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REVISION 2
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ABSTRACT

The Berry-Havey pegmatite (Oxford pegmatite field, Androscoggin County, Maine,
USA), enriched in Li, F, B, Be and P, is intruded in hornblende-rich amphibolite, with
minor biotite or diopside. The pegmatite has a complex internal structure, with four
texturally and compositionally different zones, which show an increasing degree of
evolution inward: wall zone, intermediate zone, core margin and core zone. The main
minerals are quartz, feldspars, Al-micas, tourmaline, with minor Fe-micas, garnet, beryl,
amblygonite-montebrasite, Fe-Mn phosphates and apatite. Tourmaline is present in all
zones of the pegmatite, showing different textures: black anhedral crystals in the wall
and intermediate zones; black prisms of up to 40 cm in length in the intermediate zone;
black tapered prisms, surrounded by a pseudo-graphic intergrowth of quartz or albite
with black + green/bluish tourmaline, and constituting a continuous layer under the core
zone; multicolored and “watermelon” zoned crystals in the core zone; and gemmy deep
green and color-zoned “watermelon” tourmaline prisms, up to 15 cm length, inside the
pockets. A complete chemical evolution from Mg-rich schorl in the wall zone to elbaite
with an important deprotonation in the pockets inside the core zone is observed. The
most plausible exchange vectors for this chemical evolution are FeMg,,
YAIYO(R*™Y(OH)).; and AI[X]¥(R*'Na).;, (where R*" = Fe*" + Mg*" + Mn*" + Zn*"),
for the tourmalines from the wall and intermediate zones. In the core margin tourmaline
composition evolves from schorl toward Li-rich species through the substitution
(YAIYLi"R*",). Later, during the crystallization of the core zone, this exchange vector
combined with the substitution ([X]YA10,5XNa.1YLi_o.5). Finally, the gemmy tourmalines

from the pockets show a deprotonation related to the exchange vector "AIYO,"Li.
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1"(OH).,, and may be classified as darrellhenryite. These substitutions may reflect an
increase in oxygen fugacity, and a decrease in Li and F related to the crystallization of
lepidolite and amblygonite-montebrasite in the core zone adjacent to or within the
pockets. The crystallization of these minerals would reduce the availability of Li and F
for the very latest tourmaline crystals, growing inside the pockets, where the
deprotonation becomes important. Chemical and textural variation in tourmaline is
consistent with a fractional crystallization process for the internal evolution of the
Berry-Havey pegmatite. Crystallization of the tourmaline layer under the core zone may

be related to the exsolution of the fluid phase implied in the formation of pockets.

I ntroduction

Pegmatites are common in the Central Maine Belt of the United States. Many of them
are barren bodies, however, rare-element-bearing pegmatites, showing a well developed
internal zoning, are also widespread in this region. The Berry-Havey pegmatite
(Androscoggin County, Maine, USA), is a highly evolved, rare-element pegmatite
enriched in Li, F, B, Be and P. It belongs to the Oxford pegmatite field, located in the
western portion of the state of Maine, within the Sebago migmatite terraine (Solar and
Tomascak, 2009). In this field, pegmatites have been mined for more than a century for
gem tourmaline. The first gem tourmaline was discovered at this pegmatite in 1910.
Tourmaline occurs in all pegmatite zones and shows a continuous and well-defined
chemical evolution from the outer to the inner zones. Previous studies of pegmatitic
tourmaline have shown the relationship of tourmaline chemistry to the evolution of the
host pegmatite. (e.g. Jolliff et al. 1986; Selway et al. 1999; Roda et al. 1995; Keller et
al. 1999; Novak, 2000; Tindle et al. 2002; Roda-Robles et al, 2004, 2011). This study
investigates the relationship of tourmaline chemistry of the Berry-Havey pegmatite to
help decipher the petrogenesis of the Berry-Havey pegmatite, and contribute to the
understanding of other pegmatites in the Oxford field that share some features with this
pegmatite.

This study deals mainly with the paragenesis, textural characteristics and
compositional variation of tourmaline in the different zones of the Berry-Havey
pegmatite. The possible substitution mechanisms accounting for the compositional

variation of tourmaline are discussed on the basis of the analytical results. Finally, the
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implications of the chemical and textural variability of tourmaline across the pegmatite

for the internal evolution of this body are also evaluated.

Geological Setting
The Berry-Havey pegmatite belongs to the Oxford pegmatite field, where pegmatites
concentrate along the northwest, northeast and eastern margins of the Sebago Migmatite
Domain (SMD), previously mapped as the Sebago Batholith (SB) (Fig. 1). Different
degrees of evolution are attained by pegmatites in this region, with an internal zonation
that varies from poor to well developed, sometimes with the occurrence of pockets,
where gem tourmaline may be present. The Berry-Havey pegmatite occurs at the
northeast limit of the SMD. This Domain, described by Solar and Tomascak (2009),
mainly consists of pelitic migmatite and diatexite with subordinate centimeter- to meter-
scale bodies of foliated granite layers, subconcordant with host rock structures. The
SMD rocks are cut by centimeter-scale granite dikes of similar composition and texture
as the SB rocks (Solar and Tomascak 2009). Pegmatitic and aplitic units are also
commonly observed in this domain. The SMD surrounds the Sebago batholith as
previously mapped (Osberg et al, 1985). Later work by Tomascak et al. (1996a) and
Solar and Tomascak (2001), separated this batholith into a granite pluton (the Sebago
pluton, “sensu stricto””) and the SMD that underlies the remaining area of Oxford
County (Solar and Tomascak 2009). Both, the extensive SMD and the Sebago pluton,
belong to the Central Maine Belt (CMB), of the northern Appalachians (Fig. 1), a
prominent NE-SW trending unit that occupies most of New England and New
Brunswick, Canada, and that is composed of a Lower Paleozoic sedimentary succession
that was intruded by Devonian to Permian igneous rocks (e. g. Osberg 1978; Williams
1978; Solar and Brown 2001a). In the CMB the metamorphic facies change from
greenschist in the northeast to upper amphibolite facies (and migmatite) to the
southwest (Guidotti 1989; 1993) (Fig. 1). Migmatites of the SMD in Maine and New
Hampshire, are the core of a diachronous “metamorphic high”, in which the protolith is
interpreted to be rocks of the CMB stratigraphic sequence (Solar and Brown 2001b;
Johnson et al. 2003). According to structural, geochemical and geochronological data,
some authors propose that in the CMB pluton emplacement was syntectonic with
respect to the Acadian orogeny (see Brown and Solar 1998a; 1998b; 1999, Solar &
Tomascak 2009, among others). However, some plutons cut across the regional

structures without any structural trend or a significant deformation aureole (Brown and
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Solar 1999), which is interpreted by other authors (e.g. De Yoreo et al. 1991) as
illustrative of a post-tectonic character of those plutons. Geochronological data on the
Sebago pluton give ages of 293 Ma (U-Pb TIMS in monazite, Tomascak et al. 1996b).
The relationships between the Sebago pluton and the SMD are still undefined. It seems
clear that the pluton has intruded into country rocks belonging to the SMD. According
to the age calculated for the deformation presented by the rocks in the SMD and the age
of the SB, the difference in the age between them could be around 100 Ma, which could
indicate that the Sebago pluton and the SMD are unrelated and just fortuitously located
(Solar and Tomascak 2009).

Field relationships and petrography of the pegmatitic body

With the present exposure of the Berry-Havey pegmatite it is not easy to determine the
shape of the pegmatite, or its internal structure. A straight contact is observed in the
southern limit of the open pit. To the east, the contact becomes more irregular, with a
few dike-like branches that cross-cut the country rock. In the rest of the quarry it is not
possible to observe the contact (Fig. 2). To the southwest of the quarry, the pegmatite is
conformable to the foliation of the host rock, with a dip close to 40° SSE, whereas in the
northern part of the exposure the body seems to be more horizontal. The country rock is
not homogeneous. Much of the material from the southern contact is hornblende-rich
amphibolite, with minor biotite or diopside in places. Locally, the host rock at the
contact is extremely rich in biotite. The samples of tourmaline analyzed from the wall
zone were taken in those areas close to the amphibolite, that is the most common facies
in the country rock. This country rock does not show any local metasomatism.
Moreover, the development of tourmaline-enriched zones in the contact zone has not

been observed.

The pegmatite shows a well-developed complex internal structure. Based on spatial
distribution, paragenesis, textural features, and chemical composition, four different
zones have been distinguished: wall zone, intermediate zone, core margin and core zone
(Fig. 2, Table 1). These zones are subparallel to the country rock, with quite irregular
boundaries, particularly along the core-margin-core zone transition. From the contact

with the host rock to the core of the pegmatite, the following sequence is observed:
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(1) The wall zone (WZ), only observed at the southern part of the quarry, is
immediately in contact with the country rock. Texturally it is the most homogeneous
zone observed in the pegmatite, commonly with a pegmatitic texture with very fine- to
medium-sized crystals. Locally, it may present a gneissic texture. The main minerals are
quartz, plagioclase, K-feldspar that locally exhibits a light greenish color, biotite and

muscovite, with tourmaline and garnet as common minor phases, and accessory apatite.

(2) The intermediate zone (IZ) is volumetrically the most important, constituting
approximately 58 % of the outcrop. More than 85 % of the volume of the IZ consists of
graphic intergrowths of quartz-K-feldspar and less abundant quartz-plagioclase. Other
minor minerals are biotite, garnet and black tourmaline, which appear scattered inside
the graphic-granite masses, as fine- to medium-sized crystals. The IZ is localized at both
sides of the core zone/core-margin. In the upper half of the body, it constitutes a quite
tabular unit, underlying the WZ, over the core zone/core-margin, with ~5 m thickness
(Fig. 2). At the lower part of the pegmatite the 1Z is volumetrically more important and
more irregular in shape and thickness. (Fig. 2). In this lower part of the 1Z, on the
northern side of the quarry, the texture and mineralogy change locally in two outcrops
(Fig. 2). Main minerals there are quartz, K-feldspar and black tourmaline. Textures are
clearly different from those observed in the rest of the IZ. Graphic intergrowths of
quartz and K-feldspar are absent and these two minerals occur as coarse, locally blocky
crystals. Tourmaline grain size is also much coarser, with prismatic crystals up to 40 cm
in length. The volumetrically more abundant unit, with the quartz-K-feldspar graphic
intergrowth, is designated 1Z-I; the other one, with the blocky quartz and K-feldspar,

and the large prismatic tourmaline crystals, is designated 1Z-II.

(3) The volumetrically important core margin (CM), (= 32% of the outcrop), is
located between the two units of the 1Z, closer to the hanging wall than to the foot wall,
which is below the surface of exposure (Fig. 2). The CM zone hosts the different pods
that constitute the core of the pegmatite. The CM consists of albite (clevalandite) and
quartz, but is more mineralogically and texturally complex than the intermediate zone.
Tourmaline appears as black, coarse prisms, crowned by an intergrowth of black =+
green/bluish tourmaline, albite and quartz, giving rise to a quite continuous layer just
below the core pods. Garnet occurs as medium sized reddish-brownish crystals,

concentrated in a discontinuous layer just below the tourmaline level. This garnet layer
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is used by miners in this area of Maine as a guide while searching for pockets, as they

are rarely found below the layer.

(4) The core zone (CZ) represents the innermost zone of the pegmatite, which is the
most complex zone, not only because of its mineralogy, but also because of its textures.
It is not a continuous unit, but consists of pods of different sizes hosted by the CM (Fig.
2). The pods are commonly isolated but in places may be interconnected. The size of
these pods ranges from a couple of meters to ~10 meters across and may contain meter-
sized pockets (miarolitic cavities). The main minerals in the pods are blocky quartz and
K-feldspar, in contact with irregular masses of fine-grained grayish to purple lepidolite,
book muscovite + lepidolite, albite, greenish and pinkish tourmaline, whitish to pinkish
coarse beryl crystals and amblygonite-montebrasite- or Fe-Mn-phosphates in sub-
rounded nodules. Cassiterite and Nb-Ta oxides are the main accessory minerals. Inside
the pockets the main minerals are smoky quartz, albite, lepidolite, hydroxylherderite,
cassiterite, beryl, and green and “watermelon” gemmy tourmaline. Clay minerals also
occur frequently, usually appearing among the quartz crystals, being the matrix where

many of the gemmy tourmaline prisms are found.

Textural characteristics of tourmaline

Tourmaline occurs in all zones of the pegmatite, with important textural and
compositional variations among the different zones (Table 1). In the WZ, tourmaline is
scarce, occurring as very fine to fine-grained, an- to subhedral, prismatic, black crystals,
together with quartz, feldspars, muscovite, garnet and biotite. Under the microscope
tourmaline from the WZ exhibits strong brownish colors, commonly more orange in the
border and more greenish in the cores of the crystals, with moderate pleochroism in
both cases. In backscattered electron (BSE) images, tourmaline from the WZ is mostly
homogeneous. However, some tourmaline crystals display a marked heterogeneity, with
successive overgrowths, with finger-like shapes pointing toward the inner parts of the
pegmatite (Fig. 3a). The contacts between zones of different colors are, in general,
straight and well defined, except in some interior zones of the crystals, which look
partially embayed.

The 1Z-1 is characterized by the abundance of graphic intergrowths of quartz and K-
feldspar, with tourmaline occurring as a minor constituent. It appears as black, sub- to

anhedral, fine-grained crystals, and in places is graphically intergrown with quartz.

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld

8/13



198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230

231

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2015-4829

Under the microscope the color of tourmaline from the 1Z and from the WZ are clearly
different. In the IZ most of the crystals are blue, darker in the rims than in the cores, and
with a slight pleochroism. Tourmaline from the IZ-I is mostly homogeneous as
evidenced from BSE images. Some crystals are partially rimmed by discontinuous
concentric thin zones of different brightness (Fig. 3b). In the IZ-II the quartz-K-feldspar
graphic intergrowths are scarce, whereas schorl may be very abundant, appearing as
black, prismatic crystals up to 6 x 40 cm (Fig. 4a). Under the microscope, crystals show
a concentric chromatic zoning, following the same pattern observed in tourmalines from
the 1Z-1, that is, dark bluish rims and lighter bluish cores, with a slight pleochroism in
the both cases. In the BSE images these prisms appear homogeneous.

In the CM tourmaline is also quite abundant. Many crystals occur as tapered black
prisms growing perpendicular to the pegmatite contacts that increase in width in the
direction of the core of the pegmatite. The most common size of these prisms is ~ 50 cm
in length, and up to ~ 15 cm in diameter. The thick ends of most crystals are crowned
by black + green/bluish tourmaline, intergrown with quartz + albite (cleavelandite),
giving a graphic texture (Fig. 4b). Less commonly, tourmaline crystals are broken,
giving rise to a “puzzle” structure inside a matrix of quartz and albite. Under the
microscope, the color of tourmaline from the CM is generally lighter than in the
previous zones. Black tourmaline in hand sample, under the microscope appears as
bluish crystals in the core and colorless or light bluish in the rim, with a strong
pleochroism in both cases, from bluish to colorless. No systematic change of color was
observed along the c-axis of these crystals. In the BSE images, the tourmaline prisms
from the CM show a homogeneous core, surrounded by a concentric rim with a
different color, showing a straight, well defined limit between core and rim (Fig. 3c¢).
Overgrowing this rim, it is not uncommon to observe a much thinner, darker, frayed
edge of tourmaline (Fig. 3c).

In the case of the crowns surrounding the tourmaline prisms in the CM, the greenish
and bluish crystals in hand sample are generally colorless under the microscope,
although in some cases they exhibit a very light greenish or bluish shade. The transition
from black to colored tourmaline is sharp in hand samples (Fig. 4c) and in thin sections.
However, BSE images reveal that the chemical zonation corresponding to the color
zones is not always so sharp. Whereas the darkest zones in hand sample, in BSE are
quite homogeneous in the core of the crystals, close to the greenish areas the color is

changing, with darker shades of irregular distribution, and an irregular limit between the
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black and green areas (Fig. 3d). The greenish parts of the crystals are heterogeneous,
showing patchy zoning or cellular textures in the inner zones of the crystals, which are
overgrown by darker rims, which could suggest cycles of stabilization and
destabilization (Fig. 3d).

Tourmaline is an important mineral in the CZ. It occurs with different colors and
textures. Abundant greenish, fine—to—medium—grained tourmaline prisms are associated
with medium—to—coarse book crystals of muscovite. Small pinkish tourmaline crystals
occur inside the fine-grained lepidolite masses. Prismatic crystals of watermelon
tourmaline, up to 15 cm in length, with pinkish cores and greenish rims, have also been
observed in this zone, most being partially replaced by clay minerals. Moreover, radial
prisms, up to 20 cm in length, of multicolored tourmaline embedded in feldspars and
quartz are also abundant (Fig. 4d). Many of these crystals are extensively replaced by
clay minerals. Another textural variety, observed rarely in the pods from the CZ,
corresponds to transparent greenish prismatic crystals of tourmaline found inside the
amblygonite-montebrasite nodules. Numerous pockets hosted by the pods of the CZ
contain mainly euhedral to subhedral greenish and rareer pink to watermelon gem—
quality tourmaline. (Fig. 4e). The size of these crystals is generally under 4 cm in
length, but rarely crystals of up to 15 cm have been found. Under the microscope these
crystals, included in the pods and pockets, are colorless to light greenish in color with
slight pleochroism.

In addition to the tourmaline from all the zones inside the main body of the Berry-
Havey pegmatite, tourmaline crystals from a vertical pegmatitic “branch”, with a
thickness < 50 cm, occurring at the southern contact of the pegmatite, have been
studied. This tourmaline occurs as fine, black crystals that under the microscope exhibit
strong brownish to orange colors in the border and more greenish color in the core,
similar to those from the WZ of the pegmatite. In the BSE images some crystals reflect
a complex crystallizing history, including more than one tiny nucleus that appears
overgrown by lighter zones. This feature may account for coalescence of small grains
mantled by outer zones with a very irregular shape, and also suggests cycles of

stabilization and destabilization to generate these types of textures. (Fig. 3e).
Sampling and Analytical methods

Tourmaline crystals were taken from all the zones of the Berry-Havey pegmatite,

including all the different textural varieties of tourmaline occurring in the CM and CZ.
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Close to 200 thin sections were made to study the tourmaline petrography under the
microscope. Close to 1000 microprobe analyses were carried out on representative
tourmaline samples from the different zones of the pegmatite, at the University of
Granada (Spain) and at the University Paul Sabatier (Toulouse, France), using in both
cases a Cameca SX50 microprobe equipped with four wavelength-dispersive
spectrometers. Operating conditions were 20 kV accelerating voltage, 20 nA beam
current, and a beam diameter of about 2 pm. Both natural and synthetic standards were
used: natural fluorite (F), natural sanidine (K), natural pollucite (Cs), synthetic MnTiO3
(Ti, Mn), natural diopside (Ca), synthetic BaSO4 (Ba), synthetic Fe,O3; (Fe), natural
albite (Na), natural periclase (Mg), synthetic SiO, (Si), natural apatite (P), natural
sphalerite (Zn), synthetic Cr,0; (Cr) and synthetic Al,O3 (Al). Data were reduced using
the procedure of Pouchou and Pichoir (1985). Analytical errors are estimated to be on
the order of +1-2% (relative) for major elements and +10% for minor elements.

Close to 130 LA-ICP-MS analyses were made on representative tourmaline samples
from the different zones of the pegmatite. All these analyses were performed on
samples already analyzed by electron-microprobe for major and minor elements. These
analyses were conducted with a 213 nm Mercantek Nd-YAG laser coupled to an
Agilent 7500 ICP-MS with a shielded plasma torch, using the NIST-610 glass as
standard. The ablation was carried out in a He atmosphere. The laser beam was fixed to
a 95 microns wide square section. The spot was pre-ablated for 45 seconds using a laser
repetition rate of 10 Hz and 40% output energy. Then the spot was ablated for 60
seconds at 10 Hz with a laser output energy of 75%. To keep the laser focused during
ablation, the sample stage was set to move upwards 5 mm every 20 seconds. A typical
session of analysis of a single thin section began and ended with the analysis of the
NIST-610 glass (about 450 ppb of each element), which was also analyzed every nine
spots to correct for drift. Silicon was used as internal standard. Data reduction was
carried out with a custom software (freeware available from F. Bea) of the STATA
commercial package. This software permits identification and elimination of outliers,
blank subtraction, drift correction, internal standard correction and conversion to
concentration units. The precision, calculated on the five to seven replicates of the
NIST-610 measured in every session, is in the range +3% to +7% for most elements. In
conditions described, detection limits calculated by measuring five replicates of a large
and homogeneous crystal of astrophyllite, ranged from better than 0.01 ppm for REE,
Y, Th and U, to about 0.5 ppm for Li.
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Structural formulae of tourmaline that were analyzed for Li by Laser Ablation were
normalized on 15 cations exclusive of B, Ca, Na and K (Henry and Dutrow 1996). The
Li contents of tourmaline crystals that were not analyzed by Laser Ablation, and where
MgO is < 1.25 wt.% were calculated on the basis of 6 Si apfu, by using the equation Li
(apfu) = 3-ZY. The amount of B,0; corresponding to three boron cations in the
structural formula was calculated from stoichiometric constraints. In those samples

where MgO values where >1.25 wt.%, Li,O was assumed as zero.

Results and discussion

Chemical composition of tourmalines

Results of representative electron-microprobe analyses obtained on tourmaline samples
from every zone are listed in Table 2. Most of the analyzed tourmalines are alkali
tourmalines according to the nomenclature of Henry et al. (2011) (Fig. 5a), with a wide
variation in the vacancies content. Tourmalines from the WZ, 1Z-1 and 1Z-11, as well as
the black tourmalines from the CM and some colored ones, mostly belong to the alkali
subgroup 1 of the (Na+K)-R*" species (Fig. 5b). There are also some X-site vacancy-
rich crystals, probably foitites; and a few analyses belong to the alkali subgroup 4 and
others to the alkali subgroup 3 (Table 2). The rest of the colored tourmaline crystals
from the CM and all the tourmalines from the CZ belong to the alkali subgroup 2 of the
(Na+K)-Li species (Fig. 5b). Tourmaline structural formulae are given in Table 2. Most
of the analyses of the tourmalines from the WZ, IZ-I and IZ-II seem to be consistent
with dravite, oxy-dravite, schorl, oxy-schorl, and a few foitites. (Table 2); whereas the
composition of most of the tourmalines associated with the CM and CZ correspond to
schorl, oxy-schorl, fluor-schorl, elbaite, fluor-elbaite, darrellhenryite, and rossmanite;
schorl being the dominant component in the black crystals and elbaite in the colored
ones (Table 2). The chemical composition of tourmaline evolved through the following
sequence from the WZ to the pockets inside the CZ (Table 2, Fig. 5¢): (1) tourmalines
from the WZ are intermediate between schorl and dravite, generally with a higher schorl
content (0.98-1.89 apfu Fe*"), and often with important vacancy content (< 0.30 X-site
vacancies pfu); (2) in the IZ, schorl is the dominant tourmaline component (1.55-2.28
apfu Fe’"), with a high content in the foitite component (0.20-0.54 X-site vacancies
pfu); (3) in the CM tourmaline composition changes from vacancy-rich schorl (< 2.29

apfu Fe*" and < 0.51 X-site vacancies pfu) to Fe-rich elbaite (< 0.33 apfu Fe*"), often
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with a significant rossmanite content (< 0.36 X-site vacancies pfu). The Li content
increases from the black to the greenish and bluish crystals; (4) in the CZ all the
tourmalines are elbaites (0.00-0.43 apfu Fe*") with a high rossmanite content (0.20-0.63
X-site vacancies pfu). In addition, some gemmy elbaite crystals from the pockets show
a significant deprotonation and high vacancy content (0.29-0.48 X-site vacancies pfu),
being classified as darrellhenryite.

Overall, the tourmaline samples show proportionally large variations for SiO,
(34.32-39.78 wt%), Al,03 (29.63-43.98 wt%), FeO (0.00-15.18 wt%), MgO (0.00-5.95
wt%), Li,O (0.01-2.58 wt%), TiO, (0.00-1.46 wt%), Na,O (1.24-2.85 wt%), MnO
(0.00-1.54 wt%), and F (0.00-1.79 wt%). Smaller variations are observed for ZnO
(0.00-1.05 wt%), CaO (0.00-0.86 wt%), and K,O (0.00-0.24 wt%). The contents of Cl
are below the detection limit of the microprobe, whereas the F content changes in a
broad range (Fig. 5d). The tourmalines analyzed from the WZ, IZ-I and 1Z-I1 show F
contents lower than 0.5 apfu (Table 2, Fig. 5d). Most of the black tourmaline crystals
from the CM are similarly F-poor. However, some black crystals and most of the
greenish and bluish ones may be classified as fluor-tourmalines (Table 2, Fig. 5d). In
the case of the tourmaline from the CZ, more than a half of the analyses are F-rich
(Table 2, Fig. 5d). Some of the analyzed crystals belong to the oxy-species, mainly in
those from the WZ, IZ and CZ (Table. 2).

Concentrations in trace elements in the tourmalines from the Berry-Havey are in
general quite low, except for Zn, as is usual in tourmalines associated to pegmatites
(Roda et al. 1995; Roda-Robles et al. 2012) (Table 3, Fig. 6). The highest contents in
Sc, Sr and LREE correspond to the tourmalines from the wall zone, and are interpreted
as being the result of the influence of the amphibolites of the country rock. Manganese,
Nb, Ta and Sn show a slight increase from the wall zone toward the core, with a final
decrease in the pockets, probably due to the crystallization of Nb-Ta-oxides, cassiterite
and Mn-rich phosphates in the pods of the CZ, that would have significantly depleted
the concentrations of these elements in the remaining melt. Beryllium behaves in the
same way, with a final depletion in the tourmalines from the pockets, which similarly
may be explained by the crystallization of beryl crystals in the pods of the CZ. The
highest contents in HREE occur in the gemmy tourmaline from the pockets, probably
due to the fractionation of the LREE during pegmatitic internal evolution, with the

heavy rare earths concentrated until the end of the crystallization.
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Substitution schemes

In order to evaluate the substitutions that control the chemical changes experienced by
tourmaline during the crystallization of this pegmatite, different binary composition
diagrams have been used (Fig. 7). At the beginning of the crystallization, the
compositional changes observed in tourmaline may be mainly explained by the
combination of two main mechanisms. The simple homovalent substitution FeMg_; was
significantly operative for the tourmalines from the WZ (Fig. 7a). Starting from a
dravite-rich composition, this mechanism proceeded until the crystallization of the
intermediate zones, where tourmaline is mainly schorl, with a high content of vacancies
in the X-site. Parallel to the increase in Fe, tourmaline from the WZ becomes richer in
Al too, via the combination of the alkali-defect substitution Al[X]*(R*'Na).; and the
proton-loss substitution YAIYO('R*™Y(OH)).;, (where R*" = Fe*" + Mg2+ + Mn®" +
Zn™), (Fig. 7b). Tourmalines from the IZ tend to follow the alkali-defect vector (Fig.
7b), suggesting that this mechanism strongly controlled the chemical variation of the
tourmalines until the end of the crystallization of the intermediate zone, where the
foitite component in tourmalines is important. In the CM, tourmaline composition
evolves from schorl toward elbaite. In the plot of R*" versus Al+Li (Fig. 7c¢), there is a
good negative correlation, which indicates that during most of the crystallization of the
CM, the Li and Al may have been incorporated according to the substitution schorl-
elbaite (YAIYLi"R*",). Later, during the crystallization of the pods constituting the CZ,
the tourmaline composition evolved via the combination of the schorl-elbaite and the
elbaite-rossmanite ([X]¥Alos*Na.,"Li.gs) vectors, together with the already cited proton
loss and alkali-deficient vectors; as reflected by the plot of Li+Na versus Fey (Fig. 7d).
The increase of vacancies in the X site of the tourmaline from the pods in the CZ is
probably related to the abundance of albite in the CM, which would cause a depletion of
Na in the system. Finally, the gemmy tourmalines from the pockets inside the CZ pods
show a clear deprotonation (Figs. 7d and e), following the elbaite-darrellhenryite
exchange vector (YAIYO,"Li,"(OH).,). This substitution may reflect an increase in
oxygen fugacity, or a decrease in Li and F related to the crystallization of Iepidolite and

amblygonite-montebrasite in the CZ adjacent to or within the pockets.

Chemical Zoning
In order to establish the pattern of the chemical zoning inside individual tourmaline

crystals, analyses were made across nine representative samples from the different
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zones recognized in the Berry-Havey pegmatite. Results are plotted in Fig. 8, with the
exception of three samples that resulted to be very homogeneous. Main chemical
variations found in individual tourmaline crystals from the WZ correspond to Fe, Mg,
Al, and F, with slighter changes in Na and Ti (Fig. 8a). Profiles show a comb shape,
reflecting the texture of the crystals. Trends for Fe and Al are comparable and opposite
to those of Mg and F (Fig. 8a), whereas the Ca contents remain mainly constant. The
behavior of these elements is mainly consistent with the substitution schemes proposed
for the tourmalines in the WZ, i.e., the schorl-dravite and the proton-loss, with lower
influence of the alkali-deficient substitution (Fig. 8a). The prominent growth zoning
observed in some of the crystals from the WZ, less common in the inner parts of the
pegmatite, could be explained by an initial opening of the system along its contacts to
an influx of wall-rock derived components, as suggested by London & Manning (1995)
for tourmalines from Southwest England.

In the IZ most of the crystals appear homogeneous in backscattered electron
images, in contrast with those crystals from the WZ. Rarely, tourmaline crystals from
the IZ-I show irregular overgrowths (Fig. 8b). Accordingly, shapes of the compositional
trends resemble a plateau with a sharp transition toward the overgrowth. Contents in Fe
decrease suddenly in the overgrowths; whereas Al, Na and F show an opposite trend
(Fig. 8b). In the 1Z-1I tourmaline always occurs as big prismatic homogeneous crystals.
Tourmaline from the CM appears in a few different ways. The big black tapered prisms
that occur crowned by a pseudographic intergrowth of tourmaline + quartz + albite, are
usually homogeneous in BSE. Microprobe analyses across one of these prisms establish
their homogeneity. Crystals occurring in the crowns around the tapered prisms are more
heterogeneous, mainly in the case of coexistence of black and greenish or bluish
tourmaline (Figs. 8c, d, and e). When only black tourmaline is present in the crowns,
different well defined concentric zones occur, with a decrease in the Fe content toward
the rim, parallel to an increase in the Al, Na and F content (Fig. 8c). The chemical
composition across three different greenish portions of a crystal from one of the crowns
in the CM is plotted in Figs. 8d and e. The trends shown by Al, Na and F are, again,
quite similar and opposite to that of Fe. In all these cases, chemical variation across the
crystals from the CM seems to reflect the influence of the schorl-elbaite substitution,
operating during the crystallization of this zone.

Finally, in Fig. 8fit is possible to observe the chemical changes across a tourmaline

crystal from the vertical pegmatitic “branch” occurring to the south of the quarry. The
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BSE image suggests a complex crystallization history, with cellular textures that
suggest a coalescence of small nuclei mantled by zones with patchy zoning, which
appears to represent stages of stabilization and destabilization of tourmaline. The
microprobe data reveal that the nuclei are Mg-Ca richer and Al-Fe-Na poorer than the
external zones (Fig. 8f). The tourmaline compositional changes are mainly described by
the AINa(CaMg).; exchange vector, with a minor influence of the dravite-schorl
substitution. These are the Ca- and Mg-richest tourmalines analyzed in the Berry-Havey
pegmatite, which could reflect contamination by the calc-silicate country-rock. The
coalescence of a number of small grains, or crystallization centers, overgrown by outer

zones could indicate a relatively quick cooling along the “branch”.

Chemical and textural changes in tourmaline and internal evolution of the Berry-
Havey pegmatite

The Berry-Havey pegmatite shows a clear internal asymmetric zoning, where four
different units have been distinguished: wall zone, intermediate zone, core margin and
core zone. Tourmaline occurs in all these units, showing different textural features and
chemical composition for the distinct zones of the pegmatite. This way, tourmaline
becomes an important tool to interpret the crystallization history of its hosting rock.
Textural and chemical variations observed in tourmaline, from the WZ to the CZ,
suggest an inward fractional crystallization model. Despite the absence of the footwall
at the present level of exposure at the quarry, the asymmetry of the pegmatite and of the
distribution of tourmaline itself is evident, with the tapered tourmaline and the garnet
layers from the CM occurring only under the rare-element enriched zone. There is also
an important asymmetry between the proportions of the zones over and under the CZ,
with a clearly bigger volume for the IZ in the lower part. These asymmetries indicate
that the crystallization from the footwall and from the hanging-wall proceeded in a
different way. Further investigation would be necessary in order to explain the
development of such asymmetries.
Textures inside the pegmatite such as the quartz-K-feldspar and quartz-tourmaline
graphic intergrowths, and the comb tourmaline crystals, suggest that crystallization
proceeded under disequilibrium conditions from an undercooled melt (London 2008).
Crystallization of the tourmaline layer in the CM followed different steps. It starts with
the crystallization of the tapered prisms, in general perpendicular to the contacts. Then,

it follows with the formation of the crowns of quartz-tourmaline graphic intergrowth
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around the tapered prisms, where the composition and color often change from black
schorl to greenish (or bluish) elbaite. Finally, it ends with the breaking of some of the
tourmaline crystals, mainly belonging to the crowns. The occurrence of an important
volume of tourmaline in this layer implies a significant depletion of B in the melt during
its crystallization. Some authors (e.g., Holtz et al. 1993, London, 2009) claim that the
presence of B,Os; enhances the solubility of water in the melt. Accordingly, the
formation of the tourmaline layer most probably lowered dramatically the solubility of
water in the remaining melt, which could lead to exsolution of a water-rich fluid. The
saturation in volatiles in the melt could be also favored by the previous crystallization of
important volumes of non-volatile components through anhydrous minerals, such as
quartz and feldspars, in the WZ and IZ of the pegmatite, which would have increased
the mole fraction of the volatile components in the melt. This way, the so-called
retrograde boiling of the fluid phase would occur, which most probably is related with
the formation of pockets. Assuming a closed system, we speculate that the breaking of
some of the last formed tourmaline crystals in the tourmaline layer of the CM could be
related to a sudden increase in the fluids pressure provoked by the exsolution of the
water-rich fluids from the melt, which imply a significant volume increase that could
cause brecciation (Phillips, 1973; Burnham & Ohmoto, 1980; Burnham, 1985). At this
point, the concentration of Fe was low enough and Li was high enough to allow the
crystallization of the first colored tourmalines in the CM, followed by the crystallization
of the CZ, where all the tourmaline corresponds to elbaite, with variable amounts of F,
Li, Al, Mn and vacancies. On the other hand, garnet crystallization ends in the CM,
below the CZ. This is most probably related to the increase of the Li and F content in
the pegmatite-forming system, which makes Mn compatible in micas and tourmaline.
This would destabilize garnet, whose composition had evolved to Mn-richer values
(Cerny et al. 1985; London et al. 2001; London 2008).

As said above, the development of pockets inside the CZ was most probably related
to the exsolution of a fluid phase from the melt. The pockets represent the space that
was once filled by accumulated supercritical fluid (Nabelek et al. 2010, Simmons et al.,
2012), and show that the exsolved fluid was collected in discrete spaces instead of one
continuous space between the hanging and lower portions of the dikes (Maloney et al.
2008). Fluid inclusions in the quartz crystals from the pockets at the Berry-Havey are
mainly aqueous (Fuertes-Fuente, pers. com), which supports this model. Taking into

account the mineralogy of the pegmatite, the presence of pockets, and that the regional
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metamorphism occurred at low pressure (Tomascak et al. 2005), we can assume that the
crystallization of the Berry-Havey pegmatite developed under pressures in the range 2-3
kb. The maximum water solubility in silicate melts at those pressures is ~6 wt. % in the
absence of boron (Holtz et al. 1995). This amount of H,O, given its molar volume at
400°C and 2kbar, would occupy ~28% of the chamber volume (London, 2008; Maloney
et al. 2008). Based on these estimations, and on the relation between the volume of the
pockets and the volume of the CZ, it seems plausible that the exsolution of fluids from
the pegmatitic melt took place close to the end of the crystallization of the CM.
According to London (2008), the crystallization of granitic melt containing 6 wt. % H,O
promotes a volume increase of 21% at constant pressure, and this release of vapor could
cause the rupture of the pegmatite. In our case, the rupture of the tourmaline crystals
close to the CZ and pockets therein.

The Li content increases gradually in tourmaline across the pegmatite, which
suggests that it was progressively enriched in the residual melt, due to its low solubility
in the minerals constituting the WZ and IZ (including mainly quartz, feldspars and
schorl) compared to its solubility in melt and fluid. According to Maloney et al. (2008)
concentrations in excess of 1 % Li,O of the melts may be required for crystallization of
minerals in which Li is an essential structural constituent. Such high Li,O
concentrations would have existed during the latest stages of crystallization of the CM
and during the crystallization of the CZ. However, a decrease in the Li and F contents is
observed in some of the tourmalines from the pockets, in comparison with the elbaites
from the pods of the CZ. This decrease could be related to the crystallization of late
lepidolite masses, growing in the pods close to the pockets, or inside the pockets. Also
the occurrence of rounded pods of amblygonite-montebrasite in the CZ, some with
diameters >20 cm, would have sequestered a significant amount of Li and F, which
would be less available for the very latest tourmaline crystals, growing inside the
pockets.

Overall, the bulk composition of the Berry-Havey pegmatite is quite close to the
composition of a poorly evolved granitic melt. However, the most evolved facies,
occurring in the CZ, inside the pegmatite, are extremely enriched in incompatible
elements, mainly Li. This extreme enrichment in Li is reflected in the mineralogy of the
CZ, which includes lepidolite, elbaite and montebrasite, as the main Li-bearing phases;
the three of them in important proportions. According to the classification of pegmatites

used lately (Ceray and Ercit 2005), the mineralogy of the Berry-Havey would fit in the
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complex type of the rare-element class belonging to the LCT family. There are two
different subtypes where this body could fit though: the lepidolite subtype and the
elbaite subtype. According to Novak and Povondra (1995), lepidolite subtype
pegmatites contain foitite as the most primitive tourmaline and rossmanite or (Fe-Mn)-
bearing elbaite as the most fractionated tourmaline, whereas elbaite subtype pegmatites
contain Mg-rich schorl as the most primitive, and elbaite or rarely liddicoatite as the
most fractionated tourmaline, which is the case of the Berry-Havey. Moreover, schorl in
the elbaite subtype is Na-rich, whereas in the lepidolite subtype it is rich in X-site
vacancies (Selway et al. 1999). According to these criteria, the Berry-Havey would
belong to the elbaite subtype. However, in the elbaite subtype the dominant Li-bearing
phase is elbaite and lepidolite is supposed to be accessory or absent (Novak and
Povondra 1995), which does not fit with the Berry-Havey body, where lepidolite is a
common mineral in the CZ. Therefore, we can conclude that the limit between these
two subtypes cannot be clearly delineated just by the composition of the minerals or by
their proportions.
Implications

Textural and paragenetic relations, as well as geochemical data outlined above,
highlight the importance of tourmaline as petrogenetic probe. Both, texture and
composition change progressively as crystal fractionation proceeds during the inward
crystallization of the pegmatite. Crystallization of other minerals, such as plagioclase,
micas and phosphates, has a strong influence on the chemistry of tourmaline. This is
particularly notorious for the tourmaline from the CZ, richer in vacancies in the X-site,
probably due to the crystallization of abundant albite in the CM, which reduced the
availability of Na in the final stage of tourmaline formation. Also the composition of
tourmaline from the pockets, deprotonated and poorer in Li and F, probably reflects the
influence of the crystallization of important amounts of lepidolite and amblygonite-
montebrasite in the CZ. The influence of the crystallization of tourmaline on the internal
evolution of the pegmatite is also evident, mainly in the case of the tourmaline layer
occurring under the core zone. The sudden depletion of B in the melt would have
lowered the water solubility, provoking the exsolution of a fluid phase, what is directly
related to the formation of pockets.

The content of trace elements in tourmaline associated to pegmatitic environments

is quite low in general, independently of the degree of fractionation of the facies where
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this mineral appears. However, some elements, such as Li, Be, Mn, Nb, Ta and Sn,
present a progressive change parallel to fractionation.
Therefore, the study of the textural features and the chemical composition of

tourmaline is highly valuable for the understanding of the rocks where it occurs.
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FIGURE CAPTIONS

Figure 1: a) Map showing the location of the Sebago Migmatite Domain in New
England and b) principal geological features of the area and location of the Berry-Havey
pegmatite.

Figure 2: Schematic map and cross sections of the Berry-Havey pegmatite.

Figure 3: BSE images of: a) tourmaline crystals from the WZ showing successive
overgrowths, with finger-like shapes pointing toward the inner parts of the pegmatite; b)
tourmaline crystal from the IZ-I, partially rimmed by discontinuous thin zones of
different brightness; c) tourmaline prism from the CM showing a homogeneous core,
surrounded by a concentric rim with a different color, that is overgrowth by a much
thinner, darker, frayed edge; d) greenish area in a tourmaline crystal from the CM
showing patchy zoning or cellular textures in the inner zones of the crystals, which are
overgrown by darker rims; and, e) tourmaline crystal from a vertical pegmatitic
“branch”, including more than one tiny nucleus that appears overgrown by lighter
zones, which may account for coalescence of small grains mantled by outer zones with
a very irregular shape.

Figure 4: a) black, prismatic crystals of schorl from the 1Z-II; b) Thick ends of tapered
prisms of tourmaline, crowned by black tourmaline, intergrown with quartz + albite
(cleavelandite), giving a graphic texture in the CM; c) black tourmaline crystal rimmed
by greenish tourmaline, with a sharp transition from black to colored tourmaline in the
CM; d) radial prisms of multicolored tourmaline embedded in feldspars and quartz from
the pods of the CZ; e) euhedral to subhedral greenish gem—quality tourmaline crystals
from a pocket in the CZ; and, f) greenish and purple radial prismatic tourmaline crystal,
laying over a clay-minerals bed, from a pocket in the CZ.

Figure 5: Plots of the chemical composition of tourmalines from the different units in
the Berry-Havey pegmatite: a) X-site plot of (Na + K) - Ca - X-site vacancy; b) variation
in

R*/R*42Li) versus D/(D+Na+K) as proposed by Henry et al. (2011) for the
classification of tourmaline; c) triangular plot of Li - AI(Y) - Fe+Mn; and, d) X-site
charge versus F. All data in apfu.

Figure 6: Box and whisker plots for the trace elements in tourmaline from the different
units in the Berry-Havey pegmatite.

Figure 7: a) Mg versus Fe (total); b) Al versus D(X-site vacancies); ¢) R*" versus

Al+Li; d) Fe (total) versus Li+Na; and, e) AI(Y)- [ ] versus R*+[_|. The directions of
some selected exchange-vectors are shown for reference.

Figure 8: Representative chemical zoning patterns for tourmaline, and their correspondence to the BSE
image. a) Wall zone, b) Intermediate zone-I, ¢) black crystal from the tourmaline crowns in the core
margin, d and e) Greenish crystals from the tourmaline crowns in the core margin, and f) vertical
pegmatitic “branch”.

21

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld

8/13



758
759

760
761
762
763
764
765
766

767
768

769

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2015-4829 8/13

TABLE CAPTIONS

Table 1: Main characteristics of the Berry-Havey pegmatite units and the associated
tourmaline

Table 2: Representative microprobe analyses of tourmaline from the different units in
the Berry-Havey pegmatite.

Table 3: Representative LA-ICP-MS analyses of tourmaline from the different units in
the Berry-Havey pegmatite.
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Table 1. Main characteristics of the Berry-Havey pegmatite units and the associated tourmaline

TOURMALINE
ZONE MINERALOGY GENERAL TEXTURES TOURMALINE TEXTURE | COMPOSITIONAL
VARIATION
Qz, Kfs, PI, Bt, Ms | Homogeneous, very fine to | Very fine grained, black Ma-rich Schorl-
Wall + Grt + black medium grained facies. prismatic crystals. Very 9
. - Schorl
tourmaline Locally greenish Kfs scarce

Intermediate-|

Qz, Kfs + Grt + Bt
+ black tourmaline

Qz-Kfs graphic intergrowths
(> 90% volume)

Fine to medium subhedral
crystals

Schorl-Foitite

Intermediate-I|

Qz, Kfs,
black tourmaline

Blocky Kfs and Qz

Coarse prismatic black
crystals

Schorl-Foitite

Core margin

Ab, Qz,
black + green
tourmaline

Matrix of tabular crystals of
Clv, where coarse
tourmaline crystals occur

Coarse black tourmaline
prisms (< 70 cm length)
crowned by an
intergrowth of
blacktgreen Tur and Ab.
Sharp contact between
black and green
tourmaline

From Schorl to
Elbaite

Core Zone

Qz, Kfs, Lpd, Ms,
Li-Ms, Amb, Ab,
Brl, Fe-Mn Pho.
Green, pink &
multicolored
tourmaline

Irregular pods of fine
grained Lpd, coarse book
Ms. Amb, Fe-Mn-Pho + Cst+
Col-Tan

Coarse morganite (Brl) sub-
to euhedral crystals are
common. Sub-rounded pods
of Fe-Mn-Pho or Amb

Pockets with elbaite in a
Cook matrix

In the pods, subhedral,
fine to medium zoned
crystals (watermelon, or
longitudinal zoning). Also
fine individual pink or
green crystals (together
with Lpd and Ms
respectively)

In the pockets, some
green, teal or watermelon
gem quality crystals

Pods:
Elbaite-Rossmanite

Pockets (gem):
Elbaite-Rossmanite
Olenite

In "Mineralogy", the following abbreviations have been used: Qz=quartz; Kfs=feldspar; Pl=plagioclase; Ms=muscovite;
Bt=biotite; Grt=garnet; Tur=tourmaline; Ab=albite; Clv=cleavelandite; Amb=amblygonite-montebrasite; Cst-cassiterite;
Col-Tan=columbite-tantalite; Lpd=lepidolite; Pho=phosphates; Brl=beryl; Cook=cookeite. *Grain size: very fine = <6 mm;
fine =6 mm to 2.5 cm; medium = 2.5 cm to 10 cm; coarse = >10 cm.
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Anal.(#) 1 2 3 2 6 5 7 8 9

Zone®  wz 1z 1z cMmz cMmz cMmz cz cz (o174
Color _ Black Black Black Black Green Blue Multicoloured Pink Green
Li 50.49 114.47 117.96 657.14 4087.53 5113.22 9734.64 11873.94 8373.45
Be 1.19 10.38 4.68 5.51 6.29 39.55 13.16 17.16 6.53
P 18.18 79.98 0.00 36.37 29.45 29646.56 18.58 0.00 0.00
Ca 0.70 0.13 0.13 0.05 0.08 9.86 0.36 0.37 0.00
Sc 47.05 10.04 5.06 0.93 3.29 1.28 214 1.96 4.03
v 15.96 0.45 0.70 0.41 0.55 0.58 0.52 0.62 0.00
Cr 5.48 0.80 0.00 0.00 0.45 0.85 0.00 0.00 0.00
Mn 282.13 1110.37 1462.96 4898.49 4516.56 11820.04 7671.91 6162.88 1479.06
Co 12.64 0.24 1.56 0.04 0.03 0.05 0.02 0.00 0.00
Ni 13.15 0.00 291 0.00 0.07 0.05 0.00 0.90 0.00
Cu 0.96 0.35 1.48 0.71 0.98 0.64 6.21 1.37 3.39
Zn 278.81 1640.29 1788.25 4889.43 4675.63 3528.29 1021.94 157.06 275.83
Ga 83.05 153.08 136.39 176.74 125.40 217.56 260.83 245.20 174.77
Rb 0.02 0.06 0.07 0.06 0.05 18.90 0.02 0.08 0.00
Sr 15.96 1.03 0.40 0.08 0.17 66.76 1.45 0.63 0.00
Y 0.08 0.00 0.03 0.01 0.00 0.01 0.02 0.01 0.23
Zr 0.31 0.10 0.13 0.02 0.06 18.36 0.05 0.07 0.44
Nb 0.24 1.17 1.89 1.15 0.75 1.43 4.96 6.70 1.44
Sn 8.01 20.53 16.65 53.90 40.56 49.31 94.98 148.85 47.84
Cs 0.00 0.00 0.01 0.00 0.04 11.94 0.00 0.15 0.10
Ba 0.04 0.01 0.11 0.01 0.09 7.69 0.01 0.52 0.16
La 3.69 0.32 0.78 0.01 0.01 0.00 0.61 0.07 0.00
Ce 6.15 0.42 1.41 0.00 0.00 0.01 1.09 0.00 0.00
Pr 0.42 0.03 0.13 0.00 0.00 0.00 0.08 0.01 0.10
Nd 1.22 0.09 0.24 0.01 0.10 0.04 0.24 0.00 0.00
Sm 0.20 0.00 0.00 0.01 0.00 0.00 0.20 0.12 0.00
Eu 0.11 0.00 0.00 0.01 0.01 0.01 0.02 0.01 0.00
Gd 0.10 0.06 0.00 0.01 0.07 0.04 0.01 0.00 0.40
Tb 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00
Dy 0.04 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.58
Ho 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Er 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00
Tm 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Yb 0.01 0.00 0.00 0.04 0.01 0.00 0.00 0.00 0.00
Lu 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00
Hf 0.04 0.03 0.03 0.01 0.00 0.58 0.02 0.00 0.00
Ta 0.07 0.26 0.34 0.28 0.37 0.65 214 5.96 1.15
w 0.01 0.05 0.00 0.01 0.00 0.33 0.00 0.03 0.33
T 0.00 0.00 0.00 0.03 0.00 0.04 0.00 0.00 0.00
Pb 4.99 1.55 257 1.87 6.95 128.83 89.32 321.74 18.45
Th 0.00 0.00 0.01 0.00 0.02 0.01 0.07 0.26 0.26
u 0.00 0.01 0.00 0.01 0.02 12.03 0.02 0.02 0.00
LREE 11.68 0.86 257 0.04 0.1 0.05 222 0.20 0.10
LREE 0.26 0.06 0.00 0.06 0.16 0.07 0.05 0.01 0.98

(a) WZ= Wall zone; IZ= Intermediate zone; CM =Core Margin zone; CZ= Core zone; CPZ= Core-pocket zone.
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- Core Zone: Pockets, multicolored tourmaline
+ Lep + Clay minerals
Pods, blocky Qtz + blocky Kfs + book Ms
+ lepidolite masses + phosphate pods (Amb
+ Fe-Mn) = Brl (morg.) + Cst + Col-Tan

Core margin: Qtz + Clv + schorl suns with
crown of graphic intergrowth (black + green
Tur)

@ Intermediate-Il: prismatic coarse schorl crys-
tals inside blocky Kfs and Qtz

] Intermediate-l: Qtz + Kfs graphic intergrowth
+ Grt £ Bt £ Tur (schorl)

E Wall Zone: fine medium grained facies
Qtz + Bt + Kfs + Ms + Grt £+ Tur

- Metamorphic country rock (amphibolites)

— Basalt dyke
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