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ABSTRACT

At Spiaggia Barbarossa on the Italian idand of Elba, a
hydraulic cataclastic shear zone produced by hydrothermal
fluid overpressure was investigated in order to study
anisotropic  structures  and fracture networks from
macroscopic to microscopic scale. Fluid filled fractures and
the degree of fracture networks that functioned as fluid
pathways in a fossil hydrotherma system were also of
interest. Tourmaline dykes and veins crosscut the oldest
Tuscan units, the Calamita schists, parallel and oblique to
the foliation and the Porto Azzurro pluton. Both
metasomatic and hydrothermal tourmaline were identified in
these veins. Metasomatic tourmaline exhibits reverse zoning
with schoerl-rich cores and dravite-rich rims that indicate
progressive replacement of biotite. Hydrothermal tourmaline
forms the matrix fluid of cataclastic shear zones embedding
quartz clasts within the range of ~ 100 — 2000 um size.
Fractal geometry analyses of the shear zones indicate the
concentration of deformation during the regional extensional
tectonic regime that was active from the Miocene to the
Pliocene-Pleistocene.  Quantification of fragmentation
patterns by a modified Cantor-dust method (AMOCADO)
indicates one process of fragmentation, whereas
fragmentation of tourmaline-filled fragmentation zones at
the western Barbarossa outcrop point to coeval processes of
regiona deformation and boron-rich fluid infiltration. The
analysis of pattern anisotropy provides indication for two
subsequent processes: hydraulic fracturing caused by fluid
overpressure and shearing of the aready fragmented rocks
caused by a regiona stress field. Both processes are
regarded as roughly coeval.

1. INTRODUCTION

Exploring and exploiting deep geothermal energy for district
heating and electricity generation is of growing interest. The
increasing demand requires intensified investigation of basic
geological processes and rock structures that control
reservoir  characteristics.  Apart  from  underground
temperatures, fluid circulation is one of the key parameters
of the productivity of geothermal reservoirs. Circulation of
geothermal fluids is decisively controlled by fracture
networks and their connectivity at depth. Geothermal
systems usually result from a combination of meteoric water

and deep magmatic and/or metamorphic fluids. Deep
fracture networks can be prospected by indirect methods,
such as dedicated borehole logs and reflection seismology
(Barbier, 2002, and references therein). The latter method
serves to estimate the volume of fault-related damage zones
where permeability is enhanced. The integration of data
produced by indirect methods and numerical simulations
(e.g., Kloditz and Clauser, 1998) can provide models that
describe the relationship between the crustal structures and
the geothermal resources. However, given the complexity of
the natural systems, this approach does not alow detailed
reconstruction of fluid pathways and fracture connectivity.
This issue can be solved by studying fracture networks in
the exhumed parts of fossil geothermal systems, best
represented by epithermal  systems (Hedenquist and
Lowenstern, 1994). In these systems, palaeofluid pathways
are observed as networks of mineral-filled, often ore bearing
veins (Gudmundsson et d., 2002). A valuable prospection of
a suitable present-day geothermal system requires a deeper
understanding of fracture-forming processes in context with
fluid overpressure. The latter is mostly marked by atransient
behavior of hydrothermal pressure and chemical
disequilibrium between matrix and fracture fluids, which
results in pulsed transport through the fracture network
(Matthéi, 2003), thus gradually sealing the fractures. It is
necessary to understand the interacting processes that drive
the formation, reservoir productivity, and the activity period
of geotherma fields, al of which are dependent on
geological setting..

The aim of the presented work is to study the behavior of
fracture zones produced by hydrothermal fluid overpressure
from aregional scae to the micro-scale. The study focuses
on the development of an ancient fracture zone with
anisotropic cataclastic structures and fracture networks
acting as fluid pathways in a system that is geologicaly
linked to an active geothermal field.

The Larderello geotherma field, located in southern
Tuscany/Italy, is one of the few steam-controlled high-
enthalpy systems worldwide. Intense research of this site
during the last century delivered many results describing the
geological development of the geothermal field (Batini et d.,
2003), magmatic development of the underlying granitic
batholith (Dini et a., 2005; Boyce et a., 2003), fluid
inclusion composition (Boiron et a., 2007; Dalai et al.,
2005), reservoir characteristics (Musumeci et al., 2005), etc.
In this sense, the fossil geothermal precursor system of Elba
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Island located 40 km westward provides the opportunity to
study a direct “frozen” clipping of a hydrothermal system
similar to the active Larderello geotherma field, thus
providing useful information regarding the interaction of
overpressure fluids and the wall rocks during the late
granitic cooling phase.

2. GEOLOGICAL SETTING

2.1 Elba

A geologica map of Elba and the study area is given in
Figure 1. Elba is the biggest idand of the Tuscan
Archipelago. It is considered to be the westernmost
exhumed part of the Northern Apennines chain. The area has
been affected by extensional tectonics (Colletini et al.,
2006at+b; Garfagnoli et a., 2005; Colletini & Holdsworth,
2004) and coeva magmatism since the late Miocene (Dini et
al., 2008, 2002). Elba ldand is made up of a complex pile of
stacked tectonic nappes of the Tuscan and the Ligurian
Domain. The evolution of Elba dates back to the Variscan
Orogeny that affected the oldest lithological sequence of the
Tuscan Domain (the Calamita schists), which was made up
of deformed greenschist facies, quartzitic metasediments,
and phyllites. From the upper Cretaceous to the Eocene, the
closure of the Ligurian Ocean deformed the units of the
Ligurian Domain. During the Miocene, development of
extensional tectonics led to the thinning of the structural pile
of nappes, thus favoring the ascent of magmatic bodies in
Elba idand, such as the Mt. Capanne (about 6.8 Ma,
Garfagnoli et a., 2005, and references therein) and the Porto
Azzurro (6.2-5.1 Ma, Garfagnoli et a., 2005, and references
therein) granitoids. Linked to magmatic ascent, the
formation of the characteristic predominantly low-angle
Zuccale normal fault occurred (Colletini and Holdsworth,
2004; Keller and Pidli, 1990).

In the Northern Apennines, extensiona tectonics and related
magmatism migrated from west to east during the Miocene
and Pliocene-Pleistocene. In view of this, the exhumed
magmatic and geothermal system of eastern Elba represents
a precursor system of the Larderello and Monte Amiata
active geothermal fields. This analogy applies aso to the
metapelitic wall rocks of the buried Larderello pluton that
showed marked similarities to the Calamita schists
(Garfagnoli et a., 2005).

ﬁ hrusts
/'F/auhs

I:I Quarternary

Monte Capanne and
Porto Azzurro granites

Tectonic unit 5 with
porphyry dykes

I:l Tectonic unit 4
- Tectonic unit 3
I:l Tectonic unit 2

Tectonic unit 1
B {Calamita schists)

Ligurides

42°46"

Barbarossa

Northing
Tuscanides

42;’45‘

T T T
1028 10°26'

T T T
10°28' 10°

20
Easting

Figure 1: (A) Geological sketch of Elba isand (modified
after Dini et al., 2008); (B) Geological map of
south-eastern Elba with study area (red box).

2.2 Study area

Pictured in Figure 2, the main study area is located at
Spiaggia Barbarossa in eastern Elba, where parts of the
Porto Azzurro monzogranite are exposed directly overlying
the sequences of the deformed Calamita schist, thus forming
a window below the directly overlying, meanwhile eroded
Zuccale fault. The Caamita schist and the Porto Azzurro
pluton are crosscut by microgranitic to pegmatitic dikes and
by networks of hydrothermal veins. In particular, flow of
boron-rich fluids indicated by the occurrence of tourmaline-
rich veins occurs within the wall rocks and the Porto
Azzurro monzogranite, crosscutting in different directions
such as (sub)orthogonal and obliqgue systems. In the
Calamita schists, vein systems dominantly follow the main
foliation. Similar hydrothermal events are reported from
other locations on Elba Idand, such as the Caamita
peninsula (Dini et a., 2008) or around the Mt. Capanne
pluton (Tonarini et a., 1998).

Figure 2: Tourmaline shear zone (black) at Spiaggia
Barbar ossa, crosscutting the contact of Calamita
schists (grey-brownish, below) and Porto Azzurro
monzogr anite (light-whitish, above).

The outcrop of Spiaggia Barbarossa is dominantly crosscut
by swarms of tourmaine dykes and veins. A high
concentration of quartz-filled extension gashes and veins
occur locally. The main tourmaline dyke is related to a shear
zone that forms the direct contact between the Caamita
schist and the Porto Azzurro monzogranite, localy
exceeding apertures of 20 to 30 cm and causing
displacement within the Calamita schist. Fluid intrusion
formed hydraulic cataclasites with fragments up to cm-scale
sizes, as shown in Figure 3.

3.METHODS

The tourmaline dyke at Spiaggia Barbarossa was structurally
and geochemically investigated to bridge a gap in the
development history of eastward migration of magmatic and
hydrothermal/geothermal activity. Thin sections of the dyke
matrix were prepared to investigate and discriminate the
fluid succession. One main question is whether the fluid
intrusion can be considered to be one single event or if the
filling is due to several injection pulses. Microprobe
analyses of the vein filling are still in process and should
classify the affiliation of the tourmaline mineras and give
information about the fluid origin. Furthermore, the
geochemical comparison between the hydrothermal systems
on the Caamita peninsula and the composition of the
Larderello fluids should give insight into the temporal
development of the fluid system and into the propagation of
magmatic activity.



Figure 3: Specimen of the main tour maline shear zone of
the Barbarossa outcrop at the western shoreline
(see Figure 2) forming hydraulic cataclasites with
fabrics up to cm-sizes. Specimen was cut in three
directions, (A) on top view into the shear zone, (B)
parallel to the shear movement, and (C)
perpendicular to the shear movement.

The cataclasites of the tourmaline shear zone were
qualitatively and quantitatively analyzed in order to receive
information about characteristics of fracture patterns (mainly
anisotropy and heterogeneity) and fracture-forming
processes. Moreover, fabric quantification is important
insofar as it alows (i) more precise comparison of the
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ancient Elba and the active Larderello hydrothermal systems
and (i) forms a basis for modelling fragmentation leading to
variable degrees of permeability. Fractal geometry offers
powerful methods for quantifying complex patterns (Kaye,
1989), and specific methods are available for anisotropy and
heterogeneity quantification (Kruhl et al., 2004).

4. RESULTS

Based on thin-section analyses, tourmaline fluids of different
processes can be identified. Tourmaline composes the large
shear zone that crosscuts the contact zone between the
Calamita schists and the Porto Azzurro monzogranite at the
western shoreline. The tourmaline most probably originated
from hydrothermal fluids. Mineral aggregates are black to
black-greenish and very small-grained (< 50 pm) to
cryptocrystalline and belong to the schoerl group. A
photograph of a section of the shear zone is given in Figure

Figure 4: Thin section of the shear zone forming
hydraulic cataclasites at the western shore of
Spiaggia Barbarossa. The matrix is composed of
tourmaline that originated from hydrothermal
fluids.

In contrast, tourmaline injections at the eastern outcrop of
the Porto Azzurro monzogranite exhibit at least three
different generations, as shown in Figure 5. The first
generation has relatively large crystals (150 to 500 pm),
though fine-grained, but crystal size decreases in the second
generation (50 to 100 pm).

*o g 4%3 ‘

Figure 5: Three different tour maline generations can be
distinguished in some veins exposed in the
outcrop of the Porto Azzurro monzogr anite at the
eastern shoreline.



Volland et al.

Crystals of both generations are euhedral to subhedral and
exhibit reverse zoning from a greenish schoerl-composed
core in the center of the crystal to a dark-to light brownish
dravite composition toward the crystal rim. The third
generation is made up of cryptocrystaline to subhedral,
grey-brownish to dark greenish tourmaline crystals that
mark the direction of a later injection pulse of fluids.
Subordinated single crystals of foitite were found. Elbaite
was not yet identified. Locally, aggregates of fibrous schoerl
form clusters or disperse with no preferred orientation.
Biotite occurs in al generations of the tourmaine fluid.
Epidote was not yet identified. Similar parageneses have
been reported from the Larderello geothermal field (Boiron
et a., 2007; Garfagnoali et al., 2005; Musumeci et a., 2005;
Cavarretta, 1990).

The transformation of thin-section scans into black-and-
white binary pixel patterns highlights the complex pattern of
fragmentation and minera infill, without a clearly visible
anisotropy, as is pictured in Figure 6A. Box counting leads
to the linear correlation seen in Figure 6B between box sizes
and numbers of boxes occupied by the cataclasite matrix
within the range of ~ 100 — 2000 pm. This supports the
existence of a single process of fragmentation. The fractal
dimension of 1.75 is considerably larger than values
reported for fracture systems (e.g. Barton and Larson, 1990),
as can be expected for such densely fractured material.
However, because of the resolution limits of the pattern, the
box-counting method cannot be used to analyze the fine-
grained fragments in the matrix with sizes below ~ 5 pixels
(roughly equivalent to 100 pm).

5. DISCUSSION

Quantification of the anisotropy of fragment and matrix
patterns led to irregular point distributions, as illustrated in
Figure 7. For the quartz-fragment pattern, the distribution is
nearly isotropic, as indicated by the weak ellipticity of 1.09
shown in Figure 7A. In contrast, the matrix pattern shows a
higher dlipticity of 1.16, as shown in Figure 7B. The local
irregularity of point distributions is probably related to the
orientation of major fragmentation zones. For example, the
‘neck’ of the point distribution in Figure 7B, which is
roughly orientated ‘NW-SE’, can be related to the roughly
‘NE-SW’ oriented micro fragmentation zones pictured in
Figure 6A. In general, the difference between the isotropy of
the quartz fragmentation pattern and the anisotropy of the
matrix pattern can be interpreted as resulting from two
different processes. First, fluid overpressure led to an
isotropic fragmentation of the quartzite host rock. Second,
subsequent shearing resulted in weakly oriented micro-
fragmentation zones. Shearing was possibly concentrated in
the relatively weak fine-grained fragmentation matrix and,
therefore, did not affect the coarsely fragmented parts of the
rock.

The Barbarossa system indicates high-temperature
circulation of boron-rich fluids forming centimeter- to
meter-scale metasomatic veins. The injections could have
been triggered by the intrusions of boron-rich monzogranitic
magma that make up the Porto Azzurro pluton. The fluids at
Spiaggia Barbarossa exhibit different hydrothermal and/or
metasomatic imprints. This is manifested by repeated
injections of voluminous black tourmaline dykes and veins.
Tourmaline shows different compositions between the large
shear zone at the western shoreline and the pulsed injections
crosscutting the felsic Porto Azzurro monzogranite at the
eastern shore outcrop. The latter can be identified as
metasomatic veins exhibiting amost three generations of
tourmaline. The first and second generation show concentric
and reverse zoning from shoerl to dravite, thus indicating

progressive biotite replacement. The third generation, which
is more dark-greenish schoerl in composition, indicates
hydrothermal pulsed injections of a late magmatic stage
roughly corresponding to the large shear zone at the western
outcrop at Spiaggia Barbarossa. This suggests a probable
link between the metasomatic fluids and the fluids involved
in the stage of hydrofracturing. For the production of such
large amounts of tourmaline, a continuous supply of CO; is
required. Such vapors could be generated within the
Variscan Calamita schists and could aso derive from a
mantle source. Further, these vapors were trapped under
lithostatic pressure. Such fluids and conditions are reported
from the deepest parts of the Larderello geothermal field
(Boiron et al., 2007)

The fracture deformation on the western Barbarossa outcrop
is associated with fluid-overpressure combined with an
extensional shear zone. Extensiona fractures identified in
the wall rocks should promote fluid circulation. But in areas
of geothermal activity, fractures and veins can be seaed
rapidly by mineral precipitation (Bellani et al., 2004),
resulting in the re-opening and sealing of previous fractures
and the formation of new ones. These processes, stress
concentrations, and sealing of fractures in shear zones can
trap fluids in supercritical reservoirs (Bellani et al., 2004)
and finally result in an increase of fluid pressure, thus
participating in the growth of fluid-overpressure zones.

6. CONCLUSIONS

Elba has been affected by extensional tectonics since the
Miocene. Crustal thinning favored the ascent of magmatic
bodies such as Mt. Capanne in the western island and the
Porto Azzurro granitoids in the central and southeastern part
of Elba. Magmatic ascent caused slope instability in the
domed wall rocks and resulted in the formation of the
characteristic low-angle Zuccale normal fault. Because
magmatism migrated from west to east since the Miocene,
the exhumed fossil magmatic and geothermal system of
eastern Elba can be regarded as a precursor system of the
Larderello and Monte Amiata active geothermal fields.

At Spiaggia Barbarossa, the Porto Azzurro monzogranite
and the Calamita schists are crosscut by metasomatic and
hydrothermal  tourmaline dykes and veins. Reverse
tourmaline zoning from schoerl-rich cores in the crystal
center towards a dravite-rich rim indicates progressive
biotite replacement. At the western outcrop, hydrothermal
tourmaline dykes crosscut the contact between the Calamita
schists and the Porto Azzurro granite during the late
magmatic stage, locally forming cataclastic shear zones
embedding medium-sized fabrics of quartz-clasts within the
range of ~ 100 — 2000 um. The occurrence of these shear
zones indicates deformation concentration during a regional
extensiona stress field, active from the Miocene to
Pliocene-Pleistocene. Fractal geometry methods alow the
quantification of fragmentation patterns. Fractality of these
patterns above fragment sizes of 0.1 mm indicates one
process of fragmentation on this scale. The hydrothermal
tourmaline-filled fragmentation zones at the western
Barbarossa outcrop point to coeval processes of regiond
deformation and boron-rich fluid infiltration. However,
analysis of pattern anisotropy indicates two subsequent
processes. hydraulic fracturing caused by fluid overpressure
and shearing of the aready fragmented rocks caused by a
regiona stress field. Both processes are regarded as roughly
coeval. In general, successful studies on fossil and active
geothermal systems require multi-approach investigations,
including mineraogical, petrologic and geochemical
analyses and structura analyses in the field and on the
micro-scale. Quantification of meso- and microstructures,



which may form a basis for more precise comparison
between different hydrothermal systems and for their
modelling, appears to be significant in this context.

ACKNOWLEDEMENTS

We are grateful to the German Academic Exchange Service
DAAD for funding the Elba fieldwork. Funds were granted
from the bilateral Exchange Programme ‘PPP-Vigoni’ and
supported the research period from 2009 to 2010.

=, slope=1.75

10000

e

1000 & ~

®

Number of occupied box

fu

(=]

o
T

10 &

1 L TR R |
10

T
Box side length [pixel]

Figure 6: (A) Binary pattern of a tourmalinefilled
cataclasite (Spiaggia Barbar ossa, eastern Elba). A
thin-section scan has been transformed to a black-
and-white pixel pattern using an open-source
image-analysis program with application of a
threshold of 160 and subsequent 'cleaning' of the
pattern. White = quartz fragments; black = fine-
grained matrix + tourmaline. (B): Result of box
counting applied to the quartz-fragment pattern
(white) shown in (A). Box-side length is plotted
versus number of boxes occupied by the
cataclasite matrix. A linear regression, with a
slope of 1.75 (= fractal dimension) and a standard
deviation of 0.001, is received within the interval
> 4 and < 90 pixel. One pixd is equivalent to ca.
20 pm. Data below 4 px have been ignored, in
order to avoid back-ground noise of the pattern
and above 90 px because the low number of large
boxesis statistically not safe.
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Figure 7: Anisotropy quantification of the tourmaline-
filled cataclasite (binary pattern from figure 6A),
performed using the modified Cantor-dust
method (AMOCADO). Analysisleadsto a slope of
linear regression for 180 directions in 1° steps.
These dope values are plotted from a central
point toward the outside. The point distribution
represents the anisotropy of complexity of the
cataclasite pattern. The irregularity of point
distribution is highlighted by a best-fit ellipse with
an dlipticity ab and a coefficient of
determination R2. vy, is the angle of the short
ellipse axis against the 0° reference line. (A)
Quartz fragments — white in figure 6A; (B)
tour maline-filled matrix —black in figure 6A.

REFERENCES

Barton,C.C. and LarsenE.: Fracta geometry of two
dimensiona fractures networks a Yucca Mountain,
southwestern Nevada. Fundamentals of rock joints. In:
Rock Joint, Balkema, Rotterdam, 77-84 (1990).

Batini F., Brogi A., Lazzarotto A., Liotta D., and Pandeli E.:
Geological features of Larderello-Travale and Mt.
Amiata geothermal areas(southern Tuscany, Italyl).
Episodes, 26 (3), (2003), 239-244.



Volland et al.

Bellani S, Brogi A., Lazzarotto A., Liotta D., and Ranalli
G.: Heat flow deep temperatures and extensional
structures in the Larderello Geothermal Field (Italy):
constraints on geothermal fluid flow. Journa of
Volcanology and Geothermal Research, 132, (2004),
15-29.

Boiron M.C., Cathelineau M., Ruggieri G., Jeanningros A.,
Giandlli G., and Banks D.A.: Active contact
metamorphism and CO2—CH4 fluid production in the
Larderello geothermal field (Italy) at depths between
2.3 and 4 km. Chemica Geology, 237, (2007), 303—
328.

Boyce A.J., Fulignati P., and Sbrana A.: Deep hydrothermal
circulation in a granite intrusion beneath Larderello
geothermal area (ltaly): constraints from mineralogy,
fuid inclusions and stable isotopes. Journa of
Volcanology and Geothermal Research, 126, (2003),
243-262.

Cavarretta G., and Puxeddu M.: Schorl-Dravite-Ferridravite
Tourmalines Deposited by Hydrothermal Magmatic
Fluids during Early Evolution of the Larderclio
Geotherma Field, Italy. Economic Geology, 85,
(1990), 1236-1251.

Colletini, C., and Holdsworth, R.E.: Fault zone weakening
and character of dip aong low-angle normal faults:
insights from the Zuccale fault, Elba, Italy. J Geol Soc,
London, 161, (2004), 1039-1051.

Collettini C., De Paola N., Holdsworth R.E., and Barc M.R.:
The development and behavior of low-angle normal
faults during Cenozoic asymmetric extension in the
Northern Apennines, Itay. Journa of Structural
Geology, 28, (2006), 333-352.

Ddla L., Magroa G., Petrucci E., and Ruggieri G.: Stable
isotope and noble gas isotope compositions of inclusion
fluids from Larderello geotherma field (Italy):
Congtraints to fluid origin and mixing processes.
Journal of Volcanology and Geothermal Research, 148,
(2005), 152— 164.

Dini. A., Innocenti F., Rocchi S, Tonarini S., and
Westerman D.S.: The magmatic evolution of the late
Miocene laccolith-pluton—-dyke granitic complex of
Elba Idand, Italy. Geol. Mag. 139 (3), (2002), 257—
279.

Dini A., Gianelli G., Puxeddu M., and Ruggieri G.: Origin
and evolution of Pliocene—Pleistocene granites from the
Larderello geothermal  field (Tuscan Magmatic
Province, Italy). Lithos, 81, (2005), 1 —31.

Dini A., Mazzarini, F., Musumeci, G., and Rocchi,
S.,:Multiple hydro-fracturing by boron-rich fluidsin the
Late Miocene contact aureole of eastern Elba Island
(Tuscany, Italy). TerraNova, 20 (4), (2008), 318-326.

Garfagnoli, F., Menna, F., Pandeli, E., and Principi G.: The
Porto Azzurro Unit (Mt. Calamita promontory, south-
eastern Elba Idland, Tuscany): stratigraphic, tectonic
and metamorphic evolution. Boll. Soc. Geoal. It., 3,
(2005), 119-138.

Gerik,A. and Kruhl, JH.: Towards automated pattern
quantification: time-efficient assessment of anisotropy
of 2D pattern with AMOCADO. Computers &
Geosciences, 35/6, (2009), 1087-1097.

KayeB.H.: A Random Walk through Fractal Dimensions.
V CH Publisher, Weinheim, 421pp (1989).

Keller, JV.A., and Pidli, G.: Tectonics of the Idand of
Elba: a reappraisal. Boll. Soc. Geo. It., 109, (1990),
413-425.

Kruhl,JH., AndriesF., Peternell, M., and Volland, S.:
Fractal geometry analyses of rock fabric anisotropies
and inhomogeneities. In: D.Kolymbas (ed.), Fractals in
Geotechnical Engineering. Advances in Geotechnical
Engineering and Tunnelling, 9, (2004) Logos, Berlin,
115-135.

Matthé S.K.: Fluid flow and (reactive) transport in fractured
and faulted rock. Journal of Geochemical Exploration
78-79, (2003), 179-182.

Musumeci G., Fulginati P., and Sbrana A.: Epidote-bearing
hydrothermal  ductile shear zone: evidence of
tectonically driven fluid flow in the Larderello
geothermal field (Northern Apennines, Italy). Boll. Soc.
Geal. It., 3, (2005), 157-165.

Tonarini S., Dim A., Pezzotta F., and Leeman W.P.: Boron
isotopic composition of zoned (schorl-elbaite)
tourmalines, Mt. Capanne Li-Cs pegmatites, Elba
(Italy). Eur. J. Mineral., 10, (1998) 941-951.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


