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ABSTRACT

Pegmatites have internal zone structure, whose core to intermediate zone are enriched in rare
elements such as Li, Cs, Ta, and REE. The enrichment of rare elements in core to intermediate
zone is derived from a distribution of incompatible components to residual melts with flux
components (London 2014). Flux rich melts develop a formation of rare elements minerals and
exsolution of water fluids. The fluids make druses in pegmatite or alterations of primary
minerals with internal microtextures. In pegmatite, subsolidus reactions including the
hydrothermal alterations are expected; however, their process has not been obvious. In this
thesis, microtextures in primary minerals from pegmatite and the altered products were
investigated. The montebrasite-amblygonite series, K-feldspar, petalite, and Li tourmaline from
the Nagatare Li pegmatite, Fukuoka Prefecture, Japan, had complex internal textures. The
exsolution process of the montebrasite-amblygonite series and the alteration process of above
minerals were mainly discussed.

The montebrasite—amblygonite series has long been known as primary phosphates
occurring from Li pegmatites and topaz-bearing granites. In this thesis, the montebrasite—
amblygonite series and lacroixite from the Nagatare Li pegmatite were investigated by X-ray
diffraction (XRD) experiments, electron microprobe analyser (EPMA) analyses and
transmission electron microscope and scanning transmission electron microscope (TEM/STEM)
observations. EPMA analyses show scattered patch or lamella of lacroixite in montebrasite and
amblygonite like “natromontebrasite” in all specimens. TEM/STEM observation revealed that
the patch texture was composed of lacroixite and low fluorine contents montebrasite. The
crystal orientations of patch and host montebrasite crystal were exactly similar, and the

boundaries were well developed {110} planes. In XRD experiments at high temperature,



increasing temperature changes unit cell parameters of amblygonite, which close in value to
monoclinic structure like lacroixite. These results suggest that scattered patch or lamella of
lacroixite is an exsolution texture from high-temperature phase. The montebrasite and
amblygonite specimens from other localities were also investigated in this thesis, and they have
various textures corresponding to their occurrence. The montebrasite—amblygonite series from
high temperature Li pegmatite with only petalite as Li-aluminosilicate phase had low to high
lacroixite contents, and the montebrasite—amblygonite from lower temperature Li pegmatite
with spodumene had no or low lacroixite contents. Gem-quality montebrasite from drusy vugs
formed at low temperature had no exsolution texture or lacroixite. Investigating fine textures of
the montebrasite—amblygonite series provides information of thermal changes and chemical
environments at pegmatite formation.

We also investigated the alteration textures of K-feldspar, petalite, Li tourmaline, and
the montebrasite-amblygonite series from the Nagatare Li pegmatite by XRD experiments,
EPMA analyses, and TEM/STEM observations, and discussed the alteration processes.
K-feldspar was altered to cookeite + quartz, muscovite + quartz, Li tosudite + quartz, or K
beidellite + quartz. Petalite was mainly altered to beidellite or/and montmorillonite + quartz. Li
tourmaline was mainly altered to muscovite. XRD experiments revealed the polytypes of
muscovite after Li tourmaline to be the combinations of 2M,, 2M, + 1M, or 2M, + 1M + 3T,
varied with part and specimens. The montebrasite-amblygonite series was partially altered to
various phosphates and muscovite. The chemical compositions of beidellite-montmorillonite
were plotted in the smectite group occurred from bentonite of acidic precursors. With decreasing
temperature, Li chloritization, sericitization, and smectitization had occurred in the Li rich part
of the Nagatare Li pegmatite. In weakly acidic condition, K-feldspar had breakdown, forming

cookeite + quartz with releasing K" to a hydrothermal fluid. As a result of the change from



weakly acidic to neutral condition, Li tourmaline had breakdown, and suffered sericitization. It
is estimated that Li and B escaped from pegmatite body with reaction fluids at last, while a part
of released Li was precipitated as lithiophorite on the surface of pegmatite minerals. In Li
pegmatites, residual fluids containing Li react with primary minerals in subsolidus conditions,
and they make cation exchanges between fluids and solids. The changes of fluid compositions
with non-equilibrium reactions and a decrease of temperature controlled hydrothermal
alterations. Li pegmatites with no druse as the Nagatare Li pegmatite have similarity of clay

minerals to Li pegmatites with druse except for alteration of primary minerals.
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1 INTRODUCTION

1.1 Pegmatite and the mineralogy

Pegmatite is igneous rock composed of coarse grained minerals and generally associated with
granites, whose texture and composition are fractionated from normal igneous rocks. Though
the majority of pegmatites have similar chemical composition as granite, some pegmatites
contain abundant rare elements minerals. In particular, Li pegmatite is characterized by
containing rare elements such as Li, Cs, and Ta (e.g., Cerny & Ercit 2005). For internal zonation
of pegmatite, they are represented as border zone, wall zone, intermediate zone, and core by
mineral paragenesis and internal textures (Fig. 1). Border zone and wall zone are mainly
composed of feldspar and quartz with minor mica similar as granite. The border zone
corresponds to a chilled margin, while the bulk composition is not represented in. The wall zone
often has graphic texture, which is evidence of undercooling condition with high viscosity of
melt (e.g., London 2008). The minerals containing rare elements ordinarily occur from
intermediate zone to core, represented by lepidolite, Li tourmaline, spodumene, petalite, and the

montebrasite-amblygonite series.

Border zone

Plagioclase — quartz — muscovite

~
Quartz — plagioclase — perthite = muscovite
Wall zone Perthite-quartz
Y Albite — quartz — spodumene (petalite) — montebrasite

Intermediate zones 4|:Perthite — quartz — spodumene (petalite) — montebrasite
Quartz — spodumene (petalite) — montebrasite

Core _ Quartz

Lepidolite — albite — quartz
Fig. 1 General sequence of pegmatite zone and the component minerals in Li pegmatite (e.g.,
Cameron et al. 1949, Norton 1983). From outer to inner zone of the pegmatite body, they are
represented as border zone, wall zone, intermediate zones, and core. Large single crystals with
uniorientation occur in wall zone and intermediate zone.



These textures are observed in Li pegmatite regardless of their scale of rock bodies, while the
distribution of internal zone is more complex for large pegmatite body (Figs. 2, 3). In addition
to symmetry zonation of upper and foot zone, the vein has asymmetry features such as aplite
and additional zonation derived from a gravity (Fig. 2). Large pegmatite bodies often intrude to
host rock such as metamorphic rock, and elongate in meter to kilometer (Fig. 3). They

sometimes lack the original pluton on surface of the ground.
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Fig. 2 Pegmatite section and the zoning texture, showing zone texture in pegmatite dyke, located
near Palomar Mountain, San Diego County, California, U.S.A. (modified after London 2008, 2014).
Beryl occurs as rare elements mineral in core.
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Fig. 3 Cross section of Tanco pegmatite (modified after London 2008, Stilling et al. 2006). Tanco
pegmatite, Manitoba, Canada, is one of huge pegmatite bodies, and notable as rare elements mine.



1.2 Pegmatite formation processes

Traditional models to explain internal evolution of pegmatite are that the formation of zone
texture and enrichment of rare elements derive from magmatic crystal fractionation and
redistribution of elements by water fluids (e.g., Cameron et al. 1949, Jahns & Burnham 1969).
They are based on abundant field description of pegmatites and synthesis experimental studies.
In their models, incompatible elements and volatile components are distributed to melt, and this
hydrosilicate melt crystalizes at the last stage of pegmatite formation (Fig. 4). Therefore, the
minerals enriched in incompatible elements, Li, Be, Cs, Nb, and Ta occur from intermediate

zone and core.
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Fig. 4 Traditional Li pegmatite formation model, showing enrichment of incompatible components
in melt and formation of rare element rich part with cavity (e.g., Cameron ef al. 1949, Jahns &
Burnham 1969).



In recent model, their concepts are developed, and flux rich boundary layer has
important role for giant crystal formation and rare elements enrichment in pegmatite (London
2008, 2014). In this case, “flux” means that components decrease liquidus temperature and
viscosity of silicate melt, which simultaneously increase the solubility of incompatible elements.
When pegmatite melts crystalize and develop crystal front, fluxed boundary layer, composed of
flux and rare elements rich melts, is formed between crystal front and bulk melt in the model
(Fig. 5). Fluxed boundary layer encourages a formation of pure and big silicate crystals and
enrichment of rare elements in melt. At last, flux rich melt exists in the core, and the stage
transits from magmatic to hydrothermal stage. When incompatible elements and flux
components reach the saturation, flux rich melts develop a formation of rare elements minerals
and exsolution of water fluids. In the result, the fluids form cavities or clay filled cavities (Foord
et al. 1986). London (2014) suggested that “dry” (open-space) cavities were originally filled by

dense clays than water fluids, final products after the flux-rich hydrosilicate liquids. In the other
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Fig. 5 Fluxed boundary model (modified after London 2008, 2014). Fluxed layer exists in the
boundary of crystal front and silicate melt, enriched in rare elements.



case, occurrences of hydrothermal alteration with primary minerals replacement are expected as
the result of the exsolution of water fluids. Primary Li-aluminosilicates, such as spodumene and
petalite, are often altered to fine grained eucryptite, albite, and muscovite, caused by
hydrothermal alterations at a late stage of Li pegmatite forming process (e.g., London & Burt
1982). These subsolidus reactions, including hydrothermal alteration, exsolution, and diffusion,

are inseparable process of pegmatite formation.



1.3 Purpose of this study

In pegmatite, subsolidus reactions are expected; however, their process has not been obvious.
For example, an alteration of pink Li tourmaline, generally occurring from Li pegmatites, has
not been studied in detail. In addition, the description of clay minerals, occurred as final
products in pegmatite, is insufficient. Subsolidus reactions, including hydrothermal alteration,
exsolution, and diffusion, are reflected to complex microtextures in minerals. In this study, the
purpose is to clarify the stability of primary minerals and the behavior of elements and residual
fluids in pegmatite, investigating the detailed process of subsolidus reactions. A transmission
electron microscope (TEM) is effective for analyzing these microtextures derived from
subsolidus reactions. Two main topics of microtextures in pegmatite mineral were discussed in
this thesis.

Firstly, the microtexture of the montebrasite—amblygonite series with lacroixite from
an Li pegmatite in Nagatare, Fukuoka Prefecture, Japan, was investigated (Section 5). It was
examined with X-ray powder diffraction (XRD) experiments at room temperature and high
temperatures, electron microprobe analyser (EPMA) analyses and TEM observations. We
describe the crystallographic relationship between the montebrasite—amblygonite series and
lacroixite, and discuss the formation processes of their intergrowth textures. Furthermore, we
compared their paragenesis and textures with the specimens from other pegmatites formed in
different conditions, showing their relationships and environmental restrictions.

Secondary, hydrothermal alterations in the Nagatare Li pegmatite were investigated
(Section 6). Primary K-feldspar, petalite, Li tourmaline, and the montebrasite—amblygonite
series with various alteration grades from the Nagatare Li pegmatite were examined by XRD

experiments, EPMA analyses and TEM observations. The microtextures derived from



hydrothermal alteration in Li pegmatite were observed in these minerals, and their forming

processes with hydrothermal fluids were discussed.



2 GEOLOGICAL BACKGROUND

2.1 Li pegmatite distributions in Japan

In Japan arc, abundant granitic rocks are distributed, and they are divided to inner zone of
Southwest Japan, outer zone of Southwest Japan and Northeast Japan (Fig. 6). Inner zone of
Southwest Japan is formed in late Cretaceous, whose North part is composed of magnetite series
granites and South part are composed of ilmenite series granites (Ishihara, 1977). The Nagatare
pegmatite and the Myokenzan pegmatite are well known as large Li pegmatite body in Japan,
which have various Li minerals. The Li pegmatites distributed in Cretaceous granites have vein
textures, while Li pegmatites formed with Tertiary granites in outer zone of Southwest Japan are
miarolitic type pegmatite. They have younger formation age than other famous Li pegmatite
such as the Tanco pegmatite, Canada. In this study, the mineralogy of the Nagatare pegmatite
was mainly investigated, while the montebrasite-amblygonite series from the Myokenzan
pegmatite and famous pegmatites such as the Tanco pegmatite, Minas Gerais, the Havey

pegmatite, the Varutrisk pegmatite were also investigated.
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Fig. 6 Distribution map of Li pegmatite and granite in Japan. The distribution of granitic rocks was
modified after radiometric age map (Geological survey of Japan 1977). (Ishihara 1977, Nagashima
& Nagashima 1960, Matsuyama & Kobayashi 1995, Shirose & Uehara 2012, Matsubara & Kato
1980).



2.2 Geological background of the Nagatare pegmatite

In North part of Kyushu region, Japan, Cretaceous granitoids are widely exposed, intruding into
Sangun metamorphic rocks. They are divided into tonalite-granodiorite series and granite series,
and finely divided into 15 types (e.g., Karakida 1985). The Sangun metamorphic rocks were
formed under high-pressure and low-temperature conditions in the Late Paleozoic to Early
Mesozoic, and divided into Renge Belt and Suo Belt (Nishimura 1998). The Nagatare pegmatite
is located at Nagatare, in the western area of Fukuoka City, Fukuoka Prefecture (Fig. 7). The
pegmatite is derived from the Sawara granite (10080 Ma) that intruded into the Itoshima
granodiorite (115-70 Ma) (Karakida et al. 1994) (Fig. 8). The pegmatite also intruded into the
Sangun metamorphic rocks. There are outcrops of barren pegmatite and beryl-containing
pegmatite found from the coast to Mt. Nagatare. Li mineral deficient pegmatites often occurred
with aplites, with a dyke-shape body, 5-20 m in width and elongating along N20°W, which is
concordant with lamination structures of Sawara granite. There are differences for each dyke on
constituent minerals and internal textures. Li enriched pegmatite is only one dyke located in Mt.
Nagatare, and many of the dykes are simple pegmatites, bearing a common granite composition.
The Li-enriched pegmatite of Mt. Nagatare was mined for Li ore in the middle of the 20th
century. The ore body contained rare element minerals such as lepidolite (polylithionite—
trilithionite), Li tourmaline, petalite, montebrasite, amblygonite, and pollucite. The descriptive
mineralogical studies were reported before closing the mine (e.g., Koh 1933, Takimoro 1937,
Okamoto 1944), and the occurrences of rare element minerals were also reported after closing
the mine (e.g., Sakurai et al. 1972, Sakurai et al. 1973, Banno et al. 2001). We have been
reinvestigating the minerals of the Nagatare pegmatite including lepidolite (Kataoka & Uchara

2000), tourmaline (Shirose & Uehara 2013), the montebrasite—amblygonite series (Shirose &

10



Uehara 2014) and other rare minerals, such as Bi minerals (Uehara & Shirose, 2013). In this
study, specimens collected from this Li ore body were mainly used, and specimens from other
localities were also analysed for the montebrasite-amblygonite series.

The Li pegmatite body was classified to several zones by mineral paragenesis and inner
texture. K-feldspar, petalite, Li tourmaline, and the montebrasite-amblygonite series from
intermediate zone to core corresponding to Li rich part have complex inner texture in their

crystals.
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Fig. 7 Geological map of Fukuoka area for plutonic rocks and metamorphic rocks, modified after 1:
200,000 geological map Fukuoka (Kubo ez al. 1993). Dashed box shows the Nagatare pegmatite area
of Figure 8.
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Fig. 8 Geological map around the Nagatare pegmatite (modified after Takimoto 1937 and Karakida
et al. 1994). Light blue lined stars show beryl bearing pegmatite.
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Fig. 9 Photographs of the Nagatare pegmatite. (a) The view from coast to Mt. Nagatare and
pegmatite dyke, 10 m in width and elongating along N20°W. (b) The texture of pegmatite dyke in
Figure 9a. (c) Beryl occurrence in pegmatite dyke. (d) Li rich ore from Li rich part in the Nagatare
pegmatite.
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3 ANALYTICAL METHODS

Powder XRD data at room temperature were collected using a Bruker AXS M18XHF22-SRA
diffractometer utilizing monochromatized CuKa radiation generated at 40 kV and 50 mA. For
clay minerals, powder XRD patterns were also obtained from samples oriented after elutriation
and treated with ethylene glycol. Fluorine contents for the montebrasite—amblygonite series
were estimated from bulk powder XRD patterns for all specimens using Kallio’s method (1978).
The XRD patterns of the montebrasite-amblygonite series from 50 to 700 °C were performed by
a RIGAKU Ultima IV diffractometer with measurements in situ. XRD data of fine part were
collected on crystal fragments using a Rigaku RINT RAPID II curved imaging plate
microdiffractometer that used monochromatized CuKa radiation generated at 40 kV and 30 mA.
The fragments were randomized using a Gandolfi—like motion about two axes (oscillation on ®
and rotation on @), and the polytypes of clay minerals were determined.

Chemical analyses were performed on a JEOL JXA8530F EPMA equipped with a
wavelength dispersive X-ray spectrometer (WDS) for carbon coated thin sections. The standard
materials were fluorphlogopite (for FKa), albite (for NaKa), olivine (for MgKa), spodumene
(for AlKa), diopside (for SiKa and CaKa), KTiOPO4 (for KKo and PKa), diopside (CaKa),
rhodonite (for MnKa), and almandine (for FeKa). Quantitative analyses for the
montebrasite-amblygonite series were performed at an accelerating voltage of 15 kV, beam
current of 2 nA, and probe diameter of 15 um, and that for clays were at an accelerating voltage
of 15 kV, beam current of 6 nA, and probe diameter of 10 um. The ZAF method was used for
data correction. Chemical analyses and morphological observations were also investigated by
JEOL JSMS5800LYV scanning electron microscope (SEM) and JEOL JSM-7001 FE-SEM.

For TEM samples, the thin sections of specimens on the single hole sheet mesh were

13



ion-milled with Ar" ions by GATAN PIPS model 691 and FISCHIONE TEM MILL model 1050
ion milling apparatus. An FEI Quanta 200 3D focused ion beam (FIB) with micro-sampling
system was also used, and the ion milling apparatus was performed for polishing the surface.
Transmission electron microscope and scanning transmission electron microscope
(TEM/STEM) observations of the specimens were carried out with a JEOL JEM-ARM200F
scanning/transmission electron microscopy with spherical aberration corrector at 200 kV. X-ray
mapping images and chemical analyses were taken by a JEOL JED-2300T energy dispersive
X-ray spectrometer with 100 mm? silicon drift detector. A thin-film approximation method was
used for the measurements of elements. These apparatuses are installed at the Ultramicroscopy

Research Center in Kyushu University.
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4 MINERALOGICAL ASSOCIATIONS OF THE NAGATARE PEGMATITE

The simple pegmatites in Nagatare are mainly consisted of quartz, K-feldspar, albite and
muscovite, showing simple pegmatite compositions close to the chemical composition of
granite. However, some pegmatites contain rare elements minerals such as beryl and columbite,
indicating the concentration of rare elements including Be, Nb, and Ta. In addition, they often
contain spessartine-almandine garnet and gahnite, generally occurring in a peraluminous granite
melts. Spessartine-almandine garnet and beryl also occur from a pegmatite dyke intruding
metamorphic rocks, and tourmaline is contained as accessary mineral in the pegmatite dyke.
The pegmatite dyke intruding metamorphic rocks is chemically fractionated from other simple
pegmatite dykes.

A chemically and structurally most fractionated pegmatite in Nagatare is emplaced as
large pegmatite dyke in Mt. Nagatare, which was mined for Li ore as already mentioned in
Section 2. The representative mineral paragenesis of Li pegmatite is shown in Figure 10. The
mineral association of border to wall zone is similar to simple pegmatite, mainly composed of
quartz, K-feldspar, albite, and muscovite with beryl, columbite, garnet, and gahnite. For
intermediate zone of Li pegmatite, in addition to the minerals above, there are Fe-bearing Li
tourmaline, white lepidolite, and triplite, which indicate depletion of mafic components and
enrichment of rare elements and flux components. Li-rich part of Li pegmatite as intermediate
zone to core has Li tourmaline, lepidolite, the montebrasite-amblygonite series, petalite, and
pollucite, containing no mafic minerals such as garnet, gahnite, triplite and Fe tourmaline. In
core to intermediate zone, mineral assemblage of lepidolite, albite, and quartz fills some parts
and replaces primary minerals such as K-feldspar. A formation of this assemblage indicates a

transition from magmatic to hydrothermal stage.
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Li pegmatite

Magmatic Magma-Hydro

Border-Wall| Intermediate-Core Core

Li-poor |Li-bearing| Li-rich | Li-rich | Quartz
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Beryl Be3Al;SisOis
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Triplite Mn,PO4(F, OH)
Montebrasite | LiAIPO4(OH,F)

Petalite LiAlISi4019

Pollucite (Cs,Na)AlSi4012-2H,0

Fig. 10 Representative mineral paragenesis of the Nagatare Li pegmatite, and the zone sequence
related to formation environment. Grey slashed areas show alteration of primary minerals.

Various chemical trends shown in such as tourmaline solid solutions give an
information of their environmental conditions. As for chemical compositions of tourmaline from
the Nagatare pegmatite, Fe and Mg were dominant with low F contents in the tourmaline from
the pegmatite intruding metamorphic rocks, while the tourmaline from Li pegmatite show
fractionated trends from Fe-Li to Li-Al dominant chemical compositions with F enrichment
(Shirose & Uehara 2013). F contents of the montebrasite-amblygonite series from the Nagatare
Li pegmatite show a high F concentration at the central part of Li pegmatite, 1.4-2.0 wt% F
contents, using the partition coefficient to melt estimated by London et al. (2001). Columbite
group minerals [(Fe,Mn)(Nb,Ta),O¢] are common accessary minerals in the Nagatare pegmatite,
and chemical trends of columbite group minerals are related to F contents of melt (Wise et al.
2012). In the Nagatare pegmatite, the chemical trends are Mn/(Mn+Fe) = 0.3-0.6 with Nb
enrichment in the simple pegmatites, and Mn/(Mn+Fe) = 0.4-1.0 with Nb to Ta enrichment on
Mn endmember in the Li pegmatite (Shirose et al. 2015). Their chemical trends coincide with

that of columbite group minerals reported by Wise ef al. (2012). The fluorine enrichment in the
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Li pegmatite, confirmed in these trends and occurrence of abundant lepidolite, also affects a late
hydrothermal alteration stage. A formation of fluorine rich minerals such as topaz and
fluorapatite as alteration products show that the fluorine enrichment is retained in the
hydrothermal alteration stage.

It is notable that complex internal textures are confirmed in primary minerals such as
K-feldspar, Li tourmaline, the montebrasite-amblygonite series, and petalite in the Li pegmatite
from Nagatare. They have undergone alteration to clay minerals such as mica. The
montebrasite-amblygonite series is altered into various secondary phosphates and muscovite
(Shirose & Uechara 2014). These reactions are hydrothermal replacement caused by H»O rich
residual fluids in the late stages of pegmatite forming process, and that is suggested as a
characteristic reaction in Li pegmatites with abundant H>O. In addition to the alteration textures,
exsolution texture of the montebrasite-amblygonite series and lacroixite was described in this

study.
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S EXSOLUTION TEXTURES OF THE MONTEBRASITE-AMBLYGONITE SERIES

5.1 The montebrasite-amblygonite series

The montebrasite—amblygonite series have long been known as primary phosphates occurring
from Li pegmatites and topaz-bearing granites. The chemical compositions are shown as solid
solution of LiAIPO4OH)-LiAIPO4F with triclinic (C—1). The changes of mineralogical
properties corresponding to the value of F/(F+OH) have been studied; indirectly quantitative
determinations of F/(F+OH) also have been approached by mineralogical properties, such as
optical properties, X-ray diffraction patterns, unit cell parameters and Raman spectra and so on
(e.g., Cernd et al. 1973, Kallio 1978, Greiner & Bloss 1987, Groat et al. 1990, 2003, Rondeau et
al. 2006). Despite a complete solid solution, amblygonite end member has not been reported,
and the montebrasite—amblygonite series from pegmatites generally contains the middle amount
of fluorine. This is restricted by the fluorine contents of pegmatite forming melts, according to
the partitioning of between the montebrasite—amblygonite series and melt (London et al. 2001).

Hydrothermal alteration of the primary montebrasite—amblygonite series to various
secondary phosphates during the late stages of pegmatite formation has been reported (e.g.,
London & Burt 1982, Baldwin et al. 2000, Galliski et al. 2012, Shirose & Uechara 2014).
London & Burt (1982) indicated that even secondary montebrasite was produced along the
fractures and cleavages in primary montebrasite. Secondary montebrasite has lower fluorine
contents and higher interference-color under the polarized microscope than primary
montebrasite.

The montebrasite—amblygonite series often has fine textures with lacroixite,

NaAIPO4F with monoclinic (C2/c). The species reported as ‘“natromontebrasite”,
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(Na,Li)AIPO4(OH,F), was discredited, and indicated that it was mixture with lacroixite
(Fransolet 1989, Fransolet et al. 2007). The crystal structure of the montebrasite—amblygonite
series was refined using C-centered cell by Groat et al. (1990), and the pseudomonoclinic
structure is topologically identical to the monoclinic structure of titanite group minerals
involving lacroixite. They have also pointed out that the montebrasite—amblygonite series could
not be substituted by Na or Ca due to the crystal restriction. In many cases, the montebrasite—
amblygonite series crystals contain Na components in the form of the fine lacroixite intergrowth.
However, the formation process of the montebrasite—amblygonite series with patchy lacroixite
is not clear. Though there are possibilities of exsolution or hydrothermal alteration textures,
more detailed studies are required for crystallographic and high temperature phase relations of
the montebrasite—amblygonite series and lacroixite.

In this study, the montebrasite—amblygonite series with lacroixite from a Li pegmatite
in Nagatare, Fukuoka Prefecture, Japan, were examined with X-ray powder diffraction
experiments at room temperature and high temperatures, electron microprobe analyses and
transmission electron microscope observations. We describe the crystallographic relationship
between the montebrasite—amblygonite series and lacroixite, and discuss the formation
processes of their intergrowth textures. Furthermore, we compared their occurrences and

textures with the specimens from other localities.

19



5.2 Mineralogical properties of the montebrasite-amblygonite series from

the Nagatare pegmatite

Eleven specimens of the montebrasite—amblygonite series used in this study were collected
from this old ore deposit (Table 1). The sample numbers are listed with the analysis results in
Table 1. The montebrasite and amblygonite from the Nagatare pegmatite occur as large
subhedral to euhedral crystals with lepidolite, Li tourmaline and petalite in quartz, and albite
(Figs. 11a, b, ¢). Small dendritic crystals of montebrasite are contained within K-feldspar (Fig.
11d). The crystals are colorless, milky—white color, or light—salmon color, and have a vitreous
luster. There are white veins parallel to cleavage planes in the cross sections. Under the
polarizing microscope, montebrasite and amblygonite were mostly cloudy caused by very fine
inclusions, and polysynthetic twins were observed (Figs. 11e, f). Manganotantalite, microlite,
and minor bismuth were also observed as inclusions within montebrasite and amblygonite. In
addition, specimens for comparison from other localities, five localities including 8 specimens,

are also listed with the analysis results in Table 1.
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Table 1. Specimen list with associated minerals and mineralogical properties of montebrasite and
amblygonite (Shirose & Uehara, in press).

) F contents (apfu) Lacroixite
Sample  Size o Color Associated minerals* EPMA contents
no. (cm) XRD** ———— (W1%)
Av. Range
Nagatare pegmatite, Japan
XN162 6 Block LS-CL-MW OQtz, Lpd, Ab 0.58 0.38 0.26-0.51 5.8(7)
XN165 2 Block LS-MW  Ab, Qtz 0.55 0.23 0.08-0.42 2.7 (5)
XN163 4 Block CL-LS-MW Qtz 0.54 0.47 0.39-050 4.8(5)
XN160 4  Block  CL-MW  (Qtz Lpd, Ab) 053 050 046056 4.8 (11)

XN168 0.5 Dendritic LS-CL-MW Kfs, Qtz, Lpd, Ab, (Tur 0.49 0.34 0.20-0.40 2.2 (3)
XN167 0.3 Block CL-MW  Qtz, Lpd, Ab, Kfs, Tur 0.47 0.42 0.28-0.52 1.9(2)
Ngl04 0.5 Dendritc CL-MW Kfs, Qtz, Lpd, (Ab, Tur 0.47 0.40 0.32-0.45 0.3(2)

XN169 1 Block LS-MW  Ab, (Qtz, Lpd) 0.46 0.39 0.22-051 3.8(3)
Ng107 4 Block MW (Qtz, Lpd) 0.44 0.20 0.17-0.23 3.3(11)
XN164 2 Block LS-MW  Ab, Ptl, (Lpd) 0.40 041 0.26-0.60 3.6(7)
XN166 2 Block MW Qtz, Lpd-Ms, (Ab) 0.40 0.30 0.27-0.32 0.5(2)
Myokenzan pegmatite, Japan
MY14 0.6  Block MW-CL  Lpd, Qtz, Ab 0.42 0.40 0.33-0.48 0.0***
MY13 1 Block LS-MW  Ab, (Tur, Qtz, Lpd) 0.36 0.24 0.14-0.38 0.0***
MY12 10  Block CL-MW  Qtz 0.25 0.18 0.14-0.23 N.D.
MY11 10  Block CL-MW  Ab, Qtz 0.18 0.15 0.10-0.17 N.D.
Other localities

XS109 6 Block MW - 0.49 0.35 0.12-0.40 0.0***
XS113 12 Block CL-MW - 040 0.37 0.27-042 1.1(3)
XS112 12 Block MW Ab, Qtz 0.29 0.31 0.16-0.39 6.0(3)
XS110 2 Block CY - 0.13 0.14 0.12-0.17 N.D.

* Slightly associated minerals are noted in brackets.

** F contents were estimated from bulk powder XRD patterns for all specimens using Kallio’s
(1978) method.

*#* Lacroixite was not detected by XRD pattern, and marginally confirmed by EPMA observation.
LS: light—salmon color, CL: colorless, MW: milky—white color, CY: clear yellow color. Qtz: quartz,
Lpd: lepidolite, Ab: albite, Kfs: K-feldspar, Tur: Li tourmaline, Ptl: petalite, Ms: muscovite. N.D.:
not detected.

The used specimens from the Nagatare pegmatite (XN, Ng) are same as Shirose & Uehara (2014).
Other used specimens are as below. Myokenzan pegmatite, Ibaraki Prefecture, Japan (MY), Tanco
pegmatite, Manitoba, Canada (XS109), Minas Gerais, Brazil (XS110), Havey pegmatite, Maine,
U.S.A. (XS112), Varutrdsk pegmatite, Visterbotten, Sweden (XS113).

21



5 — .

Fig. 11 Appearance and optical photo micrograph of montebrasite and amblygonite from the
Nagatare pegmatite (Shirose & Uehara, in press). (a) and (b) Photographs of subhedral amblygonite
(XN163 and XN162). (c) Photographs of subhedral montebrasite with microcrystalline lepidolite
aggregates (XN166) (d) Photograph of dendritic montebrasite in K-feldspar (Ngl04). (e)
Plane-polarized optical photomicrographs of montebrasite, showing the cloudy parts and developed
cracks (XN164). (f) Cross-polarized optical photomicrographs of montebrasite, showing the
lattice-shaped polysynthetic twins of montebrasite (XN164). Amb: amblygonite, Qtz: quartz, Ab:
albite, Lpd: lepidolite, Mbr: montebrasite, kfs: K-feldspar.
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5.2.1 X-ray diffraction experiments at room temperature

Powder XRD data at room temperature were collected using a Bruker AXS M18XHF22-SRA.
Fluorine contents for the montebrasite—amblygonite series were estimated from bulk powder
XRD patterns for all specimens using Kallio’s method (1978), whose method based on peak
shifts corresponding to fluorine contents of the montebrasite—amblygonite series. The fluorine
contents of the montebrasite—amblygonite series from the Nagatare pegmatite were F/(F+OH) =
0.40-0.59 (Table 1), consistent with a common value of the montebrasite—amblygonite series in
natural occurrences. Lacroixite contents of the montebrasite—amblygonite series crystals from
the Nagatare pegmatite were estimated from powder XRD patterns, and their values were 0.3—

5.8 wt%.
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5.2.2 Chemical analyses and microtextures

The fluorine contents in the montebrasite—amblygonite series measured by EPMA-WDS were
inhomogeneous, and lower than the value estimated by XRD in some parts (Tables 1, 2, 3). In
particular, secondary veined montebrasite, showing higher interference color under the
polarization microscope, had extremely low fluorine contents. Na, Ca and Fe were not detected
in montebrasite and amblygonite, except in the case of fine lacroixite contamination for a few
analysis spots. The Li,O and H>O contents were estimated by stoichiometry.

In EPMA observation of textures, montebrasite and amblygonite were partially
replaced by various secondary phosphates (Figs. 12a, b), crandallite, goyazite, fluorapatite,
wardite, morinite, viitaniemiite, and so on, having a veined texture composed of acicular or
platy fine crystals (Shirose & Uehara, 2014). However, lacroixite had different textures, whose
patch or lamellae up to 10 um were scattered and directionally arranged in montebrasite and
amblygonite (Figs. 12c, d). In addition, lacroixite were contained in all specimens from the
Nagatare pegmatite, differing from other Na-phosphates. Secondary veins of low fluorine
contents montebrasite had no lacroixite inside (Figs. 12e, f). The chemical composition of
lacroixite, having analytical difficulty for fineness and weakness for the beam damage, was

shown in Table 2 and enriched in Na and F.
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Fig. 12 BSE images of the internal textures in the montebrasite and amblygonite (Shirose & Uehara,
in press). (a) Secondary phosphate veinlets composed of crandallite and fluorapatite along cleavages
and composition planes of polysynthetic twins in montebrasite (Ng107). (b) Enlargement of Figure
12a. Fine grained acicular fluorapatite and platy crandallite with random orientation forms the
aggregates. (¢) Scattered lacroixite embedded in montebrasite (Ng107). (d) Enlargement of Figure
12c. Lacroixite had a patchy form. (e) Secondary low fluorine contents montebrasite along fracture
with no lacroixite inside (XN164). (f) Fine grained low fluorine contents montebrasite formed
secondary with fluorapatite had no lacroixite inside (XN165). Mbr: montebrasite, Cdl: crandallite,
Fap: fluorapatite, Lex: lacroixite, Mbr?: secondary montebrasite.
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Table 2. Representative chemical composition of the amblygonite, montebrasite, and secondary low
fluorine contents montebrasite from the Nagatare pegmatite by EPMA analyses (Shirose & Uehara,
in press).

Species  Amblygonite Montebrasite LOW'F, Lacroixite
montebrasite (n=2)
Sample no.  XN160 XN166 XN165 XN163
P,Os 47.72 48.33 48.16 4553 (2)
Al,O3 34.53 34.61 35.04 29.42 (0)
CaO 0.00 0.02 0.03 0.38 (3)
FeO 0.01 0.00 0.00
Li,O* 10.07 10.16 10.19
Na,O 0.00 0.00 0.01 16.76 (3)
F 7.12 3.84 1.36 10.38 (3)
H,O* 2.70 4.31 5.50 0.58
O=F 3.00 1.62 0.57 4.37
Total 99.15 99.64 99.71 98.68
0=45
P 1.00 1.00 0.99 1.05 (0)
Al 1.00 1.00 1.01 0.95 (1)
Ca 0.00 0.00 0.00 0.01 (1)
Fe 0.00 0.00 0.00
Li 1.00 1.00 1.00
Na 0.00 0.00 0.00 0.89 (1)
F 0.56 0.30 0.10 0.90 (2)
OH 0.44 0.70 0.90 0.10 (2)
Cation sum 3.00 3.00 3.00 2.89

* Li>O and H,O contents were calculated by stoichiometry.
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Table 3. Average chemical composition of the montebrasite-amblygonite series specimens from the
Nagatare pegmatite by EPMA analyses.

Sample no. XN162 XN165 XN163 XN160 XN168 XN167

n 25 22 12 14 21 19

P,0s 4862 ( 38 ) 4813 ( 47 ) 4801 (53 ) 4800 (65 ) 4878 (33 ) 4846 (42 )
AlLO; 3512 ( 57 ) 3484 ( 32 ) 3500 (29 ) 3490 (49 ) 3514 (40 ) 3559 (31 )
Ca0 002 ( 2) 002 ( 2) 002 ( 2) 001 ( 2) 003 ( 3) 002 ( 2)
FeO 002 ( 2) 001 ( 2) 001 (1) 001 ( 3) 002 ( 2) 001 ( 2)
Li,0* 1026 ( 9) 1017 ( 7 ) 1017 ( 9) 1015 (10 ) 1029 ( 6 ) 1029 ( 6 )
Na,0 002 ( 5) 005 ( 10 ) 003 ( 3) 002 ( 5) 007 ( 8) 002 ( 3)
F 501 ( 120 ) 296 (127 ) 6.02 (38 ) 649 (37 ) 447 (75 ) 545 (85 )
H,0* 381 ( 54 ) 473 (60 ) 328 (119 ) 3.04 (20 ) 408 (35 ) 362 (39)
0=F 211 ( 50 ) 125 ( 53 ) 253 (116 ) 273 (116 ) 1.88 (31 ) 2.30 (36 )
Total 100.77 99.65 100.01 99.90 100.99 101.18

P 100 (1) 100 (1) 099 ( 0) 100 (1) 100 ( 0) 099 (1)
Al 100 (1) 100 (1) 101 (1) 101 (1) 100 (1) 101 (1)
Ca 000 ( 0) 000 ( 0) 000 ( 0) 000 ( 0) 000 ( 0) 000 ( 0)
Fe 000 ( 0) 000 ( 0) 000 ( 0) 000 ( 0) 000 ( 0) 000 ( 0)
Li 1.00 1.00 1.00 1.00 1.00 1.00

Na 000 ( 0) 000 ( 0) 000 ( 0) 000 ( 0) 000 ( 0) 000 ( 0)
F 038 ( 9) 023 ( 10 ) 047 ( 3) 050 ( 3) 034 ( 6) 042 ( 6)
OH 062 ( 9) 077 ( 10 ) 053 ( 3) 050 ( 3) 066 ( 6 ) 058 ( 6 )
Cation sum 3.00 3.00 3.01 3.00 3.00 3.01

* Li>O and H,O contents were calculated by stoichiometry.

Table 3 (continued).

Sample no. Ngl04 XN169 Ng107 XN164 XN166

n 19 16 14 23 13

P,0s 4862 (38 ) 4811 (45 ) 4809 ( 41 ) 4855 ( 40 ) 4821 ( 27 )

AlLO, 3512 (46 ) 3535 (41 ) 3499 (42 ) 3517 ( 31 ) 3490 ( 28 )

Cao 001 ( 2) 001 ( 2) 002 ( 2) 002 ( 2) 002 ( 2)

FeO 001 ( 2) 000 (1) 002 ( 2) 002 ( 2) 001 ( 1)

Li,0* 1026 ( 8 ) 1022 ( 9) 1017 ( 8 ) 1026 ( 7 ) 1018 ( 6 )

Na,0 001 ( 2) 003 ( 4) 000 ( 0) 009 ( 12 ) 001 ( 1)

F 527 (39 ) 512 ( 93 ) 264 (21 ) 5.36 ( 147 ) 3.82 (17 )

H,0* 369 (19 ) 374 (44 ) 488 (11 ) 364 (69 ) 433 ( 8)

O=F 222 (17 ) 215 (39 ) 111 ( 9) 226 (62 ) 161 ( 7))

Total 100.77 100.43 99.70 100.86 99.87

P 100 (1) 099 ( 0) 099 ( 1) 100 (0 ) 1.00 ( 0 )

Al 100 (1) 101 (1) 101 (1) 100 (1) 1.00 ( 0 )

Ca 000 ( 0) 000 ( 0) 000 ( 0) 000 ( 0) 000 ( 0)

Fe 0.00 ( 0) 0.00 ( 0) 0.00 ( 0) 000 ( 0) 0.00 ( 0)

Li 1.00 1.00 1.00 1.00 1.00

Na 000 ( 0) 000 ( 0) 000 ( 0) 000 ( 1) 000 ( 0)

F 040 ( 3) 039 (7)) 020 ( 2) 041 ( 11 ) 030 ( 1)

OH 060 ( 3) 061 ( 7)) 080 ( 2 ) 059 ( 11 ) 070 ( 1)

Cation sum 3.00 3.01 3.00 3.01 3.00
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5.2.3 TEM/STEM observations for the microtexture of lacroixite and

montebrasite

Ion-milled specimens of montebrasite with lacroixite were used for TEM/STEM observations.
Lacroixite was observed in montebrasite, and it had bidirectionally developed patch texture,
with flat planes on the boundary with montebrasite. Furthermore, lacroixite was associated with
low fluorine contents montebrasite, which also formed nanoscale lamellae within the patch
(Figs. 13a, b). Their selected area electron diffraction (SAED) patterns overlapped each other,
though they appeared as the split of the spots due to the difference of unit cell parameters (Figs.
13c, d). It indicates that the crystal orientations of lacroixite and host montebrasite were exactly
similar, and low fluorine contents montebrasite was also similar.

X-ray mapping images were shown in Figure 14. Though there were three mineral
areas, montebrasite, low fluorine contents montebrasite and lacroixite, their chemical
compositions were homogeneous in their grains. The grain boundaries were consisted of (1-10)
and (110) planes. The former were developed between the patch and host montebrasite, while
the latter were developed between lacroixite and low fluorine contents montebrasite (Fig. 15).

Figure 16 show high resolution image of lacroixite from [001] direction and crystal
structures of montebrasite and lacroixite. Both planes are composed of arranged AlOs

polyhedral chains along the ¢ axis, and are cleavage planes.
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SA area!

Fig. 13 STEM bright field/high angle annular dark field (BF/HAADF) images of lacroixite patch,
and selected area electron diffraction patterns (Ng104) (Shirose & Uehara, in press). (a) STEM BF
image from [001]|mur. (b) STEM HAADF image of same area as Figure 13a. Lacroixite had
bidirectionally developed patch texture with flat planes on the boundary with montebrasite, and
lacroixite was associated with low fluorine contents montebrasite. Boundary planes were composed
of (110) and highly developed (1-10) planes. (c) Selected area electron diffraction (SAED) patterns
from the circle area in Figure 13b. Patch lacroixite and host montebrasite had exactly similar crystal
orientation. The enlarged image shows the split of the spots due to the difference of unit cell
parameters. (d) SAED patterns of lacroixite, low fluorine contents montebrasite and host
montebrasite. The enlarged image shows the triple spots. Mbr: montebrasite, Lcx: lacroixite, Low-F
Mbr: low fluorine contents montebrasite.
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Low—F Mbr

Fig. 14 X-ray images of elements distribution map (BF image, PKa, AlKa, NaKa, FKa, and overlay
image of NaKo and FKa) (Shirose & Uehara, in press).

Fig. 15 X-ray images of elements distribution map in enlarged are of Figure 14 (BF image, PKa, and

overlay image of NaKo and FKa).
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Fig. 16 Crystal structures of montebrasite and lacroixite from [001] direction and high resolution
TEM (HRTEM) image of lacroixite from [001] direction (Shirose & Uechara, in press). Crystal
structure data were referenced from Groat et al. (2003) and Pajunen & Lathi (1985). The
montebrasite—amblygonite series is topologically identical to the lacroixite structure. (110) and
(1-10) planes are composed of arranged AlOs polyhedral chains along ¢ axis, and they are cleavage
planes.
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5.2.4 X-ray diffraction experiments at high temperature

The amblygonite specimen, having internal chemical composition in the montebrasite—
amblygonite series, was heated from 50 to 700 °C and the XRD patterns were measured in situ.
The experiments were performed by RIGAKU Ultima IV diffractometer. Heating condition was
set at 10 °C/min by thermocouple under vacuum, and they were measured after holding at the
target temperature for 10 minutes. In results, changes of unit cell parameters on amblygonite
were confirmed. However, amblygonite was partially broken down at 600 °C and anhydrous

phosphates were formed (Fig. 17).
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Fig. 17 X-ray diffraction patterns of amblygonite (F = 0.54, XN163) from 50 to 700 °C.
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With increasing temperature, b axis quite increases than a and ¢ axes, and a, 5, and y
decrease (Fig. 18). At 700 °C, amblygonite was completely broken down and berlinite was
formed. The changes of unit cell parameters for the montebrasite-amblygonite series at high
temperature is consistent with the behavior at low temperature, were examined by Groat et al.
(2003). Increasing temperature make the montebrasite—amblygonite series closing to the
monoclinic structure like lacroixite. Easy breakdown of amblygonite with increasing

temperature is caused by anhydration in vacuum condition.
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Fig. 18 Changes of unit cell parameters of the montebrasite—amblygonite series (Shirose & Uehara,
in press). Amblygonite specimen was heated from 50 to 700 °C and the XRD patterns were
measured in situ (XN163). Data at low temperatures are from Groat et al. (2003). The bars indicate
standard deviations.
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5.3 Exsolution process of the montebrasite-amblygonite series and

lacroixite

Lacroixite was found in all specimens from the Nagatare pegmatite as scattered patch or lamella
embedded in montebrasite and amblygonite, unlike other secondary phosphates. It indicates that
the formation process is different from hydrothermal alteration as in other secondary phosphates.
The fact that secondary montebrasite veins contain no lacroixite, generally contained in
surrounding the montebrasite—amblygonite series, also supports the possibility. The scattered
lacroixite texture is similar to “natromontebrasite”, a discredited species that was determined to
be a mixture of an OH-rich amblygonite and lacroixite (Fransolet 1989, Fransolet ef al. 2007).
TEM/STEM analyses show that lacroixite forms patches with same crystal orientation
as host montebrasite, associated with low fluorine contents montebrasite; they have a
crystallographic relationship. Thus, it is estimated that the microtexture of the montebrasite—
amblygonite series and lacroixite is formed as below. First, a high temperature phase,
(Li,Na)AIPO4(OH,F) with C2/c¢ including high Li contents, is formed, and then with decreasing
temperature, the phase is exsolved into high montebrasite—amblygonite, LiAIPO4(OH,F) with
C2/c, and lamella of a middle temperature phase, (Li,Na)AIPO4OH,F) with C2/c containing
approximately same amount of Li and Na (Fig. 19). Host phase subsequently transform to the
montebrasite—amblygonite series, LiAIPO4(OH,F) with C—1, and polysynthetic twins are
formed in the montebrasite—amblygonite series during this transition. Finally, the lamella of
middle temperature phase is exsolved into low fluorine contents montebrasite, LiAIPO4(OH)
with C—1, and lacroixite, NaAIPO4F with C2/c. As a result, the montebrasite—amblygonite series

has the patch or lamella texture shown in EPMA and TEM/STEM observation.
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Phase model Textures
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Fig. 19 Schematic diagram of exsolution process model in the montebrasite—amblygonite series
(Shirose & Uehara, in press). The right column shows the change of textures. Dashed lines in the
texture models represent the formation of polysynthetic twins.

The montebrasite—amblygonite series is topologically identical to the lacroixite
structure, while Na could not substitute Li in the montebrasite—amblygonite series structure
(Groat et al. 1990). However, there is a possibility of making a solid solution at high
temperature, and the lower temperature it gets, the larger the miscibility gap between lacroixite
and the montebrasite—amblygonite series is. This is caused by the difference of ion radius
between Li" and Na’, and it is an analogue of the exsolution process on alkali feldspar like
perthite. Fransolet (1989) reported that lacroixite could contain minor Li* and OH™ with changes
of the unit cell parameters. The change is noticeable for » axis, similar to that of the
montebrasite—amblygonite series under the heating conditions in this paper. The lamellae in
TEM/STEM observations are composed of low fluorine contents montebrasite and fluorine rich

lacroixite, which indicates that OH™ is suitable for triclinic structure with Li*, while F~ is for
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monoclinic structure with Na® at low temperature. The reason for low fluorine contents of
secondary montebrasite formed by a hydrothermal alteration is a crystallographic restriction in
addition to the formation at a low fluorine environment. This is supported by association of low
fluorine contents montebrasite and fluorapatite or the formation of fluorine rich minerals such as

morinite and viitaniemiite by the hydrothermal alteration.
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5.4 Exsolution texture and occurrence condition

The observation of the montebrasite—amblygonite series from the Nagatare pegmatite provided
the formation process of patch or lamella texture in the montebrasite—amblygonite series caused
by the change of crystallographic properties with decreasing temperature. The lacroixite
contents of montebrasite-amblygonite series estimated by XRD patterns is correlated to fluorine
contents of montebrasite-amblygonite series. The lacroixite contents are subdivided to three
series, high, middle, and low lacroixite series (Fig. 20), and they are corresponding to large,
middle, and fine grained montebrasite-amblygonite series. In particular, low lacroixite contents
montebrasite has dendritic and fine textures, which indicates that lower temperature
environments with rapid growth under the supercool conditions form low lacroixite contents
montebrasite-amblygonite series. High lacroixite contents series with large grain size are formed

under the small undercool and higher temperature conditions.
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Fig. 20 Fluorine contents (apfit) versus lacroixite contents (wt%) of montebrasite and amblygonite
from Nagatare Li pegmatite, estimated by XRD patterns (Shirose & Uehara, in press). The values on
symbols indicate grain size. The bars indicate standard deviations.
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The lacroixite contents could be applied to the primary montebrasite—amblygonite series formed
at high temperature from other localities. Furthermore, it is estimated that the exsolution texture
and lacroixite are not present in the montebrasite—amblygonite series formed at low temperature.
The montebrasite and amblygonite specimens from other localities, five localities including 8
specimens, were also investigated in this study (Tables 1, 4, 5). The four specimens from
Myokenzan pegmatite, Japan and the specimen from Tanco pegmatite, Canada have
polysynthetic twins under the polarized microscope; however, they have no lacroixite contents
in XRD pattern. For middle fluorine contents specimens (MY 13, MY 14, XS109), lacroixite was
marginally confirmed in EPMA observation. The specimens from Varutrisk pegmatite, Sweden,
and Havey pegmatite, U.S.A. have polysynthetic twins and lacroixite patches as in the
specimens from the Nagatare pegmatite. Characteristic property was confirmed for the specimen
from Minas Gerais, Brazil, where the polysynthetic twins and lacroixite are not present in
montebrasite (Fig. 21). This type of montebrasite corresponds to gem-quality montebrasite from
drusy vugs formed at low temperature. Cerna et al. (1973) and Rondeau et al. (2006) reported
that water-clear gem-quality montebrasite have extremely low fluorine contents, and our

specimen also has low fluorine contents.

Fig. 21 Appearance of water clear montebrasite from Minas Gerais, Brazil. (a) Photograph of
specimen. (b) Cross-polarized optical photomicrographs of montebrasite, showing that it has not
polysynthetic twins and cloudy part.
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Table 4. Average chemical composition of the montebrasite-amblygonite series specimens from
Myokenzan pegmatite by EPMA analyses.

Sample no. MY14 MY13 MY12 MY11

n 22 22 19 11

P,0s 47.95 ( 47 ) 4768 ( 39 ) 48.78 ( 50 ) 48.63 ( 36 )
Al,O4 33.83 (131) 33.60 ( 36 ) 3463 (57 ) 3475 (136 )
CaO 002 ( 3) 003 ( 3) 002 ( 2) 002 ( 2)
FeO 002 ( 2) 002 ( 3) 002 ( 2) 001 ( 2)
Li,O* 10.03 ( 8 ) 997 (7)) 1023 (12 ) 1022 (7))
Na,O 001 ( 4) 000 ( 0) 000 ( 0) 000 ( 1)
F 506 (41 ) 3.08 (192 ) 238 (132 ) 1.94 (27 )
H,0* 365 (21) 455 (44 ) 504 (16 ) 524 (13 )
O=F 213 (17 ) 130 (39 ) 1.00 ( 13 ) 082 (11 )
Total 98.45 73 97.63 100.09 100.00

P 101 ( 0) 1.01 ( 0) 1.00 ( 0) 1.00 ( 0)
Al 099 (1) 099 (1) 099 ( 1) 1.00 ( 1)
Ca 000 ( 0) 000 ( 0) 000 ( 0) 000 ( 0)
Fe 000 ( 0) 000 ( 0) 000 ( 0) 000 ( 0)
Li 1.00 1.00 1.00 1.00

Na 000 ( 0) 000 ( 0) 000 ( 0) 000 ( 0)
F 040 ( 3) 024 (7)) 018 ( 2 ) 015 ( 2)
OH 060 ( 3) 076 ( 7 ) 082 ( 2) 085 ( 2)
Cation sum 3.00 3.00 3.00 3.00

* Li,0 and H,O contents were calculated by stoichiometry.

Table 5. Average chemical composition of the montebrasite-amblygonite series specimens from the
various pegmatites by EPMA analyses.

Ssample no. XS109 XS113 XS112 XS110 Xs114

n 16 31 15 14 17

P,Os 4823 (39 ) 4852 ( 58 ) 4852 (44 ) 4802 (35 )  48.88 ( 43 )
ALO; 3483 (42 ) 3450 ( 40 ) 3447 (48 ) 3497 (38 ) 3438 (27 )
Ca0 001 ( 2) 002 ( 2) 003 ( 3) 001 ( 2) 003 ( 3)
FeO 002 ( 2) 001 ( 2) 003 ( 3) 003 ( 3) 002 ( 3)
Li,O* 1017 ( 8 ) 1018 ( 9 ) 1018 ( 8 ) 1016 ( 7 ) 1021 ( 6 )
Na,0 000 ( 0 ) 005 ( 24 ) 002 ( 3) 000 ( 1) 001 ( 2 )
F 453 (81 ) 475 ( 101 ) 401 (90 ) 1.86 ( 18 ) 1.07 (57 )
H,0* 399 (37) 389 ( 48 ) 423 (40 ) 525 ( 8 ) 565 ( 28 )
O=F 191 (34 ) 2.00 ( 43 ) 169 ( 38 ) 078 ( 7)) 045 (24 )
Total 99.87 99.92 99.79 99.53 99.80

P 100 ( 0 ) 1200 (1) 1200 (1) 099 ( 0) 101 ( 0 )
Al 1200 (1) 099 ( 1) 099 ( 1) 101 (1) 099 ( 1)
Ca 000 ( 0 ) 000 ( 0) 000 ( 0 ) 0.00 ( 0) 000 ( 0 )
Fe 000 ( 0) 000 ( 0) 0.00 ( 0 ) 0.00 ( 0) 000 ( 0 )
Li 1.00 1.00 1.00 1.00 1.00

Na 000 ( 0 ) 000 ( 1 000 ( 0 ) 0.00 ( 0 ) 000 ( 0 )
F 035 ( 6 ) 037 ( 8) 031 ( 7)) 014 ( 1) 008 ( 4 )
OH 065 ( 6 ) 063 ( 8) 069 ( 7)) 086 ( 1) 092 ( 4)
Cation sum 3.00 3.00 3.00 3.00 3.00

* Li,0 and H,O contents were calculated by stoichiometry.
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Cerna et al. (1973) analysed montebrasite and amblygonite from various localities
mainly including specimens from Tanco pegmatite by wet chemical analyses, and indicated that
Na contents of the montebrasite—amblygonite series had positive correlation to F contents.
However, the montebrasite—amblygonite series could not contain Na at room temperature, and
the Na rich specimens (AF-1, AF-65) in Cerna et al. (1973) were confirmed the contents of
abundant lacroixite by Groat et al. (1990). Therefore, Na contents of montebrasite and
amblygonite in Cerné ez al. (1973) could be converted to lacroixite contents (Fig. 22).

London et al. (2001) indicated that synthesized montebrasite and amblygonite in
haplogranitic melt, at 585 °C and 200 MPa H»O, had positive correlation of Na and F by EPMA
analysis, though natural amblygonite had no Na contents. It is considered as fine lacroixite
mixture or high temperature phase, and they could be converted to lacroixite contents as
approximation. The converted data set are shown in Figure 23. For temperatures of their
montebrasite and amblygonite from various localities, they are roughly estimated from
Li-aluminosilicates phase diagram (London 1984). In the Nagatare pegmatite, petalite occurs
without spodumene. In Myokenzan pegmatite, spodumene occurs without petalite, and in Tanco
pegmatite, both minerals occur. These forming conditions are reflected to lacroixite contents;
the montebrasite—amblygonite series from high temperature Li pegmatite with only petalite as
Li-aluminosilicate phase has low to high lacroixite contents, and the montebrasite—amblygonite
series from lower temperature Li pegmatite with spodumene has no or low lacroixite contents.

Though lacroixite contents are restricted by temperature, they are also
reflected by the chemical environment secondly. The Na and F activity changes the quantity of
lacroixite; in the Nagatare pegmatite, montebrasite in K-feldspar had relatively low lacroixite
contents. The upper limit of lacroixite contents in the montebrasite—amblygonite series is

correlated to F contents as shown in positive correlation of Na and F.
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Fig. 22 Fluorine contents (apfit) versus lacroixite contents (wt%) of montebrasite and amblygonite
estimated by XRD patterns in this thesis (Shirose & Uehara, in press). The detailed properties are
listed in Table 1. The colors of symbols correspond to the formation environment; orange: petalite
occurrence, bicolor: petalite and spodumene occurrence, yellow: spodumene occurrence, grey: no
aluminosilicate or uncertain, light blue: in cavity. The bars indicate standard deviations.

10.0
3 g0 | Cerné et al. (1973)
s & o @ Karibib O Saxony
z 60 | @ Tanco < Montebras
) <o O Nesbitt A Coolgardie
= ® || ® Newry V¥ Moguk
= 40
E London et al. (2001)
5 20 | % 9585°C, 200MPa H,0

0.0 w ! !

0.00 020 040 0.60 080 1.00

Fmontehrasite—amblygonite (apf u)

Fig. 23 Fluorine contents (apfu) versus lacroixite contents (wt%) of montebrasite and amblygonite in
previous studies (Shirose & Uehara, in press). The lacroixite contents were converted from Na,O
contents of montebrasite and amblygonite. The data were referenced from chemical analyses of
montebrasite and amblygonite from various localities (Cernd et al. 1973) and synthesized
montebrasite and amblygonite at 585 °C and 200 MPa H,O (London ef al. 2001). Colors of symbols
are the same as Figure 22.
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Amblygonite with high F contents from topaz-bearing granites of Western Europe contain
abundant lacroixite (London et al. 2001, Groat et al. 1990). This limit may be related to the
change of unit cell parameters getting close to monoclinic structure like lacroixite with
increasing F contents. Low temperature montebrasite with gem-quality or secondary has no
lacroixite contents and highly triclinic structure, and there is a possibility that these
crystallographic properties connect to low fluorine contents.

Investigating fine structures of the montebrasite—amblygonite series provides
information of thermal changes and chemical environments at pegmatite formation. For more
quantitative restriction, synthetic experiments and the research on the effect of hydrothermal

alterations are required.
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6 HYDROTHERMAL ALTERATION

6.1 Hydrothermal alteration in Li pegmatite

Alterations to fine grained eucryptite, albite and muscovite from primary Li-aluminosilicates,
such as spodumene and petalite, are often observed in Li pegmatite, and those are suggested as
reactions caused by hydrothermal alterations at a late stage of Li pegmatite forming process
(e.g., London & Burt 1982). London & Burt (1982) described the alteration of spodumene,
montebrasite, and lithiophilite from White Picacho District, Arizona, U.S.A. Bobos et al. (2009)
studied cookeite alteration of spodumene, and revealed the P-T conditions. However, general
sequence of hydrothermal alteration in Li pegmatite is not obvious, and the formed clay
minerals have not been studied in detail. In addition, an alteration products of pink Li
tourmaline are unclear, despite the general occurrences in Li pegmatites. Tourmaline group
minerals from Li pegmatite occur with change in the chemical composition on various
formation stages, and investigation of the alteration processes are valuable for discussing the
behavior of residual fluids in Li pegmatite. Generally, these alteration products are fine grained,
and bearing microtextures. For analyzing these micro alteration textures, transmission electron
microscope is effective.

In this section, we describe the hydrothermal alterations and microtextures in
K-feldspar, petalite, Li tourmaline, and the montebrasite-amblygonite series with various
alteration grades from the Nagatare Li pegmatite. They were investigated by XRD, EPMA and

TEM/STEM, and the alteration processes were discussed. Used specimens are shown in Table 6.
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Table 6. Specimen list with associated minerals and mineralogical properties of clay minerals from
the Nagatare Li pegmatite.

Spe’\<|:c|)men Color Form Origin Alteration products Polytypes of muscovite Associated minerals Ltp
Purple-white  Prismatic  Li-Tur(Eb) Ms, Ms+Cok 2M 4, 2M 1+1M
Ng10 ) Ab, Qtz, Lpd (@)
White Mass Kfs Ms+Qtz, Cok+Qtz 2M
Ng17 Purple-White  Prismatic Li-Tur(Feb) Ms, (Cok) 2M 1, 2M 1+1M Ab, Lpd, Qtz, Kfs
Ngl14 Purple-white  Prismatic Li-Tur?  Ms, (Cok) 2M 1 Lpd, Qtz, Ab, Kfs O
Ng114 Purple Prismatic Li-Tur? Ms 2M -
Ng116 Purple-green Radial Li-Tur?  Ms, (Cok) 2M 4, 2M 1+1M, 2M ;+1IM +3T Lpd, Ab
Ng102 White Mass Kfs Cok+Qtz Lpd (@)
Ng103 White Mass Kfs Cok+Qtz Lpd O
Ngi111 White Mass Kfs Cok+Qtz Lpd O
Ng112 White Mass Kfs Cok+Qtz Ab O
Ng132 L!ght pfnk Mass Kfs Cok+Qtz i o
Light pink Powder Kfs Kbd+Ts+Cok+Qtz
Ng139 White Mass Kfs Cok+Qtz, Ts+Qtz Ab, Qtz (@]
Ng151 White-light pink ~ Mass Kfs Cok+Qtz Lpd, Qtz, Ab (@)
Ng134 Light plue Powder Kfs Ts+Qtz otz, Lpd o
White Mass Kfs Cok+Qtz
Ng136 Light blue Powder Kfs Ts+Qtz Ab, Qtz, Lpd (@)
XN350 Red Powder Ptl KBd+Cok+Qtz Ptl, Qtz, Lpd (@)
XN351 Pink Powder Ptl KBd+CaBd+Qtz Ptl. Qtz, Ab (@]
Ng153 Pink-red Powder Ptl CaBd+KBd+CaMnt+Cok+Qtz Ptl, Ab, Qtz, Lpd O
Ng146 Red-white Powder Ptl? CaMnt+Qtz - (@)

Li-Tur: Li tourmaline, Eb: elbaite, Feb: fluor-elbaite, Kfs: K-feldspar, Ptl: petalite, Ms: muscovite,

Cok: cookeite, Qtz: quartz, Ts: Li tosudite, KBd: K beidellite, Cabd: Ca beidellite, CaMnt: Ca
montmorillonite, Ab: albite, Lpd: lepidolite. Ltp: lithiophorite association.
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6.2 Hydrothermal alteration in the Nagatare pegmatite

Alterations of primary minerals are predominant for Li rich part of Li pegmatite. Especially, the
alteration is significant for K-feldspar, petalite, pink Li tourmaline, and the
montebrasite-amblygonite series. Some K-feldspar and petalite include macroscopically visible
alteration part as clay like minerals. In previous studies, montmorillonite was reported from the
Nagatare pegmatite as montmorillonite-beidellite series (e.g., Takimoto 1937), which has red or
light blue color and water swellable. Takimoto (1937) described that the red clays derived from
albite. Clay like minerals occur with Li minerals, which is red, pink, light blue, and white color
in a state of aggregate or powder. In Nagatare pegmatite, a white or light pink mass of cookeite
and large quartz grain was reported as the first cookeite in Japan by Sakurai et al. (1973). We
described some alterations that the montebrasite-amblygonite series has white altered veins
inside (Shirose & Uehara 2014), and pink Li tourmaline is often altered to mica partially or

perfectly with pseudomorph (Shirose & Uehara 2013).

6.2.1 Li chloritization

Li chloritization, an alteration to cookeite [(LiAl,)(OH)s][Alx(SizAl)O10(OH),], is generally
observed under the electron microscope in minerals from Li rich part of the Nagatare pegmatite.
It is notable that Li chloritization of K-feldspar is significant and macroscopically visible (Figs.
24, 25). The cookeite and quartz pseudomorph occurs as large crystal (about 10 cm) with white,
pale yellow, or pale pink color, and it has a trace of cleavage of K-feldspar. The aggregates were
mainly composed of cookeite and quartz, with minor relicts of K-feldspar. Cookeite forms

spherical shape of fine platy crystals, and quartz has subhedral to euhedral form (Figs. 25¢, d).
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While the aggregates of cookeite and quartz were very dense, they had druses after erosion of
K-feldspar. The minor relicts of K-feldspar show the strong alteration to cookeite for
comparison to other primary minerals The chemical compositions of cookeite are shown in
Table 7, and accessary elements such as Fe, Mn, and Mg are negligible. Li chloritization of
K-feldspar is described as follow reaction:

5KAISi30s + 4H" + Li* + 2H,O — [(LiAL)(OH)s][AL(SizAl)O1o(OH)2] + 12Si0; + SK*
K-feldspar Cookeite Quartz

which explains that K-feldspar reacted with hydrothermal fluids that possess high Li" activity

and weakly acidity at high temperature.
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Fig. 24 Appearances and BSE images of aggregate composed of cookeite and quartz after K-feldspar.
(a) Photograph of white aggregate after K-feldspar (Ng139). (b) Photograph of pale pink aggregate
after K-feldspar (Ng151). (c) BSE image showing texture composed of cookeite and quartz with

cavity (Ng139). (d) Enlargement of Figure 24c, showing that cookeite form spherical aggregate in
diameter.
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Fig. 25 XRD pattern of cookeite with random orientation, including quartz (Ng139).
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Table 7 Average chemical composition of cookeite from the Nagatare pegmatite by EPMA analyses.

Species Cookeite Cookeite Cookeite Cookeite Cookeite Cookeite Cookeite  Cookeite

White White White White White-lightblue White-palepink Palepink  Palepink

Sample no. Ng112 Ngl11 Ng102 Ng139 Ng134 Ng132 XN350 Ng153
n 3 4 4 7 7 12 1 1
Sio, 3577 (59 ) 3711 (21 ) 3674 (54 ) 3755 (64 ) 3739 (60 ) 3638 (49 ) 3731 39.04
Al,O3 4450 (55 ) 4321 (69 ) 4334 (84 ) 4601 (24 ) 4444 (52 ) 4453 (99 ) 4213 41.49
MgO N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
Ca0O 004 ( 1) 005( 2) 003( 2) 007 ( 4) 009 ( 5) 003( 2) o004 0.05
MnO 004 ( 4) 005( 3) 005( 3) 002( 2) 004 ( 4) 004 ( 2) o010 0.26
FeO N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
Li,0* 277 (1) 2718 ( 2) 277 ( 1) 28 ( 3 ) 28 ( 2) 2719 ( 2) 275 2.79
Na,O N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
F 058 (31 ) 08 (17 ) 105 (22 ) 016 ( 2 ) 063 (23 ) 057 (21) 167 219
H,0* 1307 (13 ) 1298 (15 ) 1284 (15 ) 1383 (13 ) 1334 (20 ) 1319 ( 18 ) 1246 12.44
O=F 0.25 0.36 0.44 0.07 0.26 0.24 0.70 0.92
Total 96.53 96.67 96.36 100.45 98.48 97.30 95.77 97.34
Si 321 ( 5) 332 ( 4) 330 ( 6) 324 ( 3 ) 329 ( 4) 324 ( 6) 338 3.47
Al(IV) 079 ( 5) o068 ( 4) 070 ( 6) 076 ( 3) 071 ( 4) 076 ( 6 ) 062 0.53
Al(VI) 200 ( 0) 200( 0) 200( O) 200 ( O) 200 (C O) 200( O) 199 1.98
Mn 000 ( O0) 000(C O) 000 (C O) 000(C O) 000 (C O) 000¢(CO) o001 0.02
AI(VIIY 193 ( 2 ) 18 ( 1) 190 ( 2 ) 192 ( 1) 19 ( 1) 19 ( 2 ) 187 1.85
Li 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Ca 000 ( 0) 001( 0O) 000(C O) 001L(CO) 001(C O) 000¢( 0) o000 0.00
F 017 ( 9 ) 024 ( 5) 030 ( 6) 004( 0) 017 ( 7 ) 016 ( 6 ) 048 0.62
OH 78 ( 9) 7w (5) 770( 6) 79 ( 0) 78 (7) 78 ( 6) 752 7.38
Cation sum  8.93 8.89 8.90 8.92 8.91 8.92 8.88 8.85

* Li,0 and H,O contents were calculated by stoichiometry.
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6.2.2 Reactions related to Li chloritization

The montebrasite-amblygonite series from the Nagatare pegmatite contains various alteration
minerals: fluorapatite, crandallite, goyazite, waylandite, wardite, viitaniemiite, morinite,
muscovite, lepidolite, and cookeite. They are associated with lacroixite, quartz, and topaz. The
secondary phosphates form fine veins along cleavages and composition planes of polysynthetic
twins in the montebrasite-amblygonite series. There is secondary phosphates vein in the
montebrasite-amblygonite series continuously from external cookeite vein (Fig. 26). It indicates
that hydrothermal fluid forming cookeite reacted to the montebrasite-amblygonite series, and
then formed various secondary phosphates. The detailed mineralogical properties were reported

in Shirose & Uehara (2014) (Fig. 27).
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Fig. 26 BSE image of secondary phosphates vein in the montebrasite-amblygonite series (XN162).
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Fig. 27 BSE images of secondary phosphates in the montebrasite and amblygonite (Shirose &
Uehara 2014). (a) and (b) Crandallite and apatite forming veinlets along cleavages and composition
planes of polysynthetic twins in montebrasite (Ngl07). (c) Chemical zoning texture of prismatic
crandallite—goyazite series minerals (XN160). (d) Viitaniemiite with high fluorine contents silicates
(XN160). (e) Morinite with quartz (XN163). (f) Wardite with veinlets of other phosphates (XN160).
Mtb: montebrasite, Amb: amblygonite, Cdl: crandallite, Ap: fluorapatite, Gyz: goyazite, Tpz: topaz,
Vtm: viitaniemiite, Qtz: quartz, Lpd: lepidolite, Wdt: wardite, Mor: morinite.
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In the Nagatare pegmatite, various Bi phosphates and vanadates occur with the
montebrasite-amblygonite series, lepidolite, and albite (Fig. 28). They are considered as same
formation stage as Li chloritization. Bi phosphates, including smrkovecite, petitjeanite, and
waylandite, were generally confirmed in the montebrasite-amblygonite series with native
bismuth, which indicates that Bi phosphates were caused by same formation process as other
secondary phosphates except for contribution of Bi from a reaction of native bismuth. The
native bismuth is secondary inclusion in the montebrasite-amblygonite series. Bi vanadates
occur with cookeite on lepidolite or in voids of albite. Namibite, hechtsbergite, and
clinobisvanite were reported in Uehara & Shirose (2013). Furthermore, pucherite and unknown

Bi vanadate were also confirmed in this thesis.

s > . -
Mg -l 5,

e ““Biifphos;\)hate's‘-

amblygonite. (b) Native Bi inclusion in montebrasite as secondary inclusion. (c) Secondary Bi
phosphates veinlets around native Bi in amblygonite. (d) Bi vanadates with cookeite on lepidolite.
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6.2.3 Sericitization

In the Nagatare pegmatite, the mineral species of pink Li tourmaline are elbaite, fluor-elbaite,
and rossmanite (Shirose & Uehara 2013), and often altered to mica partially or perfectly. The
aggregates of mica take pseudomorph form of tourmaline as prismatic or radial, and the mica
components are fine grains (Fig. 28). Highly altered one is purple to green, dull luster and softer

than not suffered tourmaline. In many cases, associated K-feldspar is also altered to mica

Fig. 29 Appearance of altered Li tourmaline. (a) Partially altered Li tourmaline (Ng10), showing
colorless to pale pink and prismatic crystals. The mineral species of Li tourmaline is elbaite. (b)
Partially altered Li tourmaline (Ngl7), associated with fine lepidolite. The mineral species of Li
tourmaline is fluor-elbaite. (c) Perfectly altered Li tourmaline (Ngl116), showing radial shape and
purple to green color. (d) Perfectly altered Li tourmaline (Ngl14), showing prismatic shape and
purple color. Ms: muscovite, Elb: elbaite or fluor-elbaite, Kfs: K-feldspar, Cok: cookeite, Qtz: quartz,
Ab: albite, Lpd: lepidolite.
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In EPMA observation, Li tourmaline were altered to fine grained muscovite, 5-100 um
in width and less than 10 um in thickness, along fractures with fine grained cookeite, quartz, or
topaz (Figs. 30-33). Muscovite sometimes existed with cookeite as fine grained mixtures, and
they were confirmed around Li tourmaline relicts in partially replaced specimens (Figs. 30, 31).

Associated K-feldspar was also altered to cookeite + quartz, and muscovite + quartz (Fig. 30).

Dark part: Ms + Cok &%

T
|

Bright part: Ms

oS

e .4 ; » ‘;hk by | 3 =S
- i ff( S =

Fig. 30 BSE images of partially altered Li tourmaline with K-feldspar (Ng10). The bright part was
composed of coarse muscovite, and the dark part was composed of fine grained muscovite and
cookeite, showing that elbaite was undergone multiple alterations. Blue letters show polytypes of

muscovite.

Boundary part: Ms + Cok

Fig. 31 BSE images of partially altered Li tourmaline with lepidolite (Ng17). There is mixture of
muscovite and cookeite around fluor-elbaite relict.
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Fig. 32 Photomicrographs of perfectly altered Li tourmaline (Ng116). (a) BSE image of tourmaline
pseudomorph. (b) Cross-section of specimen in same area as the BSE image. Red dashed line show
boundary of Iepidolite and muscovite. (c) Cross-polarized optical photomicrographs of purple part.
(d) Cross-polarized optical photomicrographs of green part.

Fig. 33 Photomicrographs of perfectly altered Li tourmaline (Ng114). (a) Cross-polarized optical
photomicrographs of specimen. (b) BSE image of same area as Figure 33a. (c) Cross-polarized
optical photomicrographs of red frame area in Figure 33a and 33b. (d) X-ray map image of Na Ka.
(e) X-ray map image of Al Ka.
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As for perfectly altered Li tourmaline, they were composed of muscovite, and Li tourmaline
relict was not confirmed under the EPMA observations (Figs. 32, 33). The macroscopically
green part was composed of spherical muscovite aggregates about 500 pm in diameter, without
a signature of Li tourmaline fracture observed in the pink part. The representative chemical
composition of muscovite in pseudomorph is Ko oAl o(Si3.1Alp.0)O10(OH)1.9F0.1, and the
interlayer cations are slightly deficient, which is called as sericite (Fig. 34 and Table 8).
However, muscovite after Li tourmaline have inhomogeneous chemical compositions. Some
muscovite contain small amount of Na, and they are enriched in Al. Especially for perfectly
altered muscovite, they often have inhomogeneous chemical compositions (Fig. 33), and the
chemical composition comes up to Nag.0Ko.40Cao.01Al.0(Si2.74Al1 33)O10(OH)1.98F0.02 in the
highest Na contents part (purple part in specimen Ng114). However, in XRD experiments, Na

dominant mica, paragonite or ephesite, was not confirmed.
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Fig. 34 Chemical compositions of muscovite after Li tourmaline and K-feldspar. Average value and
standard deviation are represented by symbols and bars. Colored open circles show ideal value of
muscovite and sericite.
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Table 8 Average chemical composition of muscovite occurred as pseudomorph from the Nagatare
pegmatite by EPMA analyses.

Species Muscovite Muscovite Muscovite M uscovite M uscovite
In Tur In Kfs In Tur bright In Tur middle In Tur dark
Sample no. Ngl7 Ng10 Ng10 Ngl0 Ng10
n 8 3 3 2 3
Sio, 46.47 (22) 47.33 (31) 46.29 (29) 4399 (0) 40.37 (53)
Al,O3 37.54 (30) 36.28 (30) 3785 (5) 39.74 (40) 42.87 (82)
MgO 0.00 (1)
CaO 0.01 (1) 0.01 (1) 001 (1) 0.02 (2) 0.04 (2)
MnO 010 (3) 0.02 (2) 0.06 (1) 0.02 (1) 0.03 (1)
FeO 0.01 (1) 0.02 (1) 0.02 (2) 0.03 (3) 0.03 (2)
Li,O*
Na,O 020 (3) 013 (1) 029 (4 045 (2) 0.87 (6)
K20 10.29 (37) 10.33  (5) 10.31 (10) 10.55 (18) 7.40 (38)
Rb20 077 (4 035 (6) 022 (3) 010 (1) 010 (4)
Cs20 015 (2) 0.04 (3) 010 (2) 0.06 (4) 0.04 (1)
F 0.47 (11) 0.59 (10) 011 (1) 0.16  (5) 015 (5)
H,0* 431 (5 424  (5) 449 (2) 444  (4) 435 (3)
O=F 0.20 (5) 025 (4) 005 (1) 0.07 (2) 0.06 (2)
Total 100.13 (47) 99.09  (6) 99.69  (36) 99.50 (31) 96.17  (33)
Si 3.07 (2 314 (2) 3.06 (1) 292 (1) 274 (4
Al(IV) 093 (2) 086 (2) 094 (1) 1.08 (1) 126 (4)
Al(VI 1.99 (1) 1.98 (1) 201 (0) 204 (1) 216  (3)
Mg 0.00 (0)
Mn 0.01 (1) 0.00 (0) 0.00 (0) 0.00 (0) 0.00 (0)
Fe 0.00 (0) 0.00 (0) 0.00 (0) 0.00 (0) 0.00 (0)
Li
Ca 0.00 (0) 0.00 (0) 0.00 (0) 0.00 (0) 0.00 (0)
Na 0.03 (0) 0.02 (2) 0.04 (0) 0.06  (0) 011 (1)
K 087 (3) 0.87  (0) 087 (1) 089 (2) 064 (3)
Rb 0.03 (0) 0.01 (0) 0.01 (0) 0.00 (0) 0.00 (0)
Cs 0.00 (0) 0.00 (0) 0.00 (0) 0.00 (0) 0.00 (0)
=X 093 (3) 091 (1) 092 (1) 096 (1) 076  (4)
F 010 (2) 012 (2) 0.02 (0) 0.03 (1) 0.03 (1)
OH 1.90 (2) 188 (2) 1.98 (0) 197 (1) 197 (1)
Catjon sum 6.93 6.89 6.93 £2.00 6.93

*H,0 and Li>O contents were calculated by stoichiometry.
Values in bracket are standard deviations. n: number of analysis spots.
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Table 8 (continued)

Species Muscovite Muscovite Muscovite Muscovite Muscovite
Purple reed shape  Purple coarse Green coarse Green prismatic With Lpd
Sample no. Ngl16 Ng116 Ng116 Ngl16 Ngl16
n 4 4 4 4 3
SiO, 4550 (83) 46.44 (41) 46.51 (34) 46.50 (10) 46.27 (14)
Al,0O4 38.06 (85) 3711 (41) 36.94 (49) 37.11 (33) 3756 (21)
MgO 0.00 (0) 0.00 (0) 0.01 (1) 0.00 (0) 0.00 (0)
CaO 001 (1) 003 (2 002 (2 0.02 (1) 001 (1)
MnO 0.15 (6) 021 (1) 021 (7) 020 (4 016 (1)
FeO 0.07 (2 0.13 (6) 016 (7) 016 (3) 0.06 (1)
Li,O*
Na,0 0.18 (6) 017 (1) 016 (4) 017 (2 016 (4)
K20 10.74 (17) 10.43 (19) 10.58 (12) 10.35 (16) 10.39 (34)
Rb20 060 (8) 071 (7) 069 (5) 070 (8) 0.73 (10)
Cs20 0.08 (4) 020 (4) 013 (4 018 (1) 011 (5
F 0.40 (8) 056 (5 065 (7) 051 (7) 051 (9)
H,0* 433 (5) 425 (6) 421 (5) 4.28 (6) 429 (4)
O=F 017 (3) 024 (2) 027 (3 021 (3) 022 (4)
Total 99.93 (21) 100.01 (81) 100.00 (44) 99.96 (57) 100.02  (56)
Si 3.02 (5) 3.08 (1) 3.09 (2 3.08 (1) 3.06 (1)
Al(1V) 0.98 (5) 092 (1) 091 (2 092 (1) 094 (1)
Al(VIN) 2.00 (2 198 (0) 197 (1) 1.98 (0) 199 (1)
Mg 0.00 (0) 0.00 (0) 0.00 (0) 0.00 (0) 0.00 (0)
Mn 001 (0) 001 (0) 0.01 (0) 0.01 (0) 001 (0)
Fe 0.00 (0) 0.01 (0) 0.01 (0) 0.01 (0) 0.00 (0)
Li
Ca 0.00 (0) 0.00 (0) 0.00 (0) 0.00 (0) 0.00 (0)
Na 0.02 (1) 0.02 (0) 0.02 (1) 0.02 (0) 0.02 (0)
K 091 (2) 088 (2) 090 (1) 087 (1) 0.88 (3)
Rb 0.03 (0) 0.03 (0) 0.03 (0) 0.03 (0) 0.03 (0)
Cs 0.00 (0) 001 (0) 0.00 (0) 0.00 (0) 0.00 (0)
X 096 (2) 094 (2) 095 (1) 093 (1) 093 (3
F 0.08 (2) 012 (1) 014 (2) 011 (2) 011  (2)
OH 192 (2) 188 (1) 186 (2) 189 (2) 189 (2)
Cation sum 6.97 6.94 6.94 6.92 6.93
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Table 8 (continued)

Species Muscovite Muscovite Muscovite
Dark Middle Bright
Sample no. Ngl14 Ngl14 Ngl14
n 8 3 8
SiO, 41.72 ( 54 ) 4311 ( 41 ) 4383 (45 )
Al,0O4 38.13 ( 54 ) 36.44 (32 ) 35.58 (35 )
MgO 001 ( 1) 001 ( 1) 001 ( 1)
CaO 0.07 ( 3 ) 002 ( 1) 001 ( 1)
MnO 006 ( 2 ) 005 ( 2 ) 006 ( 1)
FeO 002 ( 2) 004 ( 1) 002 ( 2)
Li,O* 000 ( 0) 0.00 ( 0) 000 ( 0)
Na,0 1.46 ( 38 ) 031 ( 5) 026 ( 6 )
K20 852 ( 58 ) 991 (14 ) 942 (125 )
Rb20 030 ( 6 ) 038 ( 7)) 0.67 (11 )
Cs20 002 ( 2) 003 ( 2) 014 ( 2)
F 002 (1) 004 (1) 004 ( 2)
H,0* 430 ( 4) 428 (0 ) 427 ( 3)
O=F 001 ( 0) 002 ( 1) 002 (1)
Total 94.63 94.58 5 94.28 64
Si 291 ( 3) 301 ( 3) 307 (2)
Al(IV) 1.09 ( 3) 099 ( 3) 093 ( 2)
0 0

AI(VIIT) 203 (1) 201 ( 0) 200 (1)
Mg 000 ( 0) 000 ( 0) 000 ( 0)
Mn 0.00 ( 0 ) 000 ( 0) 0.00 ( 0)
Fe 000 ( 0) 0.00 ( 0) 000 ( 0)
Li
Ca 001 ( 0) 0.00 ( 0) 000 ( 0)
Na 020 ( 5) 004 (1) 004 (1)
K 076 ( 5 ) 088 ( 1) 084 ( 2)
Rb 001 ( 0) 002 ( 0) 003 ( 0)
Cs 000 ( 0) 0.00 ( 0) 000 ( 0)
X 097 ( 0) 094 ( 0) 091 ( 0)
F 000 ( 0) 001 ( 0) 001 ( 0)
OH 200 ( 0) 199 ( 0) 199 ( 0)
Cation sum 7.01 6.96 6.92
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XRD experiments revealed the polytypes of secondary muscovite to be the
combinations of 2M;, 2M + 1M, or 2M, + 1M + 3T, varied with part and specimen (Fig. 35a).
The purple part of muscovite after Li tourmaline, sometimes enriched in Al and Na, was 2M;
polytype, and muscovite after K-feldspar and the montebrasite-amblygonite series were also
2M, polytype. The polytype of colorless part of muscovite after Li tourmaline was composed of
2M: + 1M, whose ratio corresponds to 2:1 (Fig. 35b). The green spherical muscovite after Li

tourmaline was the combination of 2M; + 1M + 3T polytypes with 2:1:1 ratio (Fig. 35b).
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Fig. 35 X-ray diffraction patterns of muscovite composed of different polytypes. Open diamond is
characteristic peak of 1M polytype, and solid diamond is that of 37 polytype. (a) Measured XRD
patterns of muscovite with random orientation. Specimens are green part in Ng 114, white part in
Ngl10 and green part in Ng 116 in descending order. (b) Calculated XRD patterns of muscovite with
mixed polytypes, referenced as follows; 2M; (Liang & Hawthorne 1996), 1M (Plangon et al. 1985),
and 37 (Giiven & Burnham 1967).
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In TEM observation, the ion-milled samples of partially altered Li tourmaline were
used for investigating microtextures of Li tourmaline and muscovite (Fig. 36a). Figure 37 shows
the SAED patterns of muscovite and fluor-elbaite, and they had no orientation relationships.
Their grain boundary was clear and corresponding to the planes of Li tourmaline. For muscovite,
they formed long sericite packet (>100 nm) along ¢ axis with single polytype. Layer-stacking
sequences of each polytype (1M, 2M;, 37) in muscovite were directly observed as high
resolution TEM images. (Fig. 38). Though stacking disorder was slightly confirmed in some
packets, ordered parts were dominant in each polytype.

Li tourmaline mainly had fracture-controlled sericitization, and they were partially or
perfectly replaced by muscovite. Ahn & Buseck (1998) observed partially sericitized dark-grey
olenite (Al tourmaline) from a pegmatite at the Black Hills using HRTEM, and discussed the
formation process. In their observations, tourmaline and muscovite had oriented relationships,
that (001) plane of muscovite was parallel to ¢ axis of tourmaline. However, no relationship was
confirmed in the orientations of muscovite and Li tourmaline in this thesis. Though Al
tourmaline and Li tourmaline were very similar that they had fracture-controlled sericitization at
early stage of alterations, muscovite after Li tourmaline was different in the variations of texture
such as mixture with cookeite, chemical differences, and polytypes. Sericitization of Li
tourmaline is described as follow reaction:

NagsAl; 75Li125A16S16013(BO3)3(OH)3(OH) + 3K™ + 2Si0; + 9H,O
Elbaite Quartz
— 3KALSi3Al1010(OH); + 3B(OH)4 + 4H" + Na* + Li"
Muscovite
which explains that Li tourmaline reacted with hydrothermal fluids that possess high K* activity,

weakly acidity, and sufficient silica. The variations of polytype and chemical composition of

60



muscovite indicate that Li tourmaline had multiple hydrothermal alterations with different
temperature and chemical condition. In general, 2M; polytype is formed at higher temperature
than 1M or 1Md polytypes, and the ratio of 1M polytype increases in response to a decrease of
temperature and a gap from muscovite composition to illite. Green spherical muscovite with 37
polytype contained minor amount of Fe in contrast to purple muscovite, which was formed at
lower temperature. Besides, the association of 2M; polytype and the sericite composition
indicates that the muscovite after Li tourmaline was formed at hydrothermal conditions, not
weathering. Cookeite + quartz after K-feldspar were formed in Li rich environment. Cookeite
after Li tourmaline was also formed in Li rich environment, or as an intermediate product in
sericitization. In the former case, cookeite and muscovite existed in equivalent condition at early
stage. The trigger of sericitization for Li-tourmaline is the breakdown of K-feldspar releasing K*
and increasing ajx+yu+) of aqueous fluid. In addition, Al-rich and Na-poor pink Li tourmaline is

preferentially replaced.
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Fig. 36. Photomicrograph of ion-milled sample. (a) Cross-polarized optical photomicrographs of

ion-milled area. (b) STEM BF image of muscovite and fluor-elbaite.
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Fig. 37. Orientation relationships of muscovite and fluor-elbaite (Ng17). (a) STEM BF image of
boundary are of muscovite and fluor-elbaite. The boundary plane was (110) plane of fluor-elbaite.
(b) SAED pattern of boundary area. (¢c) HRTEM image of muscovite and the SAED pattern. (d)

HRTEM image of fluor-elbaite and the SAED pattern.
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Fig. 38 High resolution TEM images of muscovite after Li tourmaline on each polytype, and the
electron diffraction patterns along the ¢ axis of muscovite (Ng17). (a) Muscovite 1M with 10 A
periodicity. (b) Muscovite 2M; with 20 A periodicity. (c) Muscovite 37 with 30 A periodicity.
Crystal structure data was referenced from muscovite with 2M; polytype (Liang & Hawthorne
1996).
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6.2.4 Smectitization

The smectite group minerals are divided to dioctahedral and trioctahedral smectite groups.
Beidellite is dioctahedral smectite that the tetrahedral Si*’ is partially replaced by Al**, and
montmorillonite is dioctahedral smectite that the octahedral AI** is partially replaced by Mg?".
They have exchangeable cation such as Ca**, Na*, and K*. The occurrence of montmorillonite
(or beidellite) with red color red was reported from the Nagatare pegmatite by Takimoto (1937).
The red montmorillonite occurs in Li rich part of the pegmatite, and has friable and swelling
properties. Takimoto (1937) reported that the red clays could be derived from albite based on
the occurrence. However, the mineral paragenesis indicates that they are derived from alteration
of petalite (Figs. 39a, b), and the associated albite with lath shape has little alteration. In
addition to red clay after petalite, pink friable clay occurs as pseudomorph of K-feldspar (Fig.
39d). The red and pink clays have cleavage-like pseudomorph texture (Figs. 39¢, d). The texture
of red clay was also observed in secondary electron images (Fig. 40). The clays had linear
structure like cleavages of petalite (Fig. 40a), which were composed of fine grained wavy plates
below 1 um (Fig. 40d). XRD experiments and EMPA analyses revealed that the red swelling
clay minerals were beidellite and montmorillonite after petalite, and pink clay minerals were

beidellite associated with cookeite and tosudite after K-feldspar.
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Fig. 39 Appearances of smectite group minerals. (a) Red beidellite-montmorillonite of partially
altered petalite, associated with albite and lepidolite (XN350). (b) Red beidellite-montmorillonite of
partially altered petalite, associated with albite and quartz (XN351). (c¢) Perfectly altered specimen
composed of montmorillonite-beidellite and quartz (Ngl146). (d) Pink beidellite-montmorillonite
after K-feldspar associated with cookeite, Li tosudite, and quartz (Ng132). Bd: beidellite, Mnt:
montmorillonite, Ptl: petalite, Ab: albite, Ldp: lepidolite, Qtz: quartz, Ts: Li tosudite, Cok: cookeite.

Fig. 40 Secondary electron images of fracture surface of montmorillonite-beidellite (Ngl146). (a)
Montmorillonite-beidellite showing linear structures like cleavage. (b) The linear structure
composed of fine plates. (c) Enlarged image of Figure 40b. (d) The montmorillonite-beidellite was
made of fine grained curved plates below 1 pm.
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Fig. 41 Powder XRD patterns of the red clay and the pink clay with orientation after the elutriation.
(a) Ca montmorillonite with red color (Ng146), shown with the patterns of ethylene glycol treated
samples. (b) Association of cookeite, Li tosudite, and K beidellite with pink color (Ng 132), shown

with the patterns of ethylene glycol treated samples.

Smectite group minerals generally have basal reflection around 15 A in an XRD
pattern, and the value depends on the interlayer cations and the humidity. The value of basal
distance increases by treatment of ethylene glycol. As for the red and pink clay minerals, the
basal distances of 15.0, 28.2, and 11.6 A increased by ethylene glycol treatment (Fig. 41), which
indicates they had smectite layer. The 28.2 A peak derives from mixed layer of cookeite (~14 A)
and smectite layers (~15 A); it is called as Li tosudite (regular mixed layer mineral with
cookeite and smectite). The 11.6 A peak is considered as the basal reflection of K beidellite, that

the interlayer cations are occupied by high charge K*. However, it is difficult to distinguish high
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charge K beidellite and mixed layer minerals of illite and smectite caused by association of Li
tosudite and cookeite.

In EPMA analyses, there was difference in alteration texture in each alteration grade.
Partially altered petalite had veinlet texture of beidellite-montmorillonite along cleavages of
petalite, associated cookeite and quartz (Fig. 42a). The strong altered part of partially altered
specimen was composed of the K beidellite veinlet and massive Ca beidellite with quartz. It
indicates that K beidellite was formed along fracture and cleavage of petalite at early stage, and
the relict of petalite was strongly dissolved with formation of massive Ca beidellite at late stage
(Fig. 42b). Perfectly altered aggregate without relict was made of Ca montmorillonite and
quartz, with homogeneous chemical composition (Fig. 42c). K beidellite after K-feldspar with
11.6 A peak was associated with Li tosudite, cookeite, and quartz. The associated pink
translucent part was composed of cookeite and quartz written as a cookeite aggregate in section
6.2.1., while pink cloudy part was mainly composed of K beidellite enriched in K and quartz
with Li tosudite and cookeite (Figs. 42d, 43). The mineral species of smectite from the Nagatare
Li pegmatite were K beidellite, Ca beidellite, and Ca montmorillonite in the average chemical
compositions (Figs. 44, 45, Table 9). They were formed at different formation stages or
environments, and the alteration reactions were not in equivalent state. K beidellite occurred as
veinlet along a fracture of petalite, or replacement aggregate after K-feldspar, while Ca
beidellite or Ca montmorillonite occurred as perfectly replacement aggregate after petalite (Fig.
45). The ternary diagram of dioctahedral cations of smectite was characterized by Giiven (1988)
and divisions were established by Schultz (1969). In the diagram, the chemical compositions of
smectite group minerals from Nagatare Li pegmatite correspond to “beidellite” and
“Tatatilla-type montmorillonite” (Fig. 46). They generally occur from bentonites derived from

alteration of acidic rocks (Christidis 1997).
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Fig. 42 BSE images of montmorﬂlomte and beidellite. (a) K beldelhte velnlets W1th partlally altered
petalite (XN350). (b) Two different beidellite in strongly altered part of partially altered petalite
(XN351). (c) Perfectly altered specimen composed of Ca montmorillonite and quartz (Ng146). (d) K
beidellite after K-feldspar with Li tosudite, cookeite, and quartz (Ng132).

Fig. 43 X-ray map images of K beidellite with Li tosudite, cookeite, and quartz in specimen Ng132
(photograph of section, BSE image, AlKa, SiKa, KKa, and MgKa). Red circle indicates the around
part of analytical area.
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Fig. 44 Chemical compositions of cookeite, Li tosudite, beidellite, and montmorillonite in 10
specimens. Plotted symbol shows average value of minerals in the specimens. Open circle shows
ideal value of donbassite, cookeite, beidellite, and montmorillonite. Dashed circle shows the
anhydrous value of smectite.
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Fig. 45 Chemical compositions of smectite group minerals and the division of the minerals species,
based on the interlayer cations, montmorillonite substitution, and beidellite substitution. Average
values of each smectite group minerals in the specimens are represented by symbols. Black arrows
show the gap from veinlet part to massive part in the specimens. K beidellite occurred as veinlet
along a fracture of petalite, or replacement aggregate after K-feldspar, while Ca beidellite or Ca
montmorillonite occurred as perfectly replacement aggregate after petalite.
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Table 9 Average chemical composition of smectite from the Nagatare pegmatite by EPMA analyses.

Species K-beidellite K-beidellite K-montmorillonite K-beidellite Ca-beidellite
Sample no. Ng132 XN350 Ng146 XN351 XN351
n 5 6 5 3 3

Sio, 54.40 ( 47 ) 53.97 ( 192 ) 59.65 ( 86 ) 54.85 (24 ) 56.97 ( 101 )
AlLOs 2064 (53 ) 3239 (125 ) 2660 (44 ) 3167 (79 ) 3054 (133 )
MgO 251 (10 ) 159 ( 31) 345 (24 ) 1.73 (17 ) 3.06 ( 15 )
CaO 091 ( 7)) 057 ( 15) 062 ( 7)) 068 ( 3) 087 ( 5)
MnO 044 ( 5) 131 ( 52 ) 190 (14 ) 088 (17 ) 005 ( 5)
FeO 076 ( 9) 013 ( 7)) 060 ( 7)) 173 ( 28 ) 011 ( 1)
Na,O N.D. N.D. N.D. N.D. N.D.

K,0 557 (22 ) 1.28 (49 ) 064 ( 10 ) 279 (27 ) 008 ( 1)
F 031 ( 7)) 032 ( 15 ) 025 ( 9) 022 ( 5) 021 ( 4)
H,0* 450 (7)) 449 ( 18 ) 464 ( 4) 461 ( 3) 463 (11 )
O=F 013 ( 3) 013 ( 6) 011 ( 4) 009 ( 2) 009 ( 2)
Total 98.92 95.91 98.25 99.06 96.44

Si 351 ( 2) 349 (7)) 376 ( 2) 349 ( 2) 361 ( 2)
Al(IV) 049 ( 2) 051 ( 7)) 024 ( 2) 051 ( 2) 039 ( 2)
Al(VI) 176 (1) 196 ( 4) 173 ( 2) 186 ( 2 ) 189 ( 2)
Mg 024 ( 1) 015 ( 3) 032 ( 2) 016 ( 2 ) 029 ( 2)
Mn 002 ( 0) 007 ( 3) 010 ( 1) 005 ( 1) 000 ( 0)
Fe 004 ( 0) 001 ( 0) 003 ( 0) 009 ( 1) 001 ( 0)
K 046 ( 2 ) 011 ( 4 ) 005 ( 1) 023 ( 2) 001 ( 0)
Ca 006 ( 0) 004 (1) 004 ( 0) 005 ( 0) 006 ( 0)
F 006 ( 1) 007 ( 3) 005 ( 2) 004 ( 1) 004 ( 1)
OH 194 (1) 193 ( 3) 195 ( 2) 196 (1) 196 (1)
Cation sum 6.59 6.33 6.28 6.44 6.25
MgtFe+tMn  0.31 0.23 0.46 0.30 0.30
MgtFe+tMn/A  0.39 0.31 0.65 0.37 0.43

K+2Ca 0.58 0.18 0.13 0.32 0.12
K/(K+2Ca) 0.78 0.57 0.38 0.71 0.05

* H,O contents were calculated by stoichiometry.
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Table 9 (continued)

Species Ca-beidellite K-beidellite Ca-montmorillonite

Sample no. Ng153 Ng153 Ng153
n 10 3 4

Sio, 49.88 ( 198 ) 5474 ( 172 ) 56.45 ( 106 )
Al,04 3535 ( 118 ) 29.57 (385 ) 26.72 ( 126 )
MgO 047 ( 21 ) 243 ( 90 ) 325 ( 52 )
CaO 028 ( 11 ) 060 ( 19 ) 136 ( 7))
MnO 022 ( 10 ) 048 ( 4) 0.46 ( 50 )
FeO 002 ( 2) 003 ( 2) 004 ( 3)
Na,O N.D. N.D. N.D.
K,0 033 ( 16 ) 292 ( 32) 057 ( 43 )
F 046 ( 32 ) 042 ( 20 ) 022 ( 6 )
H,0* 425 ( 26 ) 439 ( 13 ) 445 ( 13 )
O=F 019 ( 13 ) 018 ( 8) 009 ( 2)
Total 91.05 95.41 93.44
Si 33 ( 7)) 358 ( 15 ) 3711 ( 3)
Al(IV) 065 ( 7)) 042 ( 15 ) 029 ( 3)
Al(VI) 215 (4 ) 1.85 ( 13 ) 178 ( 2)
Mg 005 ( 2) 024 ( 9) 032 ( 6 )
Mn 001 ( 1) 003 ( 0) 003 ( 3)
Fe 000 ( 0) 000 ( 0) 000 ( 0)
K 003 ( 1) 024 ( 3) 005 ( 4)
Ca 002 ( 1) 004 ( 1) 010 ( 1)
F 010 (7)) 009 ( 4) 005 ( 1)
OH 190 (7)) 191 ( 4) 195 (1)
Cation sum 6.26 6.41 6.27
Mgt+Fe+Mn 0.06 0.27 0.35
Mg+Fe+Mn/A  0.09 0.40 0.55
K+2Ca 0.07 0.33 0.24
K/(K+2Ca) 0.42 0.75 0.18
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Fig. 46 Ternary diagram of the main octahedral cations in smectite after Giiven (1988). The
smectites derived from acidic rocks are projected in the fields of beidellite and Tatatilla-type
montmorillonite. Abbreviations: Bi: beidellite, TA: Tatatilla montmorillonite, CH: Chambers
montmorillonite, OT: Otay montmorillonite, WY: Wyoming montmorillonite, Fe-Bi: Fe-rich
beidellite, Fe-M: Fe-rich montmorillonite.
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Smectitization of petalite is described as follow reaction:
2LiAlISi4010 + 0.4(Mg?*,Ca?* K" ,Fe?* Mn?*) + 2H"

Petalite
— (Ca, K)o2(Al, Mg, Fe, Mn)22(Siz.6Al0.4)O10(OH)2 + 2Li" + 4SiO»

Ca montmorillonite Quartz

which explains that petalite reacted with weakly acidic hydrothermal fluids, and released Li* to
the fluids.
Furthermore, smectitization of K-feldspar is described as follow reaction:
2K AlSi;0s + 0.4(Mg**,Ca?",Fe?* Mn*") + H,O

K-feldspar
— (K, Ca)os(Al, Mg, Fe, Mn),.1(Si3.5Alo.5)O10(OH), + 1.5K™ + 2.5Si0,

K beidellite Quartz

which indicates that weakly acidic hydrothermal fluids altered K-feldspar to K beidellite, and
K" was released to the fluid. The fluids described in above reactions are identical in weakly
acidity and content of Ca, Mg, Fe, and Mn, leaching Li" and K* from petalite and K-feldspar. In
these reactions, silica was released as quartz in the reactions, and consistent with the observed

textures.
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e Li tosudite with
white cookeite + quartz aggregate (Ngl134). (b) Section of Figure 47a. (c) BSE image of Li tosudite
with cookeite and quartz (Ng134). (d) Enlarged image of Figure 47c. (¢) BSE image of Li tosudite
with K beidellite, cookeite, and quartz (Ng132). (f) Enlarged image of Figure 47e.

K beidellite after K-feldspar occurred with Li tosudite, cookeite, and quartz. Tosudite
is regularly mixed layer mineral composed of dioctahedral chlorite layer and dioctahedral
smectite layer, and in this case, it is Li tosudite made of dioctahedral chlorite layer of cookeite
layer. In addition to above pink clay mineral after K-feldspar (Ng132), light blue clay minerals

also contained Li tosudite (Fig. 47). The light blue clay continuously associated with white
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aggregates, composed of cookeite and quartz as in section 6.2.1 (Fig. 47b). Li tosudite was finer
grained than cookeite, and massive aggregates with random crystal orientations (Fig. 47d). In
pink clay mineral, Li tosudite closely associated with cookeite and K beidellite with
continuously grain boundaries. The grain size of Li tosudite was intermediate range of K
beidellite and cookeite. Chemical compositions of Li tosudite were shown in Table 10, with
intermediate value in smectite and cookeite (Fig. 44), whose smectite layer corresponds to Ca
beidellite and Ca montmorillonite. Their appearance colors are derived from minor Fe and Mn
contents. The internal texture and chemistry show that Li tosudite was formed from cookeite;
they were not directly derived from K-feldspar. Smectitization of cookeite is described as follow
reaction:
LiALALSi;AlO10(OH)2(OH)s + 0.6(Mg*",Ca?* K*,Fe* Mn?*) + 4Si0,

Cookeite
— 2(Ca, K)o.1(Al, Mg, Fe, Mn),.(Si35Alo5)O010(OH), + Li* + 2H,0

Ca beidellite layer in Li tosudite

which explains that cookeite reacted with weakly acidic hydrothermal fluids. This is same
reaction as smectitization of petalite and K-feldspar in cation exchange with transition to
smectite layer. At early stage, K-feldspar was partially altered to cookeite + quartz in equivalent
reaction, and at late stage, the relict of K-feldspar was replaced to K beidellite with partial
smectitization of cookeite in pink clay minerals. In the result, the mineral associations as shown
in Figure 47e, K beidellite, Li tosudite, cookeite, and quartz, were formed as last products. In

the case of light blue clay, the cookeite + quartz aggregate was partially altered to Li tosudite.
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Table 10 Average chemical composition of Li tosudite from the Nagatare pegmatite by EPMA

analyses.
Species Li-tosudite Li-tosudite Li-tosudite
Cok/Ca-Bd Cok/Ca-Bd Cok/Ca-Mnt

Sample no. Ng132 Ngl39 Ngl134

n 6 3 5
SiO, 4212 ( 60 ) 4174 ( 54 ) 43.47 ( 40 )
AlLO3 4115 ( 73 ) 4201 ( 81 ) 39.31 ( 33)
MgO 0.67 ( 23 ) 045 ( 4) 116 ( 8 )
CaO 050 (19 ) 031 ( 2) 1.07 ( 6 )
MnO 034 (18 ) 002 ( 2) 004 ( 1)
FeO 025 ( 3) 050 ( 9) 1.00 ( 16 )
Li,O* 161 ( 2) 162 ( 0) 163 (1)
Na,O N.D. N.D. N.D.
K,0 009 ( 6 ) 002 ( 1) 005 ( 3 )
F 0.36 ( 36 ) 011 ( 6 ) 018 ( 4 )
H,O0* 9.56 ( 28 ) 969 ( 1) 972 ( 6 )
O=F 015 ( 15 ) 005 ( 3) 008 ( 2 )
Total 96.51 96.41 97.54
Cookeite layer
Si 3.00 3.00 3.00
Al(1V) 1.00 1.00 1.00
AI(VIT 2.00 2.00 2.00
AI(VIT 2.00 2.00 2.00
Li 1.00 1.00 1.00
F 0.09 0.03 0.04
OH 1.91 1.97 1.96
OH 6.00 6.00 6.00

Smectite layer

Si 349 (6 ) 342 (10 ) 365 ( 3)
Al(IV) 051 ( 6 ) 058 ( 10 ) 035 ( 3)
Al(Sm) 196 ( 4 ) 204 ( 3) 173 ( 3)
Mg 015 ( 5 ) 010 ( 1) 026 ( 2)
Mn 004 ( 2) 000 ( 0) 001 ( 0)
Fe 003 ( 0) 006 ( 1) 013 ( 2 )
Ca 008 ( 3) 005 ( 0) 017 ( 1)
K 002 ( 1) 000 ( 0) 001 ( 1)
F 009 ( 9) 003 ( 1) 004 (1)
OH 1.91 1.97 1.96

* Li,0 and H,O contents were calculated by stoichiometry.
Cations in cookeite layer were estimated as ideal chemical composition.
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For XRD experiments of cookeite, Li tosudite, and montmorillonite-beidellite, there was
difference of the d value and full-width at half maximum (FWHM) corresponding to the structure
and chemical composition (Fig. 48). The FWHM of cookeite was small and constant, while Li
tosudite and beidellite-montmorillonite had larger FWHM. This is derived from the crystallinity
and ordering. The 001 value of cookeite was 14.0-14.2 A, and the 002 value of Li tosudite was
14.1-14.5 A (001 value was 28.2-29.0 A) (Fig. 48a). The 001 value of beidellite and
montmorillonite was 14.6-15.1 A, and K-rich K beidellite was 11.6-12.0 A. The small basal
reflection peak of K beidellite is caused by suitability of K" for six-membered ring structure
working on interlayer to close. However, the 11.6-12.0 A is also considered as 003 reflection of
35 A period of IS (illite/smectite mixed layer mineral, R = 2). The d values of 060, generally

indicating octahedral composition, increase with Mg contents in octahedral cites (Fig. 48b).
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Fig. 48 Peak properties of beidelite-montmorillonite, Li tosudite and cookeite by XRD experiments.
(a) d value of 001 (or 002) and full-width half maximum (FWHM). (b) d value of 060 and FWHM.
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Table 11. 001, 060 reflections and the FWHM values with the chemical properties in specimens used

in Figure 48.

Specimen No. 001 FWHM 060 FWHM Clay mineral Origin Mg Fe Mn 2 MgrFerin AI(IV)
Ng132 Cloudy 1198 115 1502 0.83 Bd+(Ts+Cok) Kfs 024 004 002 030 049
Ng146 White 1486 105 1502 0.76 Mnt Ptl? 032 003 0.10 045 024
Ng130 Red 1465 131 1501 0.63 Mnt Ptl?Kfs?Ab?

XN351 Red 1512 143 1497 0.79 Mnt Ptl

XN351 White 1504 152 1494 092 Mnt Ptl

XN350 Red 1406 0.61 1488 0.68 Cok+(Mnt?) Ptl

Ng145 Grenn 1437 081 1495 059 Ts? ?

Ng134 Light blue 1444 033 1492 038 Cok+Ts Kfs 0.13 007 001 020 0.68
Ng132 Tanscelucent 1427 043 1491 0.47 Cok+(Ts) Kfs 008 002 002 0.11 0.76
Ng142 Inner 1420 085 1491 047 Cok+Ts? ?

Ng136 Light blue 1416 076 1.491 0.45 Ts+Cok Kfs

Ng139 White 1416 034 1489 038 Cok Kfs 000 0.00 0.00 000 0.76
Ng132 Spherical 1409 034 1489 032 Cok Kfs 000 0.00 0.00 000 0.76
Ng112 Spherical 1403 024 1489 028 Cok Kfs 0.00 0.00 0.00 000 0.79
Ng142 Pink 1412 027 1488 029 Cok ?

Ng134 White 14.21 030 1488 024 Cok Kfs 000 0.00 0.00 000 0.71
XN350 Pink vein in Ptl 1400 040 1488 0.56 Cok Ptl
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The TEM observations of K beidellite with Li tosudite, cookeite, and quartz revealed
their microtextures (Fig. 49). K beidellite forms aggregates were composed of a few platy grains
(1 pm in width and 200 nm in thickness) in a similar shape to montmorillonite observed by
SEM (Figs. 49b, 49c, 40b). The basal distance was 10.9 A, shrinking in vacuum, with frequent
stacking faults (Fig. 49d). Li tosudite aggregates consisted of platy grains (I um in width and
200 nm in thickness) (Figs. 49a, ). The long period reflection of 25 A was confirmed. The
HRTEM images show that there are cookeite rich layer and smectite rich layer in Li tosudite

(Figs, 50, 51).

Fig. 49 Microtextures of K beidellite (Ng132). (a) STEM HAADF image of K beidellite with Li
tosudite and quartz. (b) STEM HAADF image of K beidellite. (c) TEM image of K beidellite. (d)
HRTEM image of K beidellite. The basal layer distance was 10.9 A. (e) TEM image of Li tosudite.
(f) HRTEM image of Li tosudite. The basal layer distance was 25 A.
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Fig. 51 HRTEM images of Li tosudite in cookeite layer rich area (left) and smectite rich are (right).
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The clay minerals after primary minerals from the Nagatare Li pegmatite are generally
associated with black Mn aggregates or dendrites (e.g., Figs. 24, 39). The most of them were
identified as lithiophorite, (LiAL)(Mn*;Mn*")Os(OH)s, by XRD, EPMA, and TEM/STEM (Fig.
52). The lithiophorite sometimes associate todorokite. The occurrence of lithiophorite as Mn
oxide deposition indicates that all of Li released from dissolution of Li minerals was not
escaped from pegmatite; a part of Li is deposited as Mn oxide at late hydrothermal stage.
Lithiophorite has similar octahedral layer composed of LiAl,(OH)s as cookeite (Fig. 53). The

study of their stability and crystallographic property is required to reveal their behaviors.

o 15 gg3 X33
) B 1 L0 1

00 40 50 G0 700 BW 900 W0

Fig. 52 BSE images and TEM/STEM analyses of lithiophorite. (a) BSE image of lithiophorite on
cookeite and quartz (Ngl11). (b) Fine grained lithiophorite, showing platy signature. (c) Overlay
X-ray map image of lithiophorite (XN350). Red: Al Ko, green: Si Ko, blue: Mn Ka. (d) Energy
spectrum of lithiophorite in Figure 52c¢. (e) SAED pattern of lithiophorite in Figure 52c.

Cookeite Lithiophorite
Layer structure
Octahedral layer: Li*, AP
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FAWA
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= p Eoa
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Fig. 53 Layer structure of cookeite and lithiophorite. The chemical composition and crystal structure
are referenced by Post & Appleman (1994).
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6.3 Hydrothermal alteration process

In the Nagatare pegmatite, primary K-feldspar, petalite, Li tourmaline, and the
montebrasite-amblygonite series from Li rich part, were altered to clay minerals along the
fractures. K-feldspar was replaced by cookeite, muscovite, and quartz, or minor Li tosudite, K
beidellite, and quartz. Petalite was mainly altered to montmorillonite, beidellite and quartz. Li
tourmaline had alterations by muscovite and minor cookeite. The montebrasite-amblygonite
series was partially altered to various phosphates and muscovite. The detailed properties of each
clay mineral formed in alteration are summarized in Figure 54. For their morphological
properties, cookeite occurred as spherical aggregates in most cases. This is considered as the
result of nucleation and growth in open space after the dissolution of K-feldspar. The green
spherical muscovite is formed in a similar way. In addition, the curved shapes of cookeite, Li

tosudite, and beidellite-montmorillonite are derived from their stacking disorder structure.

| Cookeite Muscovite (sericite)
Layer structure Aggregate
Tetrahedral sheet ¢ )
(OH) sheet=] Z Octahedral sheet 100-200 pm
— [\ «—> Inter layer cation
Inter layer: Li*, AP’ 100 pm K+, (Na*) % -
14 3 10 A . <+—> <>
Octahedral sheet: Al° Grain A+ 500 uml1 0 pni
10 um _— 10
um
White massive 4_,:¢ Puple, white, green massive P i—
After K-feldspar 50 um After Li-tourmaline, K-feldspar 100 um
Li-tosudite Beidellite-montmorillonite
Li*, AP* _— g g H.O _—
“— ____ 2 <+—>
14 AAP 10 um eee /[ N 1 pm
29 Asse —— LY T
ca, (K) 15 Aglz AN 7
e®e AP, Mg, Fe?
15 A S _
E AP* Me2*. Fe2* I pm 200 nm
» Vg™, ke
Light blue clay <« Red, white, pink clay >
After K-feldspar 5 pm After petalite, K-feldspar I pm

Fig. 54 Detailed mineralogical properties of clay minerals formed by alteration of primary minerals
from the Nagatare pegmatite.
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As contrasted to cookeite and muscovite, the aggregates of Li tosudite and
beidellite-montmorillonite were extremely small, composed of a few grains. The low layer
charge of smectite layer causes fine grained structures of Li tosudite and
beidellite-montmorillonite consisted of only a few piled platy grains. In any case, primary
minerals were altered along the fractures at the early stage. When the reacted fluids are
sufficient to rocks, they are completely broken down. The supplied fluid contents are changed at
the later stage with transition to an open system. It is supported by the associated texture of
veinlet and massive clays. Partially altered Li tourmaline, petalite, and the
montebrasite-amblygonite series had inhomogeneous alteration texture even single crystals,
which indicates that the alteration process is strongly controlled by water/rock ratio, and
permeability. As for K-feldspar, however, there are two cases of highly or no alteration. In other
words, K-feldspar with minor veinlet clays as other partially altered minerals was not observed
in the Nagatare Li pegmatite. In the case of tourmaline, it has a selectable alteration
corresponding to the various chemical compositions, and only Al and OH rich Li tourmaline is
suffered alteration. In a similar way, there is a possibility that the selectable alteration occurred
corresponding to the chemical composition, crystal structure, or internal texture of K-feldspar.
Based on the mineralogical property of clay minerals and their microtextures, the
alteration process of petalite, K-feldspar, Li tourmaline, and the montebrasite-amblygonite
series is summarized in Figure 55. With decreasing temperature, Li chloritization, sericitization,
and smectitization had occurred at a hydrothermal stage in the Nagatare Li pegmatite. In weakly
acidic condition, K-feldspar breaks down with formation of cookeite + quartz releasing K* to
fluid. The transition to neutral condition from weakly acidic makes Li tourmaline unstable and
sericitization. At the late stage, additional alteration occurs by inflow of external fluids, and

petalite is unstable in the weakly acidic conditions with low Li* and K" activity at low
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temperature. Finally, Li and B released from minerals escape from the pegmatite rock with the
reaction fluids, while a part of released Li precipitated as lithiophorite on the surface of
pegmatite minerals. In the southwest part of Mt. Nagatare, the host granite has hydrothermal
alteration, and it is related to later alteration of the Nagatare pegmatite (Fig. 56).

Primary minerals

600 °C-500°C Petalite K-feldspar Li-tourmaline Montebrasite
300-200 MPa |LiAlSi, O,,] |KAISi; O] [NaLi; sAl sAL(BO,)Si 0 (OH)]  [LiAIPO,(OH, F)|

Reaction with pveakly acidic flui@l derived from me

450 °C
Log[Li'}/[H']= 2.5-4 @

KV TH + increase Secondary
Losl =23 Cookeite Cookeite }© Cookeite phosphates
350°C I. Li-chroritization M550 O _ Muscovite Muscoite
' Muscovite ! '
Log[Li'Y[H'] < 4 2M, + 1M +37)
250 °C Log[K'J/[H]=2.5-4 ¢ eie .
100MPa IL. Sericitization

and reaction with weakly acidic fluid derived from outside

Log[Li'}/[H] <4 . .
Log[K*V[H' 2,54 Beidellite Beidellite Li tosudite

Lithiophorite
[(LIAL)(Mn*;Mn*")O(OH),]
Montmorillonite
I11. Smectitization (@. To-host rock

Fig. 55 Hydrothermal alteration process of petalite, K-feldspar, Li tourmaline, and the
montebrasite-amblygonite series from the Nagatare pegmatite.

Fig. 56 Hydrothermal vein in host granite with ordinal granite texture from the southwest part of Mt.
Nagatare. The veins are enriched in clays and vugs associated with quartz and pyrite.
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Mineral paragenesis and alteration texture lead a restriction of Li pegmatite formation
conditions. Figure 57 shows the pressure-temperature path of pegmatites from magmatic to
hydrothermal conditions. In the case of Tanco pegmatite, Canada, the P-T path was indicated by
London (2008), based on occurrence of petalite, spodumene-quartz intergrowth, and
eucryptite-quartz intergrowth, and estimated by the conditions of fluid-inclusion entrapment

(Fig. 57). Though similar cooling history was expected for the Nagatare pegmatite, the

occurrence of petalite without spodumene and eucryptite indicates that the Nagatare pegmatite

follow different path, i.e. with lower pressure or different chemical condition.
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Fig. 57 Pressure-temperature path of pegmatites under the hydrothermal alteration conditions.
Stability diagrams in quartz saturated condition were calculated using standard state thermodynamic
properties from Vidal & Goffé (1991) and Holland & Powell (1998). The minimum-melting curve of
haprogranite in the presence of brines on Xu,0 = 1.0 is taken from Aranovich et al. (2013). The P-T
path of Tanco pegmatite were referenced from London (2008). Thermal gradient and depth are
estimated as continental crust (p = 2700 kg/m?). The general P-T range of rare element type and
miarolitic type pegmatite are shown as orange and light blue color zones based on Cerny (1991).

H>O solubility in a silicate melt was calculated by VolatileCalc (Newman & Lowenstern 2002).
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For comparison, the diagrams of log (avi+/au+) vs. log (ak+/aun+) corresponding to their P-T
condition were calculated (Figs. 58, 59). Li chloritization occurs in the condition of log
(aviv/aur) = 2.5-4.0 and log (ak+/au+) < 2.5 at 100-200 MPa and 325-425 °C, and the
non-equilibrated reactions leads increase of log (ax+/am:). The solution composition changes
from cookeite stable area to muscovite stable area with increase of log (ak+/au+). The mixture of
cookeite and muscovite after Li tourmaline is the evidence that solution composition stayed at
equilibrated area of muscovite and cookeite. Sericitization occurs in the condition of log
(avi+/aur) < 4.0 and log (ax+/an+) = 2.5-4.0 at 100-200 MPa and 225-425 °C. Under 100 MPa and
225 °C, solution composition bears in smectite stable area, which is not shown in figure and
located between kaolinite and muscovite stable area.

In vein type pegmatite such as Nagatare pegmatite, hydrothermal alterations occur with
exsolution of water from hydrosilicate melt, while pegmatites with cavity generally have pocket
clays. The pocket formation processes are considered as low pressure and temperature conditions,
and “dry” (open-space) cavities are also originally filled by dense clays than water fluids
(London 2014). Foord et al. (1986) reported the occurrence of cookeite, Li tosudite, and smectite as
pocket clays in cavities of complex granitic pegmatites from San Diego County. The occurrence of
cookeite as alteration product and pocket clay indicates that hydrothermal fluid containing Li
exsolves from hydrosilicate melt in any case. The pocket clays are statically formed on crystals in
cavity, while hydrothermal alteration dynamically occurs along fracture of minerals with

non-equilibrium reactions.
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CONCLUSION

The montebrasite—amblygonite series and lacroixite from the Nagatare Li pegmatite had
complex microtexture, which was scattered patch or lamella of lacroixite in the montebrasite—
amblygonite series like “natromontebrasite” in all specimens. The patch texture was composed
of lacroixite and low fluorine contents montebrasite with same crystal orientations to host
montebrasite. This texture is a result of an exsolution from high-temperature phase.

The montebrasite—amblygonite series from high temperature Li pegmatite with only
petalite as Li-aluminosilicate phase had low to high lacroixite contents, and the montebrasite—
amblygonite series from lower temperature Li pegmatite with spodumene had no or low
lacroixite contents. Gem-quality montebrasite from drusy vugs formed at low temperature had
no exsolution texture or lacroixite. Investigating microtextures of the montebrasite—amblygonite
series provides information of thermal and chemical conditions at pegmatite formation.
Synthetic experiment of the montebrasite-amblygonite series is required for more quantitative
approach.

K-feldspar, petalite, Li tourmaline, and the montebrasite-amblygonite series from the
Nagatare pegmatite were partially or perfectly altered to clay minerals such as cookeite,
muscovite, Li tosudite, and beidellite-montmorillonite. With decreasing temperature, Li
chloritization, sericitization, and smectitization had occurred in the Li rich part of the Nagatare
Li pegmatite. In weakly acidic condition, K-feldspar had breakdown, forming cookeite + quartz
with releasing K" to a hydrothermal fluid. As a result of the change from weakly acidic to
neutral condition, Li tourmaline had breakdown, and suffered sericitization. It is estimated that
Li and B escaped from pegmatite body with reaction fluids at last, while a part of released Li

was precipitated as lithiophorite on the surface of pegmatite minerals.
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In Li pegmatites, residual fluids containing Li react with primary minerals in
subsolidus conditions, and they make cation exchanges between fluids and solids. The changes
of fluid compositions with non-equilibrium reactions and a decrease of temperature controlled
hydrothermal alterations in Li pegmatites. Li pegmatites with no druse as the Nagatare Li
pegmatite have similarity of clay minerals to Li pegmatites with druse except for alteration of
primary minerals. More detailed studies of clay minerals in pegmatites including pegmatites

with druse are required. selectable alteration
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