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As rock textures reflect the physical conditions and the mechanisms of formation of the rocks, new approaches are used for improving texture
analyses, both qualitatively and quantitatively. Pioneer work has recently boosted interest in fractal analysis for quantifying and correlating
patterns. Fractal-like patterns relate to a degree of multiscale organization, and fractal dimensions (FD) and their potential variations can
be used to infer the physical conditions of rock formation at various scales of observation. Here, we characterize quantitatively the shape
and distribution of orthopyroxene grains in ultramafic xenoliths in terms of FD and their relation with temperature of equilibration. Fractal
analysis has been applied to several populations of mantle xenoliths: 7 xenoliths collected in the vicinity of Pico Santa Isabel on Bioko Island,
an alkaline basaltic volcano in oceanic domain (Gulf of Guinea, Equatorial Atlantic), 9 samples from Sangilen, in the Agardag alkaline
lamprophyre dyke (Russia), and 11 samples form Śnieżnik (Lutynia, Poland), in the continental domain. Fractal analysis has been conducted
to characterize the degree of complexity of the petrographic textures: it is indeed known that large values of FD are associated to more com-
plex textures. The correlation here observed between the orthopyroxene fractal dimension and the temperature of equilibration suggests that
FD captures a significant textural feature directly related to the temperature (i.e. generated by a temperature-controlled process). The signif-
icant difference in the FD–T correlation observed for the continental and oceanic mantle domains suggests that the mechanical and rheological
behaviour is distinct in the oceanic and continental lithospheres. These first promising results should be confirmed by analysing other mantle
suites of rocks in different geodynamic settings. Copyright © 2015 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The texture of a rock is generally defined, qualitatively, on the
basis of the size, the modal proportion, the shape and the dis-
tribution of its rock-forming minerals. Several methods have
been proposed to quantitatively characterize textures, but
most of these depend exclusively on the grain size distribu-
tion (crystal size distribution CSD; i.e. Higgins, 2006). Al-
though textures in metamorphic rocks are strongly related to
the P–T equilibrium conditions and to the rate of deformation,
there is still no clear quantitative relationship that links the
texture of a sample to its conditions of formation.

Mantle-derived rocks—collectively called peridotites
(mainly lherzolites) or ultramafic rocks—are essentially com-
posed of three main minerals, olivine, orthopyroxene and
clinopyroxene (in order of decreasing modal abundances,
i.e. vol%), and a much less abundant Al-rich mineral whose
nature depends on the pressure: plagioclase is only stable at
low pressure, spinel at intermediate pressure and garnet at
high pressure. These rocks mainly occur (1) as xenoliths in al-
kali basalts (spinel-bearing peridotites) and kimberlites (gar-
net-bearing peridotites) and (2) as orogenic peridotite
massifs, often called Alpine-type peridotites. The textures of
spinel-bearing peridotites from alkali basalts derived from
the subcontinental mantle in Western Europe and from the
suboceanic mantle in Hawaii have been extensively studied
by Mercier and Nicolas (1975). Xenoliths from kimberlites
were initially described by Boyd and Nixon (1972). Nixon
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(1987), edited a comprehensive book on ‘Mantle xenoliths’.
In this study, we use the largely accepted textural classifica-
tion of Mercier and Nicolas (1975) with some synonymous
terms proposed by Harte (1977). Three representative textural
groups were defined (transitional stages exist between these
groups): (1) protogranular (=coarse, sensu Harte, 1977). This
group was further subdivided in two subgroups by Lenoir
et al. (2000), protogranular sensu stricto and coarse-granular,
(2) porphyroclastic (commonly observed in Alpine-type peri-
dotites) and (3) equigranular (=mosaic or granuloblastic,
sensu Harte, 1977). A fourth, largely subsidiary, texture,
called poikiloblastic has been defined; it has been called
‘coarse poikilitic’ by, Downes et al. (1992).
The use of fractal geometry in the analysis of multi-scale ir-

regular features observed in natural objects/systems has re-
cently become critical in quantifying patterns and correlating
these patterns to underlying processes. For instance, fractal
analysis has been conducted to characterize textures of mantle
xenoliths (Armienti and Tarquini, 2002), pyroclasts (Kueppers
et al., 2006), carbonates (Bili and Storti, 2004) and magmatic
crystals (Bindeman, 2005), as well as fault or lineament distri-
bution (Pérez-Lopez and Paredes, 2005; Nkono, 2008; Nkono
et al., 2013). In this paper, our aim is to quantify the degree of
complexity of the orthopyroxene grain shape and spatial distri-
bution in terms of fractal dimension (FD) and its relation with
the temperature of equilibration. Orthopyroxene (opx) was
chosen because (i) it is the most abundant phase among those
that have been used for the calculation of the temperature of
equilibration of mantle xenoliths and (ii) it displays deforma-
tion textures like kinking and polygonization (Mercier, 1976,
1980, 1985; Carbonell, 2004).
The fractal analysis of the orthopyroxene distribution has

been applied to three series of samples representative of com-
mon mantle xenoliths: (1) 7 samples collected in the vicinity
of the Pico Santa Isabel volcano on Bioko Island (Equatorial
Guinea); this alkaline volcano belongs to the oceanic sector of
the Cameroon volcanic line (Déruelle et al., 2007); (2) 9 xe-
noliths from the Sangilen district in the Agardag alkaline
lamprophyre dyke (Russia); and (3) 11 samples from the
Śnieżnik (Lutynia) province (Western Sudetes, Poland).
These two latter occurrences belong to the Central European
Volcanic Province (CEVP; Wilson and Downes, 1991).
This study investigates the distribution of the overall frac-

tal dimension of dynamically recrystallized polycrystalline
orthopyroxene grains in mantle xenoliths.

2. GEOLOGICAL SETTING AND PETROGRAPHY

2.1. Bioko Island xenoliths

Bioko Island, located in the Gulf of Guinea, equatorial
Atlantic Ocean (Fig. 1a) is the largest islands of the Cameroon

Hot Line (CHL, Déruelle et al., 2007). Lavas erupted on Pico
Santa Isabel and in the North-West part of the island contain
abundant fresh peridotite xenoliths. The xenoliths used in this
study have been collected by B. Déruelle (Univ P. et M.
Curie, Paris, France) from large blocks of lavas, some 3km
to the northeast of the Pico Santa Isabel. Only fresh xenoliths
devoid of any evidence of pyrometamorphism and/or impreg-
nation by the host basalt were considered for further analyses.
These friable samples were impregnated with epoxy under
vacuum and polished thin-sections were prepared for petro-
logical and mineralogical investigations.

All the xenoliths are typically medium- to coarse-grained
rocks with a protogranular (Mercier and Nicolas, 1975;
Mercier, 1985) or coarse granular (Lenoir et al., 2000) tex-
ture, similar to that commonly observed worldwide in most
spinel-peridotites (samples BX 19 and BX 23, Fig. 1b). Some
rare xenoliths display porphyroclastic texture with olivine
and orthopyroxene porphyroclasts showing moderate defor-
mation features such as tabular sub-grains, exsolution lamel-
lae and curvilinear grain boundaries (sample BX 30, Fig. 1b).
Granuloblastic and/or poikiloblastic textures were not
observed. Triple-point junctions at 120° are present. No
penetrative fabric (foliation or lineation) has been macro-
scopically observed in any of these xenoliths. Deformation
features such as subgrain boundaries in orthopyroxene and
olivine are common (sample BX 22, Fig. 1b), but these can
be regarded mostly as the result of high-stress solid-state
deformation immediately prior to mantle sampling by the
host lava (e.g. Tracy, 1980). On the whole, the xenoliths
are anhydrous spinel harzburgites (Fig. 1c). Garnet-bearing
xenoliths have never been found on Bioko. Modal propor-
tions of the major phases were determined by microscopic
observation: olivine (42 to 83 vol.%), orthopyroxene (opx)
(13 to 55 vol.%), clinopyroxene (cpx) (2 to 7 vol.%), with
spinel less than 1%. The compositional range of the studied
peridotites is quite large (Table 1), ranging from opx-enriched
rocks to opx-depleted, cpx-enriched rocks, so that some
samples are lherzolites according to the IUGS classification
(Le Maitre, 2002).

2.2. Sangilen xenoliths

The Tuva–Mongolian microcontinent is one of the largest
continental blocks accreted during the Neoproterozoic and
Palaeozoic orogenies in Central Asia. The southwestern
part of this block constitutes the Sangilen Plateau in Russia
(Fig. 1a) (Vladimirov et al., 2005). This plateau is intruded
by ultramafic to felsic igneous rocks (Izokh et al., 2001;
Vladimirov et al., 2005). One of the youngest igneous
episodes (447–441 Myr) formed the Agardag alkaline
lamprophyre dyke complex (Izokh et al., 2001; Vladimirov
et al., 2005; Gibsher et al., 2012). These lamprophyre
dykes contain rare mantle xenoliths (Egorova et al., 2006;
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Figure 1. (a) General world map indicating the geographical location of the studied areas. (b) Photomicrographs of selected xenoliths from Pico Santa Isabel
(Bioko Island) with typical petrographic textures: BX 22 and BX 30: porphyroclastic; BX 19: coarse granular; BX 23 coarse equigranular (Abbreviations:
ol = olivine; opx = orthopyroxene; cpx = clinopyroxene); (c) IUGS classification of the ultramafic rocks (Le Maitre, 2002). (d) Plot of the modal compositions
of the studied samples from the three areas in the IUGS classification diagram. This figure is available in colour online at wileyonlinelibrary.com/journal/gj

Table 1. Mineral compositions (oxides in wt. %) and structural formulae for the main minerals (olivine, orthopyroxene, clinopyroxene) of the
seven studied mantle xenoliths from Bioko Island. Temperature of equilibration (°C) based on the calibrations of Bertrand and Mercier (BM,
1985) and of Brey and Kohler (BK, 1990)

Olivine

Samples BX 2 BX 7 BX 19 BX 22 BX 23 BX 30 BX 35

SiO2 (wt%) 41.15 41.49 41.40 41.21 41.46 41.42 40.95
Cr2O3 0.09
FeO 9.61 8.48 8.61 8.54 8.85 8.50 9.12
MnO 0.12 0.16 0.12 0.13 0.26 0.14 0.11
MgO 48.93 49.31 49.29 48.89 49.39 49.92 49.26
CaO 0.10 0.09 0.09 0.07 0.06 0.08 0.06
Total 99.90 99.53 99.52 98.86 100.03 100.13 99.51

(Continues)
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Table 1. (Continued)

Olivine

Samples BX 2 BX 7 BX 19 BX 22 BX 23 BX 30 BX 35

Structural formula normalized on 4 O
Si 1.009 1.018 1.016 1.018 1.013 1.009 1.006
Cr 0.002
Fe2+ 0.197 0.174 0.177 0.176 0.181 0.173 0.187
Mn 0.002 0.003 0.003 0.003 0.005 0.003 0.002
Mg 1.789 1.803 1.803 1.800 1.799 1.812 1.803
Ca 0.002 0.002 0.002 0.002 0.002 0.002 0.001
Mg# 0.90 0.91 0.91 0.91 0.91 0.91 0.91

Orthopyroxene

Samples bx 2 bx 7 bx 19 bx 22 bx 23 bx 30 bx 35

SiO2 (wt%) 56.19 56.20 56.07 55.76 56.14 57.33 55.68
Al2O3 2.84 3.22 2.91 3.23 3.07 1.52 3.01
Cr2O3 0.87 0.82 0.89 0.66 0.75 0.39 0.51
FeO 6.07 5.53 5.55 5.73 5.92 5.23 6.22
MnO 0.15 0.20 0.12 0.12
MgO 33.00 33.05 33.46 32.71 33.54 34.21 33.64
CaO 0.91 1.37 1.23 1.29 0.81 1.07 0.63
Na2O 0.08 0.06 0.04
Total 99.95 100.34 100.30 99.52 100.22 99.81 99.82

Structural formula normalized on 6 O
Si 1.944 1.936 1.930 1.937 1.933 1.976 1.923
IVAl 0.056 0.064 0.070 0.063 0.067 0.024 0.077
VIAl 0.060 0.067 0.048 0.069 0.058 0.038 0.046
Cr 0.024 0.022 0.024 0.018 0.020 0.011 0.014
Fe2+ 0.176 0.159 0.160 0.166 0.170 0.151 0.160
Mn 0.004 0.006 0.003 0.004
Mg 1.702 1.697 1.717 1.693 1.721 1.758 1.732
Ca 0.034 0.051 0.045 0.048 0.030 0.040 0.023
Na 0.006 0.004 0.002
Mg# 0.91 0.91 0.91 0.91 0.91 0.92 0.92

Clinopyroxene

Samples bx 2 bx 7 bx 19 bx 22 bx 23 bx 30 bx 35

SiO2 53.29 52.85 53.17 52.68 52.54 51.90 53.74
TiO2 0.55 0.06
Al2O3 2.85 3.37 3.02 3.44 3.74 4.71 2.98
Cr2O3 0.95 0.99 1.00 1.18 1.14 1.12 0.76
FeO 2.78 2.56 2.71 2.63 2.54 3.03 2.85
MnO 0.16 0.12
MgO 16.87 17.80 17.02 16.81 16.68 16.30 18.52
CaO 21.80 22.64 23.24 23.40 23.30 20.40 20.44
Na2O 0.59 0.05 0.23 0.19 0.21 1.08 0.61
Total 99.13 100.42 100.38 100.32 100.15 99.08 100.08
Structural formula normalized on 6 O
Si 1.949 1.908 1.925 1.909 1.907 1.896 1.935
Ti 0.015 0.002
IVAl 0.051 0.092 0.075 0.091 0.093 0.104 0.065
VIAl 0.072 0.052 0.054 0.056 0.067 0.098 0.062
Fe3+ 0.000 0.015 0.009 0.014 0.008 0.020 0.021
Fe2+ 0.085 0.062 0.073 0.066 0.069 0.072 0.065
Mn 0.005 0.004

(Continues)
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Konc et al., 2012) that were used in the present study and will
be referred below as Sangilen xenoliths (Fig. 1c). The studied
xenoliths, sampled from different localities of the Agardag al-
kaline lamprophyre dyke complex, are all spinel lherzolites.
According to Konc et al. (2012) the Sangilen xenoliths dis-
play principally poikilitic (following Downes et al., 1992)
texture, less commonly coarse equigranular texture, and
coarse granular (=protogranular) texture (Table 2).

2.3. Śnieżnik (Lutynia) xenoliths

Basanitic lavas, carrying mantle xenoliths, occur in the
medium- to high-grade metamorphic Orlica–Śnieżnik dome
(Western Sudetes Mts) in Poland (Fig. 1a). The basanites of
Tertiary age (Birkenmajer et al., 2002) belong to the Central
European Volcanic Province (CEVP). The xenoliths from
the ‘Szwedzkie Szańce’ quarry occur in a basanitic volcanic
plug (Wierzchołowski, 1993) dated at 4.56 ±0.2Ma (K–Ar
age; Birkenmajer et al., 2002). Most of the xenoliths are spi-
nel harzburgites and spinel lherzolites (Fig. 1c and Table 2)
displaying protogranular texture sensu Mercier and Nicolas
(1975) and Matusiak-Małek et al. (2010).

3. MINERAL CHEMISTRY OF THE BIOKO
XENOLITHS

In this section, we present the chemical composition of the
main minerals of the Bioko Island xenoliths. For the samples
from other localities, the data are available in the papers of
Matusiak-Małek et al. (2010) for Śnieżnik xenoliths and
Konc et al. (2012) for the Sangilen xenoliths.

For Bioko samples, major element compositions of oliv-
ine, orthopyroxene, clinopyroxene and spinel have been de-
termined by electron microprobe (CAMECA SX50)
equipped with four wave length dispersive spectrometers
(WDS) at the ‘Centre d’Analyses par Microsonde en
Sciences de la Terre’ (CAMST), University of Louvain-
la-Neuve, Belgium. The operating conditions involved an

accelerating voltage of 15 kV, a beam current of 20 nA and
a counting time of 10 seconds for Fe, Mn, Ti, and Cr, 16 sec-
onds for Si, Al, K and Mg, 24 seconds for Na. External cal-
ibrations were made with a combination of natural and
synthetic mineral standards. The classical PAP correction
was used.
The mineral compositions for the spinel-peridotites from

Pico Santa Isabel (Table 1) are typical of Phanerozoic man-
tle. Olivine has a very restricted compositional range with
Mg# {=molar Mg/(Mg+Fe)} varying from 0.90 to 0.91,
which is similar to xenoliths worldwide (Frey and Prinz,
1978; Xu et al., 1996, 1999; Ionov, 1998). Orthopyroxene
is an enstatite with a narrow Mg# range (from 0.91 to
0.92). The Fe–Mg distribution between olivine and
orthopyroxene suggests complete chemical equilibrium.
Clinopyroxene is a diopside with Mg# varying from 0.92
to 0.93 and CaO and Al2O3 contents varying from 20.40
to 23.63 wt.% and from 2.73 to 4.71 wt.% respectively
(Table 1). Spinel displays quite large variations in Cr#
(0.31 to 0.46) from sample to sample but is composition-
ally homogeneous at the thin-section scale. The Mg# of
spinel ranges from 0.71 to 0.75 which is lower than for
the other phases but is consistent with the spinel Fe–Cr
intersite coupling.

4. DATA ACQUISITION AND PROCESSING

Mineral identification, grain-size automatic counting and
texture analyses were performed on a combination of natural
and cross-polarized light digital microphotographs. Images
of the thin sections were acquired with a digital camera
coupled with an optical polarizing microscope to get com-
posite photographs of each section through an image editing
software. The crystal boundaries have been extracted and/or
redrawn through photo-processing softwares (Fig. 2a); the
spatial regions occupied by orthopyroxene in a thin section
have been delineated (Fig. 2b). The obtained digital images
were used for fractal analysis of each sample.

Table 1. (Continued)

Clinopyroxene

Samples bx 2 bx 7 bx 19 bx 22 bx 23 bx 30 bx 35

Mg 0.920 0.958 0.919 0.908 0.902 0.887 0.994
Ca 0.854 0.876 0.901 0.909 0.906 0.798 0.789
Na 0.042 0.004 0.016 0.013 0.015 0.076 0.043
Cr 0.027 0.028 0.028 0.034 0.033 0.032 0.022
Mg# 0.92 0.94 0.93 0.93 0.93 0.92 0.94
T BM °C 902 1015 830 1066 817 1212 1142
T BK °C 1004 1067 952 1075 934 1229 1164

C. NKONO ET AL.752

Copyright © 2015 John Wiley & Sons, Ltd. Geol. J. 51: 748–759 (2016)
DOI: 10.1002/gj



4.1. Fractal dimension analysis

A fractal distribution is essentially a self-similar distribution.
Fractal distributions are used extensively in geology
(e.g. Yielding et al., 1992; Westaway, 1994; McCaffrey
and Johnston, 1996) and in volcanology (e.g. Dellino and
Liotino, 2002). Fractal analysis has been mainly used to sta-
tistically describe size or spatial frequency distributions
(e.g. for faults), as well as for describing particle shapes (Jébrak,
1997). In general, the signature of the fractal nature of a par-
ticle or mass distribution is the relationship N(r) ~ rD, where r
is a variable radius, N(r) is the number of particles or the
mass contained in a ball of radius r, and D is the fractal di-
mension (FD). In our case, the texture of a given sample will
be characterized by the fractal dimension of the distribution

of orthopyroxene grains in the thin section of this sample
(Fig. 2b).

The FD (Fig. 2c) has been determined using the
Fractalyse 2.4.1 software developed within the team ‘City,
mobility, territory’ of ThéMA (Théoriser et Modéliser pour
Aménager) of University of Franche-Comté in Bourgogne,
France (Frankhauser et al., 2007, 2008; Tarnier et al.,
2008a, 2008b). This software, originally developed for esti-
mating the fractal dimension of the built area of cities (in our
case, the ‘built area’ corresponds to the opx grains), can also
be used to calculate the fractal dimension of a curve or a
fault network. It proposes a dual option for performing a
fractal analysis of an image or set of data: (1) vary the obser-
vation window r at a fixed resolution ε (pixel size), and

Table 2. Fractal dimensions of the orthopyroxene (FDopx). Modal proportions of the main minerals in vol % (Ol: olivine; Opx:
orthopyroxene; Cpx: clinopyroxene; Spl: spinel). Temperature of equilibration (°C) using the Brey and Kohler (BK) calibration (Brey and
Kohler, 1990) for a fixed pressure of 1.5GPa. Petrographic texture of the studied samples

Sample FD_Opx Olivine (%) Opx (%) Cpx (%) spin (%) T BK °C Texture

Mantle xenoliths from Xinhang area, SE China (after Liu et al., 2012)
1 1.554 900 Equigranular
2 1.422 1100 Coarse equigranular
3 1.30 800 Poikilitic**
4 1.05 900 Porphyroclastic

Mantle xenoliths from Bioko Island, Equatorial Africa (this study)
BX 2 1.72 63.32 26.41 1.32 0.66 1004 Coarse granular*
BX 7 1.63 67.26 17.03 3.44 1.72 1067 Coarse granular*
BX 19 1.77 54.36 39.57 0.47 0.295 952 Coarse granular*
BX 22 1.70 69.8 21.36 2.52 1.635 1075 Porphyroclastic
BX 23 1.79 53.56 39.56 0.87 0.485 933 Coarse equigranular
BX 30 1.60 66.89 24.33 0.41 0.325 1229 Porphyroclastic
BX 35 1.64 65.98 25.15 2.53 1.265 1163 Equigranular

Mantle xenoliths from the NE Bohemian massif, Lutynia,SW Poland (after Matusiak-Małek et al., 2010)
MM21 1.73 87.67 8.93 2.37 1.03 995
MM39 1.62 78.84 16.31 2 2.85 965
MM03 1.71 51.6 38.91 5.01 4.48 985
MM08 1.68 71.97 13.26 12.87 1.9 985
MM31 1.67 69.71 21.77 6 2.52 957
MM25 1.65 75.29 18.37 4.03 2.31 995 Protogranular
MM28 1.69 80.53 16.07 1.74 1.66 983
MM04 1.61 80.27 16.12 2.02 1.59 1000
MM11 1.64 75.56 16.01 6.62 1.81 955
MM22 1.68 62.34 33.44 2.73 1.49 1000
MM09 1.69 68.05 20.37 10.27 1.32 970

Mantle xenoliths from Sangilen Plateau, Tuva, Southern Siberia, Russia (after Konc et al., 2012)
3H-2 1.71 63.4 26.5 7.6 2.5 1075 Coarse granular*
3H-4 1.8 51.1 32.7 15.2 1 1060 Poikilitic**
3H-8 1.67 52.8 31.9 15 0.3 1047 Poikilitic**
5H-2 1.66 54.7 29.1 15.7 0.5 1014 Coarse equigranular
5H-3 1.72 62.5 20.1 13.4 1.1 1083 Poikilitic**
5H-7 1.75 68.4 20.7 7.9 1.1 1021 Poikilitic**
5H-9 1.67 82.5 10.9 6.1 0.5 1062 Poikilitic**
5H-10 1.68 81.5 11.2 6.9 0.4 1047 Coarse
5H-13 1.69 72.6 20.9 6.3 0.2 1063 Poikilitic**

*Coarse granular (Lenoir et al., 2000) is a subgroup of the protogranular group of Mercier and Nicolas (1975).
**Poikilitic (Downes et al., 1992) = poikiloblastic of Mercier and Nicolas (1975).
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count the number N(r) ~ rD of black pixels; the log–log plot
of N(r) vs r would then display straight line of slope D. (2)
fix the observation window (fixed size r), vary the resolution
(apparent pixel size) ε, and count the number N(ε) ~ ε�D of
ε-pixels occupied by the structure limited by the observation
window (grid method) or the number N(ε) of ε-pixels re-
quired to cover the black structure (box counting method);
the log–log plot of N(ε) vs ε would then display a straight
line of opposite slope �D. The difference between the FD
values obtained by the two methods (1) and (2) lies between
0.01 and 0.05, which is very small, so in this paper we con-
sider only the values derived by applying the second calcu-
lation option (Fig. 2c).

Because a rock texture (or the photomicrograph of a thin
section) is not a pure fractal (it is not a continuous structure
but a discrete one spanning a finite range of scales), it is only
possible to get an approximate fractal law, that is, the log–
log plot of N(ε) vs ε displays only a roughly straight region,
moreover in a finite range of scales. The slope value D is ob-
tained from the best fit, its quality is appreciated by the cor-
relation coefficient R (here R2=0.90, Fig. 2c). For more
information on the mathematical basis of the method, see
the original papers of the ThéMA laboratory (Frankhauser
et al., 2007, 2008; Tarnier et al., 2008a, 2008b).

4.2. Equilibrium temperatures

Equilibrium temperatures of mantle rocks can be estimated
through many published geothermometers, each one having
its own set of limitations but none having a particular univer-
sal application or support (Aldanmaz et al., 2005). We use the
geothermometer equations based on the pyroxene solvus
models, with a pressure a priori fixed at 1.5GPa. Two models
were selected for comparison: the Bertrand and Mercier’s

(1985) and the Brey and Kohler’s (1990) formulations give
very consistent T° estimates (temperatures in °C, respectively
referred to as TBM and TBK) for Bioko samples (Fig. 3). To
calculate the temperature, we used the compositions of
clinopyroxenes and orthopyroxenes in both chemical and tex-
tural equilibrium. The 1.5GPa pressure value has been chosen
because it falls within the experimentally determined stability
field of spinel-lherzolites (e.g. O’Neill, 1981). Moreover, it is
commonly used in the literature, which allows straightfor-
ward comparisons with other studies.
For the xenoliths of Śnieżnik (Lutynia), Matusiak-Małek

et al. (2010) calculated the temperatures using the opx–cpx
geothermometers of Wells (1977) and Brey and Kohler

Figure 2. Data processing. (a) Microphotograph of a peridotite thin section. (b) 2D distribution (in black) of orthopyroxene drawn from this thin section. (c)
Fractal Dimension (FD) computed at fixed observation window, by varying the resolution (apparent pixel size) ε, and counting the number N(ε) of ε-pixels
occupied by the orthopyroxene structure limited by the observation window. The red line represents the theoretical line; the blue line corresponds to the sample

analysis. This figure is available in colour online at wileyonlinelibrary.com/journal/gj

Figure 3. Correlation between the equilibrium temperatures estimated ac-
cording to Bertrand and Mercier (1985) – TBM°C- and Brey and Kohler

(1990) – TBK°C.
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(1990) assuming a pressure of 1.5GPa. For the Sangilen xe-
noliths, Konc et al. (2012) calculated equilibration tempera-
tures using several geothermometric formulations for spinel
peridotites: TCpx-Opx, two-pyroxene geothermometer of Tay-
lor (1998); TCa-Opx, Ca-in orthopyroxene geothermometer of
Brey and Kohler (1990); TCa-Opx-mod, TCa-Opx formulation
modified by Nimis and Grütter (2010); and TCr-Al-Opx, the
Al-in-orthopyroxene geothermometer of Witt-Eickschen
and Seck (1991).
To have a coherent set of T° data, we use, for all samples,

the common geothermometer of Brey and Kohler (1990).

5. RESULTS

5.1. Equilibrium temperature results

The equilibrium temperatures, for a fixed pressure of
1.5GPa, obtained by using the mineral major element com-
position and the Brey and Köhler thermometer are reported
in Table 1 for Bioko mantle xenoliths. The temperature of
equilibration for the xenoliths from Bioko Island ranges from
933°C to 1163 °C (Fig. 3). The Sangilen xenoliths were
equilibrated between 1021 °C and 1083 °C and those of
Śnieżnik (Lutynia) between 955 °C and 1000 °C (Table 2).
These temperatures are interpreted as being representative
of the true equilibrium temperatures of the spinel peridotites.

5.2. Fractal dimension results

We have defined above a fractal dimension that expresses
the complexity of the overall properties of a texture. Twenty
six microphotographs of thin sections from mantle xenoliths
were analysed: 7 samples from Pico Santa Isabel on Bioko
Island (Gulf of Guinea, equatorial Atlantic Ocean), 9 sam-
ples from Sangilen xenoliths collected in the Agardag alka-
line lamprophyre dyke (Russia) and 11 samples collected
in basanite lavas from Śnieżnik (Lutynia) in the Western
Sudetes Mountains (Poland).
All the samples were analysed by the same method. The

fractal dimension (FD) of the orthopyroxene spatial distribu-
tion (in thin sections) was obtained using the Fractalyse
2.4.1; the values are reported in Table 2. The ranges of FD
for orthopyroxene in the different xenolith populations are:
1.60 to 1.79 for Bioko, 1.66 to 1.80 for Sangilen and 1.61
to 1.73 for Śnieżnik (Table 2). All analysed samples have
FD values less than 2 which means that the orthopyroxene
shape is effectively a fractal (a dense, homogeneous distribu-
tion of opx in the sample would have an integer dimension
of 2). The large extent of the linear region in the log–log plot
demonstrates that the distribution is statistically scale invari-
ant over the range of thin section and the available spatial
resolutions, and that measuring a FD makes sense.

6. DISCUSSION

Since all the studied xenoliths are spinel facies peridotites,
calculation of their pressure of equilibration is difficult due
to the lack of reliable geobarometers. Spinel is stable be-
tween 0.9 (Presnall et al., 2002 and references therein) and
1.5GPa (Klemme and O’Neill, 2000) at 1000 °C. By con-
trast, temperature can be easily estimated mainly by the
two pyroxene geothermometers (see above). The P–T condi-
tions alone can not directly be related to the textures of the
xenoliths. The fractal dimension of the orthopyroxene distri-
bution could be a potential new parameter in that respect.
Our data and their interpretation will necessary be prelimi-
nary as there are, to our knowledge, no other published frac-
tal analysis for upper mantle rocks.

Figure 4 is a schematic cartoon illustrating the possible
modification of the texture of a peridotite sample from its
original solid state at depth in the mantle (position ‘1’) to
the left of the dry solidus of the peridotite to the deformed
sub-surface (position ‘4’) during its ascent through the
lithosphere and its uptake as xenolith by a rising magma.
The geotherm is constructed from equilibrium P–T condi-
tions for garnet websterites (Xu et al., 1999), for spinel
peridotites (Sachtleben and Seck, 1981; Bertrand and
Mercier, 1985; Xu et al., 1996), the transition between
spinel- and garnet-lherzolites is taken from O’Neill
(1981). In this work we have characterized the complexity
of the rock texture by the FD, more precisely by the FD of
the orthopyroxene grain spatial distribution (in thin
sections). To illustrate the variations of the textures in man-
tle rocks with depth, we have chosen four samples of
Xianchan peridotites (Zhejiang province, S. China) from
the detailed study of Liu et al. (2012). The samples are
schematically illustrated by the cartoons ‘1’ to ‘4’ on
Figure 4. It can be assumed that during the dynamic recrys-
tallization of the minerals in the mantle, the growth rate
and/or the deformation features are controlled not only by
pressure and temperature but also, and probably mainly,
by competition between the nucleation rate and grain-
boundary-migration rate. Liu et al. (2012) have determined
the P–T conditions of the peridotite xenoliths, which allows
us to position them in the diagram. Moreover, they pro-
vided microphotographs of thin sections so that the FD of
orthopyroxene can also be measured (Table 2). The FD
increases with increasing texture complexity: it varies from
1.05 in sample ‘1’ to 1.554 in sample ‘4’.

We have compared these results with those obtained on
three mantle xenolith suites sampled in various geological
environments, both in oceanic domain (Bioko Island, Gulf
of Guinea) and continental domain (Sangilen plateau in
Russia and Śnieżnik dome in Western Sudetes in Poland).
The FD of the orthopyroxene in these xenoliths was used
to infer the texture change. In all the studied samples, the
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orthopyroxene distribution follows the typical scale-
invariant relation {N(r) ~ rD} which is characteristic of a
fractal structure. We can thus tentatively suggest that this
type of grain distribution, namely the spatial distribution of
the orthopyroxene crystals among the other minerals of the
mantle xenoliths, seems to be a general feature of the upper
mantle as a whole, whatever the geographical and/or
geodynamic setting.

The results obtained for the seven samples from Bioko ev-
idence a significant negative correlation (linear correlation
with a negative slope) between the temperature of equilibra-
tion and the FD of the orthopyroxene (Fig. 5a). Qualitatively
this type of correlation is consistent with the data obtained
by Takahashi et al. (1998) and Takahashi and Nagahama
(2001) who observed a decrease of the FD with increasing
temperature for experimentally, dynamically recrystallized
quartz grains, from 800 °C to 1000 °C. Samples from the
two other localities (Sangilen and Śnieżnik) display an op-
posite relationship with an FD increase with increasing tem-
perature (linear correlation with a positive slope, Fig. 5b), in
other words with increasing depth.

The textural complexity of mantle xenoliths can be related
to the deformation history of the rocks. We suggest that it
could be estimated from the fractal dimension of the
orthopyroxene grain distribution. In oceanic domain (Bioko

island), the rather thin, hot and young lithosphere (by com-
parison with the thicker and generally older and colder con-
tinental lithosphere) allows a fast ascent of the magmas and
their xenoliths which therefore were not strongly deformed
or recrystallized. This situation could explain the negative
correlation between FD and temperature (Fig. 5a). By con-
trast, in continental domain (Sangilen and Śnieżnik) the
thicker lithosphere presumably had, over time, a longer ther-
mal and deformation history that induced complex textural
reorganization, possibly responsible for the positive correla-
tion between FD and T.
In their important paper on the thermal structure of the

lithosphere, McKenzie et al. (2005) concluded ‘the mechan-
ical behaviour of oceanic and continental upper mantle ap-
pears to depend on temperature alone and there is as yet no
convincing evidence for compositional effect’ (p.317). They
add ‘there is no convincing evidence that the rheology of
continental and oceanic mantle is different’ (p.347). By con-
trast, our results show that the fractal dimension of
orthopyroxene grain distribution in spinel-bearing upper
mantle xenoliths is positively correlated with the tempera-
ture of equilibration in the continental domain and nega-
tively correlated with temperature in the oceanic domain. If
these FD measurements are effectively linked to the defor-
mation and recrystallization history of the rocks, our

Figure 4. P–T diagram. Geotherms constructed from equilibrium P–T conditions for garnet websterites (calculated by different geothermobarometers; modified
after Xu et al., 1999). The equilibrium temperatures of spinel peridotites were determined by the thermometer of Sachtleben and Seck (1981) and Xu et al.
(1996). The P–T range for spinel peridotites is constrained by the spinel-garnet transition and the equilibrium temperatures are estimated from the thermometer
of Bertrand and Mercier (1985). The transition between spinel- and garnet-lherzolites is taken from O’Neill (1981). 1: Initial peridotite (minerals in the solid
state) with equigranular/protogranular texture; 2: Partially melted peridotite with coarse equigranular texture; 3: Basaltic melt with glass, microliths and pheno-
crysts (poikilitic texture); 4: Residual peridotite with holocrystalline porphyroclastic texture. The photomicrographs and the P–T conditions for these samples

are from Liu et al. (2012). PP: Plagioclase peridotite; SP: spinel peridotite; GAP garnet peridotite; GPP: garnet and phlogopite peridotite.
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experimental data on mantle rocks are in contradiction with
the McKenzie et al. (2005) conclusions based on theoretical
modelling of the lithosphere thermal structure. This contra-
diction is not really explained yet but McKenzie et al.
(2005) stated that, in view of the uncertainty on the Moho
temperature of shields, ‘it is therefore still possible that the
rheologies of oceanic and continental mantle are affected
by composition as well as temperature’ (p.347).
Although the data discussed in this paper are preliminary,

they show: (1) correlations between the FD of orthopyroxene
distribution in mantle xenoliths and their equilibrium tem-
perature; such correlations were not recognized previously;
(2) contrasting behaviours of oceanic and continental mantle
domains in terms of mechanical and rheological properties.
The texture of the studied mantle xenoliths is characterized

by the fractal dimension of their orthopyroxene grain distribu-
tion. Orthopyroxene is thus a mineral phase displaying a self-
similar spatial distribution in these rocks. This texture could
be the result of a still unidentified self-similar process such

as a critical thermodynamic state or a self-similar dynamic
process. It thus appears that the present method for texture
analysis—namely the determination of the fractal dimension
of orthopyroxene grains—could bring new information be-
sides the classical grain size counting and shape evaluation,
especially for samples without clear foliation and with (opti-
cally) apparent similar grain size distribution.

Independent studies on other mantle suites of rocks are
needed to confirm the preliminary conclusions of this paper
and to shed some light on this interesting problem.

7. CONCLUSION

Rock textures are not easy to quantify. In this study, the frac-
tal dimension (FD) of the orthopyroxene distribution in
mantle xenoliths (essentially spinel-bearing harzburgites
and lherzolites) has been measured in samples from three
areas: (1) 7 samples from the Bioko Island (Gulf of Guinea,

Figure 5. Correlation between the orthopyroxene fractal dimension (FD) and equilibrium temperature (calibration of Brey and Kohler, 1990). (a) Bioko island
spinel peridotites (oceanic mantle). (b) Sangilen xenoliths (Russia) and the Śnieżnik (Poland) xenoliths (continental mantle).
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equatorial Atlantic), (2) 9 samples from the Sangilen Plateau
(Russia) and (3) 11 samples from Śnieżnik district
(W Sudetes, Poland). The P–T equilibrium conditions were
determined using available geothermometers, mainly the
Brey and Kohler two-pyroxene thermometer.

The ranges of FD values are broadly similar for the three
studied mantle suites: they are comprised between 1.60 and
1.80. FD and temperatures are negatively correlated for the
oceanic Bioko mantle domain but positively correlated for
the two other suites sampled in the continental domain.
These contrasting results suggest that the rheological behav-
iour of the lithospheric mantle could be different in the oce-
anic and continental domains.

The good correlation observed between the fractal dimen-
sion of orthopyroxene distribution in mantle xenoliths and
the temperature means that the FD captures a significant tex-
tural feature directly related to the temperature (i.e. generated
by a temperature-controlled process). Our preliminary results
could stimulate future research on the quantitative relation-
ships between rock texture and the physical conditions of
their formation.
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