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ABSTRACT

Liddicoatite, a rare species of tourmaline, has been found in the McCombe pegmatite, of complex type and spodumene
subtype, an example of the LCT (lithium, cesium, tantalum) family. It is one of a group of beryl- and complex-type pegmatites
exposed along the Uchi — English River subprovincial boundary-zone, Ontario, in the Superior Province of the Canadian Shield.
The mineral assemblage containing zoned “fluor-elbaite”-liddicoatite crystals was the last product of primary, near-solidus crys-
tallization of the pegmatite and is unique not only to this subprovincial boundary, but also throughout the vast number of rare-
element pegmatites distributed across Ontario. The most calcic composition of liddicoatite analyzed here corresponds to
(CagsNags 0.1) (LizsAly2MngoFeg ) Alg(SigO1s) (BO3)3 (OH3z4F06). Other calcium-enriched species found in the McCombe
pegmatite include microlite (Ca;2Nags 0.2)(Ta1.sNbp3SN0.1)O06(Fo.70Ho 3), Ca-enriched almandine (Almgg sSps26.4Grszs.2), Ca-
enriched spessartine (Spsee.3Alm1g8Grsio), and fluorapatite. Evidence from progressively evolved units of the pegmatite and
mineral zonation shows that contamination of the pegmatite-forming melt occurred, and that fluids from the pegmatite migrated
out into the mafic metavolcanic host-rocks, creating a Li-, Cs-, and B-enriched metasomatic aureole. The evolution of the
pegmatite-forming melt resulted in increased activity of fluorine, and the essentially in situ fractionation of the contaminated melt
led to the crystallization of the rare-element-enriched minerals. Patterns of zonation seen in back-scattered-electron images show
that primary crystallization of columbite—tantalite, garnet and tourmaline species involved multiple episodes of growth and dis-
solution in a dynamic system. Liddicoatite was able to form, not because of any one of these processes, but because they all acted
together to concentrate both Li and Ca, a sequence of events that is apparently very rare in nature.

Keywords: tourmaline, liddicoatite, elbaite, rare element, lithium, tantalum, cesium, granitic pegmatite, host-rock interaction,
contamination, Ontario, Canada.

SOMMAIRE

Nous avons trouvé la liddicoatite, une espéce rare de tourmaline, dans la pegmatite granitique de McCombe, exemple d’une
pegmatite de type LCT (a lithium, césium, tantale) de type complexe et de sous-type a spodumeéne. C’est une pegmatite d’un
groupe a béryl et de type complexe affleurant le long de la frontiére entre les sous-provinces de Uchi et de English River en
Ontario, dans la Province du Supérieur du Bouclier Canadien. L’assemblage de minéraux contenant les cristaux zonés de “fluor-
elbaite”-liddicoatite était I’ultime produit de cristallisation primaire, prés du solidus du magma; I’assemblage est unique non
seulement le long de cette frontiére entre sous-provinces, mais aussi parmi le vaste ensemble de pegmatites enrichies en éléments
rares distribuées partout en Ontario. La composition la plus calcique de liddicoatite analysée correspond & (CagsNags o0.1)
(Liy5Al1 2Mng 2Feg 1) Alg(SigO1g) (BO3)3 (OH34F0 ). Parmi les autres especes enrichies en calcium dans la pegmatite de McCombe
se trouvent la microlite (Ca; o2Nags  0.2)(Taz.sNbo3Sng.1)Os(Fo.70Ho 3), I’almandine calcifere (Almyg 6Spsz6.4Grszs.2), la spessartine
calcifére (Spseg.3Almi95Grsig), et la fluorapatite. D’apres I’évidence venant des unités progressivement plus évoluées de la
pegmatite et de la zonation des minéraux, une contamination du liquide formateur de la pegmatite s’est produite, et les fluides
émanant de la pegmatite ont migré vers I’extérieur, pour former une auréole métasomatique enrichie en Li, Cs, et B dans
I’encaissant mafique métavolcanique. L’évolution continue du liquide granitique contaminé a mené a une activité accrue du fluor,
et a une cristallisation in situ des minéraux enrichis en éléments rares. Les tracés de zonation révélés par les images des électrons
rétrodiffusés montrent que la cristallisation primaire de la columbite—tantalite, du grenat et des espéces de tourmaline a impliqué
de multiples épisodes de croissance et de dissolution dans un systeme dynamique. La liddicoatite a pu se former, non a cause d’un
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seul de ces processus, mais parce qu’ils ont agi ensemble pour concentrer a la fois le Li et le Ca, séquence d’événements qui

semble trés inhabituelle dans la nature.

(Traduit par la Rédaction)

Mots-clés: tourmaline, liddicoatite, elbaite, élément rare, lithium, tantale, césium, pegmatite granitique, interaction avec

I’encaissant, contamination, Ontario, Canada.

INTRODUCTION

Liddicoatite has only been found in abundance at the
type locality and its analogues in Madagascar (Dunn et
al. 1977, Aurisicchio et al. 1999, Akizuki et al. 2001,
Dirlam et al. 2002). So unusual is it that Teertstra et al.
(1999a) referred to it as the “stranger in paradise” in
describing its occurrence in the High Grade Dyke, a
spodumene-subtype pegmatite in southeastern Manitoba,
Canada. The High Grade Dyke is a member of the Cat
Lake — Winnipeg River pegmatite field, belonging to
the Maskwa Lake pegmatite series, and outcrops mainly
in the Bird River Greenstone Belt, close to the English
River Subprovince. Interestingly, 330 km to the east of
this pegmatite but within a different subprovince, is the
M°Combe pegmatite, the subject of this paper. The only
other examples of liddicoatite reported worldwide are
from Mozambique (Sahama et al. 1979), Malkhan, Rus-
sia (Zagorskyi et al. 1989), the Czech Republic (Novak
& Povondra, 1995, Novéak & Selway 1997, unpubl. data
of J.B. Selway), Nigeria, Tanzania and Vietnam (Dirlam
et al. 2002) and Minas Gerais, Brazil (Bastos 2002,
Dirlam et al. 2002). As a further example of the rarity
of liddicoatite, only one of over 300 tourmaline-bearing
samples examined by the authors from a wide range of
Ontarian rare-element pegmatites and their host rocks
contains liddicoatite.

Liddicoatite is so rare because it contains substan-
tial amounts of the elements Li and Ca. In the normal
sequence of events, these elements are decoupled dur-
ing Li-enriched pegmatite formation. Typically, Ca en-
ters minerals in early-crystallizing endocontact and
border- to wall-zone assemblages (e.g., feldspar and
fluorapatite), whereas Li is concentrated in relatively
late-crystallizing phases such as Li-aluminosilicates
(spodumene or petalite) and lepidolite (Cerny 1991).

At the type locality in Madagascar, liddicoatite
formed because the pegmatite-forming melt was con-
taminated with marble host-rocks (Dunn et al. 1977),
whereas in Manitoba, Teertstra et al. (1999a) argued that
there was no influx of Ca into the pegmatite-forming
melt and suggested instead that Ca in the High Grade
Dyke could have been residual from the original bulk-
composition of the pegmatite. Interestingly, a similar
disparate set of views has been expressed for the origin
of elbaite-subtype pegmatites, as the Vlastéjovice peg-
matite in the Czech Republic is considered to be con-
taminated by host rocks (Novak & Povondra 1995),

whereas the O’Grady batholith in the Northwest Terri-
tories of Canada contains elbaite-subtype pegmatites
interpreted to be fractionated from a hornblende granite
(Ercit et al. 2003).

It is our purpose in this paper to examine these con-
flicting models in the light of evidence from the
McCombe pegmatite.

GEOLOGICAL SETTING OF THE McCoMBE PEGMATITE

The McCombe pegmatite is one of a number of rare-
element pegmatites that occur over a 350 km strike-
length of the boundary zone between the Uchi and the
English River subprovinces, in the Superior Province
of Ontario (Figs. 1la—c). The belt of pegmatites begins
in the west with the Sandy Creek beryl-type pegmatite
in the Ear Falls area and extend eastward to the Lilypad
Lake complex-type, spodumene-subtype pegmatite in
the Fort Hope area (Wallace 1978, Teertstra et al.
1999b). Rare-element mineralization is known in three
intervening areas, with beryl-type pegmatites at Jubilee
Lake and spodumene-subtype pegmatites at both Root
Lake and East Pashkokogan Lake (Breaks et al. 2001).

Fertile peraluminous granites that generated rare-el-
ement mineralization in this boundary zone have thus
far been postulated for the Sandy Creek pegmatite
(Wenasaga Lake batholith) and the Jubilee Lake peg-
matite group (Allison Lake batholith; Fig. 1c). The Root
Lake group of pegmatites (consisting of the Consoli-
dated Morrison and the larger McCombe pegmatites) is
also tentatively linked to the Allison Lake batholith,
which has its most chemically evolved region in the
southeast, nearest these pegmatites (Fig. 1c; Breaks et
al. 2003).

The McCombe pegmatite, consisting of two main
dykes, was discovered in 1956 during an exploration
boom for lithium (Pye 1956). The dykes were traced on
surface for a strike length of 550 m, and diamond drill-
ing (55 holes totaling 10,442 m) established 2.297 mil-
lion tonnes grading 1.3% Li,O (Mulligan 1965, p. 64).
The best exposure of these pegmatite dykes, situated
toward the western end, has been mapped and described
by Breaks & Bond (1993). Dyke 1 is the larger and is
intermittently exposed for a strike length of 176 m, with
a maximum width of 15 m. Dyke 2 is lens-shaped in
plan and measures 87 by 19 m.

Five internal divisions have been mapped in the two
M¢Combe dykes, although only the spodumene zone is
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of significant areal extent (Fig. 1d). 1) The tourmalinite
unit consists of massive tourmalinite that formed along
the contact with host rocks and the tourmaline—plagio-
clase-rich wall zone of Dyke 1. According to its local-
ized distribution and proximity to the pegmatite contact,
we suggest that it represents heavily modified host-rocks
rather than being a magmatic zone of the pegmatite. In
places, tourmaline concentrations are interlayered with
thin garnet-rich horizons. Muscovite and epidote also
are present. 2) The wall zone, a tourmaline—plagioclase-
rich pegmatite, consists of a thin, discontinuous zone,
best developed along the southern margin of Dyke 1
and, to a lesser extent, along the northern margin of
Dyke 2. There is some evidence that this is a contami-
nated unit, as it contains minor calcite and biotite—tour-
maline-rich clots that likely represent fragments of
partially digested host-rocks (selvedge). Minor garnet,
rare arsenopyrite and I6llingite are present. 3) The spo-
dumene zone, porphyritic with either a pegmatitic ma-
trix or an aplitic matrix, tourmaline-bearing and
K-feldspar-phyric, developed in both dykes, but the
matrix is particularly pegmatitic in Dyke 1 and aplitic
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in Dyke 2. This zone is characterized by white coarse-
grained porphyritic K-feldspar and prismatic beige,
white and green spodumene up to 8 cm long in the peg-
matitic matrix. 4) The aplite unit is tourmaline-bearing,
equigranular and K-feldspar-phyric, developed very lo-
cally in parts of the spodumene zone of Dyke 2. This
zone contains orange-red garnet, muscovite and lenticu-
lar quartz, which makes the aplite seem foliated. Spa-
tially, this unit and the lepidolite unit represent a very
minor component of the pegmatite and are therefore
referred to as a (minor) unit rather than a zone. 5) The
lepidolite unit consists of pods and seams that have
formed in close proximity to the tourmalinite unit of
Dyke 1, but within the spodumene zone. The volumetri-
cally minor lepidolite unit is not, however, insignificant,
as it appears to be the most evolved part of the pegma-
tite. It contains beige prismatic spodumene intergrown
with quartz.

The McCombe pegmatite intrudes massive and
pillowed mafic metavolcanic rocks with lenses of bi-
otite metawacke of the Lake St. Joseph greenstone belt
within the Uchi Subprovince. The mafic metavolcanic

Area shown in
Figure 1c

SACHIGa SUBRavInCe

Area shown in <~~~ o Lake
Figure 1b Supérlu[
r//" .

250 kilometres b
e —

Greenstone belt-rich subprovinces
Clastic metasedimentary-rich
subprovinces
Granite -rich subprovinces
Huranian supergroup and
Nipigon Diabase
Paleozolc cover rocks

IREEn

Rare-Element Pegmatites

(B Beryl-type, columbite-sublype

A Complex-type, lepidalite-subtype
&4 Complex-type, spedumene-subtype

A Complex-type, potalite-subtype

fOpanca
DUbOraRInGe

Wawa Subprovince

FiG. la.

Map of the Superior Province showing Ontario pegmatites mentioned in the text.
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Fic. 1c. Map showing the location of important bodies of granitic pegmatite along the

English River and Uchi Subprovince boundaries and associated with the Allison Lake
batholith. Compiled from Thurston et al. (1985a, b), Breaks & Bond (1993) and Breaks

et al. (2001).

rocks have been metamorphosed to the amphibolite fa-
cies. Unaltered, massive, fine-grained green amphibo-
lite is hornblende-rich (magnesiohornblende) with
common epidote, calcite, prismatic Carlsbad-twinned
plagioclase and minor pyrite, chalcopyrite, titanite. The
amphibolite is cross-cut by numerous veins of calcite.
The abundance of calcite in the amphibolite is reflected
by the elevated Ca and CO, contents (14.71 wt.% CaO,
1.33 wt.% COy) in bulk whole-rock compositions.
Closest to the pegmatite, metasomatized host-rocks
consists of abundant biotite and tourmaline with minor
holmquistite, hornblende and garnet. The metasomatic
biotite is a (Rb,Cs)-rich siderophyllite (Breaks et al.
2003). Slightly further away from the pegmatite con-
tact, the metasomatized host-rock is strongly foliated
and consists of abundant, fibrous, purple holmquistite,
minor hornblende and plates of biotite that wrap around
garnet porphyroblasts. Bulk whole-rock compositions
indicate depletion in Ca (4.78 wt.% Ca0O) and CO, (0.35
wt.% COy) relative to unaltered amphibolite, although
the holmquistite aureole contains several calc-silicate

accessory minerals: plagioclase, epidote and titanite.
The holmquistite aureole also contains localized areas
with approximately 20% of white armenite
(BaCayAlgSigO3p°2H,0) (Breaks et al. 2001, 2003).
Elsewhere, armenite is a species typically found in
interbedded mafic calc-silicates and pyritiferous gra-
phitic schists derived from dolomitic marls, as at Loch
Kander, in the Grampian Region of Scotland (Fortey et
al. 1991, 1993).

The presence of an inner biotite + tourmaline aure-
ole and an outer holmquistite-rich aureole indicates that
(Rb, Cs, B, Al, Li)-rich fluids migrated from the peg-
matite into the amphibolite host-rock. At the same time,
Caand CO, were depleted in the aureole rocks as horn-
blende was replaced with holmquistite. Assuming that
some (if not all) of the calcite in the unaltered amphibo-
lite existed prior to the intrusion of the McCombe peg-
matite, then its absence in the aureole rocks indicates
further loss of Ca and CO, during the metasomatic
process.
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Although mafic metavolcanic rocks appear to be the
dominant host-rock to the McCombe pegmatite, there
are isolated outcrops of an unaltered, foliated, fine-
grained biotite metawacke consisting of abundant
granoblastic quartz, platy aligned biotite and minor pla-
gioclase. Close to the contact, the metawacke to the east
and west of Dyke 1 contains accessory muscovite and
rare apatite, locally accompanied by plagioclase, horn-
blende, biotite, ilmenite and epidote. A bulk whole-rock
composition indicates 6.51 wt.% CaO for one such
sample.

EXPERIMENTAL METHODS

Mineral analyses were made in the Department of
Earth Sciences at the Open University with a Cameca
SX100 electron microprobe operating in wavelength-
dispersion mode. The following standards and X-ray
lines were used: synthetic LiF (FK ), jadeite (NaK ),
forsterite (MgK ), K-feldspar (AIK , SiK , KK ), syn-
thetic KCI (CIK ), rutile (TiK ), bustamite (MnK ,
CaK ), hematite (FeK ), willemite (ZnK ), Nb metal
(NbL ), Ta metal (TaL ), cassiterite (SnL ), synthetic
WO3 (WL ), crocoite (PbM ), synthetic ThO, (ThM ),
synthetic UO, (UM ), synthetic ScPO, (ScK ), Bi,Ses
(BiM ) and stibnite (SbL ). An operating voltage of 20
kV and probe current of 20 nA (measured on a Faraday
cage) were used, with abeam 10 m in diameter. Count
times varied from 20 to 80 seconds per element, and
data were corrected using a PAP correction procedure
(Pouchou & Pichoir 1985).

The chemical formula of tourmaline XY3Zg[TgO1s]
[BO3]3V3W and the nomenclature used here follow the
recommendations of Hawthorne & Henry (1999), where
X represents Ca, Na, ;Y = Li, Mg, Fe?*, Mn2*, Al, Zn,
Fed*, Ti**; Z = Mg, Al, Fe®*; T=Si, Al; B=B; V=0H,
O; W=0H, F, O. The species “fluor-elbaite”, “manga-
nofoitite”, “oxy-manganofoitite”, “oxy-liddicoatite” and
“hydroxy-liddicoatite” have not been formally de-
scribed, and are not yet IMA-sanctioned. They are theo-
retical end-members identified by Hawthorne & Henry
(1999). Other tourmaline-group species mentioned in
this paper include uvite, foitite, schorl, elbaite, rossma-
nite and liddicoatite.

Structural formulae were calculated on the basis of
31 anions, assuming stoichiometric amounts of H,O as
(OH), i.e., OH + F = 4 apfu (atoms per formula unit),
B,03 (B = 3 apfu) and Li,O (as Li*) (Burns et al. 1994,
MacDonald et al. 1993). The amount of Li assigned to
the Y site corresponds to the ideal sum ofthe T+Z +Y
cations (15 apfu) minus the sum of the cations actually
occupying these sites [Li=15—-(T+Z+Y)or Li=15
—(Si + Al + Mg + Fe + Mn + Zn + Ti)]; the calculation
was iterated to self-consistency. All Fe and Mn were
assumed to be divalent. We were unable to estimate the
amount of Fe3* or O (substitution for OH).

A Microsoft Excel™ worksheet was used to perform
structural-formula calculations of tourmaline and is
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available from the following web address: http://
www.open.ac.uk/earth-research/tindle

CoMmPOsITION OF THE MINERALS

An extensive electron-microprobe investigation of
various minerals from the McCombe pegmatite dykes
has revealed a highly evolved rare-element system
dominated by spodumene, (Rb-Cs)-rich K-feldspar and
a (Nb-Ta)-rich oxide assemblage of manganocolumbite,
manganotantalite, and microlite, occurring with minor
petalite, Cs-rich beryl, Rb- and Cs-rich lepidolite, garnet
(almandine—spessartine), fluorapatite, schorl, elbaite,
“fluor-elbaite” and liddicoatite, the latter representing the
most evolved lithium-bearing tourmaline composition yet
described in the Superior Province of Ontario. These data
are here described and compared with other rare-element
pegmatites from the Superior Province of Canada.

K-feldspar

Rb- and Cs-bearing K-feldspar has been analyzed
from three of the zones in the McCombe pegmatite
(Fig. 2a). Average Rb and Cs contents increase from the
spodumene zone to the aplite unit and increase further
in the lepidolite unit (1.56  1.84  2.07 wt.% Rb,O
and0.09 0.14 0.29 wt.% Cs,0, respectively). The
elevated values are similar to those in (Rb,Cs)-bearing
K-feldspar from Tanco (Tanco pegmatite, Lac du Bon-
net, Manitoba; A.G. Tindle, unpubl. data). In Ontario,
only feldspar from Pegmatite 7 (one of the Separation
Rapids pegmatites), Lilypad Lake and Falcon Lake
pegmatites contain appreciably higher rare-element con-
tents (Fig. 2a). Clearly, in the McCombe pegmatite, the
magma was able to fractionate so that rare elements at-
tained a greater degree of enrichment than most other
pegmatites in the Superior Province (including many not
shown on Fig. 2a; Breaks et al. 2003), but it does not
appear to have been aided by P-fluxing, as phosphorus
contents of the K-feldspar are relatively low (averaging
0.02 wt.% P,0s). This is in sharp contrast to certain
other petalite- and spodumene-subtype pegmatites in the
Superior Province, where the P content of (Rb,Cs)-en-
riched K-feldspar is much higher (e.g., at Lilypad Lake,
0.14%, at Tanco, 0.40%, at Swole Lake, 0.41%, at East
Pashkokogan, 0.62%, at Swamp (Separation Rapids),
0.72%, and at Falcon Lake, 0.80 wt.% P,Os.

Columbite-group minerals

Much of the Ta in the McCombe pegmatite is held
in euhedral crystals of manganocolumbite, which gen-
erally exhibit progressive or oscillatory zonation. Fig-
ure 3a shows manganocolumbite from the spodumene
zone that crystallized with subtle progressive zonation
in the core region, followed by crystallization of a po-
rous (fluid-inclusion-rich?) zone, again progressively
zoned. A period of dissolution followed before crystal-
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(a) Covariation of K/Rb versus Cs in K-feldspar of the McCombe pegmatite and other evolved pegmatites from the

Superior Province. (b) Composition of columbite—tantalite from the McCombe pegmatite plotted in terms of the columbite—
tantalite quadrilateral. The location of the compositional gap is based on results of 7400 analyses of ferrotapiolite and
columbite-tantalite from rare-element pegmatites of Ontario. For convenience, data on microlite are also plotted on this
diagram. The white square is the average of columbite—tantalite data from Tanco (Cerny et al. 1998). (c) Covariation of 'VAl
versus V'Al in micas. (d) Covariation of Cs versus K/Rb in micas. The structural formulae of the micas were calculated using
the method of Tindle & Webb (1990). Data on the Tanco pegmatite were taken from Rinaldi et al. (1972), Cerny & Macek
(1972), Cerny et al. (1998) & Teertstra et al. (1998). The remaining data were mainly published in Tindle et al. (2001) and
Tindle et al. (2002a). Pegmatite 7, Swamp Pegmatite and Marko’s Pegmatite are all from the Separation Lake area of north-

western Ontario.

lization began again, leaving behind a succession of
fluctuating thin oscillatory zones. Throughout this se-
quence, Ta varied from 36 to 43 wt.% Ta,Os, a rela-
tively modest change in composition. In a few samples,
there is a progressive increase of Ta from core to rim of
individual crystals, such that compositions fall in the
manganotantalite field (Fig. 2b), and Ta contents there
approach 70 wt.% Ta,Os. There does not appear to have
been a great increase in Ta between zones, as averages

within the spodumene zone and the aplite unit are 31.7
and 35.9 wt.% Ta,Os, respectively; although the dataset
consists of nearly 200 analyses from over 20 samples,
these figures may not be particularly representative be-
cause of the amount of zonation (and hence variable
composition) observed. One small crystal of ferro-
columbite was identified in a wall-zone sample, consis-
tent with this being an early-crystallizing zone, but data
are too sparse to be interpreted more fully.
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Unlike other pegmatites, such as the North Aubry
pegmatite, a spodumene-subtype pegmatite in the
Wabigoon Subprovince (Breaks et al. 2001, 2003), the
melt did not continue to be enriched in Ta in the
McCombe pegmatite, to produce extreme (end-member)
manganotantalite compositions, but instead formed
microlite. Microlite is not a widespread or common spe-
cies, and is only reported from the spodumene zone and
lepidolite unit, where it formed isolated crystals or thin
veinlets, such as those illustrated in Figure 3a. Parage-
netically, microlite most likely formed during protracted
fractionation of the pegmatite-forming melt and after
much of the pegmatite had solidified. The result is ei-
ther primary grains of microlite [Mn/(Mn + Fe) averag-
ing 0.92], especially in the lepidolite unit, or a mantle
of microlite [Mn/(Mn + Fe) averaging 0.43] replacing
earlier-formed columbite—tantalite. The main impor-
tance of microlite, however, is that it is both a Ca- and
F-rich species, and that it formed late in the evolution
of the pegmatite, both significant characteristics in our
efforts to understand the formation of liddicoatite.

FiG. 3.
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Micas

Rare-element enrichment also is found in micas from
the McCombe pegmatite. Muscovite is the most com-
mon species (Fig. 2c). In the spodumene zone, it forms
anhedral primary crystals averaging 1.33 wt.% Rb,0
and 0.07 wt.% Cs,0. In a few samples, the margin of
muscovite crystals has been replaced by minerals of the
lepidolite series, whose greatly increased rare-element
content (averaging 2.63 wt% Rb,0 and 0.58 wt% Cs,0),
indicates late enrichment and mobility of these elements
in late-magmatic fluids. Further enrichment occurs in
the lepidolite unit, where in massive lepidolite pods and
seams, the lepidolite-series minerals average 2.77 wt.%
Rb,0 and 0.95 wt.% Cs,0, and compositions approach
the (Li-F)-rich end-member, polylithionite (KLi,AlSiy
O10F,) (Fig. 2c). For Cs, this enrichment is more ex-
treme than that reported at Tanco (average 3.39 wt.%
Rb,0, 0.70 wt.% Cs,0; Rinaldi et al. 1972, Cerny et al.
1998). Greater enrichment of Cs in mica is, however,
reported from other pegmatites in the region (Fig. 2d),
notably at Separation Lake (Marko’s pegmatite) and

Back-scattered-electron (BSE) images. (a) Euhedral crystal of manganocolumbite showing multiple episodes of crystal-
lization, resorption and late veining by microlite in spodumene-zone sample RR8 (width of field of view 620 m). (b) Beryl
with irregular Cs-rich rim in spodumene-zone sample RR17 (width of field of view 1700 m). (c) Garnet with Ca-rich
overgrowth in wall-zone sample RR32B (width of field of view 950 m). (d) Irregularly shaped grain of garnet with a
complex pattern of zonation in which enrichment in Ca is pervasive; wall-zone sample RR32B (width of field of view 450 m).
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Pakeagama Lake, where nanpingite, with up to 23.07
wt.% Cs,0, is (rarely) found (Breaks & Tindle 2002;
A.G. Tindle, unpubl. data). As there is no muscovite in
the lepidolite unit of the McCombe pegmatite, the lepi-
dolite could be primary, but the possibility also exists
that it may have totally replaced earlier muscovite. The
occurrence of lepidolite-series minerals in pods and
seams suggests that these may have crystallized from
trapped pockets of residual fluid or hydrous melt within
the mostly consolidated pegmatite.

Further evidence for movement of rare elements in a
fluid phase is provided by the host rocks adjacent to the
pegmatite. Close to the pegmatite contact, mafic
metavolcanic rocks have been metasomatically altered
to a variable assemblage of holmquistite, magnesio-
hornblende, tourmaline, biotite, fluorapatite, epidote,
titanite and quartz. The biotite has a composition close
to siderophyllite, but with a rare-element content aver-
aging 1.53 wt% Rb,0 and 1.12 wt% Cs,0. This enrich-
ment could only have occurred by the escape of evolved
fluids from the pegmatite, thus confirming migration of
rare elements into the host rocks. During this event,
whole-rock Rb contents increased from 5-17 ppm Rb
in unaltered host-rocks to 116-324 ppm Rb in
metasomatized holmquistite-bearing host-rocks adja-
cent to the pegmatite.

Beryl
There is some evidence to suggest that Cs also was

concentrated in beryl in a similar way to that in mica.
Beryl is a commonly encountered accessory mineral in

the spodumene zone of the McCombe pegmatite, where
it forms euhedral to subhedral crystals typically with a
Cs content of 0.5 wt.% Cs;0. In a few cases, this pri-
mary composition has been modified (replaced) around
the margins of crystals by later Cs-rich fluids that have
raised Cs contents up to 2.76 wt.% (Figs. 3b, 4a). This
composition is comparable to beryl from Tanco (aver-
age 2.56 wt.% Cs,0; Cerny & Simpson 1977, Burt
1982, Cerny et al. 1998) and a few other Ontario
pegmatites (e.g., Tot Lake; average 2.50 wt.% Cs,0 and
East Pashkokogan; average 2.45 wt.% Cs,0: Tindle et
al. 2002a).

Garnet

The chemical composition of garnet in the pegma-
tite is restricted to the almandine—spessartine series, with
variable, but generally minor, Mg and Ca contents
(Cerny & Hawthorne 1982). In Figure 4b, we illustrate
this pattern of variation and compare garnet from the
McCombe pegmatite with that from other Ontario
pegmatites (Breaks et al. 2003; A.G. Tindle, unpubl.
data).

Garnet compositions from the wall zone, spodumene
zone and aplite unit of the McCombe pegmatite
(Table 1) become progressively Mn-rich, and approach
the end-member composition of spessartine in the lepi-
dolite unit, where Mn/(Mn + Fe?*) = 0.99 (equivalent to
SpSe3.8GrsssAlmy 2Adrg 7). Garnet from the lepidolite
unit also has a minor F content, up to 0.23 wt.%, and is
comparable to that noted by Teertstra et al. (1999a) in
the High Grade Dyke, Manitoba.
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Analytical traverses across zoned crystals of garnet
from the McCombe pegmatite show that Ca also is en-
riched toward the rim of crystals. In the wall zone, two
types of garnet are found; (i) those with Ca-poor
spessartine cores (Ca = 0.06 apfu) and marked Ca-rich
almandine overgrowths (0.78 < Ca < 1.04 apfu or
equivalent to 25-33% of the grossular component), in
which there appears to have been a rapid change in con-
ditions of crystallization and at which time appreciably
more Ca became available to the pegmatite-forming
melt (Fig. 3c); (ii) more irregularly shaped grains with
complex patterns of zonation (Fig. 3d) in which Ca-en-
richment is pervasive (0.65-0.92 apfu Ca, or equivalent
to 21-29% of the grossular component). The irregular
patterns suggest that disequilibrium conditions pre-
vailed.
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In the tourmalinite unit, localized concentrations of
garnet are interlayered with more tourmaline-rich re-
gions and have identical Ca-rich almandine composi-
tions (0.63-1.04 apfu Ca) to the overgrowths in the
wall-zone samples (Fig. 4b). We have already suggested
that the tourmalinite unit may represent selvedge de-
rived from host rocks. We further suggest that part of
this leaching or digestion process was the liberation of
Ca into the pegmatite-forming melt to produce local-
ized disequilibrium in the wall zone, because the peg-
matite-forming melt cooled too rapidly for equilibrium
to be attained.

Surprisingly, even though garnet crystals in samples
from the inner zones of the pegmatite do not show any
textures indicative of obvious disequilibrium or other
indications of contamination, they too have significant
grossular components. Relative to the majority of other

TABLE 1. COMPOSITION OF GARNET FROM THE McCOMBE GRANITIC PEGMATITE,
NORTHWESTERN ONTARIO

Tourmalinite Unit Wall Zone

Spodumene Zone Aplite Unit  Lepidolite Unit

modified contaminated magmatic

host-rock rim core

1 2 3 4 5 6 7 8 9 10 11
SiO, wt%  37.04 3738 37.33 37.35 36.58 36.76 36.37 3637 3676 36.54 36.29
TiO, 0.10 006 0.0 009 001 015 002 007 000 004 0.11
AlO, 20.56 2095 20.74 2057 2048 2046 2053 2032 2050 2040 20.28
Fe,0, 024 088 092 068 014 000 000 000 000 006 000
FeO 19.19 20.13 18.08 20.19 1423 1097 7.06 771 335 087 086
MnO 1535 992 1055 11.55 28.67 3096 31.66 34.14 3650 39.68 38.86
MgO 0.18 024 023 021 000 025 003 001 000 000 000
CaO 7.28 11.04 1217 974 038 057 335 080 211 217 272
P,0q 000 000 000 000 000 000 000 000 000 000 000
Y,0, 008 000 016 000 003 006 004 025 012 000 017
Zr0O, 000 000 007 000 000 000 001 000 000 000 001
S¢,0, 003 007 001 000 000 000 006 004 000 000 000
F 000 000 000 000 000 000 000 000 000 003 023
O=F 000 000 000 000 000 000 000 000 0.00 -001 -0.10
Total 100.04 100.67 100.36 100.38 100.51 100.18 99.13 99.71 99.34 99.78 99.43
Si apfu 3.002 2983 2983 3.000 3.004 3.014 2999 3.005 3.025 3.004 2.990
Ti 0.006 0.004 0.006 0.005 0.001 0.009 0.001 0004 0.000 0.002 0.007
Al 1.964 1.970 1953 1.947 1982 1977 1995 1978 1988 1976 1.969
Fe** 0.014 0.053 0.055 0.041 0.009 0.000 0.000 0.000 0.000 0.004 0.000
Fe** 1.300 1343 1.208 1.356 0.977 0.752 0.487 0.533 0.231 0.060 0.059
Mn 1.054 0.670 0.714 0.786 1.994 2.150 2211 2389 2544 2763 2712
Mg 0.022 0.029 0.027 0.025 0.000 0.031 0.004 0.001 0.000 0.000 0.000
Ca 0.632 0944 1.042 0.838 0.033 0.050 0.296 0.071 0.186 0.191 0.240
P 0.000 0.000 0.000 0000 0.000 0.000 0000 0000 0.000 0000 0.000
Y 0.003 0.000 0.007 0.000 0.001 0.003 0.002 0.011 0.005 0.000 0.007
Zr 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Sc 0.002 0.005 0.001 0.000 0.000 0.000 0.004 0.003 0.000 0.000 0.000
F 0.000  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.008 0.060
Total 7.999 8.001 7.999 7.998 8.001 7.986 7.999 7995 7.979 8.008 8.044

Calculation of the formula is based on 12 anions and § cations. The proportion of Fe,0; is inferred from

charge-balance considerations.
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granitic pegmatites in Ontario, garnet from the
McCombe pegmatite does appear to be Ca-enriched
throughout all zones (Fig. 4b). In the spodumene zone,
aplite unit and lepidolite unit, the garnet attains 0.32,
0.19 and 0.24 apfu Ca, equivalent to 10.9, 6 and 7% of
the grossular component, respectively. The McCombe
dataset can best be interpreted as predominantly of peg-
matite derivation, but the entire pegmatite appears to
have been contaminated with Ca from host rocks. Per-
haps surprisingly, given the predominance of mafic
metavolcanic host-rocks in the area, garnet in the peg-
matite is not similarly Mg-enriched. Possible sources for
the Ca are discussed later in this paper.

ToURMALINE COMPOSITIONS

The McCombe pegmatite represents a boron-rich
system in which tourmaline crystallized in all internal
zones. Its greatest abundance is in the tourmalinite unit,
where it forms thick foliated masses of black prismatic
grains up to 5 mm in length. This schistose appearance
is atypical of pegmatite crystallization; more likely, the
tourmalinite unit represents remnants of leached or par-
tially digested and recrystallized host-rocks (Fig. 5a).
The tourmaline grains are strongly pleochroic and vary
in color (in plane-polarized light) from straw brown to
deep brown, occasionally with a bluish or orange-brown
core. Compositionally, they are best described as schorl,
but their relatively high Ca and Mg contents indicate
that they are actually members of a schorl-uvite solid-
solution series (Table 2).

Wall-zone samples contain abundant black to deep
bluish prismatic tourmaline up to 3 cm in length, with
complex zonation in many samples. Progressive zona-
tion is common and, in thin section, the colorless, pale
blue or pale yellow core is rimmed with deep blue or
brown tourmaline (Figs. 5b—d). The junction between
core regions and the rim is complex and best described
as areaction junction. Figure 5d is a back-scattered-elec-
tron image of tourmaline from a sample of the wall zone
illustrating a core region with perhaps three phases of
growth (some oscillatory) and mantled with a rim that
appears to be reacting (via thin filaments) with the core
region internally and yet producing an almost euhedral
external form. Collectively, the core regions of such
grains define an evolutionary trend from foitite to schorl
and elbaite, whereas the rim changes in composition
from foitite through schorl until it reaches a composi-
tion identical to the (Ca,Mg)-rich schorl found in the
tourmalinite unit.

The standard diagrams used for tourmaline classifi-
cation (Figs. 6a—c) illustrate the chemical variation of
tourmaline in the tourmalinite unit and the wall zone of
the pegmatite. Substitution of Mg for Fe?* (coupled with
Ca for Na at the X site) is the reason some schorl data
plot along the Y axis and outside the field of schorl in
Figure 6¢. It is clear from these plots that the rim of
wall-zone tourmaline is intermediate in composition
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between two clearly defined end-members (i.e., schorl
and uvite). The partially crystallized pegmatite-forming
melt thus was most likely locally contaminated with
mafic metavolcanic host-rocks. Crystallization of tour-
maline continued, and as the host rocks were digested,
they released Ca, Mg (and other elements) into the melt,
causing a rapid change in composition of the later-
formed tourmaline as the remaining melt solidified. It
is, of course, possible that (Ca,Mg)-rich fluids migrated
from the host rocks into the pegmatite-forming melt
during its emplacement, but there is evidence, in the
form of selvedge, that makes it more likely that the con-
tamination occurred owing to host-rock leaching or di-
gestion (assimilation). This model of pegmatite
contamination is consistent with that described by
Tindle et al. (2002b) for petalite-subtype pegmatites
elsewhere in Ontario (Fig. 6d).

In the spodumene zone, tourmaline is less common
and forms black, dark blue or dark green prismatic
grains that reach 1 cm in length. Tourmaline is invari-
ably less abundant than spodumene, within which it is
locally included. Under the microscope, the tourmaline
usually shows a degree of progressive zonation, particu-
larly where basal sections are encountered. Colors are
pale blue or pale green (Fig. 5€). In some cases, the
colored core gradually grades to an almost colorless rim
(Fig. 5f). A wide range of compositions from foitite to
schorl, to elbaite, and finally to “fluor-elbaite” is present
in this zone (Table 2). These compositions follow the
same trend as the magmatic tourmaline of the wall zone,
and extend it toward more evolved compositions. A
small number of rim compositions indicates that slight
pegmatite — host-rock interaction has occurred in a few
cases (green squares, Figs. 7a—d). Rarely, filaments with
rim compositions similar to those illustrated in Figure
5d are seen infiltrating the cores of tourmaline grains,
but there is no well-developed (Ca,Mg)-rich rim, as seen
in tourmaline from the wall zone.

Fic. 5. Photomicrographs of tourmaline. (a) (Ca,Mg)-rich
schorl (green, brown) and Ca-rich almandine (colorless) in
tourmalinite unit RR10. Width of field of view 5 mm. (b)
Small euhedral and larger fractured grains of foitite—schorl
in wall-zone sample RR32B. Width of field of view 1.1
mm. (c, d) Crystals of foitite — schorl — (Ca,Mg)-rich schorl
in wall-zone sample RR32B; photomicrograph and a back-
scattered-electron (BSE) image of same grain. Width of
field of view: 1.2 mm. (e) Crystals of schorl-elbaite in
spodumene-zone sample RR12. Width of field of view 0.7
mm. (f) Crystal of elbaite—“fluor-elbaite” in spodumene-
zone sample RR17. Width of field of view 0.85 mm. (g)
Crystals of elbaite—“fluor-elbaite” in aplite-unit sample
RR28. Width of field of view 2.3 mm. (h) Crystal of
elbaite—“fluor-elbaite” (core) transitional to liddicoatite
(rim) in lepidolite-unit sample RR11. Width of field of view
0.8 mm.
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Fic. 6. Covariation in tourmaline of the schorl-uvite series from the tourmalinite unit and wall zone of the McCombe pegmatite.
(a) X-site compositional variation. (b) FeZ*/(Fe?* + Mg) at the Y site versus Ca/(Ca + Na) at the X site. (c) Al/(Al + Fe?*) at the

Y site versus Na/(Na +

, vacancy) at the X site. The limitation of plotting (Ca,Mg)-rich schorl on this diagram is shown by

data from the tourmalinite unit. Despite being of schorl composition, these data plot along the Y axis and outside the field of
schorl. (d) Li + Mn (apfu) versus Ca + Mg + Ti (apfu) after Tindle et al. (2002b). These diagrams illustrate the two main types
of tourmaline that formed due to (i) pegmatite — host-rock interaction and (ii) an essentially magmatic process (fractional

crystallization).

Spodumene-zone tourmaline initially follows a simi-
lar trend to magmatic tourmaline from the wall zone
(Figs. 7a,b), starting with foitite and with increasing
evolution of the pegmatite-forming melt developing
schorl, elbaite and finally “fluor-elbaite” compositions.
There is, however, no clear continuum of compositions
on the (Li + Mn) versus (Mg + Ti + Ca) diagram (Figs.
6d, 7c), as wall-zone samples fall predominantly below
the magmatic — mixed origin line (Mg + Ti + Ca=0.14
apfu), whereas the spodumene-zone samples are above
this line. This step in compositions suggests that mag-

matic wall-zone tourmaline crystallized from a primary
uncontaminated pegmatite-forming melt and that there
was a major contamination event (mainly due to an in-
flux of Ca) before the spodumene-zone tourmaline crys-
tallized. Some of this contamination is reflected in rim
compositions of wall-zone tourmaline, but the event was
sufficiently intensive that the remainder of the pegma-
tite-forming melt also was affected. As a result of this
contamination event, tourmaline from the wall zone and
the spodumene zone effectively crystallized from two
similar but quite distinct parental magmas, although
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their source composition was the same. The use of tour-
maline compositions as a monitor of contamination has
been discussed previously by Tindle et al. (2002h).
Tourmaline from the aplite unit of the pegmatite is
typically dark green in color and forms smaller
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(<0.5 cm), more elongate (needle-shaped) crystals than
those in the spodumene zone, but both in its color under
the microscope (Fig. 5g) and chemically (Fig. 7), it is
similar to spodumene-zone tourmaline. Laths of tour-
maline and albite in the aplite unit have a parallel orien-

TABLE 2. COMPOSITION OF TOURMALINE FROM THE McCOMBE GRANITIC PEGMATITE, NORTHWESTERN ONTARIO

Tourmalinite Unit ~ Wall Zone Wall Zone Spodumene Zone Aplite Unit Lepidolite Unit
modified host-rock  contaminated magmatic
CaMg Ca,Mg CaMg “Fluor- “Fluor- “Fluor-
Schorl Schorl Schorl Schorl Foitite Foitite Schorl  Elb  Foitite Schorl Elb  Elb” Elb  EIb” Elb Elb” Lid Lid
1 2 3 4 5 (] 7 8 9 10 11 12 13 14 15 16 17 18
Si0, wt% 35.02 3501 34.06 3471 3474 3529 35.04 3594 3500 33.93 3548 34.60 35.05 35.08 34.70 37.06 37.43 37.60
TiO, 122 073 077 050 029 0.12 017 014 0.11 042 029 032 032 013 035 007 002 003
AlLO; 28.70 29.94 29.96 32.46 3443 35.18 35.57 36.94 34.85 3553 36.84 35.87 35.30 3847 36.79 38.62 39.36 3841
FeO 11.02 11.66 1294 1355 1227 1140 942 678 1047 859 545 809 883 1.57 618 134 090 088
MgO 6.16 476 420 141 105 029 031 014 058 043 009 036 041 010 022 001 000 0.00
CaO 213 141 170 078 024 005 029 046 006 039 096 035 034 150 061 214 244 275
MnO 008 006 008 024 034 08l 089 158 080 094 170 1.06 097 379 129 205 177 143
ZnO 004 009 0.13 045 052 1.79 216 056 193 233 177 244 195 047 249 036 036 044
Na,O 162 180 165 1.65 130 141 201 214 151 192 202 212 204 192 215 151 135 1.6
K,O 003 003 002 003 003 002 003 001 002 003 002 002 003 002 002 000 001 001
F 041 040 035 0.5 000 014 044 084 037 044 087 057 063 118 093 118 115 1.26
Cl 000 000 001 001 0.01 000 001 000 000 000 000 000 001 000 000 001 001 0.00
H,0* 336 335 333 347 355 353 340 327 348 345 325 308 336 311 319 319 325 317
B,O,* 10.31 10.27 10.16 10.26 10.30 10.42 1046 10.63 10.34 10.61 10.60 10.64 10.64 10.64 10.5I 10.89 11.02 10.93
Li,O* 0.18 020 011 031 022 028 062 1.14 028 061 123 158 073 157 098 204 217 228
Total 10029 99.72 99.48 99.98 99.31 100.72 100.81 100.57 99.79 99.62 100.55 101.12 100.63 99.55 100.40 100.48 101.23 100.35
O=F 0.17 017 0.15 006 000 0.06 018 035 0.5 0.19 037 024 027 050 039 050 048 053
Total* 100.11 99.55 99.33 99.92 99.31 100.66 100.63 100.21 99.63 99.44 100.18 100.87 100.36 99.06 100.01 99.98 100.74 99.82
T Siapfu 5903 5928 5.829 5.879 5.859 5.885 5.823 5.874 5903 5.727 5.818 5.859 5.840 5729 5740 5916 5.906 5.979
Al 0.097 0.072 0.171 0.121 0.141 0.115 0.177 0.126 0.097 0.273 0.182 0.141 0.160 0.271 0.260 0.084 0.094 0.021
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Z Al 5.605 5902 5.873 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Mg 0.395 0.098 0.127 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe™ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Y Al 0.000 0.000 0.000 0.360 0.703 0.800 0.790 0.991 0.796 0.796 0.937 1.084 0.772 1.134 0913 1.180 [.225 1.176
Ti 0.154 0.093 0.099 0.064 0.037 0.015 0.021 0017 0.014 0.053 0.035 0.016 0.041 0016 0.044 0.008 0.003 0.003
Fe™* 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mg 1.152 1.103 0.945 0.357 0.264 0.073 0.076 0.035 0.143 0.109 0.021 0.013 0.101 0.025 0.054 0.001 0.000 0.001
Mn 0.011 0.008 0.012 0.035 0.048 0.114 0.125 0.219 0.122 0.135 0.236 0.417 0.136 0.524 0.180 0.278 0.236 0.192
Fe** 1.554 1.651 1.852 1.920 1.731 1.589 1.309 00927 1513 1212 0.748 0.386 1.231 0.214 0855 0.179 0.118 0.117
Zn 0.005 0011 0016 0.056 0.065 0.221 0.265 0.067 0.222 0.291 0214 0.044 0240 0.057 0304 0.042 0.042 0.051
Li* 0.124 0.135 0.076 0.214 0.151 0.188 0.414 0.747 0.190 0.405 0.808 1.041 0.479 1.030 0.649 1.312 1.377 1.460
Sum 3.000 3.002 3.000 3.005 2.999 2.999 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
X Ca 0.385 0.256 0.312 0.142 0.043 0.009 0.052 0.081 0.009 0.070 0.169 0.210 0.060 0.262 0.108 0.366 0.413 0.469
Na 0.531 0.592 0.546 0.543 0.426 0.455 0.648 0.677 0.441 0.629 0.642 0.642 0.658 0.607 0.688 0.468 0413 0.357
K 0.006 0.006 0.004 0.006 0.006 0.004 0.007 0.003 0.005 0.006 0.003 0.004 0.007 0.005 0.005 0.000 0.002 0.003
] 0.078 0.146 0.138 0.309 0.524 0.532 0.294 0.239 0.545 0.294 0.186 0.144 0274 0.127 0.199 0.166 0.173 0.171
OH 3.779 3.787 3.805 3.919 3.997 3.928 3.769 3.564 3.898 3.763 3.550 3.357 3.665 3.390 3.515 3.401 3425 3.367
F 0.220 0.213 0.191 0.079 0.000 0.072 0.230 0.436 0.102 0.236 0.450 0.643 0.333 0.610 0.485 0.597 0.574 0.633
Cl 0.001 0.000 0.004 0.002 0.003 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.003 0.000 0.000 0.002 0.001 0.000

Structural formulae are based on 31 anions (O, OH, F). * The proportions of H,O, B,0; and Li,0 are calculated on the basis of stoichiometry. Mineral
symbols used: Elb: elbaite, “Fluor-elb™: “fluor-elbaite”, Lid: liddicoatite. Ca,Mg schorl is an abbreviated way of saying (Ca,Mg)-enriched schorl.
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Covariation in tourmaline of the foitite — schorl — elbaite — “fluor-elbaite” series from the spodumene zone and aplite unit

of the McCombe pegmatite. Data on elbaite — “fluor-elbaite” — liddicoatite from the lepidolite unit also are plotted and
compared with selected data on liddicoatite from Madagascar (Dirlam et al. 2002; A.G. Tindle, unpubl. data). (a)

Compositional variation at the X site. (b) Al/(Al + Fe) at the Y site versus Na/(Na +

, vacancy) at the X site. See Selway et

al. (1999) for further explanation of boundaries between species. (c) Li + Mn (apfu) versus Ca + Mg + Ti (apfu) after Tindle
et al. (2002b). See Selway (d) Al/(Al + Fe?*) at the Y site versus Ca/(Ca + Na) at the X site. Note that this diagram does not

account for Li in elbaite and liddicoatite.

tation that gives the samples a foliated texture. Spo-
dumene is less common in the aplite unit than in the
spodumene zone.

There is a great deal of overlap in the compositional
range of spodumene-zone and aplite-unit tourmaline
(Figs. 7a,b), although foitite is absent from the latter.
This overlap is consistent with the hypothesis that the
aplite unit formed slightly later than the spodumene
zone. In the Bob Ingersoll pegmatite, Black Hills, South
Dakota, the overlap suggests a high degree of interzonal
communication during crystallization. Alternatively,
such overlaps in composition may result from extreme

fractionation during late crystallization of one zone,
overlapping with early crystallization of a later zone
(Jolliff et al. 1987). There does not appear to have been
additional contamination of the pegmatite-forming melt
between the spodumene zone and the aplite unit of the
McCombe pegmatite, as there is no step in (Mg + Ca +
Ti) content between them (Fig. 7c).

The lepidolite unit of the McCombe pegmatite is
spatially quite small, occurring as mica-rich pods and
seams particularly close to the southern margin of Dyke
1. It is, however, an important component of the peg-
matite, as it crystallized from the most evolved part of
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the pegmatite-forming melt (or perhaps from residual
fluids) and is the host for liddicoatite. In this unit, tour-
maline is a rare phase, forming tiny (<0.25 mm) olive-
green needle-shaped crystals among the foliated albite
and lepidolite. Figures 7b and 7c show that the tourma-
line from this unit is overall more evolved than that from
earlier zones, with a compositional range from elbaite
to “fluor-elbaite” and to liddicoatite. Even in an indi-
vidual crystal, these three species can be found, with
elbaite forming the core, and liddicoatite, the rim. These
different species are not distinguishable in an optical
image (Fig. 5h).

Figure 7d shows the entire dataset for tourmaline
from the McCombe pegmatite. With it, we define a new
diagram for the classification of (Li—-Ca)-dominant tour-
maline. This diagram has the advantage of being able to
display both tourmaline that has undergone pegmatite —
host-rock interaction [foitite — schorl — (Ca,Mg)-rich
schorl] and magmatic tourmaline (foitite — schorl —
elbaite — “fluor-elbaite” — liddicoatite) as linear arrays,
and it also allows elbaite and liddicoatite to be distin-
guished. It does not pick out the step in composition
from wall-zone to spodumene-zone tourmaline, nor does
it display (Ca,Mg)-rich tourmaline well (these data fall
along the Y axis). Thus it does have limitations and
should be used in conjunction with other diagrams.
Boundaries between species have been calculated by
initially establishing the end-member values: elbaite: Al/
(Al + Fe) = 1.5/1.5 = 1, Ca/(Ca + Na) = 0; schorl: Al/
(Al + Fe) = 0, Ca/(Ca + Na) = 0; liddicoatite: Al/(Al +
Fe) = 1/1 =1, Ca/(Ca + Na) = 1/1 = 1; feruvite: Al/(Al
+ Fe) =0, Ca/(Ca + Na) = 1/1 = 1. For clarity, the end-
member compositions are not plotted on Figure 7d. The
mid-point between schorl and elbaite at the Y site con-
tains Fej sAlp75Lio 75, and corresponds to Al/(Al + Fe)
= 0.75/(0.75 + 1.5) = 0.3333, Ca/(Ca + Na) = 0. The
mid-point between feruvite and liddicoatite at the Y site
contains Fe; sAlgsLiy o, and corresponds to Al/(Al + Fe)
=0.5/(0.5 + 1.5) = 0.25, Ca/(Ca + Na) = 1.

LiTHIUM VARIATION IN TOURMALINE

Lithium has already been shown to vary markedly
during the evolution of tourmaline compositions in
petalite-subtype (Selway et al. 2000, 2002, Tindle et al.
2002b), lepidolite-subtype (Selway et al. 1999) and
elbaite-subtype pegmatites (Selway et al. 1999, Novak
& Povondra 1995). It is our purpose in this section to
discuss the behavior of lithium in the McCombe peg-
matite, a spodumene-subtype pegmatite (albeit an un-
usual one). To aid comparisons, the format of the
diagrams follows that of Tindle et al. (2002b), who sum-
marized why Li has been chosen as an indicator of frac-
tionation. These diagrams are particularly useful for
examining substitution schemes too, as many tourma-
line end-member compositions can be represented on
them.

785
Li versus Mg covariation

Magnesium (at the Y site) is uniformly low in all
magmatic samples from the M°Combe pegmatite, vary-
ing from 0.2 apfu to 0.1 apfu as Li approaches 0.8 apfu
(Fig. 8a). At this point, there is a small step to lower Mg
nearer 0.05 apfu, before further fractionation (shown by
increasing Li values) takes compositions to near the Mg
detection limit in the liddicoatite samples. The step co-
incides with the end of wall-zone crystallization, but
crystallization of the spodumene zone, aplite unit and
lepidolite unit crosses over it. Compositions of tourma-
line from the tourmalinite unit, rim compositions of
wall-zone tourmaline and a few compositions of con-
taminated spodumene-zone tourmaline define a low-Li
— high-Mg array consistent with the crystallization of
rim compositions after the pegmatite-forming melt in-
teracted with Mg-rich host-rocks. A similar pattern of
variation (but with more scatter) occurs with Ti (not
depicted here). Not apparent from Figure 8a is the sig-
nificant Mg at the Z site (Mg 0.4 apfu) in the
tourmalinite unit and in some rims from the wall zone
(Table 2).

Li versus Fe2* covariation

Figure 8b illustrates the major Y-site substitution
scheme operating in magmatic tourmaline in the
McCombe pegmatite: 2Fe?* Al + Li. In the tourma-
linite and contaminated wall-zone samples, this substi-
tution still operates, but is replaced by Fe?* (Mg +
Ti) substitution in certain Mg-rich samples. As a pecu-
liarity of this diagram, it shows a linear trend from foitite
to elbaite and excludes schorl compositions, but this
anomaly arises because other Y-site data are not plot-
ted.

Li versus Al covariation

Aluminum is plotted separately from Fe?* to illus-
trate a further scheme of substitution operating on the
most evolved lepidolite-unit samples (Fig. 8c). Unlike
many of the liddicoatite compositions from Madagas-
car (Dirlam et al. 2002), which fall along an elbaite-
liddicoatite line, the liddicoatite data from the McCombe
pegmatite fall along a line that more closely follows an
“oxy-manganofoitite” to liddicoatite substitution. The
remaining magmatic samples form a linear array domi-
nated by the 2Fe?* Al + Li substitution. All the con-
taminated wall-zone samples drop off this array to lower
Al values, where they become Al-deficient (at the Y site)
in the (Ca,Mg)-rich schorl of the tourmalinite unit.

Li versus Mn covariation
The pattern of manganese variation in magmatic

tourmaline from the McCombe pegmatite is very dif-
ferent from that of other elements discussed so far, as
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with increasing Li, there is first a rise (to above 0.5 apfu
Mn) followed by a steep drop to 0.2 apfu Mn in the most
evolved liddicoatite-bearing sample (Fig. 8d). A simi-
lar pattern was observed in tourmaline from the Black
Hills, South Dakota by Jolliff et al. (1986). They ex-
plained this trend as one of a sequence of hiatuses caused
by high-field-strength elements being favored at higher
temperatures, and the successively lower field-strength
elements, ideally peaking at lower temperatures. Using
Fe + Mg as an index of increasing fractionation and
decreasing temperature index, Jolliff et al. (1986) pre-
dicted maximum Y-site occupancies in the order Ti, Mg,
Fe, Zn, Mn, (Li + Al) and were able to show how im-
portant a factor crystal-chemical control is on the over-
all compositional trends of tourmaline.

In Figure 8d, we show the development of the “oxy-
manganofoitite” to liddicoatite substitution in the lepi-
dolite unit. This substitution scheme ( + Mn + Al
Ca + Liy) has apparently not been described previously,
although Tindle et al. (2002b) have described the
mechanism of the “oxy-manganofoitite” to elbaite sub-
stitution in tourmaline from the Separation and
Pakeagama Lake pegmatites of northwestern Ontario.
What is not obvious from Figure 8d is why there is such
a wide scatter in data on magmatic tourmaline at Li =
1.0 apfu. It may be that at this point in the crystalliza-
tion sequence, the crystallization of lepidolite-group
minerals began, into which Mn was preferentially parti-
tioned.
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Li versus Zn covariation

The observed negative correlation of Zn with Li in
magmatic tourmaline from the McCombe pegmatite is
very different from the prediction of a Zn hiatus at a
higher temperature than Mn, as discussed by Jolliff et
al. (1986). There also appears to be three subparallel Zn
trends, offset to slightly higher Li values in the order
wall zone, spodumene zone and aplite unit (combined),
and lepidolite unit. This trend can be explained by the
formation of individual zones with a certain degree of
independence from one another. It is possible that Zn
concentrations in wall-zone tourmaline may have been
lowered owing to contamination effects; metasomatized
holmquistite-bearing host-rocks close to the pegmatite
have much higher Zn contents (95-215 ppm) than unal-
tered host-rocks further away (51-74 ppm), however,
indicating that Zn is moving out of the pegmatite, rather
than moving into it from the host rocks.

Although Zn is normally considered a trace element
in tourmaline, its concentration reaches 2.5 wt.% ZnO
(equivalent to 0.3 apfu) in schorl from the McCombe
pegmatite, an abundance not reported in tourmaline
from other LCT pegmatites.

Li versus Na covariation

Apart from a small offset in the data from the
tourmalinite unit and some rim compositions from con-
taminated wall-zone samples, tourmaline from the
McCombe pegmatite defines a curvilinear trend that
starts at 0.4 apfu Na (foitite), increases through schorl
to elbaite compositions with a hiatus at 0.6 apfu Li,
0.8 apfu Na and then drops to 1.5 apfu Li, 0.35 apfu Na
as liddicoatite crystallized (Fig. 9b). The pattern is es-
sentially one of gradual change in X-site occupancy from
dominantly X-site vacant to first Na- and then Ca-domi-
nant tourmaline.

The initial trend of increasing Na with evolution of
the pegmatite-forming melt is also paralleled by fluo-
rine. Robert et al. (1997) were able to show that this
trend of increasing Na at the X site with F at the W site
is due to crystal-chemical constraints and to f(Fy). The
spodumene-subtype McCombe pegmatite is yet another
example of this behavior and complements other com-
plex-type pegmatites, including lepidolite-subtype
pegmatites from the Czech Republic (Selway et al.
1999, Novak 2000) and petalite-bearing pegmatites
from northwestern Ontario (Tindle et al. 2002b),
Manitoba (Selway et al. 2000) and Sweden (Selway et
al. 2002).

After the hiatus in Na, the M°Combe pegmatite con-
tinues to evolve by crystallizing tourmaline with in-
creasingly higher Ca contents, and eventually this leads
to liddicoatite formation. Many other LCT pegmatites
do not do this; instead, the melt crystallizes X-site-va-
cant tourmaline that either approaches or crystallizes as
rossmanite. The reduction of Na in tourmaline also
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correlates with an increase in the abundance of albite,
such that some rocks are essentially albitites. A drop in
Na content of tourmaline is definitely not caused by
depletion of this element in evolved pegmatite-forming
melt, but rather a change in the partitioning between
tourmaline and albite.

Li versus Ca covariation

Unlike the Na trend observed in tourmaline data
from magmatic samples of the McCombe pegmatite, Ca
defines a much more linear trend, ranging from near the
detection limit in the core of wall-zone tourmaline to
0.46 apfu in the most evolved liddicoatite-bearing
sample (Fig. 9c). This increasing availability of Ca for
tourmaline crystallization during fractionation of the
pegmatite is what makes the McCombe pegmatite so
unusual. It is not unique, however, as tourmaline from
the liddicoatite-bearing pegmatites in Madagascar ap-
parently follow the same pattern (Fig. 9c), as does the
Blizna pegmatite in the Czech Republic (Novék et al.
1999), the High Grade Dyke, Manitoba (Teertstra et al.
1999a) and, to a lesser extent, the Bob Ingersoll pegma-
tite, Black Hills, South Dakota (Jolliff et al. 1986) and
Marko’s pegmatite, one of the Separation Rapid
pegmatites in Ontario (Tindle et al. 2002b). Laurs et al.
(1998) also reported Ca enrichment in late-crystallized
tourmaline from miarolitic granitic pegmatites from the
Nanga Parbat region of northern Pakistan.

Li versus F covariation

Figure 9d illustrates a strong positive correlation of
Li with F in tourmaline data from magmatic samples of
the McCombe pegmatite and indicates increased F ac-
tivity as fractionation progressed in the pegmatite.
Evolved compositions from the spodumene-zone and
aplite-unit samples have sufficient F that they cross the
boundary from elbaite to “fluor-elbaite” at F > 0.5 apfu,
and in the lepidolite unit, most of the tourmaline is F-
dominant. This increased activity of F also contributed
to an identical pattern of Li and F enrichment in lepido-
lite from the McCombe pegmatite (A.G. Tindle, unpubl.
data), a correlation not found in lepidolite-subtype
pegmatites (Selway et al. 1999).

The increase in F and Ca in tourmaline throughout
the evolution of the McCombe pegmatite (Figs. 9¢,d) is
compatible with Ca-F complexing and may explain the
late crystallization of microlite instead of mangano-
tantalite, and incorporation of F into garnet from the
lepidolite unit, as both Ca and F were able to be con-
served until the last stages of pegmatite crystallization.
A further observation from Figure 9d and, to lesser ex-
tents, the Na (Fig. 9b) and Ca (Fig. 9c) diagrams, is how
far away the Ca- and Mg-rich schorl compositions from
the tourmalinite unit appear to be, not only from the
uvite end-member, but also from end-member schorl.
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As none of the tourmaline classification diagrams or
Li plots can adequately describe all the species varia-
tions, they are summarized in Table 3.

Comparison with liddicoatite from Madagascar

Liddicoatite from the McCombe pegmatite has a re-
stricted composition if compared to that from Madagas-
car. This finding is best illustrated in Figure 7a, where
the McCombe data plot close to the boundary between
alkali and calcic tourmalines, whereas the Madagascar
data fill much of the calcic tourmaline field and trend
toward end-member liddicoatite (Figs. 8, 9). Some of
the scatter in the Madagascar data reflects the fact that
they are compiled from different localities and sources
(Dirlam et al. 2002), but the overall trend is that of an
extension beyond compositions found at McCombe and
consistent with what appears to be crystallization from
a more evolved (Ca,Li)-rich, Fe-poor source. For clar-
ity, what has not been shown on these diagrams is the
remainder of the Madagascar dataset, which are of
elbaite and “fluor-elbaite” compositions (they would
have overlapped most of the McCombe data). On the
basis of these data, the processes controlling tourmaline
substitution at both locations are most likely the same,
with the Madagascar data reflecting an extreme devel-
opment.

DiscussioN

So where did the Ca come from, and how was it able
to be retained in the pegmatite-forming melt to such a
late stage in the fractionation sequence that liddicoatite
was able to form? Or was it really in the melt?

Mafic metavolcanic rocks (now amphibolitized) sur-
rounding the McCombe pegmatite contain calcite away
from the general area of the pegmatite, but near the peg-
matite contact and in selvedge material, calcite is absent,
so it clearly could have been incorporated into the melt.
Also as the contact with the pegmatite is approached,
there is a replacement within the amphibolite of horn-
blende (magnesiohornblende) by holmquistite, and a
consequent exchange of Ca + (Mg,Fe?*)  Li, + Si re-
sulted. Some of this Ca formed epidote, but perhaps not
all. In selvedge material, in particular, the Ca could have
been incorporated into the melt during the assimilation-
leaching process. Calc-silicate segregations generally
comprised of calcite, calcic plagioclase, epidote, quartz
and garnet, are ubiquitous in pillowed mafic meta-
volcanic rocks of the Superior Province (based upon the
authors’ field observations) and have been noted around
the McCombe pegmatite. Such segregations thus con-
stitute another potential source of Ca.

In their discussion of boron metasomatism around
the Tanco pegmatite of Manitoba, Morgan & London
(1987) were able to show that the amphibolite, with an
initial assemblage of hornblende + plagioclase — biotite
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— apatite, was replaced by tourmaline + quartz — epi-
dote — zoisite — titanite — apatite — holmquistite — chlo-
rite — clays — calcite. It is easy to see that if this process
acted on selvedge caught up in pegmatite-forming melt,
Ca from calcite could readily be incorporated into that
melt. Liddicoatite is not found at Tanco, so if this was a
process capable of enriching pegmatite-forming melt in
Ca, then the implication is that the McCombe pegma-
tite assimilated more host-rock than Tanco pegmatite
or (less likely) that the physicochemical properties of
the melts were different.

Another source of Ca may have been the clastic
metasedimentary rocks, such as a poorly exposed
metawacke unit outcropping within 50 meters on either
side of the liddicoatite locality. The metawacke is not
particularly Ca-rich, although it does contain calcic pla-
gioclase, with minor hornblende, apatite, epidote and
titanite. The most attractive solution to explain the high
Ca contents of tourmaline from the McCombe pegma-
tite would be the assimilation of calcareous meta-
sedimentary rocks such as dolomitic limestone or
marble. Such rocks are rare in the Superior Province of
Ontario, however (Hoffman 1985).

The process most likely delaying the onset of Ca
precipitation until late in pegmatite evolution is that of
Ca-F complexing. Sequestering of some Ca in melt as
fluoride complexes was suggested by Weidner & Mar-
tin (1987) for leucogranite containing primary fluorite.
Since then, Laurs et al. (1998) have suggested that this
process was involved in the evolution of silicate-rich
aqueous fluids as they crystallized to form miarolitic
pegmatites in northern Pakistan, and more recently,
Selway et al. (2000), Tindle et al. (2002b), and Selway
et al. (2002) have suggested that the process was active
during the late-stage development of petalite-subgroup
pegmatites in Manitoba, northwestern Ontario, and
Sweden, respectively. Garnet with a calcic rim (up to
0.24 apfu Ca) and high F content (up to 0.23 wt.% F) in
the lepidolite unit of the McCombe pegmatite could also
have developed in this way.

There is also a possibility that Ca could have been
introduced at a low temperature, possibly in a hydro-
thermal stage of evolution of the pegmatite. We con-
sider this unlikely, as such an event would also make
Mg available to crystallizing tourmaline, as the host
rocks are both Ca- and Mg-rich. Liddicoatite is only one
of the species with elevated Ca contents (garnet,
microlite and fluorapatite are others), and it would be
difficult to crystallize these hydrothermally. In addition,
liddicoatite forms euhedral crystals, as might be ex-
pected in a magmatic environment, and does not occur
in late-stage fractures or in any form of miarolitic cav-
ity more normally associated with the hydrothermal stage
of crystallization.

Although a detailed petrogenetic model for the ori-
gin of the Madagascar pegmatites has not been estab-
lished, there can be little doubt that contamination of



LIDDICOATITE FROM THE McCOMBE PEGMATITE, ONTARIO 789

the pegmatite-forming melt by marble and dolomitic
carbonate was of major importance (Dirlam et al. 2002).
This is in contrast to the conclusion arrived at by Novak
et al. (1999), who interpreted the liddicoatite-bearing,
elbaite-subtype Blizna pegmatite in the Czech Republic
as having crystallized from an uncontaminated (Na, Al,
Li, B)-rich pegmatite-forming melt. This latter conclu-
sion is supported by Teertstra et al. (1999a), who ar-
gued that the liddicoatite-bearing spodumene-subtype
High Grade Dyke of Manitoba did not experience an
influx of Ca from the host rocks and instead fraction-
ated liddicoatite from an uncontaminated melt of un-
usual bulk-composition.

All the evidence suggests that the McCombe peg-
matite was contaminated by the host rocks and that
through a process of leaching and assimilation, Ca, Mg
and Ti were introduced into the pegmatite-forming melt.
In summary (Fig. 10), the following sequence of events
is considered to have occurred:

1. Intrusion of uncontaminated, pegmatite-forming
melt into amphibolitized mafic metavolcanic and
metasedimentary host-rocks (wall-zone tourmaline crys-
tallizes with a core of foitite composition). Selvedges
of host rocks entrained in the pegmatites are tourma-
linized.

2. Pegmatite-forming melt reacts with entrained
host-rocks and a mingled composition results, with rim
compositions of wall-zone tourmaline crystallizing in a
disequilibrium environment. Tourmaline compositions
formed at this time are intermediate in composition be-
tween those found in the tourmalinite unit and the cores
of wall-zone tourmaline. These tourmaline grains have
high Mg and Ti contents. As the temperature dropped,
Mg and Ti were not held by the pegmatite-forming melt
in any significant amount; they are preferentially re-
tained by the residual tourmalinite unit.

3. Leaching and assimilation of the host rocks and
selvedge continue, with Mg, Ti and Ca all being incor-
porated into what is now a well-mixed, contaminated
pegmatite-forming melt. The spodumene zone begins
to form from this melt, and foitite crystallizes. Calcium
from the exchange with host rocks is preferentially held
by the pegmatite-forming melt.

4. The formation of the wall zone and that of the
spodumene zone progress almost independently, as if
from two separate melts. The difference is apparent on
Figures 6d, 7c and 10. It is possible that the wall zone
formed before much of the spodumene zone had crys-
tallized. There is a progressive change in tourmaline
compositions from foitite, to schorl, and then to elbaite.

TABLE 3. SUMMARY OF TOURMALINE SPECIES AND SUBSTITUTIONS DESCRIBED IN THE TEXT

Species Formulae Tur Wall Wall Spd Spd Aplite Lpd
unit zone zone zone zone unit  uUnit
Xsite  Ysite Z site Wsite (m.hr.) (cr) (m.c.) (cr.)
Uvite Ca Mg, MgAl;  Si04(BO;),(OH); F x)
Schorl Na (Fe™), Alg Si,0,4(B0O;),(OH), (OH) X X
Foitite O (Fe™),Al Al Si,0,4(BOy),(OH); (OH) X X
Elbaite Na LiAl,s Al Si,0,4(BO,);(OH); (OH) X
“Fluor-elbaite” Na Li Al Al Si,04(BOy),(OH), F
Liddicoatite Ca Li,Al Alg Si,0,4(BO;);(OH), F
“Oxy-liddicoatite” Ca Li Al Al 51,04(BO;);(OH); O
“Hydroxy-liddicoatite” Ca  Li,Al Al Si,0,4(BO;);(OH), (OH)
“Oxy-manganofoitite” O  MnAl, Al Si,0,4(B0O;),(OH), O
“Manganofoitite” O  Mn,Al Alg Si,0,4(BOy),(OH), (OH)
Rossmanite O  LiAlL Al Si,0,4(BO,);(OH); (OH)
Substitution schemes
uvite — schorl X X
foitite — schorl X
schorl - elbaite X
elbaite — “fluor-elbaite”
“fluor-elbaite” — liddicoatite

“oxy-manganofoitite” — liddicoatite

Species names in quotes are not formally recognized by the IMA. For each unit or zone, x indicates the occurrence of a species or
substitution scheme. (x): uvite is not found in the McCombe pegmatite, but the (Ca,Mg)-rich schorl in the tourmalinite unit and wall-zone
approaches the uvite field in composition (see Fig. 6b). Tur unit: tourmalinite unit (m.h.r.: modified host-rocks). Wall zone (c.r.:
contaminated rims). Wall zone (m.c.: magmatic cores). Spodumene zone (c.r.: contaminated rims). Spd: spodumene, Lpd: lepidolite.








