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Non-invasive assessment of the formation of tourmaline nodules by X-ray microtomography
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aBstract
Tourmaline nodules occurring in the Capo Bianco (Elba Island, Italy) aplitic rocks are here investigated by X-ray microtomography 3D imaging. This non-invasive technique provides 3D images of the
tourmaline nodules, revealing an irregular morphology consisting of branches that extend radially from
the cores. The nodules present scale-invariant features that can be described by a box-counting fractal
dimension. The value of the fractal dimension is proportional to the size of the nodules and tends asymptotically to a value of 2.5, in agreement with the results obtained from the simulation of virtual nodules,
by means of a diffusion-limited aggregation model based on a Monte Carlo Metropolis algorithm, in
The results support the hypothesis that tourmaline formed by a disequilibrium magmatic process, in
which diffusion represents the rate-limiting step, inducing the formation of nodules with irregular shapes.
This study shows the potential of X-ray microtomography, in combination with numerical modeling,
as a probe for accessing the 3D microstructural information of complex mineral morphologies with a
non-invasive approach. The combination of numerical and experimental, non-invasive, 3D techniques
represents a fundamental step forward in bridging the gap between the observation of microstructures
and the interpretation of the associated processes.
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introDuction
Igneous rocks display various microstructures and compositional heterogeneities that reveal the underlying complexity of
the processes associated with their formation. In particular, disequilibrium textures, including skeletal, spherulitic, and dendritic
morphologies, record the perturbation of the chemical potential
within a magmatic system, hence representing geological markers
for processes occurring far from equilibrium, due to changes in
composition, temperature, and pressure (Fowler et al. 1989; Perugini et al. 2003; Jerram and Davidson 2007). The investigation of
the microstructure of igneous rocks is crucial to the understanding
of such processes.
Microstructural investigation has traditionally relied on 2D
observations based on both optical and electron microscopy (Higgins 2006). Two-dimensional observation may provide overall
information on the microstructure of the mineral assemblage,
but may potentially lead to erroneous interpretation, since the
observed features only contain partial information of the actual
3D microstructure. Another drawback of such methods is their
intrinsically invasive nature, since sample preparation requires
the destruction of the original 3D microstructure.
An alternative to standard 2D observation is given by serial sectioning or serial grinding, by which vertical sections of a
rock sample are sequentially scanned and a virtual 3D image is
reconstructed (Byron et al. 1995; Mock and Jerram 2006; Jerram
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and Higgins 2007). Although such methods have the advantage
of accessing the 3D microstructural features, they are affected by
some limitations, most notably destructive and time consuming
sample preparation, and low spatial resolution (Marschallinger
1998). The spatial resolution of serial imaging methods can be
drastically improved by the use of a focused ion beam setup, in
combination with electron microscopy and electron backscatter
diffraction (Sakamoto et al. 1998; Dunn and Hull 1999; Inkson et
al. 2001; Groeber et al. 2006; Zaafarani et al. 2006).
In recent years, a significant improvement in the 3D microstructural investigation has been achieved by the use of X-ray
computed microtomography (X- CT) analysis (e.g., Carlson
2006) by means of both conventional and synchrotron X-ray
sources. X- CT is based on the use of mathematical algorithms
to reconstruct the internal 3D microstructure of a sample, from
a set of 2D projections that record the X-ray attenuation signal,
acquired at different angular positions during the rotation of the
sample around a vertical axis. X- CT has been successfully applied to the study of, e.g., the 3D distribution and shape of vesicles
in volcanic rocks (Song et al. 2001; Voltolini et al. 2011; Baker
et al. 2012), microstructural analysis of ore-bearing rocks (Godel
2013), 3D characterization of porphyroblasts (Carlson and Denison
1992; Huddlestone-Holmes and Ketcham 2005, 2010) and 3D
spatial distribution of the phase assemblage present in cement
materials (Artioli et al. 2012).
In this study, X- CT is used to quantitatively assess the 3D
morphology of tourmaline nodules occurring in the aplitic rocks
of Capo Bianco (Elba Island, Italy). This study represents an

