont rhyolitic dyke (Raimbault and Burnol 
1998). All these magmatic bodies belong to a rare-
element magmatic belt extending through the northern 
border of the French Massif Central (e.g. Marignac and 
Cuney 1999). Indeed, the Monts d’Ambazac rare-element 
pegmatite field emplacement overlapped in age the rare-
element magmatism event (c. 310 Ma, Cuney et al. 2002) 
since the more differentiated pegmatites (e.g. Chèdeville 
district, Fig. 1b) have been dated at 309 ± 0.9 Ma (Cheil-
letz et al. 1992). Furthermore, geochemical composition 
of the Monts d’Ambazac pegmatites is similar to the one 
of the above-mentioned granites (Raimbault 1998).

With the exception of a few rare-element pegmatites 
of the Chèdeville district, hosted in the parautochthonous 
metamorphic unit (Raimbault 1998, Fig. 1b), the rare-
metal pegmatites of Monts d’Ambazac are all confined 
into the coarse-grained γ1 granite (Fig. 1a). During 
fieldwork, 21 plane measurements of the pegmatite–γ1 
granite contact from 16 distinct occurrences (Fig. 2a) 
were obtained. They show a mean strike of N015 ± 16° 
and a 40–50° SE dip on average (Fig. 2a–b). A detailed 
typology (internal structure, mineralogy, strike and dip) 
of the Monts d’Ambazac pegmatites field has been per-
formed from a classification published by Burnol (1974), 
complemented by our own observations. This classifica-
tion is based on pegmatite/aplite ratio, with mineralogical 
and geochemical features of pegmatites and it permits to 
distinguish four distinct types: i) on a scale of one cm 
to one m K-rich pegmatites type (K) devoid of aplitic 
units, ii) on a scale of ten m Na–K pegmatites type with 
scattered fine aplites (SK), iii) on a scale of several tens 
of m Na–K with late Na–Li phase aplite–pegmatites type 
with one or more m layered aplitic units (SK-L) and 
finally iv) on a scale of ten m  Na–Li aplite–pegmatite 
type (SL) with similar proportions of aplites and pegma-
tites forming dykes (i.e. sharp and planar contact with 
the host granite). Based on a combination of available 
geochemical and petrological data (e.g. Perrier 1962; 
Patureau 1982; Raimbault 1998) with new observations, 
and using the Černý and Ercit’ s typology (2005), these 
can be classified as follows: i) type K is equivalent to 
Beryl–Columbite subtype, ii) type SK is an intermediate 
equivalent between Beryl–Columbite and Beryl–Colum-
bite–Phosphates subtypes, iii) type SK-L is equivalent to 
Beryl–Columbite–Phosphates subtype and iv) type SL is 
equivalent to lepidolite subtype. Pegmatites of the Beryl 

type are mainly composed of quartz, K-feldspar, albite, 
muscovite, ± biotite and beryl. A great diversity of ac-
cessories, dominated by phosphate minerals, has been 
observed including: apatite, triplite, amblygonite, cas-
siterite, columbite, tantalite, Li-muscovite, lepidolite and 
zinnwaldite (e.g. Perrier 1962; Patureau 1982; Raimbault 
1998; Collective 2008). Even though most of these peg-
matites belong to the Beryl–Columbite subtype (K), some 
are of the Beryl–Columbite–Phosphate subtype (SK-L), 
and others (SK) appear as intermediate between the two, 
containing scarce phosphates. Pegmatites of the Complex 
type occur only in the Chèdeville district (Fig. 1b) and 
are mainly composed of quartz, albite, petalite, lepidolite, 
and scarce K-feldspar. Accessory minerals from this type 
are mainly represented by apatite, cassiterite, columbite, 
tantalite, topaz, amblygonite, montebrasite, monazite, 
niobium rutile and rubellite (Raimbault 1998).

The above detailed classification introduces more 
details concerning the internal structures and the fraction-
ation degree of pegmatites than that of Černý and Ercit 
(2005) and the four classes will be used in the following 
text for the spatial statistical analysis.

3. Spatial distribution analysis of pegmatites

In this study, 118 occurrences of pegmatites have been 
compiled from all publications and data sources available 
on the Monts d’Ambazac pegmatite field (e.g. Perrier 
1962; Burnol 1974; Patureau 1982; Fig. 1a). This data 
base was complemented by our own field data. For each 
pegmatite occurrence found, projected coordinate values 
(RGF93 datum – Lambert Conformal Conic projection) 
are stored in a GIS database with information on miner-
alogical content, the class (following the above described 
typology), strike and dip of pegmatite–γ1 granite contact 
(Fig. 2), when measured, and a reference to the data 
source. More precisely, the pegmatites set is composed 
of 96 pegmatites belonging to the type K, 4 SK, 8 SK-L 
and 10 SL-type pegmatites (Fig. 1a–b). The bounding box 
which includes the SSGC outline, extents 50 km N–S and 
16.5 km W–E (Fig. 1a). Thus, a rectangular area of 825 
km² is used in this study as a reference for the calculation 
of all spatial statistical parameters. 

Several methods have been proposed for analyzing 
the spatial pattern of point sets with applications to 
Earth sciences including Fry analysis (Fry 1979) and 
fractal analysis (Carranza 2009a and references therein). 
In order to characterize and quantify the overall spatial 
distribution of the pegmatite occurrences throughout the 
study area, an alternative method, the Distance to Near-
est Neighbor (DNN) has been used here. This statistical 
technique, developed by Clark and Evans (1954), allows 
measuring spatial relationships in populations and is ap-
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plied to various research topics such as, among others, 
mining exploration (e.g. Carranza 2009b; Mamuse et al. 
2010), geomorphology (e.g. Wilkins and Ford 2007), 
volcanology (e.g. Bleacher et al. 2009), planetology (e.g. 
Baloga et al. 2007), urban systems analysis (e.g. Eckley 
and Curtin 2013) or ecology/epidemiology (e.g. Larkin 
et al. 1994; Haase 1995). Euclidean distance is computed 
– in 2D map view – between each point and its closest 
neighboring distinct one, giving the DNN value. 

Analysis of the frequency distribution of the computed 
DNN for the 118 pegmatite occurrences (Fig. 3a), shows 
a minimum of 15 m and a maximum distance of 4475 m. 
Both the relative and the cumulative frequency curves 
highlight strong asymmetrical distributions (with a posi-
tive skewness of 3.46); the observed average DNN value 
is 528 m and median equals 367 m. Following Clark and 
Evans (1954), the R ratio value gives an index measure 
of the spatial distribution of objects in a map, as follows: 

       (1)

where 𝑟𝑟𝑜𝑜� 𝑟𝑟𝐸𝐸�   is the observed average DNN value (528 m 
here) and 𝑟𝑟𝑜𝑜� 𝑟𝑟𝐸𝐸�   average DNN value as expected for a purely 
random spatial distribution with:

        (2)

ρ being the point density across the study area (expressed 
as a number of objects per unit of area; see Clark and 
Evans 1954 for details). The R index value has a limited 
range (Fig. 3b) from 0, which corresponds to an extreme 
clustering where all data points are located at the same 
place, to a maximum of 2.1491 for points distributed in an 
even and hexagonal pattern. A purely random distribution 
of the points set corresponds to R of unity (Fig. 3b). Here, 
the observed average DNN 
(528 m) is clearly less than the 
expected value (1464 m; Fig. 
3a). The calculated R value of 
0.36 (Fig. 3b) proves the high 
clustering degree of the peg-
matite occurrences throughout 
the Monts d’Ambazac field 
(i.e. data points are about three 
times closer to each other than 
expected for a randomly dis-
tributed set with the same num-
ber of points). 

The Ripley’s K-function (Ripley 1977) and its deriva-
tives is another available statistical tool used to identify 
and understand the pattern of map distribution of obser-
vations (more precisely, it highlights deviations from 
spatial random distribution of objects). Complementary 
to the DNN analysis, this function allows describing the 
degree of clustering or scattering of elements on various 
scales and it has been used extensively, for instance in 
biology (e.g. Kiskowski et al. 2009; Rozas et al. 2009). 
Ripley’s K-function expresses the average number of 
neighboring points lying at a maximum distance r from 
data points divided by the overall point density, as fol-
lows:

       (3)

with n the total number of points, Ni(r) the number of 
points within a neighboring distance r of the i point 
from the data set and ρ is the overall point density 
value.

Situations on various scales are thus explored with 
changing r in the function (Fig. 3c). In the same way, 
the theoretical value of this function for a fully random 
spatial distribution is πr2 and the first derivative of the 
K-function is:

       (4)

Finally, the second derivative (L’) of the function is 
determined in order to fix a zero value for the reference 
random distribution (Fig. 3c):

        (5)
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Fig. 2a – Stereographic projection of 
21 pegmatites strikes measured dur-
ing field campaign from 16 pegmatite 
occurrences. b – Distribution of the 
strikes. The main direction corresponds 
to N015 ± 16° (2σ).
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Ripley’s L’-function thus facilitates the interpretations 
of the various distribution patterns for different scales 
(see arrows in Fig. 3c): constant values correspond to a 
constant random distribution of the points on the scales 
considered. Increasing Ripley’s L’-function describes a 

clustering distribution of the points set and, conversely, 
decreasing values correspond to a scattering distribution 
of the points. Furthermore, the slope of the function is 
proportional to the rate of clustering/scattering for a given 
scale (i.e. a given maximum neighboring distance; Fig. 
3c). Here, the computed L’ function increases with dis-
tance (i.e. with decreasing scale) and stabilizes (at 4500 
m) after r = 5000 m; this shows a persistent clustering of 
the pegmatite occurrences up to 5000 m and a random-
ization of the dispersion of these clustered points beyond 
5000 m. Note that both curves corresponding to the L’-
function for all pegmatites and for the K-type ones are 
superimposed (Fig. 3c). In the clustering distance range 
(0–5000 m) two clustering rates are distinguished based 
on slope breaks of the curve: a high clustering rate up to 
2000 m and a moderate one from 2000 to 5000 m. Fol-
lowing Allanic and Gumiaux (2013), these distances can 
thus be used to separate the points set in groups and to 
map clusters (see Maximum Reference Distance (MRD) 
Allanic and Gumiaux, 2013). Both results obtained from 
the DNN analysis and from the Ripley’s L’-function com-
putations are consistent with the R ratio value and clearly 
show that the pegmatites are highly clustered throughout 
the Monts d’Ambazac district and that clustering occurs 
on all scales up to 5000 m (with no scattering even ex-
pressed). This high clustering rate suggests that a strong 
control of the lithologies and/or structures exists on the 
locations where pegmatites were emplaced. A spatial 
statistical approach is thereafter developed in order to 
highlight such potential relationships.

4. The pegmatites–host lithologies– 
structures spatial relationships

In the Monts d’Ambazac area, some of the old under-
ground works are exceptionally well preserved, which 
facilitate mineralogical and petrological studies within 
the pegmatitic bodies (including the 3D description of 
pegmatites’ internal zoning). In contrast, systematic struc-
tural analysis is difficult as the footwall and hanging wall 
of the pegmatites are most often not outcropping or were 
destroyed by the past artisanal and small-scale mining 
activity. From the 118 occurrences as referenced from old 
works and literature, only 16 can currently be the subject 
of structural measurements (Fig. 2). Thus, in order to 
discuss the potential structural control on pegmatite field 
genesis, we propose to focus on regional scale, on the 
spatial relationships between the pegmatite occurrences 
and the geological structures. Here each segment is de-
fined by its trend (or strike), but it does not contain any 
other information such as kinetic or dip characteristics. 
As shown below, various spatial statistical parameters 
can be computed from the layers of the GIS database 
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Fig. 3a – Relative and cumulative frequency distributions of the Dis-
tance Nearest Neighbor (DNN) for the 118 pegmatites considered in 
the whole SSGC; the 400 m bin size of the histogram ranges is fixed 
following the Sturges’s law (Sturges 1926). b – Ratio (R; (1)) computed 
from the observed average DNN value over the expected* average 
DNN value (2).The calculated R value of 0.36 highlights the high 
clustering rate of the pegmatites throughout the SSGC. c – Ripley’s L’-
function (5) computed to detect spatial deviations from a homogenous 
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including points set (pegmatites location), lines (faults 
and shear zones) and polygons (mapped geological units). 

4.1. Methodology

4.1.1. Choice of analyses

Several methodologies have already been developed 
and proposed for prospectivity mapping using GIS 
(Knox-Robinson and Groves 1997; Bonham-Carter 
2002; Carranza 2009b and references therein). The clas-
sical methods used include Boolean methods, weight 
of evidence scores estimation and fuzzy logic approach 
(Bonham-Carter 2002), or algebraic methods (e.g. Siris, 
Vaillant et al. 1995). All these approaches have the same 
objective to integrate cartographic information from vari-
ous sources in order to locate zones with high exploration 
potential or presenting a significant risk level (e.g. natural 
hazards). Recent applications of such approach have been 
made for, among others, mining exploration (e.g. Cassard 
et al. 2008; Feltrin 2008; Carranza 2009a; Porwal et al. 
2010), water spring mapping (e.g. Corsini et al. 2009), 
or biology (e.g. Knudby et al. 2010).

Here, we focus on the analysis of spatial associations 
among the geological entities, in particular between the 
pegmatites and the host lithologies and surrounding 
structures. Indeed, if considering the outlines of different 
geological objects on a map (i.e. point data, lines such as 
faults or shear zones, polygons representing geological 
units) one could roughly establish the potential spatial 
links between objects by visually determining location 
correspondences. However, some cartographic configura-
tions are tricky to be objectively analyzed and problems 
also arise when one wants to quantify the relative con-
trol of each type of geological objects on the locations 
where deposits are emplaced. The use of spatial analysis 
techniques permits to quantify the spatial links between 
deposits and geological cartographic structure s. l. (e.g. 
Carranza 2009a). Some of the classic spatial statistical 
tests that can be used include: i) frequency analysis of the 
shortest distance measured between faults or shear zones 
(lines) and deposits (points), ii) frequency analysis of 
the shortest distance measured between intersections 
of the faults (points) and deposits (points), iii) frequency 
analysis of the faults (or shear-zone) spatial density at 
location of the individual deposits, iv) frequency analysis 
of the shortest distance measured between geological 
unit boundaries (lines) and deposits (points), and v) fre-
quency analysis of crosscutting relationships between 
the different types of geological units (polygons) and 
deposits (points). Techniques for the analysis of the 
distance frequency distribution, quantifying spatial as-
sociations between objects, have already been formalized 
and applied (Berman 1977, 1986; Bonham-Carter 1985; 

Carranza and Hale 2002). Following such approach and 
for each test, the frequency distribution of the computed 
parameters is analyzed in order to bring out any potential 
control of the object considered on the spatial distribution 
of the pegmatites; this is illustrated in the rather simple 
synthetic example.

4.1.2. A synthetic case study

Let’s consider the schematic geological map as displayed 
in Fig. 4a: 15 points (representing deposits) are dispersed 
over 4 distinct types of polygons (lithological units) and a 
set of lines (fault segments). As for our natural case, syn-
thetic segments are only defined by their trends; details 
such as kinetic or dip parameters are not indicated. In 
order to study the deposits/faults spatial relationships, the 
Euclidian distance is computed between each point and 
its closest line segment (Fig. 4a). The frequency analy-
sis of these 15 resulting values (sampled distribution) 
shows that ~50 % of the deposits are within the two first 
distance classes from a fault (see black bars histogram; 
Fig. 4b) and this would argue for a control of the fault set 
on the deposits location and, hence, on their development. 

Now we can introduce a set of points evenly distrib-
uted over the map. As previously, the Euclidian distance 
is computed between each point of this new set and the 
closest fault segment. As points are scattered over the 
study area, the resulting histogram (see grey bars histo-
gram; Fig. 4b) corresponds to the frequency distribution 
of faults’ proximity distance for “any” given location of 
the map and is here defined as the reference distribu-
tion. It turns out, from this example, that the frequency 
distribution computed for the deposits does not deviate 
too much from the reference one. Indeed, frequency val-
ues from the two distributions show similar values (less 
than ± 20 % of difference; Fig. 4b); in other words, the 
sampled distribution for the deposits can be regarded as 
a Normal Distribution (ND; i.e. showing no anomaly) 
for the overall classes (Fig. 4b). Thus, in this synthetic 
example, deposits are statistically not located any closer 
to the faults set than any given point of the study area. 
Thus it must be concluded that faults exercise no control 
on the locations where deposits developed. 

In order to study the spatial relationships of deposits/
lithological units, one possible technique simply consists 
in counting the points overlapping polygons of one given 
type (Fig. 4a) which yields to a discrete-data type histo-
gram with, for the example considered, four classes cor-
responding to the four unit types (Fig. 4c). Here, it would 
turn out from the analysis of the frequency distribution 
alone that the lithological unit A contains the majority of 
the mineral deposits and would have thus controlled, in 
one way or the other, their development (Fig. 4c). How-
ever, comparison of the two histograms shows that the 
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three first A, B and C lithological types display similar 
or even less sampled frequency values than the refer-
ence one (here computed as the relative surface areas 
of the polygons; Fig. 4a, c). Here again, the compared 
frequency analysis highlights that the three lithologies (A, 
B, C) have no apparent control on the locations where de-
posits developed. In contrast, the fourth (D) class shows 
a significantly higher sampled frequency value than the 
reference one (Fig. 4c); i.e. 33 % of the overall mineral 
deposits are located in the polygon type representing only 
10 % of the whole surface of geological map (Fig. 4a, 
c). Thereby it appears that the lithological unit D clearly 
controls the emplacement of deposits. 

This simple synthetic example shows that the fre-
quency distribution analysis of a given statistical param-
eter sampled solely at the deposit locations (here named 
sampled distribution) is not sufficient as such to disclose 
spatial correlations between the points of interest (depos-
its) and other geological objects. For each spatial statisti-
cal tool used, one must compare this sampled distribution 
to the one corresponding to any given point of the study 
area: the reference distribution. Techniques have been 
proposed to compare observed distributions with refer-
ence ones (e.g. Bonham-Carter 1985; Carranza 2009a). 

In this study we define a classification, for a given class 
of a frequency distribution a Normal Distribution (of 
the pegmatites) ND for a sampled to reference distribu-
tion ratio < 1.2, Low Abnormal Distribution (LAD) for 
a ratio within the range [1.2; 1.5[ and High Abnormal 
Distribution (HAD) for a ratio value ≥1.5. As an example, 
the pegmatites frequency divided by the lithology D 
frequency in Fig. 5c would give a ratio of ~2.2. In the 
following section, this approach is applied and tested on 
the case of the Monts d’Ambazac pegmatites field.

4.2. Data used

Two supplementary data sets are integrated in the GIS 
database: polygons displaying the spatial extent of 
lithological units across the area and lines representing 
mapped faults. After compilation of the data, all sets have 
been homogenized in a common Lambert Conformal 
Conic projection (RGF93 datum) to insure the precision 
required for spatial statistics calculation. 

Geological boundaries of the lithological units are 
extracted from the geological map of France 1 : 50 000 
(Arène et al. 1972; Flageollet et al. 1974; Hottin et al. 

Fig. 4a – In order to illustrate the histogram analysis, a synthetic case is presented corresponding to a geological map with the four lithological 
units (A, B, C and D), associated with the deposits points set (white stars) and faults set. b – Theoretical Normal Distribution (ND) observed when 
any spatial anomaly is highlighted between deposits and any geological objects (lithological units, faults). c – Frequency value of deposits relative 
to the surface area of each lithological unit. A Normal Distribution (ND) is observed when pegmatites frequency values are similar to, or lower 
than, the reference distribution (see grey bars), and a High Abnormal Distribution (HAD) is highlighted when the pegmatites frequency value rises 
as the surface area of lithological units decreases.
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1995). As described above, the pegmatites quasi exclu-
sively occupy the γ2 and γ3 granitic facies of the com-
plex. The γ2 granitic facies crops out at several separate 
locations in the SSGC while the γ3 granitic facies is 
represented by a single polygon (Fig. 1b). These units 
correspond to an area of 14 km² (surface integrated in 
that case) and 1.13 km², respectively (Fig. 1a–b). 

The faults set is also compiled from the geological map 
of France 1 : 50 000 (the same sheets as above). For each 
fault, attribute information is given on its nature, strike 
and reference of the data source. This faults set is com-
posed of 680 segments which represent a total cumulated 
length of 24.4 km. Analysis of the faults trend shows clear 
preferred directions, in both the NNE and SE quadrants, 
with multimodal distributions (see rose diagram in Fig. 
5). Best-fit decomposition of the frequency distribution 
has been computed with Lorentzian type functions and a 
rather low base level value of 1.3 % (which would rep-
resent the noise in the strikes of the faults set). The rest 
of the distribution can almost entirely be decomposed in 
three faults strike families (Fig. 5): i) class family A from 
N171° to N021° (including N0° as directional data are of 

circular type) and a maximum at N007°, ii) class family B 
from N021° to N054° (max. N034°) and iii) class family 
C, the most represented one, from N115° to N171° (max. 
N143°). These direction families are further treated as 
three distinct populations of faults in some of the com-
putations. The fault-strikes corresponding to the N054°E 
to N121°E range (d) display classes with the frequency 
value of the computed baseline (1.3 %). The correspond-
ing faults are thus regarded not to belong to any particular 
family or tectonic event but to the noise level of the data 
set. Faults of that strike range are thus not considered as 
a particular class family in the statistical analysis.

In this study, two types of computation methods have 
been used to extract statistical parameters, distance-based 
(Euclidean distance) and density-based (Kernel estima-
tion; see Silverman 1986). As detailed below, four spatial 
statistical tests are performed and frequency analyses are 
applied to: i) the shortest distance value between pegma-
tites and faults, ii) the shortest distance between each type 
of pegmatites and the hosting- γ2 and γ3 granitic facies, 
iii) the distance between pegmatites and faults’ intersec-
tions and iv) the faults’ spatial density.
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4.3. Proximity analysis between pegmatites 
and fault-strike families 

4.3.1. All faults

Analysis of the shortest distance between pegmatites and 
faults (Fig. 6a) shows that the pegmatites frequency dis-
tribution extends from 0 to 1500 m (black bars in Fig. 6a), 
whereas the reference distribution extends from 0 to 3500 
m (grey bars in Fig. 6a). The first [0–250 m [ distance 
class shows that the pegmatites frequency displays a 
higher value (65 %) than the reference one (40 %). The 
sampled pegmatites distribution to reference distribution 
ratio is thus 65/40 = 1.6. Thereby, the pegmatites distri-
bution is a HAD up to 250 m. In contrast, beyond 250 
m, the pegmatites frequency is lower than the reference 
value, and the pegmatites distribution can be considered 
as a ND. This result highlights that pegmatites are statis-
tically grouped along faults and, as a whole, these may 
have an apparent control on pegmatites emplacement at 
a [0–250 m [distance. Consequently, to quantify and fur-
ther constrain the relative control of faults on pegmatites 
emplacement, the same frequency analysis of the shortest 
distance between pegmatites and faults is undertaken with 
each fault-trend family (A, B, C).

4.3.2. A-family faults

The pegmatites distribution extends from 0 to 8000 m, 
and from 0 to 11 000 m for the reference distribution 
(Fig. 6b). The [0–500 m [distance class shows that the 
pegmatites frequency displays a higher value (46 %) 
than the reference frequency (27 %), in the same distance 
class considered. The sampled pegmatites distribution to 
reference distribution ratios equal to 1.96 and 1.54 for the 
[0–250 m [and [250–500 m [distance classes, respectively. 
Therefore, the pegmatites distribution can be regarded 
as a HAD to be replaced, beyond 500 m, by a ND type. 
Such feature highlights that A-faults have a strong appar-
ent control on pegmatites distribution up to 500 m. Note 
that a HAD is observed in distance classes; [4250–4500 
m [ , [5750–6000 m [ , [6000–6250 m [ with pegmatites 
distribution to reference distribution ratios of 1.8, 6.9 and 
3.8 respectively. However, the frequency values are very 
low (1 to 2 %) and the ratios are of little significance. 

4.3.3. B-family faults

The pegmatites distribution extends from 0 to 2750 m 
and from 0 to 5750 m from the reference distribution 
(Fig. 6c). The [0–250 m [distance class shows that the 
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pegmatites frequency value (26 %) is higher than the 
reference one (12.6 %). The pegmatites distribution to 
the reference distribution ratio is very high (2.07), and 
thus, the pegmatites distribution can be considered as a 
HAD. Again, this highlights that B-faults have an ap-
parent control on the pegmatites location in the [0–250 
m [distance class. Then, in the [250–1250 m [distance 
range pegmatites follow a ND. These results confirm 
that B-faults have an apparent control on the pegmatites 
location only in the [0–250 m [distance class. Note that 
two distance classes, [1250–1500 m [and [1500–1750 m 
[ show that pegmatites follow a HAD with ratios of 1.7 
and 1.9 respectively; such feature will be discussed later.

4.3.4. C-family faults

Finally, the pegmatites distribution extends from 0 to 
2750 m whereas the reference distribution is broader, 
from 0 to 3750 m (Fig. 6d). The [0–250 m [distance class 
shows that the pegmatites frequency value (31.6 %) is 
higher than the reference frequency (21 %). The ratio of 
these two distributions is of 1.5 and so the pegmatites dis-
tribution can be regarded as a HAD. This highlights at the 
shortest distance that C-faults have an apparent control 
on the pegmatites’ location. Beyond 250 m, pegmatites 
follow a LAD in the [1000–1250 m [and [1250–1500 m 
[distance classes with ratios of 1.2 and 1.27 respectively. 
At larger distance from C-faults, in the [2250–2750 m 
[distance range, pegmatites display an HAD, with dis-
tributions’ ratios of 2.4 and 1.57 respectively. Again, the 
corresponding frequency values are not more than 2 % 
and the ratios are thus of little significance. 

As a whole, the pegmatites distribution is spatially 
controlled by the A-family faults oriented in the N171°E–
N021°E trend class. Indeed, 53 % of pegmatites set are 
spaced less than 500 m from an A-fault. Nevertheless, 
some pegmatite occurrences are spatially related to 
B- and C-faults when the distance increases between 
[1000–1750 m [distance range and beyond 2000 m.

4.4. Spatial relationships between pegmatites 
and spatial density of faults 

In this second part, we focus on the frequency analysis of 
the measured spatial density of faults with regard to the den-
sities at pegmatites location. The same descriptive approach 
is followed to highlight anomalous distributions (Fig. 6).

4.4.1. All fault families

The pegmatites sampled distribution density is 0–2.8 
(number of faults per km²), and from 0 to 3.2 for the refer-
ence distribution (Fig. 6e). Note that no pegmatite is locat-

ed in an area totally devoid of faults. In the [0–1.8[density 
range, the pegmatites frequency values are all similar or 
lower than the reference frequency values. However, in 
the [1.8–2[density class, the pegmatites frequency is much 
higher than the reference value in the same density class. 
The ratio of the two distributions is 3.9. Thereby the peg-
matites distribution can be regarded as a HAD. The same 
pattern is observed in three other density classes, [2.2–2.4[, 
[2.6–2.8[and [2.8–3[with distributions’ ratios of 3.9, 3.1 
and 5.08 respectively. This result highlights that the density 
of faults has an apparent control on the pegmatite location.

Again, in order to quantify and constrain the relative 
control of faults’ density for different direction families 
(see above) on pegmatites emplacement, the same fre-
quency analysis of the faults density estimation at pegma-
tites location is carried out with each fault-trend family.

4.4.2. A-family faults

The distribution of the sampled pegmatites distribution 
and the reference one both extend from 0 to 1.8 (Fig. 6f). 
In the [0–0.8[density range, the pegmatites frequencies 
are all similar to, or lower than, the reference values and 
the sampled pegmatites distribution can thus be regarded 
as a ND. However, beyond 0.8 density, all pegmatites 
frequencies are higher than the reference values. The 
pegmatites distribution to reference distribution ratio 
ranges from 2.1 in the [1–1.2[density class to 5.26 in the 
[1.4–1.6[interval. Thus, pegmatites follow a clear HAD. 
This highlights that the A-faults’ density has an apparent 
control on the pegmatites location. 

4.4.3. B-family faults

The pegmatites distribution is narrower (0–1.4) than the 
reference distribution with a maximum density of 2.2 
(Fig. 6g). At the lowest densities [0–0.8[, the pegmatites 
frequencies are similar to, or lower than, the reference 
value (90 % vs. 93 %). However, in the [0.8–1[and [1–1.2[ 
density classes, the distribution ratios are 2.59 and 1.55 
respectively. Thereby the pegmatites distribution can be 
regarded as a HAD and this confirms that the B-faults 
density has an apparent control on the pegmatite locations. 

However, note that only 10 % of pegmatites are 
spatially related to the highest B fault density. So, the 
B-faults density is not a major factor, in contrast to the 
A-faults one (i.e. 53 % of pegmatites spatially related to 
the highest A-faults densities).

4.4.4. C-family faults

The pegmatites frequency distribution is narrower 
(0–1.6) than the reference one, with a maximum den-
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sity of 2.2 (Fig. 6h). In the [0–0.8[density range, the 
pegmatite frequencies are similar to, or lower than, 
the reference values. Thus the pegmatites follow a ND 
characterized by distribution ratios of 0.6–1.05. How-
ever, in the [0.8–1.4[density class, pegmatites frequency 
values (24 %) are higher than the reference ones (11.5 
%). The pegmatites distribution to reference distribution 
ratios are all higher than 1.5, for a maximum of 2.05 in 
the [1.2–1.4[density class. This demonstrates that the 
pegmatites follow a HAD and that the C-faults density 
has an apparent control on the pegmatites locations. 
Some 23 % of pegmatites are located in domains of 
high C-faults density, which represent a lower surface 
than domains of low C-faults density containing 75 % 
of the pegmatites.

In conclusion, the location of the pegmatite bod-
ies seems mainly controlled by zones of high A-faults 
density. However, 10 % and 23 % of them are spatially 
associated with the highest B and C-faults densities, 
respectively (Fig. 6g–h). These results are consistent 
with the previous spatial proximity analysis between 
the pegmatites and A-, B- and C- fault families. It is 
also reasonable to assume that zones of intersections 
of several faults of these types are more favorable to 
host pegmatites than the regions with only isolated 
structures.

4.5. Spatial relationships between pegmatites 
and fault- intersection points

Here the association of the shortest measured distance 
between faults intersections and pegmatite occurrence 
is tested (Fig. 6i). Such a statistical test allows focusing 
on the role of the highly fractured zones where different 
fault sets – which possibly developed at different periods 
– intersect.

The sampled pegmatites and reference distributions 
extend from 0 to 8000 m and 0 to 8250 m, respectively. 
The [250–750 m [distance range shows that the peg-
matites frequency values are higher (36 %) than the 
reference ones (20 %). The distributions’ ratios are 1.7 
and 1.75 for the [250–500 m [and [500–750 m [density 
classes, respectively. Thus the pegmatites follow a HAD. 
Similar distributions are observed at larger distances 
([1500–1750 m [and [3750–4000 m [distance classes) 
between pegmatites and faults intersections but too far 
to be interpreted as a causal link. However, the HAD 
observed closer can be regarded as an apparent control of 
faults intersections on the pegmatites emplacement. Fol-
lowing the first-order results detailed above, we suggest 
that the pegmatites emplacement is “potentially” (i.e. 
any pegmatite occurrences recognized on the [0–250m 
[distance class) controlled by A and C-faults’ intersec-
tion points. 

4.6. Spatial relationships between pegmatite 
types and ɣ2–ɣ3 granitic facies

In order to get information on the spatial association 
between pegmatites and some particular lithologies, the 
shorter distance of points (pegmatites) from certain poly-
gons (selected lithologies) is studied. In this section, we 
focus on the frequency analysis of the shortest distance 
measured between γ2 and γ3 granitic units and occur-
rences each of the pegmatite types (Fig. 7).

4.6.1. Distance from the ɣ2 (Fanay granite) 

K-type pegmatites distribution extends from 0 to 20,250 
m whereas the reference distribution is more extensive, 
from 0 to 27,000 m (Fig. 7a). From the [250–500 m 
[2750 m [distance class, pegmatite frequency values are 
all higher than the reference ones. The two distributions 
ratios are all ≥ 1.5. So, 60 % of K-type pegmatites follow 
a HAD in the [250–2750 m [distance range. However, 
note that only 1 % of pegmatites are located at a distance 
less than 250 m from the γ2 granitic unit. So, this shows 
that the γ2 granitic unit has an apparent control on the 
K-type pegmatites locations, but no pegmatite is located 
inside the γ2 intrusion. 

SK-type pegmatites distribution extends up to 2500 m, 
whereas the reference distribution reaches up to 27,000 
m (Fig. 7b). SK-type pegmatites clearly follow a HAD. 
This distribution is characterized by 75 % of SK-type 
pegmatites located in the [500–1250 m [distance range. 
This highlights that the γ2 granitic unit has an apparent 
control on the SK-type pegmatites locations and that 
these are closer (75 % of pegmatites in the [500–1250 m 
[distance class) to γ2 Fanay granite than K-type pegma-
tites are (31 % of pegmatites in the same distance range).

SK-L type pegmatites distribution extends up to 3750 
m, and the reference distribution up to 27,000 m (Fig. 
7c). All pegmatites frequencies exceed the reference 
values and show that pegmatites follow a HAD. Note that 
much of the pegmatites (40 %) is located in the [500–750 
m [distance class. Thus, 50 % of SK-L type pegmatites 
are located closer than 750 m from the γ2 Fanay granite. 
This frequency value rises to 70 % in the [500–1250 m 
[distance class. Note that this frequency value is similar 
to the SK pegmatites one (75 %) in the same distance 
range.

SL-type pegmatites are all located within [4000–4250 
m [ (Fig. 7d). Here again, the pegmatites distribution is 
highly abnormal (HAD) and this suggests that the γ2 Fa-
nay granite apparent by controls the SL-type pegmatites 
locations.

In conclusion, the distributions of SK, SK-L and SL-
type pegmatites are limited to a distance ranges from 0 
to 4.25 km. The K-type pegmatites are the only ones to 
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be located further than 4.25 km (up to 20 km) from the 
γ2 granite. Thereby all pegmatites types overlap in the 
same distance range from γ2 granite; distances between 
γ2 granite and the least differentiated pegmatites and, 
those more fractionated may be similar. The more frac-
tionated pegmatite types (i.e. SK-L and SL) are not the 
most remote ones from the γ2 granite. 

4.6.2. Distance from the ɣ3 (Les Sagnes  
granite) unit

K-type pegmatites distribution is very broad, 2–29 km 
and 0–35.7 km for the reference distribution (Fig. 7e). 
In contrast to Fig. 7a, any K-type pegmatite is located 
less than 1 km from the γ3 Les Sagnes granite. The 
highest pegmatite frequency (14.5 %) is observed in the 
[4500–5000 m [distance class.

SK-type pegmatites distribution ranges from 1 to 8 
km and from 0 to 35 km for the reference distribution 
(Fig. 7f). As we can observe in Fig. 7e, no pegmatite is 
located at a distance less than 1 km from γ3 Les Sagnes 
granite. Moreover, the highest pegmatite frequency 
(37 %) is observed in the [6500–7000 m [distance class. 

SK-L type pegmatites distribution is the same as the 
SK-type pegmatites distribution (Fig. 7g) and extend-
ing from 1 to 8 km. The pegmatites are the most fre-
quent (20 %) in two distance classes, [1–1.5 km [and 
[5.5–6km [.

SL-type pegmatite, are located exclusively at a dis-
tance 1.5–2 km from the γ3 Les Sagnes granite (Fig. 7h). 
Thereby, the SL-type pegmatites are the spatially closest 
to the γ3 granite whereas the K-type pegmatites are the 
furthest. 

Following the model of London (2008), the youngest 
γ3 intrusion cannot be parental to the K, SK and SK-L 
pegmatite types. SL-type pegmatites could be potentially 
derived from γ3 intrusion but nothing explains the lack of 
intermediate pegmatite types and the first occurrence of 
SL-type pegmatites at 1.5–2 km from granitic intrusion. 

5. Cluster mapping

Following the pegmatites spatial distribution analysis 
given above, clusters mapping has been performed from 
the pegmatite points set in order to i) highlight the zones 
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Fig. 7 Results of the spatial proximity analysis calculated from each type of pegmatites and γ2, γ3 granitic facies.
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of particular grouping of the occurrences and ii) quantify 
any preferential alignment direction of the points, with 
the corresponding “anisotropy” value (Fig. 8). Such map-
ping could thus help pointing out the spatial associations 
and potential common trends with the structures. This 
method has been applied for automated analysis of spatial 
distribution of seismic events and details on the algorithm 
were also given in Allanic and Gumiaux (2013). In brief, 
computation of a hierarchical classification of the DNN 
was made from the pegmatites point set. Then separation 
of the set into groups (Fig. 8b) was based on the deter-
mination of the maximum reference distance (MRD) (i.e. 
clustering distance); i.e. two pegmatite points separated 
by this MRD belong to the same group. Lastly, a standard 
deviational ellipse centered on the barycenter of each 
cluster is computed. The angle of strike of its long axis 
gives the direction of the points’ alignment (Fig. 9a). 

In the case of the Monts d’Ambazac pegmatites 
field, two MRD values, 2000 and 5000, have been test-
ed following the preliminary analysis of the pegmatites 
distribution (in Section 3). All the statistics coming 
from this cluster analysis are compiled in Tab. 1. First, 
a MRD value of 5000 m was used for all pegmatite 
types. Three clusters were computed with one cluster 
(group ID =1) representing 101 pegmatite points over 
118. This cluster is characterized by an average DNN 
of 413 m. Its trend is 17.4°, which belongs to the A-
fault trend class. The MRD value of 2000 m was used 
for each pegmatite type. The K-type pegmatites are 
grouped into 7 clusters. Four clusters (i.e. Group ID = 
1, 2, 4 and 5) present the same average trend as A- and 
C-fault trend classes. Clusters characterized by group 
ID 1 and 2 are the most representative of the K-type 
pegmatite distribution with 33 and 23 pegmatite points, 
respectively. These two clusters are oriented ~N015° 
and ~N017°. The SK-type pegmatite distribution is 
defined by an average DNN of 374 m and by only one 
cluster oriented N036°. This cluster belongs to the B-
fault trend class. The SK-L type pegmatite distribution 
is defined by an average DNN of 374 m as well, and 
by only one cluster oriented in the same direction as 
A-fault trend class (N171°). Consequently, we infer 
that the clusters trend of K and SK-L pegmatite sets is 
parallel to the A-fault trend class. This result is also 
observed on large scale (clustering distance = 5000 m) 
with all considered pegmatite types. Finally, SL-type 
pegmatites are gathered in the same cluster oriented 
N065°. This trend does not correspond to any of the 
recognized fault families. Thus we suggest that the 
genesis and emplacement mode of the SL-type peg-
matites are different from those of less differentiated 
K- (A-fault trend class), SK- (B-fault trend class) and 
SK-L (A-fault trend class) types.

6. Summary and interpretations 

Four groups of pegmatites defined as K (beryl–columbite 
subtype), SK (beryl–columbite to beryl–columbite–phos-
phates subtypes), SK-L (beryl–columbite–phosphates 
subtype) and SL (lepidolite subtype) types were emplaced 
within the SSGC. Only some pegmatites of SL type are 
located in country rocks of the SSGC off its southern 
edge. In a map view, pegmatites that compose the whole 
field appear as clustered, which is a very common fea-
ture of most pegmatite fields worldwide. Such feature 
is demonstrated throughout the present statistical study; 
Distance to Nearest Neighbor analysis (average DNN 
= 528 m and R ratio = 0.36) and Ripley’s L’-function 
computations disclose a prominent clustering distribution 
of pegmatites for a MRD up to 5000 m. A particularly 
high clustering rate is identified from 0 to 2000 m. Ten 
pegmatite clusters are defined for a MRD fixed at 2000 
m (Tab. 1). Altogether, these results demonstrate that 
pegmatites are highly clustered and that clustering occurs 
on all scales up to 5000 m. 

We also analyzed the shape and spatial trend of the 
clusters with respect to the fault trends (Tab. 1). Four 
clusters representing 56.7 % of all pegmatites display a 
similar trend as A-fault family (N015°E), whereas four 
clusters (representing only 13.6 % of all pegmatites) 
present a similar trend as B- and C-fault families. Some 
21.1 % of pegmatites are isolated points or belong to 
clusters with ellipse shape ratio less than, or equal to, 
unity. The remaining 8.5 % are grouped in a single SL-
type pegmatite cluster. For a MRD fixed at 5000 m, only 
three pegmatite clusters are computed. Among them, the 
group ID 1 (Tab.1), which includes most points (101, i.e. 
85.6 % of all pegmatites), is parallel (N017°E) to the A-
fault family. This shows that, on all scales, the pegmatites 
set distribution is clustered and mainly oriented in the 
A-faults trend. 

The spatial statistical analysis shows that 46 % of 
the pegmatites occur at less than 500 m from an A-
type fault (i.e. [N171°E–N021°E [range; Fig. 6b). This 
result is confirmed by the spatial correlation between 
the pegmatites occurrences (35 %) and the highest 
fault densities (Fig. 6f). Moreover, this faults-rich zone 


Fig. 8a – Clusters’ spatial extent and trend computed in the whole 
SSGC for each of the pegmatite types (K, SK, SK-L and SL). Number 
in parentheses corresponds to the pegmatite points included in each 
standard deviational ellipse. Arrows are centered on the barycenter of 
each ellipse and give the direction of the pegmatite points’ alignment 
(Allanic and Gumiaux, 2013). b – Pegmatite points’ clusters distribution 
computed in the Monts d’Ambazac pegmatite field for all the pegmatite 
types. Numbers in parentheses correspond to the pegmatite points in-
cluded in each group ID according to the clustering distances of 2000 
m. The size of each arrow is proportional to the number of pegmatite 
points. See text for details.
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forms a band superimposed in the sheared corridor in 
the central part of the SSGC (Fig. 9a). The average 
N007° A-fault direction is almost parallel with this 
corridor (Fig. 1a–b). To conclude, results from this 
study imply: i) a preferred spatial association between 
pegmatites and A-family faults; ii) a correlation of 
pegmatites with the highest A-family faults density 
and iii) a parallelism between A-faults and pegmatite 
clusters trends. Thus, a clear spatial relationship be-
tween pegmatites and A-family faults is confirmed. 
Orientations of the pegmatites are consistent with these 
results (Fig. 2).

Weak links between C- and B-family faults and peg-
matites are observed in the ranges 1250–1500 m and 
1500–1750 m, respectively. However, the control of 
B- and C-faults on the location of the pegmatites has 
been previously defined as minor (26 % and 31.6 % 
associated, respectively) compared to A-faults. Thus, 
we suggest that the emplacement of pegmatites along 
B- and C-faults trend is possible but the most favorable 
configuration to localize pegmatites is the combination 
of the two parameters: high density of B- or C-faults and 

the proximity to A-type faults. However, this does not 
mean that pegmatites and these faults were coeval, but 
pegmatites have probably used brittle faults as pathways. 
The lack of structural parameters does not allow us to be 
more precise.

The frequency analysis of the shortest distance between 
each of the pegmatite types and γ2–γ3 granitic boundaries 
highlights that: i) statistical distributions of the individual 
types (K, SK, SK-L and SL) overlap, and ii) maximum 
frequency values stand for rather large distances (~1 km). 
Therefore one cannot conclude that spatial relationship 
exists between given pegmatite type and γ2–γ3 granites. 

Besides, several elements underline that SL pegmatites 
differ from the others. Indeed, this pegmatite type is very 
different from the other ones. Following field observa-
tions, all pegmatite occurrences of the Chèdeville district 
(Fig. 1b) display a sharp contact with the host-rocks (i.e. 
γ1 granite and metamorphic rocks). It should be noted 
that the N065° trending cluster located on the southern 
SSGC contact is isolated and its direction does not cor-
respond to any of the three faults strike families recog-
nized. The Chèdeville district yields an age of 309 ± 1 
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Fig. 9a – High density of the A-type faults is parallel to the large sheared-band located in the central part of the SSGC with pegmatites and clus-
ters trends automatically mapped in this area (see Fig. 8). b – Schematic model illustrating the High Abnormal Distributions of pegmatites in the 
vicinity of A-type faults and the high density zones of B- or C-type faults.
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Ma (Ar–Ar method on lepidolite, Cheilletz et al. 1992) 
whereas the SSGC emplacement has been dated at 324 
± 4 Ma (U–Pb method on zircon and monazite, Holliger 
et al. 1986). Consequently, all evidence suggests that i) 
the SL pegmatites probably have not been extracted from 
the same source as the other types and ii) SL pegmatites 
clustering seems to be controlled by a specific mecha-
nism. Obviously, some geochemical data are required, in 
addition to the geochronological information, to confirm 
our model, such as: i) a detailed isotopic study (e.g. Sr, 

Nd, Pb, Li and O); ii) a mineral chemistry for each of the 
pegmatite types to compare with geochemical data from 
granites and finally iii) a precise U–Pb geochronological 
study of Fanay and Les Sagnes granites. 

7. Discussion 

Clustering pattern of the pegmatite fields has often been 
described but the underlying mechanisms remain only 
poorly constrained up to date. Two models can be consid-
ered (or a possible combination of the two): i) a “source” 
model whereby pegmatite clusters are formed within and/
or in the vicinity of intrusive granite plugs, which display 
limited spatial extent and which would be the source of 
the pegmatite clusters; ii) a “trap” model with disper-
sion of the pegmatites being controlled by the one of the 
structures in the upper crust (connected to a magmatic 
source at depth). Indeed, studies on brittle deformation 
and rock behavior show that faults typically develop in 
clusters and can follow a fractal type spatial organization, 
i.e. with clustering occurring on different scales (e.g. Sor-
nette et al. 1990; Steacy and Sammis 1991; Velde et al. 
1991; Cowie et al. 1995). As shown in this study, spatial 
statistical analysis provides powerful tools for evaluating 
the respective role of such two mechanisms. 

The γ2–γ3 granites are often considered as potential 
magmatic source (see above). Following the theoretical 
fractionation model of pegmatite development (London 
2008), the differentiation degree increases with increas-
ing distance away from the parental granites. Statistical 
analysis of the computed distances between pegmatites 
and country rocks should thus display contrasting fre-
quency distributions when considering different types of 
pegmatites, i.e. increasing the average distance in the K, 
SK, SK-L, SL sequence. In contrast, our study highlights 
similar frequency distributions. This is also visible on the 
map where several γ2–γ3 granitic plugs do not display 
any occurrence of pegmatite in their vicinity (Fig. 9a). 
No spatial link between pegmatites and granites can be 
deduced in the Monts d’Ambazac case study. 

Conversely, the present statistical study clearly proves 
that the structural control mechanisms are dominant, fault 
traces being the key parameter controlling the distribution 
of the pegmatite clusters.

Due to the lack of structural data, no precise relative 
timing can be established among the three faults strike 
families. Nevertheless, based on the fault-strike analysis 
(see Fig. 9b), a mechanical model could be proposed. In 
a brittle regime, A-type faults developed after and parallel 
to the medial sheared corridor – which has been inter-
preted as a “right lateral magmatic shear zone” (Fig. 9a; 
e.g. Mollier and Bouchez 1982; Mollier and Lespinasse 
1985; Cuney et al. 1990; Hottin et al. 1995). Strike of 

Tab. 1 Review of different calculations performed to realize the clusters 
automatic mapping of all pegmatites and each pegmatite types with 
clustering distances of 5000 and 2000 m, respectively

group ID* no. of points  
per cluster trend (°) trend class**  ellipse shape  

ratio***
all pegmatites [5000 m clustering dist.]

1 101 17.4 A 1.7

2 10 107.7 d 1.6

3 3 148.2 C 24.0

4 2 114.4 – –

5 2 4.5 – –

type K pegmatites [2000 m clustering dist.]

1 33 14.6 A 2.8

2 23 16.9 A 3.4

3 6 45.4 – 1.0

4 5 172.7 A 2.3

5 5 160.5 C 2.0

6 4 33.4 B 3.7

7 3 148.2 C 24.0

8 2 114.4 – –

9 2 4.5 – –

10 2 43.3 – –

11 2 21.0 – –

type SK pegmatites [2000 m clustering dist.]

– 4 36.2 B 2.1

type SK–L pegmatites [2000 m clustering dist.]

1 6 171.0 A 2.6

2 2 44.5 – –

type SL pegmatites [2000 m clustering dist.]

– 10 65.4 d 3.7

Each cluster is defined by a group ID, the number of points, average 
distance nearest neighbor (DNN), trend (°); trend fault class (A, B, C 
or d) related it and its ellipse shape ratio. Each group ID is illustrated 
in Fig. 8b. 
* isolated points of each pegmatite type are not considered in this table
** trend classification is based on the one of faults populations (see 
Fig. 7; it is determined for clusters > 2 points and for cluster ellipse 
shape ratio > 1.0)
*** ellipse shape ratio value is by definition infinite for “2 points 
clusters”
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the B-type faults is also compatible with such a deforma-
tion regime and faults can be considered either as newly 
formed structures or as reactivated ones (e.g. extensional 
jogs). Regarding their orientation, C-type faults are most 
likely inherited structures. In this theoretical setting, peg-
matites were preferentially emplaced at the intersections 
between the newly-formed A-type strike-slip faults and 
the zones with high density of the B- or C-type faults (see 
corresponding locations in Fig. 9b). Nonetheless, further 
field and microstructural studies are needed to test this 
working hypothesis. 

To conclude, this method is really suitable to study 
spatial relationships between pegmatites and their en-
vironment and to constrain the pegmatite emplacement 
mechanism. Such a study is clearly less time consuming 
than any analytical one. However, analytical studies such 
as geochemical and/or isotopic analyses are best suited 
to establish the genetic links between pegmatites and 
granites. Our statistical approach could be employed in 
other pegmatite fields where outcrop conditions are favor-
able to observe and validate statistical results by further 
structural measurements. 
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