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Transmission electron microscopy of muscovite alteration of tourmaline
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ABSTRACT

Partially sericitized tourmaline from a pegmatite was investigated using high-resolution
transmission electron microscopy (HRTEM). Fine-grained muscovite crystals form exten-
sive narrow veinlets preferentially developed along the {110} and {100} cleavages of
tourmaline, indicating that a cleavage-controlled alteration mechanism was dominant.
HRTEM images show that tourmaline-muscovite interfaces parallel well-defined {110} and
{100} of tourmaline. In general, (001) of muscovite paralels the ¢ axis of tourmaline, but
otherwise tourmaline and replacing muscovite lack crystallographically oriented relation-
ships. The muscovite consists of numerous 100 to 1000 A thick subparallel packets, and
the angles between (001) of muscovite and (110) of tourmaline are highly variable. Alu-
minous minerals other than muscovite were not observed as alteration products of tour-
maline, suggesting that the tourmaline reacted directly to form muscovite; the alteration
apparently involved residual fluids in which K+ was available and silica was not deficient.

INTRODUCTION

Tourmaline is a common boron-rich mineral in granitic
pegmatites and some metamorphic rocks (Henry and Du-
trow 1996; London et a. 1996). It is quite resistant to
weathering and typically occurs as a detrital minera in
sedimentary rocks and soils (Krynine 1946; Graham
1957; Allen et al. 1974). However, tourmaline in peg-
meatites may be partially sericitized or altered to various
aluminous minerals; most alteration of such tourmalineis
apparently caused by late magmatic fluids (Dietrich
1985). In addition to the aterations in pegmatites (cf.
Dietrich 1985), recent studies report tourmaline break-
down by hydrothermal fluids in ore deposits (Shaw et al.
1993; Slack 1996) and retrograde shear zones (Slack et
al. 1990).

Various minerals in pegmatites, especially Al-rich min-
erals, are subject to late sericitic replacement by residual
fluids (Cerny and Hawthorne 1982); K+ and H* metaso-
matism commonly results in assemblages containing
muscovite as an alteration product (Cerny and Burt 1984).
Aluminous mineras either react directly to form musco-
vite as afinal alteration product or indirectly through var-
ious intermediate stages as the fluids evolve and equilib-
rium is attained. Such alteration of aluminous minerasin
pegmatites can be found in spodumene (London and Burt
1982) and andalusite (Burt and Stump 1984; Ahn et al.
1988).

Alteration of rock-forming minerals can be investigated
in detail by use of high-resolution transmission electron
microscopy (HRTEM), which can reved reaction interfac-
es as well as crystallographic relationships occurring as a
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result of ateration (e.g., Eggleton 1984; Ahn et a. 1988;
Banfield and Eggleton 1990; Hochella and Banfield 1995).
In the present study, HRTEM of partialy sericitized tour-
maline was used to investigate the detailed mineralogical
and structural aspects of the ateration and to determine if
intermediate phases developed during the alteration.

SPECIMENS AND EXPERIMENTAL METHODS

The partially sericitized tourmaline comes from a peg-
meatite associated with the Harney Peak Granite at the

TaBLE 1. Representative electron microprobe analyses of

tourmaline and muscovite

Oxides (Wt%) lons per formula unit

Tourmaline Muscovite Tourmaline Muscovite
Sio, 35.69 SiO, 47.08 Sit 6.00 Si 3.08
ALO, 43.01 ALO, 3811 Bt 3.00 Al(Tet) 0.92
MgO 0.00 MgO 0.00 Al(2) 6.00 XTet. 4.00
FeO§ 0.41 FeO§ 0.08
MnO 2,57 MnO 0.12  Al(Y) 2.52  Al(Oct) 2.02
TiO, 0.26 TiO, 0.12 Mg 0.00 Mg 0.00
K,O 0.01 K,0 8.85 Fe 0.06 Fe 0.00
Na,O 2.26 Na,O 0.52 Mn 0.37 Mn 0.01
CaO 0.31 CaO 0.00 Ti 0.03 Ti 0.01
F 042 F 0.00 XY site 2.98 3Oct. 2.04
Total 84.94 Total 94.88

K 0.00 K 0.74
Na 0.74 Na 0.07
Ca 0.05 Ca 0.00
XX site  0.79 interlayer 0.81
F 022 F 0.00

* Muscovite formula normalized to O,,(OH),.

T Tourmaline formula normalized to 6 Si atoms.
F Boron assumed to be 3 ions per formula unit.
§ Total Fe reported as FeO.
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Ficure 1. BSE images of (a) partially atered and (b) highly altered tourmalines showing general alteration features. Note that
tourmaline (Tml) shows darker contrast than muscovite (Mus), which reflects the different average atomic numbers of the two
minerals. Fine muscovite veinlets are developed, in genera, along {110} and {100} of tourmaline. Both images are at the same
magnification.

Ficure 2. Low-magnification TEM image of atered tourmaline. Subparallel packets of muscovite layers occur as ateration
products inside the tourmaline crystal. White bars marked in the muscovite region indicate (001) of the muscovite aggregates.
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Ficure 3. HRTEM image showing boundaries between tourmaline (Tml) and muscovite (Mus). The muscovite layers are in
contact with well-defined (110) and (100) interfaces. The tourmaline image is a [001] projection, and muscovite shows (001) lattice
fringes. The inset shows an SAED pattern from the image.

core of the Precambrian terrane of the Black Hills, South
Dakota (Page et a. 1953; Redden 1963; Norton et al.
1964; Jolliff et a. 1986). The tourmaline crystal is dark
gray and 5 cm in diameter; white mica flakes devel oped
inside the crystal are macroscopicaly visible. Polished
thin sections were cut perpendicular to the ¢ axis of tour-
maline and mounted using Crystalbond, which melts near
120 °C and is soluble in acetone. Specimens were ana-
lyzed using an electron microprobe before electron mi-
croscopy. The general features of alteration were studied
using a petrographic microscope as well as by backscat-
tered electron (BSE) imaging with an electron micro-
probe. Electron microprobe anayses indicate that the
tourmaline is an olenite with significant Mn (Table 1).
The low total for tourmaline is consistent with the pres-
ence of hydrogen and boron.

Areas selected for TEM observation were covered by
3 mm washer grids using epoxy. The washer-mounted
specimens were detached from the glass slides by heating
and were cleaned using acetone prior to ion-milling.
Specimens were studied using a JEOL JEM-4000EX
transmission electron microscope equipped with a top-
entry stage having tilting angles of +15°, a spherical ab-

erration coefficient (C)) of 1.0 mm, and a structure reso-
lution of 1.7 A (Smith et a. 1986). A 40 um objective
aperture and a 150 pm condenser aperture were used for
HRTEM imaging.

REsuLTs

The degree of ateration of tourmaline to muscovite
varies even within a given crystal. Fine-grained musco-
vite aggregates replace tourmaline as narrow veinlets,
many of which are thinner than 5 wm (Fig. 1a); fine mus-
covite veinlets are developed, in general, along the {110}
and {100} cleavages of tourmaline, but some veinlets ex-
tend along irregular directions. In highly atered areas,
tourmaline crystals having irregular shapes form rem-
nants within muscovite (Fig. 1b). Thin muscovite veinlets
also occur within remnant tourmaline crystals. These fea-
tures indicate that the tourmaline-to-muscovite reaction
progressed along {110} and {100} of tourmaline at an
early stage of ateration.

In TEM images, muscovite tends to show brighter im-
age contrast than does tourmaline (Fig. 2), indicating that
the muscovite, which consists of numerous small crystal
aggregates, was ion-milled faster and is commonly thin-
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Ficure 4. HRTEM images and SAED patterns of tourmaline-muscovite interfaces showing different orientation relationships.
Angles between (001) of muscovite and (110) of tourmaline are approximately 49° and 26°, respectively, in (a) and (b). Note that
the (001) muscovite layers at the interfaces are partialy bent and deformed.

Ficure 5. HRTEM image showing an interface where (001)
of muscovite is roughly paralléel to the tourmaline boundary. The
tourmaline shows serrated features, and the angle between (001)
of muscovite and (110) of tourmaline is approximately 15°.

ner than the tourmaline. The muscovite mostly occurs as
packets whose thicknesses range between 100 and 1000
A; locally it shows separated gaps at the boundaries with
tourmaline (Fig. 2). In general, the muscovite packets are
subparalel, resulting in low-angle grain boundaries.
However, in some areas muscovite packets are nearly per-
pendicular to each other. Unreacted tourmaline crystals
remain within muscovite aggregates as small islands (Fig.
2), but minerals other than muscovite were not observed
in TEM images and selected-area diffraction (SAED)
patterns.

No distinct orientation relationship between tourmaline
and muscovite at the reaction boundaries can be unam-
biguously documented in low-magnification TEM images
(Fig. 2). However, HRTEM images revea that the inter-
faces consist of sharply defined tourmaline crystal faces.
Figure 3 shows that well-defined (110) and (100) faces
of tourmaline are in contact with (001) muscovite layers;
the angle between (001) of muscovite and (110) of tour-
maline is approximately 49°. The (001) lattice fringes of
muscovite lack unusual contrast at the interfaces with
tourmaline, suggesting that little or no strain or distortion
exist at the interfaces.
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Ficure 6. HRTEM images and corresponding SAED patterns of (a) muscovite and (b) tourmaline. (a) The (001) lattice fringes
of muscovite show two-layer periodicities (20 A) in part of the image as well as lenticular gaps. (b) The [001] tourmaline image
and SAED pattern exhibit well-ordered periodicities and sharp diffraction spots, respectively. A unit cell of tourmaline structure is

outlined on the image.

Altered tourmaline commonly shows (110) boundaries,
and the angle between (001) of muscovite and (110) of
tourmaline is variable; Figures 4a and 4b display values
of 49° and 26°, respectively. Figure 5 shows an interface
for which the angle between (001) of muscovite and (110)
of tourmaline is 15°, and the (001) of muscovite layers
are amost parallel to the tourmaline boundary. Muscovite
layers at some interfaces are partly bent, wrapping around
tourmaline crystal surfaces, and some muscovite layers
are deformed (Figs. 4a and 4b).

The muscovite mainly occurs as a two-layer polytype
without any interlayering of other sheet silicates, and
SAED patterns show weak streaking along c* indicating
the presence of minor stacking disorder (Figs. 4b and 6a).
TEM images display lenticular layer separations; such
gaps were apparently produced by electron-beam damage

(cf. Ahn et a. 1986). The SAED pattern of beam-dam-
aged muscovite shows diffuse 00l reflection spots in a
roughly circular pattern as a result of such fissures (Fig.
6a). Tourmaline has a well-ordered periodicity and lacks
any diffuseness in its [001] SAED pattern (Fig. 6b), in-
dicating that the tourmaline is aimost free of structural
defects.

DiscussioN AND CONCLUSIONS

HRTEM images show that the irregular tourmaline out-
lines observed in BSE images consist of combined {110}
and {100} boundaries (Figs. 3 and 4). The predominance
of {110} interfaces of tourmaline with respect to mus-
covite and the occurrence of (001) muscovite layers par-
alel to the ¢ axis of tourmaline suggest that a cleavage-
controlled alteration mechanism was dominant. Further-
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more, the relatively sharp interfaces of tourmaline at the
reaction boundaries indicate that the hydration reaction
progressed faster along the c axis direction than perpen-
dicular to it.

Muscovite packets produced from tourmaline occur in
subparalel orientations along (001) (Fig. 2), and the
boundaries between them show relatively sharp interfaces
in the [001] tourmaline images, indicating that the inter-
faces are extended parallel to the ¢ axis of tourmaline.
The structures of tourmaline and muscovite do not pos-
sess topotactic similarity, and therefore their interfaces
are not expected to have excellent structural fits at the
reaction boundaries. Although (001) of muscovite is par-
alel to the c axis of tourmaline, muscovite lacks a pre-
ferred orientation relative to {110} of tourmaline.

The electron microprobe data (Table 1) show that both
tourmaline and muscovite are highly aluminous and that
alteration occurred mainly through a hydration reaction.
The susceptibility of aluminous minerals to alter to form
sheet silicates was reported in the eucryptite-to-muscovite
ateration, where an Al/Si ratio of =1 is maintained (Lon-
don and Burt 1982). Additional examples can be found
in the andal usite-to-donbassite alteration (Ahn et al. 1988;
Ahn and Buseck 1988), and the margarite replacement of
andalusite in which an Al/Si ratio of =2 is preserved
(Velde 1971; Guidotti and Cheney 1976; Guidotti et al.
1979). Such replacements of Al-rich minerals by micas
are favored because the ateration reaction mainly re-
quires addition of alkali cations and H,O.

Our TEM and BSE imaging observations reveal that
tourmaline reacts directly to form muscovite without the
involvement of intermediate phases. When sericitization
occurs by late magmatic fluids in pegmatites, muscovite
forms directly from aluminous minerals or through inter-
mediate steps (Cerny and Burt 1984). Ahn et al. (1988)
showed that andalusite from a pegmatite reacts to either
muscovite + corundum or directly to donbassite (an Al-
rich di,dioctahedral chlorite) depending on the availahility
of K+ in the fluids. If the alteration reaction is balanced
assuming constant Al, the analyzed data (Table 1) could
result from an approximate reaction of tourmaline +
21K+ + 2.9S0, + 2.5H,0 = 2.9muscovite + 3.0B3+ +
2.20, + 0.5Na* with the involvement of minor elements
such as Mn, Fe, and Ca The formation of muscovite
directly from tourmaline suggests that the alteration was
caused by fluids in which K+ was available. Although B
can be incorporated in the muscovite structure (Foord et
al. 1991), the analyzed muscovite apparently does not
contain significant B, judging from its oxide total and
cation occupancies (Table 1). Therefore, tourmaline a-
teration would release B3+, and the late-magmatic reac-
tion of tourmaline to muscovite would result in akali
tetraborate melt species, addition of which to granitic
melt significantly increases the solubility of H,O (London
1986).

The dlightly lower Al/Si ratio of muscovite relative to
tourmaline results in a silica deficiency in the ateration
reaction; aluminous phases such as corundum or diaspore
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could form as by-products of auminous-mineral alter-
ation aslong as the supply of silicaislimited (Rose 1957,
Burt and Stump 1984). However, such aluminous phases
were not observed as ateration products in our study,
suggesting that alteration of the tourmaline did not occur
in a silica-deficient environment.
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