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{,lteration of amphibolitic wallrocks around the Tanco
rare-element pegmatite, Bernic Lake, Manitoba
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School of Geology and Geophysics, University of Oklahoma, Norman, Ollahoma 73019, U.S.A.

Abstract

Amphibolitic wallrocks around the Tanco rare-element pegmatite record three episodes
of metasomatic alteration by pegmatite-derived fluids. The apparent sequence of alteration
was (l) B (+ Lil metasomatism (tourmalinization), (2) K-Rb-Cs-F (+ Li) metasomatism
(formation of metasomatic biotite), and (3) propylitic alteration (Hbl + Pl - Ep + Chl +
Ttn + Cal + clay) with concomitant influx of Li and COr. Holmquistite is present in all
three metasomatic assemblages and served as the primary sink for Li. Wallrock metasoma-
tism was preceded by an episode of textural recrystallization at lower-amphibolite-facies
conditions. Recrystallization may have been caused by heat loss from the pegmatite, but
is more probably an artifact of pre-emplacement metamorphism. All metasomatic alter-
ation that is clearly pegmatite-related took place at greenschist-facies conditions (Z < 500-
550 "C, P < 300 MPa). The B-rich fluid that caused tourmalinization of wallrocks was
generated by the crystallization of albitites within the pegmatite. Fluids responsible for
K-Rb-Cs-F (+ Li) metasomatism of wall rocks (at T: 45V460 "C) were generated by (l)
liberation of acidic, F-rich fluid by the late crystallization of albitites and (2) consequenr
sericitization of pegmatitic microcline and pollucite . Log (frr/fr,) of fluids in equilibrium
with exomorphic biotite at the pegmatite contact was -4.9 at T : 400-500 "C and ap-
proached negative infinity within 4 m from the pegmatite. Internal pegmatite fluids equil-
ibrated with primary amblygonite-montebrasite (X.-o : 0.40) at 600 'C record log (frr/
f^ro): -4.8. Propylitic alteration, the most pervasive type of alteration around Tanco,
occurred throughout the entire episode of wallrock metasomatism, but became dominant
when solute-depleted pegmatite fluids cooled to T < 420.C.

Through the documentation of the modal abundance and crystal chemistry of metaso-
matic and retrograde phases, the total masses of B, F, and alkalis lost from the pegmatite
have been estimated. The calculated masses represent significant proportions of these
components in the original pegmatite magma.

INrnonucrron paralleled control of pegmatite-host rock contacts. Fi-
The development of genetic models relating pegmatite nally, the pegmatite is hosted by a single hornblende-

evolution to wallrock exomorphism has been hindered plagioclase amphibolite, so that the interpretations of
bythecomplexityofpegmatitegeology(e.g.,Jahns, 1982; pegmatite fluid chemistry from wallrock alteration are
Cern!', 1982a, 1982b), bypoorunderstandingof internal not complicated by large variations in the bulk compo-
pegmatite evolution, and by incomplete documentation sitions of host rocks.
of both internal pegmatite zonation and wallrock alter- On the basis of the above data and knowledge, this
ation. The Tanco pegmatite deposit near Bernic Lake, study provides the most complete record to date of wall-
Manitoba, provides a unique opportunity to relate wall- rock alteration around a large, rare-element pegmatite.
rock alteration to internal evolution and to assess the Moreover, this work breaks new ground in systematically
alteration aureoles in three dimensions. Tanco is unusu- relating wallrock alteration to internal pegmatite evolu-
ally well exposed by extensive mining, and its internal tion in terms of P-7 conditions, melt-vapor evolution,
zonation and mineralogy are well documented by the mine and the mass of pegmatite components lost from magma
geologists and by Dr. Petr Cernj' and colleagues (see ref- to wallrocks. The study focuses on the behavior ofalkalis,
erences in Cern!', 1982a; Cern!'et al., 1985). The cooling F, and especially B, for which reconnaissance tourmalin-
history and internal evolution ofTanco have been ascer- ization experiments are cited. The results are pertinent to
tained through fluid-inclusion and phase-equilibrium models of pegmatite evolution, to pegmatite exploration,
studies(London,1982,1984b,1985,1986a:Londonand andtothegeneralbehaviorofvolat i leandothermobi le
Burt, 1982a). The pegmatite has been penetrated both top components in highly differentiated, hydrous silicic mag-
and bottom by over 400 cored drill holes, providing un- mas.
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cesium, gallium, and beryllium, and is currently in pro-

duction for ceramic-grade spodumene (P. J. Vanstone,
Tantalum Mining Corp. of Canada, Ltd., pers. comm.,
1986). Tanco is among the most highly fractionated silicic
bodies yet discovered (Grni et d., 1985), and its maxi-
mum dimensions of approximately 1.4 km (east to west)
by 0.82 km (north to south) by 100 m thick make it a
giant among complex, rare-element pegmatites. The peg-
matite is roughly elliptical in plan view, and forms a bi-
lobate, shallowly north-dipping, and doubly plunging (east

and west) body (Cernj', 1982a). Even simplified cross sec-
tions (Figs. 3 and 4) reveal that the internal zonation of
the Tanco pegmatite is far more complex than the simple
layered or concentric models of Jahns and Burnham
(1969) or Jahns (1982; cf. Norton, 1983).

The nomenclature and descriptions ofthe internal zones
of the pegmatite have varied among different researchers
and mine geologists over time. In this study, we have
used the terminology as it currently exists on Tanco core
logs and geologic sections. In terms of the present mine
geologists, the deposit is composed of multiple occur-
rences of eight internal units: albitic aplites (albitites);
central intermediate zones; lepidolite units; mixed zones;

Fig. l. Location of, and regional geology around, the Tanco pegmatite, southeastern Manitoba (after Cernj', 1982a).

Pnnvtous wom

Though the internal zonation and petrology ofthe Tan-
co pegmatite are well documented (Hutchinson, 1959;
Wright, 1963; Crouse and Cern'i, 1972 Cemy, 1982a),
wallrock alteration around the deposit has been virtually
unstudied. Wright (1963) described the characteristics of
wallrock alteration from just three cores in the hanging-
wall amphibolite above the north-central portion of the
body. Even with this limited sample, Wright (1963) ob-
served that the nature and extent of wallrock alteration
varied with location, as would be expected from studies
of other deposits (cf. Ovchinnikov, 1976; Shearer et al.,
1984, 1986). Trueman (1978) noted small, but distinct,
Li and Rb whole-rock anomalies in the host rocks above
the Tanco pegmatite at distances beyond the obvious
metasomatic aureoles.

LoclrroN AND GENERAL GEoLocY

The Tanco deposit is located in southeastern Manito-
ba, approximately 180 km east-northeast of Winnipeg
(Fig. l). It has been a major producer of tantalum for
nearly two decades, contains large reserves of rubidium,
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TreLe 1. Distribution of minerals in the internal units of the Tanco pegmatite, Manitoba
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pollucite bodies; quartz bodies; spodumene-quartz inter-
growth zones; and wall zones. The typical mineral assem-
blages of these units are listed in Table l. The wall zone
includes a thin "rind" of border zone; border and wall
zones are not distinguished in this study (cf. Cemy, 1982a;
Crouse and Cernf, 1972). The central intermediate zone
consists mostly of microcline + quart4 but locally con-
tains volumetrically minor albitite (Cernj', 1982a). The
mixed zone roughly correlates with the lower intermedi-
ate zone ofCernj' (1982a) and Crouse and Cernj' (1972)
and contains variable proportions of albitite, spodumene-
qnartz zone, and central intermediate zone. The spodu-
mene-quartz zone is correlative with the spodumene-rich
upper intermediate zone of Cernj' (1982a) and Crouse
and Cernj, (1972). All of the internal units except the
lepidolite and albitite units have been considered to be
of primary (magmatic) origin (Hutchinson, 1959; Wright,
1963; Cerni, 1982a). The lepidolite units have been in-
terpreted in the same studies as replacements of the cen-
tral intermediate zone. These early studies also regarded
the albitites as replacement bodies, but more recent in-
terpretations based on petrologic fabrics and fluid-inclu-
sion analyses have demonstrated a primary origin for these
units as well (Thomas and Spooner, 1984, 1985; P. J.
Vanstone, pers. comm., 1985; Petr Cernj', pers. comm.,
1985; London, 1986a). In addition to the lepidolite units,
microcline in the central intermediate zone, spodumene-
qvartzzone, and mixed zone has been extensively altered
to muscovite (Mus = 85 vol0/o in the central intermediate
zone: P. J. Vanstone, pers. comm., 1986).

Within the limits of exploration, the Tanco pegmatite

is completely enclosed by weakly foliated to well-foliated

plagioclase amphibolites of the Archean Bird River

greenstone belt (Fig. 1). The foliation strikes E-W and

dips 70"-85'S; hence, the pegmatite cuts the foliation and

layering of the amphibolite at an angle of nearly 90'
(Wright, 1963). The peak of regional metamorphism,

which predated emplacement of the pegmatite (Cernj',

1982a), reached lower-amphibolite facies in the rocks im-

mediately surrounding the pegmatite (Cerni', 1982a;' cf.

Moody et al., 1983). Emplacement of the pegmatite ap-
pears to have been controlled by subhorizontaljoints and

fractures in the host amphibolite (Cernj', 1982a; Brisbin

and Trueman. 1982).

S,l.tvrpr-rNc AND ANALyTICAL pRocEDURES

Twenty-three drill cores were selected from the Tanco core
library for this study (Fie. 2), yielding 22 transects away from
the hanging-wall contact and 20 transects away from the foot-
wall. Where available, the first I to 3-m of amphibolite core
adjacent to the pegmatite were sampled. In all holes, the first
1- and 0.3-m intervals of core at approximately 2, 3.5, 5.5, 7,
and sometimes 9 m away from the pegmatite were sampled. This
allowed sampling of both altered and unaltered amphibolite in
most cores, as alteration is largely confined to within 6 m ofthe
pegmatite contact. Care was taken to avoid core samples that
may have been afected by other pegmatite dikes that are sub-
parallel to the main Tanco body (and lie mostly below it). Sev-
eral 0.3- to 1.0-m intervals ofcore were taken up to 43 rn above
the north, east, and west margins of the pegmatite, to provide
background control for comparison with both altered and ap-
parently unaltered amphibolite closer to the pegmatite. An im-
portant point for this study is that individual vertical drill holes
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Fig. 2. Approximate plan view of the Tanco pegmatite, showing the locations of drill cores selected for sampling. Lines W-E
and N-S show the approximate traces ofcross sections represented in Figs. 3 and 4. Cross-hatched area shows portion ofthe pegmatite
for which wallrock alteration is determined and mass-balance calculations are addressed.

penetrate essentially one single metamorphic layer of uniform
composition.

Thin sections (175) were primarily studied in transmitted light.
Split core samples (especially continuous cores) were also studied
in reflected light to qualitatively examine the samples in areas
between thin section locations. Qualitative elemental analyses of
wallrock phases and pertinent experimental products (discussed
below) were obtained on an rrnc Autoscan sEM with pcr System
III energy-dispersive spectrometer (eos) at the University of
Ollahoma. Quantitative electron-microprobe analyses (erure)
were obtained on a JEoL 733 Superprobe at Southem Methodist
University, Dallas, Texas. The electron microprobe was oper-
ated at an accelerating voltage of I 5 kV, using a beam current
of 20 nA (except for micas, where 10 nA was used to minimize
volatilization ofalkalis), and a spot size of 10 pm; data reduction
employed the Bence-Albee (Bence and Albee, 1968) correction
program. Individual microprobe analyses of the alteration min-
erals (264 individual microprobe analyses; multiple points per
analysis) are given in Table 2,t and summed compositional av-
erages are presented in Tables 3-6. Li and total Fe analyses ofa
few biotite and tourmaline samples were performed by induc-
tively coupled plasma, and Fe2* analyses of the same phases were
determined by titration at Skyline Labs, Denver.

Pnrnor,ocv oF THE UNALTERED
HOST AMPHIBOLITE

Fifty samples showing no microscopic evidence of
mineral alteration yield a modal composition of 54o/o
hornblende [feno-hornblende in the terminology of kake

' To obtain a copy of -Iable 2, order Document AM-87-359
from the Business Ofrce, Mineralogical Society of America,1625
I Street, N.W., Suite 414, Washington, D.C.20006, U.S.A. Please
remit $5.00 in advance for the microfiche.

(1968) and Hawthorne (1981);Table 31, 370lo plagioclase
(Anrr-rol avg. : Anrr; Table 3), 40lo ilmenite, and lolo apa-
tite. The remaining 40lo is composed of quartz, biotite,
epidote group minerals, titanite, garnet, and chlorite. The
mineral mode of the host amphibolite varies only slightly
around the pegmatite. Compositional variability is great-
er between layers (i.e., different drill cores) than within
individual layers (i.e., a single drill core).

The texture of the amphibolite varies from medium-
grained (=3.0 mm) and weakly-foliated to very fine
grained (-0.2 mm), strongly foliated, and gneissically
banded. Medium-grained (0.5-1.0 mm), weakly foliated
fabrics predominate around most of the pegmatite, with
the very fine-grained (0.05-0.1 mm) gneissic variety
abundant around the eastern end of the deposit. Schis-
tosity in the medium- and fine-grained amphibolite is
characterized by lineation of subhedral blue-green horn-
blende prisms and plagioclase laths, about one-third of
which show albite twinning. Schistosity in the very fine
grained amphibolite is manifested by alignment of sub-
hedral to anhedral hornblende prisms that are interlay-
ered with untwinned, saccharoidal plagioclase.

Psrnolocv, DISTRTBUTIoN, AND cEocHEMrsrRy
OF ALTERATION

Petrographic studies show that there are four types of
alteration of host rocks around the Tanco pegnatite; these
apparently occurred in the sequence (l) textural recrys-
tallization, (2) B (+ Li) metasomatism, (3) K-Rb-Cs-F
(+ Li) metasomatism, and (4) propylitic alteration with
concomitant influx of Li and COr. Detailed petrologic
descriptions of these alteration types are given below. Re-
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Teew 3. Electron-microprobe analyses of hornblende and plagioclase from proximal and distal amphibolites
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I
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sio,
Alros

Mgo
FeO'
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MnO

CaO
Naro
K.o
Rb,O
csro
F

Total

Si
IVAI

Tet. sum
u,Ar 0.66(0.12)
Mg 1.70(0.45)
Fe 2.s6(0.44)
ri 0.08(0.07)

M1 + M2 + M3 5.00

Oxides (wt%)
44.21(2.401 43.43(0.62)
11.73(1.72) 12.70(0.48)

7.89(2.33) 6.77(0.1 1)
19.95(2.76) 21.65(0.03)
0.s7(0.09) 0.48(0.0s)
0.30(0.05) 0.24(0.01)

10.88(0.67) 10.25(0.32)
1.24(0.23) 1 .3s(0.04)
0.37(0.12) 0.33(0.03)
0.03(0.02) 0.06(0.02)
0.02(0.03) 0.00(0.00)

0.22(0.14) 0.06(0.04)
vfr frE
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6.7't(0.22) 6.61(0.02)
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B-50 630
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t00 530
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28.21(1.96) 2s.21(0.86)
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0.09(0.05) 0.11(0.02)
0.04{0.05) 0.00(0.01)

5.65(1 .36) 7.7s(0.28)
0.11(0.16) 0.37(0.27)
0.04(0.07) 0.00(0.00)
0.02(0.03) 0.00(0.02)

0.20(0.16) 0.23(0.10)
9534 Eg^8-5

Cations per 8 oxygens
2.49(0.11) 2.68(0.05)
1.51(0.11) 1.32(0.06)
0.01(0.01) 0.01(0.01)
4TT tr.OT
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Alr03

CaO
SrO
BaO

DI
rvAl

Fe
Tet. sum

Ca
Sr
Ba

49.7111.41
0.24

Ant
AU(A| + SD

Mn
Mg

M4 sum

Na
K

44.68(2.10)
10.58(1 .47)

8.31(2.40)
20.06(3.04)
0.71(0.61)
0.30(0.08)

10.81(0.50)
1.17(1.24)
0.33(0.15)
0.06(0.09)
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97:T0
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15.37
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0.22

42.79(0.20)
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21.1710.14l-
0.s7(0.04)
0.28(0.02)

1 0.86{0.26)
1.37(0.05)
0.39(0.03)
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1.36(0.03)
&-00
1.1 1(0.02)
1.1 0(0.02)
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Total

57.48(3.06)
26.84(2.0e)

8.39(2.241
0.11(0.04)
0.02(0.03)

6.67(1.40)
0.1 2(0.1 7)
0.02(0.02)
0.02(0.03)

0.29(0.31)
99.96

2.57(0.16)
1.42(0.121
0.01(0.01)
4.00

56.1 1(0.80)
27.48(0.8s)

9.24(O.571
0.1 2(0.03)
0.03(0.04)

6.16(0.36)
0.07(0.02)
0.01(0.02)
0.02(0.02)

0.13(0.0s)
9-936

2.52(0.03)
1.48(0.03)
0.00(0.01)
4-o.0

0.40(0.11) 0.48(0.10)
0.00(0.00) 0.00(0.00)
o.o0(0.00) o.oo(0.00)

0.58(0.12) 0.49(0.11)
0.00(0.01) 0.01(0.02)
0.00(0.00) 0.00(0.00)
0.00(0.00) 0.00(0.00)
496 4-gg

0.34(0.05) 0.4s(0.02)
0.00(0.00) 0.00(0.00)
0.00(0.00) 0.00(0.00)

0.67(0.04) 0.54(0.03)
0.02(0.01) 0.00(0.01)
0.00(0.00) 0.00(0.00)
0.00(0.00) 0.00(0.00)
504 4-gB-

1 .76(0.09) 1.77(0.141
0.04(0.01) 0.04(0.01)
0.17(0.07) 0.2q0.06)
1.97 1 .99

1.67(0.02)
0.03(0.00)
0.24{0.02)
1.94

0.40(0.01)
0.0q0.01)
0.46

15.49
0.36
o.26

41 .2(11 .8)
0.22

33.7(5.3)
0.26

45.4{2.0\
0.27

A sum
Total

Mg/(Mg + Fe)
Ar/(Ar + sD

Note. Values in parentheses represent one standard deviation from the mean. The columns show averaged analyses and analyses from a single
representative core, as follows: (1 ) average of 1 09 analyses of hornblende in distal amphibolite from 1 1 different cores, (2) average of 83 analyses of
hornblende in proximal amphibolite from 10 different cores, (3) average of I analyses from the distal portion of footwall core C-73, (4) average of 14
analyses from the proximal portion of footwall core C-73, (5) average of 90 analyses of plagioclase in distal amphibolite from 10 different cores,
(6) averageof 93analysesof plagioclaseinproximal amphibolitefromgdifferentcores,(7) averageof l0analysesfromthedistal portionof footwall
core C-73, (8) average of 17 analyses from the proximal portion of footwall core C-73.

. Total Fe is reported as FeO
f Anorthite content.

0.36(0.07)
0.07(0.02)
0.43

15.44
0.41
0.24

crystallized amphibolites are veined and replaced by all
three metasomatic assemblages, so that textural recrys-
tallization was unquestionably earlier than the metaso-
matic-alteration events. In the recrystallized zone, sub-
sequent fluid flow from the pegmatite was partly channeled
by a system of fractures that intersect the pegmatite sur-
face at acute angles (from essentially 0'to 45"); intergran-
ular infiltration was prevalent near the pegmatite con-
tacts. Beyond the recrystallized zone, fluid flow and
attendant metasomatism occurred along this same sys-
tem of fractures and along steeply dipping foliation sur-
faces.

The temporal sequence of B and K-Rb-Cs-F metaso-
matic events is equivocal because crosscutting textural
relationships between the two assemblages are difficult to
interpret and do not always suggest the same sequence.
These two metasomatic events may have been essentially

coeval. In the hanging wall ofthe central ore zone, where
a large pollucite body is in direct contact with the am-
phibolite (holes C34 and C45), tourmaline is clearly em-
bayed and veined by a later assemblage of muscovite +
biotite + apatite + quartz + hematite, and biotite is
present in the interstices between tourmaline grains. At
this location, B metasomatism clearly preceded K-Rb-
Cs-F metasomatism. Propylitic alteration apparently ac-
companied both other types of metasomatic alteration as
fluids reacted with the wallrocks. cooled. and became sol-
ute-depleted with distance from the pegmatite. Both
metasomatic tourmaline and biotite are veined and/or
replaced by the propylitic assemblage, showing that wide-
spread propylitic alteration was unquestionably the latest
type of alteration. It is this late, widespread episode of
propylitic alteration that is referred to as the fourth prin-
cipal type of wallrock alteration.
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Fig. 3. Vertical cross sections along line W-E in Fig. 2, showing the limits of exomorphic aureoles (wallrock alteration) and their
relationship to internal pegmatite zonation: (a) western ore zone, (b) central ore zone, (c) eastern ore zone.
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Figures 3 and 4 show the distributions of alteration
aureoles and their relations to internal pegmatite zona-
tion along central cross sections through the width and
length of the pegmatite body. The alteration aureole (based
on petrology) is extremely narrow in comparison with the
thickness of the pegmatite. The distribution of alteration
types and the pervasiveness ofalteration are exceedingly
variable with location around the pegmatite; there are,
however, some systematic differences between hanging-
wall and footwall alteration (Morgan and London, 1985).
Much of the spatial variability of wallrock alteration stems
from the fact that alteration assemblages commonly re-
flect the adjacent internal mineral content of the pegma-
tite, as discussed in following sections.

Textual recrystallization

Localized, along the pegmatite contact is a zone char-
acterized by coarsening of hornblende and plagioclase
grains in the amphibolite, with destruction of its char-
acteristic foliation. Within the zone, Flagioslass rh.\ilt
albite twinning (in contrast to its typical untwinned, sac-
charoidal habit), and hornblende commonly contains very
fine grained Fe-Ti oxide exsolution lamellae along cleav-
age surfaces. In addition to these textural changes, a com-
parison of the modal mineral contents of about 30 sam-
ples of the recrystallized, coarser-grained amphibolite with
modal abundances in the distal amphibolite demon-
strates some minor differences as well. The modal ratio
of hornblende/plagioclase is slightly greater in the recrys-
tallized amphibolite. The recrystallized amphibolite also
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contains a slightly higher abundance of quartz (< 5 volo/o)
and little or no apatite. These textual and modal differ-
ences in the amphibolite along the pegmatite contact
present the possibility that recrystallization may have been
caused by heat loss from the pegmatite.

Table 3 contrasts averaged nupa of hornblende and
plagioclase, from proximal (i.e., "recrystallized") and dis-
tal amphibolites. Both plagioclase (Anrr-ro) and horn-
blende [atomic ratios: Na/Ca : 0.14-0.30, Mg/(Mg +
Fe) : 0.30-0.53, All(Al + Si) : 0.194.271show consid-
erable compositional variability in both textural varieties
of amphibolite, to the point that no significant compo-
sitional differences are immediately obvious between the
two. Comparisons of plagioclase and hornblende com-
positions within a single core (i.e., essentially the same
metamorphic layer; Table 3), however, reveal slight but
consistent compositional differences between distal (sam-
ples C73-FWD) and proximal (samples C73-FWP) am-
phibolites. In six of eight analyzed amphibolite pairs, pla-
gioclase in recrystallized amphibolite has a higher An
content (avg. increase of about l0 molo/o An) when com-
pared to that of the distal amphibolite from the same drill
hole. Proximal hornblende usually shows small increases
in Al,"o,, Mn, Ca, Na, K, F, and AVSi, slight decreases in
Si, Mg, and Mg/(Mg + Fe); Rb and Cs are at or below
detection levels in both textural varieties of amphibolite.
Relative changes in Fe and Ti contents are variable and
usually small (Fe < 1.5 wto/o; Ti < 0.18 wto/o). Higher K
and F (>0.10 wto/o) contents and lower Mg content of
proximal hornblende is attributable to re-equilibration
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relationships to internal pegmatite zonation. All symbols are the same as in Fig. 3.
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with later pegmatite-derived fluids, based on associated
metasomatic mineral assemblages. The compositional
trends observed in the proximal amphibolite appear to
reflect slightly higher P-Z conditions that the average dis-
tal amphibolite (Moody et al., 1983; Spear, 1977; Leake,
1965; Engel and Engel, 1962). The stability of a calcic
ferro-hornblende and an intermediate plagioclase in the
presence of ilmenite and quartz, and in the absence of
chlorite, epidote, and titanite, suggests that recrystalliza-
tion must have occurred at least under lower-amphibo-
lite-facies conditions (cf. Moody et al., 1983). The fugac-
ity of oxygen was probably near the NNO buffer (cf.
Moody et al., 1983).

Despite minor differences in composition, the overall
similarity of proximal (recrystallized) and distal amphib-
olites suggests that recrystallization occurred in the ab-
sence ofpegmatite-derived fluids. Because ofthe evolved
composition of the Tanco pegmatite, we would expect
that recrystallization in the presence of pegmatite-derived
fluids would yield plagioclase with lower An content and
hornblende with higher K, Rb, Cs, and F contents as
compared to the foliated, distal amphibolite. This inter-
pretation requires either that recrystallization predated
emplacement of the pegmatite or that recrystallization
occurred before the pegmatite melt evolved a separate,
mobile aqueous phase. The lack of significantly lower
contents of Ti and Fe in proximal, recrystallized horn-
blende containing abundant Fe-Ti oxide lamellae (as
compared to distal hornblende) suggests that textural re-
crystallization occurred during regional metamorphism
(i.e., at the same grade) and is not a contact-metamorphic
effect. The observation of identical oxide exsolution in
some distal hornblende also suggests that recrystalliza-
tion was unrelated to pegmatite heat loss. Although re-
crystallization is most pronounced near the pegmatite, we
suggest that recrystallization prececled pegmatite em-
placement (e.g., that the fracture system along which the
pegmatite was emplaced served as a channelway for
metamorphic fluids that promoted recrystallization prior
to pegmatite emplacement).

Boron (+ Li) metasomatism

B metasomatism is characteized by the alteration of
hornblende + plagioclase + biotite to tourmaline *
qvartz! titanite + apatite + calcite + holmquistite.
Tourmaline forms medium- to coarse-grained prisms up
to 2.5 mm in diameter and 7 mm in length. Quartz occurs
as fine-grained inclusions within tourmaline and as coarse
grains interstitial to tourmaline. Small amounts of fine-
grained (0.3-0.5 mm) biotite accompany tourmaline in
some cores, especially where small pegmatite apophyses
intrude the wallrocks. At some locations, particularly in
the hanging-wall amphibolite of the eastern central ore
zone, tourmaline is intergrown with abundant, coarse-
grained calcite (l-2 mm) and titanite (0.5-1.0 mm).

Tourmaline is mostly confined to a narrow aureole 7
to 10 mm wide at the pegmatite-amphibolite contact, but
locally penetrates 3 m into the host rock along fractures
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(veins) or small pegmatite apophyses. The tourmaline au-
reole almost completely surrounds the pegmatite, but is
absent at some locations around the western ore zone and
the northern end of the deposit (Figs. 3 and 4). Tour-
malinization was most pervasive in the footwall of the
eastern ore zone, where voluminous albitites occur in the
pegmatite near the lower wall zone. The tourmaline au-
reole swells eastward beneath the eastern ore zone to hole
7715 (Fig- 3c). It is probable that the tourmaline aureole
(as well as the biotite and propylitic aureoles) extends,
and possibly expands, beyond the eastern end ofthe peg-
matite, where no core is available. A narrow but perva-
sive tourmaline aureole also occurs above the pollucite
unit in the central ore zone (hole C34; Figs. 3b and 4),
and a wide, but less pervasive, aureole lies along the foot-
wall of the western ore zone at hole G (Figs. 3a and 3b).

Metasomatic tourmaline usually displays complex and
variable pleochroic zoning. The most common color zo-
nation is that of dark blue or blue-green cores, grading
outward through green to brown interior zones and olive-
green outer zones and rims. Reversals and variations of
this sequence are common, often within a single thin sec-
tion. Tourmaline from pervasively altered amphibolite
above the central ore zone, where a pollucite unit occurs
in direct contact with the amphibolite (hole C34), is pre-
dominantly uniform yellow-brown, with small blue cores.

The composition of tourmaline is variable (Table 4),
falling in the range Srlrr-nrDrvr-orUv,-rrCfr,-r',, where Cft
represents an end-member tourmaline component (ferro-
uvite) with the approximate composition CaFel+Alu-
(BO3)3Si6Or8(OH,F).. The X*"/Xr.e+r"r rotio in all tour-
maline is extremely variable (0.05-1.33) and is usually
dissimilar to that of the hornblende it replaces. The FerO./
FeO weight ratios for a few analyzed tourmalines (from
cores C33, C34, and C45) fal in the range 2.3-6.9, a
qualitative indication that the metasomatic fluids were
oxidizing in nature. Rb and Cs contents in all tourmaline
are very low, usually less than about 0.1 wto/o Rb and 0.2
wto/o Cs. F varies from 0. l3-1.39 wto/o, with tourmaline
from most locations in the low to moderate range (avg.
0.74 wto/o F). Two representative blue-cored, green-rimmed
tourmalines (from cores C33 and C73) show low Li con-
tent (average about 500 ppm). In contrast, the yellow-
brown tourmaline from hole C34 contains 5300 ppm Li
at the pegmatite contact, decreasing to 1300 ppm 0.3 m
away.

The most consistent chemical zonation of tourmaline
is that of decreasing Ca content (by about 0. l-0.6 wto/o)
from core to rim. Zonalvaiationof X-"/Xo.within single
crystals is slight, commonly decreasing by 0.02-0.30 wto/o
from core to rim. This trend is reversed in the yellow-
brown tourmaline from hole C34. The increasing Mg/Fe
ratio from core to rim and the higher Li content of this
tourmaline may reflect early crystal growth in a relatively
oxidizing environment (incorporation of Fe3* in blue cores:
see Foit and Rosenberg, 1979) and subsequent incorpo-
ration of Li and Mg as a result of relative depletion in Fe.

The low concentrations of rare alkalis and F in meta-
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TneLe 4. Electron-microprobe analyses of tourmaline, averaged with respect to location
around the pegmatite
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sio,
Alro3

Mgo
FeO.
Tio,
MnO

CaO
Naro
K"O
Rbro
Cs"O

F
Total

Si
rvAl

Tet. sum

A(1 8c).-

34.89(0.04)
33.67(0.06)

0.39(0.02)
13.43(0 14)
0.39(0.02)
0.29(0.03)

0.05(0.02)
1.82(0.02)
0.04(0.01)
0.03(0.03)
0.08(0.04)

0.51(0.06)g55s

3 0 0 -
0.01(0 00)
0.58(0.01)
0.01(0.00)
0.00(0.01)
0.00(0.00)
0.60

18.08

0.26(0.02)
0.98(0.01)
0.05(0.01)
0.s3(0.02)

3s.53(0.42)
30.41(1 .69)

4.94(1.03)
1 0.65(1 .s5)
0.56(0.1 9)
0.1 0(0.02)

0.7s(0.39)
2.32(0.1 6)
0.04(0.01)
0.07(0.07)
0.01(0.02)

1 .19(0.1s)
6637

3.00 -
0.14(0.07)
0.72(0.05)
0.00(0.00)
0.00(0.01)
0.00(0.00)
0T6

18.40

0.62(0.08)
0.85(0.07)
0.44(0.08)
0.s0(0.06)

34.78(0.99)
26.98(0.99)

4.19(0.73)
13.86(1.10)
0.89(0.14)
0.09(0.02)

2.09(0.37)
1 .37(0.16)
0.03(0.01)
0.01(0.02)
0.02(0.03)

0.741o.14l,
B-'-05

3.00 -
0.38(0.06)
0.45(0.04)
0.00(0.01)
0.00(0.00)
0.00(0.00)
o-B-3

1 8 .19

0.39(0.07)
0.55(0.0s)
0.35(0.05)
0.48(0.03)

Oxides (wt%)
35.12(0.30) 34.78(0.48)
29.9q1.39) 30.33(1.86)

4.61(0.86) 4.80(1 .94)
11.30(0.79) 11.37(1.18)
0.83(0.31) 0.72(0.33)
0.15(0.05) 0.17(0.15)

1 .10(0.20) 1 .23(0.62)
2.14(0.07) 1.70(0.20)
0.04(0.01) 0.10(0.17)
0.00(0.01) 0.01(0 02)
0 01(0.01) 0.05(0.03)

1 05(0.07) 0.40(0.17)
662s- 8556-

Cations per 29 oxygens
5.81(0.01) 5.86(0.02
0 19(0.01) 0.14(0 01)
6.00 6.00

6.00(0.02) 5.79(0.17)

0.42(0.02)
0.10(0.01) 1.13(0.21)
1.87(0.02) 1 62(0.05)
0.0s(0.01) 0.10(0.04)
0.04(0.01) 0 02(0.01)
2 48 2.87

5.79(0.06)
0.21(0 03)
61-00

1.19(0.48)
1 .s8(0.18)
0.09(0.04)
0.02(0.02)

5.87(0.02) 5.90(0.15)
0.1q0.01) 0.10(0.04)
a-00 6.-0d

AI
Mg
Fe
Ti
Mn

9b." sum

Bt

Na
K
Rb
Cs

3a.* sum

5.96(0.40) 5.91(0.22) s.36(0.07)

1.20(0.25) 1.04{0.16)
1 .48(0.241 1 .94(0.16)
0.07(0.02) 0.1 1(0.03)
0.01(0.00) 0.01(0.01)
2-16 3:T0

Total

F (pfu)
Na/(Na + Ca)
Mg(Mg + Fe)
AU(A| + SD

3.00 -
0.21(0.04)
0.70(0.05)
0.01(0.00)
0.00(0.01)
0.0q0.01)
0.92

18.44

0.55(0.04)
0.77(0.12)
0.41(0.05)
0.50(0.05)

3.00 -
0.21(0.1 1)
0.54(0.07)
0.01(0.01)
0.00(0.00)
0.0q0.00)
076

18.39

0.21(0.09)
0.72(0.13)
0.41(0.12)
0.s1(0.14)

A/ote: All samples were taken within <0.25 m of the pegmatite contact Sample locations correspond
to Woz-eastern ore zone (9 analyses); WOZ-H| F-high-F tourmaline from footwall of WOZ at hole
C-54 (15 analyses); Coz-central ore zone (21 analyses); COZ-POL-hanging wall of the central
ore zone, above the pollucite body (31 analyses); Eoz-eastern ore zone (13 analyses). Values in
parentheses represent one standard deviation from the mean.

'Total Fe is reported as FeO.
'. Site assignments from Donnay and Buerger (1 950): 18c : Z, 9b : Y, 3a : X.
t B is assumed present in stoichiometric proportion

somatic tourmaline and the paucity of metasomatic bio-
tite and holmquistite in the tourmaline-bearing assem-
blage are consistent with an ongin due to the influx of a
comparatively acidic aqueous pegmatitic fluid rich in B
and poor in K, Rb, Cs, Li, and F. The temperature at
which B metasomatism occurred is uncertain, but three
lines of evidence indicate that B metasomatism took place
at greenschist-facies metamorphic conditions ( = 5 50'C).
First, tourmalinization was apparently accompanied by
propylitic alteration farther from the pegmatite, where
solute-depleted fluids reacted with wallrocks without a
significant change in bulk-rock composition (i.e., no sig-
nificant metasomatism other than infiltration of aqueous
fluid). Second, hornblende that coexists with metasomatic
tourmaline shows no compositional changes indicative of
prograde thermal re-equilibration beyond that of textural

recrystallization. Finally, the common coexistence of me-
tasomatic biotite and tourmaline and the complex cross-
cutting relationships between the two metasomatic assem-
blages suggest that tourmalinization may have been nearly
coeval with K-Rb-Cs-F (+ Li) metasomatism, which oc-
curred at approximately 450 "C (see garnet-biotite geoth-
ermometry in the discussion of K-Rb-Cs-F meta-
somatism, below).

K-Rb-Cs-F (+ Li) metasomatism

K-Rb-Cs-F (l LD metasomatism is characterized by
the alteration of hornblende + plagioclase to biotite +
apatite + holmquistite. Arsenopyrite and monazite (ten-
tative identification) are common accessory minerals.
Hornblende was more susceptible to biotitization than
plagioclase, but at some locations (e.g., L9-00, C54-l0l),
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even plagioclase was completely converted to biotite.
Metasomatic muscovite was found with biotite only in
the hanging wall ofthe central ore zone above the pollucite
unit (hole C34). There, earlier pervasive tourmalinization
appears to have consumed essentially all of the available
Fe and Mg. This resulted in the production of a Rb-rich,
Fe-bearing muscovite, which appears to have replaced the
Li-rich outer rims of the tourmaline.

K-Rb-Cs-F metasomatism is more pervasive in the
footwall than in the hanging-wall amphibolite and locally
penetrates 4.5 m into the host rock along fractures or
foliation surfaces (Figs. 3 and 4). The aureole of K-Rb-
Cs-F metasomatism is discontinuous and commonly less
than I m thick along the hanging wall, except for partic-
ularly wide aureoles over the central ore zone, where a
large pollucite body is in direct contact with the host rock,
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Fig. 5. (a) IvAl vs. Mg/(Mg + Fe,.o,) for exomorphic micas and non-metasomatic micas. (b) rvAVAl..d vs. (Mg + Mn + Ti +
Fe,.,",)/6 for exomorphic micas and non-metasomatic micas. Arrows show the trends of micas from individual drill cores with
increasing distance from the pegmatite contact. Ideal compositions of annite, siderophyllite, phlogopite, eastonite, polylithionite,
trilithionite, and taeniolite are after Bailey (1984). Ideal composition ofzinnwaldite is after Hawthorne and Cern! (1982).
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and over the western ore zone. Along the footwall, the
biotite aureole is essentially continuous and generally I
to 3 m thick, except for a rather large and very pervasive
aureole (up to 90 volo/o biotite) in the western ore zone at
drill hole C-54 (Fig. 3). The abundance of metasomatic
biotite in the wallrocks usually correlates with regions in
the pegmatite where central intermediate and/or mixed
zones are located next to the wall zone. This association
is also observed above the central ore zone, where the
pollucite body is underlain by large volumes of central
intermediate and mixed zones. Additionally, the central
intermediate and mixed zones usually contain or lie in
close proximity to albitites.

Electron-microprobe analyses of exomorphic biotite are
averaged with respect to distance from the pegmatite con-
tact in Table 5. The Mg/(Mg * Fe) ratios in all of these
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micas, which are nearly identical to those of the horn-
blendes they replace, fall in the range of magnesian bio-
tites. Biotite near the pegmatite contact, however, deviates
markedly from annite-siderophyllite-phlogopite-eastonite
solid solutions in having extremely high contents of Rb
Gq.St wto/o), Cs (=+.gg wto/o), F (=5.88 wto/o), and Si [>
6.0 per formula unit (pfu); Table 51, and low contents of
ruAl (Fig. 5a). The nonideal nature ofproximal exomorph-
ic micas is also reflected on a plot ofthe sum ofoctahedral
cations (excluding Li) versus ''Al/Al,oor fig. 5b). Many
proximal micas plot near ideal zinnwaldite or approach
the trilithionite-polylithionite join on this diagram, sug-
gesting that these micas may have considerable Li con-
tents. This is supported by Li analyses of only a few micas
and estimates of Li contents of other samples, which in-
dicate that biotite at the pegmatite contact may contain

T r i l i t h i o n i t e

A t ' "

A I  tot" t

up to about I wto/oLi, dropping offto less than 2000 ppm
within I m of the contact (in lieu of chemical analyses,
Li was estimated by difference from microprobe totals:
wto/o water was estimated by assuming an atom fraction
of OH pfu : 4 - F pfu and I OH pfu : approximately
I wto/o water (estimated from Deer et al., 1982)). With
increasing distance from the pegmatite, micas approach
more typical biotite-phlogopite compositions, much like
those of the nonmetasomatic biotite of the unaltered am-
phibolite (Table 5). The distinction between metasomatic
biotite in the alteration aureole and distal, non-metaso-
matic biotite is reflected not only in composition (i.e.,
higher rare-alkali and F contents in metasomatic mica;
Table 5), but also in grain size and optical properties.
Accessory biotite in the unaltered amphibolite is dark
brown and usually medium-grained (1-4 mm) and shows
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Tnarc 5. Electron microprobe analyses of exomorphic trioctahedral micas, averaged
with respect to distance from the pegamatite contact

Distance (m): 0.00-0.49 0-50-0.99
No. of analyses: 178 29

1.0-1 .99 2.OO-2.95 >7.00t
30 26 16

sio,
Alro3

Mgo
FeO"
Tio,
MnO

CaO
Naro
KrO
Rbro
Csro

F
Total

Si
*Al

Tet. sum
vrAl
Mg
Fe
Ti
Mn

Sum Vl

Na
K
Rb

Sum Xl l

Total

F (pfu)
Mg/(Mg + Fe)
Ay(Ar + sD
K / ( K + R b + C s )
Ft. '

Oxides (wt%)
38.34(2.64) 36.19(1.12)
16.96(0.27) 17.30(0.61)

10.63(1.58) 10.21(1.03)
1s.13(3.42) 19.30(1.83)
1.13(0.15) 1.36(0.21)
0.22(0.10) 0.19(0.06)

0.05(0.03) 0.07(0.05)
0.10(0.07) 0.10(0.04)
7.85(0.36) 8.3s(0.5s)
1.22(1.00) 0.58(0.4s)
1.02(0 73) 0.37(0.1 1)

1.99(1.99) 0.84(0.93)
g4T4 5436

Cations per 22 oxygens
s.83(0.26) 5.59(0.1s)
2.17(0.51) 2.41(0.09)
8.00 8.00

39.35(3.49)
1 7.53(1.57)

8.O3(2.421
16.72(5.72)
0.73(0.49)
0.26(0.1 0)

0.07(0.04)
0.16(0.1 1)
7.73(0.97)
1.960.34)
1.46(1.44)

2.41(1.63)
9-677

6.07(0.19)
1.9q0.15)
8.00

0.01(0.01)
0.04(0.03)
1 .51(0.19)
0.1 9(0.1 4)
0.1 0(0.09)
1 .85

16.42

1.1 8(0.78)
0.4s(0.1 2)
0.34(0.02)
0.84(0.1 0)
7.65(2.1 3)

0.00(0.01)
0.03(0.02)
1.52(0.07)
0.1 1(0.09)
0.06(0.04)
1 .70

16.72

0.93(0.92)
0.56(0.03)
0.39(0.06)
0.90(0.07)
s.18(4.24)

0 74(O.O4l
2.36(0.24l-
2 50(0.29)
0 1 6(0.02)
0.02(0.01)
5-n-
0.01(0.01)
0.03(0.01)
1 .6s(0.10)
0.05(0.0s)
0.02(0.01)
1 .76

15.95

0.41(0.46)
0.48(0.04)
0.36(0.01)
0.96(0.02)
3.97(2.81)

36 11(0 .21)
17 12(0 30)

8.32(0 41)
22.57(O.89\
1.27(0.27)
0.12(0 10)

0.10(0 01)
0.28(0.02)
8.54(0.1 1)
0.41(0.46)
0.30(0.31)

0.22(0.29)
95.36

5.6s(0.09)
2.3s(0 02)
8.00

0.89(0.02)
1 .98(0.1 0)
3.05(0.17)
0.1 7(0.03)
0.02(0.01)
6 . 1 1

0.02(0.01)
0.09(0.02)
1.64(0.03)
0.05(0.04)
0.02(0.01)
TEz.

16.09

35.52(0.1 4)
1 6.04(0.1 7)

8.88(0.80)
23.49(0.1 6)
2.23(0.18)
0.1 8(0.03)

0.04(0.01)
0.12(0.03)
9.13(0.20)
0.0q0.02)
0.04{0.02)

0.2q0.02)
9530

5.s4(0.04)
2.46(0.03)
8.00

0.51(0.03)
1.98(0.24)
3.03(0.02)
0.26(0.03)
0.03(0.01)
5.81

0.00(0.01)
0.03(0.02)
1 .82(0.01)
0.00(0.01)
0.00(0.01)
1 .85

15.76

1 .26(0.1s) 1 .57(0.44)
1.81(0.55) 2.42(0.40l.
2.17(0.81) 1 .92(0.48)
0.1 1(0.05) 0.13(0.02)
0.04(0.02) 0.03(0.01)
5.39 6.07

0.16(0 14) 0.10(0.01)
0.39(0.02) 0.39(0.03)
0.36(0.01) 0.3s(0.01)
0.96(0.04) 1 .00(0.01)
1.89(2.60) 0.00(0.10)

t Micas >7.0 m from the contact are not metasomatic in origin. Values in parentheses represent
one standard deviation from the mean.

- Total Fe is reoorted as FeO.
** Fl denotes the fluorine index (after Munoz, 1984).

typical birefringence (0.039-0.057). In contrast, biotite
produced by K-Rb-Cs-F (+ Li) metasomatism is generally
fine-grained (0.05-1.0 mm) and shows colorless to pale
gray-brown pleochroism and usually lower birefringence
(0.033-0.040).

Molar contents of Rb, Cs, and F per formula unit for
the metasomatic micas are contoured against distance from
the pegmatite contact in Figures 6, 7 , and 8, respectively.
Note that the contours parallel the shape of the biotite
aureole, suggesting that structures near the centers of the
sharp peaks above the central ore zone and above and
below the western ore zone served as conduits for fluid
flow from the pegmatite. Variations in the contents of
these elements among proximal biotites at various centers
of fluid release also imply that fluids emanating from the
pegmatite were not uniform in composition around the
deposit. Figure 9 is a plot of the cation total (Rb + Cs)
per formula unit of mica versus distance from the peg-
matite contact. This plot shows that Rb an Cs contents

drop off rapidly with distance from the pegmatite, reach
a point of inflection, and then decrease more slowly and
approximately linearly out to the limit of the metasomatic
biotite halo.

To assess the temperature of K-Rb-Cs-F metasoma-
tism, garnet-biotite geothermometry was performed using
adjacent pairs of metasomatic biotite and apparently pri-
mary metamorphic garnet from a sample (C3 7-07) located
about I m above the pegmatite contact in the hanging
wall ofthe central ore zone. Both biotite and garnet each
constituted about 5-10 modal percent of the sample. The
biotite has the composition K, uo(Fer rrMgr 2oXAl, ,2Ti0 16)-
(Sis r6Alr roO2.XOH). and is relatively poor in rare alkalis
(avg.: Rb: 0.06 t 0.05 wto/o; Cs : 0.06 + 0.06 wto/o) and
F (avg. : 0.01 + 0.03 wto/o). This biotite plots near pri-
mary metamorphic biotite from unaltered amphibolite on
Figures 5a and 5b. The garnet rim composition is Ca" ru-
(Fer.uMg rrMno,r)AI, e6si2 ero,2. Calculated temperatures
(matrix biotite-garnel im, Xr./X** in garnet from 2.43
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Fig. 6. Contour of the variation in cations of Rb per formula unit of exomorphic biotite from around the Tanco pegmatite.
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Fig. 9. Cation total (Rb + Cs) per formula unit of exomorphic biotite vs. distance from the Tanco pegmatite. Open symbols
indicate footwall samples; closed symbols indicate hanging-wall samples.
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to 2.53) using the regular solution model of Indares and
Martignole (1985) are in the range 451-458 oC. Apparent
equilibration temperatures based on matrix biotite-garnet
core compositions (Xo"/Xr, in garnet from 2.61 to 2.78)
are near 4 I 5 'C; however, if the garnet cores grew during
prograde regional metamorphism, they may not have co-
existed with biotite.

Apparent fluorine intercepts [IV(F)] and fluorine indices
(FI) (Table 5), and log (f,,/f",) for the fluids in equilib-
rium with these micas (at 400, 500, and 600 'C) were
calculated by the methodology of Munoz (1984). Fluorine
intercepts and indices can be described as numerical val-
ues that express the relative enrichment of F in a mica,
assuming compositions within the annite-phlogopite-sid-
erophyllite join. Munoz (1984) defined these functions as
IV(F)* : 1.52X*" + 0.42X^"" + 0.20xstd - log(Xr/X"")
and F[", : 12.8 - 4 IV(F). Gunow et al. (1980) defined
X..: [(3 - Si/Al)/1.75] [ - X"-]and Xo*: I - (XMg +
Xr,J. High fluorine indices denote F-enriched micas.
Biotite and sericite from the Henderson molybdenite de-
posit have FI in the range 9-l 1.5, and biotite from most
porphyry copper deposits is in the range 4-7.5 (Munoz
and Gunow, 1982). The apparent fluorine indices for the
Tanco exomorphic micas show extreme variation (range:
0.00-11.52; Table 5) and a rapid decrease in FI with dis-
tance from the pegmatite contact (Fig. l0).

The apparent fluorine indices of all micas from Tanco
cannot be related directly to log (f"r/f"r") of the metaso-
matic fluid, however, because the Tanco micas that con-
tain the most F are also enriched in Li, Rb, and Cs. The
fluorine index in biotite is not calibrated to account for
Li substitution, and a positive correlation between Li and

F contents has been demonstrated in both natural and
synthetic biotites (Foster, 1964; Munoz and Ludington,
1974;-Munoz and Gunow, 1982; Munoz, 1984). There-
fore, the estimation of the true fluorine index of biotite
near the Tanco contact is constrained to a high-F, low-Li
composition. It is probable that exomorphic biotites with
high contents ofRb and Cs also have large contents ofLi
as well. This is supported by the few Li analyses of prox-
imal biotites (Li : 3250-10000 ppmw) and the obser-
vation that holmquistite is most abundant with biotites
that contain the highest (Rb + Cs) and highest fluorine
indices. A plot of fluorine index versus cation total of
(Rb + Cs) per formula unit in biotite (Fie. 1l) shows two
distributions (heavy lines): a steeply dipping linear trend
at low (Rb + Cs) that intersects a less steeply dipping
trend at FI : 5.3 and (Rb + Cs) : 0.1. The points defining
the steeply dipping trend correlate with biotites from greater
than 0.1-0.3 m from the pegmatite contact (i.e., distal),
and, with little overlap, the points from which the upper
line was derived (FI > 5.0) correspond to biotites less
than 0.35 m from the pegmatite contact. This plot shows
that the proximal micas (upper portion of the diagram)
have the highest fluorine indices and also contain the
highest abundances of Rb, Cs, and, presumably, Li. These
variations are emphasized by the trends of micas from
individual cores (light lines in Fig. I l). The point where
the trends of proximal and distal biotites intersect in Fig-
ure I I (FI : 5.3) corresponds to high-F biotites with
minimal rare-alkali contents. The high fluorine indices
(FI > 5.3) above this point are believed to result partly
from Li (and Rb + Cs?) substitution. On the basis of this
interpretation, the fluorine index of 5.3 represents the
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Fig. 10. Fluorine index (FI) of exomorphic biotite (after Munoz, 1984) vs. distance from the pegmatite contact. Open symbols
indicate footwall samples; closed symbols indicate hanging-wall samples.
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minimum upper limit for micas at the pegmatite contact,
because significant quantities ofF were consumed by rare-
alkali-rich biotite closer to the contact. A value of FI :
5.3 atT: 451-458 "C (from garnet-biotite geothermome-
try) yields log(f"r/fr,) : -4.9 for fluids in equilibrium
with exomorphic biotite. Log(fno/fn,) calculated for in-
ternal pegmatite fluids in equilibrium with primary am-
blygonite-montebrasite (after Loh and Wise, 1976) with
average X^^a:0.40 (Cern6 et aI., 1972) is -4.8 at 600
"C and 300 MPa, which agrees well with the value of
log(fno/fn,) for fluids equilibrated with exomorphic bio-
tite.

The F contents of biotites correlate positively with Rb +
Cs (Figs. 6-ll, and Table 5), dropping offrapidly with
distance from the pegmatite. The similar trends observed
in F, Rb, Cs, and, presumably, Li contents in exomorphic
biotite around the pegmatite suggest that both the rare
alkalis and F were carried by the same metasomatic fluid.
Moreover, these variations also indicate that F and alkalis
were depleted from the fluid with increasing distance from
the pegmatite. In the hydrothermal conversion of horn-
blende to biotite by K-rich fluids, the crystal/vapor par-
titioncoefficientforKis > 1 (Brimhalletal., 1985). Papike
et al. (1983) have demonstrated that biotite is a very ef-
fective trap for Rb and Cs. From the observed biotite
compositions around Tanco, it appears that nearly all of
the K, Li, Rb, Cs, and F lost from the pegmatite during

this episode were retained within the exomorphic biotite
aureole. Some remobilization of these components from
the biotite aureole probably occurred during the ensuing
episode of propylitic alteration (chloritization); however,
the extent of such alteration is small in comparison to the
modal abundance of metasomatic biotite.

Propylitic alteration with concomitant Li and
CO, influx

Propylitic alteration is by far the most ubiquitous and
pervasive alteration type at Tanco, forming a distinct halo
2 to 9 m wide. The propylitic aureole appears to complete-
ly surround the pegmatite (Figs. 3 and 4) and encompasses
the tourmaline and biotite aureoles. It is characterizedby
alteration assemblages indicative of greenschist-facies
conditions: hornblende - epidote + chlorite * calcite +
titanite + holmquistite + oxides; plagioclase - zoisite +
clays + calcite; and biotite - chlorite + holmquistite.
Propylitic alteration is more pervasive and generally pen-
etrates further into the host rock in the hanging-wall than
in the footwall amphibolite (Figs. 3 and 4). Additionally,
the propylitic assemblage of the hanging wall contains a
notably higher modal proportion of calcite than does that
of the footwall. All major phases in the propylitic assem-
blage, including holmquistite (Table 6), are low in Na, K,
Rb, Cs, and F.

The association of clay minerals (smectites) with the
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for exomorphic biotite. Open symbols indicate footwall samples;
closed symbols indicate hanging-wall samples.

propylitic assemblage at Tanco indicates that this alter-
ation probably occurred at T '< 400-420 "C (see Velde,
1985). The large quantities of calcite present in perva-
sively altered wallrock (up to 45 volo/o) indicate that the
fluids responsible for propylitic alteration were COr-rich
aqueous solutions. Moreover, the higher abundance of
calcite in the hanging-wall assemblage implies that the
fluids that invaded the hanging-wall amphibolite were more
CO, rich than those that invaded the footwall (Morgan
and London, 1985; London and Morgan, 1985).

Li exomorphism and holmquistite

Holmquistite is present in all three metasomatic exo-
morphic assemblages at Tanco. Averaged eupa of exo-
morphic holmquistite are listed with associated alteration
assemblages in Table 6. The Li contents per formula unit
were estimated by difference (assuming full site occupan-
cy), because Li is almost completely ordered at the two
octahedral B (M4) sites in holmquistite (Hawthorne, l98l).
All Si was assumed to be tetrahedrally coordinated. Where
Si < 8 pfu, Al was assigned to fill the remainder of the
tetrahedral sites. Al [or Al - (8 - Si) where Si < 8 pfu],
Ti, Fe, Mn, and Mg were then assigned to the C (Ml, M2,
and M3) sites, and any amounts of these cations in excess
of 5.00 atoms pfu were subtracted from the 2 B (M4) sites.
Finally, Ca was subtracted from the B (M4) sites, yielding
the atoms of Li per formula unit.

Although holmquistite displays compositional vari-
ability with respect to both major and trace elements, no

clear distinction in composition is noted between
holmquistite associated with ditrerent metasomatic as-
semblages (Table 6). Holmquistite formed during early
metasomatism may have re-equilibrated in part with sub-
sequent and compositionally different pegmatite-derived
fluids. In addition, holmquistite and its associated min-
erals may not represent a single paragenetic assemblage
(i.e., multiple generations of holmquistite, each equili-
brated with a different pegmatitic fluid, may be super-
imposed in a given sample).

Rnr,.lrroN oF wALLRocK ALTERATIoN To
PEGMATITE EVOLUTION

London (1986a) has presented a model for the internal
evolution of the Tanco pegmatite based on studies ofpeg-
matitic fluid inclusions, internal mineral content, and
phase-equilibrium experiments in the lithium alumino-
silicate system. This model is summarized in Figure 12,
and re-evaluated below in light of the new information
from wallrock alteration.

Because London's (1986a) model is based on fluid in-
clusions in spodumene and petalite and on lithium alu-
minosilicate stabilities, the liquidus temperature and early
primary crystallization of the pegmatite remain uncertain
prior to petalite saturation in the range 600-700 "C and
3 kbar (point A in Fig. 12). Microthermometric analysis
of tourmaline-hosted fluid inclusions led Thomas and
Spooner (1987) to propose that the incipient crystalliza-
tion of the wall zone occurred at approximately 550'C.
This estimate, however, was derived using a pressure cor-
rection of 2 kbar. A pressure correction of 3 kbar, which
we believe to be more appropriate, would raise this es-
timate to about 600-650 "C, which falls within the range
in which petalite saturation probably occurred (London,
1986a). Early primary crystallization, possibly at sliglrtly
higher I, probably included the wall zone, microcline-rich
central intermediate zone, and albitite units. Albitites
formed throughout the primary crystallization interval
(small arrow in Fig. 12). In addition to the voluminous
albitites in the eastern ore zone. smaller bodies occur
throughout the pegmatite, but especially in the western
ore zone where they are associated with the most chem-
ically and mineralogically differentiated assemblages in
the pegmatite. Thin bodies of albitite also vein primary
microcline and petalite.

Observations from fluid inclusions and phase-equilib-
rium experiments led London (1986a) to propose that
because ofhigh concentrations ofLi, B, F, and other in-
compatible elements in the Tanco system, silicate melt
components and HrO were nearly, if not entirely, miscible
during the late stages of primary crystallization. Unequiv-
ocal evidence for a low-density vapor phase was found
only in secondary fluid inclusions that were entrapped in
quartz and spodumene at near-solidus or subsolidus tem-
peratures <470"C. Wallrock alteration that is clearly peg-
matite-related (i.e., the metasomatic events) occurred at
f < 450-500 oC, as evidenced by geothermometric anal-
ysis of metasomatic biotite-garnet pairs, and by the pres-
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TreLe 6. Electron-microprobe analyses of holmquistite, averaged with respect to as-

sociated exomorphic assemblages

Propylitic assemblage
Tourmaline

+
biotite Biotite

No. of anafyses: 5 7

1 1 1 5

+ +
biotite tourmaline

7 1 0 4

sio,
Alro3

Mgo
FeO'
Tio,
MnO

CaO
Naro
KrO
RbrO
Csro

F
Total

Si
'VAI

Tet. sum
V'AI
Mg
Fe
Ti
Mn

Oct sumf

Ca
Li+

Oct. sumt -
Sum M4

Na
K
Rb

Sum A

Total

F
Mg/(Mg + Fe)
AVSi

55.38(1.75)
1 2.31(0.29)

6.1 1(0.07)'t7.16(0.44l.
0.10(0.02)
0.25(0.03)

1.03(0.86)
0.29(0.06)
0.1 5(0.1 4)
0.04(0.04)
0.1 1(0.1 0)

7.85(0.17)
0.15(0.17)
&-0-0

1.96(0.02)
1.3s(0.01)
2.14(0.08)
0.01(0.01)
0.03(0.01)
5.49

0.08(0.02)
0.03(0.02)
0.00(0.01)
0.01(0.01)
o .12

15.12

0.08(0.01)
0 39(0.01)
0.26(0.01)

55.1 1(2.62)
12.32(0.97)

6.62(0.55)
1 8.16(0.68)
0.09(0.01)
0.25(0.02)

o.09(0.02)
0.18(0.02)
0.08(0 07)
0.03(0.02)
0.06(0.05)

0.0q0.01)
93 08

1 .97(0.01)
1.40(0.07)
2.19(0.02)
0.01(0.01)
0.0q0.01)
5.60

0.05(0.01)
0 02(0.02)
0.00(0.01)
0.00(0.01)
0.07

1 5  1 3

0.04(0.04)
0 39(0.02)
0.26(0.02)

Oxides (wt%)
s5.64(1.49)
1 2.s7(0.1 8)

7.38(0.57)
15.83(0.62)
0.04(0.04)
0.16(0.02)

0.84(0.49)
0.23(0.03)
0 05(0.01)
0.00(0.01)
0.00(0.01)

1 97(0.09)
1 .60(0.1 1)
1.92(0.08)
0.01(0.01)
0.02(0.01)
J-CZ

0.13(0.08)
1 .36(0.17)
0.52
2.O1

s7.58(2.88)
12.28(1.41)

5.42(1.68)
18.41(2.89)
0.10(0.03)
0.17(0.03)

0.1 0(0.04)
0.1 6(0.04)
0.01(0.01)
0.17(0.04)
0.01(0.02)

0.04(0 03)
94fr

1 .91(0.01)
1.07(0 36)
2.32(O.42l,
0.01(0.02)
0.0q0.01)
5.34

59.0s(0.12)
12.02(0.06)

7.20(0.03)
15.06(0.02)
0.02(0.01)
0.1 3(0.03)

0 1 1 ( 0 . 0 1 )
0.1 s(0.01)
0.01(0.01)
0.0e(0.02)
0.03(0.03)

0.08(0.02)
93.95

8.01(0.02)
0.01(0.02)
6n2.
1 .99(0.01)
1 .51(0.01)
1 .77(0.01)
0.01(0.01)
0.01(0.01)
5.29

0.04(0.03)
0.00(0 01)
0.01(0.01)
0.00(0.01)
0.05

15.08

0.08(0.01)
0.42(0.01)
0.19(0.01)

0.18(0.01 )
93 .11

Cations per 23 oxygens
7.89(0.21) 7.81(0.15) 8.00(0.16)
0.17(0.16) 0.19(0 15) 0.01(0.02)
8T6 739 6:Oi

0.16(0.17) 0.01(0.01)
1.3s(O 27\ 1 .39(0.43)
0.49 0.60
2i-0 zffi

0.01(0.02) 0.02(0.05)
1.65(0.23) 1.70(0.25).
0.34 0.29
zffi Z3.T

0.06(0.02) 0.04(0.02)
0.01(0.01) 0.00(0.00)
0.00(0.01) 0.01(0 01)
0.00(0.01) 0.00(0.01)
0T7 0.05-

15.07 15.06

0.05(0 01) 0.02(0.01)
0.45(0.02) 0 34(0.09)
0.21(0.01) 0.1 8(0.01)

Note: Values in parentheses represent one standard deviation from the mean.
'Total Fe is reported as FeO.
t Sum of octahedral cations chosen to fill the M1, M2, and M3 sites.
+ Li per formula unit is estimated by difference; see text.

ence of propylitic alteration associated with each meta-
somatic event. From the high reactivity ofthe amphibolite
during metasomatism, we infer that influx of any peg-
matite-derived aqueous vapor into the wallrocks would
be accompanied by metasomatic change. It is also im-
probable that significant quantities ofaqueous vapor built
up in the partially crystallized pegmatite prior to wallrock
metasomatism. Miarolitic cavities, or collapse structures
indicative of former cavities, are virtually nonexistent at
Tanco. In total, the record ofwallrock alteration is con-
sistent with the model for internal evolution: both lines
ofevidence suggest that significant quantities ofaqueous
vapor were generated only as the pegmatite magma ap-
proached its solidus over the interval of470-550'C (note
that Thomas and Spooner, 1985, have proposed that the
sequential crystallization of primary albitites, beryl fringe,

and quartz bodies ranged from approximately 327 to265

"c).
The fluid-inclusion study by London (1986a) revealed

evidence for a peralkaline, hydrous borosilicate melt or
silicate-rich vapor that was present during the crystalli-
zation of petalite and spodumene down to 470'C (points

A to C in Fig. l2). The transition from dominantly mag-
matic to hydrothermal conditions in Tanco was marked
by the loss of a lithium tetraborate fluxing component
from this late-stage melt and/or silicate-rich aqueous fluid,
with the consequent deposition ofalbite and other silicate
and oxide minerals. The only internal units in the Tanco
pegmatite that contain any significant amounts of tour-
maline are the albitites (in particular the footwall albitites)
and wall-zone units. The high contents of lithium tetra-
borate (diomignite: London et al., 1987b) in spodumene-
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Fig. 12. Evolutionary path for the Tanco pegmatite (wide arrows; from London, 1986a) with conelative representation of wallrock
alteration (light lines above evolutionary path). Light arrow indicates trend of increasing chemical fractionation in primary albitite
units. Internal crystallization of pegmatite units is discussed in the text. The fluid evolution is summarized as follows: (?-C) Primary
crystallization from a dense, hydrous alkali borosilicate fluid. (C-D) Transition ofdense, hydrous alkali borosilicate liquid (C) to a
solute-poor, CO'-bearing aqueous solution (D). The composition of the aqueous fluid (in mo10/o) at the point D is dpproximately
9 l0lo H,O, 5o/o COr, and 4o/o NaCl, equivalent. (E) Onset of H,O-CO, liquid immiscibility at a bulk-fluid composition (in molo/o) of
approximately 8G-850/o HrO, l0-150/o COr, and 5-60lo NaCl equivalent. (F) Complete unmixing into separate aqueous and CO,
fluids. (F-H) Increasing salinity (Na, Mg, Cl, SO4) in the aqueous fluid signifies the influx of wallrock-derived fluids back into
consolidated pegmatite.

hosted fluid inclusions suggest not only that tourmaline
crystallization in the wall zone and early albitites was not
capable of bufering B activity in the melt or vapor, but
also that B was retained within the pegmatite throughout
most of the interval of magmatic crystallization. As such,
the late, more chemically evolved albitite units may rep-
resent the products ofB depletion. The process envisioned
couples two interactive mechanisms: (l) crystallization of
tourmaline leading to melt vesiculation (London, 1986a,
1986c) and (2) further depletion of B from residual melt
by preferential partitioning into the vesiculated aqueous
vapor (K5'o'vmert for B > l: Pichavant, 198 l; London et
al., 1987a). Both HrO and B lower melt crystallization
temperatures; therefore, melt crystallization is driven by
a runaway process as the solubility of HrO in melt is
lowered by the progressive loss of B (Pichavant, l98l;
London, 1986a, 1986b, 1986c). Unlike many rare-ele-
ment pegmatites, the Tanco albitites do not contain large
quantities of demonstrably late-stage tourmaline. At Tan-
co, therefore, mechanism 2 in the process may have been
principally responsible for the generation ofaqueous va-
por and the consequent loss ofvapor and B to wallrocks.
Once the pegmatite system was open to the wallrocks via
the exsolved vapor phase, deposition of tourmaline in the
wallrocks may have initiated a chemical gradient for con-

tinued B loss from the pegmatite; thus, both mechanisms
I and 2 may have operated at Tanco.

There is a strong spatial correlation between wallrock
tourmalinization and the locations of albitite zones within
the pegmatite. The spatial, temporal, and compositional
evidence indicates that the crystallization of the albitites
represents the most probable pegmatitic source of the acidic
(?), B-bearing fluids responsible for B metasomatism of
the wallrocks. The pervasive tourmaline aureole above
the pollucite body in the central ore zone may stem from
fluids liberated by primary crystallization of the pollucite
body, which probably was among the last pegmatitic zones
to crystallize, or from fluids that were liberated from the
crystallization of albitite units which passed through (and
altered?) the pollucite unit before escaping to the wall-
rocks.

The probable source of alkalis and F for biotitization
of the wallrocks involved sericitic alteration of microcline
within the pegmatite. A spatial association of wallrock
biotitization with central intermediate zone and mixed
zone units has already been noted. Beside the Li-rich mica
replacement bodies that were mapped separately as le-
pidolite units, large quantities of microcline in the central
intermediate zone and mixed zone were replaced by ser-
icitic muscovite. Assuming total conservation of alkalis



in the biotite (+ holmquistite) alteration aureole, the req-
uisite quantities of K, Rb, and Li for biotitization of am-
phibolites could have been derived by only 140lo sericitiza-
tion of microcline in the central intermediate zone, mixed
zone, and spodumene-quartz units (using microcline com-
positions from Cernj'and Macek, 1972).The quantity of
Cs consumed by metasomatic biotite would require 310/o
sericitization of the microcline in these units, or another
contribution to the aqueous fluid such as loss from the
late-crystallizing pollucite bodies. In the central inter-
mediate zone alone, approximately 70 volo/o of the mi-
crocline (which initially constituted about 8G-90 volo/o of
the assemblage) shows some degree of replacement by
muscovite (P. J. Vanstone, pers. comm., 1985). It is ap-
parent that the sericitic alteration of pegmatitic microcline
in the central intermediate zone and mixed zone repre-
sents a reservoir capable ofsupplying the large quantities
of alkalis consumed by the formation of metasomatic bio-
tite (see discussion of mass balance, below).

Both the exomorphic biotite near the pegmatite contact
and pegmatitic micas (Rinaldi et al., 1972) are enriched
in F. This would suggest that the acidic fluids responsible
for sericitization of the central intermediate zone were
initially rich in F. The spatial association of central in-
termediate zone and mixed zone units with albitites (both
mappable albitite units and small segregations within the
central intermediate and mixed zones) and with large ex-
omorphic biotite aureoles suggests that the albitites were
likely sources of such F-rich fluids. Moreover, the tem-
perature of K-Rb-Cs-F metasomatism (about 450 "C) is
consistent with London's (1986a) estimate of 420-470 "C
for crystallization of late-stage albitites and derivation of
an acidic aqueous vapor (point C in Fig. l2).

The discrete veining and locally pervasive replacement
of metasomatic biotite and tourmaline by chlorite + cal-
cite + epidote show that propylitic alteration was the
latest prevalent type of wallrock alteration. Thus, the peg-
matitic aqueous vapor became depleted in B, F, and all
alkalis except Li aI T < 450 "C, after the formation of
metasomatic biotite (point D in Fig. l2). London (1986a)
showed that the onset of HrO-CO, immiscibility in the
pegmatite occurred at about 390 "C and 250 MPa (point
E in Fig. 12), continuing toward complete unmixing at
about 300 "C and 220 MPa (point F in Fig. l2). Such
unmixing and upward escape of a comparatively low-
densityCO, fluid wouldaccountfor the much highermod-
al abundance of calcite (up to 45 volo/o) in the hanging-
wall propylitic assemblage.

The widespread distribution and association of
holmquistite with all three metasomatic assemblages at
Tanco suggests that Li was released continuously during
the hydrothermal stage of the pegmatite and had multiple
pegmatitic sources. The association of holmquistite with
B metasomatism may srgnify that Li was also liberated
during the crystallization of pegmatitic albitites and spod-
umene (petalitelquartz units, which follows from the loss
of the LirBoO? component from the borosilicate melt or
vapor phase (London, 1986a).
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The P-T path below point F in Figure 12 is character-
ized by increasing salinity in aqueous fluids within the
pegmatite. The fluids in this P- Zinterval record increasing
Mg, Ca, and Cl contents, occasionally manifested as
daughter minerals of epsomite, halite, and calcite in the
sequentially latest secondary fluid inclusions hosted by
quartz (London, 1986a). We believe that this change in
fluid-inclusion chemistry reflects an influx of wallrock-
derived fluid back into the crystallized pegmatite. By this
stage of the pegmatite's evolution, metasomatic alteration
of the wallrocks was essentially complete.

Urrr-rrv oF wALLRocK ALTERATIoN As A GUIDE To
PEGMATITE EXPLORATION

Figures 3 and 4 show that the metasomatic halos are
narrow (=9.0 m) in comparison to the size of the deposit
and that the distribution of metasomatic alteration is spo-
radic and heterogeneous around the Tanco pegmatite.
Moreover, rare-alkali-rich metasomatic phases are absent
at a distance of more than about 4.5 m from the pegmatite.
These characteristics indicate that wallrock alteration may
be of only marginal value in the exploration for hidden
pegmatites, even large ones such as Tanco. Detection of
rare-alkali dispersion halos by whole-rock geochemical
sampling (e.g., Beus, 196l; Ovchinnikov and Solodov,
l97l; Ovchinnikov, 1976; Trueman, 1978; Trueman and
Cernj', 1982) remains a more effective way of locating
buried rare-element pegmatites. Among the metasomatic
minerals in the Tanco alteration aureole, holmquistite is
the most ubiquitous phase. The association of holmquis-
tite with highly differentiated, usually large rare-element
pegmatites may be useful for assessment of the economic
potential ofa known pegmatite body (e.g., Hornung, 1962;
Heinrich, 1965; Glebov and Khlebnikova, 1973; True-
man and Cernj', 1982; Iondon and Burt, 1982b; London,
1984a,  1986b).

At Tanco, tourmalinized wallrock may reflect the pres-

ence of adjacent Be- and/or Ta-mineralized albitites. Au-
reoles of metasomatic biotite correlate with sericitized
(and in some cases Ta-mineralized) microcline units. Al-
tered wallrocks where holmquistite is the only, or pre-

dominant, rare alkali-bearing metasomatic phase are de-
veloped near large lithium aluminosilicate bodies. These
correlations may be useful in conjunction with core-drill-
ing programs. Because of the extremely coarse grain size
of primary pegmatitic minerals, a particular drill hole may
intersect relatively few crystals, which may or may not be
indicative of the predominant mineral assemblage of the
pegmatitic zones. Wallrock metasomatism, therefore,
provides an indication of the predominant, or average,
mineral content of the adjacent pegmatite.

Pncluarrrc-wAr,r,RocK MASS BALANCE

In an effort to examine the mass balance of components
between wallrocks and pegrnatite, the molar quantites of
K, Rb, Cs, Li, B, and F consumed by exomorphic phases
were compared to the composition of the pegmatite for
which we had adequate control (cross-hatched area in Fig.
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2). It should be noted that the following discussion of
mass balance is intended to consider only this portion of
the pegmatite. The pegmatite composition was estimated
by (l) determining the volume of each internal unit by
examining the areas ofvertical cross sections spaced 50
ft (- l5 m) apart, which were derived from isopach maps
ofeach internal zone at a scale of l:1200; (2) converting
total volumes of internal units into mineral volumes using
modes (Table l) estimated from Crouse and Cernj' (1972)
an Cernj'(1982a) and modified by our own observations;
(3) conversion of mineral volumes into moles through
division by molar volumes; and (4) conversion of moles
of minerals into moles ofelements based on representative
mineral compositions (Foord, 1972 Moore, 1982; Cern6
eI al., 1972; Cernj' and Macek, 1972; Gice et al., 1972
Rinaldi et al., 1972).

The molar abundances of K, Rb, Cs, Li, B, F, and CO,
in the wallrocks were estimated by correlating the modal
abundance of metasomatic phases with their composi-
tions. Modal volumes of exomorphic phases were deter-
mined by examining "modal shells" of each phase in the
wallrocks within the metasomatic halo. The total volumes
of metasomatic tourmaline, biotite, and holmquistite were
then converted to masses through mineral densities
(Trm : 3.15 g/cm3; Bt : 2.7-3.3 g,/cm3; Hlm : 3.05
g/cmt).The total masses were then converted to moles
through division by molar masses (g.f.w.) of exomorphic
phases at Tanco, based on the observed mineral com-
positions. The molar abundance of pegmatite-derived CO,
was based on the molar abundance of metasomatic calcite.
Carbonate-rich wallrock samples stained with alizarin red
show that exomorphic carbonates are strongly dominated
by calcite (>95 volo/o) as opposed to dolomite. The molar
hbundance of metasomatic calcite was determined by di-
vision of the modal volume (derived as above) bv its
molar volume (36.934 cm3,/mol).

Boron

Total molar quantities of B were derived from the mod-
al abundance and compositions of exomorphic and peg-
matitic tourmalines, plus an additional estimated reser-
voir of 500 ppmw B in pegmatitic spodumene (qualitative
ion-microprobe analyses by Erik Steele, National Bureau
of Standards, Gaithersburg, Maryland, U.S.A.). The min-
imum estimate of the abundance of exomorphic tow-
maline is about 5 x 108 mol. From this estimate, about
10e mol of B, 108 mol of F, and l0? mol of Li (excluding
holmquistite) were consumed by metasomatic tourma-
line. The uncertainty associated with these calculations is
difficult to assess, because the grid for wallrock sampling
is wide with respect to changes in zonation within the
pegmatite. This estimate of B loss is significant, however,
because it represents at least 460/o of the original B content
of the pegmatite magma. On a volumetric basis, 10e mol
of B represents a mass flux out of the pegmatite of about
103 mol of B per cubic meter of consolidated pegmatite.

We believe that the value of 10, mol of B underestimates
the actual amount of B introduced to the wallrocks for
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two reasons. First, the thickest and most extensive aureole
of tourmalinization beneath the albitites in the eastern ore
zone expands to the east, where no wallrock samples are
available. Second, reconnaissance hydrothermal tour-
malinization experiments using an unaltered amphibolite
(App. l) indicate that the formation of metasomatic tour-
maline occurs only in solutions with low pH (i.e., with
acid rather than alkaline B sources). The results suggest
that the amount of tourmaline recorded by amphibolitic
host rocks may be a function of the proportion of acidic/
alkaline borate species in the pegmatite-derived aqueous
fluid. The presence of late-stage, peralkaline borosilicate
melt (London, 1986a), the occurrence ofcrystalline LirBoO,
at Tanco (London et a1., 1987b), and the association of
holmquistite with metasomatic tourmaline (indicating
Li + B influx) imply that a significant proportion of B in
exsolved aqueous fluid may have existed as a peralkaline
borate species, which apparently does not promote tour-
malinization of amphibolitic wallrocks.

Alkalis

By correlating the molar abundance of biotite with its
composition (from analyses), it is estimated that approx-
imately 108 mol of K, 108 mol of Rb, 10'mol of Cs, 106
mol of Li (excluding holmquistite), and 108 mole of F
were incorporated in the wallrocks during K-Rb-Cs-F (+
Li) metasomatism. The uncertainties associated with es-
timation of biotite abundance between sample points is
minimized by the strong positive correlation of exo-
morphic biotite with internal central intermediate zone
and mixed zone units, which are well located. The molar
estimates of alkalis incorporated in biotite are regarded
as minimum values, because some biotite was destroyed
during subsequent propylitic alteration. Trueman (1978)
has noted whole-rock anomalies in Li and Rb up to 180
ppmw within l5 m above the central ore zone, decreasing
to less than 30 ppmw at 92 m above the western ore zone.
Li and Rb could have been dispersed into apparently un-
altered amphibolites by fluids that gained rare alkalis dur-
ing propylitic alteration of biotite. The estimates of K,
Rb, and Cs loss represent about 4o/o,60/o, and 130/o of their
respective molar quantities in the original pegmatite mag-
ma. These values correlate to mass fluxes of about 50. 10.
and 5 mol of K, Rb, and Cs per cubic meter of pegmatite.
Moreover, the estimated quantities of K, Rb, and Li as-
sociated with the formation of metasomatic biotite rep-
resent only 5o/o, 9o/0, and 40lo of their respective abundances
currently residing in microcline within the central inter-
mediate, spodumene-quartz, and mixed pegmatite zones.
This suggests that less than 14o/o sericitization of micro-
cline could have provided an adequate source of alkalis
for this metasomatic event. The observation that Cs con-
sumption by the wallrocks represents about 48o/o of that
preserved in pegmatitic microcline may signify that crys-
tallvapor distribution coefficients for Cs were much lower
than for the other alkalis, or that Cs may have an addi-
tional pegmatitic source (e.g., the pollucite units).

Based on the modal abundance of holmquistite and an



estimated average Li content of 1.5 atoms per formula
unit, approximately 108 mol of Li were trapped in the
wallrocks in the form of holmquistite. In total from all
metasomatic phases, approximately 3 x 108 mol of Li
were lost to the wallrocks. This represents about 20lo of
the original Li content in this portion of the pegmatite,
or a mass flux of about 3l mol Li per cubic meter of
pegmatite.

In contrast to Li, K, Rb, and Cs, which are largely
conserved in the altered amphibolite, there are no metaso-
matic phases that record an influx of Na from pegmatite
to wallrocks. Plagioclase in the host amphibolite could
have contributed the minor quantities of Na in tourma-
line. Relic plagioclase in the recrystallized amphibolite
shows no evidence of Na enrichment (in fact, shows lower
Ab content compared to distal amphibolite), and second-
ary albite is not present in the retrograde propylitic alter-
ation assemblages. A Cl- or F-bearing aqueous fluid in or
near equilibrium with alkali feldspars at 450-550 oC would
have contained significant quantities of Na, with X*r,*.**,
approximately : 0.8 (Orville, 1963; Barton andFrarz,
1983). In view of the large quantities of K trapped in
metasomatic biotite, it is probable that even greater molar
masses of Na were lost from the pegmatite without con-
servation in the wallrocks. We have examined metaso-
matic phases in the altered wallrocks for halite-saturated
inclusions, but have found no inclusions suitable for study.
An additional indication of Na loss is the low Na,O/Xl,O
weight ratio (0.63) calculated from the modal mineral
abundances of the pegmatite. This alkali ratio, which is
> I in other rare-element pegmatites (e.g., Harding: Burn-
ham and Jahns, 1962), suggests the possibility that much
of the sericitic muscovite within Tanco may have replaced
plagioclase rather than microcline.

Fluorine

From all metasomatic phases, a total of slightly less
than lOe mol of F was lost from the pegmatite. This rep-
resents about 140lo of the estimated F content of this por-
tion of the pegmatite, or a mass flux of about 75 mol of
F per cubic meter of pegmatite. The uncertainties asso-
ciated with this estimate are especially high, because the
pegmatitic sources for F are not well defined, and in par-
ticular, the modal abundance of amblygonite-montebra-
site is not known with as much certainty as the other
important phases in the pegmatite mode.

CO, and HrO

The molar abundance of metasomatic calcite in the
wallrocks records the absorption of about 4 x 108 mol of
COr. This figure probably underestimates the actual peg-
matitic loss because it assumes total conservation of CO,
in the exomorphic aureole. Additional uncertainties, which
may partly offset this underestimation, include the un-
known X.orin connate fluids prior to metasomatism, and
a small (avg. << I volo/o) calcite content in the unaltered
amphibolite. Assuming conservation of CO, in the exo-
morphic aureole, the estimate of 4 x 108 mol correlates
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with a mass flux of about 45 mol of CO, per cubic meter
of pegmatite, or slightly less than 0. I wto/o of the original
pegmatrte magma.

From fluid-inclusion data, London (1986a) ascertained
that vapor exsolved within the pegmatite between 400
and 450'C contained l0-15 molo/o COr. On the basis of
calcite (COr) abundance, this would correspond to 2.5 x
10, to 4.0 x l0e mol of HrO introduced during propylitic
alteration of the wallrocks. An additional 2.5 x 10e mol
of HrO was consumed by hydration during the formation
of metasomatic tourmaline and biotite, giving a minimum
total quantity of 5.0 x l0' to 6.5 x lOe mol of pegmatite-
derived HrO. This mass of HrO corresponds to approx-
imately 0.45 wto/o of the total pegmatite mass, which itself
contains < 1 wt0/0 HrO in hydrous phases. Clearly, then,
pegmatite-derived HrO was not conserved during wall-
rock alteration.

CoNcr-usroNs

The amphibolites surroundingthe Tanco pegmatite were
very reactive to pegmatite-derived fluids and hence con-
stitute a useful monitor of pegmatite fluid evolution. The
type of metasomatic wallrock alteration around Tanco
generally reflects the dominant minerals of proximal in-
ternal pegmatite units, and also documents major changes
in bulk-fluid chemistry (e.g., H,O-CO, immiscibility). The
three-dimensional shapes of alteration aureoles, however,
are controlled largely by inherited host-rock structures and
vary with location around the deposit. All metasomatic
aureoles around Tanco are narrow with respect to the
dimensions of the pegmatite and hence would be of little
use in blind exploration. The alteration minerals, how-
ever, may be combined with drilling data to better define
the nature and extent ofpotential ore units.

The chemistry and sequence of wallrock metasomatism
are entirely consistent with the recently developed model
for internal evolution of the Tanco deposit (London,
1986a). Both lines of evidence indicate that large quan-
tities of aqueous vapor were generated in the pegmatite
at T < 500-550 oC, near the magmatic-hydrothermal
transition. There is no evidence that the pegmatite at-
tained early saturation in a "typical," mobile aqueous
vapor phase. The generation ofan acidic B- and F-rich
fluid from crystallization of albitites and the consequent
sericitic alteration of adjacent microcline- and spodu-
mene-rich zones correlate in time, temperature, and se-
quence with tourmalinization of the wallrocks, followed
by the biotite-forming metasomatic event. A higher abun-
dance ofcalcite in the propylitic aureole ofthe hanging-
wall amphibolite also correlates with unmixing of HrO
and CO, fluids within the pegmatite.

One of the most important results of this study is that
enormous quantities of alkalis, F, and especially B have
been lost from the pegmatite. Although pegmatite-derived
Li, K, Rb, Cs, and F may have been largely conserved in
the altered amphibolite, all B, and certainly Na were not.
The concentration and subsequent loss of B and F from
late-stage pegmatite melt stems from the inability of com-
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mon pegmatite minerals to buffer the concentrations of
these components at low values (London, 1986a, 1986c,
1986d, 1987). In addition, the pegmatite composition is
more aluminous than the original pegmatite magma, be-
cause about lOe mol of alkalis was lost to the wallrocks.
For this reason, chip composites of rare-element peg-
matites probably do not represent actual magma com-
positions (e.g., see London, 1986d), especially with regard
to the geochemically important rare alkalis, B, and F.
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AppnNorx 1: Tounu,tr,INIZATroN EXpERIMENTS

Reconnaissance tourmalinization experiments were carried out
using a fine-grained, unaltered amphibolite from core 7823 as
starting material. The starting amphibolite was finely ground
(-200 mesh) and loaded into Au capsules with boric acid (H'BO)
and sodium tetraborate decahydrate (NarBoO, l0HrO) as B
sources in separate experiments. About 25 wto/o of a B source
and 25 wto/o distilled and deionized water were added to each
charge to insure saturation of both components. Experiments
were conducted in water-pressurized, cold-seal reaction vessels,
and charges were run at 600 "C and 200 MPa for 9 d. Temperature
was measured with internal Chromel-Alumel thermocouples (to-
tal uncertainty : +4 "C), and pressure was monitored with a
Heise Bourdon tube gauge open to the experiments and a pressure
bufer (uncertainty < l0 MPa).

The first series ofexperiments were not seeded with tourmaline,
in order to simulate the introduction ofB-rich aqueous fluid to
tourmaline-absent amphibolite host rocks. Replicate experi-
ments seeded with schorl yielded identical results. In both cases,
approximately 60-70 volo/o of the amphibolite charges using boric
acid as the B source were replaced by tourmaline that is com-
positionally similar to tourmaline from the Tanco wallrocks. The
experiments using sodium tetraborate as the B source failed to
produce tourmaline; these experiments yielded a more sodic
homblende that coexisted with an Na-enriched plagioclase and
a B-rich melt (anorthite-albite-danburite-reedmergerite solid so-
lution). Tourmaline seed crystals in the sodium borate experi-
ments showed extensive dissolution.

In addition to amphibolite, similar experiments were con-
ducted using muscovite and muscovite + albite assemblages,
with and rrithout tourmaline seed crystals. In all cases, tour-
maline failed to grow in any experiments using HrBO, or NarBoOr,
and tourmaline seed crystals in all runs dissolved nearly to com-
pletion.
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