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Abstract

The primary lithium aluminosilicates in pegmatites are spodumene (a-LiAlSizOe) and
petalite (LiAlSi4Or0). These minerals are frequently replaced by fine-grained assemblages
of eucryptite (a-LiAlSiO+), albite, micas, and clay minerals as a result of subsolidus cation
exchange reactions with residual pegmatitic fluids.

All three of the lithium aluminosilicates may be converted to albite in quartz-saturated,
Na-rich environments, but in quartz-undersaturated environments (as within large single
crystals of spodumene), the replacement assemblage eucryptite + albite is stabli to higtr
values of the exchange potential pNoLi_,. The stability of the primary pegmatite assembhle
quartz + albite + spodumene (or petalite) * amblygonite-montebrasite + lithiophilite
means that lithiophilite or amblygonite-montebrasite cannot be altered to natrophilite
(NaMnPor) or lacroixite (NaAlPoaF), respectively, until Na-Li exchange has locally
converted all of the lithium aluminosilicates to albite. Of the three lithium aluminosilicates,
eucryptite is the most susceptible to replacement by muscovite, but spodumene also may
be converted directly to mica ("killinite"). In acidic fluids with a high capacity to
hydrolyze solid phases and leach alkali cations, the lithium aluminosilicates may be altered
to (or become unstable relative to) kaolinite, cookeite, muscovite, lepidolite, and topaz.
The common late-stage assemblage topaz + lepidolite + quartz forms in KF- and HF-rich
environments outside of the lithium aluminosilicate stability region. All of the lithium
aluminosilicates are unstable relative to amblygonite (or montebrasite) + quartz in p- and
F-rich environments, but spodumene is stable to higher activities of these acidic volatiles
than are eucryptite and petalite.

Introduction
In an accompanying paper (London and Burt,

1982) we propose several p-T diagrams involving
the lithium aluminosilicates eucryptite (@-LiAl-
SiO4), spodumene (a-LiAlSi2O6), beta-spodumene
(B-LiAlSi2O6), petalire (LiAlSi4Org), and quarrz in
the binary system LiAlSiO4-SiO2. These phase
diagrams offer explanations for (l) the absence of
beta-spodumene in nature, (2) the occurrence of
spodumene and petalite as the only primary lithium
aluminosilicates in pegmatites, and (3) the iso-
chemical replacements of petalite by spodumene +
quartz, and of both petalite and spodumene by
eucryptite * qtartz, as reported from numerous
localities. In particular, the proposed phase dia-
grams account for the stable assemblage eucryptite

rPresent address: Geophysical Laboratory, 2g0l Upton Street,
N.W. Washington, D.C. 20008.

* quartz under subsolidus conditions of relatively
low P and ?.

In this paper, we evaluate lithium aluminosilicate
stabilities in response to changing physico-chemical
conditions by considering the effects of added com-
ponents in the melt or aqueous fluid (as opposed to
components in crystalline solid solutions). This
treatment explains most aspects of the metasomatic
replacement of lithium aluminosilicates (described
below) and further defines the magmatic and post-
magmatic conditions under which eucryptite, spo-
dumene, and petalite may or may not form in
pegmatites and lithium-rich granites. The phases to
be considered are listed in Table 1

Metasomatic replacement

Primary spodumene and petalite frequently ex-
hibit partial to complete alteration to a variety of
fine-grained mineral assemblages. Replacements of
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petalite by albite, micas, or clay minerals have been
reported from numerous localities (e.g., Quensel,
1937; McLaughlin, 1940; Nel, 1946; Saito et aI.,
1950; Ginzburg and Gushchina, 1954; Rossovskii
and Klochova, 1965). Metasomatically altered
spodumene also is extremely common, as detailed
in Table 2. The most frequently observed replace-
ment assemblages are aggregates of albite, eucryp-
tite + albite, mica (muscovite or lepidolite) +
albite, and pure mica (Li-muscovite or lepidolite).
These replacements are fine-grained and pseudo-
morphic in nature and appear to result from subsoli
dus reactions between spodumene (or petalite) and
residual pegmatitic fluids.

The observations of Brush and Dana (1880) on
the alteration of spodumene from Branchville, Con-
necticut, plus our own studies of specimens from
Branchville, from Center Straford, New Hamp-
shire, and from the White Picacho district, Arizona
(Burt el al., 1977; London, 1979), show a similar
sequence of replacement assemblages in spodu-
mene. At these localities, spodumene in contact
with primary qtartz or quartz + albite commonly
displays a reaction rim of pure albite, whereas the
interiors of spodumene crystals are replaced to
varying degrees by a fine-grained, fibrous inter-
growth of eucryptite * albite (Fig. 1). This initial
replacement is cleavage-controlled and results in
bilaterally symmetrical veinlets of fibrous eucryp-
tite + albite whose long fiber axes are oriented
perpendicular to the {110} cleavage in the host
spodumene (Fig. 1). Preliminary studies by electron
diffraction and microscopy, however, indicate that
neither albite nor eucryptite shows a preferred
crystallographic orientation with respect to spodu-
mene. The eucryptite + albite intergrowths com-
monly coarsen toward the centers of veinlets and
display a vermiform or graphic texture (Fig. 1). In
many samples, eucryptite near veinlet centers and
spodumene crystal borders has been altered to
muscovite or lepidolite (Fig. 1), resulting in the
intergrowth of mica (usually muscovite) + albite
called "cymatolite" by Brush and Dana (1880).
Finally, remnant spodumene and secondary albite
have been replaced by mica (lithian muscovite or
lepidolite), producing soft, waxy pseudomorphs of
nearly pure mica after spodumene (referred to as
"killinite" by Julien, 1879). At these and other
localities, spodumene also appears to have been
converted directly to albite, mica * albite or pure
mica (Table 2), but the alteration sequence de-
scribed above and depicted schematically in Figure

2 appears to represent the most complete history of
metasomatic alteration of spodumene in pegrnatites.

The sequence of alteration assemblages de-

scribed above suggests that initial alteration of
spodumene fundamentally involved sodium-for-
lithium ion exchange (as evidenced by the forma-
tion of albiteteucryptite, followed by potassium +

hydrogen metasomatism (resulting in the conver-
sion of eucryptite, then spodumene and albite, to
mica). Of the more common pegmatite minerals,
spodumene appears to be especially responsive to
these metasomatic processes. The striking mineral-
ogical and textural similarities of these alteration
assemblages at many localities imply that these
replacement events are a common and important
part of the subsolidus evolution of lithium pegma-
tites.

Table l. Names and compositions of phases discussed in this
paper

Phase Abbteviatlon used Composlt ion

eucryp t  i te

spodunde

peta l l te

quart z

be ta  spodunene

a lb lLe

K- fe ldspar

nephe l ine

Peragonate

lep ldo l l te

po ly l i th lon i te

kao linit e

topaz

anblygonlte

lacro ix i te

nontebras i te

na! romntebra6 l te

l i rh ioph i l i te

mt roph l l i te

coluBb lt e

tan ta l i te

n lc ro l i te

pyrochlore

cass i te r l te

o-LiAlSiO4

o-LiAlS1206

LiA.lS t4010

s i o 2

a-I- iA1S1-0.

NaA1Si308

KArS t^0^

NaA.1Si04

KAl3sr3oro(oH) 2
NaAtrs lr0rO( 0lt) 

,
K( 11, A1) 

3 
(SiAI) 

40rO( 
F'oH) 

Z
KLI2A1Si401O(F' 0H) 

2

LiAl4 (A1si3) 0to(oE) 8
A12S1205(0H) 4
A12Si04(F'Or{)2

LillP04F

NaA.1?041

t lAlPO4 (OH)

NaAIP0O(Oll)

LiltlP04

LlFePO4

Nal&rP04

(h,re) (Nb,Ta)206

( r e , h )  ( T a , N b ) 2 0 6

(Na, ca) 
2ra206(o,on, 

F)

(Na, cs) 
2Nb206 

(o,ol ,  F)

Sno,

Ecr

Spd

Pet

Ksp

NPh

Mus

Par

LPt

Kao

Anb
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The influence of Na-for-Li exchange on lithium
aluminosilicate stabilities

The formation of secondary albite by replace_
ment (albitization) of pre-existing pegmatite is a
well documented and important phenomenon in the
hydrothermal stage in the history of many lithium
pegmatites. Pseudomorphic albitization of spodu_
mene as described above has been identified at
many localities, some of which are listed in Table 2.
An analogous replacement of quartz-spodumene
pegmatite by coarse-grained masses of albite (cleave_
landite) also occurs in highly differentiated lithi-
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um pegmatites. In the United States, such replace-
ments are, well exposed and documented from the
Harding pegmatite, New Mexico (Jahns and Ewing,
1976,1977; Chakoumakos, 1978a, 1978b), and can
be observed in outcrops at the Branchville pegma-
tite, Connecticut (Brush and Dana, 1880; Shainin,
1946), and at the Black Mountain pegmatite near
Rumford, Maine (Page et al., 1953). Replacement
units of coarse-grained albite have been recognized
in most major pegmatite districts in the United
States (e.g., see Jahns, 1946, 1955; Cameron et al.,
1949) and in the Soviet Union (e.g., Beus, 1960;
Vlasov, 1961,1964-66), and they are an integral

Table 2. Some reported occurrences ofpseudomorphed spodumene

Local i ty Asseoblage( s) R e f e r e n c  e  (  s )

B l a c k  H i l 1 s ,  S o u r h
D a k o t a ,  U S A

B l a c k  M t n . ,  l t u i n e ,  U S A

B r a n c h v i l I e ,  C o n n e c t i c u t ,
USA

Center Strafford, New Hanp-
s h i r e ,  U S A

Dixon, New Mexico, USA

Gunnison County, Colorado
USA

H u n t i n g t o n ,  M a s s a c h u s e t t s ,
USA

Peg clains, Maine, USA
Port land ,-  Connect icut ,

USA
W h i t e  P i c a c h o  d i s t . ,  A r i z o n a

USA

Altyn Tau, USSR

Borborrema, Brazi I
Bunsen mlne, Korea

I t a t i a i a  h i n e ,  B r a z i l
Katunba, Rwanda
Ki1l iney, I reland

Kola Peninsula, USSR

Lal in,  Spain
Myokenzan, Japan

Ravensthorpe, Austral ia
S i b e r i a ,  U S S R
Varuttask, Sweden

l .  Mus

3. Ecr+Alb
( tentat ive)

l. Mus+Alb
2 ,  A 1 b
1.  A lb
2 .  Ecr+Alb
3. Mus+Alb
4. Ksp+Alb
5 .  Mus

1. Ecr+Alb
2. Mus+Alb
1 .  A lb
2. Li-mica
3.  Ecr+qtz
4 .  Ecr+Alb

ser ic  i te

l. Iftrs+Alb
2 .  Mus

mica+Qtz ( ?)
1 .  A1b
2.  Mus
r .  A1b
2. Ecr+Alb
3. Mus+A1b
4,  Mus

Alb
Mus+Per (  ?)
I I l * * + H a 1 x *
mlca

haca
Rb-mica
m i c a

Ecr+A1b

Mus+A1b
Mus+Alb
Mus

maca
Atb
Mu s+Alb
Hec** or Kao

S c h w a r t z  &  L e o n a r d ,  1 9 2 6
S c h w a r t z ,  1 9 3 7
J o n e s , 1 9 6 4

usNM* #108688

B r u s h  a n d  D a n a ,  1 8 8 0

M r o s e , 1 9 5 3
H a r v a r d  U n i v .  l l I I 7 2 3 l , L I 7 2 3 2
M r o s e , 1 9 5 3
J a h n s  &  E w l n g ,  1 9 7 6 ,  L 9 7 1
Chakoumkos, I978a, 7978b

Hatley et qL.,  1950

J u l i e n , 1 8 7 9

S u n d e l i u s , 1 9 6 3
J e n k s , 1 9 3 5

R t t t  e t  a L . ,  1 9 7 7
L o n d o n  &  B u r r ,  1 9 7 9

K r y g i n a ,  1 9 4 8

R a o , 1 9 6 2
S h i b a t a ,  1 9 5 2

u s N M  # 1 2 2 4 8 2
V a r l a m o f f ,  1 9 6 0 ,  1 9 6 1
usNM /1R4405

S o s e d k o  &  G o r d i e n k o ,  1 9 5 3
S o s e d k o , 1 9 6 4
P a r g a - P o n d a l  6  C a r d o s o ,  1 9 4 8
S a k u r a i  e t  q L . ,  1 9 7 7

G r a h a m , 1 9 7 5
N a z a r o v a ,  1 9 6 1

Q u e n s e l , 1 9 3 8

l .
2 .

1 .
2 .

1 .
2 .

I .
2 .

+USNM = U. S. National Museun, Snithaonian fnstitution, I lashington, D. C.xxHec = hector|te, )Lg = oligoclase, ILL = iLlite, HaL = hallolsitL.
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Fig. 1 photomicrographs showing the pseudomorphic alteration of spodumene: (a) a thin reaction rim of albite (Alb) separating

quartz (etz) from eucryptite (Ecr) i albiie pseudomorph of spodumene from Branchville, Connecticut (Yale University specimen

#C2684, courtesy of H. Winchell); (b) cleavage-controlled alteration of spodumene (Spd) to a fibrous intergrowth of eucryptite *

albite from Branchville, Connecticut (Yale University specimen #C2648, courtesy of H' Winchell); (c) the vermiform or graphic

texture of eucryptite + albite intergrowths after spodumene from the Buzzo pegmatite, Parker Mountain, near Center Stra"fford, New

Hampshire (Harvard University ipecimen #ll7z3l, courtesy of C. A. Francis); (d) muscovite (Mus) + albite ("cymatolite")

surrounding eucryptite + albite and relict spodumene from Branchville, Connecticut (Yale University specimen #C2670, courtesy of

H. Winchell). The sections are viewed parallel to [001] in relict spodumene. All sections viewed in crossed polars.

part of most models for pegmatite crystallization
(e.g., Jahns and Burnham, 1969). Whether albitiza-
tion of lithium aluminosilicates has produced
coarse-grained cleavelandite or fine-grained pseu-
domorphs, it is presumably the result of sodium-for-
lithium ion exchange (Na = Li) between lithium
aluminosilicates and a coexisting fluid.

The effects of Na = Li on lithium aluminosilicate
stabilities can be modelled in the system LiAlSiO4-
SiOrNaLi-1, in which Na 3 Li exchange is repre-
sented by the alkaline exchange operator NaLi-1
(Burt, 1974). This system can be topologically re-
duced to the binary MAlSiO4-SiOz (where M : Li
or Na) by assuming that the chemical potential (p)
of Nali-r is locally constant and may be externally
controlled by the aqueous pegmatitic fluid, thus
removing one degree of freedom from the solid-

phase (rock) system under consideration- The

chemical potential of the component NaLi-1 might
be consider€d : lrN.ct - Pt ict: Pi*acr - plicr *

R?ln (ahr.crlatic). The assumption that the chemi-
cal potential of NaLi-1 (and of several other com-
ponents employed in subsequent diagrams) is fluid-
controlled is based on observations from complex
lithium pegmatites. Numerous secondary minerals
(especially late-stage albite) occur at sharp metaso-
matic replacement fronts that are texturally and
spatially similar to calc-silicate exoskarn replace-
ment fronts in carbonate rocks (c/. Burt, 1977). The
completeness of replacement seems to indicate that
the solid phases undergoing alteration do not buffer
individual cation activities (or cation exchange po-

tentials) in the fluid on a gross scale. In the follow-
ing models, we assume that crystal-fluid equilibri-
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At equilibrium (dAG : 0),

Luu
" , F z : - A y "  Q )

Av"'  , l t z : + -  ( 3 )

/ ^  \I dtl" \ La
l ; f f  P . T . t " , , .  . p z : - -  ( 4 )
\ol t t  I  Lvu

Equations (2), (3), and (4), respectively, and the
data in Table 3 give the slopes of reaction lines on
pu - Pr, pu - T, and p,u - p6 diagrams such as will
be used below.

On a schematic isothermal P" - pNrr_i_, Fhase
diagram (Fig. a) drawn for relatively low tempera-
tures, note that increasing pN.r_t_, (or increasing
alkalinity of the fluid) leads to reactions that are
terminal to all three lithium aluminosilicates under
quartz-saturated conditions, but for quartz-absent
compositions, eucryptite is stable to higher values
of FrN,r_r_, (upper right) than is either spodumene or
petalite (until at much higher values of trN.Li_,,
eucryptite would theoretically be converted to
nepheline). At relatively high pressure within the
spodumene + quartz stability field, increasing
1r,NaLi_, results first in the conversion of spodumene
* quartz to albite via reaction (Ecr, Pet). With
increasing ItNaLi_,, spodumene itself becomes unsta-
ble, breaking down to eucryptite + albite via reac-
tion (Qtz, Pet). Conversion of spodumene to eu-
cryptite + albite can occur only in qaartz-
undersaturated environments (e.g., within large
spodumene crystals). Eucryptite is not stable in the

LiAtsiol $ot

llNat-i.,,HNa_,

Fig. 3. Positions of phases on the binary composition
coordinate MAlSiO4-SiO2 (M = H, Li, or Na) in the system
LiAlSiO4-SiO2-NaLi_,-HNa_1. See Table I for phase
abbreviations.

ffior, mcrc.verandit. ffi""o U1^o m:fl IlE}l+;
li:luu.

-F-ig. 2. Schematic depiction of the general alteration scheme
for spodumene crystals embedded in quartz. The view of
spodumene is down [001]. Replacement proceeds along crystal
boundaries and {ll0} cleavage in spodumene. Coarse-grained
albite (cleavelandite) radiates from spodumene borders; and the
amount of cleavelandite increases as alteration proceeds. This
sequence is typical of spodumene from Branchvi l le,
Connecticut, Center Strafford, New Hampshire, the White
Picacho district, Arizona, and probably from numerous other
localities.

um is attained locally (along crystal boundaries,
cleavages, etc.), and that the chemical potentials of
perfectly mobile components may be regarded as
constant at this scale.

The compositional relations on the binary MAI_
SiO4-SiO2 are summarized in Figure 3; molar vol-
ume and entropy data for these phases are compiled
in Table 3. The compositional data lead to nine
reactions among these phases; seven ofthese reac_
tions are listed in Table 4. The reactions are univar-
iant lines that radiate from four possible (stable or
metastable) invariant points on ps - lf,NaLi . or T -
FNaLi_, diagrams. The slopes of these lines, iisted in
Table 4, are derived from the thermodynamic rela_
tions involving mobile components (Thompson,
1955; Korzhinskii, 1959):

dAG: Ay.dp. -  AS"d? + f  d,aA1rr,  ( l )

in which V andS are extenriu" j.op"rties 
of the

solid-phase reactants, P is isotropic lithostatic pres-
sure, lra . - Itzare the chemical potentials of ..per_
fectly mobile" components in the environment of
the solid-phase system, and vu . . . vz are the stoi-
chiometry coefficients of these components in a
given reaction.

(t
o-
-i
o.z
t '  9 . r . :  No  c t = c )  j j
u l  o<d .  o



LONDON AND BURT: CHEMICAL MODELS FOR LITHITJM ALUMINOSILICATE 499

Table 3. Molar volume and entropy data on phases in the
system LiAlO2-SiOrNaLi I-PFO2

Phases uo, 3oules/bar 5o2n' joules/nole-K

space. The slope of this reaction becomes slightly
negative if the entropy of eucryptite is only 2.2
joules/mole lower than the estimated value given in

Table 3. This variation is roughly equal to the
probable uncertainty for the estimated Siqs.ts of
eucryptite, and it is within the uncertainty of AS for
reaction (Pet, Bsp) (London and Burt, 1982, Table
5), if uncertainties for individual phases are propa-
gated. In both possible T - lrNuLi,, phase diagrams,
as in the P. - irN'r-i-, diagram (Fig. 7), increasing
pNaI-i,, is terminal to petalite, spodumene, and
eucryptite in quartz-saturated environments, but
eucryptite is stable with albite to much higher
values of frN.r-i-, under quartz-absent conditions'
The assumption that the slope of reaction (Pet, Bsp)
is positive in P-T space results in a topology in T -

frua1-i-, space that is compatible with Figure 4 and
with natural occurrences. In agreement with ob-
served assemblages, Figure 5, drawn for relatively
low pressures, suggests that at arbitrary P, the
assemblage spodumene -l quartz is stable to higher
values of pNur-i , than is eucryptite + quartz or
petalite 'l quartz. For assemblages whose bulk
compositions are less siliceous than albite (i-e.,for

Si:Al < 3), eucryptite * albite is stable to high
values of pN"r-i ,. Notice also in Figures 4 and 5 that
the isochemical breakdown of petalite or spodu-
mene to eucryptite + quartz (London and Burt,
1982) occurs only at low values of P, T, and p1.1u1-;-,'

Sodium-for-tithium exchange involving silicates and
phosphates

Some additional aspects of Na 3 Li in pegmatites

are illustrated by the apparent mineral compatibili-

Ecr
spd
Bsp
Pet

Q t z
A1b
Amb

4 , 7 9 7  ( 5 ) * *
5 . 8 3 7  ( 2 )
7 . 8 2 5 ( 4 )
12  .  840 (s )  f

2 .  2 6 8 8  ( r )
10 .  00  7  (13)
4 . 758 (r-0) i

90 (2 ) * * *
129 .30  (80 )
154 .  40  (1 .  20 )
232 .20O(2 .O92 )++

4L.46 (2O)
207 .40 (40)

*Data f tom Robie ex aI.  (7978),  except as fofTows:
**from Tien and Hwel (7964)
***caTculated as expLained bg London and Butt

(1982b)

tcafcufated fr@ x-rag data (JCPDS fiTe catds

14-90 and 22-1738)

++fram Bemington et aL'  (7980)

presence of the common pegmatite assemblage
quartz + albite * spodumene. Notice that AV, for
reactions (Ecr, Pet) and (Qtz, Pet) is relatively large
(Table 4). Conversion of a small amount of spodu-
mene to albiteteucryptite may effectively seal off
fractures and inhibit the reaction by restricting fluid
infiltration. This may account for the abundance of
spodumene relicts within partial pseudomorphs.

There are two possible topologies for schematic
isobaric T - pNur-i_, phase diagrams in this system.
These different topologies result from the fact that
the slope of reaction (Alb, Pet) (Table 4), which is
equivalent to reaction (Bsp, Pet) in Table 5 of
London and Burt (1982), actually may be subhori-
zontal with a positive or negative slope in P-T

Table 4. Some univariant reactions in the system LiAlSiO4-SiO2-NaLi r (Figs. 4 and 5)

Phases absent Reacl ion AV" A5" (6P/6u*r"r_r),  (ur^.rr_r/ur),

(Ecr ,  Pet  )

(A1b ,Pet )

( Q t z ,  P e t )

(spd.  Pet )

(A lb ,  spd)

(Ecr ,  Spd)

(Qtz ,  spd)

S p d + Q t z + N a l , l _ r = A 1 b

S p d = E c r + Q t z

z s p d + N a l i _ t = E c r + A 1 b

E c t + z Q t z + N a l i _ l = A l b

E c r + 3 Q t z = P e t

P e t + N a l l _ l = A l b + Q t . z

Ecr + 2Pet + 3NaLt_, = 3A1b

+ 1 . 9 0

+ 1 , 2 3

+ J .  I J

+0 .  67

+ 1 . 2 3

-0 .56

-0.46

+36.64

+ 2 . 1 6

+38. 80

+34 .48

+ 1 7  . 8 2

+ 1 6  . 6 6

+67 .80

+ 0 . 5

0 . 0

+ 0 . 3

+ 1  - 5

0 . 0
t o

- 6 .  5

- 3 6  . 6

- 3 8 . 8

- 3 4  . 5

- t 6  , 7

- 2 2 . 6
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ties in the quartz-saturated reciprocal quaternary
system LiAlO2 LiAlPO4F-LiMnpOa-NaLi_r Gig.
6). This diagram shows as stable the assemblage
luartz + albite * spodumene (or petalite or eucryp_
tite) + amblygonite (or montebrasite) + lithiophiiiie
(or triphylite). As noted above, increasing &NaLi_,
under quartz-saturated conditions results in thd
conversion of all three lithium aluminosilicares to
albite. The stability of the assemblage qnartz +
albite + amblygonite-montebrasite + lithiophilite
implies that the rare sodium phosphates lacroixite
(NaAIPO4F), natromontebrasite (NaAlpO4OH) and

natrophilite (NaMnPOa) are incompatible with lithi
um aluminosilicates in the presence of quartz; thus
the presence of lithium aluminosilicates * quartz
precludes the formation of lacroixite, natromonte-
brasite or natrophilite by Na = Li in ambylgonite-
montebrasite or lithiophilite, respectively. Under
quartz-saturated conditions, the local formation of
sodium phosphates should not occur until all of the
lithium aluminosilicates have been converted to
albite (or otherwise destroyed). The degree of sodi-
um metasomatism apparently varies with location
in complex lithium pegmatites, and sodium metaso-

|  i l |

(Qtz,Pet)

ira
(Spd,Pet)

I  l l

(Alb,Pet)

(Alb,Spd )

spd
Ecr + Qtz

€
s

Ecr + SQtz

I  t l

1 loule/mole

J I
J ]
6
2
o
+
o
c
(\l
+
o
ul

NaLi ,
Fig' 4' Schematic isothermalPs-FNaLi-, phase diagram in the system LiAlsio4-SiorNali-1, constructed fromreactions in Table 4using data in Table 3 to determine slopes. Temperatures chosen are low enough that eucryptite + quartzis a stable assemblage. The

topology ofreactions around the invariant points [Ecr] and tQtzl is not shown. The triangular scale marker in this and subsequent
phase diagrams illustrates the relative slopes ofreaction lines.
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Table 5. Some univariant reactions in the system LiAISiO4-SiO2-NaLi-1-HNa r (Figs. 7 and 8)
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React ion6 ( 6u*"rt-, / 6us tor) e, ruu'"-, 
( 6u"or.-, / 6u.o""i-r) e, rus ro, 

( 6unr"-, / 6us ror) l, rutl"t'i-,

E c r + S i O 2 = S p d

E c r + N a l - l _ l = N p h

E c r + 2 S i O 2 + N a l - i _ l = A l b

S p d + S i O r + N a l i _ r = A l b

3 N p h + 2 H N a _ r = P a r

3Ecr + 3NaLi_, * 2HNa_, = Par

3A1b + 2HNa_1 = Par + 6SiO2

3Spd + 3NaLi_, + 2HNa_1 = Par + 3Si02

0 . 0

-2

-1

0 . 0

+1

0 . 0

0 . 0

-3 t2

0 . 0

0 . 0

+J

+312

matism of lithium phosphates may occur where
lithium aluminosilicates are absent or totally con-
sumed, as in the formation of natrophilite at
Branchville, Connecticut (Brush and Dana, 1880);
and lacroixite at the spodumene-bearing Strickland
pegmatite, Portland, Connecticut (Mrose, t971).

Influence of lrxrr-i-r on psio2 during albitization
of spodumene

It is apparent from Figure 5 that along any
isobaric cooling path within the divariant spodu-
mene + qtartz stability fleld, albitization of spodu-
mene can be accomplished only by an increase in

lrNa1-i_, in the coexisting magma or aqueous fluid.
Whether spodumene breaks down to albite via
reaction (Ecr, Pet) or to eucryptite + albite via

reaction (Qtz, Pet) depends on the presence or
absence or quartz, and thus on psio, (London and
Burt, 1980). A schematic isobaric-isothermal
pNar-i-,-psio, phase diagram (Figure 7 and Table 5)
in the system LiAlSiO4-SiO2-NaLi-1 reveals that
with increasing F.u.u-,, albitization of spodumene
may take either of two paths. At subsolidus condi-
tions, py.1i-, may increase along the spodumene-
quartz univariant line until a ternary eutectoid in-
volving spodumene, albite, and quartz is reached
(point A in Figure 7). From point A, which is
equivalent to the spodumene + albite -l quattz
ternary eutectic suggested by Stewart (1978), in-
creasing pNaLi-, under quartz-saturated conditions
results in the consumption of spodumene and
quartz to form (additional) albite. Where quartz is

(Ecr,Pet) 
(Qtz'Pet)

I

m
o
a+
o

I

N-
")

(Ab,Pct)

Fig. 5. Schematic isobaric T- pN"r-i_r phase diagram in the system LiAlSiO4-SiOrNaLi-1, constructed for relatively low pressures

and temperatures from reactions listed'in Table 4, using data in Table 3 to determine slopes. The topology ofunivariant reactions at

point [Pet] has been expanded in i (insert) to show the stable assemblages.

(8pd,Pet)
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LlilnPOa

Fig. 6. Apparent mineral compatibilities in the quartz_
saturated reciprocal quaternary system LiAlO2_LiAlpO4F_
LiMnPOa-NaLi 1. Assuming tbat albite + amblygonite +
lithiophilite * quartz is a stable assemblage in lithium pegmatites
implies that the lithium aluminosilicates are incompatible with
natrophilite or lacroixite in the presence of quartz.

absent (l.e., within spodumene crystals), increasing
trrNar-i , again results in conversion of spodumene to
albite, but with a drastic reduction in psio,, as silica
in solution is consumed by the albite-forming reac-
tion (Table 5). Under equilibrium conditions, the
reaction of spodumene to albite with increasing
lrNat-i_, produces a steady decrease in psio, (along
with path AB, Figure 7) until a ternary eutectoid of
eucryptite-albite-spodumene is reached (at point B,
Figure 7). At this point, spodumene is converted to
eucryptite * albite. Increasing pNar_i_, from point B
would produce a further reduction in psto, as eu-
cryptite reacts to form albite via reaction (Spd, Pet).
and under extremely alkaline conditions of high
FNar-i_, and low Fc5is., €uCrlptite would be convert-
ed, theoretically, to nepheline. Natural mineral as-
semblages, however, indicate that the highly alka-
line conditions necessary to convert eucryptite to
nepheline are not attained in late-stage subsolidus
environments in pegmatites, and that micas are
formed instead.

Conversion of lithium aluminosilicates to micas

All three lithium aluminosilicates, but especially
eucryptite and spodumene, are susceptible to re-
placement by micas. Eucryptite is most vulnerable

LONDON AND BURT: CHEMICAL MODELS FOR LITHIUM ALUMIN)SILICATE

l{aMnPO4 to this alteration (London and Burt, 1979); where
eucryptite, spodumene, and albite coexist, eucryp-
tite invariably is the first of these three minerals to
be replaced by mica (Figs. I and 2). This fact,
together with the observation that eucryptite never
is replaced by nepheline, implies that the alkali
cation leaching capacity ?nd as,6 of late-stage
pegmatitic fluids is (or.becomes) sufficiently great
that eucryptite is converted to mica, rather than
albite or nepheline as implied by Figure 7 in qnartz-
undersaturated environments.

The effects of increasing cation leaching capacity
of the fluid on lithium aluminosilicate stabilities can
be modelled schematically by isobaric-isothermal
phase diagrams in the system LiAlSiO4-SiO2-
NaLi-1-HNa-1, involving the phases eucryptite,
spodumene, albite, quartz, and paragonite (al-
though natural micas in this association are musco-
vites or lepidolites). In this simplified model sys-
tem, the chemical potential of the acidic cation
exchange operator HNa-1 monitors the cation
leaching capacity of the fluid, or the tendency for
solids to undergo hydrolysis with a loss of alkali
cations to the fluid.

Figure 8, which is constructed from the reactions
listed in Table 5, reveals that with increasing
FHNa_,, eucryptite, spodumene, and albite may be
converted directly to mica, and at high values of
pHN._,, only mica + qazrtz is stable. Albitization of
spodumene at low FsNa_, may follow path AB in

Fig. 7. Schematic isobaric-isothermal pp"u_,-psio, phase
diagram in the system LiAlSiO4-SiO2-NaLi_1, construct-ed from
reactions in Table 5 at temperatures sufficiently low that petalite
is unstable. Arrows and italicized letters indicate possible
reaction paths, as explained in the text.
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Figure 8, as spodumene is altered first to albite, and
at somewhat lower psio,, to eucryptite * albite.
Increasing p11N._, along path BC in Figure 8 pro-
duces no observable change in the system until
point C is attained, whereupon eucryptite reacts to
form paragonite (Table 5). In natural environments,
eucryptite is converted to muscovite by the reaction

3 L i A l S i O 4 + 2 H + + K +
eucryptite

: KAlrSisOro (OH)t + 3 Li+
muscovite

Conversion of eucryptite to mica probably is facili-
tated by the fact that the Al:Si ratios are the same in
both phases and that AV" is small, so that reaction
may be accomplished simply by exchange of cat-
ions. At a value of psNa_, slightly above C' (Fig. 8),
the solid phase assemblage consists of mica, albite,
and relict spodumene, but increasing g,HNa_r along
path CD (Fig. 8) results in the direct and simulta-
neous conversion of albite and relict spodumene to
mica. If albitization of spodumene occurs at values
of /.rnNu_, greater than C' (Fig. 8), eucryptite (*
albite) will not be formed, and partially albitized
spodumene will break down directly to mica +
albite ("cymatolite"). In Table 5, note that although
the reaction of spodumene and of albite to mica
liberates silica, quartz will not be formed if prior
albitization locally has lowered Fsio, below the
quartz-saturation value (e.g., to some value along
the path AB (Fig. 7 and 8). This explanation, and
the fact that mica-pseudomorphed spodumene typi-
cally is embedded in secondary cleavelandite (Fig.
2), may account for the absence of quartz in "killin-
ite" from most localities (e.g., Graham, 1975).

This model, and the reaction path described
above for Figure 8, explains the occurrences of
albite-rimmed spodumene crystals whose interiors
are replaced successively by eucryptite * albite,
mica * albite ("cymatolite"), and finally by pure
mica ("killinite"). Although this model has been
proposed to account for the fine-grained pseudo-
morphic replacement of spodumene described from
many localities (Table 2), it may be applicable also
to the sequential development of albite, albite +
lepidolite, and lepidolite replacement complexes in
highly diferentiated lithium pegmatites. Differences
in temperature of crystallization, degree of fractur-
ing, and the volume of aqueous pegmatitic fluid may
be responsible for determining whether the replace-
ment of spodumene-bearing pegmatite is relatively

,/ 

' Jrv2

/ i l .L i ,

Fig. E. Schematic isobaric-isothermal PuaLi-1-/tsio2-Ptnra-t
phase diagram constructed from reactions in Table 5. Heavy
solid lines delineate the stability field of paragonite. Arrows and
italicized letters indicate possible reaction paths, as explained in
the text.

widespread and coarse-grained or fine-grained and
pseudomorphic. In both alteration schemes, the
replacement of spodumene reflects alteration first
by alkaline fluids (resulting in albitization), followed
by increasingly acidic fluids (producing mica *
quartz assemblages characteristic of weak greiseni-

zation).

Lithium aluminosilicate stabilities in phosphorus'
and fluorine'rich environments

The effects of increasing activities of the acidic
volatiles P and F on lithium aluminosilicate stabil-
ities can be modelled schematically in the system
LiAIO2-SiO2-PFO2, which contains the phases eu-
cryptite, spodumene, petalite, amblygonite, and
quartz (Fig. 9). Assuming that ppp6, ( : Pn,eo. *
p61r - 2psro : ll2p'pr6, * ll2p"yrs,,) is constant
(and in this case, probably externally controlled by
the aqueous fluid phase) topologically reduces the
system to two components. Based on the univariant
reactions listed in Table 6, a schematic isothermal
P" - ppro, phase diagram depicting the topology of
possible rbactions at invariant points containing
amblygonite and quartz (Fig' 10) illustrates that
with increasing ppper, all lithium aluminosilicates
are convened to amblygonite * quartz. Notice,
though, that spodumene is stable to higher values of

Fero, than is either eucryptite or petalite. In Figure
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in Figure 11. This simplification results from the
assumed incompatibility of eucryptite with quartz
in the presence of spodumene, and of spodumene
with lacroixite. The lefthand side of Figure 11
(along the trr.pp6, axis) shows that spodumene is
stable to higher activities of the acidic volatiles P
and F than is eucryptite (cf. the high-pressure
portion of Figure 10). Conversely, eucryptite is
stable to higher values of Na = Li along the bottom
(pN"r-i_,) axis than is spodumene. With increasing
values of both prro, &nd lrNali_, Q.e., in the pres-
ence of fluids rich in sodium salts of phosphorus and
fluorine), both lithium aluminosilicates become un-
stable relative to amblygonite + albite at point [Qtz,
Lacl. Lacroixite becomes stable (replacing amblyg-
onite) only at very high values of pp,r_i_,. Nepheline
would replace eucryptite at still higher values of
&Nar-i-, (not shown on Figure 11).

Lithium aluminosilicate stabilities in saline KF
versus acidic HF environments could be evaluated
in the model system LiAIO2-SiO2-KF-LiF-HF-
H2O. Graphical depiction of stability relations in
this system is very dfficult due to the large number
of components and possible phases involved. Nev-
ertheless, some aspects of lithium aluminosilicate
stabilities in H-, K-, and F-rich environments can
be tentatively explained. In relatively acidic H-rich
fluids, Li may be leached from the lithium alumino-
silicates to form kaolinite, or at higher values of
prir, cookeite. In acidic HF-rich environments, the
lithium aluminosilicates (and all other phases) be-
come unstable relative to topaz * quartz. Lithium
aluminosilicates are readily altered to muscovite by
mildly acidic K- and H-rich fluids. In saline KF-rich
conditions, the lithium aluminosilicates may be
replaced by K-feldspar (at low values of pqp) or by
polylithionite (at relatively high values of pr_ir.).

Table 6. Univariant t.."rto?i,!r. the system LiAtO2-SiOrpFO2

,F ,E€E d
LiAto2 sio2

ff Pro'Nati_.,
Fig. 9. Position of phases on rhe binary LiAlO2-SiO2 in the

system LiAlO2-SiO2-PFO2-NaLi_1. See Table I for the
abbreviations of phase names.

10, note that eucryptite breaks down with increas-
ing rrppo, to amblygonite * spodumene via reaction
(Qtz, Pet) (Table 6), and thus the very common
lithium pegmatite assemblage spodumene + am-
blygonite * quartz precludes the stable existence of
eucryptite (or petalite).

Lithium aluminosilicate-montebrasite stability
reactions are presumably analogous to those involv-
ing amblygonite, except that lithium aluminosili-
cates are converted to montebrasite * qtartz at
high pg,psn (i.e., under aqueous p-rich and F-poor
conditions). Loh and Wise (1976) determined ex-
perimentally that at 500"C and 2 kbars fluid pres-
sure, amblygonite-montebrasite at the composition-
al boundary (6.5 wtVo F) is in equilibrium with a
vapor in which log fsp < -3.0. For comparison,
this value is over three orders of magnitude lower
than log f11p at the lower stability limit of trilithion-
ite (lepidolite) + quartz at the same p and T
(Munoz, 1971).

Lithium aluminosilicate stabilities in alkaline yersus
acidic environments

The effects of increasing acidity (represented by
PFO2) versus increasing alkalinity (represented by
NaLi-1) of a magma or fluid on lithium aluminosili-
cate stabilities can be evaluated schematically in an
isobaric-isothermal trrrro" - &Nar-i_, phase diagram
in the system LiAlO2-SiO-rpFO2-NaLi_r (Fie. l1).
One possible diagram, which is constructed for
temperatures sufficiently low that petalite is unsta-
ble, includes the phases eucryptite, spodumene,
albite, amblygonite, lacroixite, and quartz (Figure
11 and Table 7). Assuming that ppps, &rd ppul;_,
are constant makes it possible to project onto the
binary LiAlO2-SiOz (Fig. 9). Although this is an
(n*4)-phase multisystem that might contain as
many as fifteen stable or metastable invariant
points, only four stable invariant points are shown

Phases abEdt R€ctlms (6Pl6u"ro, ),A V
s

(Anb, Pet)

(Spd, Pet)

(Ecr,  Per)

( q t z ,  ? e t )

(/ub, spd)

(qtz,  spd)

(Ecr,  Spd)

+ t . 2 3

+ 2 . 2 3

+ 1 . 0 1

+ t . 2 3

+1.92

+ 1 . 0 0

S p d = E c r + Q t z

E c r + P F 0 2 = A n b + Q t z

S p d + P F O 2 = A l o b + z q t z

2 E c ! + P F O 2 = S p d + A n b

E c r + 3 Q t z - P e t

4 E c t + 3 P F O 2 - 3 A n b + P e r

P e t + P F % = A E b + 4 Q r z

0 . 0

+o.4

+0. 3

+ I . 0

0 . 0

+0.4

+ 1 . 0
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(Ecr,Pet)

(Amb,Pet)
Ecr+Qtz

Finally, assemblages containing topaz, lepidolite,
and quartz are common in gem-bearing pockets
from highly differentiated pegmatites and form in
KF-rich and HF-rich environments outside of the
lithium aluminosilicate stability region.

Lithium aluminosilicate stabilities in granitic rocks

Spodumene and petalite occasionally occur as rare
accessory minerals in leucogranites and aplites
(e.9., Mclintock, 1923; Smithson, 1932; Lyakho-
vich, 1963; Chang, 1974), but lithium aluminosili-
cates generally are absent from Lirich metasoma-
tized granites (apogranites: Ginzburg and
Lugovskii, 1977), in which the principal Li-bearing
phases are amblygonite-montebrasite, lepidolite,
and zinnwaldite. The proposed instability of spodu-
mene at low pressures (London and Burt, 1982)
probably limits its occurrence in these near surface
environments. and all of the lithium aluminosili-
cates exhibit a susceptibility to metasomatic re-
placement. In H-, K-, and F-rich environments
characteristic of greisenized granites, the lithium
aluminosilicates become unstable with respect to
muscovite, lepidolite, cookeite, kaolinite, and/or

(Spd,Pet)

(Qtz,Pet)

(Qtz,SPd) 1 joule/mole

(Ecr,Spd)
lproz

Fig. 10. Schematic isothermal P"-/.rppoz phase diagram in the system LiAlOr-SiOr-PFOz, constructed from reactions listed in

Table 6. This diagram is drawn for temperatures below the invariant point IBSPI in the lithium aluminosilicate phase diagram (London

and Burt, 1982, Figure 4).

topaz. All of the lithium aluminosilicates may be
replaced by albite in quartz-saturated, Na-rich envi-
ronments (Figs. 4 and 5), and the fact that albite *
amblygonite-montebrasite * quartz assemblages
form outside of the lithium aluminosilicate stability
region (Fig. 11) accounts for the absence of lithium
aluminosilicates from Na-, P-, and F-rich granites
containing this assemblage (e. g., Lyakhovich, 1963 ;
Exley and Stone, 1964; Aubert, 1969; Stone and
George, 1978). The rarity of lithium aluminosili-
cates in granitic rocks emphasizes the well known
(empirical) fact that in general, only pegmatitic
processes are effective at concentrating lithium in
sufficient quantities (relative to Na, K, P, F, etc.) to
stabilize the lithium aluminosilicates.

Economic significance

The various factors that control lithium alumino-
silicate stabilities in pegmatites and granites also
may figure prominently in the crystallization of Cs,
Rb, Nb, Ta, and Sn ore minerals. Deposits of
columbite-tantalite, microlite-pyrochlore, and cas-
siterite commonly occur in albitized and greisenized
portions of pegmatites, especially lithium-rich peg-
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LiAl02 Sl02

Amb+2Otz [Ecr,Lecl\

Spd+PFO2

t l l
r l l

l l l l

t l t l

t  i l l  l t l l l

/rralLr
Fig' ll. Schematic isobaric-isothermal pppq2-pN.t,-, phase diagram in the system LiAlO2-SiOr-pFO-NaLi ,, constructed from

reactions in Table 7 at temperatures sufficiently low that petalite is unstable. Eventual alteration of eucryptite to nepheline would
occur to the lower right (not shown).

I
t!

.lt
E oL t t( J a

lrt |a

x
et

matites (e.g., Vlasov, 1961, 1966; Ginzburg and
Fel'dman, 1977;' Ginzburg and Lugovskii, 1977).
The micas themselves may be enriched in Cs and
Rb (Rinaldi et al., 1972).

The relationship between metasomatic alteration
of spodumene and precipitation of rare-metal min-
erals is particularly evident at the Harding pegma-

tite, New Mexico. Studies by Jahns and Ewing
(1976, 1977) point out that microlite is concentrated
in masses of fine-grained Li-muscovite that replace
microcline-spodumene pegmatite in the "spotted
rock" zone. Additional work by Chakoumakos
(1978a,1978b) and by us has detailed numerous
examples in which columbite or microlite is concen-
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A 1 b + P F 0 2 = L a c + 3 Q t z

S P d + P F O r = A n b + 2 Q t z

2 E c r + P F O 2 = A n b + S p C

S p d + Q t z + N a l i _ r = A 1 b

2 s p d + N a I , i _ l = E c r + A l b

A m b + N a l , i _ r = L a c

Anb + 3Qtz + Nal,i_l = A1b + PF02

3Ecr + 3Nali_l + 2PFO2 = 2l,ac + A1b

3Ecr + Nali_l + 2PFOZ = 2Amb + Alb

3spd + 2Na],i_l + PFO2 = Amb + 2A1b

Table 7. Some univariant reactions in the system LiAlO2-SiO2-
NaLi '-PFO2 Gig. 1l)

React Lon6 ( 6uoon  / 6u " , r . . ,  )P , r- - - 2  - - - - - 1

tied to the replacement of spodumene by albite (and
muscovite or eucryptite). The replacement features
seem to indicate that Na € Li or K 3 Li in
spodumene involved the breakdown of alkali-rare
metal-fluorine complexes. The relation clearly war-
rants further investigation, inasmuch as the occur-
rence of altered lithium aluminosilicates may poten-
tially indicate the presence of rare-metal ores'
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trated at the borders of and within albite pseudo-
morphs of spodumene (Fig. 12).

These occurrences imply that in some cases, the
precipitation of Nb-Ta minerals is paragenetically

quartz llJJl cbavelandite kl mbrorlte [l

attered spodumene fij]iil
Fig. 12. Schematic cross section of cleavelandite

pseudomorphs after spodumene from the Harding pegmatite,
Taos County, New Mexico. Cleavelandite plates are roughly
perpendicular to [001] of the original spodumene. Millimeter-size
microlite crystals are segregated along the base of each
pseudomorph. Small spodumene crystals are highly altered.
Quartz adjacent to the microlite is smoky. University of New
Mexico specimen #Pll.3 (redrawn from Chakoumakos. 1978b,
by permission of the author).
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