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Abstract

The minerals eucryptite (LiAlSiO4), spodumene (LiAlSi2O6), and petalite (LiAlSi4Or6)
are important constituents of lithium pegmatites, yet the stability relations of these
minerals are poorly understood. Natural occurrences and available experimental data have
been utilized to construct a P-T diagram for phases in the binary system LiAlSiO4-SiO2.
The calculated lithium aluminosilicate stability relations in the degenerate (n+3)-phase
multisystem eucryptite, spodumene, B-spodumene (p-LiAlSi2O6), petalite, and quartz
imply that eucryptite + quartz is stable at low P and T, spodumene is stable at high P,
spodumene + petalite is stable at moderate P and ?, petalite is stable at moderate Tand low
P, and B-spodumene is stable only at high T. The proposed lithium aluminosilicate phase
diagram accounts for the stable occurrence of eucryptite + qluarlz at low P and T, and for
the observed replacement of petalite by spodumene + quartz (at relatively high P and
decreasing T) or by eucryptite -l quartz (at relatively low P and decreasing Z). The phase B-
spodumene is probably stable only well above the lithium pegmatite solidus, thus
accounting for the absence of p-spodumene in nature.

Introduction

The three lithium aluminosilicates, eucryptite
(LiAlSiO4), spodumene (LiAlSi2O6), and petalite
(LiAlSi4Olq) have long been of interest to mineral-
ogists, igneous petrologists, and economic geolo-
gists (e.g., Julien, 1879; Brush and Dana, 1880)
(Table 1). Much of what is known about the geology
of these minerals stems from field studies of pegma-
tites conducted during World War II, when the
wartime demand for mica and beryl was high. The
results of these and subsequent investigations are
summarized by Cameron et aI. (1949,1954),Page et
al. (1953), Jahns (1955), eern! (1975), and Heinrich
(1975). In addition, studies of pegmatites in the
Soviet Union have provided a large body of infor-
mation pertaining to the geology of lithium pegma-
tites and occurrences of the lithium aluminosili-
cates; much of this work is summarized by Fersman
(1931), Ginzburg (1955), Beus (1960), Vlasov (1961,
1964-66), Gordienko (1970), and Ovchinnikov and
Kuz'menko (1976.

Of the three lithium aluminosilicates, spodumene

1 Present address: Geophysical Laboratory, 2801 Upton
Street, N.W., Washington, D.C. 20008.

0003-004)v8210506-0483$02. 00

is by far the most widespread and abundant. Peta-
lite is second in abundance and distribution, and it
constitutes the principal lithium aluminosilicate in
several pegmatite districts. Some of the important
localities and modes of occurrence of spodumene
and petalite are summarized by Heinrich (1975).
Eucryptite is the rarest and least abundant of these
three minerals; however, it has now been reported
from at least twenty localities (Table 2). The rarity
of eucryptite may be due in part to the fact that it is
dfficult to identify (its name stems from the Greek
eu kryptos, meaning well-concealed). It commonly
occurs in extremely fine-grained intergrowths with
albite or qtrartz, and its optical and physical proper-
ties are virtually identical to those of quartz (e.9.,
eerny,1972).

Pegmatitic deposits of spodumene and petalite
are mined throughout the world for use in glass
ceramics and in the manufacture of numerous lithi-
um-based compounds (Heinrich, 197 5; Yine, 1976;
Singleton, 1979).The only known economic deposit
of eucryptite is in pegmatites of Bikita, Zimbabwe
(Cooper, 1964). In addition to lithium ores, ores of
beryllium, niobium, tantalum, tin, cesium, rubidi-
um, bismuth, and other rare elements commonly
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Table l. Names and compositions of phases discussed in this
paper

Pha se Abbreviat ion used Conposlt  lon

eucrypt i te

spodumene

p e c a l l t e

quartz

B-eucrypt i te

B-spodunene

Ecr

spd

P e t

q tz

Bec

B s P

o-LiA1S 1O4

a-LlA1S 1205

LiAlsi4olO

sio2

B-LlAlS104

B-LlA1Si2o6

are concentrated in the inner, lithium aluminosili-
cate-bearing zones of pegmatites (Vlasov, 1961);
the richest of these ores typically occur in albite or
lepidolite masses that appear to have formed at the
expense of spodumene-bearing pegmatite (Beus,
1960; Vlasov, 1961). Therefore, the processes re-
sponsible for the formation and destruction of lithi-
um aluminosilicates also may be responsible for the
dramatic concentration of rare elements in these
zones. Studies of lithium aluminosilicate stabilities
may yield information pertinent to rare-metal min-
eralization and thus may aid future geochemical
exploration for these elements.

The purpose of this study is to define the condi-
tions of formation and alteration of the lithium
aluminosilicates in terms of pressure, temperature,
cooling history, and alteration by late fluids. The
melting and crystallization equilibria of systems
containing lithium aluminosilicates have been stud-
ied extensively at low pressures; phase relations
near the solidus in the system NaAlSi3Os-LiAl-
SiO4-SiO2-H2O at 2 kbar PH,s zr€ discussed by
Stewart (1978). In contrast, the subsolidus stabil-
ities of the lithium aluminosilicates have received
relatively little attention, even though lithium alu-
minosilicates, especially spodumene, commonly
display a variety of replacement textures and as-
semblages that result from late-stage pegmatitic
processes (e.9., Brush and Dana, 1880: Graham,
1975; Jahns and Ewing, 1976, Chakoumakos, 1978).
This paper will focus on the subsolidus stabilities of
the three lithium aluminosilicates named above.
Virgilite, Li*Al*Si3-*O6 (French, Jazek, and Apple-
man, 1978), and bikitaite, LiAlSi2Oe .HzO (Hurl-
but, 1958; Phinney and Stewart, 196l; Drysdale,
1971) will not be considered here. This paper pre-
sents a qualitative P-Z phase diagram for the por-
tion of the lithium aluminosilicate system LiAl-
SiO4-SiO2 (Table 1) that is relevant to geologic

conditions. In a following paper (London and Burt,
1982b) we will consider the effects of added compo-
nents in the melt or coexisting fluid (as opposed to
solid solution components) on lithium aluminosili-
cate stabilities. The preliminary results of experi-
mental phase equilibrium studies in the system
LiAlSiO4-SiO2-H2O are available in London
(1981) .

Nomenclature

The numerous pegmatite classification schemes
(e.9., Cameron et al., 1949; Jahns, 1955; Brotzen,
1959; Beus, 1960; Vlasov,19611' Uebel, 1977)have
established a fair degree of uniformity in the termi-
nology applied to the types and internal features of
pegmatite bodies, yet there are some significant
differences among these models in their proposed
crystallization sequences and zonal assemblages.
These discrepancies stem largely from a lack of
uniformity in the criteria used to distinguish the
primary or secondary (subsolidus or replacement)
nature of pegmatite minerals. Pegmatite textures

Table 2. Reported occurrences of eucryptite

Boulder  county ,  co lo rado
USA

Branchw1l le ,  Connect l -
c u t ,  U S A

Center  S t ra f fo rd ,  Ns
Hanpsh i re ,  USA

Et ta  n lne ,  South  Dakora ,
U S A

k ld ing  n1n€,Nes uex tco ,
USA

Hiddent te ,  Nor th
Caro l ina ,  USA

Klngs  Utn ,Nor th
Caro t ina ,  USA

P a t a  d i s t , ,  C a 1 1 f o r n 1 a ,
USA

ml le  P icacho d ls t ,
A i i zona,  USA

Naklna, htarlo, Canada
Tanco mlne, Uanltoba

Canada

Biklta, Ztubabwe

ktunba, Rwanda
b l le fon te tn ,  S .  f f l t ca

Sa l lsbury  d1s t . ,  Z tubabwe

Central kzakstan, USSR

klb tnsk  reg lon ,  USSR
b1a Penlnsula, USSR
Slber la ,  gSSR

Soviet Central Astu

Nanllng boges, S. Chlda
hndonderry, We6t

fus t ra l1a

usM #128648*

Brush and Dana, 1880

M r o s e , 1 9 5 3

Schwar tz  &  L@nard ,  I926
J o n e s , 1 9 6 4
u r o 6 e , 1 9 5 3

usw /110014

Leves et aL.,1968

Jahns, 1979

Brtt  et  aL.,  1977

hndarino & narr ls,  1968
cern' ,1972, 7975

Hul lbut,  1957, 1958, 1952

von horrtng, 1966
Schr 'dder & Eoff@n, 1957

Grubb, I973

tuchtnntkov & (uz'Eenko,
r97 6

G l n z b u r g , 1 9 5 9
Sosedko & Gordlenb, 1957
r u g o v s k t l  e t  q L , 1 9 7 7
R o s s o v s k t t , 1 9 7 1

chao, 1964
usw #146420

fine-gratued
aggregate ;
assoc tu ted  phases

Ecr+Alb after Spd

Ecr+AIb

mss lve  Ecr ;  Ecr+

Qtz  a f te !  Spd
ten ta t l ve ;  Ecr -
Spd-Qtz
f rac tu re  f111 ing
Ecr+Qtz  f rac tu re
f lU1ng
assoc la t lon  no t

Ec !+ [b  a f te r  Spd

Ecr -Spd
Ecdh lx* ;  mass ive
Ecr ;  Ecr+Qtz  a f te r
sPd
Ecr -Q!z -Btk*  a f te r
Pet ;  Ecr+Qrz  a f te r
Pet ;  nass ive  Ecr
Ecr+Alb after Spd
aBaoc la t lon  ro !

Ecr -Spd-Pet -Qtz

aBsoc la t lon  no t

Ecr+flb after Spd
Ec*A.lb after Spd
Ecr-Spd-Pet-Qtz
EcHtz  a f te r  Spd

Btth L1b, lptt*etc.
Ecr+Qtz qfter Pe!

* USMI = U.S. Nati.@Z trh8ew, SfritbmLm l@titution, W@hi,ngtm, D.C.,USA
** AnX = @aLe'ine, Bik = bikituite, Lik = Z{-beyite, Lpt = Lepidotite
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are extremely complex and varied, and recognition
of the paragenetic sequence consequently is ambig-
uous and subjective.

In this and the following paper (London and Burt,
1982b) inferred equilibrium assemblages are indicat-
ed by mineral names separated by plus signs (+);
mineral associations that probably do not or may
not constitute a single paragenesis are represented
by mineral names separated by hyphens (-). The
term primary is applied to a mineral or an assem-
blage that generally appears to have crystallized
directly from a melt (with or without the participa-
tion of an aqueous fluid phase). The granitic border
zones and most of the extremely coarse-grained
pegmatitic units are interpreted as primary in origin.
In general, minerals are regarded as secondary or
replacement assemblages only if recognizable evi-
dence of replacem ent (e . g ., pseudomorphism, crys-
tallographically continuous relicts of a host phase,
embayment, etc.) is present.

Natural (rccurrences

Spodumene and petalite usually form extremely
large primary crystals in the interior portions of
zoned lithium pegmatites. In such occurrences,
both minerals typically are embedded in masses of
qtaftz or of quartz plus other minerals (e.g., albite,
microcline, amblygonite-montebrasite). In contrast,
eucryptite seldom, if ever, forms as a primary
phase. Relatively coarse (up to 2 cm in dimension)
subhedral crystals of eucryptite described by Hurl-
but (1962) from Bikita, Zimbabwe, may be primary,
although they do not approach the giant dimensions
of the other two lithium aluminosilicates.

Primary spodumene and petalite frequently ex-
hibit partial to complete pseudomorphism by a
variety of fine-grained mineral assemblages. Al-
though alteration may be pervasive, it usually is
sporadic within individual pegmatites and even
within single host crystals. In most cases, this
replacement along cleavage surfaces and crystal
boundaries of the host lithium aluminosilicates can
be clearly attributed to pegmatitic processes and
not to subsequent regional metamorphism or local
hydrothermal alteration (e.g., London and Burt,
1982a). Alteration of primary spodumene or petalite
may be essentially isochemical or may involve
cation exchange. This paper considers only iso-
chemical replacement processes; the following pa-
per (London and Burt, 1982b) treats lithium alumi-
nosilicate alterations involving cation exchange.

Fig. l. Photomicrographs showing (top) the alteration of
petalite to spodumene + quartz from Bikita, Zi4babwe
(specimen courtesy of C. S. Hurlbut, Jr., and Carl A. Francis,
Harvard University), and (bottom) spodumene + quartz
replacement of petalite from the Tanco pegmatite, Bernic Lake,
Manitoba, Canada. Crossed polars.

Isochemical replacement

The most common isochemical replacement of
lithium aluminosilicates involves the breakdown of
petalite to a symplectic or fibrous intergrowth of
spodumene + quartz (Fig. 1). eernf and Ferguson
(1972) and Cernf (1975) have reviewed the eight
localities from which this isochemical replacement
of petalite has been reported. In addition to the
textural similarities of the symplectic or fibrous
intergrowths, descriptions from several of these
localities indicate that the long or c axes of spodu-
mene grains or fibers are oriented parallel to the
{001} cleavage in the host petalite. In samples from
the Tanco pegmatite in Manitoba, Cernf and Fergu-
son (1972) observed (optically) a crystallographic
orientation of the secondary spodumene with re-
spect to petalite, such that c,o6 is parallel to bpet.

Eucryptite, which is chemically and structurally
similar to the feldspathoids nepheline and kalsilite,
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Fig. 2. Photomicrographs showing (top) the intergrowth of
eucryptite + quartz after petalite from Bikita, Zimbabwe
(specimen courtesy of C. S. Hurlbut, Jr., and Carl A. Francis,
Harvard University), and (bottom) eucryptite + quartz
replacement of spodumene from the Harding pegmatite, Taos
County, New Mexico. Crossed polars.

surprisingly occurs intergrown with quartz after
petalite (Fig. 2) from Bikita, Zimbabwe (Hurlbut,
1962) and from pegmatites in the Central Soviet
Union (Rossovskii, 197 0). Estimates by Rossovskii,
and our own observations from thin sections of
Bikita samples, indicate that the intergrowths are
approximately 60-80 volVo etcryptite and 40-20
volVo qvartz. Cernf (1975) has described a eucryp-
tite + quartz intergrowth that appears to have
replaced spodumene at the Tanco pegmatite, and
we have observed eucryptite + qnartz intergrowths
after spodumene from the Harding pegmatite, Taos
County, New Mexico (Fie. 3). In addition, well-
formed crystals of eucryptite and quartz occur as
fracture fillings in pegmatite from Kings Mountain,
North Carol ina (e.g.,  Smithsonian specimen
USNM ll997l) and from Hiddenite, North Carolina
(e.9., tentative identification of Smithsonian speci-
men USNM 10014). These natural occurrences led
Leavens et al. (1968) and Burt et ql. (1977) to
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propose that eucryptite * quartz is a stable assem-
blage under some geologic conditions.

Fluid inclusion studies

The available data on the homogenization tem-
peratures (i.e., minimum filling temperatures) of
multiphase fluid inclusions suggest that spodumene
or spodumene-bearing pegmatite crystallizes in the
range of 300"-650"C (Sheshulin, 1963; Bazarov and
Motorina, 1969; Brookins et al.,1979;Taylor et al.,
1979). Sheshulin (1963) identified two generations
of spodumene in pegmatites from the Soviet Union;
homogenization temperatures were 500'-650'C for
first-generation spodumene, and 290'-390"C for
second-generation spodumene. Estimates of filling
pressure for saline or CO2-rich inclusions indicate
pegmatite crystallization pressures in the range of
1.5-2.5 kbar (Bazarov and Motorina, 1969; Brook-
ins et al., 1979;Taylor et al., 1979). The results of
these studies imply that spodumene (-rquartz) is

(Bsp,etz)

9 . r '
l/

,fffn

. oO
(Brp,Ecr)

T, "C
5(n 600

Fig. 3. Summary of the principal experimental work on the
lithium aluminosilicate system under geologic conditions
(several kilobars of pressure). Dot-dash line and triangle:
spodumene synthesis experiments of Shternberg, et al. (1973);
dashed line: stability limit of petalite reported by Stewart (1963);
dotted line: spodumene-p-spodumene inversion determined by
Munoz (1969); dash-dash-dot line: the a-eucryptite-B-eucryptite
inversion reported by Isaacs and Roy (1958); solid line and
squares: reversal of reaction (Bsp,Ecr) reported by Stewart
(1963); hexagon: reversal of reaction (Bsp,Ecr) reported by
Munoz (1971); circle: spodumene + quartz + petalite,
unreversed reaction (D. J. Drysdale, unpublished data, personal
communication, l9E0). Equilibrium boundaries for the reactions
probably lie in the directions indicated by arrows.

P, kbar
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Table 3. Cell dimensions and calculated molar volumes for eucryptite and p-eucryptite
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_ 0 o
co '  A vo,  3ouLes/bar

Blkita, Zinbabwe (Hurlbut, 1962)
Klngs Mountain, North Carollna (Leavens et al.,1968)
Tanco mine, Bernlc Lake, Manltoba (Eernf, L972)
synthetlc (Tlen and H"*el, 1964)
synthetlc (WlnkLer, 1948)
synthet ic  (Rieder,  1971)
synthet lc  (Stewart ,  1960)

Buerger (1948)
Winkl-er (L948)
Tlen and Hmel (1964)
Pillars and Peacor (1973)

eucryptite
1 3 . 4 8 0  ( 5 )
1 3 . 4 9 0  ( 7 )
L3.472(r)
1 3 . 5 1
1 3 .  5 3
l_3.  s20 (4)
13.476(3)

B-eucrvptlte
10 .  55
5 .27  (bao )
5.249 (+ao)
10 .497  (3 )

9 .  010  (5 )
9 .0L6 (7 )
9 .  ooo (1)
9 . 0 7
9 . 0 4
9 . 0 3 s ( 4 )
9  . 003  (1 )

TT,22
IL.25
11 .  186
11 .  200  (5 )

4 . 7 4 4
4 . 7 5 5
4 . 7 3 3
4 . 7 9 7
4 . 7 9 6
4 . 7 8 6
4 . 7 3 8

>  . 4 t 6

) . q J z

5 .  359
5 .364

stable to pressures at least as low as 2 kbar at low to
moderate temperatures.

Calorimetric and experimental data

Construction of the lithium aluminosilicate phase
diagram in P-T space is hampered by a lack of
relevant thermochemical data and experimental
work in the system LiAlOrSiOz. The stability
relations among the lithium aluminosilicates in
quartz-saturated and undersaturated systems have
received considerable attention from ceramists
(e.9., Hatch, 1943: Roy et al., 1950, Tien and
Hummel, 1964) because of the low thermal expan-
sion and fluxing properties of lithium alumino-
silicate glasses and ceramics. Most of this work was
conducted at atmospheric pressure. The principal
investigations under geologic conditions (several
kilobars of pressure) are those of Isaacs and Roy
(1958), Skinner and Evans (1960), Stewart (1960,
1963, 1978), Phinney and Stewart (1961), Edgar
(1968), Munoz (1969, 1971), Drysdale (1971, 1975),
Grubb (1973), and Shternberg et al. (1973). The
thermochemical properties of spodumene, &spodu-
mene, and B-eucryptite have been determined from
solution and adiabatic calorimetry by Barany and
Adami (1966) and Pankratz and Weller (1967); the
thermochemical properties of petalite have been
determined calorimetrically by Bennington er a/.
(1980) and by Hemingway (unpublished data, 1980).
Although many aspects of lithium aluminosilicate
stabilities have been elucidated, these experimental
studies have not provided a coherent and geologi-
cally relevant lithium aluminosilicate phase diagram

in P-T space. There are significant discrepancies
and apparent conflicts in much of the experimental
work (discussed below). Also, none of the previous
studies has accounted for the stable association of
eucryptite I quartz, even though this assemblage
has been reported from several localities (Table 2).

Considerable confusion suffounds the thermo-
chemical properties and structural state of eucryp-
tite. There are two principal forms of LiAlSiO4.
One is the natural, low-temperature form known as
eucryptite, low-eucryptite, or a-eucryptite. Its di-
morph is a synthetic, high-temperature form re-
ferred to as high-eucryptite or B-eucryptite. The
crystal structures of eucryptite and of peucryptite
are analogous to those of a-qtartz and ftquartz,
respectively, (i.e., they are stuffed derivatives of
the silica minerals: Buerger, 1954). Eucryptite pos-
sesses space group symmetry R3 (Mrose, 1953;
Hurlbut, 1962) whereas that of peucryptite is P6a22
(Winkler, 1948). The nature of the polymorphic
transition, which has not been studied in detail,
appears to be different from that of a- and ftqtartz.
It may be a first-order reconstructive transforma-
tion, inasmuch as B-eucryptite is metastably pre-
served at room temperature (Pillars and Peacor,
1973).In addition, the molar volumes of eucryptite
and B-eucryptite are quite different (Table 3). The
data presented in Table 3 serve to clearly identify
the LiAlSiOa polymorphs studied by other workers.

The thermochemical data reported for "eucryp-
tite" by Robie et al. (1978) are derived from the
calorimetric work of Barany and Adami (1966) and
of Pankratz and Weller (1967) and thus belong to B-
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Ecr
Bec
sPd
Bsp

Pe!

Q t z

Table 4. Molar volume and thermochemical data on phases in the
system LiAlSiOa-SiO2*

Phases vo, Joules/bar so, joules/bote-K Af l?.298, kjoules/nole

noz (1971) gave an equilibrium temperature of
470"C at the same pressure, and D. J. Drysdale
(unpublished data; personal communication, 1980)
observed that petalite is stable down to tempera-
tures of 440'C or lower for this same reaction at 2
kbar pressure (Fig. 3). While this discrepancy may
not change the fundamental relationship of qaartz-
spodumene-petalite equilibria, it would have a
drastic effect on the thermochemical properties of
petalite as derived from Stewart's work. Recent
calorimetric determinations for Sles.15 of petalite by
Bennington et al. (1980) and by B. S. Hemingway
(unpublished data, personal communication, 1980)
are in close agreement (Table 4), and both differ
substantially from the value derived from the work
of Stewart (1963). The value for Sie3.15 of petalite
reported by Bennington et c/. (1980) has been used
here in reaction slope calculations involving petal-
ite. In addition, the work of Stewart (1963) and
Munoz (1971) on reaction (Bsp, Ecr) appears to be
in conflict with the results of synthesis experiments
(reported as an unreversed reaction boundary) by
Shternberg et al .  (1973) involving react ion
(Bsp,Qtz) (Fig. 3). This conflict underscores the
need for further qxperimental work in the lithium
aluminosilicate system.

The lithium aluminosilicate phase diagram

The lithium aluminosilicate phase diagram (Fig.
4) involves the (n+3)-phase multisystem eucryptite,
spodumene, B-spodumene, petalite, and quartz (Ta-
ble 5). Figure 4 is drawn for temperatures sufficient-
ly low that B-eucryptite is unstable (c/. Isaacs and
Roy, 1958). In addition, B-spodumene is assumed to
be stoichiometric, although high-temperature B-
spodumene- ftqnarlz solid solutions have been re-
ported by numerous experimentalists (e.g., Hatch,
1943; Roy, et a1.,1950; Skinner and Evans, 1960;
Munoz, 1969,l97l; Stewart, 1978). The assumption
of stoichiometry in p-spodumene permits the use of
calorimetric data compiled by Robie et al. (1978).
This degenerate multisystem contains five possible
stable or metastable binary invariant points in P-T
space. These and one topology of all possible
univariant reactions in this system are presented in
Figure 4. The topology shown implies that the
assemblage spodumene * petalite is stable (i.e.,
invariant points [Spd] and [Pet] are metastable). An
alternative configuration (not shown) would inter-
change stable and metastable invariant points, and
by "the stable-metastable correspondence" (Burt,
1978), would imply that the assemblage quartz *

4 . 7 9 7  ( 5 \ * *
5 . 3 6 3 ( 5 )
5 . 8 3 7  < 2 )
7 . 8 2 5 ( 4 )

t 2 , 8 4 0  ( 5 )  * * * *

2 . 2 6 8 8 ( 1 )

90 (2) ***
103.80  (80)
129.30(80)
154.40(1 .  20)

270(L)+
232.2OO(92>++

4r.46<20)

-2138 (3) ***
-2123.  300 (1 .  980)
-3053.500 (2 .  790)
- 3025. 300 (2 . 790)

-4832(2)+
-4886.5(12 .5)++

-910,700(1 .000)

*Data from Robie et a-1. (1978), except as foll*s:
**fron Tieh and Hutuel (7964)
***calcuiatd as expfained in tle texX
****cafculatd ftom x-tag data (JcpN fiTe card L4-go)
lcaTcufated from xhe @tk of Stewatt (f963) as expfajnd jn the text
tifron Bemirryxon ex al. (1980)

+++unpubljshd data fton E. s, Eqingvag (Ict*nai comunicaxion, lgBO)

eucryptite. Nevertheless, the thermochemical prop-
erties of eucryptite can be estimated by utilizing the
work oflsaacs and Roy (1958). They have bracket-
ed the reaction o-LiAlSiOa : B-LiAlSiO4 and re-
port a transformation reaction slope of 23.5 bars/K.
Using the molar volume data of Tien and Hummel
(1964) and assuming a constant LV.-p :0.56 joules/
bar (Table 4), then the Clausius-Clapeyron equa-
tion, dPld? : AS/AV, may be solved for AS, and
ASo-p : 13.19 joules/mole-K. Subtraction of this
quantity from so2e3.15 for B-eucryptite (Robie er a/.,
1978) yields an estimate for ^S"zqs.rs of eucryptite
(Table 4). From the experimentally determined re-
action line for the eucryptite-B-eucryptite transi-
tion, Isaacs and Roy (1958) determined that LH._u
: 15.7+3 kj/mole; subtraction of this quantity from
AIlF,2e8.15 for B-eucryptite (Robie et a1.,1978) pro-
vides an estimate for Alli,2es.15 for eucryptite (Table
4).

Values for Siq.15 and AIlies.15 of petalite can be
derived from the experimental work of Stewart
(1963) on the eucryptite-absent (Bsp,Ecr) reaction:
Spd + ZQtz : Pet. Stewart (1963) gives two reac-
tion reversals that define a line with slope 23.5 bars/
K. Using this information and data from Table 4,
Siss.rs and Alli,2e6.15 of petalite have been calculat-
ed from the above Clausius-Clapeyron equation and
from the equation, LG : LH - ZA^t + (P-L)LV,
assuming that AV and AS are constant over a wide
range of P and T. Other workers have presented
experimental results involving reaction (Bsp,Ecr)
that differ significantly from those of Stewart
(1963). Stewart reported a reversal of reaction
(Bsp,Ecr) at 550"C and 2 kbar Ps,e, whereas Mu-
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(Prt,8pd)

I
I

, l

il I

!
||l

[a.o]

r-r-r 8,'
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Fig. 4. P-T phase diagram illustrating the stable topology of univariant reactions in the (n+3)-phase multisystem eucryptite,
spodumene, pspodumene, petalite, and quartz in the system LiAlSiO4-SiOr. Solid lines: stable reactions; dashed and dotted lines:
metastable reactions; solid circles: stable invariant points; open circles: metastable invariant points. The triangular scale marker in
this and the following diagram indicates the relative slopes of reaction lines. Positions of phases on the binary LiAlSiOa-SiOz are
indicated in the upper left portion of this diagram. See Table I for abbreviations of phase names.

LlAtSlo4 8lO2

/' 8)

eucryptite + Fspodumene (not known in nature) is
stable. The configuration shown in Figure 4 is
therefore assumed to be the stable one.

The univariant reactions around point [Bsp] in-
volve only the naturally occurring phases, and thus
the topology of reactions about this point is particu-
larly relevant to geologic environments (Fig. 4). The
configuration of phases on the binary join LiAlSiOa-
SiOz Gig. 4) implies four possible univariant reac-
tions at invariant point [Bsp]. Reaction slope calcu-
lations based on the data of Table 4 indicate that

tl
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(Prt,Qte,Eo:l

/a8 (Eor,8pC)

- (Brp,Qtr)

these four reactions have positive slopes in P-T
space. The uncertainties in the thermochemical
properties of eucryptite and the discrepancies re-
ported for the 2 kbar reversal of reaction (Bsp,Ecr)
make the precise calculation of the location of point

[Bsp] a meaningless effort. Our feeling, based on
the natural occurrences discussed above, is that the
point [Bsp] occurs at considerably lower P and T
than does the aluminosilicate triple point
(Holdaway, 1971). Natural occurrences and the
limited experimental work then suggest that the

tK

T
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Table 5. Univariant reactions in the system LiAlSiO4-SiO2
(Fie. a)

P h a s e s a b s e n E  R e a c t i o n s ' " 2 9 8 dP/dT
bars K

substitutions that make the system non-binary, the
lithium aluminosilicate phase diagram here pro-
posed (Figures 4 and 5) explains some commonly
observed field associations and experimental re-
sults. The breakdown of petalite to B-spodumene
reported from hydrothermal runs with bulk compo-
sitions between LiAlSiO4 and LiAlSiaOlq (e.9., Roy
et al., 1950; Skinner and Evans, 1960; Stewart,
1963, 1978; Munoz, 1969) may occur via reactions
(Pet, Qtz, Ecr) and (Qtz,Spd) (Table 5 and Figure 4)
at moderate Tand low to moderate P. However, the
topology of reactions depicted in Figure 4 suggests
that petalite is stable to high I for bulk composi-
tions from LiAlSi4Orq to SiO2 (Rossovskii, 1967;
Rossovskii and Matrosov, 1974; c/. also Stewart,
1963, and Bennington et al., 1980, p. 13). The
absence of B-spodumene phases in nature may be
explained by the fact that the bulk compositional
range of lithium-rich zones in pegmatites falls be-
tween LiAlSi4Oro and SiOz (Stewart, 1978), and
reaction (Ecr,Spd) (Table 5 and Figure 5) probably
lies at sufficiently high Z that B-spodumene, if
produced, would react completely with excess sili-
ca to form petalite above the lithium pegmatite
solidus (see Jahns and Burnham, 1958).

The proposed stability relations among the natu-
rally occurring lithium aluminosilicates are illustrat-
ed at invariant point [Bsp] in Figure 5. With de-
creasing Z, petalite may break down to spodumene
+ qaartz at moderate to high P (via reaction
(Bsp,Ecr)) or to eucryptite * quartz at moderate to

(Prt,Qtr,Ecrl

SPODUMEI,IE

(8pd,trp)

Fig. 5. P-Zphase diagram illustrating the stability fields of the
lithium aluminosilicates in (natural) quartz-saturated environ-
ments.

""29a

( P e t ,  B s p )

(Spd, Bsp)

( B s p , n c r )

( B s p , Q t z )

( P e t , S p d )

( P e r , Q t z ,  E c ! )

( Q r z ,  S p d )

- 2 . 1 6  + 1 . 8

+ 1 7  . 4 2  + t 4 . 4

+ 1 9 . 9 8  + 8 , 1

- 2 4 . 3 0  + 4 . 9

+ 2 2 . 9 4  + 3 0 . 2

+ 2 5 ,  1 0  + 1 2 . 6

+ 5 1 - 0 0  + 4 9 . o

- 5 . 1 2  -  I 0 . 7

four univariant lines define a spodumene field at
relatively high P and moderate T, a petalite field at
high T and low to moderate P, a eucryptitg field at
low to moderate P and T, and a petalite * spodu-
mene field over a narrow range of moderate to high
P and ?. Inasmuch as the bulk compositions of
lithium-rich zones in pegmatites normally fall be-
tween petalite and quartz on the binary LiAlSiO4-
SiO2 (Stewart, 1978), the quartz-saturated phase
diagram (Fig. 5) is appropriate for showing the
stability fields of the lithium aluminosilicates in
nature.

Reactions among the lithium aluminosilicates
may be useful indicators of pressure and tempera-
ture. Shternberg et al. (1973) suggested that spodu-
mene may be useful as a depth indicator, ald
Figures 4 and 5 indicate that reaction (Pet,Bsp) may
constitute a geobarometer in that it establishes a
minimum cyrstallization pressure for spodumene-
bearing pegmatites. The ferric iron analogue of
spodumene, LiFe3+Si2O6, has been synthesized at
moderate to very low pressure (Barrer and White,
1951; Drysdale, 1965), and substitution of iron and
other elements in spodumene might therefore ex-
tend its stability field to quite low pressures (Apple-
man and Stewart, 1968). Natural spodumenes, how-
ever, usually contain less than two or three mole
percent of impurities (Heinrich, 1975;Deer et al.,
1978), and these impurities exist largely in the form
of micro-inclusions of other minerals (Graham,
1975). Therefore, the activity of LiAlSi2O6 in natu-
ral spodumene probably is near unity.

Implications for the crystallization of lithium
pegmatites

Allowing for considerable uncertainty in the de-
rived thermochemical data (Table 4) and for ionic

Ecr + Qtz = Spd -1.23

E c r  +  3 Q t z  =  ? e r  + 1 . 2 3

S p d  +  2 Q t z  =  P e t  + 2 . 4 6

z E c r  +  P e t  =  3 s p d  - 4 , 9 2

E c r  +  Q t z  =  B s p  + 0 . 7 6

S p d  =  B s p  + 1 . 9 9

2Ecr + Pet = 3Bsp +1.05

8sp + 2Qt2 = ?et +0.48
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low P (via reaction (Spd,Bsp)). The lithium alumi-
nosilicate stability relations presented in Figures 4
and 5 explain the isochemical replacement of peta-
lite reported from numerous localities and account
for the observed compatibility of eucryptite +
qvartz under geologic conditions of relatively low P
and Z. Based on existing thermochemical data, the
proposed reaction (Pet,Bsp) should be highly pres-
sure-dependent and would represent a minimum
pressure boundary for crystallization of spodu-
mene-bearing pegmatites and granites. Ionic substi-
tutions in natural spodumene may extend its stabil-
ity to somewhat lower pressures at the expense of
eucryptite + quafiz. These factors probably are
largely responsible for the general absence of eu-
cryptite + quartz pseudomorphs after spodumene
and for the rarity of eucryptite + quartz assem-
blages. The following paper (London and Burt,
1982b) considers other chemical processes that ap-
pear to operate in lithium pegmatite evolution and
that would also inhibit or preclude the formation of
eucryptite + quartz.
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